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Foreword 

At the opening ceremonies of this symposium, Dr. Robert Chung-Tao Lee, Vice President of 
Academia Sinica, and Dr. Hsiang-Nung Lin, Vice Chairman of Council of Agriculture, both expressed 
pleasure in working with AVRDC in this important endeavor. The symposium presentations and 
discussions addressed the latest developments in high temperature and water stresses in plants. Other 
objectives of the symposium were to identify mechanisms of adaptation to stresses, to broaden the 
understanding ofhow environmentalmodifications and/ or alternative cropping resource management 
strategies can minimize heat constraints on food crop productivity, and to set out research needs and 
priorities. And finally to develop a collaborative effort on stress research that will merit the support of 
the donor community. 

To achieve these objectives more than 100 scientists from about 20 countries came together to share 
their knowledge. AVRDC is pleased to have played a role in organizing this important symposium, 
and we are grateful to all who contributed 

This publication is a unique collection of papers that collectively give valuable 凶sights into plant 
stress problems and how these might be solved through collaborative research using both traditional 
approaches and the latest tools of molecular biology. 

三月
向M
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Acting Director General, A VRDC 
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Molecular Strategies for the Genetic Dissection 
of Water and High-Temperature Stress 
Adaptation in Cereal Crops 

Henry T. Nguyen and Chandrashekhar P. Joshi 

Plant Molecular Genetics Laboratory, Mail Stop 2122, Depar加ent of Agronorr旬， Horticulture 
and Entomolo剖， T口的 Tech Universi句 andT凹的 Agricultural E叩eriment Statioη， Lubbock, 
T凹陷 79409-2122， USA 

ABSTRACT 

Genetic variability of several physiological mechanisms affecting water and high temperature 
s甘ess adaptation in cereal crops including rice, wheat, com, and sorghum has been reported. 
However, little information is available regarding the genetic control of these traits and their 
relationships with plant productivity in stress environments. This situation has made it difficult to 
deHne specific criteria forthe genetic improvement of stress tolerance in these important food crops. 
Recent advances in gene isolation, gene transfer, and genomic mapping technologies offer new 
opportunities for 伽 genetic dissection of water and high temperature stress tolerance traits in 
plants. Current information on drought and heat tolerance traits in major cereal crops is reviewed, 
andmolecularstrategies forthe genetic dissection of these traits and forcrop improvementin stress 
environments are discussed. 

INTRODUCTION 

Plants respond to environmental stresses in a variety of ways. In the early stages of stress, plants 
attempt to alleviate the damaging effects of stress by altering their own metabolism. Massive 
alterations in patterns of gene expression occur. Some of these changes are thought to provide a long
term protection against stress damage. If stress persists, more dramatic effects are evident in a plant's 
phenotype as a sign of a culmination of cascades of complex biochemical reactions. In these later stages, 
the occurrence of stress-induced damage to proteins and enzymes is inevitable. 

Plants respond to and protect themselves from these stresses depending upon their genetic 
makeup. Significant genetic variability exists in a species, which can be employed to understand the 
mechanisms of stress resistance with the ultimate goal of producing stress-tolerant crop cultivars. 
Understanding the physiological, molecular and biochemical effects of these stresses constitutes the 
first step toward the development of strategies for designing stress-resistant genotypes. Each type of 
s仕ess induces different sets of genes. Heat stress response, for example, is distinctly different from 
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water-deficit stress response in inducing transientsynthesis ofh臼t shock proteins (HSPs) byselectively 
directing new protein synthesis toward HSP production. Water s仕ess response continues the normal 
protein syn曲的is for significantly longer periods of s仕ess.

The main research challenge is to identi你 the key 的ess叩sponsive proteins that provide stress 
resistance among hundreds of proteins induced by s仕ess. In this review, we focus on heat and water 
s仕ess responses of cereal plants, and attempt to show how genetic studies can provide new s廿ategies

for the development of improved crop cultivars in high-stress environments. Several aspects of 
physiological and molecular responses to heat and water-deficit stress have been described in recent 
reviews (Ludlow and Muchow 1990; McCue and Hanson 1990; Nagao et al. 1990; Skriver and Mundy 
1990; Ellis 1991; Howarth 1991; Vierling 1991). 

PHYSIOLOGICAL RESPONSES TO HIGH TE孔1PERATURES

High-temperature stress induces changes in physiological and biochemical processes including 
photosynthes函， dark respiration, enzyme activities, membrane stability, and ultimately growth. Plant 
acclimation to high-temperature stress can be attributed to 出e genetic capacity for differential 
regulation of these physiological processes in response to normal and high temperatures. 

Photosynthesis 

Numerous investigations have reported thatwide geographic distribution of a species often res叫“
in the development of specific ecotypes that have different temperature optima for physiological 
processes including photosynthesis (Berry and 問orkman 1980). When ecotypes of the same species are 
grown at an optimum temperature, photosynthetic performance may be the same; however, when the 
same ecotypes are subjected to high-temperature stress, photosyn出etic performance of the ecotype 
indigenous to that particular temperature is much better than that of the nonindigenous ecotype. This 
represents photosynthetic adaptation, and the genetic capacity to adapt has been referred to as 
acclimation potential (Berry and Bjorkman 1980). 

The physiological basis of photosynthetic adaptation has not been fully determined, although it is 
known that both the lightand dark reactions ofphotosynthesis are sensitive to high-temperature stress. 
However, the net effect of high-temperature stress on photosynthesis is difficult to separate between 
the reactions (Berry and Downton 1982). For a C3 plant such as wheat, the response of photosynthesis 
to high temperatures is influenced by the kinetic properties of ribulose bisphosphate carboxylase/ 
oxygenase (Rubisco), the temperature response of the photosynthetic electron transpo此 system and 
the capacities for electron transport and carboxylation (Berry and Bjorkman 1980). In general, whole
chain electron transport is decreased with increasing temperature. This decline has been ascribed to 
specific inactivation of the photosystem II complex as determined by increased chlorophyll fluorescence 
(Schreiber and Berry 1977). The actual fixation of CO2 by the Calvin-Benson cycle is also decreased with 
thedownregulation of theRubisco being the majorpointofcontrol (Weis and BeηY 1988). Furthermore, 
net photosyn曲曲c efficiency in C3 plants is decreased with increasing temperature as the 0河genase

activity of the Rubisco is enhanced, resulting in increased photorespiration (Ogren 1984). 

Plants have the capability to adapt to increasing temperature depending upon the growth 
temperature prior to heat stress. Sayed et al. (1989) reported that the effect of increasing temperature 
on electron transport in wheat was different between cool-grown (13/10oC) and warm-grown (30/ 
250 C) plants. Prior to this, Kobza and Edwards (198月 reported thatphotosynthesis inhexaploid wheat 
is inhibited at normal temperatures by the substrate availability of CO2 and ribulose bisphosphate, and 
at supraoptimal temperatures by the activation state of Rubisco. Furthermore, light activation of 
Rubisco in spinach was reported to be dependent upon electron transport (Campbell and Ogren 1990), 
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and evidence for photosynthetic control of electron transport has been reported as well (Harbinson et 
al. 1990; Foyer et al. 1990). In a survey ofhexaploid wheat cultivars obtained from worldwide regions 
of production, high-temperature stress reduced mean photos戶lthetic rates at both the seedling and 
flowering stages of growth (AI-Khatib and Paulsen 1990). Therefore, the collective effect of high 
temperature on the numerous cellular processes that are coupled together in the photosynthetic 
process is a reduction in CO2 assimilation rate. 

Dark Respiration 

Darkresp廿ation is also sensitive to heat stress with a typical 010=2 effect observed with increasing 
temperature Games 1953). This increase in dark respiration is attributed to the increasing requirements 
of the maintenance component rather than the growth component of dark respiration，的 the efficiency 
of dark respiration is relatively unaffected by increasing temperature. A comparison of oxygen uptake 
in mitochondria isolated from common bean (P加seolus vulgaris) grown at 25 and 320C revealed that 
electron transport was uncoupled at the higher growth temperature (Lin and Markhart 1990). As with 
photosynthesis, darkrespiration rate is also impacted by theprior growth temperaturewith acclimation 
to different tempera tures being observed (Amthor 1989). Under normal growth conditions, maintenance 
dark respiration of a plantwill consume the equivalentof 1-5% of the existing biomass per day (Amthor 
1984). Therefore，的 temperature increases, maintenance dark respiration will consume much larger 
portions of the gross photosyn趴etic product and may eventually increase to the point where the 
respiration requirement is equal to the gross photosynthetic product. 

Enzyme Thermostability 

The effect ofheat stress on protein conformation and dena turation has been reviewed (Alexandrov 
1977; Levi位 19船). Teeri (1980) illustrated the relationship be趴reen kinetic properties of enzymes using 
apparent Michaelis constant (Km) values and temperature variation in natural habitat. There exists a 
relationship between the average habitat temperature and Km of malate dehydrogenase and glucose-
6-phosphate dehydrogenase. Burke et al. (1988) have extended this concept by coining the term thermal 
kinetic window (TKW) to identify the biochemical markers of optimum plant temperature using the 
minimum apparent Km values of plant enzymes. Optimum plant growth temperatures have been 
determined for several crop plants: 200C for wheat, 280 C for cotton and 30-350 C for cucumber (Mahan 
et al. 1990). The temperature response curves for recovery of photosystem rr fluorescence following 
illumination compared favorably with the TKW in several crop species (Burke 1990a). Transgenic 
tobacco plants containing a NADH-hydroxypyruvate reductase gene from cucumber have been 
produced to investigate the possibilityofbroadening the species using molecular techniques. Prelimina叮
results did suggest that the TKW of this enzyme in transgenic tobacco matched the cucumber enzyme. 
Further research is required for genetic improvement of crop plants since transferring multiple 
numbers of enzymes in a crop is stilllimited, and this may imbalance and complicate the original 
coordination of different metabolic pathways 的 plants. This is reviewed in detail by Burke (1990b). 

Membrane Stability 

Exposure of plant membranes to temperatures beyond the normal growth temperature results in 
membrane instability and irreversible changes in the plant membrane structure. Ouinn (1989) 
speculated that this may be the major limiting factor in plant growth environments. Changes in 
membrane fluidity during high-temperature stress can result either from changes in lipid composition 
or from reorientation of membrane components (Suss and Yordanov 1986). This can reduce 
photosynthetic or mitochondrial activity, or even decrease the ability of the plasmalemma to retain 
solutes and water (Lin et al. 1985). Membrane stability of hexaploid wheat has been indirectly 
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measured by the conductivity of solutes leaked from plant cells during heat stress, at bo趴 seedling and 
flowering stages of sp由19 wheat (Sadalla et al. 1990a). Genotypes were class証ied as heat-tolerant and 
heat-sensitive with the heat-tolerant genotypes producing 21 % higher grain yield than heat-sensitive 
groupings. Similarly, heat-tolerant selections of winter whea七 based upon membrane stability, 
outyielded heat-sensitive selections by 19%, and also had increases in grain volume weight ana kemel 
weight (Sadalla et al. 1990b). 

Growth and Yield 

The primary impact of heat s仕ess on growth is the acceleration of all developmental stages 
res叫自19 in the gross reduction in plant size and therefore in yield (Midmore et al. 1984; Shpiler and 
Blum 1986). Furthermore, during reproductive development ofhexaploid wheat, thylakoid membrane 
breakdown is accelerated in leaf tissues which leads to net photosyn趴etic decline and leaf senescence 
個arding et al. 1990). Grain yield can also be reduced by inhibition of starch syr油esis in the growing 
kemel as a result of the inactivation of starch synthase (Rijven 1986). Wardlaw et al. (1989) found that 
grain development characters differed between parental lines, and that improvement for these 
characters could be selected for. Therefore, growth reduction is the result of accelerated growth 
through the developmental stages. Furthermore, pollen viability and seed set ability are temperature
sensitive. However, these traits are generally simply inherited and are easier to select in a breeding 
program 個all1992)

PHYSIOLOGICAL EFFECfS OF WATER STRESS 

Chronic or sporadic periods of water-deficit stress are prevalent in many of the world's major 
agricultural regions (Boyer 1982). Crop yield is dependent on the timing and amount of rainfall 
receiv吋It has been estimated that as much as 44.7% of U.s. soils are subject to water-deficit 仰的S

conditions. The highest proportion of crop losses in the U .S. can be directly a ttributed to water-deficit 
s甘ess. Thus, water-deficit stress has long been an area of high interest to plant scientists. 

Classification of Water-Deficit Stress Resistance Mechanisms 

The overall strategies bywhich plants respond to low water-deficit environments can be classified 
as follows: escape, avoidance and tolerance (Levitt 凹的) .Ludlow (1989) and Ludlow and Muchow 
(1990) summarized and discussed these mechanisms in detail. In short, plants that escape water-deficit 
s仕ess (desert ephemerals and short-season annuals) do so by completing their entire life cycle d世ing

periods of relatively high soil moisture, thus avoiding water deficits in their tissues. Plants can avoid 
dehydration by reducing wa ter loss (by increases in stomatal and cuticular resistance, red uction of leaf 
area and radiation absorbed) and by maintaining water uptake (increased r∞t density and depth). 
Plants that tolerate dehydration do so by maintaining turgor (through osmotic adjustment, changes in 
cell wall elasticity and cell size) and by the ability of protoplasm to withstand desiccation. Some 
mechanisms leading to the last adaptation strate白r will most likely be more useful for selection 
pu中oses under conditions of intermittent water-deficit stress (Ludlow and Muchow 1990). 

Numerous physiological processes leading to plant growth and development are affected by 
water-deficit stress. The single most negative effect of water-deficit stress in crop plants is reduced 
growth (Boyer 1987; Mason et al. 1988). Growth reduction induced bywater-deficitstress is particularly 
critical during early growth and grain-filling stages since reduced growth during these times can 
greatly reduce yield. The mechanism by which water deficit decreases growth is not fully understood, 
but is believed 的 depend upon a number of variables (Boyer 198η. In this paper, we review some of 
趴e important physiological aspects. 
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Photosynthesis 

Reduction in photosynthetic activity at low leaf water potentials is well documented for crop 
plants. 80th stomatal and biochemicallimitations are known to be responsible for the photosynthetic 
ratereductions (Krieg 1983; Blum 1988). Therehas beenconsiderableinterestin the genetic improvement 
of water use efficiency (WUE) as a major component of crop yield under water-deficit 的ess. At the 
single leaf level, WUE is determined as the net CO2 uptake per unit of transpiration, which can be 
determined by gas exchange methods or i叩topic carbon discrimination (Fischer and Tumer 1978; 
Farquahar et al. 1982). Several studies have shown the existence of genetic variation for photos戶也etic

WUE (Halletal. 1992),butfurtherwork isneeded tosubs切ntiatetherelationshipbetweenphotosynthetic 
capacity and whole plant WUE. 

Osmotic Adjus恤ent

αle of the variables believed to be involved in growth inhibition is decreased turgor pressure in 
growing tissues. Water uptake in plants is driven by a water potential gradient from the r∞ts (highest 
water potential) to 出e growing tissue (lowest water potential). The water entering the growing cells 
then results in increased turgor pressure and eventually cell wall expansion (Taiz 1984; 80yer 1988). 
As water-deficit stress increases, the water potential gradient between the growing tissues and the 
water source eventually reaches a point which is not sufficient to drive the large uptake of water 
req凶red to maintain growth (8oyer 198內 . Plants are able to cope with tissue water deficits through 
osmotic adjustmen t. This pr仗ess results from the accumulation of solutes in the cells, which lowers 
the osmotic potential and helps maintain turgor of both shoots and roots as plants experience water 
stress (Ludlow and Muchow 1990). Osmotic adjustment was shown to contribute positively to plant 
growth and yield in wheat and grain sorghum (Ludlow and Muchow 1990). 

RootGrowth 

Whatever the mechanism of reduced growth, it is believed that a tissue-specific signal is present 
which reduces growth, since the rate of shoot growth is greatly reduced during stress, whereas the rate 
of root growth is not as inhibited (Boyer 1988; Ludlow et al. 1989). Reduction of shoot growth without 
reduction of root growth has been shown to be independent of the availability of water to the r∞ts. 

Experiments indicating 出is were done by removing seedlings from soil and allowing the entire plant 
to remain suspended in 100% relative humidity, thus removing the water supply from the roots 
(Creelmaneta l. 1990). With 仕le r∞ts removed from the water supply, root growth was maintained at 
a slightly lower rate for 24 hours whereas shoot growth was inhibited after only 3-4 hours. This agreed 
with earlier reports stating that growth inhibition is tissue-specific (Sha中 and Davies 1979; Kramer 
凹的).

Protein Synthesis 

Another factor 趴at may play a role in reduced growth is the overall reduction of protein syn也eSls

in tissues under water-deficit stress conditions (Mason et al. 1988). Reduction of protein synthesis 
occurs concomi tan tl y wi th the disaggrega tion of po 1 ysomes as wa ter-defici t s tress increases (G uerrero 
and Mullet 1986; Mason et al. 1988). Disaggregation of polysomes is most evident in rapidly growing 
tissues where levels of polysomes decrease drastically during water-deficit stress in comparison with 
more mature tissues in which there isrelatively little change in levels ofpolysomes (Bewley et al. 1983). 
Decreased protein production is probably not involved in the initial inhibition of growth since 
polysome disaggregation occurs after the initial stages of growth inhibition (Mason et al. 1988). 
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However, protein synthesis probably does play a role in the later stages of growth reduction since 
protein synthesis is necessary for auxin-stimulated growth (Bates and Cleland 1979; Theologis et al. 
凹的).

ABA Accumulation 

Another effect of water-deficit stress in plants is theaccumulation of ABA (Quarrie and Lister 1983; 
Guerrero and Mullet 1986; Pekié and Quarrie 1987; Bensen et al. 1988; Creelman et al. 1990; Skriver and 
Mundy 1990). Although all of the roles which ABA plays in the water-deficit stress response are not 
clearly understood, it is apparently involved in increased sugar content in roots (Karmoker and Van 
Steveninck 1979), increased turgor pressure in r∞t tips Gones et al. 1987), decreased elonga tion of stem 
segments (Wakabayashi et al. 1989), increased water use efficiençy (Steuer et al. 1988), decreased 
polysome content (Bensen et al. 1988), inhibition of photosynthetic capacity (Seemann and Sharkey 
198內， and the induction of several mRNA and protein species (Skriver and Mundy 1990). 

亂10LECULAR RESPONSES TO HIGH TE弘1PERATURE STRESS: 
HEAT SHOCK PROTEINS 

Like other organisms, plants e油ibit a rapid but transient synthesis of heat shock proteins in 
response to heat stress (Ho and Sachs 1989; Nagao et al. 1990; Vierling 1991). In higher plants, most 
HSPs belong to both relatively high molecular weight (70-110 kDa) and low molecular weight (15-30 
kDa) groups. High molecular weight (HMW) HSPs can be further classified into several groups, such 
as HSP90, HSP70 and HSP60 families (Vierling 1991). To date, only a few genes of the HSP90 family 
are characterized from plants such as maize, cabbage, and Arabidopsis (Nover et al. 1989; Conner et al. 
1990). Members of this family have molecular weight proteins of 80-110 kDa that are produced in 
unstressed conditions and localized to cytoplasm, endoplasmic reticulum and nuclei (Vierling 1991). 
These proteins are known to share several conserved blocks of amino acids with other organisms. This 
group of HSPs probably play a role in a variety of cellular functions such as translation of cellular 
mRNAs (Conner et al. 1990). Recently, in yeast, a member of this family with a predicted molecular 
weight of 104 kDa has been studied in detail and is proposed to confer thermotolerance in yeast cells 
(Sanchez and Lindq凶st 1990). In plants, no member of the HSP104 family has yet been reported, 
however some HSPs in this molecular weight range are commonly observed in plants (Nover et al. 
1989). Genesfrom theHSP70 familyhave beenreported in maize, tomato, petunia, pea,Arabidopsis,carrot 
and soybean (Vierling 1991). In other organism丸 homologue of this gene family have been suggested 
to have a function as molecular chaperons (Ellis 1991). Some proteins of this family, which are 
designated as heat shock cognate genes (HSC genes), are also expressed under nonstress conditions 
and are not significantly induced during heat stress conditions. HSP70 polypeptides are distributed to 
the cytoplasm, endoplasmic reticulum, chloroplasts and mitochondria during heat shock. Proteins of 
HSP60 family are generally componentsofchloroplasts and mit凹hondria . Genes encoding chloroplast 
localized HSP60 have been reported from maize, castor bean, cabbage and wheat (Vierling 1991). 
Recently, cDNA clones encoding Arabidopsis and maize mitochondrial HSP60 have been also reported 
(prasad and Stewart 1992). In other organisms, these classes of HMW HSPs have been explored for 
possible functions, and all presumptions of their similar functions in plants are based solely on 
extensive homologies between plant HMW HSPs and similar proteins from other organisms. 

Plant cells are unique in producing abundant amounts of low molecular weight (LMW) HSPs 
ranging from 15 to 30 kDa which are encoded by multigene families (Nover et al. 1989). The 
evolutiona可 conservation of this response in higher plants suggests that they may perform some 
important function. LMW HSP genes have been isolated from a variety of crop plants such asωybean， 
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pea, carrot, wheat, rice and maize. Recently, Vierling (1991) classified these proteins into four 
categories. Two of the multigene families encode cytoplasmic proteins (Class 1 and 11), one family 
represents endomembrane proteins and one family includes plastid-localized HSP genes. As we have 
reviewed elsewhere (Nguyen et al. 1992), there are more than 20 cDNAs or genomic DNAs encoding 
class 1 and 11 LMW HSPs in plants. There is more homology between the members of the same class of 
genes than between the class 1 and class 11 genes. Within a class, LMW HSPs from monocots and dicots 
form two distinct groups based on their similarity with a highly conserved group of amino acids 
toward the carboxyl terminal end of HSPs (Weng et al. 1991a). Genes encoding plastid-localized HSPs 
have been reported from maize, soybean, wheat, pea, petunia and Ar，紛紛叩sis where monocot genes 
encoding plastid-localized HSPs are more closely similar to each other than to dicot genes (Weng et al. 
1991b). Specific transport of these proteins to chloroplasts during heat shock indicates that these 
proteins may be performing some chaperon-like protective function in the photosynthetic process. 
There are only two members of endomembrane HSP families known from soybean and pea. Similar 
to HSC70 proteins, LMW HSCs have recently been observed in Arabidapsis and wheat (Bartling et al. 
1992; Weng and Nguyen, unpubl. da切). The functions of this entire group of HSPs are unknown. 
Mul位plicity and high degree of sequence conservation between higher plant LMW HSPs emphasize 
their probable importance in cell protection during heat s仕ess.

Lastly, a brief discussion regarding ubiquitin (molecular weight 8.5 kDa) and its role in heat shock 
appears to be appropriate. All eukaryotes have a multigene family encoding polyubiqui也lS which 
consists ofhighly conserved identical repeats of 76 amino acids fused together in a head to tail fashion 
Goshi et al. 1991). Pos伽'anslational pr凹的sing of these polyubiqui自lS results in monomer units that 
tag to the abnormal proteins that are destined to degradation. Ubiquitin genes have been studied in 
wheat, barley, m刮目， soybean， sunflower, p曲 andArabidapsis.Hea t stress induces a limited up-regula tion 
of these genes, and limited availability of a free ubiqui出 p∞1 has been suggested to be one of the 
con甘olling factors of heat shock transcription factor activation (Munro and Pelham1985). Heat stress 
results in the production of several degraded or abnormal proteins and ubiqui位n plays a pivotal role 
in cell cleanup and recovery during the stress period. 

The alteration of gene expression aff，配出g HSP syn血的is also depends on the duration of heat 
shock and magnitude of heat shock temperature change. For example, there are differences in the 
quali泊位veandquan位tative synthesis of different HSPs in soybean seedlings depending on whether 
the heat shock temperature change is rapid or gradual (Altschuler and Mascarenhas 1982). Differences 
in theheatshock response to a rapid temperature shiftversus a gradual temperature increasehavealso 
been observed in Drosophila cells (Lindquist 1986). It is important to investigate the synthesis of HSPs 
in plants during a gradual temperat山e increase, since plants are commonly exposed to this h臼ts仕ess
condition in the natural environment. Furthermore, HSP accumulation has been reported in field
grown plants, suggesting thattheymayplay a significant role ina plant's responseto high-temperature 
s 仕ess (Vi跆e臼釘erlin

It has long been known t趴ha討to叮rg伊an叫isms acqu凶ire t趴he叮rrr叮moωO叫toleran缸1它ce已， whichi誌s 仕趴1ea油bi山lit佇yt怕o survive a 
l跆e位血la剖1 heat shock if they are exposed earlier t，ωo a milder heat shock (←-1叩OOC above normal growth 
temperature). The a油bi山lit佇y汁巾tωolin趴nkt做hes鉛emole缸cu叫I址la缸re軒'vent臼怕s叩ofHS叮Pp伊r叫u囚1ct釷ionw叫it血hp肉l旭antt血hermτ官咄no昀O叫to叫le缸ranc凹e 
and s印urvi廿va叫1 i臼s still an under跎explored avenue. Simultaneous production of HSPs and induction of 
thermotolerance are indicative of the importance of HSPs 趴 thermotolerance (Kimpel and Key 1985; 
Krishnan et al. 1989; Vierling 1991; Jorgensen et al. 1992). Plant survival during heat shock definitely 
results from the interaction of several contributing factors. However, it is known that during high
temperature stress a highly sp配ific and unique set of molecular events 囚C盯 which leads to the 
production of HSPs. By the conservation of this response throughout nature, many have speculated 
趴atthisgroup ofproteins is vi切1 for cell survival. Moreover, their distribution within thecell indicates 
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thattheyass凹iate wi th most of the pr凹esses initiated duringphysiological metabolism. For example, 
intracellular localization of HSP70 observed after heat shock to nucleus/nucleolus complex and 
plasma membranes, HSP60 to mitochondria, HSP70-like proteins to Golgi, HSP21-28 to chloroplasts 
points to their probable function as prot配tive proteins (Nover et al. 1989). Cytoplasmic HSPs are also 
known to form heat shock granules of 10-20 S size. Whether these heat shock gran叫es have any 
structural or enzymatic function is still to be determined (Vierling 1991). 

MOLECULAR CHANGES IN PLANTS IN RESPONSE TO WATER STRESS: 
WATER DEFICIT-INDUCED PROTEINS 

Several publications have reported changes in translatable mRNAs and/or prote凶 species

induced bywater stress (e.g. Creelman et al. 1990; Claes et a1. 1990; 也ng et al. 1992a). Environmental 
stresses such as water stress, desiccation stress, salt or osmotic stress, cold stress and developmental 
stages such as late embryogenesis show similar molecular changes, and all of these collectively may 
be included as water s仕ess. It is possible that many of these changes are related to ABA accumulation 
in tissues under water-deficit str的 (Skriver and Mundy 1990), although there has been at least one 
study (Creelman et al. 1990) that found no correlation between translatable mRNA species induced by 
water-deficit stress and exogenously applied ABA. While the functions of water deficit stress-induced 
genes have not been ascertained, one water deficit s棍ss-induc叫 protein in soybean has been reported 
to be associated with the cell wall (Bozarth et al. 198內. This protein has been hypo也esized to be 
involved with cell walll∞sening to allow con自lUed growth during water-deficit s仕ess (Bozarth et al. 
198內.

Two major classes ofwater deficit stress-responsive genes, turgor and ABA -responsive genes have 
been characterized (Dure et al. 1989; Skriver and Mundy 1990; Guerrero et al. 1990). Guerrero et al. 
(1990)havereported thr凹genes from pea也atare induced by reduction in turgor, and have designated 
也em as turgor-responsive genes. ABA treatmentdidnot modulate the RNA accumulation pattems for 
these genes, and this group of genes is recognized as a separate group of early genes induced by water 
甜的s. These three genes showed homology to three diverse groups of proteins. Clone 7a showed 
homology to the soyb個nnod叫in-26 gene, clone 15a was similar to 出e cysteine protease gene, and 
clone 26g was similar to the alcohol dehydrogenase gene. This indicates that the complex inte中layof
diverse groups of proteins exists in 趴e early stages of water s仕ess . Recently, Yamaguchi-Shinozaki et 
al. (1992) have reportl吋 a cDNA encoding the RD28 protein, a transmembrane channel protein with 
homology to soybean nodulin 26-1ike gene in Arabidvpsis induced in response to water stress. There are 
no reports of similar turgor-responsive genes in cereals. The ABA responsive genes have been named 
in a variety ofways depending upon the developmental stage or the extemal stimuli applied. Thus LEA 
(late emb可ogenesis abundant), RAB (responsive to ABA) and dehydrins (dehydration-induc吋
proteins) constitute a group of similar proteins. Perhaps synthesis of ABA is the commondenominator 
in the induction of all these proteins. Dure et al. (1989) have suggested three groups of LEA proteins 
based on the homol。由T relationship of the available proteins at that time. Group 1 is represented by 
cotton LEA 019 and wheat Em gene. Subsequently, a rice Em gene has been added to this group. Group 
2 LEA proteins included rice RAB 21 gene and cotton LEA 011 clone. Recently members of this group 
have been reported from wheat, rice, barley, maize, radisn, tomato, Arabidσpsis and resurrection plant 
(King et al. 1992b; Joshi et al. 1992). Proteins in this group are highly hydrophilic, consis自19 of 
conserved blocks of repeated amino acids, and are ABA inducible. These proteins are known to be 
phosphorylated and have conserved blocks of homologies which are predicted to form amphipathic 
helices separated by a variable number of conserved amino acid repeats. The third group, LEA 3 
proteins, include members from barley, wheat, rape and carrot. The roles of these LEA proteins in water 
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deficit s仕ess tolerance have yet to be determined. It is possible that they are involved in osmotic 
adjustmentand desiccation tolerance which contribute to dehydration tolerance at low waterpotential. 
Recently, Bartels et al. (1992) have reported a novel member of desiccation stress protein (dsp-22) that 
accumulates in: chloroplasts under water stress. We would like to propose to include all these genes 
under the waterstress protein (W妞，sirn且ar to HSP) and then grouping them on the basis of similarity 
and molecular weights. It may help in reducing the confusion arising due to m叫tiple terms that are 
C盯rently used 趴 the literature. By using differential hybridization or s油油r t配知世ques a large 
number of cDNAs have been reported from water stressed cDNA libraries having par出1 homologies 
to known proteins such as lip。可genase， antifreeze prote泊s， lipid伽nsferproteins, vegetative storage 
prote帥， aldose reductase, and betaine aldehyde dehydrogenase. The diversity of these reported 
proteins indicates the complexity of the water s仕ess response phenomenon in plants and a great deal 
of effort is r呵uired to unravel these pr凹esses of water 的ess response. 

MOLECULAR STRATEGIES FOR GENETIC DISSECTION OF 
STRESS RESISTANCE TRAITS AND CROP IMPROVEMENT 

Genetic studies of 忱的s tolerance traits, including specific physiological pr仗esses， sp配ific
enzymes in a metabolic pathway, and stress-induced prote恤， are not abundant in plants. Several 
approaches such as mutations and complementations are commonly used for confirming the function 
of a protein in bacteria or yeasts. These approaches are not accessible in crop plants due to the 
complexi泣的 of the genomes and complex organization of most of the stress-responsive genes. Among 
the different genes encoding HSPs or WSPs discussed above, most of the genes belong to mul位gene
fam i1ies; hence creating a mu個tion will hamper cer旭in functions, while complemen出g it by 
reintroduction of intact gene copy is difficult in most of the cases. Genes encoding plas世d﹒localized

HSPs are the only poten tial candidates for such experimen ts or reverse genetics experimen ts (an tisense 
RNA) due to the presence of one or two genes. Silencing a gene using antisense technol。由rfor
confirming its function is more difficult for common stress protein genes than other single copy or low 
copy genes due to thehigh level ofhomol。由T between DNA sequences. We definitelyneed more inputs 
into the mechanisms of complementary antisense RNA silencing before this technique becomes 
routine to molecular biologists who aim to manipulate crop plants for stress tolerance. Altemativel扎
novel genetic stocks, commonly available in wheat and maize, representing addition or deletion of 
chromosomes or their arms can be used for similar functionality assays. This is, however, complicated 
by the presence of a large number of genes (some of them even affecting the overall growth of the plant) 
on any pa討icular chromosome or its arms. Use of natural genetic variation app甜的 to be the best 
approach to resolve some of the complexities of this problem. 

Crop plants like other organisms are known to induce gen。可pe-specific， stress-responsive 
proteins in several cases (Krishnan et al. 1989; Jorgensen et al. 1992). Among hundreds of protein spots 
visible on 2-D gel elec仕ophoresis profiles after heat or water deficit stress, identification of the most 
important key proteins that impart or are tightly linked to s廿ess tolerance traits has proved to be the 
most difficult task. Genetic studies can be ofa greater help in deciphering this problem. Two parents 
ofcon仕的出g stress tolerance behavior can be first identified from the diverse germplasm resources 
available in a crop species. Their F2 segregating progeny and recombinant inbred lines ör doubled 
haploids can be used for the assessment of stress tolerance 甘aits using physiological assays as 
described above and 2-D profiles of stress proteins. A tight linkage between these two parameters may 
allow us to narrow down our choices from hundreds ofproteins to 10-15. Routine molecular biological 
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techniques can then be employed for identification and characterization of cDNA clones encoding 
these proteins. If these identified proteins prove to be 位ghtly associated with a resistant phenoty戶，
then these clones can be used for dir配t， function- based selection of stress-resistant crops. 

Transformation Technology 

αlce the genes responsible for impar出g heat and water stress tolerance are identified and 
characterized, the next task 泌的 improve s甘ess resistance capacity of elite genotypes that are s仕ess
suscep位ble. There are several major limitations for the production of 仕ansgenic plants that are 
gene位cally manipulated for polygenic traits. If, however, there are only a small number of genes 
responsible for a trait then this approach appears to be viable. Transgenic plants from crop plants such 
as potato, tomato, tobacco, oilseed rape and rice are being produced more easily than traditionally 
recalcitrant crop plants such as cereals and f，∞d legωnes. Recent reports of maize and wheat 
transforma tion usirig high velocity microprojectile bombardmen t or other transforma tion methods are 
de品ütely encouraging 証 these methods will routinely yield 甘ansgenic plants. Assuming that this is 
achieved then transfer of stress resistance genes should be fairly straightforward and should yield 
stress-resistant crop plants. 

αle other possible avenue will be openedifthe above-mentioned approach works. Overexpression 
of a s恨的 resistance gene under the control of constitutive promoter ìs likely to provide ex恤
prot配位on to crops against environmental fluctuations. The success of this approach depends on the 
precise biochemical or physiological function that a prote切 plays in the overall stress protec位on
mechanism and if this protein could be stable at nonstress conditions. Lagrimini et al. (1990) 
overexpressed tobacco anionic peroxidase cDNA in transgenic tobacco plants. Elevated levels of 
peroxidases were observed among these plants. Interestingly, at the time of flowering, these仕ansgenic
plants showed severe wilting through loss of turgor. Although the rea凹的 for this behavior are not 
clearly understood, the alteration of the expression of key enzymes in metabolic pathways has opened 
the doors to further inquiry into the rate limitation of enzymes and what role they might play in other 
physiological processes. Some constitutive promoters are also known to inactivate under 的ess
conditions (Schöffl et al. 198η. Altematively, stress-inducible promoters can be used for these gene 
cons仕ucts. Recently, ltu討iaga et al. (1992) overexpressed three desiccation-related proteins from 
resurrection plants into仕ansgenic tobaccoplants. Theseplants expressed mRNAs and proteins athigh 
levels. However, these proteins were not sufficient to increase water-deficit stress tolerance as 
measured by ion leakage assays. 

Genetic Markers 

Tanksley et al. (1989) reviewed in detail the advantages of using the molecular marker-based 
selection for crop improvement over selection based solely on phenotype. Very little is known about 
molecular markers such as RFLPs (restriction 企agment length polymorphisms) and RAPDs (random 
amplified polymo中hic DNAs), which are tightly linked to the heat and water deficit s廿ess tolerance 
traits. RFLP markers are inherited codominantly, are independent of tissue or environmental effects 
and rarely have epistatic or pleiotropic effects. Moreover, a large number of RFLP loci can be mapped, 
which will aid in development ofhigh resolution linkage maps. Potential uses of RFLP maps have been 
described (Landry and Michelmore 19的; Tanksley et al. 1989). Currently, g∞d resolution RFLP 
linkage maps are available for several cereals including rice (McCouch et al. 1988), barley (Graner et 
al. 1991), wheat (Gill et al. 1991; Liu and Tsunewaki 1991), and maize (Helen司aris 1987; Beavis et al. 
1991; Burr and Burr 1991). These maps are likely to assist in identi句Ting molecular markers linked to 
traits of interest including s甘ess tolerance traits. Firs七 several of these traits are expected to be 
polygenic, and techniques similar to QTL (quantitative trait loci) analysis should be employed to 
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investigate this. Two inbreds of contrasting stress tolerance phenotypes should be crossed and 
polyrn。中hisms associated wi th stress tolerance determined in F2 segrega ting and advanced popula位ons.
Ottaviano et al. (1991) have a悅mpted to find linkage between cellular membrane stability (CMS) as 
a measurement of heat tolerance and RFLPs in recombinant inbred populations of maize. Regression 
analysis of CMS on RFLPs detected a minimum number of six QTLs accounting for 53% of the genetic 
variability. 

RAPD has recently become pop叫ar for the rapid detection of polymorphisms among individuals 
from a population using a single primer of arbitrary sequence and the PCR (polymerase chain reaction) 
mediated amplification of random genomic D NA fragmen ts (Williams et al. 1990; Welsh and McClelland 
1990). Generally, a primer of 9-10 base pairs with 叩-80% G+C content and lacking palindromic 
sequences is used. The term random applies to the DNA fragment(s) amplified from genomic DNAs 
for which no prior DNA s呵uence information is required. The intervening region is amplified when 
this single primer sequence is present in the opposite orientation on opposite genomic DNA strands 
at distances of up to 50∞ base pairs. Some of the advantages of the RAPD techr叫ue over RFLPs used 
in thepast are rapid analysis, avoidance of radioactivewaste, requirementof small amounts of genomic 
DNAs,high reproducibility, and easydata scoring for either the presence or absence of fragments from 
ethidium bromide-stained agarose gels. Moreover, Williams et al. (1990) have indicated 血at the 
RAPDs are not limitedωsingle copy sequences, and it is possible to ampli句T fragments from repetitive 
DNA fractions. There has been a great flurry of activity following the original reports of the RAPD 
techr吐que， and it has been applied in plants for construction of genetic linkage maps (Reiter et al. 1991), 
estimation of genetic relationships (Vierling and Nguyen 1992), tagging disease resistance 回its
(Michelmore et al. 1991; Paran et al. 1991), identification of cultivars (Wilde et al. 1992), parentage 
determinations (Welsh et al. 1991), and population genetics (Van Hausden and Bachmann 1992). The 
dominant behavior of RAPDs in segregating populations may limit their value in similar analyses in 
F2 generations. Suitable use of recombinant inbreds (Burr and Burr 1991) has been shown to alleviate 
this problem and aiding in construction of genetic linkage maps (Reiter et al. 1991). Although simple 
traits have been reported to be link吋 to RAPD markers, there are no reports of QTL tagging using 
RAPDs. Use ofRFLPs and RAPDs for association with heat and water stress tolerance traits still awaits 
further exploration. 
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ABSTRACT 

By using a partial cDNA fragment of soybean heat shock protein gene (pCE53), encoding a low 
molecular weight (LMW) protein as a probe, two full-length heat shock cDNA clones, pTS1 and 
pTS3, were isolated froma rice cDNAlibrary generated fromheatshock-induced poly(A)+RNA. Both 
clones were confirmed by tr紅的lation assay of hybrid-selected mRNA and proved to belong to the 
16-20 kD class 1 LMW group ofheat shock proteins. Nucleotide sequence analysis showed that pTS1 
and pTS3 had 64.5-78.8% homology at the DNA level and were 67-84% identical at 也e amino acid 
level to the class 1 LMW heat shock protein of other plants, with wheat c5-8 having the highest 
similarity.τnese results suggest that evolutionary conservation of the LMW HSP genes occurs 
among diversified organisms. The effect of heavy metal stress, in addition to heat stress, on the 
formation of LMW HSP mRNA was investigated using pTS1 as a probe. The data showed 也atthe

LMW HSP mRNA increased at the elevated temperatures, and reached a max.level at 410 C in 2 
hours. Similar to heat shock (HS), heavy metals were also shown to induce LMW HSP mRNA. 

INTRODUCTION 

Living organisms dramatically alter their gene expression when they are exposed to brief periods 
of sublethal high temperatures (Linquist 1986; Linquist and Craig 1988). High temperatures induce the 
expression of hea t shock protein (HSP) genes and suppress, a t least partially, the synthesis of normal 
cellular proteins. The HS response was first discovered in Drosophila melanogaster (Ritosa 1962), and it 
has since been studied in considerable detail. It is cha.racterized by alterations in transcription and 
translation. 

While the mechanism of thermotolerance of HSPs is being actively studied, HSP s戶lthesis

regulated by environmental factors and evolutionary conservation of HSP genes is still a major topic 
of interest. If the organisms were p間-exposed to a permissive elevated temperature, they became 
tolerant at nonpermissive (or lethal) HS temperatures, owing to the induction of HSPs. Therefore，出e
thermoprotection of HSPs appears to be important for survival during the heat stress period (Key et 
al. 1981; Schuster et al. 1988; Chou et a1. 1989; Krishnan et al. 1989; Vierling 1991). Mor的ver， the major 
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HSPs so far studied are highly homologous among eukaryotes and in some cases in prokaryotes as well 
(Schöffl and Key 1983; Linq叫st 1986). The evolutionary conservation ofHSP genes strongly suggests 
趴at the production of HSPs is an essential process of the biological system in coping with heat stress. 

The HSPs are generally divided into low molecular weight group (LMW), which is in the range of 
ca. 17-28 kD, and high molecularweightgroup (HMW), which are larger than 30 kD (Schöffl andKey 
凹的;Linq山st 1986; Vierling et al. 1988). The HMW HSPs of plants, in con甘ast to those of animals, 
representonlya relatively small fraction oftotal HSP. The major HSP accumulation in plants 誨， instead，
represented by LMW HSPs ranging in size from 15 to 28 kD. Sequence analyses of LMW HSPs show 
high conservation among也e diversified plant species, al血ough variations in electrophoretic pattems 
are present. 

In the past several years, considerable progress has been made in the area of physiological functions 
of LMW HSPs in soybean (Lin et al. 1984; Chou et al. 1989;Jinn et al. 1989), because of the abundance 
and the complexity of these proteins. It has been shown that there are approximately seven LMW 
proteins detectable in rice (Tseng 1990). In an effort to clari句， the relationship between rice LMW HSPs 
to those of other plants，仇'i'0 closely related cDNA clones of LMW HSP gene were characterized. A 
comparison of DNA sequence among the diversified plant species was also presented. In addition, the 
responses of mRNA induction by heat stress and other environmental factors (e.g. heavy metals, 
hormones, etc.) was examined. 

MATERIALS AND METHODS 

Plant Material 

Seeds of rice (OryZJ1 sativa cv. Tainong 6月 were surface-sterilized in 1 % NaOCl solution for 30 min, 
and imbibed in running water for 2 days and then allowed to grow on moist paper towels for 5 days 
at 280 C in darkness (Tseng 1990). 

The endosperms of the etiolated seedlings were removed before temperature treatments in 5 mM 
phosphate buffer (pH 6.8) containing chloramphenicol (50μg/ ml) and 1 % sucrose in a shaking water 
bath. After treatments, the seedlings were then rinsed with distilled water, blotted dry on paper towel, 
frozen in liquid N2t and stored at -70oC for future use. 

Isolation of Heat Shock-Specific cDNA Clones 

Total RNA was extracted from heat-treated rice seedlings (41 0 C for 2 hours) according to the 
procedures of Zurfluh and Guilfoyle (1982), using Vanadyl Ribonucleoside Complex as RNase 
inhibitor. Poly(A)+RNA was isolated by oligo-(dT) cellulose chromatography (Maniatis et al. 1982). 
Double-stranded cDNA was synthesized (Gubler and Hoffman 1983) and size-fractionated through 
CL-4B sepharose column (Pharmacia) and cDNA fragments above 450 bp were pooled for ligation to 
λgt-11 using EcoR 1 linker (BioLabs). Theprimary librar句ywasrep抖lic臼at健ed， t甘ransf，跆er叮re吋dont切on叫üt仕ro仗cellulos促e 
filter (Hybond-C e飢xt仕ra丸， Ame釘r咄s
kDHSPsofs叩oybean (仕ki泊ndlyprovi泊ded by Dr. J.L. Key) . The filters were incubated at 420 C for 是 hours

in a prehybridization solution containing 50% deionized formamide, 5X SSC, 0.1% ficoll, 0.1% 
polyvinylpyrolidone, 20 mM Na-phosphate (pH 6.5), 0.1% SDS, 1 % glycine and 250μg/ml denatured 
salmon sperm DNA 

Hybridization was carried out 泌的。C for 24 hours in hybridization solution containing 叩%
deionized formamide,5X SSC, 0.1 % ficoll, 0.1 % SDS, 0.1 % polyvinyl pyrolidone,20 mMNa-phosphate 
(pH 6.5), 32P-labeled DNA probes and 150μg/ ml denatured salmon sperm DNA. After hybridization, 
filters were washed twice in 2X SSC-O.1 % SDS at r∞m temperature, each for 10 min, followed by two 
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washes, each for 30 min at 370 C with O.lX SSC-O.l % SDS solution. The filters were then exposed to X
ray films (Kodak X-OMAT) at -700 C with intensi句Ting screens. The cDNA insert of pCE 53 used as a 
DNA probe was labeled with α_32p dCTP (10 mCi/ml, NEN) using a commercial kit (promega). 

Phage clones hybridized specifica11y to cDNA probe were purified (Ma吋atis et a1. 1982) and the 
cDNA inserts were then subcloned to pGEM 3Z DNA (Promega) for further analysis. 

In Vitro Translation 

αle J,!g poly(A)+RNA was used for translation in vitro in a treated rabbit reticulocyte lysate system 
(Promega) with 35S-methionine (10 mCi/ml, NEN). The products were analyzed by 2-D gel 
electrophoresis (O'Farre11 1975). First dimension was performed with 4.5% acrylamide gel, using 
ampholine (Pharmacia) pH 3 and 10 to create a pH gradient of 4.5-7.0, and 12.5% SDS-acrylamide gel 
was used for the second dimension. 

Hybrid咽lected poly(A)+RNA was performed according to Maniatis et a1. (1982), using 3∞阿Iml
poly(A)+RNA in 65% deionized formamide,20 mMPIPES (pH4.6), 0.4 M NaCl, 0.2% SDS, and 100μgl 
ml calf liver tRNA. Eluted poly(A)+RNA from filters was translated in vitro as described above and the 
products were also analyzed by 2-D gel electrophoresis. 

Northern Blot Analysis 

Rice total RNA was electrophoresed in formaldehyde agarose gels (Maniatis et a1. 1982) with BRL' s 
RNA ladder as size markers. RNA gels were then blotted onto nitroce11ulose filters (Hybond-C extra, 
Amersham). The cDNA inserts of the isola ted clones were la beled by random primer method and used 
as probes for Northem hybridization. Hybridization was carried out basica11y as described above, 
except for the hybridization temperature which was raised to 鈞。C， and the filter was washed in O.lX 
SSC-O .1% SDS solution at 550C. 

DN A Sequencing 

cDNA clones were sequenced by Sanger's dideoxy chain-termination method (Sanger et a1. 197內，
after subcloning into pGEM 3Z vector (Promega). The DNA sequences were then analyzed by GCG 
software (Kyte and Doolittle 1982; Devereux et a1. 1984). 

RESULTS 

Isolation of Heat Shock-Specific cDNA Clones 

Rice heat shock cDNA library was constructed from 41 0 C treated poly(A)+RNA, and the primary 
librarγ(with 2.8 x 106 pfulμg cDNA) was used directly for screening. Hybridization was performed 
under a reduced stringency condition with 32P-labeled pCE53. Six positiveclones were intia11ypurified 
and analyzed on 1 % agarose ge1. Four clones，入1-2，入3-1，入5-1 and À6-1 which contained cDNA inserts 
from 0.5 to 0.9 kb, were selected and subcloned in pGEM 3Z at the EcoR 1 site. They were designated 
as pTS1, pTS2, pTS3 and pT鈕， respectively (Tseng 1990). The Northem hybridization profile of the 
above cDNA insert showed that the mRNAs a11 appeared at ca. 0.9 kb in leng血 (Fig. 1), which is the 
approximate size of LMW HSP. 

Hybrid-Selected In Vitro Translation 

Theproteins encoded bypTS1, pT泣， pTS3 and pTS4 clones were characterized by hybrid-selected 
in vitro transla tion assay. The cDNA inserts of the above four clones were used for hybrid-selection of 
poly(A)+RNA isolated from 41 0 C induced rice seedlings. The translation products were separated by 
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2-D gel elec廿ophoresis to iden tify whether or not these clones were HS-spec正ic genes. Four廿anslation

products were found to be identical, but were separated as eight polypeptides located at the pI range 
ca. 5-7.5 (Fig. 2, b and d) . Among them, one had anestimated sizeof30 kD, theothers werein the LMW 
range of16-20 kD. Thesetranslational products corresponded well to the in vitro 仕anslationalproducts 
of total heat-induced seedling poly(A)+RNA (Fig. 2, a). The products translated with poly(A)+RNA 
extracted from 訝。C growing seedlings were also analyzed as a control (Fig. 2, c). Therefore, the results 
indicated that these four clones were HS-specific genes. 

cDNA Sequence Analysis of pTSl and pTS3 

The sequences of the four cDNA clones showed that pTS1 was identicalJo pTS2, and pTS3 was the 
sameas pTS4 which wasa partialcDNA clonecontaining onlyO.5 kb insert (dãta notshown). Therefore, 
pTS1 and pTS3 clones were chosen for further characterization. The pTS1 cDNA was 802 bp long (Fig. 
3) which contained 117 bp 5' noncoding sequence, 235 bp 3' noncoding sequence, a 450 base ORF 
encoding a polypeptide of 150 amino acid residues, and ended with a stop codon TAA (Tseng et al. 
1992). Several sequences characteristic of 11陀gulatory signal" were present in the 5' and 3' noncoding 
regions. There were two repeated sequences of CCCAAA located at -86 and -94 upstream from the 
initiation codon ATG. Two polyadenylation signals AATAAA were present at 777 bp and 781 bp, 
respectively. The predicted MW of pTS1 encoded protein was 16.9 kD with calculated pI value of 6.4 
(Tseng et al. 1992). The pTS3 cDNA was 735 bp long (Fig. 4) with 81 bp of 5' noncoding nucleotide 
sequence and 192 bp 3' noncoding sequence. There were two putative polyadenylation sequences of 
GGTGTTTT and GTGTGTTGTT Goshi 198內 located at 538 and 568, respectively but no conserved 
polyadenylation sequence AAT AAA was observed. Both the pTS1 and pTS3 sequences have been 
deposited in the Genebank with accession numbers M60820 and M80186, respectively. The estimated 
MW of the encoded protein pTS3 was 17.3 kD. As expected, all the putative protein data of pTS1 and 
pTS3 were coincident with those of 2-D gels shown in Fig. 2. 

Comparison of pTSl and pTS3 Protein to 血e LMW HSPs of Other Plants 

The amino acid sequence deduced from pTS1 and pTS3 was compared with other members of 
LMW HSPs obtained from wheat c5-8 (Helm et al. 1989), soybean HSP17.5-E (Czamecka et al. 1985), 
soybean HSP17.9-D (DeRocher et al. 1991), Arabidapsis thaliana HSP17.6 (Helm and Vierling 1989), pea 
HSP179a (DeRocher et al. 1991), and pea HSP17.7 (Lauzon et al. 19冊). The results of pairwise 
comparison of nucleotide sequence and deduced amino acid sequence between eight LMW HSPs are 
shown in Table 1. pTS1 and pTS3 showed the highest nucleotide sequence homology (64 .5-78.8%) and 
accordingly, the highest amino acid sequence similarity (79.3-93 .3%) to the class 1 cytoplasmic HSPs. 
on the other hand, pTS1 and pTS3 had only 44-49% of nucleotide sequence homol。由几 and 58-60% 
amino acid sequence similarity to the class 11 LMW HSPs. Therefore, pTS1 and pTS3 were closely 
related toclass IfamilyofLMWHSPs. Moreover, pTS1 and pTS3 showedagreatersequencehomology, 
93.2 and 80.8% respectively, to wheat c5-8 than to the class 1 families of other plants, which include 
soybean 17.5E, A. thaliana HSP17.6, and pea hsp 179a. 

The multiple amino acid sequence alignments of six class 1 family LMW HSPs, which include rice 
pTS1 and pTS3, wheat c5-8, soybean 17.5E, A. t加liana HSP176, and pea HSP179, are shown in Fig. 5. 
They shared 63.1 % similarity along the aligned sequences. Two conserved sequence regions were 
evident, one from the 55th amino acid residue to the 80th amino acid residue and the other from the 
118th amino acid residue to 出e 143th amino acid residue, which correspond to the so-called HSPs 
functional domain 11 and domain 1. As for the comparison of hydropathy profile for pTS1 and pTS3 
with the above six class 1 LMW HS恥， the overall structural similarity is quite prominent (data not 
shown). These results clearly indicate that pTS1and pTS3 are members of the class 1 LMW HSPs from 
nce. 
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Fig.1. No吋lem blot analysis of RNA obtained from rice seedlings treated at 41 0 C (H) and 詣。C(C)
with four cDNA probes (pTS1, pTS2, pTS3 and pTS4). Equal amounts (10μg) of total RN A 
were analyzed on formaldehyde/agarose gel. Northemhybridization was performed at 420 C 
with four32P-labeled cDNA probes, and washed 刮目。C. Number 1-4 refers to cDNA probes 
pT鈍， pTS1， pTS2 and pTS3, respectively. 
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Fig.2. Two-dimensional gel analysis of in vitro translation products of hybrid-selected mRNA 
using poly(A)+RNA from heat-shocked rice seedlings. RNA was selected with pTS1 and 
pTS3 cDNA clones (b and d) and translated 姐 vitro in rabbit reticulocyte lysate. Panel a was 
translated in vitro withheat也lduced total poly(A)+RNA. Panel c shows translation products 
in vitro with poly(AYRNA from 泊。C growing rice seedlings. Arrows indicate major HSP 
produced under heat shock (41 0 C) trea恤lent.
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1 ~ 
CA ACAAA CAAGA CTTGC ATACG TCCCA AACTC CCAAA TCGCC CTCTT TGCAA TGACT 

58 117 
TCTTC CGTTC CATTT CAGTC GCCCA CAACT TCGCA TCAGA AAGCG AAAGC TAGAG CAACC 
118 171 
ATG TCG CTG GTG AGG CGC AGC AAC GTG TTC GAC CCA TTC TCC CTC GAC CTC TGG 

M S L V R R S N V F D P F S L D L W 
172 225 
GAC CCC TTC GAC AGC GTG TTC CGC TCC GTC GTC CCG GCC ACC TCC GAC AAC GAC 

D P F D S V F R S V V P A T S D N D 
226 279 
ACC GCC GCC TTC GCC AAC GCC CGC ATC GAC TGG AAG GAG ACG CCG GAG TCG CAC 

T A A F A N A R I D W K E T P E S H 
280 333 
GTC TTC AAG GCC GAC CTC CCC GGC GTC AAG AAG GAG GAG GTG AAG GTG GAG GTG 

V F K A D L P G V K K E E V K V E V 
334 387 
GAG GAA GGC AAC GTG CTG GTG ATC AGC GGG CAG CGC AGC AAG GAG AAG GAG GAC 

E E G N V L V I S G Q R S K E K E D 
368 44 1 
AAG AAC GAC AAG TGG CAC CGC GTG GAG CGC AGC AGC GGG CAG TTC ATG CGG CGG 

K N D K W H R V E R S S G Q F M R R 

442 495 
TTC CGG CTG CCG GAG AAC GCC AAG GTG GAC CAG GTG AAG GCC GGA CTG GAG AAC 

F R L P E N A K V D Q V K A G L E N 

496 549 
GGC GTG CTC ACC GTC ACC GTG CCC AAG GCC GAG GTC AAG AAG CCT GAG GTG AAG 

G V L T V T V P K A E V K K P E V K 
550 603 
GCC ATT GAG ATC TCC Gσr TAA GCT CCT GAA GAT GTG ATC GGT GAG GGA AGA Aσr 

A I E I S G * 
604 663 
CATGT TTGσr GTCAG TAATT CAGTA TTTCA GTGTG TGTTT GTTTG GTCσr GCAAG TATGG 
664 723 
TCTGC TGCTG GTGTG TCGTA CGCGT TGGGA GTCCG AGTGG CTGAG TCGGC CGGTT TCATT 
724 783 
GTATT CCTTT GTGAG TACTT GAGTA ATCGC CTTCT TAGTT CTTGC TCGTT GAGGA ATAAA 
784 804 
TAAAG AGCTT TTTCA GGTTG C 

1 21 
C AAAGC AAACC AAGCA AACAT 

22 81 
CAGAG TAAGA ACTCA GAGAA GTCCG ATCσT TCCAC CTCCA AATTC GCAGC TATTC CGACG 
82 135 
ATG TCG ATG ATC CGC CGC AGC AAC GTG TTC GAC CCC TTC TCC CTC GAC CTC TGG 

M S M I R R S N V F D P F S L D L W 
136 189 
GAC CCC TTC GAC GGC TTC CCC TTC GGC TCC GGC AGC GGC AGC CTC TTC CCT CGC 

D P F D G F P F G S G S G S L F P R 
190 243 
GCC AAC TCC GAC GCG GCG GCC TTC GCC GGC GCG CGG ATC GAC TGG AAG GAG ACG 

A N S D A A A F A G A R 工 D W K E T 
244 297 
CCC GAG GCG CAC GTG TTC AAG GCG GAC GTA CCG GGG CTG AAG AAG GAG GAG GTC 

P E A H V F K A D V P G L K K E E V 
298 351 
AAG GTG GAG GTT GAG GAC GGC AAC GTC TCC AGA TCA GCC GGC GAG CGC ATC AAG 

K V E V E D G N V S R S A G E R I K 
352 405 
GAG CAG GAG GAG AAG ACG GAC AAG TGG CAC CGC GTG GAG CGC AGC AGC GGC AAG 

E Q E E K T D K W H R V E R S S G K 
406 459 
TTC CTC CGC AGG TTC CGG CTG CCG GAG AAC ACC AAG CCG GAG CAG ATC AAG GCG 

F L R R F R L P E N T K P E Q I K A 

460 513 
TCC ATG GAG AAC GGC GTG CTA ACC GTC ACC GTG CCC AAG GAG GAG CCC AAG AAG 

S M E N G V L T V T V P K E E P K K 
514 567 
CCC GAC GTC AAG TCC ATC CAG ATC ACG GGC TAG AGC ATT GGG CTA ATC TAA AAC 

P D V K S I Q I T G * 
568 627 
GATTT ATCTG TGGCT TCAAG TσTAT CGATC ACTTA TGTGA GGTGT AATTA CTGGT GTTTT 
628 687 
TGσTG TGCTC TGGTT CCTTT CAAGT GTGTT GTTGC CGCTC GAACT ACTCC GCTAT GTAAA 
688 735 
ACGGT AAAAC CTσTTσTCTC ATTAT GAAAG TGAAC TATAT TATGT TCT 
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Fig.3. 
Nucleotide and deduced 
缸nino acid sequences of 
the LMW rice HSP pTSl 
cDNA clone. The stop 
codon is denoted by an 
asterisk (勻.

Fig.4. 
Nucleotide and deduced 
訂nino acid sequences of 
也e LMW rice HSP pTS3 
cDNA clone. The stop 
codon is denoted by an 
asterisk (吋.
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Whthsplw 
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Athhsp176 
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pTS.1 
pTS.3 

Whthsplw 
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Athhsp176 
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pTS.1 
pTS . 3 

Whthsplw 
Soyhspgm 

Athhsp176 
Peahsp179a 

pTS .1 
pTS.3 
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1 40 
. .MSLV RRSNVFDPFS LDLWDPFDSV FRSVVPAT.. 
. .MSMI RRSNVFDPFS LDLWDPF以jF PFGSGSGSLF 
. .MSIV RRSNVFDPFA DLWADPFDT. FRSIVPAI.. 

MSLIPGFFGG RRSNVFDPFS LDMWDPFKDF H.. .VPTSSV 
MSLIPSIFGG RRTNVFDPFS LDVFDPFEGF L.. . TPSGLA 
.IIPRVFGTG RRTNAFDPFS LDLWDPFQNF . .QLARSA.. 

會會會會*會會 合**

41 80 
SDN. .DTAAF ANARIDWKET PESHVFKADL PGVKKEEVKV 
PRANSDAAAF AGARIDWKET PEAHVFKADV PGLKKEEVKV 
SGGSSETAAF ANARVDWKET PEAHVFKVDL PGVKKEEVKV 
SA. . .ENSAF VSTRVDWKET PEAHVFKADI PGLKKEEVKV 
NAPAMOVAAF TNAKVDWRET PEAHVFKADL PGLRKEEVKV 
TGTTNETAAF ANAHIDWKET PEAHVFKADL PGVKKEEVKV 

會* **會會* ** **金會 * 會* 會會**含含

81 120 
EVEEGNVLVI SGQRSKEKED KNDKWHRVER SSGQFMRRFR 
EVE以jNVSRS AGERIKEQEE KTDKWHRVER SSGKFLRRFR 
EVE以3NVLVV SGERSREKED KNDKWHRVER SSGKFVRRFR 
QIEDDRVLQI SGERNVEKED KNDTWHRVER SSGKFTRRFR 
EVE以3NILQI SGERSNENEE KNDKWHRVER SSGKFTRRFR 
EIEEDRVLKI SGERKTEKED KNDTWHRVER SQGSFLRRFR 

會 會會舍*舍，必會***會舍*會舍*含含含

121 160 
LPENAKVDQV KAGLENGVLT V叭lPKAEVKK PEVKAIEISG 
LPENTKPEQI KASMENGVLT V叭lPKEEPKK PDVKSIQITG 
LPEDAKVEEV KAGLENGVLT VTVPKAEVKK PEVKAIEISG 
LPENAKVNEV KASMENGVLT VTVPKEEVKK PDVKAIEISG 
LPENAKMEEI KASMENGVLS VTVPKVPEKK PEVKAIEISG 
LPENAKVDQV KAAMENGVLT VTVPKEEVKK PEAKPIQIτ也

* ** ***** ***** ** * * * * * 

Fig.5. 
Multiple sequence alignrnent of 
pTS1 and pTS3 amino acid 
sequences with other plant class I 
family LMW HSPs. Sequences 
W臼e aligned with GCG system 
(Devereux et al. 1984). Identical 
amino acids are marked with ,., 

conservative replacements with ., 
and gaps for optimizing the 
alignment are indicated by -. 
Whthsplw, Wheat c5-8 (Helm et 
al.1989)i Soyhspgm, Soybean HSP 
17.閱 (Czarnecka et al. 1985)i 

Athhsp176, A. thaliana HSP 17.6 
(Helm and Vierling 1989)i 
Pe過lsp179a， P. sativum HSP 17.9 
(DeRocher et al. 1991). 

Conditional Expression of Rice LMW HSP mRNA 

The effect of hea t or other a biotic stresses on the expression of LMW genes was also examined. The 
4-day-old rice seedlings grown at280 C were subjected to treatmentat various temperatures , i.e. 28, 32, 

35, 38, 41 and 44 0 C for 2 hours. HSP mRNA (Northem hybridization with pTS1 probe) began to 
accumulate at 320 C, and reach a max.level at 41 0 C (Fig. 6). HSP mRNA was first detected after 5 min 
of treatment and gradually accumulated over time, until120 min (Fig. 內-

When the 4-day-old rice seedlings grown at 280 C were treated with solutions con切ining arsenite 
(100 仙也 2 hours) , CdCl2 (50 仙也 3 hours) or ABA (0.8 mM , 2 ho叮s)， only As and CdCh were able to 
induce the synthesis of HSP mRNAs. However, the level of accumulation was apparently lower than 
that of the HS (Fig. 8). 

Kb 

2.4 .... 

1.4 -

0.24-

28
0

32
0
35

0
38

0 
41 0 44。

Fig.6. 
The effect of temperatures on the expression 
of LMW HSP genes. Total RNA (25 flS) 
from rice seedlings treated with various 
temperatures for 2 hours was separated on 
1.2% ag訂ose gels, transferred to Hybond
C extra membrane (Amersham), and 
hybridized with 32P-labcled pTS1 probe. 
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TIME (MIN) AT 41"C 

5 10 20 30 60 120180 

Fig. 7. The time course of LMW HSP genes expression at 41。巳 Total RNA (25 118) from rice 
seedlings treated at 41 0 C for different times was separated on 1.2% agar的e gels，廿ansfe訂ed

to Hybond-C extra membrane (Amersham), and hybridized with 32P-Iabeled pTS1 probe. 
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Kb 1 2 3 4 5 6 7 

2 .4 --

1.4 --

• 
0.24--

Fig.8. Nor佳時m blot analysis of LMW HSP genes expression from rice seedlings stressed under 
various environmental conditions. Total RNA (25118) was separated on 1.2% agarose gel, 
transferred to Hybond-C extramembrane (Amersham), and hybridized with 32P-Iabeled pTS1 
probe. 1: 280Ci 2: 410 C, 2 hoursi 3: arsenite 1∞仙也 2 hoursi 4: CdCl2 到)()μM， 2 hoursi 5: ABA 
0.5μM， 2 hoursi 6: KCl125 mM, 2 hoursi 7: low water potential, 0.8 MPa, 2 hours. 

DISCUSSION 

Comparisonof the sequence ofDNA and amino acidofpTS1 and pTS3 with other HSPs of a number 
of diverse plants clearly indicated that pTS1 and pTS3 were members of the class 1 family LMW HSPs 
(Fig. 5 and Table 1). On the 0也er hand，趴e results of pairwise sequence comparison suggested that 
LMW HSPs in rice and wheat were more closely related to each other than to those from soybean, pea, 
and A. thaliana. These results suggest a sequence distinction between monocots and dicots, although 
the LMW HSP genes are, in general, conserved. Translation assay of hybrid-selected mRNA in vitro 
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showed eight polypeptides in a 2-D gel (Fig. 2, b-d). This observation implies that eight HSP genes of 
considerable homology (> 60% DNA sequence) are present in rice genome.αle of these HSPs had an 
MW of ca. 30 kD and the others were LMW. These results support the conclusion that the class 1 LMW 
HSP gene family in rice contains at least seven members. This is fewer than 13 class 1 HSPs identified 
in soybean (Nagao et al. 1985) and eight class 1 HSPs identified in pea by hybrid-selected assay 
(DeRocher et al. 1991). The seven class 1 proteins, which were similar in MW, were assumed to be a 
subset of the 16-18 kD LMW HSPs in rice. Analysis of translational products (Fig. 2) indicated that the 
polypeptide encoded by pTS1 seemed to be the one with the largest quantity (at spot of calculated pI 
6.4). Therefore, it is likely 也at pTS1 may be the most active gene expressed in the class 1 LMW HSPs 
of rice. This observation also implies that there are variations in the regulatory element for controlling 
the expression of HSP genes. The functional assay of cis- and 仕ans-regulatory elements of HSP genes 
will be helpful to unravel the reg叫atory mechanism of these genes. 

Table 1. Identity percentage between rice HSPs (pTSl & pTS3) and other HSPs. 

TS1 pTS3 
DNA Protein (s世úlarity) DNA Protein (s誼ülarity)

Class 1 
WhthsplwC5-8 (Xl3431) 78.8% 的 7% (93.3%) 68.9% 67.5% (80.8%) 
Soyhspgm17.5E (M11395) 67.7% 72.3% (83.1 %) 70.4% 70.9% (81.7%) 
Athhsp176 (X16076) 的 8% 的 4% (85.4%) 67.4% 72.4% (81.3%) 
Pe址lSp179a (M339∞) 70.4% 75.3% (82.6%) 64.6% 73.1% (79.3%) 
pTS .1 (X60820) 64.5% 73.1% (83.9%) 
pTS.3 (M80186) 的 5% 73.1% (83.9%) 

Class 11 
Soyhsp17.9D (X07159) 44.3% 36.0% (60.0%) 49.0% 35.5% (59.2%) 
Pe址lsp17.7 (M33901) 44.7% 39.8% (60.1%) 44.2% 39.8% (58.7%) 

Regarding the HSPs mRNA syn由esis under stress conditions, heat s廿ess experiments indicated 
that the rice LMW HSP expression was dependent on the HS temperatures, and reached a maximum 
level at 41 0 C (Fig. 6). The optimal incubation time for HS mRNA synthesis at 41 0 C was ca. 2 hours. 
Prolonged exposure of rice seedlings at 41 0 C resulted in a decrease in mRNA synthesis, presumably 
beca use of a u toregulation (DeRocher et al. 1991). In the heavy metal stress experiment, it was clear that 
As was more potent in inducing HS mRNA than Cd. There was little effect of ABA KCt or low water 
potential in influencing HSP mRNA syn血的is (Fig. 8). In summary, the HS responses induced by HS, 
Asand Cd treatmentswere qualitativelysimilar, bute沿tibited dis也lct quantita位ve differences as also 
shown in soybean system (Czamecka et al. 1984), suggesting that differential regulation might be 
involved in controlling伽 expression of these genes under HS and other 的esses.
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ABSTR;\CT 

3 

Aspara伊s (Asparagus officinalis) is grown in tropicalclimates, so differences between cultivars 
in their ability to adapt to wann temperatures have become important. In our studies differences 
between cultivars in heat shock proteins were analyzed with 1- and 2-D SDS-PAGE (sodium 
dodecyl sulfate polyacrylamide gel electrophoresis). Changes in protein syn伽也 occurred when 
asparagus was heat-shocked at 34 or 370 C for 2 or 6 hours. Specific heat shock proteins (HSP) were 
produced and the levels of 0吋inary proteins changed. Most of 也e HSPs were of low molecular 
weight (about 24 to 13 kD). A small number of the HSPs appeared to be cultivar-specific. 

INTRODUCTION 

Environmental conditions, such as temperature, light and water, may regulate gene expression in 
plants, leading to adaptation to stressful environments. Thus plants may develop a tolerance to 
normally lethal temperatures if they are first subjected to certain treatments at high (but nonlethal) 
temperature. It appears that the production of heat shock protein (HSP) is an essential component of 
thermotolerant developmen t. Usually HSP syn曲的is begins when tempera ture exceeds 32 -330 C, and 
increases with increasing temperature (Lindquist and Craig 1988; Vierling 1991). Kimpel and Key 
(1985) grouped 出ese HSPs into high-molecular-weight (HMW) and low-molecular-weight (LMW). 

Although it is notyetpossible todefine precisely how HSPscontribute toa plant's ability to survive 
high temperature, the importance of the accumulation of HSPs for protection from thermal killing has 
been demonstrated. For example, several unique HSPs as occurring only in thermotolerant lines 
(Ougham and Stoddart 1986; Fender and 0' Connell1989; Krishnan et al. 1989). Thus genetic differences 
in high-temperature susceptibility of crop plants may be correlated with variation in the temporal 
development of the capacity to synthesizeHSPs and acquire thermotolerance (Brodl1989). In addition, 
Hwang and Zimmerman (1989) showed that HSPs between celllines showed notonly qualitative, but 
also quantitative, differences. This work attempted to link the genetic diversity of asparagus to 
thermotolerance and HSP s戶1thesis
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MATERIALS AND METHODS 

Seedsoftwo 叫tivars of asparagus (Asparagus officinal臼)， Larac and UC157, were germinated for 
15-20 days at 240 C, then placed on filter paper moistened with distilled water and incubated at 280 C 
for 2 days. The seedlings (shoot about 3-5 cm long) were incubated at 280 C for a further 24 hours and 
then 0.5 cm shoot tip segments were removed for protein analysis. 

Proteins were labeled with 1月" as described by Krishnan et al. (1989), the samples, in 20 mM Tris
HCI buffer (pH 7.5), being placed in a water bath for 2 or 6 hours at 詣， 34 and 370 C. Proteins were 
extracted as described by Damerval et al. (1986). The pellet was solubilized in 50 ~ UKS solution, 
centrifuged at 10,000 x g for 15 min, and then 20 ~ of supematant taken for 2-D IEF /SDS-PAGE 
(isoelectric focus! sodium dodecyl sulfate polyacrylamide gel electrophoresis). The pelletwas solubilized 
in 80 ~ SDS sample buffer solution plus 0.8 ~ bromophenol blue tracking dye and placed in boiling 
water for 5 min followed by cen訂立ugation at 10,000 x g for 15 min. Thirty ~ of supematant was then 
taken for 1-D SDS-PAGE, as d的cribed by Laemmli (1970) with the following modifications. The gel 
was 10 -20% (w /v) linear polyacrylamide gradient gel11 cm long and 0.75 mm出ick. Elec仕ophoresis

was carried out at a constant current 25 mA for 1100 volt-hours (V-H). 

Two-dimensional IEF /SDS-PAGE was performed as described by Damerval et al. (1986). The IEF 
gels were 13 .5 cm long. The second electrophoresis was performed as for 1-D gel electrophoresis except 
thegellength was 13 .5 cm andrun at 1200 V-H. Fluorographywas carried outwithKodakX-OmatAR5 
film at -70oC as described by Skinner and Griswold (1983). 

RESULTS 

Asparagus shoot exhibited changes in pat胎m of protein s抖出的is when heat-shocked at 34 and 
370 C for 2 and 6 hours. Many HSPs in asparagus shoot were observed after 1-D SD5-PAGE and 2-D 
IEF /SDS-PAGE analysis (Fig. 1-2). 

Proteins of70, 48, 17, 16 .5 kD bands were induced in UC157 at 340 C for 6 hours compared to 280 C, 
and a 13 .5 kD band disappeared, but pattems at 37 and 340 C were similar. With Larac proteins of97, 
90, 70, 48, 42, 38, 36, 17, 16.5, 15 kD were induced at 340C for 6 hours and a 45 kD band disappeared 
compared to 280 C (Fig. 1; Table 1). The pattems from Larac between 37 and 340 C were similar except 
出at bands 97 and 90 kD disappeared at 370 C. A 97 kD protein was induced at 340 C in Larac, but not 
in UC157 at either 34 or 370 C. 

When comparing protein pattems following heat shock and normal temperatures, it was found 
that heat shock not only induced HSPs, but also changed the amount of normal proteins. When 
comparing HSPs between cultivars itwas found that most LMWHSPs were similar between cultivars, 
but a few were cultivar-specific (Fig. 2; Table 2; No. 13, 23, 31, 32, 34). However, heat shock induced 4 
HMW HSPs (No. 3, 5, 6, 8) in UC157, but not in Larac. 

DISCUSSION 

The normal protein pattems of asparagus found here were similar to those found by Bracale et al. 
(1991). However, a variety of new and distinct proteins were synthesized in response to elevated 
temperature, thus confirming出ework ofKey et al. (1981) and Lafuente eta l. (1991). These studies also 
confirm the work ofHwang and Zimmerman (1989) and Ristic et al. (1991), who found both qualitative 
differences (cultivar-specific proteins) and quantitative differences. Thus the specific HSPs may be 
linked to a specific genetic heat tolerance. Generally the pattems of heat-induced protein synthesis 
between cultivars were similar, but a few HSPs were cultivar-specific. 
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The major HSPs were LMW and only a few were HMW. However, differences in HSPs between 
asparagus cultivars 仗curred in both, whereas Bewley et al. (1983) and Krishnan et al. (1989) found 
changes mainly in LMW HSPs. Similar LMW HSPs tended to increase or decrease together, sugges位ng
that they were encoded by linked genes 但wang and Zimmerman 1989). 

Thepattem of proteins formed after 2 hours heat shock was slightly different from exposure to heat 
shock for 6 hours. Thus the pattems of protein synthesis depended not only on temperature, but also 
time (Bonham-Smith et al. 198內 The explanation appears to be that one set of HSPs is maintained at 
an elevated level after development of high-temperature tolerance is completed, and another set of 
HSPs occurs only during the acclimation process (Baszczynski et al. 1982; Kee and NobeI1986) . Thus 
it is suggested that heat tolerance of asparagus is triggered by acclimation, and that a suitable 
acclima tion tempera ture and time may ind uce a grea t n umber of HSPs. Farkhadi and Aliev (1990) also 
showed 出at 370 C heat shock may trigger more extensive heat tolerance than at 340 C. 



Heat Shock Proteins in Asparagt的34 

ACID 

28 0 C 

C 
、

IEF ‘', 
FLU GU A" B 

ACI口

28 0 C 

IEF BASIC 

M.W. M.W. 
106 國

.,2 . 

"'',lA
鴨ã%

31 

5" 

1 4j1!11阿13
- 15 
-何6

3 

4 

e 

106 國

事

• 

106 國

• 

32 . 5圖

27 . 5 • 

• 

49 . 5國

W. 

80 

80 

.1 . 

37 0 C 

z 

電

9 

8 

5伊

8 

3 

3 

4 80 . , 

18 .5'國

Fig.2. Heat shock protein pattems of Larac (left) and UC157 (right) using 2-D IEF/SDS-PAGE. 

UC157 
扭曲

340 C 340 C 

Table 1. Comparison of heat shock protein patterns using l-D SDS-PAGE. 

Larac 
2h 6h 

340 C 340C 
6h 

370 C 
2h 

370 C 
6h 

280 C 
2h 

280 C 
6h 

370C 
2h 

370 C 
6h 

280C 

? 
+ 
+ 

+ 
+ + 

+ 
+ 

+ 
+ 

+ 
+ 

+ 
+ 

+ 
+ 一

+
?

﹒

?

﹒

+ 
+ 

+ 
+ 

+ 
+ 

+ 
+ 

-+++++ + 

++++ 

+ + 
? 

+++ +++ 

+7

.
+ 

+++ 

一
?
﹒
?
因
+
7
.

+ 

+++++ 

+ 

+++++ 

+ 

4
.
斗
，
卒
，
斗
，
斗

Y

+++++++ 

Mol. w t. 
(kD) 

97 
90 
80 
70 
48 
45 
42 
38 
36 - -
17 ? ? 
16.5 ? ? 
15 ? ? 
13.5 + + 

+ presence; - absence; ? not clear 

2h 
280 C 

+?.+ +?.?

. 



35 Yen et al. 

Table 2. Comparison of heat-shock protein pattems using 2-D IEF/SDS-PAGE. 
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Two dimensional IEF/PAGE SDS-PAGE offered improved protein resolution, thus a greater 
number of HSPs are likely to be found than with 1-D SDS-PAGE. Analysis of 2-D IEF /SDS-PAGE of 
asparagus after heat shock not only revealed a great number of new proteins, but also showed 
alteration of normal protein synthesis, as reported by Key et al. (1981), Meyer and Chartier (1983), 
Burke and Orzech (1988) and Clarke and Critchley (1990). UC157 has better membrane stability athigh 
temperat叮e than Larac (Yen eta l., unpubl. data), and yet thenumberofLMWHSPs found was similar, 
although 5 outof14 were different. These results do not supportthe suggestion ofKee and Nobel (1986) 
and Krishnan et al. (1989) that heat-stable lines produced a greater number of HSPs. 

LMWHSPs below about18 kD were abundantin asparagus. This agrees with thework ofMansfield 
andKey(198月 and Hwang and Zimmerman (1989), that HSPs of 15-18 kD are unique 的 higher plan t 
(Sachs and Ho 1986). Many LMW HSPs smaller than 14 kD were also found. Bracale et al. (1991) also 
found that there were many small molecular weight proteins in asparagus. 
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Unfortunately the functions of heat shock-induced prote凶s is not clear, although some already 
have their genes encoded and sequenced (Lindquist and Craig 1988; Conner et al. 1990; Dietrich et al. 
1991). It has been proposed that HSPs may provide protection against poten位al lethal temperatures 
(Kee and Nobel1986). The HSP genes may also include some multiple genes activated by factors other 
than heat shock (Bonham-Smith et al. 198內. For example ABA may activate some HSP genes before 
甘ansferring from normal to high temperature regimes, thus enhancing thermotolerance. 
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ABSTRACT 

Fr叫 is one of the major factors limiting potato (Solanum spp.) production in the temperate zone 
andin 伽 high elevations in 伽Andean tropics. The availability of Solanum species varying 恤
frost tolerance and genetic potentials forcold acclimation makes them a unique system forstudying 
仕le molecular mechanism of cold adaptation in plants. Using Solanum commersonii, we have 
established that abscisic acid (ABA) plays a crucial role in cold acclimation, probably by the 
regulation of gene expression. We have isolated the cDNAs of cold and ABA responsive genes and 
characterized their expression during cold acclimation. Nucleotide sequences of these cDNAs 
reveal high homology with genes encod泊g tomato NP24 and tobacco osmotin, whic]J. accumulate 
under low water potentials. The accumulation of mRNAs corresponding to these osmotin-like 
genes is closely associated with the development of freezing tolerance in cell cultures of S. 
commersonii. A common mechanism confen曲g stress tolerance, i.e. tolerance to dehydration, may 
exist 越nong diverse osmotic stresses, such as salinity, desiccation, and freezing. 

INTRODUCTION 

Frost injury is a ubiquitous problern in potato (Solanum spp.) production areas throughout the 
world. Frost rnay occur in the early spring and late fall in theone-season crop beltof the ternperate zone, 
while in the Andean highlands, frost rnay occur at any tirne during the growing season (Tseng and Li 
1990, 1991). The cultivated potato, Solanum tuberosum, possesses little frost hardiness. Depending on 
the intensity of the frost, foliage can be darnaged or plants ki1led, resulting in reduced yield or crop 
failure . In rnost cases,2 to 30 C greater cold hardiness would ensure a successful crop. The developrnent 
of clones with greater frost tolerance would reduce frost inj盯yin 血e highlands of tropical countries. 
In subtropical countries, frost-tolerant potato would increase land usage by allowing farrners to plant 
two crops a year: one in the cool season when weather conditions are suitable for potato butwith sorne 
dangers of fros七 and the other in the warrn season when conditions are suitable for rice and com. In 
the ternperate zone, frost rnay occ盯 either during spring when plants are ernerging frorn the soil, or 
during the fall when plants are terrninating their foliage growth but are active in tuber growth. If spring 
and/or fall frost can be avoided, plants w i1l establish earlier and develop better root systerns in the 
spring, and a longer period of photosynthesis in the fall, thereby increasing yield. For rnany years, the 
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frost-tolerant germplasm has been available, both in the wild and in the cultivated tuber-bearing 
Solanum species. However, transferring frost resistance gene(s) from wild species to S. tuberosum by 
conventional breeding has been proven possible but it is a lengthy process (Estrada 198η. 

It is generally believed tha t cold acclima tion is the most common s仕ate自rforover-winteringplants
to survive freezing stress (Levitt 19別; Sakai and Larcher 1987). Studies of Chen and Li (1976) and Chen 
and Li (1980a,b) demonstrated that cultivars of S. 似berosum did not cold acclimate, while S. acaule, S. 
chomatophilum, S. commersonii, and S. multidisectum, could increase frost tolerance by cold hardening. 
A better understanding of the biochemistry and physiology of cold acclimation in Solanum species, 
especially at the molecular level, would certainly facilitate the breeding process for frost-tolerant 
pota to clones. Recent success in improving thechilling tolerance ofhigher plants by genetic engineering 
(Murata et al. 1992) suggests tha t the improvement of cold hardiness and cold acclimation of S. tuberosum 
could al的 rely on the same technique. 

COLD ACCLIMATION OF SOLANUM SPECIES 

Based on their cold hardiness and cold acclimation potentials, Solanum spp. have been classified 
into five groups (Chen and Li 19個a) : group 1, frost tolerant and able to cold harden; group 2, frost 
sensitive but able to cold harden; group 3, frost tolerant and unable to cold harden; group 4, frost 
sensitive and unable to cold harden; and group 5, chilling sensitive. Recently, an in促rspecific cross was 
made between a frost-tolerant and able-to-cold-harden S. commersonii (group 1), and a frost sensitive 
and unable-to-cold-harden S. cardiophyllum (group 4) . In the segregation generations, frost tolerance 
and ability to cold harden were separately inherited (Stone et al. 1992), implying 趴a t these two traits 
are controlled by different loci and are not closely linked. 

Biochemical analyses indicated that increase in RNA and soluble proteins were only observed in 
Solanum spp. which are able to cold harden during cold acclimation, and the increase in RNA and 
protein contents paralleled the increase of cold hardiness (Chen and Li 1980b). This leads to the 
conclusion 血at nucleic acid and protein metabolism are involved in the cold hardening of Solanum 
spp. Chen et al. (1979) also demonstrated the involvement of ABA in cold hardiness induction. There 
are severallines of evidence to support this notion. First, ABA was able to induce freezing tolerance 
of in vitro cultured plants of S. commersonii (Chen et al. 1983) and cell suspension (Zhu et al. 1990; Lee 
et al. 1992) at room temperature to a comparable hardiness level induced by low temperature. Second, 
a threshold increase in leaf ABA occurred in S. commersonii plants during cold acclimation prior to 
maximumhardinessinduction, butnotin S. tuberosum. Third, fluridone, an ABA biosynthesis inhibitor, 
prevents the development of cold-induced freezing tolerance of S. commersonii cell cultures, which can 
be restored by the addition of ABA (100μM) to the medium in the presence of fluridone (Zhu et al. 1992). 

ABA mediates a diverse range of physiological processes inhigher plants including the adaptation 
to several osmotic-related stresses such as freezing, drought, and high salt presumably 趴rough the 
regulation of gene expression (Walton 1980; Zeevaart and Creelman 1988; Guy 1990b; Skriver and 
Mundy 1990; Thomashow 1990; Hetherington and Quatrano 1991). The involvement of protein 
syn出esis in cold acclimation of plants has been reviewed by Guy (1990a). Cold acclimation of plant 
cells requires some form ofbiochemical/biophysical adjustment (Guy 1990b). These changes could be 
brought about by preexisting enzymes or structural proteins that undergo changes in their properties 
such as affinity for substrates, protein-protein and protein-lipid interactions avoiding denaturation, 
and the shift of metabolic pathways for conserving energy. Altematively, the development of cold 
hardiness requires changes in gene expression and the de novo synthesis of unique proteins as first 
proposed by Weiser (1970). The finding that cycloheximide can prevent the development of cold 
hardiness in potato (Chen et al. 1983) is consistent with this hypothesis. 
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During 14 days of ABA 仕eatment (15 mg/l), 30 new in vivo-labeled polypeptides were identified 
inin vi廿o cultured plants of S. commersonii (Tseng and Li 1990). Aboutone-third of these appeared after 
cold hardiness had peaked (after 7 days of treatment). The polypeptides with molecular weight of 21 
(pI 6.3), 22 (pI 6.3), 31(pI 4.5) and 83 kD (pI5.4, 5丸 5后) are induced by both ABA and low temperature. 
The analyses of in vi甘0 仕anslation products identified 12 new products with the mostprominent ones 
between 20 and 30 kD after 1 day of ABA 仕eatment. Several translation products at high molecular 
weights were also observed on day 10 and day 14. These results indicate that ABA does alter 
translatable poly(A)+RNA populations in potaωplants. In addition, there are common translation 
products which are induced by either ABA or cold 仕臼恤1ent. These proteins mayplay important roles 
in the cold acclimation of S. commersonii. 

The effects of ABA and low temperature on the induction of freezing tolerance and the gene 
expression in S. commersonii cell cultures have also been examined (Zhu et al. 1990; Lee et al. 1992). 80th 
ABA(目-100 帥t1.) at 230 C and low temperature (4 oc) increase freezing tolerance of the cell cultures from 
-50C to -11.50 C in 2 days (Fig. 1). Cold-induced freezing tolerance reached its max within 2 days and 
remained constant throughout the cold acclimation of11 days. The freezing tolerance induced by ABA, 
however, showed a rapid decline 2days after treatment. Poly(A)+ RNA wasisolated from the respective 
甘甜tments， translated in a rabbit reticulocyte lysate cell free system, and the 廿anslation products were 
resolved by 2-D PAGE. Analysis of the in vitro translated products revealed changes in the abundance 
of ca. 26 polypeptides in ABA-treated cells 12 hours after treatme肘， and 20 polypeptides in the cell 
cultures exposed to 40 C for 12 hours. There were only five novel translation products observed when 
the ABA-treated cells reached the highest level of freezing tolerance (2 days after the initiation of ABA 
treatment).ThesefiveRNAs， whichmayencodepolypeptidesac仙19a s freezing to lerance ma in tenance 
components, would be ideal candidates for further characterization. 
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Fig. 1. Effect of ABA and low temperature on the induction of freezing tolerance of S. commersonii 
cell cultures. Five-day-old cells were either treated with ABA (75μM) or cold-acclimated at 
40C. Coldha吋iness(LT抑 the temperature at which叩% ofcells were killed) was determined 
at the specified time po卸的. Values = means :t SD (n = 4). (From Lee et al. 1992 with 
permission.) 
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Most research to date suggests a direct correlation between the levels of cold- or ABA-induced 
proteins and the induction of freezing tolerance, thus implying that these proteins represent the 仙lal

products needed to protect cellular components against freezing stress Gohnson-Flanagan and Singh 
1987; Guy 199Oa; Thomashow 1990). In S. commersonii, we observed the transient accumulation of in 
vitro translation products during both ABA and low-temperature 廿eatments (Lee et al. 1992; Tseng 
and Li 1990, 1991), suggesting a transient expression of certain genes d叮ing the development of 
freezing tolerance. It is possible that different sets of genes are involved: one set of genes is pres山nably

involved in the induction, while the other set is responsible for the maintenance of cold hardiness. 
Therefore, the genes that are expressed 廿ansiently at the early stage of cold or ABA 甘eatment should 
not be overlooked. 

ISOLATION AND CHARACTERIZATION OF ABA RESPONSIVE GENES 

Although research has identified manyphysiological and biochemical parameters that are correlated 
with the induction of freezing tolerance, the mechanism bywhich plants adapt to freezing stress is still 
unknown. Traditional attempts to attenuate freezing injury to marginally hardy crop plants generally 
involved breeding for adapted varieties, modi句Ting microclimate, providing mechanical/ chemical 
protection (Weiser 1970; Li 1984; Li et al. 1989). The identification and characterization of genes 
associated with plant resistance to unfavorable stresses such as freezing are fundamental to our 
understanding of the molecular basis of plant responses tovarious environmental stimuli. Furthermore, 
the advances in physiology and molecular biology of low temperature stress might offer new 
approaches to improve the freezing tolerance of crop plants (Li et al. 1989; Thomashow 1990; Guy 
1990b). 

Progress has been madein theisolation and characterization of ABA/ cold-induced genes associated 
with the developmentof freezing tolerance (Guy 199Ob; Thomashow 1990). Several novel translatable 
RNAs have been shown to occ盯 during low temperature (Tseng and Li 1990; Lee et al. 1992), or ABA 
(Tseng and Li 1991; Lee et al. 1992) 甘甜tment. These results suggest thatpolypeptides common to both 
cold and ABA treatment may play important roles in the development of freezing tolerance of S. 
commersonii. We are interested in these ABA and low但mperature responsive genes. 

As a first step, we constructed a cDNA library in Lambda ZAPll (Stratagene, La Jolla, USA) using 
poly(A)+ RNA from S. commersonii cell cultures treated with 75μM ABA for 2 days. Approximately 2 
x lOS recombinants were differentially screened using [32P]dCTP labeled single-stranded cDNA probes 
prepared from poly(A)+RNA isolated fromABA-treatedorcontrol cells. ThecDNA clones which show 
stronger hybridization to the probe prepared from RNA of ABA-treated cells were rescreened and 
cross-hybridized to remove common clones. The positive recombinant cDNAs were in vitro excised 
in pBluescript SK following the supplier' s (Stratagene) specifications. As a result, three cDNAs (pA13, 
pA35, and pA81) representing ABA-responsive genes were isolated (Table 1). 

Tab le 1. Sizes of cDN A inserts and their correspond凶g transcripts, and ABA and cold inducibility 
of transcripts corresponding to four cDNAs isolated from S. commersonii. 

Clone ID 1nducibilitY cDNA 位ze Transcript size 
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1.0 
1.0 
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Upon exposure to low temperature, the levels of transcripts coηesponding to pA13, pA35 and 
pA81 incr的提d to a miximum at 24 hours and remained at the elevated level throughout the 48-hour 
cold acclimation (Fig. 2). Deacclimation of 12 hours at 230 C resulted in a rapid decrease in 仕anscript

levels. To evaluate the eff，駝的 of low temperatures on the expression of ABA/ cold-regulated genes, we 
examined the仕anscriptlevelsco叮esponding to these genes in c叫tured S. commersonii cells when exposed 
to different temperatures (4, 8, 12，而， and 230C). Among the temperatures tested 40 C was the most 
effective for induc趴g cold hardiness, and for increasing the 甘anscript levels corresponding to these 
cDNAclones (Zhu etal. l992). Cell cultures werealso 甘eated wi th ABA a t concen tra tions ranging from 
o to 75μM for 6 hours. When compared to the control, ABA concen個世on greater than 10μM 
significantly increases the levels of mRNA hybridizing to pA13, pA35 and pA81 cDNAs (Fig. 3). 

Hours 
I l' lllp.(C) J) Cil('1; lim <1 1 ion 

。 3 6 9 12 24 48 12 24 

23 
.. .鴨...

4 •••••••••• pA13 

23 F可 .. .'. p~ 

4 盼 “...... pA3S 

23 -..四，，""-
4 •••••••••• pA81 

Fig.2. Northem blot analysis of total RNA isolated from S. commersonii cell cultures maintained 
at 230 C, acclimated at 40 C for up to 48 hours, and from cells acclimated at 40 C for 48 hours 
followed by a 12- or 24-hourdeacclimation at 230 C. Ten μg of total RNA was loaded in each 
lane, electrophoresed, and hybridized to (32P]dCTP.labeled pA13, pA站， and pA81 cDNAs. 
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Fig.3. Nor位lem blot analysis of total RNA 
isolated from S. commersonii cell 
culture-treated with ABA at various 
concentrations for 6 hours. Ten 118 of 
total RNA was loaded in each lane, 
electrophoresed, and hybridized to 
(32P]dCTP-labeled pA13, pA35,and pA81 
cDNAs. 
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The complete nucleotide and deduced amino acid 提quences of pA13, pA35, and pA81 cDNAs by 
s個ndard proced ures (Henikof 1987; Sanger et al. 1977) sugges t tha t they a re dis tinct but closel y rela ted 
cDNAs (Zhu et al. 1992). In a search of GenBank, EMBL, and Swiss-Pro 20 Data Base using the 
Intelligenetics Suite, we found that these cDNAs encode proteins homologous to tobacco osmotin 
(Singh et al. 1989) and tomato NP24 (King et al. 1988) which accumulate to high levels during the 
adaptation to low water potentials (Table 2). There is also a lower level of homology with maize α
amylase/trypsin inhibitor, tobacco pathogenesis-related protein, and thaumatin, a sweet-tas也可
protein (Table 2). 

name 

Table 2. Comparison of deduced amino acid sequences of pA13, pA35,and pA81 with other known 
proteins. A search of the protein data bank (Swiss Prot 20) with deduced amino acid 
sequences identified various similarities with other homologous proteins. OSM: tobacco 
osmotini NP24: tomato NP24 proteini MAI: maize α-amylase/trypsin 扭曲ibitori PRP: a 
tobacco pathogenesis-related proteini THA: thaumatin, a sweet-tasting protein. 

AC' % Identity Reference 
pA13 pA35 pA81 
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67 62 的

52 52 54 
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Richardson et al. 1987 
van Kan et al. 1989 
Cornelissen et al . 1986 
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DNA blot analysis indicated that genes co叮的ponding to these cDNAs belong to a mul tigene family 
(Fig. 4). To isolate the gene corresponding to pA 13 cDNA, we constructed a genomic library in Lambda 
GEM 11 (Promega) con個ining S. commersonii DNA sequences. Eight positive clones were isolat吋 by

hybridization screening when using pA13 cDNA as a probe. Two clones hybridized to a gene-specific 
probe (120 bp 0凹， untransla ted region of pA 13 cDNA). When digested with EcoR 1 both of these clones 
yielded 4.8 kb fragments that hybridize exclusively to pA13 gene-specific probe. Comparison of the 
genomic DNA sequence to the full length cDNA sequence willlocalize the mRNA 廿anscription

initiation site and location of introns (if any exist) . 

pA13 pA35 pA81 kb 
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Fig. 4. Southem blot analysis of S. commersonii 
genomic DNA. Genomic DNA (10μg) was 
digested with EcoRI (E) or HindIII (H), 
elec廿ophoresed on a 0.8% (w/v) agarose gel, 
transferred, and hybridized to (32P]dCTP
labeled pA13, pA35, and pA81 cDNAs. - -
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CONCLUSIONS 
Recent advances in the molec叫arbiologyofcoldacclimationhaveresultedin theisolationofmany 

cold- and ABA-induced genes whose expression is highly correlated to the induction of freezing 
tolerance (Thomashow 1990). The immediate question is how to prove that genes identified are indeed 
involved in cold acclimation. 50 far, there is only one reportdemons加加g that a polypeptide encoded 
byone (ωr15) of the cold-regulated genes in Arabidopsis is boiling stable (Hajela et al. 1990), and has 
potent cryoprotective property by in vi廿o assay (Lin and Thomashow 1992). However, its role in cold 
acclimation in vivo remains to be seen. 

In tuber-b阻r趴g Solanum species,ABA and cold acclimation induced similar levels of cold hardiness 
in bothin vi仕o-c叫tured S. commersonii plants and cell suspension cultures. Protein synthesis has been 
shown to be a prereq凶site for cold hardening during cold acclimation. Furthermore, ABA and low
temperature treatments resulted in changes in translatable mRNA populations in suspension c叫tures
and in vitro cultured plants during the development of freezing tolerance. We have isolated three 
cDNA clones of ABA responsive genes from suspension cultures of S. commersonii. Expression of these 
ABA responsive genes was e吋lanced by ABA or low temperatures. Transcript 1evels corresponding 
to these cDNAs were closely associated with the induction of coldhardiness of S. commersoniicell cultures. 
The deduced amino acid sequences of polypeptides encoded by pA13, pA35 and pA81 share high 
homology with tobacco osmotin and tomato NP24 proteins, both of which accumulate during the 
adaptation to low water potentials. It is well known that both freezing and salt stresses exert similar 
stress on plant cells, i.e. dehydration. Thus ABA seems to play an important role in the adaptation of 
p1ant cells to osmotic-related stresses, presumab1y through the regu1ation of gene expression. Whether 
such osmotic-related stresses such as desiccation, salinity, and freezing share common components 
conferring dehydration resistance remains to be seen. 

REFERENCES 
Chen, P., and Li, P.H. 1976. Effect of photoperiod, temperature, and certain growth regulators on frost 

hardiness of Solanum species. Bot. Gaz., 137, 105-109. 

Chen, H.H., Gavinlertvatana, P., and Li, P.H. 1979. Co1d acclimation of stem-cultured plants and leaf 
callus of Solanum species. Bot. Gaz., 140, 142-147. 

Chen, H.H., and Li, P.H. 1980a. Characteristics of cold acclima tion and deacclima tion in tuber-bearing 
Solanum species. P1ant Physiol.，的， 1146-1148.

-1980b. Biochemical changes in tuber-bearing Solanum species in relation to frost hardiness during 
cold acclimation. Plant Physiol.，話， 414-421.

Chen， H丘， Li， P.H., and Brenner, M.L. 1983. Involvement of abscisic acid in potato cold acclimation. 
Plant Physiol., 71 , 362-365. 

Comeliss凹， B.J，C.， HooftvanHuijsduijn凹，R.A .M.， and Bo1, J.F.1986. A tobacco mosaic virus-induced 
tobacco protein homo1ogous to the sweet-tasting protein thaumatin. Nature, 321, 531-532. 

Es仕ada， R.N. 1987. Utilization of wild and cultivated diploid potato species to transfer frost resistance 
into the te廿aploid common potato, Solanum tuberosum 1. In: Li, P.H. (ed.) Plant Cold Hardiness. 
Alan R. Liss, New York, USA, 339-353. 

Guy, c.L. 1990a. Cold acclimation and freezing stress to1erance: Role of protein metabolism. Annu. 
Rev. P1ant Physiol. Plant Mol. Biol., 41, 187-223. 

一 1990b. Molecular mechanisms of cold acclimation. In: Katterman, F. (ed.) Environmental Injury 的
P1ants. Acad. Press, New York, USA, 35-61. 



Zhu et al. 45 

Hajela, R.K., Horvath, D且， Gilmour, 5.J., and Thomashow, M.F. 1990. Molecular cloning and 
expression of cor (cold-regulated) genes in Arabidopsis thaliana. Plant Physiol.，的， 1246-1252. 

Henikof, 5. 1987. Unidirectional digestion with exonuclease m in DNA sequence analysis. Methods 
Enzymol., 155, 156-165. 

Hetherington, A.M., and Quatrano, R.5. 1991. Mechanisms of action of abscisic acid at the cell ular level. 
New Phytol., 119, 9-32. 

Johnson-Flanagan, A.M., and 5ingh,J. 1987. Protein synthesis and freezing tolerance in plant cells. Crit. 
Rev. Plant Sci., 7, 729-802. 

King, G.J., Turner, V.A., Hussey, C.E., Wu此ele， E.5., and L凹， 5.M. 1988. Isolation and characterization 
of a tomato cDNA clone which encodes for a salt-induced protein. Plant Mol. Biol., 10, 401-412. 

Lee, 5.P., Zhu, B., Chen, T.H.H., and Li, P.H. 1992. Induction of freezing tolerance in potato (Solanum 
commersonÍl) suspension cultured cells. Physiol. Plant., 84, 41-48. 

Levitt, J. 1980. Responses of Plants to Environmental 5tress. Vol 1. Chilling, freezing, and high 
temperature stresses. 2nd ed. Acad. Press, New York, U5A. 

Li, P.H. 1984. 5ub-zero temperature stress physiology of herbaceous plants. Hort. Rev., 6, 373-416. 

Li, P 且， Ruy， B., Tseng, M., and Chen, T.H. 1989. Induction of plant cold hardiness. Current Topics 
Biochem. Physiol., 8, 21-46. 

Lin, c., and Thomashow, M.F. 1992. A cold-regulated Arabidopsis gene encodes a polypeptide having 
potent cryoprotective activity. Biochem. Biophys. Res. Commun., 183, 1103-1108. 

Murata, N., Ishizaki-Nishizawa, 0., Higashi，且， Hayashi, H., Tasaka, Y., and Nishida, 1. 1992. 
Genetically engineered alteration in the chi1ling sensitivity of plants. Nature, 356, 710-713. 

Richardson, M., Valdes-Rodrigue丸 5.， and Blanco-Labra, A. 1987. A possible function for thaumatin 
and a TMV-induced protein suggested by homology to a maize inhibitor. Nature, 327, 432-434. 

5akai, A., and Larcher, W. 1987. Frost 5urvival ofPlants: Responses and Adaptations toFreezing 5tress. 
5pringer-Verlag, New York, U5A. 

5anger, F., Nicklen, 5., and Coulson, A.R. 1977. DNA sequencing with chain-terminating inhibitors. 
Proc. Natl. Acad. 5ci. U5A, 74, 5463-5467. 

5ingh, N.K., Nelson, D.E., Kuhn, D., Hasegawa, P.M., and Bressan, R.A. 1989. Molecular cloning of 
osmotin and regulation of its expression by ABA and adaptation to low water potentia l. Plant 
Physiol.，冊， 1的6-1101.

5kriver, K., and Mundy, J. 1990. Gene expression in response to abscisic acid and osmotic stress. Plant 
Cell, 2, 503-512. 

5tone, J.M., Palta, J.P., Bamberg, J.B., and Wei鉤， L.5. 1992. Freezing tolerance and cold acclimation 
capacity are genetically distinct quantitative traits in a segregating Solanum population. Plant 
Physiol., 5-92. 

Thomashow, M.F. 1990. Molecular genetics of cold acclimation in higher plants. Adv. Genet.，詣， 99-

131. 

Tseng, M.J., and Li, P.H. 1990. Alternations of gene expression in potato (Solanum commersonii) during 
cold acclimation. Physiol. Plant., 78, 538-547. 

一 1991. Changes in protein synthesis and translatable messenger RNA populations associated with 
ABA-induced cold hardiness in potato (Solanum commersonii) . Physiol. Plant., 81, 349-358. 



46 Molecular Biology 01 Potato Cold Acclimation 

van Kan, J.A.L., van de Rhee, M.D., Zuidema，缸， Comelissen, B.J.C., and Bo1, J.F. 1989. 5tructure of 
tobacco genes encoding thaumatin-like proteins. P1ant. Mol. Biol., 12, 153-155. 

Wa1ton， D.C. 19側.Biochemistry and physio1ogy of a bscisic acid. Annu. Rev. P1antPhysiol., 31, 453-489. 

Weiser, c.J. 1970. Co1d resistance and inj盯yinw∞dy p1ants. Science, 169, 1269-1278. 

Zeevaart, J.A.D., and Cree1man, R.A. 1988. Metabolism and physio1ogy of abscisic acid. Annu. Rev. 
P1ant Physiol. P1ant Mol. Biol., 39, 439-473. 

Zhu, B., Ryu, 5.B., and Li, P.H. 1990. Effect of ABA biosynthesis inhibitor on co1d-induced hardiness 
in cultured p1ant cells. P1ant Physiol.，的，5-84.

Zhu, B., Chen, T.H.H., and Li, P.H. 1992. Characterization of three ABA-regu1ated genes associated 
with the induction of freezing to1erance in potato (Solanum commersonil). P1ant Physiol., 5-99. 



Genetic Manipulation for Proline 
Overproduction and the Control of 
Osmoregulation in Plants 

Desh Pal S. Verma1, Chien-An A. Hu1 and Ashton J. Delaunet,2 

1 Department of Molecular Genetics and Biotech:ηology Center, The Ohio 卸的e Universi.旬，

Columbus, OH 43210, USA. 2Present address: Department of Biology, Uη切ersi句 ofthe West 
Indies, C仰e Hill Campus, P.O. Boχ 蝕， Bridgetoum, Barbados. 

ABSTRACT 

5 

Significant potential exists to improve crop productivity by making plants better adapted to 
unfavorable environmental conditions, the most serious of which is hyperosmotic stress induced 
by drought or salinity. Of 血e various osmoregulatory mechanisms employed by plan尬， the best 
characterized at the molecular level involve the intracellular accumulation of proline or glycine 
betaine to reduce the water activity in the cytoplasm. Proline accumulates in a number of organisms 
under hyperosmotic conditions. Genetic en阱ee血g of the proline biosynthetic pathway to 
counter osmotic stress represents a direct approach to alter the level of a known osmoprotectant 
which may lead to a si伊ificant enhancement of crop performance under salt and drought stresses. 
We haveisolated allgenes [P5C (1l1-pyrroline-弘carboxylate) reductase (P5CR), P5C synthetase (P5CS), 
and omithine aminotransferase (OAT)l involved in the biosynthesis of proline from glutamate and 
omithine. 官也 was achieved by direct- and trans-complementation of specific Escherichia coli 
mutants with soybean and 的'gna aconitifolia (moth bean) nodule cDNA expression libraries. The 
Vigna P5CS is a bifunctional enzyme that catalyzes the first two steps in proline biosynthesis from 
glutam泌的加 E. coli these steps are catalyzed by two different enzymes encoded by two separate 
genes (proB and proA). We are attempting to increase tolerance to osmotic stress in transgenic plants 
by engineering overexpression of proline biosynthesis genes. The isolated c DN As have been fused 
to strong plant promoters, and transferred to plants by Agrobacterium-mediated transformation. 
Regenerated tr訂lSgenic plants will be evaluated for ove中roduction of proline and for enhanced 
toler，祖ce to hyperosmotic stress. 

INTRODUCTION 

Large areas of the earth's land mass are becoming increasingly unsuitable for agriculture due to 
prolonged droughts or high salinity in soils. This situation is being exacerbated by the progressive 
warming of the atmosphere (the greenhouse effect) and the massive deforestation taking place, 
particularly in the tropics . The devastating effects of drought have been felt in the past decade by the 
recurrent famines experienced in many AfrÌCan countries, but the problem is by no means confined to 
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thatpartof出eworld. Severe droughts in the USA in 凹的， 1988 and 1991 cost tens ofbillions of do11ars 
in crop losses. Salinity is another form of water-related s甘ess responsible for major crop losses 
worldwide, especia11y in semi-arid and irrigated areas. Globa11y, more than 50 millionha of agricultural 
land are exposed to high salinity, resulting in low crop productivity (Carter 1975). 

Plants have evolved various adaptations to water deficits and high sal趴ity. The osmoreg凶atory

mechanisms employed arecomplex and diverse (McCue and Hanson 1990). Most of these involve traits 
determined by the interaction ofnumerous，的 yet largely uncharacterized, gene products: for example, 
developmental traits (e.g. flowering), structural traits (e.g. r∞ting pattems or leaf waxiness), and 
physiological mechanisms (e.g. the ability to exclude salt while maintaining water flOW 也rough the 
plan七 or the ability to compar伽lentalize ions within the ce11 vacuole). Recent data suggest that a large 
proportion of absorbed salt is stored in the vacuoles of salt-stressed plants, and osmotolerance in these 
plants may depend more on the rapid compar伽lentalization of ions than on any other physiological 
change (Binzel et a1. 1988). Attempts to characterize these mechanisms at the genetic level have been 
thwarted by the multigenic nature of the phenotypes which has also hindered efforts to produce 
osmotolerant plants by traditional breeding and somaclonal variation (Vasil1990). 

Utilization of the tools of plant biotechnology to transfer specific drought tolerance genes to plants 
is hindered by our limited understanding of osmoregulatory mechanisms a t the molecular leve1. Many 
plants have been shown to accumulate high concentrations of proline in response to osmotic stress (see 
below), and it is possible that stimulation of the proline biosynthetic pathway in plants may confer salt 
and drought tolerance. We have been successful in iωlating genes of the proline biosyn曲的ispathway

fromsoyb臼nand Vigna aconitifolia (moth bean). Overexpression of these genes may confer accumulation 
of proline and render plants resistant to osmotic stress. If successful, this research will contribute 
towards improving 也e productivity of plants grown in osmotically stressful environm凹的， and will 
enable presently unutilized lands in semi-arid and coastal regions to be brought 趴to agric叫tural

production. The benefits to increased food production will be felt worldwide, but will be most 
pronounced in tropical and subtropical developing countries where the effects of drought and salinity 
have been most severe. 

MOLECULAR MECHANISMS OF OSMOREGULATION IN BACTERIA 

Bacteria respond to hyperosmolarity by actively accumulating a limited number of "compatible" 
solutes (Yancey et a1. 1982; Le Rudulier et a1. 1984). This causes a reduction in the water activity of the 
cytoplasm, and maintains the ce11 volume and turgor at near prestress values without an across-the
board increase in the concentration of a11 cytoplasmic constituents to potentia11ytoxic levels. The major 
compatible solutes in bacteria are potassium ions, the amino acids proline, glutamate, glutamine, y
aminobutyrate and alanine, betaines, and the sugars trehalose, sucrose and glucosylglycerol (Csonka 
1989; Csonka and Hanson 1991). Two of these, proline and glycine betaine, stimulate the growth rate 
of cells in hyperosmotic media when added to the culture, whereas the other compatible solutes have 
no detectable effects on the growth rates of the cells. For this reason, proline and glycine betaine are 
referred to as osmoprotectants. 

The role of proline as an osmoprotectant was first described by Christian (1955a,b) who reported 
tha t exogenous prol切ecouldalleviate the growth inhibition of Salmonella oran的1burg imposed byosmotic 
S仕ess.1 twas subsequently demonstrated that a wide range of osmotically stressed bacteria accumula ted 
proline (Measures 1975). The synthesis and/or degradation of proline is apparently under osmotic 
control in many gram-positive bacteria, however gram-negative species generally achieve high 
intracellular concentrations of proline by enhanced uptake from the growth medium, rather than by 
regulating the rate of anabolism or catabolism. 
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TheprolinebiosyntheticpathwayiswellcharacterizedinE.coli(Hayzerand Leisinger 1980正是isinger
1987; Fig. 1). Proline biosynthesis begins with the phosph。可lation of glutamate bn-glutamyl kinase 
(y毛K， encoded byproB gene)的 form enzyme-bound y-glutamyl phosphatewhich is reduced to glutamic
Y咽mialdehyde (GSA) by GSA deh ydrogenase (proA gene). GSA spon taneously cyclizes to il1-pyrroline-
5-carboxylate (p5C) which is reduced by P5C reductase (P5CR; proC gene) to proline. The E. coli proBA 
(Deutch eta1. 1984) andproC (Deutcheta1. 1982) locihave beencloned. Proline biosynthesis is 肥gulated

in E. coli by end-product inhibition of y毛K， the first enzyme of the pa由way. Various mutations 
resulting in proline ove中roduction have been mapped to proB gene (Csonka 1981). Some of these 
mutations also confer enhanced resistance to osmotic stress; the mutation (proB74) that resulted in the 
mostpronounced osmotolerance effectwas shown to involve a single basepair change in theproB gene 
(Csonka et a1. 1988; Dandekar and Uratsu 1988) lead凶gt。由e synthesis of a mutanty毛K 300-fold less 
sensitive to feedback inhibition by proline (Smith 凹的; Hu et a1. 1992). The proB74 allele conferred 
osmotolerance in a range of enteric bacteria including Salmonella 句phimu討um， E. coli and K1ebsiella 
pneumoniae (Csonka 1989). Furthermore, ithas been demonstrated that the normally tightly regulated 
route for proline biosynthesis in bacteria can be altered to give proline-overproducing mutants a 
concomitantly increased tolerance to hyperosmolarity. 

Bacteria 

、 nroB DroA 
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Fig.1. Pathways leading to the synthesis of proline. The route from glutamate occurs 泊 E. coli and 
in eukaryotes. Synthesis from omithine occurs in plants and other eukaryotes but not in E. 
coli.AcG:acetylglutamateiGSA:glutamic-y-s emialdehydeiP5C:ill-py虹oline-5-carboxy1atei

ARG:訂戶aseiy-GK: y-glutamyl kinasei GSD: GSA dehydrogenasei P5CR: P5C reductasei 
P5CS: P5C synthetasei OAT: omithine aminotransferase. 

ACCUMULATION OF OSMOREGULATORY SOLUTES 
IN WATER-STRESSED PLANTS 

Manyplants counter increases in osmotic potential by intracellular accumulation oforganic solutes 
which serve to adjust the osmotic potential of cells (Hanson and Hitz 1982). Commonly accumulated 
osmolytes include proline and fully N-methylated amino acid betaines (Goas et a1. 1982; McCue and 
Hanson 1990). Similar to bacteria, proline is the most widely distributed osmoprotectant found to 
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accumulate in p1ants (Stewart 1981; WynJonesand Storey 1981;Cap1aneta1. 1990;Cushmaneta1. 1990; 
McCue and Hanson 1990). A 1arge increase in the freepro1inepoo1 occurs in manyp1ants subjected to 
water s仕ess (Tab1e 1). Changes in pro1ine concentration a1so corre1ated with increasing or decreasing 
drought conditions in desert p1ants (Treichel1975, 1986). Tomato cells cu1tured under osmotic 的ess

show a rapidaccumu1ation ofpro1ine resu1ting in up to a 300-fo1d increase in steady-statepro1ine 1eve1s 
(Handa et a1. 1986). This increase is primarily the consequence of a 1。而1d e1evated rate of pro1ine 
biosynthesis a10ng with a reduced rate of pro1ine ca帥olism (Rhodes et a1. 1986). Taken in conjunction 
with the established ro1e of osmoprotectant of proline in bacteria (Csonka 1989), these data s廿ong1y
suggest that the accumu1ation of pro1ine in many p1ant species is an integra1 component of theprocess 
of adaptation to osmotic s廿ess.

Pro1ine biosynthesis in p1antsis thought to resemb1ethe bacteria1 pathwayfrom glutamate (Adams 
and Frank 1980; Thompson 19個; Stewart 1981; Bryan 1990; see Fig. 1), but on1y recent1y has the first 
intermediatein thepathway, y-g1utamy1 phosphate, beendetectedin p1ants.InArabidopsis thalian血， this 
intermediate is synthesized from glutamate by y毛K (Chiang and Dandekar 1991). In p1ants, pro1ine 
may a1so be synthesized by transamination of omithine (an intermediate in arginine biosynthesis and 
catabo1ism) to GSA (Fig. 1; Adams and Frank 19個; Vance and Heichel1991). The omithine pathway 
may be a major route for proline synthesis in germinating peanut and pumpkin seeds as well as a 
number of anima1 systems (Adams and Frank 1980; Davis and Weiss 1988). It has been shown that 
arginine is quantita tive1y the more important precursor for proline biosynthesis inJerusa1em artichoke 
(Wrench et a1. 1977, 1980). However, in water-stressed tomato cell cu1tures that accumu1ate proline 
(即lodes et a1. 1986), glutamate, rather than omithine or arginine, appeared to be the prec叮sor for 
pro1ine biosynthesis. 

POSSIBLE OSMOREGULATORY ROLE OF PROLINE BIOSYNTHESIS 
IN SOYBEAN NODULES 

Soybean nodules have been found to synthesize and accumulate large amounts of proline. 
AccordingtoKohleta1. (1988),theconversionofglutamatetoprolinegeneratesNADP+ whichindirectly 
stimulates de novo synthesis of purines. Purines areprecursors of ureides, the export molecules of fixed 
ni仕ogen in soybean. Proline synthesized in the nodu1e cytoplasm was a1so implicated in the transfer 
of redox potentia1 to the bacteroids, and in serving as a carbon and nitrogen 叩urce for the bacteroids 
(Kohl et a1. 1988). 

A probab1e ro1e ofpro1ine synthesis innodules, overlooked by Kohl et a1. (1988), is its invo1vement 
in osmoregu1ation. The secretion of ammonium from the bacteroids into the cytop1asm, and the 
concentration of carbon and nitrogenous solutes in the infected cells would be expected to raise the 
osmoticum of these cells. In fact, the osmoticum in infected cells has been shown to be 4- to 5-fo1d higher 
than in root cells (Verma et a1. 1978). Thus，伽 accumulation in nodules of the widely used 
osmoprotectant, proline, may partly reflect an osmoregulatory adaptation. Consistent with this 
hypothesis, thenoduleP5CR gene is inducible by salt stress (400 mM NaC1) in soybean roots (De1auney 
and Verma 1990a). 

There is additional suggestive evidence that cells in the nodule may be osmotically stressed. For 
example, the bacteroids accumulate high concentrations ofα-trehalose (Str肥ter 1985) which has been 
shown to accumulate in osmotically stressed E. coli and phototrophic bacteria (Larsen et a1. 198η
Second1y, nodules have 1eve1s of phosphoeno1pyruvate carboxy1ase (PEPC), ma1ate dehydrogenase 
(MD昀 and aspartate aminotransferase activity that are 4一10 times higher than in roots. This has been 
interpreted to be indicative of the orientation ofnodu1e metabolism towards reductive synthesis of Cç 

dicarboxylic acids which may represent an adaptation to microaerobic conditions in the nodu1e (Vance 
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Table 1. Induction of proline and P5CR accumulation during osmotic stress in plants. 

Pro1ine mM/g tissue P5CR specific 
Species activity increase (fo1d) Reference 

Con廿01 Osmotic s廿ess after osmotic stress 
ALGAE 
SticJwcoccus bac i11aris 2 280 Brownand 

(1234 mosmo1/kg) Hellebust 1978 

Chlorella autotrophica 4 Laliberte and 
HeUebust 1989 

DlCOTS 
Mesembryanthemum 1 7 (NaCl 4∞ mM) 4 Treiche11986 

nod伊orum

cell suspension culture 

Niωtúma tabacum L. 29 129 (NaCl 428 mM) No Binze1 et al. 1988 
cell suspension culture LaRosa et aL 1991 

Nicotúma sylvestris 5 230 (NaCl 1叩 mM) Kiryan and 
(salt-resistant s廿ain) Shevyakova 1985 
cell suspension culture 

Nicotúma tabacum L. 1 20 fo1d (NaCl 200 mM) No Szoke et al. 1992 
1eaves 

Spinacia oleracea L. 11 (-2mPa) Huang and Cava1ieri 
1979 

Solanum tuberosum L. 2.3 207 (10% PEG) No Corcuera et al. 
cell suspension c叫ture 1989 

Lyωpersicon escu1entum 0.12 38.3 (25% PEG) Handa et al. 1983; 
cell suspension culture Rhodes et aL 1986 

Helianthus tuberosus L. 3 32 (1.0 M sorbito1) Wrench et al. 1980 
tuber tissue 

LEGUMES 
Medicago sativa L 

roots 0.05 0.40 (NaC1150 mM) Fougere et al. 1991 
bacteroids 0.02 0.26 (NaCl 1叩 mM)

cytoso1 0.4 4.5 (NaC1150 mM) 

Viciafa切L. 240 2160 (2-day drought) Venekamp and Kost 
1988 

Glycine棚x L. 0.4 4.5 (NaCl 2∞ mM) Moftah and Miche1 
1eaves 1987 
nodules 0.3 1.0 (2-day drought) Kohl et al. 1991 

MONOCOTS 
Oryza sativa 0.25 1.06 (IBA 10 mM, Chou et al. 1991 

K050mM) 

Triticum aestivU1ηL 4 781.8 (-3.6 mPa) Munns et al. 1979 
apex and 1eaves 
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and HeicheI1991). But in addition, it may be significant that many plants switch from a C3 mode of 
photosynthetic carbon metabolism to a water-conserving C4 or crassulacean acid metabolism (CAM) 
in response to salt or drought s廿ess (Cushman et al. 1990). This metabolic transition is mediated by 
increases in the activity of key enzymes like PEPC and MDH (Holtum and Winter 1982), precisely the 
sameen可mes that are found to be abundant in nodules. This raises the possibility that the increased 
activity of enzymes involved in C4 ener自r metabolism in nodules may represent, in part, a nodule 
adap泊位on to osmotic stress. Finally, nodules synthesize and accumulate high levels ofy-aminobutyric 
acid (GABA). Vance and Heichel (1991) reviewed the evidence 也at GABA may provide a route for 
succinate biosynthesis, or may be involved in cytoplasmic pH regulation. Again, it is noteworthy that 
GABA is apparently used as an osmoregulator in a varietyofbacteria (Measures 1975), and a markedly 
elevated rate of GABA s戶1曲的is is associated with adaptation to water s甘ess in cultured tomato cells 
(Rhodes et al. 1986). Thus, the accumulation of known osmolytes 泊 the nodule and the particular 
pathways of carbon metabolism employed are consistent with the hypothesis that cells within the 
nodule are under osmotic s廿ess.

ISOLATION AND CHARACTERIZATION OF GENES INVOL VED IN 
PROLINE BIOSYNTHESIS 

In view of the apparent importance of proline synthesis in osmoregulation, we sought to clone the 
genes encoding en可mes of the proline biosynthetic pathway. We rationalized that since pathway for 
proline s戶1thesis is apparently similar in procaryotes and euca可otes (Thompson 1980; Bryan 1990), 
it should be feasible to use genetic selection to screen a cDNA expression library to select prol趴e

biosynthesis genes. We t∞k advantage of the unique features of the cloning vector, ÀZap 11 (Delauney 
and Verma 1990b)，切 construct a cDNA library representing soybean nodule mRNAs. This vector 
facilitates the construction of large cDNA libraries based on efficient in vitro packaging-cDNAs 
inserted into the polylinker in the correct orientation and reading frame can be expressed as fusion 
proteins with the N-terminal portion 0月-galactosidase. Transformation of an E. coliproC mutant (X342) 
with the phagemid cDNA library and selection for proline prototrophy on media lacking proline led 
totheisolation ofseveral cDNAclones thatcomplemented the E. coliproC mutation wi出 highefficiency.
Sequencing of a complementing plasmid (pProC1) showed (Delauney and Verma 1990a) 伽t it 
encoded a P5CR subunit of 28, 586 M, with 39% amino acid homology to the sequence of E. coli P5CR 
(Deutch et al. 1982). This sequence is encoded by a nuclear gene, and we have isolated 趴is genefrom 
a soybean genomic library (c.P. Joshi and D.P.S. Verma, unpubl. data). 

Using a similar strategy, wehaverecentlysucceeded (Huetal. 1992) incomplementingthefirsttwo 
位eps of proline biosyr油的ispathwaywi出acDNAexpressionlibraryfrom V站闊的nitφliar∞tnodule
constructed in pcDNAII (In Vitrogen). We isolated a cDNA clone encoding a bifunctional enzyme, Al_ 
pyrroline-5-carboxylate synthetase (P5CS), with both y毛K and GSA dehydrogenase activities that 
catalyze the first two steps in proline biosynthesis from glutamate. The complete nucleotide sequence 
of a P5CS cDNA clone, p V AB2, was determined. It contains a single major open reading frame 
encoding a polypeptide of 73.2kD. Sequence comparisons with E. coli 'Y"毛K and GSA dehydrogenase 
proteins (Deutch et al. 1984) indicated that V酬。 P5CS polypeptide has two distinct domains. The 
amino terminus domain of the P5CS has 33.3% identity and 55 .3% overall similarity to the E. coli 'Y"毛K，

while a domain with 35.7% identity and 57.9% similarity to GSA dehydrogenase is located at the 
carboxy end. These two genes are apparently fused to create the bifunctional enzyme identified in 
Vigna. The two enzymatic domains in P5CS contain a leucine zipper which may facilitate dimerization 
of this protein. The P5CS activity is found to be feedback-regulated by proline, but is less sensitive to 
end-product inhibition than E. coli 'Y"毛K. The P5CS gene is expressed at high levels in Vigna leaves and 
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is inducible in r∞ts subjected to salt stress, suggesting that P5CS plays a key role in proline synthesis. 
We have also demonstrated that the p V AB2 clone can help the E. coli proBA double mutant to restore 
proline auxo甘ophy and to survive in high salt medium (Table 2). 

None 
0.2MNaCl 
0.3 M NaCl 
0.5 MNaO 
0.7MNaCl 

Table 2. Relative growth of E. coli proB'A' mutantcells (CSH26), with orwithout proline-producing 
plasmids, subjected to osmotic stress in the absence or presence of exogenous proline. 

Additives to Exogenous prolinea (μM) Transformed with plasrrúdb 

growth medium 30 1∞ pDU1C pDU101d 

Relative cell density % 
83 
93 
93 
6 
0 

pVAB< 

547OO 
A
WJ

n
mu

旬
，
，
可E
A

旬
，
A

A

噎
司
J
Q

J

q
J

4
4

nyrOAazEJrb 

1∞ 
91 
91 
46 
26 

10043 
A
Y
Q
J
Q
J

吋
4

• Cells weregrown in minimal mediumwith diffe肥nt∞n田ntrations ofproline. Relativecell density was measured atOD，錯 after ovemightculture
b Cells grown in minimal medium withoutproline 
, E. coli wild type 戶。BA g凹凹的 pBR322 vector (Dandekar and Uratsu 1988) 
d E. coli proB74 allele and wild type 戶。A gene in pBR322 vector (Dandekar and Uratsu 1988) 
'Vψ叩 proBA gene under the regulation of IacZ promoter (Hu et a1. 1992). 

Since in yeast and plants P5C can also be synthesized from omithine via OA T (Schubert and Boland 
1990), we transformed an E. coli CSH26 proBA deletion mutantwith a Vigna cDNA library and selected 
for proline prototrophy on minimal media supplemented with omithine. There is no pathway in E. coli 
tha t can convert omi thine to proline vωOAT. Providing E. coli proBA cell with a functional plant OAT 
gene and substrate omithine, the OAT might produce P5C (a branch-point intermediate) which can 
then be converted to proline by the E. coli P5CR. We termed this strategy"抑的-complementation" and 
succeeded in isolating several clones encoding Vigna OA T. The size of OAT transcript is 1.52 kb which 
encodes a polypeptide of 45 kD (Delauney A.J., C.-A .A. Hu, and D.P.S. Ver訂閱， unpub l. data). 

EXPRESSION OF PROLINE BIOSYNTHESIS GENES UNDER SALT STRESS 

To determine the role of proline biosynthesis in soybean under salt stress, we tested the effectof salt 
on the expression of P5CR and P5CS genes in soybean seedlings. RNA isolated from 4-day-old 
seedlings grown for 48 hours in 2∞ and4∞ mM NaCl was analyzed by Northern blot assay using the 
insert from P5CR and P5CS clones. The growth of the seedlings was severely retarded in 400 mM. The 
soybean P5CR and P5CS genes were found to be expressed in all tissues (leaf, r∞t， nodule) but at 
elevated levels in tissues under salt stress (Delauney and Verma 1990a; Hu et al. 1992). These results 
provide evidence that the P5CR and P5CS genes are involved in the biosynthesis and accumulation of 
proline under hyperosmotic conditions. 

OVEREXPRESSION OF PROLINE BIOSYNTHESIS GENES IN 
TRANSGENIC PLANTS 

To determine whether P5CR activity is a rate-limiting step in proline biosynthesis, we placed the 
soybean P5CR cDNA under the control of cauliflower mosaic virus (CaMV-35S) promoter and 
introduced it in tobacco via T -DNA mediated transformation. Regenerated plants showed 10- to 100-
fold increase in the amount of P5CR activity in leaves. Measurement of proline and P5C levels in the 
仕ansgenic plants suggested thatproline syn位1esis is limited by P5C production rather than the activity 
of P5CR (Szoke et al. 1992). All P5C in control and transgenic plants was converted to proline but no 



54 Genetic Manipulation for the Control of Osmoregulation 

sig叫ficantaccumula tion of proline occurred in仕ansgenic plants expressing high levels ofP5CR (5zoke 
et al. 1992). This is consistent with the observations ofLaRosa et al. (1991) that the specific activity of 
the P5CR ofboth stressed and unstressed tobacco cell cult凹的 is hundreds-fold greater than the proline 
syn趴esis rate, and enzyme functions a t only a small fraction of its V rnax' Therefore，的CR is not rate
limitingin thispathway. It isimportanttoe吋lance the flow of in termedia tes par位cularlyP5C. This may 
be accomplished by increasing the level of P5C5. A P5C5 chimeric gene is constructed by fusing the 
P5C5 cDNA at its 5' end to the CaMV 355 promoter, and the polyadenylation sequences from the 
nopaline syr咄蝴se gene at the 3' end. The chimeric gene cons仕uct is insert吋 into p355-H (Delauney 
et al. 1988), a derivative of the binary Ti plasmid vecto丸 pBIN19， which has a hygromycin resistance 
gene. The reason for using the hygromycin marker is to retransform plants containing 35~叩5CRgene

that are kanamycin-resistant (5zoke et al. 1992). Transformed plants will be regenerated on M5 media 
con切ining hygromycin (wild type plants) or both hygromycin and kanamycin (P5CR overexpressing 
plants) . 

Proline accumulation can be controlled by e吋lanc泊g the rate of s戶lthesis as well as reducing its 
rate of degradation. It has been demonstrated that in barleyproline dehydrogenase activity is reduced 
under water s仕的 resulting in the accumulation of proline (5tewart et al. 197內. In tomato cell 
suspension culture, 300-fold accumulation of proline is due to 10-fold increase in the rate of syn也esis
with concomitant reduction 趴 proline oxidation (即lodes et al. 1986). 

The study of proline ove中roduction and osmotic stress tolerance in intact plants is complicated 
because of the biochemical and physiological heterogeneity of di他rentiated plant tissues and organs. 
Use of hairy root liquid culture, which can be subjected to uniform stress such as salt treatment, may 
provide more quantifiable results. The levels ofproline accumulated in the transgenic planttissues and 
whole regenera ted plants will be determined as described by 5zoke et al. (1992). Transgenic plants with 
significantly elevated levels of proline will then be compared with control plants for increased 
tolerance to osmotic stress by being subjected to different concentrations of saline solutions or PEG 
(polyethelene glycol) as drought stress (Handa et al. 1986). 

PERSPECTIVE 

Adaptation to water stress by plants requires changes in the expression of many genes, all of which 
may be necessa可 for optimum performance of a plant to sustain growth in adverse environments. 
However, to overcome short periods of drought, accumulation of key osmolytes may be sufficient for 
the survival of the plant. It has now become possible to alter metabolic pathways by over- or 
underexpression of a specific gene. Therefore, it is possible that removal of feedback control on proline 
production and overexpression of P5C5 may enhance proline accumulation and confer salt and 
drought tolerance on a crop plant. Degrada tion of proline by proline dehydrogenase may also need to 
be controlled and it may be possible to isola te the gene encoding this enzyme by the approach discussed 
here. Overexpression of proline biosynthesis genes would allow a precise assessment of the role of 
proline 凶 osmoregulation.
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ABSTRACT 

In plants, alcohol dehydrogenase (ADH) plays a central role in energy metabolism under 
conditions of low oxygen tension. When plants are subjected to hypoxic conditions such as 
waterlogging, carbohydrate metabolism switches from an oxidative (TCA cycle) to a fermentative 
mode. Genes coding for enzymes 凶volved 油 glyco砂sis and alcohol fermentation are induced and 
among 也e most strongly induced in maize are alcohol dehydrogenase (Adh) and pyruvate 
decarboxyl肌 (Pdc). These two genes are critical for alcohol fermentation. The maize Adh promoter 
contains a region from -140 to -99, the Anaerobic Responsive Element (ARE), which is sufficient to 
confer anaerobic inducibility on a heterologous promoter. The ARE consis包 of four subre斟ons

(GC1, GT1, GC2, GT2) all of which are essential for anaerobically inducible expression in maize 
protoplasts. 訂閱 same regions are critical for anaerobically inducible expression in transgenic rice. 
A protein that b泊ds to specific regions GC1 and GC2 has been identified and partly purified. Adh 
is expressed constitutively in pollen. Deletions and mutations of the ARE show that this element 
is not responsible for出e pollen-specific expression in transgenic rice. As well as being induced by 
anaerobiosis the Arabidopsis Adh gene is induced by other stimuli such as cold and dehydration, 
and also by 2,4-D and ABA. Deletion and site-directed mutagenesis have shown that these stimuli 
require a sequence element located between -172 and -140 扭曲e Arabidopsis Adh gene that is 
homologous to the GC1 subregion of the maize ARE. This s剖ne region is being tested to determine 
whether it is also responsive to induction by plant hormones. The c∞oncep抖to叫fdi証ffe盯r快en叫1甘te叩nv叫ironm虹mental
st伽i包扭恤mu且li 缸叫削t位出i缸扭n呵\g 位血伽lrOωug阱ht伽he same pr仰rom咖
P戶at血hwa呵y(怡叫s訓) for these responses. The importance of Ad晶ht叫0叫le盯r胡ce to anaerobic conditions in a crop 
plant is being tested in cotton. The growth of cotton is severely affected during i吋gation. The 
coding region of a cotton Adh gene has been linked to a constitutive promoter (也e 25S promoter of 
cauliflower mosaic virus), and introduced into cotton in both sense and antisense orientations to 
produce plants with a range of ADH expression levels. Susceptibility to anaerobic conditions is 
being tested to see if there is any correlation with ADH levels. 

INTRODUCTION 

Many crops experience a setback in growth when subjected to conditions of low oxygen tension 
such as occur in irrigated or flooded fields . During such conditions carbohydrate metabolism switches 
from an oxidative pathway (the Krebs cycle) to a fermentative pathway that involves glycolysis and 
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ethanol synthesis (Fig .l). In the first 20 min of anaerobic conditions, lactate is produced from pyruvate 
by lactatedehyd rogenase. ThepH falls, lactatedehydrogenase is inactivat吋 and pyruvatedecarboxylase 
is activated leading to ethanol fermentation. The fermentative mode of carbohydrate metabolism 
prod uces less energy per mole of glucose (2 moles of A TP) than oxidative metabolism (36 moles of ATP) 
and NAD+ is regenerated from NADH. An acceleration of glycolysis may be necessary to compensate 
for the lower efficiency of energy production under anaerobic conditions and induction of the 
glycolytic enzymes may be necessary to increase the flux of carbohydrate through the pathway. 
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Fig.1. Pathways ofcarbohydrate metabolism. The aerobic and anaerobic pathways are shown. The 
enzymes boxed have been shown to be anaero bically induced and most have been identified 
as anaerobic polypeptides (ANPs). 

As weJl as the switch in carbohydrate metabolism induced by anaerobiosis, synthesis of the 
polypeptides made under aerobic conditions ceases and synthesis of polypeptides, the anaerobic 
polypeptides (ANPs), is induced (Sachs et al. 1980; Bailey-Serres et al. 1988). These ANPs have been 
identified as enzymes important in glycolysis and ethanol fermentation . The enzymes UDP-sucrose 
synthase, pyruvate decarboxylase and a1cohol dehydrogenase are each increased approximately 10-
fold (Hageman and Flesher 1960; Lazlo and St. Lawrence 1983; Springer et al. 1986). The levels of 
glucose phosphate isomerase (KeJley and Free1ing 1984a), one of the isozymes of glyceraldehyde 3-
phosphate dehydrogenase and cytoplasmic aldolase (KeJley and Freeling 1984b), have also been 
shown to be increased to a lesser degree. The levels of two enzymes thought to be responsible for 
regu lating the gl ycolytic path wa y, phosphofructoki nase and pyruvate kinase, do not change significantl y 
during anaerobiosis (Bailey-Serres et al. 1988). Enzymes that are induced show increased levels of 
mRNA and the regulation of three of these genes at least (Adh1 and 2, sucrose synthase) is at the level 
of RNA synthesis (Rowland and Strommer 1986; Dennis et al. 1988). At the same time the translation 
of mRNAs of aerobically expressed proteins is inhibited. 
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ANAEROBIC RESPONSE IN DIFFERENT ORGANS AND SPECIES 
Thepa位emofproteins戶thesis has been compared in thedifferentorgansof maize (Zea mays) using 

2-D gel electrophoresis (Okimoto et al. 1980), and although aerobic pattems varied greatly, the pattems 
ofprotein s戶曲的is during anaerobiosis in the r∞七endosperm， scutell um, an ther wall, mesocotyl and 
coleoptile were essentially the same. The same ca. 20 ANPs were produced indicating that this is a basic 
cellular response to flooding. In contrast du自19 anaerobiosis there was no detectable ANP synthesis 
in the leaves of maize, and their survival time was short, suggesting that the syn也esis of ANPs is 
essen出1 for each organ' s s叮viva l.

Although the ANPs appear to be simultaneously induced, Hake et al. (1985) showed by Northem 
analysis us趴g cDNAs from five ANPs that these did not have precisely the same timing of induction. 
Some genes encoding ANPs respond to anaerobic stress with large increases in mRNA levels but only 
slight increases in protein and/or activity levels, such as sucrose synthase (McElfresh and Chourey 
1988) and aldolase (Kelley and Freeling 1984b;Hake et al. 1985). Therefore the regulation of the maize 
anaerobic response is more complex than originally thought, since the genes affected by anaerobic 
stress do not all respond to the same degree. 

The anaerobic response of soybean (Glycine max) was found to be much simpler than that of maize 
(Russell et al. 1990). Although soybean shares characteristics with maize, such as selective protein 
synthesis and cessation of aerobic protein synthesis, its anaerobic response was much simpler than that 
ofmaizewith only four majorproteins being labeledduring anoxia (Russelletal.1990).Adh was induced 
at the RNA level, but other genes related to glycolysis such as aldolase and GAPDH were found not 
to be induced, although lack of hybridization with the heterologous probes used could be the reason. 

Pea (Pisum sativum), a flood-intolerant plant, also has a simple anaerobic response sim i!ar to 
soybean. Russell et al. (1990) speculated tha t the reason出at theseplants are flood-intolerantis that they 
have a simple anaerobic response, whereas maize, a flood-tolerant plant, has a complex response. Peas 
do show high ra tes df ethanol syn thesis under anoxia, al though not as high as tha t of rice or maize. The 
anaerobic response has also been found in rice (Oryza sativa), sorghum (Sorghum bicolor), tragopogon 
(Tragopogon sp.), barley (Hordeum vulgare), and carrots (Daucus ωrota) (Roose, M.L., Chen, C.H. and 
Okimoto, R., unpubl. data), demonstrating that this is a widespread response throughout the plant 
kingdom. 

PRO弘10TER SEQUENCE CRITICAL FOR ADH GENE CONSERVED 
ADH is given most emphasis in the study of anaerobic metabolism. Glycolysis and ethanolic 

fermentation constitute the onlypathway fornet synthesis of ATP and regeneration ofNADP thathas 
been firmly established in anoxic tissues of maize, rice or wetland species that can survive many days 
or months of continual anoxia. 

The Adh1 gene of maize was the first anaerobically regulated gene to be cloned and sequenced 
(Dennis et al. 1984), and its promoter identified. The promoter was then linked to a reporter gene and 
shown to be able to direct anaerobically inducible gene expression when introduced into maize 
protoplasts. This indicated that all the DNA sequences necessary for anaerobic induction were 
contained within the first 10∞ bp upstream of出e protein coding region. More deta i!ed analysis using 
deletions of the 5' end of the promoter introduced into maize protoplasts, together with mutagenesis 
of specific sequences within the maize promoter, showed that a region critical for anaerobically 
inducible expression of "the Anaerobic Responsive Element" (ARE) was located between -140 and -90 
relative to the transcription start site (Walker et al. 198內. Removal of this region prevented expression 
following hypoxic induction. The ARE contained all the sequences necessary for hypoxic induction, 
and when this ARE was linked to another gene it could confer hypoxic responsiveness. The level of 
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hypoxic response was proportional to the number of copies of the ARE, for example, six copies gave 
a 16-fold induction under hypoxic (5% ~ 95% N2) conditions (Olive et al. 1990). The ARE gives hypoxic 
induction when placed in either orientation relative to the T AT A box，出is orientation independence 
being a characteristic of many promoter enhancer elements. The ARE has a bipartite structure, 
consisting of two repeated elements each containing two motifs (Fig. 2) and separated by a region that 
can be varied in both length and sequence (Olive et al. 1990). The first motif, the GC motif, is a C rich 
element, and the second, the GT motif, has the core sequence GGTTT. Mutations in any one of these 
four motifs abolish expression, indicating all are necessary for activity. 

-140 

CTGCA 

GACGT 

GC-motif necessary for binding and expression 
GT-motif necessary for expression 

(and binding of another factor?) 
〈;去!?

F站. 2. The maize ARE. Sequence of 伽 maize ARE with the various essential sequence motifs 
shown. Both GC motifs and both GT motifs have been shown to be necessary for expression, 
and both GC motifs are required for binding of the GC binding protein. 

When the mutated Adh1 promoter-reporter gene fusions were introduced by electroporation into 
rice protoplasts and transgenic rice plants regenerated conta凶ing stably integrated copies of that 
construct, similar results to those seen in maize cells, were obtained (Kyozuka and Shimamoto, pers. 
comm.). The ARE was sufficient to give hypoxically inducible expression to a reporter gene, and 
mutations in any one of the four promoter motifs abolished both hypoxically inducible expression in 
the roots and developmentally regulated expression in the seed. 

As anaerobiosis induces approximately 20 AN恥， we questioned whether they all have ARE-like 
promoter elements responsible for their induction. We searched the promoter sequences of all cloned 
hypoxically inducible genes [e.g. Adh, aldolase (Dennis et al. 1988), sucrose synthase (Springer et al. 
1986)), and identified the GGTTT motif and the GC motif in a number of them (Fig. 3). Multiple copies 
of these two motifs are presen七 often with slightly different spacing separating them, and partic叫arly
in dicots motifs may be in the inverse orientation. 

In order to determine if these motifs are functionally important in the promoters of genes it is 
necessary to mutate them and show loss of hypoxic inducibility when the construct is introduced into 
cells. We have now shown that the GC and GT motifs present in the Arabid叩的Adh promoter located 
between -140 and -160 relative to the 仕anscr半世on start and resembling the maize elements are critical 
for hypoxic inducibility. 
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Fig.3. GC/GT motifs in anaerobically induced genes. The promoter sequences of anaerobically 
induced genes have been searched for homology to the GC and GT motifs of the maize ARE. 
Each box indicates a single copy of a motif, its orientation and approximate spacing. 

We postula te that the hypoxic induction of all of the ANPs is media ted through common promoter 
elements present in all inducible genes. These promoter elements bind proteins (transcription factors) 
necessary for gene activity which interact with RNA polymerase to generate an effective transcription 
complex under anaerobic conditions which then results in gene expression. We have identified and 
partiallyp叮ified a protein GCB-1 which binds specifically to the GC motifs present in the ARE of the 
maize Adh1 promoter (Olive et al. 1991). Mutation of either of the GC motifs in the ARE abolishes both 
expression of the promoter and binding of this protein. The protein is present under both aerobic and 
hypoxic conditions. Fer! and Nick (198內 have identified putative protein binding sites in the maize 
Adh1 promoter using in vivo dimethyl sulfate (DMS) protection. If a protein is bound to a DNA 
sequence it protects the region from DMS cleavage leaving a Iff∞tprint" of where the protein was 
bound. Two of the binding sites they identified map to the ARE and specifically to the GT and GC 
motifs. Footprinting studies suggest that 帥 proteins are presen t under bo出 aerobic and hypoxic 
conditions but appeared to bind more tightly under hypoxic conditions. 

We postulate that the same or similar proteins bind to similar DNA sequences in the promoters of 
all anaerobically inducible genes, the exact timing and level of induction being dependent upon 
number, spacing and location of the various motifs within the promoter. Since proteins are bound to 
the ARE under both aerobic and hypoxic conditions, yet transcription and expression occuronly under 
hypoxic conditions, the DNA protein-complex must be modified in some way under hypoxic 
conditions, e.g. by phosphorylation or by binding another factor. 

I弘1PORTANCE OF THE ANPS FOR ANOXIC SURVIVAL 

Maize seedlings that lack a functional ADH show lower survival under anoxic conditions 
compared to seedlings containing ADH (Schwartz 1966). Under anoxic conditions first lactic and then 
alcoholic fermentation occurs, with the alcoholic fermentation stabilizing pH. In the absence of ADH, 
ethanolic fermentation cannot occur and the cytoplasm becomes continually more acidic resulting in 
cell death. 
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Hypo沿c pre廿ea加ent of young maize plants (4% oxygen for 16 hours) resulted in changes in 
meta bolism tha t grea tly improved the subsequen t via bili ty of the r∞t tips of intactplants subjected to 
anaero bic condi tions Gohnson et a1. 1989). In na ture, O2 concen仕a位ons in the soil only graduallydecline 
over a period of a few hours or days so that cel!s that gradually become 02-deficient may be able to 
acclimate. Hypoxic pretreatment of maize root tips markedly accelerated (byω%) the rate of ethanol 
production and anaerobic respiration, and decreased the lowering of ATP concentration following 
transfer to anoxia conditions (Saglio et a1. 1988), suggesting a period of low 。可gen pretrea恤ent

ameliorates subsequent anaerobic stress (Hole et a1. 1989). Du也可 this time ADHl and 2 and possibly 
other ANPs are induced to provide sufficient flux of carbohydrate through the glycolytic pa也way.

During anoxia ADH was s仕ongly induced in the hypoxically pretreated roots but not in the 
n。由ypoxically pretreated r∞ts. 

We have been investigating directly the impor個nce of ADH in survival of anoxic conditions in 
co位on (Gossypium hirsutum), a crop that experiences a reduction in growth rate during i訂igation or 
waterlogging. We both increased and decreased the levels of ADH by introducing ex甘a copies of the 
Adh coding region in either the sense or antisense orientation by genetic engineering techniques. 

We characterized theanaerobic response of corton by radioactively labeling polypeptides s抖出esized

under anaerobic conditions and analyzing the products on 2-D gels. Cotton possesses about 17 major 
ANPs and several minor ones, which puts it in 也e same category as the maize response (Sachs et a1. 
1980), rather than that of soybean and pea (Russell et a1. 1990), although only 10 of these 17 polypeptides 
are expressed exclusively during anoxia. Direct comparisons are hard to make because different 2-D 
gel systems were used, and theIEF /SDS-PAGE system we use resolves moreproteins than the Native/ 
SDS-PAGE 2-D gels Sachs et a1. (1980) used. In addition co位on is an allote仕aploid and some enzymes 
are duplica ted (e.g. cotton has three induced ADH peptides compared to soybean' s one). The ANP 38.5 
group of proteins could also be a gene family. 

In a qualitative sense there are several differences between the response of maize and cotton. In 
co位on there are some notable spots missing. Firstly, in the 65 kD region where maize has a major 
polypeptide, presumably pyruvate decarboxylase, cotton has no polypeptide in this region. PDC is at 
the major branch point in glycolysis between aerobic and anaerobic metaboìism and could be 
important in the switch from aerobic to anaerobic metabolism. 

Alsoco前on is lacking a major polypeptide at 87 kD (sucrose synthase) whereas maize and soybean 
both have major spots in that region. However, cotton does have ANPs that have molecular weights 
corresponding to other key ANPs of maize 趴at do not seemωbe present in soybean. 

The response in cotton to microaerobic condition is similar to maize and soybean in terms of the 
switch in protein synthesis to only a few selected po!ypeptides. This switch is in contrastto the response 
reported by Dolferus et a1. (1985) for Arabidop悶，where a new s仕ess proteL'1. pattem was not apparent. 

Cotton possesses 也ree resolvable ADH gene products with one gene being induced preferentially 
over the other two. An anaerobically induced cDNA clone for Adh corresponding to the major 
anaerobically inducible r∞t isozyme was isolated from cotton. The coding region of 趴iscDNAgene
was linked to the 35S promoter of cauliflower mosaic virus which provides constitutive expression of 
the gene in both r∞ts and leaves. This gene together with a selectable marker was introduced 凶to

co位on callus using Agrobacterium tumφciens . Transformed calli were isolated and co討on plants 
regenerated from four different transformation events. These plants are express泊g various levels of 
introduced ADH in the leaf, in contrast to the control cotton plants that do not show any ADH activity 
in the leaf. The transgenic plants have flowered and seed is being collected for :malysis. Constructs in 
which the Adh cDNA is in the inverse orientation (which should decrease levels of AD刊 have been 
introduced into cotton plants and seeds are being collected from 11 independent transformation 
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events. Wenow havea series ofp1antsexpressingva可ing 1eve1s of ADH both a bove and be10w contro1 
1eve1s. We wi1l test transgenic s自dlings for their ability to survive anoxic conditions, the 1eve1 of 
ethano1 production and whether there is any corre1ation between 1eve1 of ADH and anaerobic 
to1erance. 

We have a1so introduced into cotton a gene for the other enzyme in ethanolic fermentation -
pyruvate decarboxy1ase (PDC) - which is a1so anaerobica11y inducib1e. PDC appears to be present in 
very 10w 1eve1s in cotton under anaerobic conditions so this gene may be even more critica1 for 
anaerobic to1erance. When the transgenic p1ants are availab1e they wi1l a1so be tested for anaerobic 
surviva1. It is possib1e that the 1eve1s of both ADH and PDC wi1l need to be raised to achieve enhanced 
anaerobic surviva1. Crosses can be made between p1ants containing the added sing1e genes to bring 
them together in the same p1ant. The techniques of mo1ecu1ar bio1。由1 will enab1e us to test directly the 
effect on anaerobic surviva1 of altering the ADH 1eve1, both up and down, in a comp1ete1y isogenic 
background. 

RELATIONSHIP OF ANOXIA TO OTHER STRESSES 

The Adh gene of Arabidapsis is induced by other stresses as we11 as 10w oxygen tension，出dica位ng
its centra1 ro1e in ce11 metabo1ism. In particu1ar, co1d stress and wilting show strong induction of both 
enzyme and RNA 1eve1s. 80th co1d stress and wilting have frequent1y been corre1ated with increased 
1eve1sof ABA in p1ants.Resu1ts indicatethatABAa1so inducesArabidaps臼 ADHactivity. 四1Ìs mu1tiplicity 
of inducers of Adh raises the question of the interre1ationship of induction pathways and whether a11 
stimuli work through the same promoter e1ements (the GC and GT motifs) or whether each stimu1us 
has a separatepromoter e1ementand separate signa1 transduction pathway. Recent1y itwas shown that 
maize p1antlets pretreated with ABA withstand anaerobic stress better than untreated p1ants, and that 
this increased to1erance was due to an increase in ADH activity (Wang and Van Toai 1991). 

We have found that both the GC and GT motifs in the Arabidapsis Adh promoter are critica1 for 
induction by co1d and wilting as we11 as by anaerobiosis but that each of these stimuli relies on separate 
important additiona1 prorr叫er e1ements 伽t work in conjunction with the GC and GT motifs. The 
availability inArabid叩sis of mutants inABA production and reception, and the ease of generatingother 
mutants, wi1l a110w us to dissect the various signa1 transduction pathways responsib1e for ADH 
induction and to unrave1 where these paths coincide and where they are separate. The question ofhow 
the p1ant senses that it is under anaerobic or co1d or wilting stress and signa1s a response at the gene 
1eve1 remains the most interesting question of the anaerobic response. 

SENSING OF THE OXYGEN TENSION 

We have recently detected hemog1obin in the nonnodu1ated roots of higher p1ants (Jacobsen, K., 
App1eby, c.A., Dennis, E.s., and Peacock, W.J., unpubl. data). We suggested that hemog1obin, in 
addition to its ro1e of transporting oxygen to the termina1 oxidases of symbiotic bacteria during 
ni仕ogen fixation, a1so p1ays a ro1e in the r∞ts ofhigher p1ants in acting as an oxygen sensor (App1eby 

‘ et a1. 1988). Deoxygenation of root oxyhemog1obin under oxygen-deficient conditions may act as a 
ce11u1ar message to initiate the anaerobic response. 

There are two examp1es, one in bacteria, theFixL hemoprotein invo1ved in nitrogen fixation (Gi1les
Gonza1es et a1. 1991), and one in anima1 ce11s where ery出ropoietin mRNA is induced in response to 
hypoxia (Go1dberg et a1. 1988), where a hemoprotein is invo1ved in the oxygen-sensing mechanism. 
The root hemog1obin, if it p1ays such a ro1e, cou1d assume a different conformation under different 
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oxygen concentra tions. This conforma tional change could activa te another molecule (e.g. a kinase) that 
could modi砂 a transcription factor and allow transcription of the anaerobic polypeptides to occur 
under anaerobic conditions. 

The s甘ong oxygen-binding properties of hemoglobin are compatible with such a role, since 
appreciable de。可genation would not 凹cur until very low oxygen tension is sensed, low enough to 
inhibit cytochrome oxidase activity, and make the switch to anaerobic metabolism necessary. 
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ABSTRACT 

In our recent work on waterlogging and salt tolerance 扭曲e Triticeae, we have concentrated on 
the use of genetic stocks in identifying genomes, chromosomes, chromosomal segments and genes 
involved in waterlogging and salt tolerance. The key point in the use of genetic stocks is that they 
can be used to dissect and analyze complex biological problems. Many of the physiologicall 
biochemicalmechanisms involved in stress tolerance are complex and difficult to analyze. Howeve耳
byadoptingageneticapproa晶晶ese complex processes can be dissected into individual components, 
thereby bringing greater precision to the location and eventual identification of genetic factors 
controlling abiotic s仕的s tolerance. 

INTRODUCTION 

Some gene位c approaches to understanding and improving stress tolerance in the Triticeae are 
described. The work exploits two main genetic tools: genetic stocks and genetic markers. The first of 
the間， genetic stocks, are used to locate genes for stress tolerance to specific chromosomes or 
chromosomal segments of tolerant species. Once the location is known, linked genetic loci can be 
developed as genetic markers to monitor the presence of these genes in alien introduction programs 
aimed at transfe叮ing stress tolerance genes into crop species from wild relatives. One advantage of 
these genetic approaches is that they do not require detailed knowledge of the complex physiological 
processes involved in stress tolerance. They are, however, dependent on a suitable tolerance/ 
susceptible tes t. The Triticeae tribe contains some of the world's most important crop species: bread 
wheat(Triticumaesh叫m)， macaroni wheat(Triticumdurum), barley (Hordeum vulgare)， Iγe(Seωleαreale) 
and the syntheticwheat/ rye hybrid triticale. Thesecrops are exposed to waterlogging and salt stresses 
凶 many parts of the world and breeding for tolerance is a major objective. Some wild relatives of these 
crop species show considerable tolerance to abiotic stresses and thus provide a rich gene resource for 
crop improvement. Genetic stocks involving tolerant wild species have been used in locating areas of 
the genome controlling tolerance to waterlogging and salt tolerance. 
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In hexaploid wheat the normal chromosome complement is 21 pairs (2n =的=鈕， AABBDD, see 
Fig. 1). Wheat is genetically buffered and is able to tolerate the loss or addition of chromosomes. The 
genetic buffer趴g is due to its polyploidy; the three genomes A, B and D (Fig. 1) are closely related so 
tha t genes present on one chromosome have rela ted genes on the other two equivalent (homoeologous) 
chromosomes, and it is this triplication of genes across the genomes which allows wheat to tolerate 
aneuploidy. A series of aneuploid genetic stocks exists for each chromosome. Chromosomes may be 
present in extra dosage as in tetrasomics，也ey may be absent as in monosomics or nullisomics, or 
present only as one of either telosome. The standard aneuploid stocks for one particular wheat 
chromosome,chromosome 1A, are illustrated inFig. 2. These stocks are available for each chromosome 
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Fig. 1. The chromosomes of bread wheat classed into homoeologous groups. 
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趴 turn (with a few exceptions; Sears 1954). Wheat can also tolerate theaddition ofentire genomes, thus 
amphiploids can be made by hybridization with related species, e.g. the octoploid hybrid with rye x 
Triticosecale (2n = 8x =筒， AABBDDRR) . From such hybrids other aneuploid stocks can be develo伊d，

趴cluding alien chromosome addition lines, substitution lines，社anslocation lines and recombinant 
lines. Wheat/alien chromosome genetic lines involv凶g an alien chromosome, 1X and a wheat 
homoeologue 1A, are illustrated in Fig. 3. Such genetic lines can be in principle developed for each 
chromosome of the seven homoeologous groups of Tri位ceae species (see Shepherd and Islam 1988 for 
examples). 
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Fig.3. Genetic stocks of wheat involving an alien chromosome (1X). 

Genetic stocks in wheat have been used to study the effects of genomes, chromosomes and 
chromosomal segments on waterlogging and salt tolerance in the Triticeae. 

WATERLOGGING TOLERANCE 

Wild Species 

Genetic variation for stress tolerance is often limited within a partic叫ar crop species, however 
greater variation may exist among its wild relatives. Wild relatives of wheat were chosen which were 
reputed to be tolerant to waterlogging (Table 1). The most notable are Elyt吋gia repens, in which the 
rhiwmes are extremely tolerant to hypoxia (Wemer and Rioux 1977; Braendle and Crawford 198η， 
Thinopyrumelongatum, a marsh grass which is also highly salt tolerant (Dewey 1960) and Triticum macha 
which has been reported as being more flood tolerant than other hexaploid or tetraploid wheats 
(Davies and Hillman 1988). 

Two tests were carried out. The first involved measuring aerial growth after waterlogging pot
grown plants for 5 months in the glasshouse at 18-24 oc. Plants growing in a soil-based compost Gohn 
Innes 2) were submerged so that thewater level was 1 cm above the soil. Oliveoil (0 .5 cm) was placed 
on the surface as an oxygen barrier. Shoot dry weight was measured after 5 months and comparisons 
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Table 1. Alien species tested for waterlogging tolerance. 
5pecies Genome P10idy 
Aegilops sharonensis 5151 Diploid 
Aegilops squarrosa DD Diploid 
Aegilops un Ítlristata NN Diploid 
Aegilops ventricosa MvMvDD Tetraploid 
ElytrigÍtl repens SISI5252XX Hexaploid 
Hordeum vu1gare HH Diploid 
Secale cereale RR Diploid 
Thinopyrum elongatum EE r:且lploid

rriticum aestivum AABBDD Hexaploid 
rriticum macha AABBDD Hexaploid 

made with control plants grown in pots with free drainage. The second experiment involved 
meas山ing the depth of root penetration in waterlogged soil. Here seedlings were grown in boxes 
containing wa terlogged soil; 也E叩il was covered with 1 cm offreewater. One side ofthe boxwas made 
of perspex and the box tilted so that roots were forced to grow down the perspex window. The sides 
of the boxes were covered with black polythene bags which were removed when observing roots. The 
depth of r∞t penetration was measured every week until no additional growth had occurred for 3 
consecutive weeks; for further deta i!s see Taeb (1992). 

Waterlogging significantly reduced shoot d可 matter production in all the species studied. As a 
percentage of the controls the best performing species in waterlogged conditions were E. r，叩ens and 
Thinopyrum elongatum. There was a positive correlation between r∞td可weight and root pene甘ation
in waterlogged soils (f- = 0.84,**) and E. repens and T. elongatum were also found to be the best in terms 
ofrootpene廿ation in waterlogged soil. The r∞ts of these species could penetrate to the bottom of the 
waterlogged boxes (25 cm) whereas the roots of the other species were confined to the top 10 cm. 

Amphiploids 

Experiments on root growth during waterlogging were also carried out on various amphiploids 
between the hexaploid wheat cv. Chinese 5pring (C5) and the following species: Aegilops mutica, A. 
umbellulata, Secalecereale, S. montanum, Thinopyrumelongatum, T. intermediumand T. scÍl如um (see Maan 
and Gordon 1988 for origins) . The C5/T. elongatum, C5/T. scirpeum and C51 S. montanum produced the 
longest and most extensive root growth in waterlogged soils which was significantly better than that 
of the common wheat parent, C5 (Taeb 1992). This was an important 跆lding as it demonstrated that 
genes in the wild species that code for waterlogging tolerance are expressed 趴 a wheat genetic 
background. Thesespecies thereforehavepotential to supplypotent genes for improvingwaterlogging 
tolerance of whea t. Further work focused on T. elongatum which had given the best results . 5creening 
chromosome addition lines of T. elongatum into wheat was seen as a way to identify chromosomes of 
T. elonga仙m (E genome) which carry useful genes for waterlogging tolerance. 

Chromosome Addition Lines 

All the available whea tl T. elongatum disomic chromosome addi tion lines (Dvorak and Knott 1974; 
Hart and Tuleen 1983) were tested for waterlogging tolerance using the r∞t penetration tes t. Most of 
these did not perform any better than the euploid wheat control Chinese 5pring. However, the 
additions of chromosomes 2E and 4E of T. elongatum both significantly increased the root penetration 
compared to euploid C5 wheat, but the performance of these two lines was not as great as 出at of the 
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C5/T. elonga切m amphiploid that carried the complete E genome (Taeb 1992). The rank order of 
tolerancewas C5/T. elongatum > 2E addition > 4E addition > C5. This result suggested that root growth 
in waterlogged soils is controlled by more than one gene on more than one chromosome. 

The genes on chromosome 2E and 4E for waterlogging tolerance were fur仕ler loca ted to chromosome 
arms using wheat/T. elongatum ditelosomic addition lines. Wheat plants carrying additions of 
chromosomes 2EL (也e long arm of chromosome 2E), 2E5 (恥 short arm) and 4Ea (undesignated arm 
of 4E) were tested along with the complete 2E and 4E chromosome addition lines. These wheat/ alien 
genetic stocks were also compared to wheat tetrasomic lines 2A, 2B, 2D, 4B and 4D (te甘a-4A wasnot 
available); 出is was done in order to distinguish the effects of chromosome dosage from those of the 
alien chromosomes per se. The 2EL chromo的me addi tion was found to have a similar root penetration 
in waterlogged soils as the complete 2E addition. The response of the short arm addition line 2E5, 
however, was poor, itsroots growing less well than thewheatcontrol (C5) . Te仕asomics 2A, 2B and 2D 
did not show any significant variation in root penetration compared to euploid C5 (Taeb 1992). 
However, tetrasomics 4B and 4D both performed better than C5 and this was significant in the case of 
te廿a-4D. This improved performance of adding chromosome 2E into wheatcan therefore beattributed 
to the alien genes present on the long arm. The positive effect of adding chromosome 4E into wheat 
may, however, be the result of increased gene dosage since a similar effect is produced by the addition 
of other group 4 chromosomes. 

The above series of experiments demonstrate how genetic stocks can be used in a systematic 
manner in locating genes for waterlogging tolerance in the genome of a wild relative of whea t. The 
initial step was to identify a wild related species possessing the trait. Testing amphiploids between 
wheat and waterlogging-tolerant species is important in determining whether or not alien genes 
co的olling the trait are expressed in a wheat genetic background. Amphiploids also provide a star出g

point for the production of wheat/alien chromosome addition lines which can be used to identify 
chromosomes carrying the critical genes. Chromosome addition lines are also important in quanti句ring
the contribu tion made by genes on thevarious chromosomes. In this study the long arm of chromosome 
2E from the wild species T. elongatum was identified as carrying useful genes forwa terlogging tolerance. 
This chromosome arm can now be exploited in transferring genes for waterlogging tolerance into 
whea t. 

SALTTOLERANCE 

Wheat 

The work on salt tolerance follows the same systematic approach as that described above for 
waterlogging tolerance, buthere出eworkhasbeen extended to include single chromosome recombinant 
lineswhichhavehelpedidenti句rnotonly chromosomes, but specific genes involved in tolerance to sal t. 
This work has been recently reviewed (Forster 1992) and only a short account of the background work 
will be given. 

The wild species Thinopyrum bessarabicum was selected as a possible donor for the transfer of salt 
tolerance genes into whea t. This is a diploid species (2n = 2x = 14, EbP) which is highly salt tolerant; 
it is a literal species of sand dunes of the Black Sea, Ukraine. An amphiploid was developed with C5 
wheat (2n = 8x = 56, AABBDDPEb; Forster et a1. 1987) which exhibited a high level of salttolerancewith 
respect to survival and plant yield in both hydroponic and field experiments. Thus it was established 
that the alien genes conferring salt tolerance were expressed in a wheat genetic background. Disomic 
chromosome addition lines were developed from the amphiploid and tested for their tolerance to salt. 
The lines were grown in a hydroponic system containing up to 200 mol/m3 NaCl; fresh weight gain 
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was measured against time and comparisons made with the performance of relevant tetrasomic 1趴凹，
the wheat parent (C5) and the salt-tolerant C5IT. bessarabicum amphiploid. Most of the alien addition 
lines performed in a similar manner to C5, however, two lines gave different responses. The addition 
of chromosome 5Eb resulted in increased susceptibili妙， whereas the addition of the Eh chromosome 
from the wild species markedly increased the tolerance of whea t. The rank order of tolerance was: 
amphiploid > C5 > 2Eb addition > te甘a-2A = te仕a-20> tetra-2B at 150 mol/m3 NaCl and; amphiploid 
> 5Eb addition > C5 = te仕a-5A > te廿a-50 = tetra-5B at 2∞ mol/m3 NaCl (Forster et al. 1988a). These 
results were similar to those of the wa terlogging experimen ts in tha t no one chromosome could accoun t 
for the full extentof tolerance (waterlogging or salt) exhibited bythe respective amphiploids where the 
complete alien genome was present. It is therefore concluded that salt and waterlogging tolerances are 
both controlled by genes on more than one chromosome. The effects of genes on group 2 and group 
5 chromosomes were, however, studied further. 

Group 2 and group 5 chromosomes carry important genes controlling flowering time in the 
Tritic臼e. Photoperiodic (Ppd) and vemalization (Vrn) sensitive genes are located on group 2 (Scarth 
and Law 1983) and group 5 (Law et a1. 1975) chromosomes respectively. The effect of group 2 and group 
5 chromosome additions on salt tolerance was of interest as it tied-in with previous experiments 
showing a link between flowering time and plant susceptibility to salt. In these previous experiments 
a correla tion was found between the time of dea th of whea t plants growing in high salt concentra tions 
and their flower趴g time when grown in control conditions (Forster et al. 198η . Further experiments 
using intervarietal chromosome substitution lines for chromosomes 5A and 50, which carry the genes 
Vrnl and Vrn3 respectively, showed that early flowering lines died sooner than late flower凶g
genotypes (Forster et al. 1988b). 5ubsequent work therefore focused on the effect ofvemalization genes 
and also photoperiodic genes that are the main genetic determinants of flowering time in the Triticeae. 

5inglechromosomerecombinantlines (SCRL) for Vrn 1 Ivrn 1 (5napeetaI. 1976), Vrn31vrn3 (developed 
by E.R. Sears, University of Missouri, U5A, see also Law et al. 1975) and P附加pd2 (5carth and Law 
1983) were used to assess the effects of altemate alleles of these genes on salt tolerance. The genes Vrnl , 
Vrn3 and Ppd2 are located on wheat chromosomes 5A, 50 and 2B respectively. The 5CRL were grown 
in a hydroponic system with either 0 or 175 mol/m3 added NaCl, C5 and a salt-tolerant amphiploid 
(C5IT. elongatum) were used as controls. Vemalization treatments and daylength were also varied to 
study the effects of satisfying flowering time requirements of genotypes ca叮ying recessive alleles 
(vrnl , vrn3, and ppd2). Sodium (Na) concentration was measured in aerial pa此s of the plants by flame 
photometry (see Taeb et al. 1992 for details). This parameter has previously been associated with salt 
tolerance in rice (Flowers and Yeo 1981), barley (Greenway 1962) and wheat (Torres Bemal et al. 1974). 
The two major findings of these experiments were firstly, that genotypes carrying the dominant allel的
(either Vrnl , Vrn3 or Ppd2) that confer early flowering accumulated significantly less sodium than 
respective SCRLs car可ing the recessive alleles (vrnl , vrn3 orppd2). 5econdly, sodium accumulation in 
lines ca叮ying recessive alleles could be reduced to levels approaching that of 5CRL carrying the 
dominant alleles if either vernalization (in the case of vrnl and vrn3) or long day (in the case of ppd2) 
treatments were applied (Taeb 1992). Thus early flowering either genetically or environmentally 
controlled is a contributing factorto salt tolerance in wheatand possiblyother membersof趴eTriticeae. 

Barley 

Barley is the most salt-tolerant of the small-grain cereal crops. Genes affecting tolerance to salt have 
been assigned to specific barleychromosomes in a similar manner to thatdescribed for T. bessarabicum. 
Twowheat/barleychromosomeaddition lines, C51 H. vulgare and C51 H. chilense(see Maanand Gordon 
1988) were su句ected to salt stress (175 and 2∞ mol/m3 NaCl) and performance compared with that 
in control (0 mol/m3 NaCl) conditions (Forster et al. 1990). Plant vigor was found to be an important 
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component of salt tolerance; vigorous lines yielded well in both control and saline conditions. 
Chromosomes 6H and 九f of H. vulgare and the homoeologous 6Hch and 7Hch of H. chilense were found 
to have positive effects on vigor. When the vigor component was removed chromosomes with direct 
effects on salt tolerance were found, including 4H and 5H of H. vulgare and 1H<h，吐fch and 5Hch of H. 
chilense. In all cases CS / H. chilense addition lines performed better than respective CS / H. vulgare lines, 
indica位ng出atthewild species carriesmorepotentgenes for salttolerancethan the cultivar Betzes used 
to develop the wheat/ H. vulgare addition lines (Islam et al. 1975). Fertile hybrids between these two 
barley species have not yet been obtained and therefore it is unlikely that the salt tolerance of the crop 
species can be improved by gene introgression from H. chilense. Another wild barley, H. spontaneum, 
is a better choice as a donor species for salt tolerance genes. Hordeum spontaneum shares a common 
genome, H, with H. vulgare, there is no barrier ωhybridization or meiotic recombination and H. 
spontanωm also exhibits extensive genetic diversity. Salt-tolerant pop叫ations of H. spontaneum have 
been collected from saline sites in Israel (by Prof. E. Nevo, University ofHai臼) and these are being used 
in gene transfer programs aimed at improving the salt tolerance of barley. It is anticipated that genes 
on chromosomes 吐f， 5H， 6Hand πf will be targeted. 

GENETIC MARKERS 
Genetic stocks can be successfully exploited to locate genes or chromosomal segments involved in 

the control of stress tolerance. The rate-limiting factor is the time taken to perform adequate tests for 
tolerance. The tests described above involve long growing periods in various stress treatments after 
which measurements are taken to determine the degree of tolerance. It is, however, possible to 
circumvent these time-consuming tests by the use of genetic markers. Genetic markers can be classified 
into four types: m。中hological， cytological, biochemical and molecular, the key point being that they 
show linkage with the character of interest. As yet there are only a few examples of genetic markers 
being used in abiotic stress work in the Triticeae. Two examples in cereals are: 

1. ß-amylase 

In barley the 戶-amylase gene, Bmyl is tightly linked to 趴e vemalization gene, Vrnl on the long arm 
of chromosome 4H (Hackett et al. 1992) which has been associated wi趴 salt tolerance. Thus allelic 
constitution at the Vrnl10cus can be inferred from 血at at the Bmyl1ocus. As the enzyme ß-amylase is 
abundant in the endosperm of mature barley seed this tissuecan be sampled to predict the allelepresent 
at Vrnl. This linkage is being exploited in screening wild pop叫ations of barley, Hordeum spontaneum, 
for salt and other abiotic stress tolerance (Chalmers et al. 1992). Variation for this part of the genome 
can also be detected by RFLP analysis using趴e ß-amylase cDN A sequence as a probe on Sou出emblots
(Ch叫ecki et al. 1989). 

2. In Situ Hybridization 

The in situ hybridi目tion technique normally relies on cloned probes of repetitive or single copy 
DNA sequences, which are labelled to detect homologous sequences present in chromosome spreads 
(Lapitanetal. 1986).Analtemativeapproachwhichisfindingparticularapplicationinalienintroduction 
work is the use of genomic DNA as a probe to discriminate between chromosome segments ofTriticeae 
species (Anamthawat仰lsson et al. 1990). This technique is currently being used ωid凹的 alien

chromosome segments caπying genes for stress tolerance. The 5Eb chromosome of T. bessarabicum can 
be detected in a wheat chromosome background (Schwarzacher et al. 1992). An advantage of 出is

technique is that it provides a means of quanti句ring the amount of DNA that is transferred in alien 
introduction programs, and 也at it does not require cloning for probe production. 
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Linkage between genetic mar kers and genes of in terest is normally identified following cosegrega tion 
analysis. Although this is not a new concept, the approach has been gr臼tly facilitated by the 
development of DNA markers, particularly those involving the polymerase chain reaction (PCR) 
which can quickly generate large numbers of randomly amplified polym。中hic DNA (RAPD). RAPDs 
have been used in conjunction with bulked segregant analysis to great effect in the development of 
markers for quanti切tive 仕aits in lettuce and tomato (Michelmore et al. 1991). Quantitative traits such 
as saltand waterlogging tolerances are characterized by con世nuousvariationinsegregatingpopula世ons.
Where heritability is high individuals found in the two tails of the frequency distribution for the trait 
will ca叮y alleles associated with either "Iow" or "high" values. In addition, the two groups will differ 
allelically for marker loci linked to the quantitative trait. The s甘ategy of bulked segregant analysis is 
to pool individuals in each tail and to screen these bulks for polym。中hisms . In this way RAPD markers 
linked ωa quantitative trait for milling ener白r have been quickly identified in barley (powell et al. 
1991). Once markers linked to quantitative trait loci (QTL) have been identified they can be used to 
select individuals for bulking, thus enriching bulks for individual genomic regions contributing to the 
仕ai t. Another advantageof thisapproach is thata chromosomal segment between linked loci involving 
a QTL can be more clearlydefined (Barua et al. 1993). As yet this strategy has not been applied to abiotic 
stress tolerance, although it is ideally suited to it since these characters are seldom simply inherited and 
rather behave as continuously variable quantitative characters. 

CONCLUSIONS 

Genetic stocks are powerful tools in ident丘ying chromosomes, chromosomal segments and genes 
involved in stress tolerance. Our work on waterlogging and salinity has demonstrated that tolerance 
to these stresses is controlled by more than one genetic factor. This has also been found for other abiotic 
stresses in the Triticeae; aluminum, boron, copper and manganese toxicity, low temperature, high 
carbon dioxide and high irradiance (see Forster 1992). The polygenic nature of these 仕aits requires 
special analytical treatment in dissecting out the individual components involved. Once this is done 
the effect these components have on physiological and biochemical processes can be studied, thus 
providing a way to improve our knowledge of the complex mechanisms involved in s仕ess tolerances. 
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ABSTRACT 

Ethylene plays an important role in alleviating high temperature, salinity and water stress 
during germination and seedling establishment in a large number of crops. Ethylene production 
加proved rice cultivarsllines under saline and high temperature stress, even though growth was 
reduced. The same was 加e for wheat and barley seedlings exposed to salt s甘ess. A highly 
significant correlation between seedling elongation and the ethylene-producing capacity was 
found in seedlings of rice cultivars wi也 wide-ranging elongating ability during complete 
submergence in water. Aging of seeds greatly decreased the seedling growth which was directly 
correlaied wHh the decreased ACC oxidase activity. A detailed study was conducted on the effect 
of stressful factors on ethylene biosynthesis during germination of lettuce seeds. The conversion 
of 1咽n函。cydopropane-l-carboxylic acid (ACC) to ethylene was inhibited by osmotic restraint, 
high temperature and salinity,and the addition ofkinetinsynergisticallyimproved the germination 
and ACC u t.iliL;ation. The relief of thenno岫ibition by kinetin was attributed to the high level of 
ACC produced. Preplant physiological seed conditioning with a moist solid carrier (MicrψCel E) 
increased the ACC and malonyl-ACC (MACC) level and e抽anced 趴e ACC oxidase activity. The 
relief oÍ thennoinhibition by preplant conditioning appears to illvolve a buildup of ACC and the 
ability of í:he conditioned seeds to rapidly utilize ACC for ethylene production. 

INTRODUCTION 

Ethylene plays an important role in seed germination and stand establishment under stressful 
conditions. A number of early reports found ethylene promoted seed germination in a wide range of 
plant species (see Ketring 197η. Ethylene or the ethylene-releasing compound ethephon [Ethrel, 2-
chloroethyl (phosphonic acid)) has been found to reduce the adverse effects of salinity, osmotic 
res train t, and high tempera ture on germina tion oflettuce (Lactuω sativa)， celery (Apium graveolens), and 
other seeds (Sharples 1973; Tao et al. 1974; Braun and Khan 1976; Dunlap and Morgan 1977; Negm and 
Smith 1978; Abeles 1986). A combination of ethylene with cytokinins resulted in a synergistic 
promotion of germination in seeds subjected to supraoptimal tempera如res， osmotic restraint and 
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salinity s仕ess (Sharples 1973; Braun and即lan 1976; Dunlap and Morgan 1977; Negm and Smith 1978; 
Abeles 1986). That cytokinins may mediate their effects via enhanced ethylene production was 
reported in peanut seeds in which the relief of dormancy was accompanied by enhanced ethylene 
production (Ketring and Morgan 1971). 

Wi曲曲ediscovery出atethylene is synthesized in plants from methioninevia S-adenosylmethionine 
(SAM) and 1-aminocyclopropane-1-carboxylic acid (ACC) (Adams and Yang 1979), there has been a 
resurgence of interest in relating ethylene biosynthesis to physiological functions in plants. The 
conversion ofSAM to ACC is catalyzed in the cytosol by ACC-synthase, the rate-limit凶genzymefor
ethylene biosynthesis (Satoh and Yang 1989) and that of ACC to ethylene by the ethylene-forming 
enzyme(E間) or ACC oxidase (Adams and Yang 1979). The conjugation of ACC to N-malonyl-ACC 
(MACC) is accomplished by malonyl ACC-transferase (Hoffman et a1. 1982). Although MACC is not 
reported to be readily metabolized 趴 most tissues including seeds, some tissues do have the a bility to 
convert MACC to ACC via MACC-acylase Gio et a1. 1986). As the formation of MACC has a bearing 
on the amount of ACC available for ethylene production, the degree to which ACC is converted to 
MACC may have a physiological relevance in ethylene controlled processes. 

We examinehere the relationship of ethylene production to germination and seedling establishment 
under stressful conditions, the influence of ethylene synthesis inhibitors and other chemicals on 
ethylene biosynthesis and the role of ACC and its metabolites in stress alleviation during germination. 

RELATIONSHIP OF ETHYLENE PRODUCTION TO STRESS ALLEVIATION 

Salt Tolerance 

Salinity in croplands plays an importantpart in i吋libiting germination and reducing stand size and 
yield. Under nonstressful conditions germination does not appeår to be influenced by inhibition of 
ethylene biosynthesis (Hoffman et a1. 1983; Kepczynski and Karssen 1985; Khan et a1. 1987 a;即lanand
Huang 1988), buta req凶rement or sensitivity to ethylene is acquired under s仕ess (即lan 1990). Studies 
were conducted to determine if ethylene production was related to germination and seedling growth 
趴 rice under saline condition. Little ethylene was detected in the presence or absence of 0.1 M NaCl 
during soaking of rice seeds for 6 days (Khan et a1. 1987a). In the presence of 2 mM ACC (a satura出g
dose), ethylene production occurred on the third day of soaking, reached a maximum by day 4-5, and 
then declined. Although growth was reduced under saline (0.1 M NaCl) condition, the ACC-derived 
ethylene production paralleled seedling shoot growth. Large differences in ACC-derived ethylene
producing capacity were observed in rice cultivars (38 cultivars were tested) and the capacity to 
produce ACC-derived ethylene was found to be a cultivar trait and correlated well (r = 0.91) with salt 
tolerance at the seedling stage (6-day-old). The correlation was higher under saline than under 
nonsaline (r = 0.58) condition, indicating that the growth process was more sensitive or had a greater 
need for ethylene under saline condition. Traditional rice cultivars, such as Nona Bokra, Pokkali and 
間larai Ganja produced larger amounts of ethylene and performed better under saline condition than 
the elite cultivars, such as IR 詣， IR 64, IR 28 and IR 蝠， developed by the Intemational Rice Research 
Institute. As 趴 the case of rice, ethylene production in wheat and barley in the absence of ACC was 
extremely low. Also, like rice, a higher correlation between sh∞t growth and ACC-derived ethylene 
production was found under saline than under nonsaline condition (Khan 1990). 

Compared to cereals, lettuce seeds produced detectable amounts of ethylene at the time of 
germination (Khan andHuang 1988). A requirement or sensitivityoflettuce seed to ethylene increased 
as the salt and osmotic stress increased. Germination was not affected by aminoethoxyvinylglycine 
(A VG), an inhibitor of SAM to ACC conversion step in seeds soaked in water or in low concentration 
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solutions ofNaCl orpolyethylene glycol-8000 (pEG). It was inhibited to a greater exten七 relative to the 
absence of AVG，的 the concentration ofNaCl rose to 0.15 M or ofPEG to -0.6 MPa 個lan 1990). As in 
the case of cereals, the ability of seeds to germinate and develop into seedlings under stress correlated 
well with the amount of ethylene produced. Seeds of severallettuce cultivars were germinated in 0.1 
M Na Cl and the eth ylene prod uced by the seeds correla ted well (r = 0.95) wi th their a bili ty to germina te 
(prusinski and 阻lan 1990). Cultivars like Empero巳 Ithaca and Fanfare with greater ethylene
producing a bility performed better than Game七 Montello， Super 59 and Mesa 659, with relatively low 
ethylene-producingcapacity.Thesedataindicatethatsaltstressmaybringaboutosmoticallyregulated 
cellular changes that induce a requirement or sensitivity of seeds and seedlings to ethylene and that 
the capacity to produce ethylene is genetically determined. 

Water S仕ess

The ability of various lettuce cultivars to produce ethylene and to germinate 仗 -0.3 此1Pa PEG 
solution was studied. Ethyleneproduction correlated well (r=O屆)with theabilityofseeds to germinate 
in low water potential PEG solution (Prusinski and Khan 1990). Cultivars such as Emperor, Ithaca, 
Fanfare, with relatively high ethylene-producing capacity, outperformed Gamet, Montello, Super 間，
and Mesa 659, the low ethylene producers. Because lettuce cultivars responded to the PEG and salt
induced stress in a similar manner the changes induced by these stresses may also be similar. 

High Temperature Tolerance 

A reduction in ethylene-producing capacity was correlated with germination at high temperature 
in rice and lettuce seeds. The increase in temperature from an optimal value of 3Q-350 C led to a decrease 
in seedling growth and the ACC (2 mM)-derived ethylene production in IR 28 rice (Khan and Seshu 
1987; 即lan 1990). In spite of growth reduction, ethylene production rate was better correlated with 
seedling growth rate at 350 C than at 25 or 300C. Further, ACC-derived ethylene produced at 350 C was 
correlated (r = 0.89) with seedling grow趴 in a population of 25 rice cultivars/lines. 

Intact lettuce seeds produced little ethylene, but when the seed coats were slit longitudinally at the 
cotyledona可 end， ethylene production by the seed increased (see below) . Ethylene produced by the 
slit seeds correlated well with germination, both at 32 (r = 0.8) and 350 C (r = 0.8) (Prusinski and 阻lan
1990). Slitting appeared to influence ethylene production and performance of seeds of some cultivars 
more than of others at high temperature. In Mesa 659 and Super 凹， slitting greatly enhanced the 
ethylene production and germination, in Emperor, Fanfare, Empress and Montello the e由ancement
was moderate, and in Gamet, Grand Rapids and Ithaca it had little effect. Thus, genotypic variability 
in embrγo coverings might influence ethylene production and performance of seeds under stress. 

Seed Coat Restraint 

The effects of reduction in seed coat restraint (as a result of slitting) was studied in relation to 
ethylene production, germination potential and seedling emergence in lettuce seeds under a variety 
of stressful conditions. There was an increase in ethylene production by Mesa 6591ettuce seeds as a 
result of slitting the seed coats (composed of perica中， tes切 and endosperm) under both stressful (0 .1 
M NaCl, -0.3 MPa PEG solution, 350 C) and nonstressful (250 C) conditions (prusinski and Khan 1990) 
(Fig. 1). Ethylene production alωincreased greatly after slitting the seeds, previously permeated for 
2 hours with 10 mM ACC, and the level of ethylene produced was lower under stressful than under 
nonstressful conditions. Aside from reducing the seed coat restraint which enabled the slit seeds to 
germina te at lower wa ter poten tial, the greater conversion of ACC to ethylene in slit than in intact seeds 
improved the embryo growth potentia l. These factors, toge出er， appeared to contribute to improved 
performance of slit seeds at supraoptimal temperatures (Prusinski and 間lan 1990). 
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Fig.1. Ethylene production under stressful (0.1 M NaCI, -0.3 MPa PEG solution, 350 C) and 
nonstressful (250 C) conditions in intact and slit Mesa 659lettuce seeds without (A) or with 
(8) a prior treatment with ACC. Seeds were soaked for 2 hours in water or 10 mM ACC at 
250 C, dried, and a portion of the seeds sliti intact and slit seeds were soaked for 10 hours in 
salt solution at 250 C, PEG solution at 250 C and in water at 25 and 350 C. Seeds were wipe
dried, transferred to glass tubes, incubated at 250 C for 1 hour 位1d ethylene production 
determined by gas chromatography (from Prusinski and 阻1an 1990). 

The effect of ACC on the performance of intact and slit seeds was determined in a peat-lite mix, 
exposed to 350 C, 12-hourday /250 C nighttemperature regime. Intactseeds, with orwithoutpermeated 
ACC, failed to emerge. Slit seeds, without and with permeated ACC, germinated 18 and 80%, 
respective1y (即lan 1990). The performance of slit seeds treated with ACC or ethephon was similar, 
indicating 血at the embryo coverings in the intact seeds may create a hypoxic environment inhibiting 
oxygen-dependent EFE activity cata1yzing the conversion of ACC into ethy1ene. It is well known that 
EFE or ACC-oxidase, which converts ACC to ethy1ene, is an oxygen-requiring enzyme (Yang and 
Hoffman 1984). In the absence of seed coat restraint, ACC-derived ethy1ene or ethephon appeared to 
generate sufficient growth potentia1 needed for emergence at the high temperature regime. 

Seed Vigor 

Seed vigor appears to be intimate1y re1ated to ethy1ene-producing ability and s仕ess alleviation. A 
1arge variability in seed vigor or growth potentia1 was noted in 1ettuce cultivars as determined by 
germination計划。C in PEG sol u tion of varying wa ter potentia1 (Prusinski and的an1990). Germination 
potentia1 in 1etluce cultivars followed the order Emperor (0.57MPa) > Ithaca (0 .52 MPa) > Fanfare (0 .41 
MPa) > Grand Rapids (0.38 MPa) > Empress (0 .37 MPa) > Mesa 659 (0.22 MPa) > Super 59 (0 .1 4 弘11'a)

> Montello (0 MPa, on1y few seeds germinated) > Garnet (0 MPa, no germination). There was a 
similari ty in the a bili ty of the seeds ( of different cultivars) to genera te grow出potentia1 and their ability 
to produce ethy1ene and to alleviate salinity (0 .1 M NaC1) and osmotic (-0.3 MPa PEG solution) stress. 
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The inabílity of poor quality or low vigor seeds to perform well, particularly under stressful 
conditions, is related to reduced ethyleneproduction by these seeds (Takayanagi and Harrington 1971; 
Samimy and Taylor 1983). Because of the low level of ethylene produced, particularly as the vigor 
decreases, it has been difficult to use endogenous ethylene production to score for low vigor classes. 
TheuseofACC-derivedethylene(whichmeasuresEFEactivity),whichgreatlyenhancesthesensitivity 
of the assay, has proved valuable in scoring a wide range of vigor classes in rice, wheat, barley, lettuce, 
tomato, peppe巳 snap bean and other seeds (閱lan and Seshu 1987; Jilani et al. 1989). 

Elonga組on in Deepwater Rice 

In aquatic and semiaquatic plants, like rice and ferns, submergence stress promotes stem, petiole 
or leaf sheath elongation (Jackson 1985; Khan et al. 1987b) . A detailed study was conducted on the 
mechanism con廿011凶g submergence tolerance and elongation in young rice seedlings (3-week-old), 
with as yet undeveloped internod的.The elonga ting a bili ty a ppea red to reside in出etop two leafblades 
and their sheaths. A cumulative elongation of the youngest leafblade plus sheath and由e penultimate 
leaf blade plus sheath, termed the elongation index (E. I.), was used to score the elongating ability of 
rice genotypes to submergence. Elongation was influenced by such factors as depth of submergence, 
duration of submergence, the extent of submergence and the genotypic characteristic (Khan et al. 
1987b). Ethyleneproduced upon theremovalofplants from water fo11owed theorder: floating rice (e.g. 
TCA 177,FRRS43-3) > deepwater rice (e.g.Janaki, Desaria) >elongating moderncultivar(e.g.IR 11288-
B-B-69-1 , IR 11141-6-1-4-1) > nonelongating modern cultivar (e.g. IR 妞， IR 36). The E. 1. correlated we11 
(r = 0.88) with the ethylene-producing capacity in a population of 14 rice cultivars/lines. 

Studies were undertaken on the mod ula tion of elonga tion response by hormones. The enhancement 
in ethylene-producing capacity in rice seedlings fo11owing total submergence was almost completely 
suppressed byO.05 mMA VG, indicating thatethyleneproduction was dependent onACC synthesized 
during submergence. Unlike ethylene production, elongation response in deepwater rice during 
submergence was only partia11y inhibited by A VG and reversed to some extent by ACC. Our studies 
indica te tha t an in te中lay of ethylene，可tokinin， gibberellin (GA) and abscisic acid may control the 
elongation response during submergence (Khan et al. 1988). Ethylene action may be related to s仕ess

a11eviation during submergence while GA might function on 也e elongation process itself. 

ETHYLENE BIOSYNTHESIS IN THE RELIEF OF STRESS 

Enhanced ACC Utilization by Cytokinin in S仕ess Relief 

Participation of ethylene biosynthesis in the a11eviation of sal七 high temperature and water s仕ess

has been studied recently in lettuce, sunflower and chickpea seeds (Corbineau et al. 1988; 即lan and 
Huang 1988; Khan and Prusinski 1989; Ga11ard et al. 1991). Corbineau et al. (1988) showed that ACC 
to ethylene conversion was inhibited in sunflower seeds treated 泌的。C. In studies with lettuce seeds 
the conversion of applied ACC to ethylene and germination was i抽ibited not only a t high tempera ture 
but by other stresses as well (Khan and Huang 1988; Khan and Prusinski 1989; Khan 1990; Prusinski 
and Khan 1990). Application of cytokinin synergistically promoted the conversion of ACC to ethylene 
(Fig. 2) and germination in Mesa 6591ettuce se吋s exposed to salt (0 .1 M NaCl) and high temperatures 
(32 and 350 C). The cytokinin promoted germination and e血ylene production a t 350 C and under saline 
condition were inhibited by A VG indicating a participation of ACC s戶lthase in the stress a11eviation. 
However, as the cytokinin improved germination and ethylene production under stressful conditions 
in the presence of excess ACC, and the effect was insensitive to A VG but was inhibited by C02+, it 
appeared that enhanced utilization of ACC may play a role in the synergistic or the additive effect of 
cytokinin plus ACC. 
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Fig. 2. Effect of soaking Mesa 6591ettuce seeds in water, 0.05 mM k扭e血，10mMACCandk姐etin

+ACC at 呵， 32 and 250 C on ethylene production rates (from 阻1an and Prusinski 1989). 

Kinetin plus ACC alleviation ofhigh temperature s悅ss was found to be somewhat different from 
its alleviation of osmotic restraint or salinity s仕ess. At high temperat叮的 (32 and 350 C), kinetin was 
equally as or more active than ethephon and interacted with ACC orethephon in the allevia位onofhigh
temperature and osmotic stress (-0 .2 MPa at 350 C and -0 .4 to -0.6 MPa PEG solution at 320C) on 
germination. However, at 250 C, kinetin was less effective than e出ephon but still interacted with ACC 
in alleviating theosmotic restraint (-0.6 MPa PEG solution) (即1an and Prusinski 1989). Kinetin was also 
less effective than ethylene in alleviating salinity stress at 250 C (Khan and Huang 1988). These data 
indicate that the synergistic effect of kinetin plus ACC at high temperatures, regardless of osmotic or 
salinity stress, might involve both enhanced ACC utilization and an interaction of ACC-derived 
ethylene with kinetin. Alleviation of osmotic restraint and salinity at 250 C by kinetin plus ACC might 
be achieved by enhanced utilization of ACC, the ethylene produced ac也可 independently of kinetin. 

The additive effect of kinetin plus ACC at high temperat盯es was abolished when the lettuce seed 
coats were slit at the cotyledona可 end (Khan and Prusinski 1989). The slit seeds germinated readily 
in the presence of ACC at 350C, and ACC was readily converted to ethylene regardless of the presence 
or absence of kinetin. Thus, the integrity of seed coats, the kinetin-enhanced ACC utilization and an 
interactionofkine仙1with the ethylene produced may be the basis for the additive effects ofkinetin plus 
ACC in the relief of thermoinhibition. 

Changes in ACC Metabolism and S仕ess Alleviation 

Relief of thermoinhibition can be achieved by applica tion of cytokinins and/or ethylene (Sharples 
1973; Braunand回1an 1976). It can also be achieved bypreconditioning the seed for 16-20 hours in low 
water potentialliquid (e.g. salt or PEG solution) or moist solid media (e.g. Micro-Cel E, expanded 
vermiculite). Preconditioning for 20 hours with solid carriers, devoid of osmotic solutes, termed 
'matriconditioning', has been found to be highlyeffective in alleviating thermoinhibition in lettuce and 
other seeds (即1an 1992). 

Changes in ACC metabolism during the relief of thermoinhibition by kinetin and preplant 
condition凶g were studied in Emperor lettuce seeds. The level of ACC in the dry seeds was 0.56 
nmol/ g seed and decreased rapidly to zero within 2 hours of soaking at 350 C followed by an increase 
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at 4 hours and then leveling off during a 6-12-hour soak (Fig. 3A). The ACC content also decreased to 
zero within 2 hours in seeds soaked in 0.05 mM kinetin and this was followed by a dramatic increase 
at 4 hours followed by leveling off during an 8-12-ho山 soak. The initiallevel of MACC in dry seeds 
was 13.12 nmol/ g seed (Fig. 3B). Coinciding with the decrease in ACC level there was a rapid increase 
in MACC level during the 2-hour soak in both water and kinetin followed by a decline at 4 hours (to 
a greater extentin water than in kinetin-soaked seeds) and this was followed by an increase at 16 hours . 
These da ta indica te tha t A CC syn tha se activi ty is enhanced by the addi tion of kinetin a t 350 C resulting 
in increased synthesis or accumulation of ACC, and is consistent with the findings that the high level 
of ACC (endogenous or applied) may be linked to the relief of thermoinhibition in lettuce seeds by 
kinetin (Khan and Prusinski 1989). 
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Fig.3. Changes in ACC (A) and MACC (B) level in Emperor lettuce seeds soaked in water and 0.05 
mMkine自1 solution at 350 C. ACC and MACC were determined as described by Lizada and 
Yang (1979) and Hoffman et al. (1982) (Andreoli and Kh咽， unpubl. data). 

In a recent study, Gallardo et a1. (1991) found that in nonconditioned chickpea seeds, supraoptimal 
temperat山es not only reduced the EFE activity, but also enhanced the conjugation of ACC to MACC. 
In lettuce seeds, conjugation of ACC to MACC 仗curred rapidly in dry seeds exposed to high 
temperatures (Table 1). Kinetin, which alleviates thermoinhibition, had little effect on MACC level but 
greatly increased the ACC level (Fig. 3), signifying the importance of ACC in stress alleviation. 

Changes in ACC metabolism were also studied during matriconditioning of lettuce seeds which 
conferred thermotolerance at 350 C. The level of ACC gradually increased during ma甘iconditioning at 
150 C from 0.56 to 1.25 nmol/ g seed (Fig. 4A). A transfer of conditioned seeds to 350 C caused a rapid 
decline in the ACC content for the first 4 hours followed by an increase just prior to germination. The 
rapid decline in ACC content on transfer of conditioned seeds to 350 C may be due to the rapid' 
conversion of ACC to ethylene, thus eliciting germination at the high temperature. The rapid decline 
in ACC during the 4 hours was partly attributed to the leakage of ACC in the medium (Andreoli and 
間lan， unpub1. data). Unlike seedsconditioneda t150 C, theACC contentdecreasedfrom the beginning 
in seeds conditioned at 250 C and reached a zero level after a 14-hour soak. 
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Table 1. Changes in ACC and MACC levels in Emperor le.ttuce seeds aftermatriconditioning wi也
and without A VG, and 4 hours after transfer of ma甘iconditioned seeds to water at 350 C 
(Andreoli and 抽血， unpubl. data). 

Treatmen~ ACC content 
(nmol/g seed) 

After conditioning 
Noncondi位oned (dry 鉛eds)

Conditioned 
Conditioned + A VG 

After 4 hours at 350C 
Nonconditioned 0.20 23.33 
Conditioned 0.31 扭扭

Conditioned + A VG 0.29 16.69 
• Seed were soaked f，臼 1 hour in water 叮 ImM AVG at 25 'C and then ∞nditioned for 20 hours at 15 'C with moist WJcro-Cel E as describeå by 

Khan (1992). Conditioneå seeds we肥washedand甘甜sfeπed to35'C for4hours.Cont四個 ofACCand MACC determined as described by Lizada 
and Yang (1979) and Hoffman et al. (1982) 

MACC content 
(nmol/ g seed) 

13.12 
46.86 
15.95 

0.56 
1.24 
0.62 
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Fig. 4. (A) Changes旭 ACC level during 21 hours matriconditioning of Emperor lettuce seeds with 
moist Micro-C“ E at 15 and 250 C and upon tra..,"'Isfer to water at 350 C. (B) EFE activity after 
transfer to 350C 詛 water for 2 and 4 hours in Emperor seeds previously ma甘iconditioned at 
15, 20, 25, and 300 C for 20 hours. The difference in ethylene produced in the presence and 
absence of 5 mM ACC was used as a measure of EFE activity (Andreoli and 阻\an， unpubl. 
data). 

To determine if ACC was synthesized, conjugated to MACC or both during seed conditioning, 
Emperor lettuce seeds were imbibed witlì or without 1 mM AVG for 1 hour at 250 C and then 
conditioned with moist Micro-Cel E for 20 hours at 的。'C. ACC and MACC contents were then 
determined. Levels of ACC and MACC in the absence of A VG at the end of conditioning were 0.56 and 
13 .12nmolj g seed (Tab扣 l).Ma甘iconditioningincreasedcontentsofACCandMACCtol扭扭d46.86
nmol/ g seed, respectively. Addition of A VG decreased ACC and MACC contents to nearly the levels 
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in the nonconditioned seeds. When conditioned seeds were transferred to 350C for 4 hours, the ACC 
level declined to 0.31 nmoll g seed (75% decrease) (台om 1.24 nmol/ g seed found after conditioning), 
while the level of ACC decreased by 54 and 64% 凶 AVG-treated， conditioned and nonconditioned 
seeds, respectively (Table 1). The content ofMACC decreased (compar吋 with the level after 20 hours 
conditioning) somewhat (a pa討 of the decrease was attributed to leakage of MACC; Andreoli and 
即lan， unpubl. data) following a 4-hour soak at 350 C in conditioned seeds, while the level remained 
about the same (compared with the level after conditioning) in the AVG-treated conditioned seeds. In 
noncondi tioned 企Y seeds the level of MACC increased by 44% following a 4-hour 350 C soak. 

To determine if ACC utilization played a part in the alleviation of thermoinhibition, EFE ac位vity
was determined in Emperor lettuce seeds conditioned at 15, 20, 25 and 300 C for 20 hours (Fig. 4B). The 
EFE activity gradually decreased with an increase in the matriconditioning temperature from 15 to 
30oC. Thus, the basis of the relief of thermoinhibition by preplantconditioning appears to be a b叫ldup
of ACC and the ability of the conditioned seeds to rapidly utilize ACC for ethylene production. 
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ABSTRACT 
The effects of temperature on the germ泊ation of some crop plant seeds under reduced water 

potential were assessed. Reduced water potential was induced in two ways: (1) simulated matric 
potential, "'m, by using polyethylene glycol (PEG ﹒ 4ω0) solutions at concentrations 出at give 
specific water potentials, and, (2) osmotic water potential, "'" by using solutions of calcium chloride 
and sodium chloride at a fixed sodium adsorption ratio (SAR = 118). Seeds of one cultivar each of 
wheat (Triticum aestivum), barley (Hordeum vu扭are) and sorghum (Sorghum sud仰ense) were tested. 
Germination phases studied were radicle and plumule emergence as well as plumule elongation. 
The 泊vestigation revealed that different germination phases for the s訂ne type of seed respond 
differently to temperature. Response of one phase of germination to tempèrature differed according 
to the type of stress (matric or osmotic). A highly significant interaction of temperature by stress 
effect exists in the three cultivars tested, the ma伊itude of which is higherunder osmotic than under 
matric equipotentiallevels. This was attributed to chloride ion toxicity taking place at low osmotic 
potentials which affects the seed temperature relations. A precisely defined optimum temperature, 
instead of a relatively wide ran阱， is characteristic of the three cultivars under osmotic stress, which 
causes a higher sensitivity to temperature under such stress. The importance of this interaction 扭
曲e reseeding of semi-arid and potentially saline areas is discussed. 

INTRODUCTION 

Under optimal water supply, the role of temperature in the germination of seeds is well recognized 
(HilleI1972). Temperature is a modi句ring factor in germination since it can influence the rate of water 
supply and other substrates necessary for growth (Wanjura and Buxtor 1972b). The temperature 
requirements for germination have practical importance for planting in areas of irregular or scanty 
rainfall (deserts and semideserts) and it is necessary to choose species thatwill germinate at temperatures 
prevailing during the wet season. The cardinal temperatures for the germination of seeds have been 
defined for many plants (Pavlov 1969; Batanouny and Ziegler 1971; Gouvea 1972). 



92 Temperature Effects on Seed Germination 01 Crop Plants 

In addition to ternperature, water potential is also an irnpor切nt factor affec也可 seed gerrnination. 
The role of ternperature is rnodified by reduction in water poten位al. 80th ternperature and water 
poten出1 effects rnay becorne secondary if a significant ternperature by potential interaction exists 
(Kaufrnann and Ross 1970). Reduction ofwa促r potential in the rnediurn of gerrnina血g seeds rnay be 
due to rnatric ('ljfm) and/or osrnotic ('Ijf.) cornponents. According to Hillel (1972), the effects of both 
osrnotic and rnatric soil waterpotentialare rnore pronounced whenever soil ternperat山e is not optirnal 
for gerrnination. 1t is rather uncertain if the effect of ternperature will be the sarne under equipotential 
levels of both types of s仕的已 sìnce Collis-George and Sands (1962) have suggested that rnatric and 
osrnotic potentials are not equal in their effects on gerrnination. This rnight irnply that in reseeding 
nonsaline deserts, gerrnination would respond differently cornpared to fairly saline depressions that 
rnight exist under the sarne ternperature regirne. 

The airn ofthe presentwork was to evaluate the role of ternperature in the gerrnination of threecrop 
plant seeds under equipotentiallevels of two types of wa ter stress: (1) sirnula ted reduced rnatric wa ter 
potential ('Ijf吋， using polyethylene glycol (PEG) osrnotica and, (2) saline osrnotica using solutions of 
NaCl and CaCl2 prepared in concentrations that have water potentials ('Ijf.) at the sarne levels chosen 
for tes也可 rnatric potentia l. 

已1ATERIALS AND METHODS 

Seeds of one cultivar each of Mexican wheat (Triticum aestivum α. Max-back), Egyptian barley 
(Hordeum vulgarecv. Giza-119) and Sudanese grass (Sorghum sudanense) were used.All seedshadnearly 
100%gerrn凶ation rate in distilled water. The seeds, pretreated with 10-3 rnercuric chloride solution and 
出oroughlywashed， wereplaced in sterilepetri dishes on top of chernicallypure filterpaper. Sirnulated 
rnatric water potential ('ljfm) was induced by using solutions of polyethylene glycol-4000 (Union 
Carbide, USA) in concentrations that give certain levels of water potential according to a calibration 
curve based on standards rneasured by osrnornetry (Michel and Kaufrnann 1973) using a Wescor rnodel 
5130 vapor pressure osrnorneter (Logan, USA). Osrnotic water potential ('Ijf.) was induced by using 
solutions of NaCl + CaCl2 of osrnotic potentials equal to those of the induced rnatric levels and having 
the sodiurn ads。中tion ratio (SAR) fixed at 1/8 as given by Lagerwerff and Holland (1960) and 
Lagerwerff and Eagle (1961). Levels of water potential ('ljfm or 'Ijf.) were chosen at: -2 .1, -1 .7, -1.5, -1.3, 
-1.0, -0.7, -0.5, -0.3 and 0 MPa, covering the difference in the range of tolerance to reduced water 
potential of the three cultivars investigat吋. In this respect, wheat was the rnost tolerant, gerrninating 
at -2 .1 MPa, and sorghurn 吐1e least (gerrnination inhibited below -1.3 MPa). 

Gerrnination was allowed to take place under constant ternperatures chosen to cover the cardinal 
range for each seed kind when gerrnina出gin伽 absenceof s仕的. Such ternperatures (oC) were: 15, 
20，詣， 34 and 37 for wheat, 12，的， 20, 28 and 34 for barley and 16, 20，訝， 34 and 37 for sorghurn. 

Seeds were described as gerrninating when they showed radicle ernergence. Under natural 
conditions, plurn叫e ernergence and elongation is equally irnportant for seedling establishrnent and 
rnay be thecritical phase ingerrnination. Therefore, those forplurnuleernergence onlywere statistically 
analyzed. To evaluate the effects of water potential and ternperature as well as of their interaction, 
analysis ofvariance (ANOVA) and coefficientofdeterrnination irnportancevalue (1)2) were carried out. 
The latter is a test used to evaluate thedegree of control of the single factors and their interactions (share 
of each in contributing to the total response to treatrnents) on the pararneter tested (Ostle 1963; EI
Sharkawi and Springue11979). 
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RESULTS 
The effect of temperature on plum叫e emergence in seeds of the plants investigated was highly 

si伊ificantunder various '11m or 'V. levels. Al凹，bo也 types of stress and their in teraction wi th tempera ture 
had highly significant effects. 

In barley, there was a wide range of optimal temperatures (16-280 C) for both plumule and radicle 
emergence at '11m between 0 and -0.5 MPa (Fig. 1). At lower '11m, there tended to be a specific optimum 
temperature for plumule emergence, regardless of decreased emergence percentage. Temperature 
effect is, therefore, more pronounced for the development of the plumule than in the radicle. This is 
indicated, also, by the lack of a significant difference due to temperature effect on plumule emergence 
at 'Vm levels of -0.5 月 o MPa (Table 1).αlly the specific optimum temperature (20oC) had a significant 
effect at lower '11m (-1.5 - -0 .7 MPa). Temperature effect was not significant at '11m =叫 and -0 .3 MPa 
(Tables 1 and 2). This is also indicated byverγlow 112 values under such relatively high '11m. The specific 
optimum forplumule elongation is defined at all '11m levels, buttempera ture effectwas morepronounced 
athigh '11m ( -0.3 - 0 MPa) and decreased atloWer 'Vm. Underdecreasedosmoticpotential ('1'.), temperatures 
up to 200 C exerted a promoting effect on radicle emergence at levels lower than -0.5 MPa (Fig. 1). At 
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Table 1. Mean values" of percent plumule emergence of seeds as aHected by temperature at 
equipotential "'m vs. ",.levels. 

Barley 
0.7 1.0 
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Barley 
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higher temperatures, however, this effect is reversed. A t "', = -0.5 ~ 0 MPa, tempera tures up to 280 C did 
not affect radicle emergence. Higher temperat盯es decreased the rate of emergence drastically. 
Plumule emergen凹， similar to radicle, is promoted by temperature rise up to 200 C partic叫arly at "', 
=-1.0 月-0.3 MPa and failed completely at -1.3 MPa. Temperatures above 200 C decreased plumule 
emergence sign証icantly at "', = -0.7 MPa (Table 1). Temperature effect decreased at high "', levels (η2 
= 0.58 vs. 0.90 at higher levels). Temperature effectwas more pronounced in plum叫e elongation. The 
latter increased at "', = -0.7 ~ -0 .3 MPa as temperature increased to 280 C. This temperature represents 
a general optimum for plumule elongation at this range of osmotic stress. 
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In wheat, ternperature had a stronger effect, under decreased 'ljfm, on plurnule ernergence 也anin
barley(η2 = 0.21 vs. 0.08). Ternperature affected radicle ernergence in wheat only at 'ljfm lower than -0.9 
MPa (Fig. 2). Ternperatures between 15 and 340 C had no effect on radicle ernergence at such levels of 
rnatric water potential, but at 370C ernergence decreased. The effect of ternperature was stronger at 
lower 'ljfm.Theoptirnurn ternperatureshifted t0200 Cat 'ljfm=-2.1 MPa cornpared t0340 Cat 'ljfm=-0.9MPa. 
At ternpera仙res in 也e range 15-340 C, plurnule ernergence 趴 wheat was not sigr吐ficantly affected by 
'ljfmhigher than -0.9 MPa, but decreased plurnuleernergence was significant at lower 'ljfm(Table 1). A rise 
in ternperature frorn 15 to 200 C significantly increased plurn叫e ernergence frorn 0 to 40%, respectively. 
Ternperature was rnore or less equally controlling plurnule ernergence at different 'ljfm levels except at 
-0.5 MPa (η2 = 0.60 at 'ljfm = -0.5 MPa cornpared to 0.87 -0.92 at other levels; Table 2). Ternperat盯e effect 
on plurn叫e elonga位on was negligible at 'ljfm = -0.9 月 o MPa. High ternperature tended to decrease 
plurnuleelongationat 'ljfm= 0 MPa and to a lesserextentat -O.5 MPa. At 'ljfmlowerthan -0 .9 MPa, plurnule 
elongation was very rnuch suppressed. At 'ljf. = 0 MPa, theoptirnurn ternperature range for gerrnination 
pararneters in wheat is rather wide (15-340 C; Fig. 2). Decreased 'Ijf. lirnited the optirnurn to a specific 
ternperature (20oC) forthe germination pararneters studied. Ternperatureeffecton plurnuleernergence 
represents only 25% of the total treatrnent effect. However，出is effectis highly significant atall 'Ijf. levels 
(Table 2). 
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In sorghum, temperature had no effect on radicle emergence at 'Vm levels down to -1.3 MPa, except 
for a noticeable increase in temperature from 16 to 200 C (Fig. 3). Plumule emergence was highly 
sensitive to temperature at 'Vm levels of -1.3 -.0.7 MPa. Temperat山e effect was less under 'Vm levels 
down to -D.5 MPa (η2 = 0.45 - 0.69; Table 2) compared 切 lower 'Vm levels 例2 = 0.78 - 0.98). A rise 趴
temperat山e from 16 to 280 C significantly increased plumule emergence (Table 1). The temperature 
range 28-340 C represents the optim山n forplum叫e emergence above which emergence significantly 
declines. Plumule elongation increased with rise of temperature from 16 to 詣。C at 'Vm levels down to 
-D .7 MPa. Elongation decreased at higher water potentials ('Vm = -0.3 - 0 MPa) under temperatures 
higher than 340 C. However, 280 C represents the optimum temperature at lower water potentials (-1.0 
- -D.5 MPa). At 'Vm = -1.3 MPa, plumule elongation was stopped. Temperature control of radicle and 
plumule emergence was nearly absent at '1'. = 0 MPa and its effect started clearly at lower 'Vs (Fig. 3). 
The influence of temperature on radicle and plum叫e emergence is more or less similar. The optimum 
temperature of280 C is well defined at 'Vs levels of -0.3 MPa and lower. This is indicated by the significant 
difference in plumule emergence under different temperatures at 'Vs lower than 0 MPa (Table 1). 
Temperature effect is less at 'Vs = 0 MPa compared to lower osmotic potentials (η2 = 0.61 at 0 MPa vs. 
0.95 -0.99 a t lower '1' s levels (Ta b le 2) . Pl umule elonga tion, as affected by tempera ture, is quite different 
from eme喀ence. Thus, even at 'Vs = 0 MPa, the optimum temperature is well defined (280 C) and, 
contrarily, the optimum is less defined at lower 'Vs (-1.3 - -1.0 MPa). 
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DISCUSSION 
Temperature influenced plumule emergence, in the presence of ma仕ic stress, more so in wheat than 

in barley and sorghum (η2 = 0.21 vs. 0.08 and 0.16 in barley and sorghum, respectively; Table 3). The 
interaction of temperature with matric potential had more influence on plumule emergence in 
sorghum (η2 = 0.19) than in wheat and barley (η2 = 0.11 and 0.09, respectively). Of the few studies on 
T X \jIm interaction, Kaufmann and Ross (1970) indicated no significant interaction in wheat, which does 
not agree with our findings, a contradiction probably due to varietal difference. They observed that at 
potentials of -1.49 月-0 .8 MPa, r∞ts as long as 3-5 cm had developed even 也ough no sh∞ts had 
appeared a t the soil surface, an indication tha t germina tion is not to be attributed to radicle emergence 
only. The effect of soil moisture tension on radicle emergence of cotton was found to be much less than 
the effect of temperature and the latter caused only a lag in germination rat~ at high s仕ess levels (-1.0 
MPa) rather than affec出g germination percentage (Wanjura and Buxtor 1972a). 

Interaction of temperature and \jfs in germination has been studied in a number of plant species. 
Temperature is the dominant factor in the germination of seeds under saline sodic conditions (Ahi and 
Powers 1938). In sugar beet seeds, interaction of temperature and salinity was found to be highly 
significant (Francois and Goodin 1972), and salinity was increasingly inhibitory at high rather than at 
low temperatures. In our experimental plants, germination phases were more suppressed under \jfs 
than under equipotential \jIm at the same temperature. Also, temperature had a greater effect under \jfs 
than under equipotential \jfm as indicated by ,,2 values (Table 3). This implies that germination is more 
sensitive to temperature under \jIs. However, plumule and radicle emergence is more sensitive than 
elongation. The magnitude of such sensitivity is species-dependent. The effect of water potential in 
con甘olling germination (indicated by可 values) is less under \jfs than under \jIm (Table 3). 

Table 3. ,,2 values for the effect of temperature (T), water potential (\jf) and their 
interaction (\jI X T) on plumule emergence. 

Factor Plant 'Vm '1" 
T Barley 0.08 0.26 

Wheat 0.21 0.25 
Sorghum 0.16 0.36 

'1' Barley 0.73 O .叩

Wheat 0.62 0.55 
Sorghum 0.61 0.43 

'1' x T Barley 0.09 0.22 
Wheat 0.11 0.17 
Sorghum 0.19 0.19 

In barley, all germination phases were affected by (sensitive to) temperatures under \jIs than under 
\jIm. This is observed more in plumule elongation. Decrease in emergence and elongation was sha中，
particularly atlow temperatures (150C). All germination phases were趴hibited at 120 C underdifferent 
\jIs levels, but not so under \jIm. In wheat, the same observation applies and temperature effect extends 
also to radicle emergen凹， the effect being due to high instead of low temperat叮e. In sorghum, 
temperature had a prominent effect under \jIs compared to \jIm, particularly in radicle and plumule 
emergence. Plumule elongation is little affected. 80th temperat山e extremes are equally critical. The 
greater control of temperature under \jfs than under \jIm is manifested in temperature optima for 
germination phases. Under different \jIm levels, temperature optima are rather wide ranges, but under 
equipotential \jfslevels the ranges are narrower and the optimum becomes a defined temperature at low 
\jIs levels. Also, at temperature extremes, germination phases were more suppressed under \jIs 
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compared to 呵uipotential \jIm levels. This is contradict。可 to the conclusion given by Sharma (1973) 
thatthe two types of stress have equivalent effects in fivepastureplants. McWilliam and Phillips (1970) 
gave a similar conclusion but referred to dependence of abs。中tion of water and solutes on the 
permeabi1i可 of the seed coat and intemal seed characteristics. It is probable the generalization drawn 
based on a few seed types may nothold for others. Collis-Gωrge and Sands (1962) suggested, however, 
thatma仕ic and osmotic potentials arenot equal in theireffects on germina tion, particularlygermination 
rate. The potential levels 血ey used, however, were rather high (low s仕ess magnitudes) ranging 
between -0.1 and -0.01 MPa, which is ratherunnatural and seldom exists under field conditions, except 
for brief periods following rainfall or irrigation. 

Suppression of germina tion phases observed under osmotic stress is probably the res叫t of chloride 
ion toxicity. Jnterference of ions with germination varies with the species and salts (Ungar 1978). 
Sodium chloride had no toxic effect on plumule emergence ofwheat (Udovenco and Alekseeva 1973), 
Suada depressa (Williams and Ungar 1972), Iva annua (Ungar and Hogan 1970) and Puccinella natulliana 
(Macke and Ungar 1971). The kind of salt had a highly signficant effect on the germination percen切ge

and on plumuleelongation of maize (Shabassyet al. 1970). The orderoftoxicityis CaCh < NaCl < (NaCl 
+ CaCh). NaCl and Na2S04 were found to have higher toxicity in the germination of seeds than CaCl2 

(palmer et al. 1969). Cells of germinating seeds, being in a continuous state of division, may be sensitive 
to unfavorable ion ratios because they are nonvacuolate and therefore cannot compartmentalize ions 
easily(Crameretal. 198 內 . Theme缸chani沾smofsalt←.但mp戶era仙re削eint促eracti討ioni跆sno叫twell und由er臼叫s仗t∞d.The 
salt damage to membranes observed in seedling growth studies begins at germination and could 
account for such synergism (Hampson and Simpson 1990). 

CONCLUSIONS 
The escalating demand for food production, especially in arid and semi-arid environments, calls 

for cropping of relatively fe此ile alluvial deposits in such areas as a priority. In such a practice, 
germ趴ation and early seedling growth can be a critical factor in 也e success of the crop. The rate of 
radicle elonga tion and prolifera討on to explore availa ble moisture in the subsurface soil often determines 
whether the seedling will succeed (Hillel 1972). Equally important is plumule emergence and 
elongation which will enable the seedl泊g to be self supporting through the utilization of radiant 
energy. Wherever partial irrigation is feasible, uti1izing underground water reso世ces， salinization of 
such waters due to overdischarge should be considered. Wide daily fluctuations in temperature, 
toge也er with reduced soil water potential (matric and/or osmotic) are common problems in such 
areas. 1t is necessary, therefore, to be aware of the roles ofboth factors as well as of their interaction on 
the different phases of germination in crop plant seeds to be in廿oduced to such areas. 
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Germination Response to Water Stress in the 
Seeds of Hot Pepper and Eggplant Genotypes 
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ABSTRACT 

Seeds of nine genotypes of hot pepper (Capsicum annuum L.) and 22 genotypes of eggplant 
(Solanum melonge削L.) were subjected to moisture s仕的 du血g germination and early seedling 
growth using a PEG 60∞ solution. An osmotic potential of 0.3 MPa was found op血nal for screening 
也e genotypes formoisture s廿ess.ln b。由 crops wateruptake, rate of germination, seedling growth 
and vigor declined with increasing moisture stress. Genotypic differences were evident. The 
physiological bases for such differences are discussed. 

INTRODUCTION 

Water stress is critical to seed germination and seedling growth phases (Levitt 1980). Many 
researchers have studied germination response to water 忱的 (Hadas 1976; Singh and Singh 1981, 
1982; Thakur and Thakur 198η. Ross and Hegarty (1979) reported the sensitivity of seed germination 
and seedling growth to moisture s tress in 13 vegeta b le crops. How ever，也ereisadea此hofinforma位on
on solanaceous vegetables. Rao and Bhatt (1990) studied five cultivars of eggplant and found that the 
critical water potential for germination was between 0.2 and 0.4 MPa . This study was on the 
germination response to water stress in the seeds of hot pepper and eggplant genotypes. 

品1ATERIALS AND METHODS 

Nine genotypes of hot pepper and 22 genotypes of eggplant were obtained from the College of 
Hortic叫tu時， TamilNaduAgric叫tural University, India. Two-month-old seeds were surface-sterilized 
before use with 0.1 % mercuric chloride for 5 min. 

Polyethyleneglycol (PEG) 6∞o solutions of 0.1, 0.2, 0.3, 0.4 and 0.5 MPa osmotic potential were 
prepared using the equation provided by Michel and Kaufmann (1973). Twenty-five seeds of hot 
pepper genotype CO 1 and eggplant genotype MDU 1 wereplaced in 10-cm diameterpetri dishes (four 
petri dishes/replication) over two layers of Whatman No .1 filter paper lining the dishes, and 4 ml of 
distilled water(O MPa) or PEG solution (0.1-0.5 MPa) wasadded to eachdish. Seeds germinatedat250 C 
in a germination room. Percentage germination was recorded after 10 days. 
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Seeds ofhot pepper and eggplant genotypes were germinated in water and 0.3 MPa PEG solution. 
Germination (protrusion of radicle to 2 mm) was counted daily from the third to sixth day and伽 final

germination was recorded on the 10th day. Shoot length and r∞t length of 10 randomly selected 
seedlings/replication and genotype were measured and the means calculated. Rate of germination 
(RG) was calculated us趴g the following formula (Singh and Afria 19的):

RG = LXn(h-n) 

where Xnis number of seeds germinated at nth count, h is total number of co凹的， and n is specific 
count number. 

Gibberellin A3 (GA) was added to the PEG (0.3 恥fPa) solution at 200 ppm and its effect further 
evaluated on five genotypes ofhotpepper and six genotypes ofeggplant. Observation on germination, 
rate of germination, shoot length and r∞t length were recorded as described earlier. 

Seeds of two genotypes ofhot pepper and four genotypes of eggplant were used for evaluating the 
water uptake pattem at 0 and 0.3 MPa osmotic potentia l. Water uptake was determined by placing 1 
g of seed (8% moisture) on moistened filter paper. Increase in seed weight,was measured at 24，的 and

72 hours after imbibition. 

Alpha amylase activity in the seeds of two genotypes of eggplant was estimated after 72 hours of 
germination at 0 and 0.3 MPa osmotic potential following the method of Murata et al. (1968). 

RESULTS AND DISCUSSION 

In both hot pepper and eggplant, percentage germination declined wi趴 reduction in osmotic 
potential reaching zero at 0.5 MPa (Fig. 1). A reduction of around 50% in germination occurred at 0.3 
MPa osmotic potential. Hence, the genotypes were screened using 0.3 MPa osmotic potential. Rao and 
Bhatt (1990) similarly found that the critical water potential for germination in eggplant was between 
0.2 and 0.4 MPa. 

100 

1. 0 

80 

60 

c
o
-
-口「
』
一ε

」
心
目
。
由
口-
E
U
」
左 一一一一一一- Hot pepper CY. CO 1 

20 

一一一一- Eggplant CY. IvI DU 1 

。 0 .5 O.ι 

(MP口)

0.1 0.2 0.3 
Osmot IC potenti 口 l

。

Fig. 1. Effed of moisture stress on percentage germination in seeds of hot pepper and eggplant. 
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Significant differences were observed in percen個ge germination, rate of germination, sh∞tlength 
and root length of seedlings at 0.3 MPa osmotic potential among the genotypes of both hot pepper and 
eggplant (Tables 1 and 2). of the nine genotypes of hot pepper tested, highest germination was 

Table 1. Germination, rate of germination, shoot length and root length of seedlings as influenced 
by moisture s回閱 (0.3 MPa PEGωω，) in the seeds of hot pepper genotypes (mean of three 
replications). 

Germination Rate of Shoot length Rootlength 
Genotype (%) germination (mm) (mm) 

C01 48 (49)" 85 (54) 5.8 (內) 6.2 (84) 
C02 64 (33) 120 (73) 7.8 (74) 10.4 (7η 

C03 52 (45) 82 (6η 10.4 (56) 8.0 (72) 
KCS1 46 (45) 86 (54) 3.0 (88) 6.4 (78) 
LCA283 34 (63) 52 (即) 4.0 (8η 4.6 (89) 
LCA305 52 (38) 70 (76) 5.6 (76) 6.0 (82) 
PusaJwala 65 (23) 96 (4日 2.8 (88) 5.8 (84) 
LCA304 72 (26) 112 (76) 6.6 (79) 6.8 (86) 
DPLCl 61 (31) 84 (56) 5.4 (78) 6.2 (86) 
SE O.的b 1.13 0.06 0.05 
CD (P= 0.05) 0.19 2.37 0.13 0.11 
• Peræn旭ge reduction over control 
b Analysis after arcsine transformation. 

Table 2. Germination, rate of germination, shoot leng血 and root length of seedlings as influenced 
bymoisture stress (0.3 MPa PEG 60∞) in the seeds of eggplant (mean of two replications). 

Germination Rate of Shoot length Rootlength 
Genotype (%) germina位on (mm) (mm) 

MDU1 72 (15)" 57 (74) 5.6 (80) 5.2 (82) 
Pusa Hybrid 9 54 (43) 96 (70) 4.4 (76) 3.8 (84) 
KS233 36 (58) 24 (80) 5.2 (49) 1.6 (8η 

KS314 68 (28) 16 (89) 5.2 (4η 4.4 (79) 
H9 48 (38) 34 (83) 4.2 (86) 3.2 (88) 
DBSR44 50 (48) 98 (64) 2.8 (91) 5.0 (80) 
BRS 12 75 (12) 97 (5η 6.2 (78) 3.4 (8η 

ARBH201 42 (48) 53 (84) 6.8 (83) 5.0 (78) 
DBR31 37 (56) 47 (66) 4.0 (74) 4.8 (83) 
Punjab Hybrid 6 73 (16) 126 (51) 4.8 (86) 3.2 (89) 
APAUse14 75 ( 9) 的 (65) 7.6 (70) 3.4 (78) 
ABl 57 (23) 70 (6月 9.0 (69) 3.2 (90) 
JB64-1-2 78 (10) 276 (33) 14.0 (61) 9.2 (73) 
H7 65 (21) 68 (69) 5.4 (65) 4.4 (75) 
Annap∞ma 的 (16) 70 (66) 5.4 (85) 5.2 (85) 
PLR 1 66 (18) 89 (71) 8.2 (73) 6.0 (76) 
Pant Sarnrat 45 (46) 27 (85) 3.8 (80) 1.4 (89) 
ABVl 74 (20) 202 (45) 8.4 (75) 5.0 (“) 
AB2 15 (83) 5 (91) 7.0 (80) 2.5 (91) 
KS223 76 (16) 76 (71) 6.4 (85) 3.0 (86) 
PU吋ab Hybrid 5 54 (28) 55 (68) 4.0 (78) 1.4 (9η 

DBR8 12 (88) 7 (9η 2.5 (90) 2.8 (82) 
SE 0.65b 1.21 0.14 0.14 
CD (P = 0.05) 1.35 2.51 0.23 0.29 
• Per但ntage reduction over contro l. 
b Analysis aft白 arcsme 甘ansformation.
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recorded in LCA 304. LCA 283 had the lowest germination percentage and rate of germina位on. Rate 
of germination a t 0.3 扎1Pa osmotic potential was highest in CO 2 followed by LCA 304. In eggplant，陋
的-1-2 registered the highest and DBR 8 the lowest germination percentage. Rate of germination was 
also highest in JB 64-1-2, whereas the lowest value was recorded in AB 2. Such differential sensitivity 
of genotypes has been reported in many crops (Singh and Afria 1985; Singh 1990). Inhibition of 
germination at lower osmotic potential may be related to the moisture deficit in the seeds below the 
threshold req叫red for germination. Percentage germ凶ation exceeded mean values in hot pepper 
genotype LCA 304 and eggplant genotypes JB 64-1-2 and KS 223. They could serve as donors in 
breeding for moisture s仕ess tolerance at the germ趴ation stage. 

Ranking of genotypes for sh∞t length and r∞t length differed when compared to germina tion. In 
hot pepper, CO 3 had the grea test shoot length and CO 2 the greatest root length. Similarly in eggplant, 
AB 2 with germination value of only 15% had a shoot length of 7 mm which was higher than in many 
other varieties wi th high germina tion values. The results revealed that the sensitivity to moisture s甘ess
at the germination stage differs from that at the seedling stage. Normally germination stage is more 
sensitive to moisture stress than the seedling stage (Ross and Hegarty 1979). Initiation of cell elonga tion 
rather than elongation itself has been reported to be most sensitive to water s仕ess (Hegarty and Ross 
1978). 

Inclusion of GA in the osmoticum did not influence the percentage germination, but increased the 
rate of germination, shoot leng血 and root leng也 though not to the level obtainable at 0 MPa (Table 3). 
This indicated that GA could not fully obviate the s廿ess effect but improved the tolerance to stress 
但egarty and Ross 1979). 

Table 3. Effed of GA (200 ppm) on gennination, rate of germination, shoot length and root 
length of seedlings undermoisture stress (0.3 MPa PEG 60∞) in the seeds of hot pepper 
and eggplant genotypes (mean of four replications). 

Germination Rate of Shoot length 
旦旦立E
Hot pepper 

C02 
C03 
LCA 叩4

PusaJwala 
KCSl 
SE 
CD (P = 0.05) 

E臨plant

MDUl 
PLR 1 
KS314 
KS 233 
Pusa Hybrid 6 
凹的-1-2

SE 
CD (P = 0.05) 

• Analysis after arcsine 甘ansformation

(%) germination (mm) 

66 145 8.4 
48 116 6.6 
70 175 9.6 
67 116 4.0 
47 202 3.6 

0.52" 1.35 0.16 
1.11 2.88 0.34 

70 166 7.8 
67 249 14.6 
76 136 8.4 
35 58 8.0 
74 149 10.2 
76 316 14.4 
0.76" 1.82 0.21 
1.60 3.82 0.44 

Root length 
(mm) 

12.8 
8.0 

10.8 
8.3 
7.2 
0.11 
0.23 

22.8 
10.2 
12.0 
3.6 
2.6 

13.6 
0.17 
0.36 

In both crops, water uptakewas reduced at 0.3 MPa osmotic potential (Table 4). Maximum uptake 
of water occurred before 24 hours. Water uptake in LCA 304, a stress-tolerant hot pepper genotype, was 
lower than in Pusa Jwala, a susceptible genotype. Similarly in the eggplant JB 64-1-2 and ABV 1, the 
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more tolerant genotype丸 imbibed lesser amounts of water than the two less tolerant genotypes. The 
results revealed that the genotypes with tolerance to moisture 忱的 imbibed less water even under 
normal conditions. 

Table 4. Rate of wateruptake (g HzO/l g seed) under normal and moisture stress conditions in the 
seeds of hot pepper and eggplant (me胡 of two replications). 

OMPa 0.3MPa 
Genotype 24 ho凹的ho山 72 hour 24 hour 的 ho凹 72ho山

Hotpepper 
LCA叩4 0.79 ::1: 0.02 0.80 ::1: 0.01 0.82 ::1: 0.03 0.54 ::1: 0.01 0.61 ::1: 0.02 0.64 ::1: 0.01 
PusaJwala 0.82 ::1: 0.01 0.85 ::1: 0.03 0.87 ::1: 0.02 0.68 ::1: 0.01 0.77 ::1: 0.03 0.80 ::1: 0.02 

Eggplant 
JB64-1-2 0.60 ::1: 0.02 0.67 ::1: 0.02 0.72 ::1: 0.01 0.33 士 0.03 0.40 ::1: 0.02 0.42 士 0.02

ABV1 0.56 ::1: 0.03 0.71 士 0.01 0.75 ::1: 0.02 0.50 :1:: 0.02 0.59 ::1: 0.03 0.62 ::1: 0.03 
Pusa hybrid 9 0.74 ::1: 0.01 0.80 ::1: 0.03 0.82 ::1: 0.03 0.69 ::1: 0.02 0.75 士 0.01 0.78 ::1: 0.01 
DBSR44 0.74 ::1: 0.02 0.79 ::1: 0.02 。.81 士 0.03 0.62 ::1: 0.01 0.69 :1:: 0.02 0.71 :1:: 0.03 

Alpha amylaseactivitywas higher under moisture stress. Activitywashigher inJB 64-1-2 (3.5 :1:: 0.2 
mg starch digested/ min/ g), a tolerant eggplant genotype, when compared to DBR 8 (2.8 :1:: 0.1 mg 
starch digested/ min/ g), a susceptible genotype. Similar findings were reported byThakur and Thakur 
(198ηin maize. Higher activity of the hydrolyzing enzymes such asα-amylase may enable the release 
of osmotically active substances like sugars, which again will enable the seeds to maintain hydration 
of protoplasm by rendering the intemal osmotic potential of the cell more negative, thus infusing 
tolerance. 
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ABSTRACT 

Poor seedling establishment is one of the maj or factors limit卸gtheprod叫on of cereals in arid 
and semi-arid regions. A field technique to screen pearl millet (Pennisetum glaucum) and sorghum 
(50'宮hum bicolor) genotypes for emergence and survival at high soil surface temperature is 
described. Genetic variation in seedling emergence and survival is shown and it is ar伊ed that 也is

variation is largely due to high-temperature tolerance rather than tolerance to soil moisture deficit. 
An index for "thermotolerance" is defined and genotypes are ranked accordingly for this trait, 
which is shown to be highly heritable in pearl millet (h2 = 0.82). High soil surface temperature and 
the associated "heat girdling" of 血e meristematic region of the seedling shoot is shown to be the 
main cause of seedling death. A labora切ry method that simulates this heat girdling in the field is 
used to verify伽 field performance of selected genotypes. Both techniques are repeatable and are 
used to screen large numbers of seedlings. Correlative evidence exists that heat shock proteins 
(HSPs) synthes包ed 泊 the seedlings du血19 exposure to high temperature, also are involved in the 
development of "thermotolerance." These data are discussed in relation to our future molecular 
biological and breeding research programs in cereals, and the long剖rm effects of global climatic 
change in temperatures. 

INTRODUCTION 

Poor seedling establishment is one of the rnajor factors lirniting the production of cereal grain crops 
in the semi-arid 仕opics. An exarnple of this is pearl millet (Pennisetum glaucum), grown extensively by 
farrners in the Indian state ofRajas出an， and in Sahelian and Southem Africa (O'Neill and Diaby 1987; 
Sornan et al. 198內. High soil surface temperatures (>550C) have been reported to reduce seed 
gerrnination, ernergence and survival of pearl rnillet seedlings in these regions (peacock 1982; Sornan 
and Peacock 1985; Gupta 1986; Peacock et al. 1993). Sirnilar effects of high soil ternperat凹的 on

seedlings have been reported in sorghum (Sorghum bicolor) (Wilson et al. 1982; Ougham et al. 1988). 
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Recentl予 Peacock et al. (1990) demonstrated 趴athigh temperature (>鈞。C) around the shoot meristem 
inhibited seedling growtheven when waterwas available,andat540 C seedlingsofsorghum genotypes 
died due to "heat girdling" of the coleoptile, which blocked the flow of carbohydrates to the r∞ts. 

A breedingprogram was recentlyinitiated for Rajasthan to producepearl millet genotypes thatwill 
combine the apparent high-temperature adaptability (thermotolerance) of the locallandraces and the 
yield potential of irnproved genotypes frorn the Indian National Prograrn and ICRISAT. We believe 
也at this is rnost effectively done if specific screening rnethods are available to evaluate genotypes for 
thermotolerance to supplernent the conventional rn ul tiloca tional yield -testing rnethod. Thermotolerance 
here is defined as the ability of an organisrn to survive norrnally lethal ternperatures after prior 
exposure to a rnild heat stress (Gemer and Schneider 1975). 

In this paper we describe techniques to exarnine the effect of high soil surface ternperature on the 
survival of pearl rnillet seedlings in the field in Rajasthan and in the laborat，。可﹒ The field technique 
dernonstrates that (i) seedling rnortality is largely due 的 high soil surface ternperatures, and (ii) there 
is genetic variation for seedling survival and thermotolerance. We also describe a laboratory rnethod 
that sirnulates this field heat darnage and can be used to verify the field perforrnance of selected 
genotypes. The irnportance of an integrated approach in 出e understanding and irnprovement of crop 
response to environrnental stress is ernphasized. Results are presented using techniques as diverse as 
field screening and molecular biology. All these areas are irnportant if irnprovernents are to be rnade 
in the ability of cereals to survive adverse environments. 

孔1ATERIALS AND METHODS 

Location and Soil Conditions of Field Experiments 

The experirnents were conducted at the Agricultural Research Station, Fatehpur, Rajasthan, India, 
during the dry surnrner (April and May) of 1989 and 1990. The soil belongs to the Devas Series and is 
classified as a mernber of the Mixed Hyperthermic family of type Gypsiorpthids. 1t is predorninantly 
sand (88% sand,4% silt, 8% clay) and has a bulk densityof1.46 kg/ crn3

• The field capacityof the topsoil 
is 10% and wilting point is reached at a soil rnoisture content of 2%. 

Seed Material and Experimental Layout 

Four experirnents were conducted, two in 1989 (1 and 2) and two in 1990 (3 and 4). In 1989, 76 
genotypes (75 rnillet genotypes and one sorghurn genotype), selected to cover a range of landrace, 
hybrid and varietal variation, were tested, and in 1990, 26 genotypes representing a selection of the 
rnost susceptible and tolerant lines to high soil ternpera tures. In 1989 seeds were obtained frorn various 
sources atICRISAT, whereas in 19則 all seed was produced under uniforrn growing conditions in the 
post-rainy season at ICRISAT. 

In all four experirnents, each plot was a row, 2.5 rn long, with 30 crn between rows. Plots were 
arranged in a randornized complete block design. 

Sowing operations 

Expts.1 and 2 were sown in late April and early May, respectively. on the nights before sowing, 
15 rnrn of water was uniformly applied to all plots frorn two parallel sprinkler lines to bring these soils 
to field capacity and to ensure that the soil profile did not d可 out during the first 15 days of seedling 
growth. In these experirnents the rows were opened to a depth of 50 rnrn with the sharp edge of a rnetal 
rake,50 seeds were immediately sown by hand and the soil replaced, being cornpacted lightlywith the 
flat edge of the rake to ensure better seed-soil contact. 
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Experiments 3 and 4 were sown in late April and late May 1990, with a hand planter (Hege 90/1, 
Waldenburg,Germany),intoadryseedbed.Eightyseedsweresownperplotata depthof50mm. After 
sowing, 15 mm of water was applied, using the same sprinkler system as in 1989. 

Environmental Measurements 

Temperature 

Soil temperatures at 5 and 50 mm depths and air temperature at 200 mm above ground were 
measured using copper-constantan thermocouples and recorded at hourly intervals on the automatic 
datalogger (CR21X, Campbell Scientific, Utah, USA) (peacock et al. 1993). 

Soil moisture 

Soil samples at 話，凹， 75 and 100 mm depths were taken with a multiple-ring soil sampler 
immediately after sowing and then daily at 0600 until 10 days after sowing (DAS), after which 
measurements were made about every 3 days. When the seedling r∞ts had reached 200 mm, samples 
were taken at 100-mm intervals down to 300 mm using a conventional soil sampler and soil moisture 
was estimated gravimetrically. 

Plant Measurements 

Seedling death 

The number of live seedlings was counted daily (Peacock et al. 1993), and at the same time dead 
seedlings were marked with a wooden matchstick. This method provided a check against loss of 
seedlings by any other means, e.g. death by birds or rodents. Seedling death at 出is stage could be 
attributed largely to high soil surface temperature because therewas stilladequate moisture in the soil. 

A "thermotolerance index" (TI) was calculated as the ratio of seedlings surviving to the total 
number of seedlings emerged. 

Laborat，。可 Heat-Girdling Apparatus and Plant Materials 

In all experiments, sorghum and millet seeds were germinated in vermiculite in a glasshouse. After 
a 7-day germination period, vermiculite was carefully washed from the r∞ts. Seedlings were then 
transferred to wooden racks as described by Matsuda and Riazi (1981). The seedlings were grown in 
plastic 切戶， containing an aerated Hoagland's solution (Hoagland and Amon 1938) supplemented 
with an iron chelate. Each tray contained 90 plants (six racks of 15 plants each). Healthy and similar 
seedlings were transferred to the heat treatments when the plants were 10 days old. 

Control of Meristem Temperature and Measurement of Leaf Elongation 

Opaque plexiglass racks identical in size to 出ose described above were modified to allow 
temperat盯e control of the leaf intercalary meristem. A 30-cm leng血 of square (0 .5 x 0.5 cm) brass tube 
wasinserted intoa longitudinal groove cutintoeach pieceofplexiglass (Fig.1). Softurethanefoam was 
placed over the two brass surfaces on the inside of the rack to hold the seedlings in place and prevent 
physical damage to the shoot and meristem. Meristem temperature modification was achieved by 
circulating water from a water bath (Techne TU-16). Meristem temperatures were measured with fine 
thermocouplescoupled witha datalogger(CR21X, Campbell Scientific, Utah, USA). The thermocouples 
were inserted into the foam adjacent to the seedlings. For these studies, six racks were placed in each 
tray of Hoagland's solution. A total of 12 racks was used in the experiments. Six racks were used as 
con廿ols and meristems were exposed to r∞m tempera仙re. The remaining six racks were connected 
in series by plastic tubing 也rough which the heated water was circulated. 



Peacock et al. 109 

Fig. 1. The apparatus used to control meristematic and elongation zone temperature of cereal 
seedlings. Components are: A, opaque plexiglass framesi B, adjus由、g screws to minimize 
and maintain uniform pressure on seedlings泣， foam strips to cushion seedlingsi D, rubber 
bands to hold unit togetheri E, brass tubes 也rough which heated water is pumpedi F, 
distribution lines connected to a controlled-temperature water bath. Bar indicates 5.0αn 
(adapted from Peacock et al. 1990). 

There were three hea ted and three con trol racks in each tray, ensuring tha t the r∞t temperature and 
shoot temperature were the same for both 仕ea恤lents (see Peacock et al. 1990). In heat-girdling 
experiments, meristem temperatures were set to 52 ::t 20 C, using a temperature programmer (Techne 
TP -16). This temperature represents the average maximum tempera ture at w hich seedlings died in the 
field. Elongation of the youngest leaf was measured with a plastic ruler using the method described 
by Peacock (1975). Measurements weremade at the beginning and end of each daylight period (ca . 0600 
and 1剖0). Leaf extension rate per day was calculated. 

Thermal Gradient Bar Studies 

Seedlings were carefully placed in thin-walled glass test tubes with 0.5 cm3 of deionized wa ter. The 
effect of temperature on subsequent growth was determined by treatment on a thermal gradient bar 
(Caims andAshton 1991) with a temperature rangeof35毛00(. Seedlings were treated for 2 hours and 
then retumed to 350 C and the change in shoot leng血 in the next 24 hours measured. The effect of 
various pretrea加lents prior to treatment on the thermal gradient bar was investigated. 

Protein Synthesis Studies 

In vivo labeling was carried out as in Howarth (1989) using 10 seedlings per treatmen t. In the final 
2 hours of 甘甜tment， 740 Bq of [到-methionine was added and samples were prepared and 
electrophoresed as described in Howarth (1989). Equal amounts ofprotein were loaded onto each lane 
of the gel and gels prepared for fluorography using Amplify (Amersham). 

RESUL TS AND DISCUSSION 

The Environment 

Maximum soil surface temperatures (5 mm) ranged from 29.80 C (following rain) to 64.00 C (Table 
1). Apart from Expt. 3，也e range in maximum temperatures from sowing to the final date of seedling 
death was similar. Soil surface temperatures measured throughout the experiments were similar to 
those re戶此ed by Gupta (1983, 1986) for similar soils of Rajasthan. 
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Table 1. M缸趾lum daily soil temperatures (OC) (5 mm) from the first day aftersowing (DAS) until 
final seedling death count (from Peacock et al. 1993). 

1989 1990 
DAS Expt1 Expt 2 Expt3 Expt4 

1 50.1 51.8 
2 52.6 49.7 52.3 
3 54.4 57.1 56.4 56.0 
4 54.1 48.8 55.4 57.8 
5 56.6 42.8 53.7 61.3 
6 57.6 55.3 46.0 57.2 
7 57.9 回.6 46.5 45.6 
8 48.9 52.8 56.2 52.8 
9 46.5 54.0 29.8 53.8 

10 53.9 55.6 57.7 53.1 
11 59.4 57.2 51.6 58.2 
12 58.6 45.3 62.3 57.8 
13 58.2 50.0 57.8 58.1 
14 57.8 51.8 55.4 58.2 
15 61 .5 51.8 49 .1 59.2 
16 56.3 49.5 58.3 
17 54.8 64.1 58.6 
18 51.8 59.6 
19 55.9 59.9 
20 59 .5 
21 58.5 
22 

The initial soil moisture in the 0-50 mm horizon (Fig. 2) was between 5 and 6% in Expts. 1, 2 and 
4, and 10% in Expt. 3 (data not shown). In a11 experiments there was a steady drop in moisture content 
in the 3 days fo11owing sowing; however, by 6 DAS, irrigation and/ or rainfa11 brought the soil back to 
field capacity (10% moisture) in a11 four experiments. In Expts. 1, 2 and 4 the daily losses in soil moisture 
were about 1.25% per day in this upper horizon. In a study conducted in similar soils (Gupta 1986) in 
westem Rajasthan in May, daily losses in soil moisture were about the same: 1.8%. Fo11owing the 
replenishment of soil moisture by rain or irrigation, there was a steady loss of moisture to about the 
same minimum of 1 % (Peacock et a1. 1993). 

In the 50-1∞ mm horizon (Fig. 3), soil moisture did not fa11 below 5% (which is we11 above the 
wil也可 point for these soils) during the time (up to 10 DAS) 也at the root tips were in this horizon 
(unpub1. data). In臼c七位le r∞t tips of the longest roots of most genotypes had reached 100 mm by 
6 DAS and those of genotype BSEC C4, which had the lowest seedling survival, were at a dep血 of

120 mm, confirming 也at subsequent seedling death was not due to lack of water availability. 

Plant Measurements 

Seedling emergence 

There was considerable variation between years in seedling ernergence (Table 2). This largely 
reflects the different method of planting and the different seed lots used in the 2 years (Peacock et a1. 
1993). Although there was considerable variation among genotypes, as was also found by Mohamed 
(1984), there was good correspondence between the two experiments in each year. 



Peacock et al. 111 

~ 8 

E 的-
。E 

。cn 
過R

2 3 4 5 6 7 

Days afler sowing 

Fig. 2. Soil moisture (0-50 mm) on successive days after sowing in Expts.1,2, and 4 at Fatehpur. (An 
arrow denotes final seedling emergence in each experiment; adapted from Peacock et al. 
1993.) 

8 

10 

9 

7 

65 
EEEOE 

AUT O
ω
d
F
 3 

2 

。o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Days afler sowing 

Fig. 3. Soil moisture (50-1∞ mm) on successive days after sowing 泊 Expts. 1, 2, and 4 at Fatehpur. 
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Table 2. Percentage emergence of pearl millet seedlings and so喀hum genotype (from Peacock et 
al. 1990). 

1989 1990 
Genotype Expt 1 Expt 2 Expt3 Expt4 
HHB67 81 73 80 73 
IP 3201 77 76 84 62 
IP 3173 63 73 84 74 
HiTip88 37 38 33 52 
NC D2 69 76 85 80 
RCB2 8 13 84 82 
ICMH451 79 63 82 73 
IP 3188 74 76 79 56 
Sadore Local 59 75 85 72 
CZMP84 75 69 77 69 
LaGraP 88 39 52 88 71 
WR司Pop 53 49 85 74 
IP 3273 58 65 83 83 
IP 3258 55 62 73 73 
IP 3228 90 66 86 73 
LaGraP 87 47 45 82 68 
IP 3342 79 64 48 53 
IP 11145 73 70 88 69 
ICMH423 77 73 89 69 
ICTP 8203 49 55 86 71 
EC87 叩 33 79 81 
IP 3218 87 67 88 67 
CIVT 31 30 87 75 
ICMV 但4∞ 29 29 81 37 
BSECC4 9 7 82 75 
Sorghum (SPV 386) 45 49 85 56 
Mean 57 56 80 69 

In 1990, the lower values obtained in Expt. 4 than in Exp t. 3 may be attributed to the higher 
maximum temperatures between sowing and emergence (Table 1). This could have reduced seed 
germination, which is particularly thermosensitive (Garcia-Huidobro et al. 1985; Abemethyet al. 1989; 
即lalifa and Ong 1990). In all our experiments the final emergence of J丑-IB 67 was consistently above 
70%, which might be attributed to its faster germination rate. Khalifa and Ong (1990) argue that 出is

faster rate may allow it to escape the damaging effects of supra-optimal temperatures. Our results also 
suggest that the p∞r stand establishment of some pearl millet genotypes may be due to p∞r 
emergence rather than to subsequent seedling survival and that environmental conditions prior to 
emergence can be critical. 

The data suggest that variation in emergence between genotypes could be reduced if all seeds are 
produced under similar conditions. However, one genotype, HiTiP 88, showed poor emergence in all 
four experiments. 

Seedling death 

Seedling death in Expts. 1, 2 and 4 commenced between 6 and 8 DAS. In Expt. 3, death started at 
a much later stage (DAS 16) because of higher rainfall; these results are discussed elsewhere. It was 
concluded that the ability of seedlings to withstand heat stress changed with age (Peacock et al. 1993). 
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The edaphic conditions, particu1arly the soil surface temperatures (Tab1e 1), were quite simi1ar in 
Expts. 1 and 4 and the corresponding mean TI va1ues for the two experiments were a1so similar. 
A1though there are some exceptions, the TI rankings, particu1ar1y of the top and bottom-performing 
millet genotypes in a11 experiments, were similar between experiments. 

There is considerab1e genotypic variation in TI (P < 0.001). Genotypes BSEC C4 and ICMV 84400 
have consistently 10w TI va1ues, whereas a number of genotypes including the hybrid I-丑-IB 67 and the 
1oca11andrace IP 3201 have high va1ues. The superior performance of the first 10 genotypes, based on 
伽 mean of TI, is exp1ained to a 1arge extent by examining their background (Peacock et a1. 1993). 

Caution must be taken when eva1ua也可 the TI data for those genotypes with poor emergence 
(Tab1e 2). For examp1e, HiTiP 88, which has a high TI va1ue, has a very p∞r emergence which must 
limit its suitability for this region. It may be necessary to combine the data obtained for final emergence 
with 出at for TI into a "survival index" of environmenta1 adaptation. 

The consistently poorperformance of sorghum both for emergence and seedling surviva1 suppo此s

the hypothesis that pearl millet is more thermoto1erant than sorghum (Su11ivan et a1. 1977) and 
therefore provides an exce11ent susceptib1e check. 

The dendrogram of 10g semipartia1 R2 for the 25 genotypes calcu1ated using War's Minimum 
Variance Cluster Ana1ysis (Fig. 4) reflects the rankings ofTI shown in Tab1e 3. Three major subgroups 
of 4,13 and 8 genotypes are formed, clear1y separating genotypes with high and 10w TI va1ues. The two 
genotypes wi趴 the highest TI, I-丑1B 67 and IP 3201, are direct1y paired and come in the first subgroup. 
BSEC C4, with the 10west TI, is close1y paired with ICMV 84400 and comes in the third group 
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Fig. 4. Dendrogram showing也e grouping of the 25miIlet genotypes based on their thermotolerance 
index (TI) (from Howarth 1991). 
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Table 3. Thennotolerance index for pearl millet and sorghum genotypes (ran姐ng order of each 
expe血nent in parentheses; from Peacock et al. 1993). 

1989 1990 
Genotype Expt 1 Expt 2 Expt3 Expt4 Mean 
HHB67 0.91 (6) 0.76 (6) 0.83 (1) 0.94 (1) 0.86 (4) 
IP 3201 0.97 (1) 0.82 (2) 0.78 (3) 0.84 (8) 0.85 (4) 
IP 3173 0.80 (11) 0.81 (3) 0.71 (4) 0.83 (10) 0.79 (η 
HiTip88 0.72 (18) 0.80 (4) 0.78 (2) 0.80 (13) 0.78 (9) 
NC D2 0.95 (2) 0.76 (9) 0.46 (16) 0.89 (4) 0.77 (8) 
ICMH451 0.92 (3) 0.70 (13) 0.58 (η 0.79 (16) 0.75 (10) 
RCB2 0.76 (16) 0.79 (5) 0.61 (5) 0.82 (12) 0.75 (10) 
IP 3188 0.91 (5) 0.76 (9) 0.46 (15) 0.83 (11) 0.74 (10) 
CZMP84 0.77 (14) 0.63 (15) 0.61 (6) 0.90 (3) 0.73 (10) 
Sadore LocaI 0.75 (1η 0.76 (9) 0.55 (8) 0.85 (η 0.73 (10) 
LaGraP 88 0.78 (13) 0.76 (9) 0.52 (10) 0.79 (16) 0.71 (12) 
WR司Pop 0.85 (8) 0.61 (16) 0.48 (14) 0.87 (5) 0.70 (11) 
IP 3273 o.但 (9) 0.75 (11) 0.27 (24) 0.90 (2) 0.69 (12) 
IP 3258 0.90 (η 0.82 (1) 0.36 (20) 0.64 (21) 0.68 (12) 
LaGraP 87 0.84 (10) 0.74 (12) 0.53 (9) 0.55 (23) 0.67 (14) 
IP 3228 0.79 (12) 0.66 (14) 0.51 (11) 0.69 (18) 。.66 (14) 
IP 3342 0.92 (4) 0.55 (18) 0.29 (23) 0.80 (14) 0.64 (15) 
IP 11145 0.69 (19) o.叩 (21) 0.43 (18) 0.84 (9) 0.62 (1η 
ICMH423 0.67 (20) 0.53 (20) 0.50 (12) 0.75 (1η 0.61 (1η 
ICTP 8203 0.66 (21) 0.48 (22) 0.48 (14) 0.66 (19) 0.57 (19) 
EC87 0.62 (22) 0.46 (23) 0.33 (21) 0.85 (6) 0.57 (18) 
IP 3218 0.77 (15) 0.31 (25) 0.45 (1η 0.60 (22) 0.53 (20) 
CIVT 0.53 (23) 0.37 (24) 0.36 (19) 0.65 (20) 0.48 (22) 
ICMV 但4∞ 0.48 (24) 0.54 (19) 0.31 (22) 0.53 (24) 0.47 (22) 
BSECC4 0.42 (25) 0.55 (1η 0.13 (25) 0.38 (26) 0.37 (23) 
Sorghum 0.42 (26) 0.26 (26) 0.12 (26) 0.40 (25) 0.30 (26) 
Mean 0.75 0.63 0.48 0.75 
SE 0.057 0.054 0.051 0.044 

WRajPop 惕，CZMP 84 and RCB 2 (open-pollinated varieties selected for the region) are closely paired 
and fall into the middle subgroup. It is also interesting to note that RCB 2, which is one of the most 
popular open-pollinated varieties of the region, is directly paired with Sadore Local, which is the local 
line in many parts of the Sahel, where sowing conditions are almost identical. With 出e exception of 
IP 3218, all the landraces collected in the dry regions are clustered together in subgroups 1 and 2. 

The field screening method is found to be repeatable as evidenced from a lack of significant 
interaction between genotype and experiment. The broad sense heritability of the TI trait is high 
(h2::: 0.82) and therefore of considerable interest to the breeders. In addition, the preliminary data on 
pearl millet using the laboratory method confirm field data and this is encouraging. At ICARDA, we 
hope to adapt 也is methodology to a wider range of temperatures and species, and use the system to 
better understand the nature of the genetic control of seedling thermotolerance. 

We recognize 趴at the variation in seedling survival between genotypes of pearl millet and 
sorghum may arise from different causes. Seedling death in sorghum and pearl millet is related to the 
injury to the meristem of the seedlings, which is located near the soil surface where temperatures can 
be very high (Table 1). Injury of the meristem retards subsequent leaf growth and restricts the 
movement of carbohydrates to the roots as can be seen in Fig. 5b and Table 4, which leads ultimately 
to seedlingdeath in susceptible genotypes. In the shootsof theheated sorghum plants, theconcentration 
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of total carbohydrate (TSC, primarily sucrose, glucose and fructose; see Peacock et al. 1990) increased 
substantiallyduring theexperiment(Fig. 5a). After 173 hours ofheat, both TSC and starch concentration 
were at least 3.4-fold greater than in the unheated seedlings (Fig. 昂， Table 4). In contrast, merlstem 
heating reduced root TSC to ve可 low concentrations, with a 5.5-fold decrease seen in 173 hours (Fig. 
5b). In millet, after one heat shock the leaf expansion ofICMH 423 was reduced to less than 5 mm/h 
(Fig. 6) whereas IP 3201 continued at over 15 mm/h. If these heat shocks were continued over 3 days 
then all the ICr-.征-I 423 seedlings died, whereas fewer than 10% of the IP 3201 seedlings died. 
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Fig.5. Effects of meristem temperature on total soluble carbohydrate (TSC) concentration of shoot 
(a) and root (b) each on a dry weight basis. Seedlings were heat-girdled with 520 C meristem 
temperatures or nongirdled with 310 C. Data points 訂e the me缸15 of three replications of 
three seedlings each (from Peacock et al. 1990). 
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Table 4. Effects of 520 C meristematic temperatures on concentrations of sucrose, glucose, fructose, 
and starch in roo包 and shoo切 of so崢lum seedlings. Data are the means of three 
replications of three seedlings each (from Peacock et al. 1993). 

Carbohydrate concentration (mg/ g dry wt) 
Durationof Roots Shoots 
S甘師(ho凹s) Heated Control Heated Control 
Sucrose 
5 7.8 7.6 11.6 7.2 
29 6.6 6.7 24.8 6.9 
101 5.1 8.5 29.7 10.0 
173 2.2 13.7 71.3 15.9 
LSD' 3.6 9.0 

Glucose 
5 6.2 4.8 16.8 16.5 
29 3.4 2.6 18.2 13.0 
101 2.0 1.9 16.1 5.9 
173 0.8 3.6 20.6 6.5 
LSD 2.2 5.1 

Fructose 
5 7.3 5.3 9.5 7.4 
29 2.6 4.2 8.3 6.9 
101 1.3 1.3 9.4 4.3 
173 0.0 4.0 9.1 6.6 
LSD 2.6 3.4 

Starch 
5 b 54.7 44 .5 
29 54.5 44.7 
101 34.7 39.5 
173 49 .7 14.2 
LSD 13.0 

• LSD (Ieast si伊ifiænce diff自由ce) at the P = O.051evel across all time periods for 自由 carbohydrate and tissue type 
bS回rch not detected in r∞t tissue. 

In sorghum, embryo protein synthesis is alωfound to vary with temperature and genotype 
(Ougham et al. 1988). The role of the heat shock proteins (HSPs) in survival at high temperature is 
currently being investigated. Howarth (1989, 1990a,b) has clearly shown that HSPs are produced in 
pearl mi1let and sorghum at temperatures above 350 C and that 刮目。C normal proteins are no longer 
made(Fig.η. However, if a pretreatment at 鈞。C is given, the seedlings synthesize HSPs and continue 
to grow and survive at 500C (Fig. 7,8). Thermotolerance can also be induced by a gradual tempera仙re
increase from 35 to 500 C (Fig. 7, lane D) during which HSPs are again synthesized. Similar results in 
cereals have been shown for barley and wheat (Marmiroli et al. 1986; Stanca et al. 1987; Zivy 1987; 
Krishnan et al. 1989; Hendershot et al. 1992). The thermotolerance induced by a heat shock does not 
persistfrom oneday to thenext (Fig. 8) (seeHowarth 1991). However, a subsequentheat shock, during 
which HSPs are again syn出esized， retums the tissue to a thermotolerant state. The ability to survive 
repeated heat shock is of pr凶ìe importance in parts of the world with high midday temperat盯的﹒

The precise function of HSPs in thermotolerance is sti1l not understood (Lindquist 1986; Ougham 
andHowarth 1988; Nagao eta l. 1990). Thedena仙rationofnormalcellularproteinsathightemperature

and the protective response associated withHSP synthesishas been suggested (Pelham 1986). A similar 
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Fig.6. 
Rate of leaf extension in millet seedlings IP 3201 
and ICMH 423 following one heat shock of 
540 C (Peacock and Soman, unpubl. data). 

Fig.7. 
Fluorogram of a 12.5% SDS-PAGE separation 
showing polypeptides synthes包ed by 2-day
old sorghum seedlings grown at 350 C: 
(A) during 2 hours at 350Ci after a sudden 
increase to (B) 的。C or(C)間。Ci or (D) at 500 C for 
2 hours after a gradual increase in temperature 
of 0.50C/min (from Howarth 1991). 
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(0) 2 hours 450 C • 22 hours 350 C 2 hours 450 C pretrea恤lent (frorn Howarth 1991). 

mechanism is possible 凶 plant tissues and it may be precipitated, denatured, proteins that restrict the 
flow of carbohydrates to the r∞t when a seedling is "heat girdled" by high soil and meristem 
temperatures. HSPs may be important in protecting meristematic tissue d叮ing the sudden daily 
fl uctuations in tempera如re.The involvementofHSPs in genotypes showingdifferential thermotolerance 
iscu虹ently beinginvestigated.Recentdata (Howarth 1991) with HHB 67 and BSEC 4showed thatthe 
thermotolerant HHB 67 was able to synthesize HSPs each time it encountered a heat shock, whereas 
the susceptible BSEC C4 failed after the first heat shock syn出esis. Likewise, the thermosensitive 
BSEC C4 did not die immediately when it experienced extremes of temperature, but, when high 
midday temperatures persisted for a number of days in succession, then death occurred. 

The possibility of using a rapid screening method employing specific antibodies or nucleic acid 
probes to proteins such as HSPs to screen for seedling survival at high temperatures is of great value 
to a breeding program, and the identification of the relevant proteins is currently being investigated. 
Such proteins could measure rapidly and precisely the abundance of a given gene or set of genes, or 
their products, in specific tissue under defined physiological conditions. Even if a given gene is not 
directly involved in the mechanism of acquired thermotolerance, this does not mean that the gene or 
its product cannot be used for a screening technique if a close correlation exists between its presence 
and the ability to survive high temperatures. Such a screening technique could then be used to assess 
the thermosensitivity of a given genotype. 

The current rate of global climatic change in temperature means that the ability to acclimate is of 
prime importance. With t∞ rapid a change in climate, a species may not be able to adap七 particularly
when one considers 出at the earth's mean surface temperature has notvaried by more than 1 to 20 C in 
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thelast10，∞Oyears (Parryetal. 1990; Warrick and Farmer 1990) compared wi趴 a possible 30C increase 
in the next 100 years. If the processes of plant acclimation and survival can be understood, and thus 
manipulated, the tolerance of plant species can be further improved. 

In conclusion, we hope to apply these methods to cereals in general and to adapt the exis也可
laboratory system by replacing the temperatu兒-con甘olled water with a silicone oil (which is a liquid 
between -75 and +60oC). We propose to use it to screen for both high and low temperature tolerance 
in barley and wheat at ICAROA to select genotypes that are more adapted or that can more readily 
acclimate to the ex仕emes of temperature in harsh Mediterranean environments. 
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ABSTRACT 

Gibberellins (GAs) were quantified by capillary gas chromatography-selective ion monitoring 
(GC-SIM) using FHl GAs as intemal standards in the mature leaves, sheath segments and roots of 
Chinese Spring wheat (tall) seedlings. They were grown undervemalizing (8 0 C, 8 hourphotoperiod 
and light 2∞阻nollm2/sec for28 days),and nonvemal包ing (200C, 14 hour photoperiod and li偵t400
J.Ullollm2/sec for 7 days) conditions. In general, increased concentrations of G丸，GA19 and GA53 were 
present in mature leaves, sheath segments, and roots of seedlings grown under vemalizing 
condition, whereas the concentrations of GAlt G丸" G~ and GA20 were greater扭 seedlings grown 
undernonvemalizing condition. Relative concentrations of GAlt G此，GA19， GAzo and GA53 from the 
two growing conditions lead us to infer that the conversion of GA19 to GAzo (C2o-GA to C19-GA) is a 
rate-limiting step in the seedlings grown under vemalizing condition for biosynthesis of GAlt the 
GA apparently responsible for shoot elongation in wheat. Since it has been reported that 血e

concentrations of GAlt G丸， G丸， G丸9 and GA20 were similar in the sheath segments of 卅日 (tall)

wheat seedling grow加g at 10 and 20oC，出is rate-limiting step may be associated wi出 short

photoperiod and/or low light intensity but not low temperature. 

INTRODUCTION 

Gibberellins (GAs) are plan t hormones regula ting germina tion, growth, flowering, frui tforma tion 
and senescence. These plant developments are affected by GA concentrations that can change as a 
res叫t of growth conditions such as temperature and photoperiod or chemical 廿eatmentofplants. We 
have recently shown 趴at after apple trees were treated (trunk drench) with paclobutrazol, a GA 
biosyn也etici吋lÎbitor， theGA concentrations in immature apple seeds were decreased initially (2 years 
after 廿eatment) and then increased (4 and 5 years after treatment) compared to the controls (Steffens 
et al. 1992). It also has been shown that photoperiod control of shoot growth is mediated by GA 
concentrations in long-day plants Spinacia oleraæa (Metzger and Zeevaart 19切) and Silene armeria 
(Talon and Zeevaart 1990). GA1 has been shown to be the biologically active GA for shoot elongation 
in plants. 

Temperature affects GA concentrations and consequently the growth of plants. Selected genetic 
dwarf apple plants grow as standard plants in a cons切nt 270C environment (Steffens and Hedden 
1992). However, they retain their dwarf-life characteristics when grow趴g in an environment where 
temperature is maintained at 350 C for 2 hours in a ramped regime. This high temperature dependence 
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for dwarf characteristics may be caused by the blockage of the conversion of GA19 to GA20 at elevated 
temperature, which results in GA19 accumulation in ramped-grown dwarfs as well as decreased GAl! 

GA3, GAa and GA20 concentrations. It has been shown previously that GA.like substances were lower 
in floral buds, open flowers and developing fruits of tomato after a brief heat 仕eatment (380 C for 5 
hours) (Kuo and Tsai 1984). The high temperat山e decreases tomato production in the 廿opics by 
inhibiting fruit set. 

To study the physiological role of GAs in plants, it is important first to identi句r and quantify GAs 
凶 various parts of the plant and at various stages of the life cycle. Furthermore, investiga仙19
differences in concentrations of GAs under contrasting environmental conditions, such as vemalizing 
andnonvemalizing growing conditions, can tentatively identify biologically active GAs and their rate
limi也可 steps in particular plant developmental processes. Rate-limiting steps can then be confirmed 
by feeding studies. 

MATERIALS AND METHODS 

Growth of Wheat Seedlings and GA Analysis Methods 

Seeds (25 g, 7∞ seeds) of Chinese Spring wheat (Triticum aestivum L.) were soaked and aerated for 
about 5 hours and then sown in vermiculite. For wheat seedlings under vemalizing condition, seeds 
were grown in a growth chamber at 80C and 8-hour photoperiod with light intensity of about 200 
μmol/m2 / sec for 28 days (Gardner et al. 1985). For wheat seedlings under nonvemalizing condition, 
seeds were grown at 200 C and a 14-hour photoperiod with light intensity of about 400 戶nol/m2/sec
for 7 days (Gardner et al. 1985). Both seedlings grown undervemalizing and nonvemalizing conditions 
were harvested at the same developmental stage based on similar heights of sh∞ts (Table 1). At this 
stage, both apices were stiU at the vegetative stage, and both stems were the same size. The duplicate 
samples of mature leaves (leaf blades), sheath segments and r∞ts were obtained, weighed (Table 1) 
and handled separately. The sheath segment was cut from the surface of vermiculite (about 0.5 cm 
above the seed) to the top of the sheath ofleaf1 which excluded the apex (0.1 mm, for both seedlings), 
stem (0.4 mm, for both seedlings) and leaf 1, however, it included parts of the 2nd and 3rd leaves which 
were enclosed by the sheath ofleaf 1. The extraction, purifica tion and identifica tion of GAs from tissues 
were similar to previous reports (Lin and Stafford 1987; Lin et al. 1991a,b). The identification of GAs 
was based on high-performance liquid chromatography (HPLC) (Lin et al. 1991b), capilla可 gas

chromatography-selected ion moni toring (GC -SIM) and Kova ts retention indices. For GA quantifications, 
deuterated GAs were used as intemal standards. 

RESULTS AND DISCUSSION 

Identification of GAs in Wheat Seedlings 

IdentificationofendogenousGAs in wheathas been reported. In seedlings GAlt GA3, GA4t GA7, GAs, 
GA19, GA20, GA29, GA34, GA44 and GAS3 have been identified Gensen and Junttila 1987; Lin and Stafford 
1987; Appleford and Lenton 1991). In mature wheat plants, GA1 and GA3 have been identified in 
vegetative parts (Eckert et al. 1978), and GA1, 3-epi毛Alt GA3, GAs, GA9, GA17, GA19, GA20, GA29 and 
GAS3 in intemodes (Lenton et al. 1987). We have identified endogenous GAs in mature leaves, sheath 
segments and roots (Table 1) of Chinese Spring wheat seedlings grown under both vemalizing and 
nonvemalizing conditions (Table 2). Apparently the early-13-hydroxylation pa也way (Fig. 1) is 
functioning in wheat seedlings. 
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Table 1. Lengths (cm) (average of 15) of the tissues of Chinese Springwheatseedlings grown under 
vemalizing and nonvemalizing conditions and weights (g) of duplicated groups oftissues 
harvested from about 7ωseedlings (25 g of seeds). 

Vemal坦ing" (sh∞t 15.4, sh臼th4.65) Nonvernalizingb (sh∞t 15丸 sheath 2.53) 
Mahlre leaves Sheath segrnents R∞ts Mahlre leaves Sheath segrnents R∞ts 

62.2 19.4 42.9 78.0 14.0 29.1 
60.1 18.8 44.1 79.0 12.6 32.8 

• Grown at 8'<:,8 hour pho抽p叮iod 問d200μmol/m'/sec， for 28 days. 
b Grownat2日『士， 14 hour photoperiod and 4∞JUTlol/ m' / sec, for 8 days. 

Table 2. Endogenous GAs identified' in the tissues of Chinese Spring wheat seedling澤 grown

under vemalizing and nonvemalizing conditions. 

Tïssues Vemalizing 
Mature leaves GA], GA3, GAa, GA]9, GA20, GA29, GA祉， GAS3
Sheath segments GA], GA3, GAa, GA]9, GA20, GA29, GA.ü GAS3 

R∞包 GA]， GA3, GA]9, GA20, GAS3 

• Identification is bas吋 on HPLc, GC-SIM 叩d Kovats ret四個on indices 

Nonvern且lizing

GA], GA3, GA8, GA9, GA]7, GA]9, GA20, GA29, GA祉， GAS3
GA], GA3, GA8, GA]9, GA20, GA2如 GA..， GAS3
GA]9， GA仰 GA"
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F地 1. Probable biosynthetic pathway of GAs for wheat seedlings, toge血er with probable rate
limiting step under vemalizing condition. Conversion of GA20 to GA3 is uncertain and is 
indicated by a dashed line. All G As shown on the pathway have been identified in this study 
together with G丸I GA171 and GA29• 
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Concentrations of GAs in Wheat Seedlings 

The concentrations of GA1 and GA20 in seedlings, intemodes and ears of Maris Huntsman wheat 
containing tall (rht), semi-dwarf (Rhtl , Rht2, Rhtl +2) anddwarf(Rh日， Rht2+3) alleleshave beenreported 
(Lenton eta l. 1987; Hedden and Lenton 1988;Pinthus et aI. 1989). The concentrations ofGA1 and GA20 

are highest in the dwarf wheat and lowest in the 個11 wheat. These dwarf wheat genotypes are GA
nonresponsive (GA-insensitive) (Lenton et al. 198ηinsofar as vegetative growth responses are 
concemed and the tall whea t is GA -responsiv e. R配ently， theconcentrations ofGAv GA8, GA19and GA20 

in the expansion zone and mature tissue of leaves of rhtl , Rhtl， 你的 and Rht3 wheat seedlings were 
compared (Appleford and Lenton 1991). These workers proposed that one of the consequences of GA1 
action is suppression of GA19 oxidase activity such that the conversion of GA19 to GA20 becomes a rate
limi也可 step on the pathway to GA1 in GA-responsive lines. 

The concentrations of GAs in the mature leaves, sheath segments and r∞ts from the seedlings 
grown under vemalizing and nonvemalizing conditions are shown in Table 3. The concentrations of 
GAs in mature leaves and sheath segments from the seedlings grown under nonvemalizing condition 
are similar to those of rht3 (tall) wheat seedlings grown at 200 C (Appleford and Lenton 1991). The 
concentrations of GAS3 and GA19，已。毛As of the early-13-hydroxylation pathway (Fig. 1), in mature 
leaves, sheath segments and roots from wheat seedlings grown under vemalizing conditions, were 
higher than those grown under nonvemalizing condition. The concentrations of GA20, GA1 and GA8, 
C9毛As of the early-13-hydroxylation pathway, in mature leaves and sheath segments from seedlings 
grown under vemalizing condition were lower than those under nonvemalizing condition in general. 
Relative concentrations of GAv GA8, GA19, GA20 and GAS3 from the 仇vo growing conditions lead us to 
believe that the conversion of GA19 to GA20 (C2。毛A toC9毛A) is a rate-limiting step in the early-13-
hydroxylation pathway in the shoots (mature leaves and sheath segments) of wheat seedlings grown 
山lder vemalizing condition. 

Table 3. Duplicate measurements of the concentrations (nglg fresh t凶ue) of endogenous GAs in 
wheat seedlings grown under vemal扭扭g and nonvemal包ing conditions. 

GA Vernalizing N onvernalizing 
ldenti血ed Mature Sheath Roots Mature Sheath R∞ts 

leave啞 segments leaves segments 
GA1 0.2 0.3 0.1 0.2 1.0 ND 

0.2 0.2 0.1 0.3 0.6 0.05 
GA3 2.2 2.1 0.9 0.4 0.6 ND 

1.1 0.7 0.8 0.3 0.4 ND 

G~ 0.9 2.3 ND 2.1 5.6 ND 

0.8 1.4 ND 2.5 5.6 ND 

G~ ND' ND ND 1.5 ND ND 

ND ND ND 1.8 ND ND 

GA19 3.2 8.2 2.2 2.4 5.4 1.6 
3.3 8.2 2.3 2.6 5.2 2.1 

GA20 0.3 0.4 0.05 0.5 。 .9 0.05 
0.2 0.3 0.05 0.6 0.6 0.05 

GAS3 1.3 2.4 0.1 0.9 1.1 ND 

1.4 2.3 0.2 0.7 0.7 ND 

• ND = analyzed but not de世世d， no tpr自由t or below detectable concentration 
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3 The concentrations of GA1, GA3, GA晶， GAI9 and GA2羽o i趴n 仕趴1e s油he臼atl血lS扭egment切s ofnea訂r-吋O嗯genic r.仇ht仿

(ta11) and R助ht仿3 (怕dw附ar吋句 w咐he叫a仗ts純ee吋dlin峙gsgrown a前t1叩Oand2叩OOC have been r跎ep戶or巾t跆ed as shown in Table 
4釗(Applefl的for吋d and Lenton 1991). The steady statepool sizes of GA1, GA3, GAg, GAI9 and GA20 were similar 
in developmen切lly equivalent tissues of fue rht3 (ta11) line growing at 10 and 200 C despite a 2.5-fold 
difference in fue rate of leaf expansion. In contrast, in fue Rht3 (dwarf) line, the extent of accumulation 
of GA1 reflected fue severity of fue phenotype at fue two temperatures wifu slower-growing tissues 
accum叫a也可 less GA1• 

Table 4. GA concentrations (ng!g fresh weight) in sh倒也 segments of 卅日 (tall) and Rht3 (dwarf) 
wheatseedlings grown at 100 C (24 days) and 200C (12 days) under long day (Appleford and 
Lenton 1991). 

Genotype Temperature GA1 GA3 GAa GAI9 GA羽
(OC) 

的β(tall) 10 0.6 0.4 3.1 5.0 0.4 
20 0.4 0.3 4.6 4.0 0.5 

Rht3 (dwarf) 10 3.2 1.2 4.9 3.3 0.8 
20 10.9 1.6 5.6 2.2 0.9 

This rate-limi也可 step at fue conversion of GAI9 to GA20 was not shown by fue concentration 
differences of GA1, GAg, GAI9 and GA20 in sheafu segments of the same line (Rht3 and rht3) grown at 
different temperatures (10 and 20oC) (Appleford and Lenton 1991). However, in fue present tall wheat 
stu旬，位1is rate-limiting step was shown in wheat seedlings grown under vemalizing condition. The 
vemalizing and nonvemalizing growing conditions in fuis study differed in photoperiod, light 
intensity as well as tempera ture. Therefore，也is rate-limiting step in wheatseedlings may be associated 
wifu fue shortphotoperiod and/ or low light intensity, butnot low temperature. The rate-limiting step 
at fue conversion of GAI9 to GA20 was recently shown in: (1) GA-responsive rht lines (tall wheat) when 
fue concentration of GAIt GAs, GAI9 and GA20 in expansion wne of leaves were compared wifu those 
of GA -nonresponsive Rht lines (dwarfwheat) (Appleford and Len ton 1991); (2) slender barley seedlings 
when fue GA concentrations in sheafu segments were compared with fuose of normal barley (Crocker 
et al. 1990); and (3) normal maize seedlings when fue GA concentrations in vegetative shoots were 
compared wifu fuose of dl mutant (Fujioka et al. 1988). The conversion step of GAI9 to GA20 may also 
regulate fue pho的periodic control of stem growfu of spinach (Metzger and Zeevaart 1980) and Salix 
Gunttila and Jensen 1988). 

Wheat seedlings grown athigher temperature (e.g. nonvemalizing growing condition) grew faster 
fuan those at low temperature (e.g. vemalizing growing condition). In Chinese Spring wheat seedlings 
(ta11) grown under vemalizing condition, the concentration of GAJ, fue biologically active GA for shoot 
elongation, in sheath segments is contro11ed by fue rate-limiting step of GAJ9 to GA20 as shown in Table 
3 and Fig. 1. However, the concentrations of GAJ, GA串， GA J9 and GA20 in sheafu segments of rht3 個11)

whea t seedlings were not affected by血e temperature difference (Table 4). There are factors ofuer fuan 
GAJ concentration that affect fue growth of wheat. 
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ABSTRACT 

In a controlled environment study over 血e range 20-350 C wi也 seedlings of four cultivars of 
asparagus (Asparagus officinalis), we found 也at growth was exponential for the firstωdays， and 
thatthema剋mum increase in total dry weight occurred at a constant temperature of 270 C. However, 
the maximum increase 泊 root dry weight occurred at a much lower night temperature (day/night, 
26.6/23.80C) due to changes in dry matter dis出bution. When the constant temperature regimes were 
replaced with 12-hour day/night regimes wi血 10 and 200 C differentials, in all cases the constant 
temperature regime produced a higher grow血 rate than the differential regime at the same mean 
temperature, and the larger the differential the lower the growth rate. 

INTRODUCTION 

There is an increa sing in terest in the year-round av aila bili ty of fresh asparagus (Asparagus officinalis) 
in Europe, Japan, and North America. However, asparagus can most easily be produced in temperate 
climates during the spring, and 出is means that for the remainder of the year the product must come 
from tropical sources. In temperate climates the production cycle for asparagus (once the crop has 
become established) involves a spring harvest, a summer and autumn photosynthesis and storage 
period, and a winter "dormancy." Essentially next year's crop depends primarily on the quantity of 
carbohydrates stored in the thick storage roots during 仕le previous summer and autumn, although the 
actual yield obtained will be modified by the spring environment (particularly temperature). 

In tropical climates, asparagus does not usually become dorman七 and a technique called the 
"motherfem system" (developed in Taiwan in the 1950s) is used to ensure that an appropria te balance 
between yield and storage carbohydrate in the roots is maintained. A number of cultivars have been 
selected as being more suitable for production in 仕opical environments than the temperate climate 
selections, but field selection is somewhat empirical，的 it may involve disease resistance, spear quality 
as well as carbohydrate balance related to superior high-temperature tolerance. This study was 
concemed with the plant response to temperature in relation to dry matter accumulation. 
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MATERIALS AND METHODS 
The experiments were carried out at two sites. AI1 growth analysis studies were done using 

control1ed climate r∞ms at the Department of Scientific and Industrial Research (DSIR), Division of 
Fruit and Trees, Palmerston North, while the photosyn趴esis and respiration studies were done using 
control1ed climate cabinets at Massey University. 

Four cultivars used during the study were: UC 157 (Calif. Seed and Transplants, Davis, USA), 
Br凹ks Imperial (Calif. Seed and Transplants, Davis, USA), Tainan No. 1 (DAIS, Tainan, Taiwan), and 
Larac (Darbonne, Milly la Foret, France). UC157 performs extremelywel1 in Califomia; Brocks Imperial 
is believed to haveωme heat tolerance; Tainan No. 1 has been selected over many years from 
Califomian cultivars for Taiwan's high temperat凹es; and Larac has been selected for the cooler 
environment of France. 

The contro l1ed climate r∞ms used were programmed to provide the temperature regimes shown 
in Table 1. AI1 other environmental factors were held near constant: radiation between 612 and 734 
mmol/m2/s;vapourpressuredeficit between6 and 10 mb; daylength 12hours; and C021evel ambient 
range 320-500 ppm. The media and water and nutrition were the same for al1 experiments. 

Table 1. Temperature regimes used in growth room study. 

Constant (oC) 

35 
30 
25 
20 

1OOC differential 
40 day /30 night 
35 day /25 night 
30 day /20 night 
25da正主豆豆lt

2OOC differential 
failed to germinate 
的 day /20 night 
35 day /15 night 
3o day/10ni鼎t

The experimen切1 design was a random complete block design at each temperature regime for the 
four cul tivars, and the 10 harvest da tes used a t each regime. There were four replica tions (blocks) used 
in each room, but each r∞m was not replicated. 

Five seeds were sown in each pot, and weekly destructive harvests were carried out, commencing 
as soon as the cladodes had developed on the first emerging shoot. At each harvest we measured: 
a) totalleaf area; b) d可 weight and number of r∞ts; c) dry weight of leaves; and d) d可 weight and 
number of sh∞ts . 

Because of 出e different temperature treatments, germination times varied, and therefore the 
growth data were processed using the "dynamic" methods proposed by Hunt (1990), in which the 
various growth indexes were compared, rather than absoluteplantweights.ltwas found that al1也ese
growth data fo l1owed an exponen tial rela tionship wi血 time (Fig.l), and therefore growth analysis was 
carried out on this basis. This involved determining the fo l1owing parameters: 

Relative grow也 rate (RGR) expresses growth in terms of a rate of increase per unit of size. This 
norma l1y refers to 血e total d可 weight (W), but can also apply to dry weight components, or even the 
leaf areas. The instantaneous formula is: 

1 dW 
RGR= 一一﹒一

W dt 
Net assimilation rate (NAR) is an index of the productivity in relation to leaf area (A). The 

instantaneous formula is: 
1 dW 

NAR=一一﹒一一-
A dt 
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Leaf area ratio (LAR) is defined as the ratio between leaf area and total dryweight. Theinstantaneous 
formula is: 

N寸
A surface response function was applied to pr吋ict the growth indices for the different day /night 

temperat盯e treatments for RGR. The response function (Box 1954) is: 

Y = f(D,N) 

where Y = RGR (total, and crown dryweights), D = day temperature, and N = night temperature. The 
growth indices were fi前ed to the following equa tion: 

Y = bBo+blD+b2N+bllIY+b22N2+b I2DN 
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Fig. 1. Effect of harvest day on dry weight of asparagus seedlings at 20 and 300C. 

Plants of the same four cultivars were grown in controlled environments described previously, and 
then acclimated for 4 weeks at the following day /night tempera tures: 20/ 200C, 25/ 250C, 30 /200C, 35/ 
150C，的/200c. A 12-hour photoperiod and thermoperiod was used. Photosynthesis and respiration 
(both light and dark) were measured by means of a por切ble Li-6200 photosynthesis system (Licor, 
Lincoln, USA). Shoot and crown respira位on were measured in a closed system using an infrared gas 
analyzer (BINOS). 
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RESULTS 
There was considerable variation in germination time between different temperature 仕ea恤ents.

Seed at optimal (25-300 C) temperatures germinated faster than at supra (這 350C) and suboptimal 
(歪扭。C) temperatures. Because the inconsistent germination could mask the real growth rates, the 
plant sizes were not used directly to determine growth responses to temperature. 

A linear relationship was fitted to the logarithmsofplant size (i.e.leaf area,leaf, stem, r∞t， rhizome， 
and total dry weight) against time (Fig. 1). Correlation coefficients varied as indicated in Table 2. 

Table 2. r parameters for growth rates at different temperature regimes. 

Par甜leter Optima1 temp釘atures Supraop位ma1 t恐mperatures

!eaf 訂ea 0.986 ~ r2 ~ 0.861 0 .8月 ~r2 ~0.567 

!eaf weight 0 .982 三 r2 這 0 .893 0 .882 至乎全 0.747

root weight 0 .982 至已全 0.899 0.899 訂2這 0.662

tota! p!ant weight 0.976 ~ r2 ~ 0.898 0.891 ~ r2 ~ 0.758 

Results in Fig. 2 clearly demonstrate that the optimum temperature for dry matter accumulation 
for asparagus is a constant day / night of 270C, that the RGRs for different day / night temperatures are 
always lower than for the equivalent constant temperature, and that the greater the day / night 
differential the lower the RGR. Similar results were found for the crown RGR (Fig 3). 
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With theexception of the35/150 C treatment (where NARincreases slightlywith time),all the other 
temperat叮e仕ea加lents show a reduction in NAR with time (Fig. 4) . As one might anticipate LAR show 
the reverse, with LAR increasing with time except for the 35/150 C treatment (Fig. 5). 

Thecurvefi出ng of the RGR data suggests 也at the optimum temperature for total plant weight (of 
asparagus seedlings) is about 260 C (Fig. 6). A similar fit for crown weight suggests a lower optimum 
temperature (Fig. 內.

The rate of photosyn血的is of asparagus fem fell significantly with increasing temperature (Fig. 8). 
Respirationincreased with increased temperature ina near linear mannerfor fem (Fig. 9 and 10), shoots 
(Fig. 11), and crown (Fig. 12), except for fem photorespiration, which peaked at 350 C, and was lower 
at 400Cσig.10) . 

DISCUSSION 

We found that temperature s廿ongly influenced theRGR ofyoung asparagus plants, and the effects 
of the diumal temperature variations on growth depend on the plant components. The effects of the 
altemation of day and night temperature may be due to the influence of high day temperature s仕ess
on chemical composition being counterbalanced by lower or optimum night temperatures (ßadu
Apraku et a1. 1983). These results agree with the conclusions of Hughes et a1. (1990) that temperature 
has a major influence on the dry ma位er accumulation in asparagus seedlings. 
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RGR is theproduct of NAR and LAR, thus while RGRs are compared in the analysis of growth rate, 
NARs and LARs should be considered at the same time. If the RGRs are constant and NARs or LARs 
va可 with plant ontogeny over the experimental period, the latter may represent a measurement of 
growth ra te wi th plan t on togeny. Previous work has shown tha t NAR is important in rela tion to growth 
but LAR less important (Watson 1947a,b; Hughes and Evans 1962; Wilson 1966). The results in these 
reports differfrom ours in that LAR was found to beclosely related to growth rate. This may be because 
our experiment was carried out at stress temperatures from 20 to 400 C during the day and 15 to 350C 
at night on young plants, whereas the previous studies were carried out at less stressful temperatures. 

When the growth ra te is classified according to parameters of NAR, LAR and RGR, the regimes can 
be grouped into high (D25/N250 C and D泊/N300C)， normal (D20 /N20oC, D30 /N20oC, D35/N150 C, 
D35/N250 C) and p∞r growth ra tes (D35 /N350 C, D40 /N20oC, D40/ N30oC). It is therefore suggested 
that plant growth is greatly reduced by a relatively small temperature increase above the optimum. 
These results are consistent with those of Duff and Beard (1974). 
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As expected, the growth analysis parameters showed fluctuations between cultivars, especially 
plants in 血e regimes D35/N150 C, D35/N250 C and D35/N350 C. The causes may be due to an 
altemation of supraoptimal day temperature and suboptimal or supraoptimal night temperature 
trigge血g the characteristics of heat adaptation. There appeared to be genetic differences. 

From the equa tion of the response s山face，也eop位mal temperatureisnearlyconstantdayandnight 
between 26.2 and 26.90C, similar to the results of Robson (1973) who showed that the optimum 
temperat叮e for leaf growth of tall fescue is about 250C, with a night temperature equal to or slightly 
less than that of the day temperature. Most physiological processes achieve their maximum at 25-30oC 
for temperate crops (Ong and Monteith 1985), hence asparagus appears to be a temperate crop. 

In fac七 the optimal temperature and RGR can be expected to fluctuate with other environmental 
factors, e.g.light intensity, nutri位on， plant component and plant ontogeny, hence the optimum is not 
a specific temperatu時， but a range dependent upon other variables (Duff and Bread 1974). However, 
the optimal temperature for asparagus is lower than for tropical maize which has an optimal 
temperature of about 31 0 C. Thus asparagus has a higher optimal temperature than the common 
temperate cro戶， but a lower optimal temperature requirement than the tropical crops. It is therefore 
postulated that asparagus may be adapted to warm climates. 

The optimal temperature for the RGR requires a lower night temperature than other components, 
which is consistent with the findings ofLahav and Trochoulias (1982) who, in avocado plants, showed 
that warm temperatures were more advantageous 趴 all the growth parameters measured except for 
r∞td可 ma仕er production. Roots are more active at a relatively lower temperature than the optimal 
temperat山e for leaf area, fem weight and total weigh七 whereas these regimes reduce the root growth. 
Possibly this is associated with the deep r∞t system of asparagus, since soil temperature decreases 
with increased depth. 
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ABSTRACT 

The effects of sudden (SS) and gradual waterstress (GS) on two hot peppers (C叩sicum annuum 
L.) were studied. Plan包 inboth treatmer自were rewatered when severe wilting persisted throughout 
the night. The delay in recovery after rewatering in leaf water potential (L WP) and osmotic potential 
was more pronounced in the GS-treated plants than in the SS-treated 凹的﹒ We considered 也at

turgor was not maintained under conditions of very low L WP. High values in turgor potential (TP) 
and rapid decrease in osmotic adjus出ent after rewatering indicate that cultivar Huay Süthon (HS) 
has higher ability to regain sufficient moisture content than cultivar Yatsubusa (YB). In both 
cultivar宮，也e length of delay in recovery of photosynthetic rate (PS), diffusion resistance (DR) and 
transpiration rate (TR) was almost the same扭曲e plants given either SS or GS. Actual delay period 
in recovery of 肘， DR and TR was longer in YB than in HS. An early recovery in the physiological 
characteristics together wi血 dehydration avoidance caused by partial stomatal closure at low L WP 
may have resulted in the maintenance ofhigheryield in HS. The relationship between abscisic acid 
accumulation and physiological recovery is not yet clear. 

INTRODUCTION 

Techawongstien et a1. (1992a, b) compar吋 physiological characteristics during recove可， growth

and yield in two hot pepper cultivars (Capsicum annuum L.). Although the responses of hot pepper to 
gradual and long-term water stress (G5) and to sudden, short-term water stress (55) were generally 
similar, the degree of growth and yield reduction in 伽 G5 was more pronounced than to 55 
(Techawongstien et a1. 1993). 

It is known that, depending on the rate of stress development, stomatal behavior responds to leaf 
water potential (LWP) and leaf turgor potential (Gollan et a1. 1985; Tumer et a1. 1985). Abscisic acid 
(ABA) was found to stimulate the closure of stomata and reduce transpiration (Mansfield and Davies 
1981), and its concentration increases linearlywith a decrease in turgor (Henson 1985). Tumer (1986) 
suggested that synchronization of stomatal behavior with ABA accumulation was evidence of a close 
link between ABA concentration and stomatal conductance. 
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However, there is relatively lìttle information' on the relatiónship between stomatal behavior, 
photosynthetic activity and endogenous ABA content in relation to LWP in hot pepper. This is 
especially true for hot pepper under conditions of G5. This experiment was carried out to clari句也e

relationship by analyzing the physiological responses ofhot pepper to 55 and G5. 5pecial a前entionwas
given to 出e recove可 of all the above physiological characteristics in the two selected hot pepper 
c叫世vars.

MATERIALS AND METHODS 

Seeds of two cultivars of hot pepper, Huay 5iithon 們5) and Yatsubusa (YB), were sown on 15 
March 1991. The environmental conditions and the experimental procedures were described in 
T配hawongstien et al. (1992c) . Eighteen plants from each cultivar were used. They were divided into 
three groups of six plants each. The first group was subjected to sudden, short-term water s仕ess (55-
treated plants), whereas the second one was subjected to gradual, long-term water stress (G5-treated 
plants). Both treatments were compared to the control plants in the third group which was watered as 
needed. 

55was imposed bycompletelywithholdingwater. G5was imposed by supplying about 75,50 and 
25% of the amount of water which was supplied to the control plants in the first week, second week 
and thenext 10 days, respectively. After that, no water was supplied to the plants in this treatment. For 
both cultivars, the above stress 仕eatments were started on 18 June, at the preanthesis stage. Water 
supply was resumed when severe wilting persisted throughout the nigh t. 

Measurements of Physiological Characteristics 

The leaves that had matured most recently, i.e. the fourth or fifth leaves from the apex, in both the 
仕eated and con廿01 plants, were used for measurementof physiological characteristics. Photosynthetic 
rate (P5), diffusion resistance (DR) and transpiration rate (TR) were measured with a portable LI-6200 
photosynthesis system (Licor, Lincoln, U5A). Measurements were taken 0叫y when irradiance was 
higher than saturation light intensity for hot pepper. Consequently, measurements were taken from 
11∞ to 13000n26and27June， and6， 14，的， 22 and 25 J uly 1991. Immedia tely after measuring the above 
three parameters, and on 21, 25, 28 and 29 June and 2 and 5 July, LWP was also measured using the 
pressure-bomb technique (Tyree and HammeI1972). 臼le leaf which was adjacent to those used to 
assess the physiological characteristics was then taken from each plant to meas山e the osmotic 
potential (OP). OP was measured using an osmometer (05M-1, 5himadzu, Japan), after the sample 
leaves had been frozen and thawed. Turgor potential (TP) and osmotic adjustment were calculated 
following Premachandra et al. (1991). 

ABA Measurement 

Another leaf, adjacent to those used to assess thephysiological characteristics, was taken from each 
plant to determine ABA concentration. In both s仕ess 廿eatments， leaves were sampled three times 
during the treatment period and another three times after rewatering. In the 55 treatment, leaves were 
sampled on the 4th,8th and 9th day, when severewiltingwas observed,and on the 1哎， 3rd and 9th day 
after rewatering. Leaves from the GS-treated plants were sampled on the 8曲， 15位1 and 25th day, when 
severe wilting was observed, and on the 2nd, 6th and 13th days after rewatering. All sampled leaves 
were immediately placed in a freezer and stored at -20oC until they were analyzed. 

Each sample, which contained six leaves whose fresh weight was about 1.5-2.5 g, was 血oroughly
homogenized in 80 ml of即% cold methanol (MeOH) including 2% butylated hydroxytoluene (BHT). 
The precipitate was extracted in 100 ml of 切% cold MeOH and shaken for 10 min. Both supematants 
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were combined and then evaporat吋 toremove伽MeOH. After add切g 30 ml of saturated NaCl, the 
pH was adjusted to 8.5 and then filtered. The filtratewas wash吋 twicewith 30 ml of dichloromethane, 
and once with 30 ml ethyl acetate. The pH of the aqueous fraction was adjusted to 1.5 and partitioned 
wi仕1 25 ml of dichloromethane fo叮 times. All dichloromethane layers were combined and evaporated 
t。由yness at 370 C. The d可 samples containing ABA were dissolved wi出 4 ml of 80% cold M的Hand

filtered with theactivated Sep-PakR cartridge (Waters, U5A). The samples were then purified withhigh 
performance liquid chromatography (HPLC, L-62∞， Hitachi, Japan) with ODS-5 column (Develosil, 
Nomura Chemical, Japan). 

The Phytodetek-ABA kit (Idetek, U5A) was used to detect the presence of ABA. The cross reaction 
of themonoclonalantibodywas describedin theproductdescriptionas being sp配ific for 2 -cis-(5)-ABA 
(ABA). Thepurifiedsamples weredilutedin 100μ1 of 25 mM Tris buffered saline (TB5) and pu t in wells 
coated with the antibody. Then, 100 J..Ù of alkali phosphatase-binding ABA was added to the samewells, 
mixed and allowed to stand for 4 hours at 40C. The wells were washed three times using TB5-Tween 
after removing the reaction solution. To detect the amountof adsorbed alkali phosphatase-bound ABA, 
thewells were filled with p-nitrophenyl phosphate (the alkali phosphatase substrate) in 50 mM NaHC03, 
and the reaction allowed to proceed under 370 C for 1-1.5 hours. The reaction was stopped by adding 
one drop of 5M KOH and the sample left undisturbed for 5 min. Absorbance at 405 nm was measured. 
ABA detection was best between 0.02 and 5.0 pmol per well. 

RESULTS 
For both cultivars, watering was resumed on 27 June for the 55-treated plants, and on 13 July for 

the G5-treated plants. Both cultivars were subjected to 55 for 10 days, and G5 for 25 days (Fig. 1). 

Midday LWP in the control plants of both cultivars fluctuated with date, presumably because of 
variations in the average ambient temperature and relative humidity (Fig. 1). Compared to H5，趴 YB
midday LWP of the treated plants fluctuated appreciably throughout the measurement period. 
Midday LWPvalues ofthe 55-仕eated plantsin bo血 cultivars were significantly lower than those of the 
control throughout the measurement period, except for 8 days after rewatering (5 July), in H5 when 
midday LWP values were not significantly lower. Midday LWP values of the plants in H5 subjected 
to G5 were sigr世ficantly lower than those in the control from 2 to 19 July, i.e. 6 days after rewater趴g.
After that, midday LWP values in this trea恤lent were kept normal. Midday LWP values of the YB 
plants subjected to G5 were significantly lower than those in the control from 26 June to 25 July, the last 
day of measurement. 

OP of the treated plants in both cultivars showed a temporary decrease during the trea加lent

period, butincreasedafterrewatering (Fig.1).In bothcultivars, thevaluesofOPin the5S-treated plants 
were significantly lower than those in the control throughout the trea恤ent period. These significant 
differences persisted until 6 days after rewatering, and thereafter the values retumed to normal 
5ignifi臼nt differences in OP between the G5-treated plants and the control for both cultivars were 
observed unti17 days after rewatering, and after that the values retumed to normal, with the exception 
of 25 July in H5, where values were again significantly lower. 

During the 仕ea恤lent period，的 values of the 廿eated plants in both cultivars were significantly 
lower than those in the control (Fig. 1). P5 value of the H5 plants subjected to 55 increased greatly 6 
hours after rewatering, although itwas still significantly lower than that in也e control. P5 values in the 
55 plants in both cultivars retumed to normal 9 days after rewatering. PS values of the H5 plants 
subjected to G5 retumed to norma16 days after rewatering, while the YB plants retumed to norma19 
days after rewatering. 
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Fig. 1. Physiological responses during the period 21 June to 25 July 1991 扭曲e plants subjected to 
gradual stress (一一一)， sudden stress trea恤ent (--司- -) and the control (一一一一) of twohot 
pepper cultivars. HS: Huay Siithon, YB: Yatsubusa. LWP: midday leaf water potential, OP: 
osmotic potential, PS: photosynthetic rate, DR: diffusion resistance, TR: transpiration rate, 
ABA: abscisic acid. Different letlers at each measurement time 泊dicate a significant 
difference at P=O.05 by LSD. 
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DR values in the treated plants in both cultivars were higher than those in the control towards the 
end oftreatrnentperiod (Fig.1). The effect ofwater 的ess on DR still persisted in the 蹈，仕eated plants 
of both cultivars 6 hours after rewatering, but DR values retumed to normal thereafter. The effects of 
GS persisted for 30 hours after rewatering in HS and even for 6 days after rewatering in YB. After that 
the values retumed to normal. 

Although a steeper rise was observed in the甘甜ted plants of HS after rewatering compared to that 
in YB, the general trend in TR in the GS-treated plants in both cultivars was similar and the same was 
also 仕uein 血e SS-tr臼ted plants over the meas山ementperiod (Fig. 1). In both cultivars, TR values in 
the treated plants were significantly lower than those in the control 也roughout the treatment period. 
These significant differences persisted for 6 hours after rewatering in the SS-treated plants, and for 9 
days after rewatering in the GS-treated plants. The values were normal thereafter. 

臼1 average, values of ABA concentration in the control plants of both cultivars were noticeably 
lower than those in the treated plants, and these values remained at about the same level over the 
meas凹ement period (Fig. 1). ABA levels of both stress treatments in both cultivars were high d盯ing

廿ea出lent time but fell after rewatering. Maximum ABA concentration was observed 2 days before 
rewatering in 趴e SS-treated plants ofboth cultivars. The levels in two cultivars were almost the same. 
After rewatering, the residual ABA in the plants of YB subjected to SS was a little higher than that in 
the plants of HS subjected to the same 仕ea恤ent. In the G各treated plants，位le maximum ABA 
concentra tions which were reached 1 day before rewatering were higher in HS than that in YB, butABA 
levels in both cultivars remained almost the same after rewatering. 

TP was not calculated in the SS-treated plants of either cultivar because LWP was lower than -2.0 
MPa throughout the仕伯世lentperiod . In this situation turgorwasnotconsidered to bemaintained. No 
significant differences in TP between the plants su句ected to GS and the control in HS were observed 
during the measurementperiod, with the exception of 5 July (Table 1). In YB, signi自cant differences in 
TP between the GS-treated plants and the control were observed on 5 July and from 19 to 25 July. The 
values of osmotic adjus恤len七 a difference between osmotic potential of the control and the GS-treated 
plants in both cultivars, increased gradually during the 廿eatment period, but decreased after 
rewatering (Table 1). The value of osmotic adjus加ent in YB on 14 July, i.e. the second day after 
rewatering, was significantly higherthan thatinHS. On 25 July, the 12thday afterrewatering, thevalue 
of osmotic adjustment in HS was higher than that in YB 

Table 1. Turgor potential and osmotic adjustment 扭曲e gradual stress 恨atment and the control 
in two hot pepper cultivars. 

Parameters Treatments. June July 
and cultivars 25 26 2 5 14 19 22 
Turgor potential (MPa)d 

Huay Siithon Cont. 0.14 -0.35 -0.14 0.34玲b 0.20 0.04 0.23 
GS. 。 12 -0.20 。 08 “0.06 0.17 -0.13 0.18 

Yatsubusa Cont. 0.31 -0.50 -0.18 0.39峙 0.21 0.15的 0 泌的

GS. 0.27 -。但 可0.22 。.40 0.10 。.48 -0.13 
Osmotic a甸田恤ent(MPa)<

Huay Siithon 0.03 0.36 O.叩 0.49 0.42"" 0.12 0.05 
Yatsubusa 0.01 0.47 0.49 0.57 0.70 0.24 0.10 

. Cont.: Control, GS.:Gradual stress 
b Asterisks indicate signi自由ntdiffe自nc目 between valu田 01 the s甘自S 甘田trnent and the control within cultivar at P=O.05 by LSD 
, Asterisks indicate si伊ificant differenc田 between valu田 01 HS and YB at P=O.05 by LSD 
d The difference valu目 between LWP and osmotic adjustment w他m treatm田t

• The differ凹ce valu田 between osmotic po恆的ia l 01 the control and the gradual-stressed plants. 

25 

。.14
0.17 
0.33時

-0.16 

0.16"" 
0.04 
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DISCUSSION 
In this experimen七 average ambient temperat山e and re1ative humidity showed appreciab1e 

fluctuations over the measurement period. Subsequently, variations in the va1ues of the physio1ogica1 
characteristics were frequently observed, especially 凶 the treated p1ants of YB. Similar to previous 
observations, LWP in 出e treat吋 p1ants of YB fluctuated wide1y, and the de1ay in recove可 wasmore
evident in YB than in HS (Techawongstien et al. 1992b). This phenomenon was attributed to the 
difference in sensitivity of L WP of each cu1tivar to environmenta1 conditions. 

In both cultivars, recove可inL WP and OP in the GS-仕eatedp1ants was slower than in the SS-treated 
p1ants. This indicates that the after-effect of gradua1, pro1onged water stress 1asts 10nger than that of 
rapid short-term water stress. It is generally recognized thatstomata do not respond to changes in L WP 
until a critica1 thresho1d 1eve1 is reached in these parameters (Begg and Tumer 1976). Therefore, a 
re1ative1y small decrease in LWP of 血e SS-treated p1ants may not reach a critica1 thresho1d 1eve1 to 
adverse1y influence stomata in this treatment, compared to the greater decrease in LWP of the GS
treated p1ants. Osmotic adjustment is known to respond inverse1y to the rate of s仕ess deve1opment, 
i.e.1ess osmotic adjustment occurs with the rapid rate of water s仕ess compared to that which occurs 
with there1ative1ys1ow rate one (Tumer andJones 1980). Manyvarieties ofp1ants that showed osmotic 
吋us加ent when subjected to water stress cou1d not maintain turgor under conditions of -2.0 MPa or 
10wer (Gavande and Tay10r 1967; Morgan 1980). It is therefore supposed that osmotic adjustment did 
notoccurin 出eSS-treated p1ants during treatmenttimeorin GS-treated p1ants just before rewatering, 
because all of these p1ants showed LWP va1ues of -2.0 MPa or 10wer. 

The minus va1ues in TP, even in the ∞n仕01 p1ants of both cu1tivars, indicate the sensitivity in 
midday LWP of hot pepper, especially under conditions of high temperature and 10w humidity. In 
actua1 fie1d conditions a similar phenomenon generally occurs, where 10ss of turgor usually appears 
first in the shoots even if the r∞ts are in the moist soil (Kramer 1988). However, a1most all of the TP 
va1ues of the p1ants in YB subjected to GS after rewatering were 10wer than those in the contro1, whi1e 
this phenomenon was not observed in HS. In addition, the decrease in the va1ue of osmotic adjustment 
of the p1ants 泊 YB subjected to GS after rewatering was slower than that in HS. These phenomena 
suggest that 趴e abi1ity to regain sufficient moisture after rewatering, topreventdeve1opmentofwater 
stress until伽 solutes contributing to osmotic adjustment had disappeared, was presumab1y better in 
HS than in YB. 

However, the results obtained re1ated to the post-stress period from the previous experiment 
(Techawongstien et al. 1992b) and the steep rise in PS and TR, and the fall in DR just after rewatering 
indicate that in HS the 1ength of de1ay in recovery of these parameters in the SS-treated p1ants may be 
a1most the same as in the GS-treated p1ants. In addition, the 1ength of de1ay in recovery in both stress 
廿ea恤lents in YB was about the same, even though it was 10nger than in HS. This indicates not on1y 
similarity of the effects of sudden water stress to that of gradua1 water stress on the de1ay in recovery 
in physio1ogica1 characteristics, but a1so the difference in recove可 between hot pepper cu1tivars. 

A rapid decrease in DR and an increase in TR after rewatering in the treated p1ants ofHS compared 
to those in YB was observed in this experiment. These resu1ts concur with the resu1ts obtained from 
previousreport(Techawongstienetal. 1992b). Theseresu1ts were attributed to partia1 stomata1 closure 
at 10w LWP in HS, compared to a comp1ete stomata1 closure at 10w LWP in YB. The phenomena may 
have resulted in a rapid increase in PS after rewatering in the treated HS p1ants, compared to the YB 
p1ants, caused by the earlier regaining of the carbon fixation. It is well recognized that stomata1 closure 
reduces water 10ss and coincides with a decrease in carbon fixation, resulting in a deficiency of carbon 
compounds for grow出 and the maintenance processes (Ha1e and Orcutt 198η. Therefore, it may be 
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concluded that HS could maintain a higher yield because of an early recove可 in the physiological 
characteristics together with dehydration avoidance, regarding pa此ial closure of stomata. In YB, 
however, the reverse was considered to be the case. 

As expected, ABA concentration in both stress 甘ea伽lents increased when LWP and OP decreased 
duringthe廿ea恤ent time. Conversely，仕le concentration decreased when LWP and OP increasedafter 
rewatering. Considering the relationship between physiologicalrecovery andABA concentrationafter 
rewatering, almostnone of thephysiological parameters recovered as rapidly as was expected wi趴 the

fall in theABA concentration. Inaddition,ABA concentrationin both stress treatments ofboth cultivars 
still remained 2-3 times over those in the control on the last day of measurement, but almost all of the 
physiological characteristics showed a complete recove可﹒ AlthoughABA accumulation is consider吋
to bethecontrolling factorin stomata, the results presentedhereshow thatABA accumulation maynot 
relate directly to the process of recovery in hot pepper. 
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Temperature Effects on Source-Sink 
Relationships: A Review 
Ian F. Wardlaw 

CSIRO Division 01 Plant Industry, GPO Box 1600, ACT 2601 Australia 

ABSTRACT 

Photosynthate movement in plants is influenced by the spatial訂rangement and photosynthetic 
capacity of leaves and 0也erorgans，也e competitive ability and demand forcarbon by growing (and 
storage) organs，由e nature of the vascular linkages between sources and sinks and the capacity for 
temporary storage by tissues (includ加g the source) along the transport pathway. Information is 
available on the operation and temperature response of many of the individual components 由此
contribute to the supply, utilization and movement of carbohydrates, but the controls that are 
responsible for the partitioning of carbohydrates扭曲e integrated whole plant system are still not 
fully understood. Some of the difficulties 泊 defining these controls arise because of a failure to 
recogr也e the degree of source or sink limitation in a p訂ticular situation and to the continual 
changes 由at occur with growth and development as new organs are initiated, mature and senesce. 
An added complexity in ex缸nining 也e way in which temperature may influence source-sink 
relations 扭曲ein他ect control of plant function that may for example operate伽oughnu出tional

changes, orvariation in the level of plant growth re伊lators. Also there is a period (often ill defined) 
。fadaptationin response to a change in temperature before anewsource-sink balance is established. 

INTRODUCTION 

In discussing the effect of tempera ture on the control of d可 matter partitioning in plants (source
sink relationships) we are considering the plant as an integrated system and not just as isola ted cellular 
units. 

The plant is a system (i) where growth is dependent on photos戶1出的坊， and possibly vice versa; (ii) 
where vascular links are essential for joining spatially separated functions; (iii) where the structure is 
important for the proper presentation of carbohydrate sources and sinks; (iv) where carbohydrate 
storage, both short and long term, plays an important role at times of an imbalance between source and 
sink activity; (v) where changes in n u trien t uptake and redistribu tion may significan tly modify growth 
pattems; and (vi) where there are molecular signals that regulate and integrate organ initiation, 
development and function. 

It is also important to realize that there is an overlap in time in 趴e development of individual plant 
organsand thatnotall plantfunctions areequallysensitivetoenvironmental s廿ess. During germina tion 
r∞tgrow由 is dominan t, but following leaf emergence there is a reversal in this pa ttem with the shoot 
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utilizing a greaterproportion of the availablephotosynthate. For a time r∞七 leafand lateral bud (tiller) 
development仗curconcu叮ently， then after floral initiation there is an overlap in leaf, stem and flower 
(ear) development with a decline in the rate of root and lateral bud growth. Fruit growth is largely 
dominant in the later stages of cereal developmen七 but this is less marked in many indeterminate 
annual plants. Within this overall developmentpa悅m there arecritical stages when an environmental 
stress canhave a majoreffecton subsequentgrowth and yield. In whea七 for example, high tem peratures 
at the time of pollen meiosis can seriously reduce seed set, whereas in rice it is low temperature that 
may be critical at this stage (Hayase et al. 1969; Dawson and Wardlaw 1989). 

Critical tempera仙res can vary between genotypes and may be modified by the temperatu時
conditions immediately prior to stress. This type of adaptation is seen for example with both frost 
(Steponkus 1978) and heat shock (Vierling and Nguyen 1992) tolerance. Al甘\Ough many studies have 
been concemed with critical temperatures where the responses can often be clearly identified, there are 
still m司or effects on growth and yield in the more moderate temperature range. In analyzing the 
behavior of plants in relation to temperatu凹， it is also necessary to consider the duration of the stress. 
A short period outside the normal temperature range for a particular species may have only minor 
consequences in relation to growth and yield, but a prolonged expos盯e can seriously inhibit growth 
and may result in premature senescence. 

THE PHOTOSYNTHETIC SOURCE 

Within the leaf, or other photosynthetic tissue (Wardlaw 1990), the partitioning of assimila tes is first 
seen in the chloroplast with carbon being recycled as the substrate for further C(h fixation, stored as 
starch in the chloroplast, or exported from 出e chloroplast as triose-phosphate (P) . 

In the cytoplasm triose-P is converted to sucrose which may then be stored in the vacuole, or enter 
the vascular system to be exported from the leaf in 血ephloem.

Whether carbon is stored or exported from the leaf is under both climatic and genetic control 
(Wardlaw 1990). Storage generally increases with high radiation levels and greater photosynthetic 
rates . In several species it has been shown that the rate of starch storage is enhanced with a change from 
long to short days and there is some evidence that this is a true photoperiodic effect. This enhanced 
storage presumably helps to ensure a more regular supply of carbon for grow出 during the long night. 

The optimum temperat盯e for photosynthesis, and therefore for the input of carbon to the leaf, is 
species-dependent ranging from more than 40 0C in some hot desert C-species down to lQoC in some 
alpine C3-species (Berry and Bjîrkman 1980; Mark 1975). Although adapta tion to high temperature may 
occur，也is can result in a poorer photosynthetic response at low temperature (Berry and 問îrkman
19切).

Both the amount and form of storage in the leaf are influenced by temperature. For example under 
low-temperature conditions leaf storage is increased and in some species this is associated with a 
switch from the accumulation of sucrose to fructans Geong and Housley 1990). As oligosaccharides the 
fructans result in a smaller osmotic adjustment than sucrose during storage. 

The transfer of sucrose from the photosynthetic to the vascular tissue in 趴e leaf of species such as 
sugar beet and pea (see Wardlaw 1990) is likely to involve an apoplast step with active loading into the 
companion cell/ sieve element complex of the minor and smaller veins of the leaf. This is supported by 
observations that show (i) there is a considerable solute concentration gradient between the mesophyll 
cells (low) and the sieve elements (high); (ii) there are poor plasmodesmatal connections between the 
companion cell/ sieveelementcomplex and the adjoining cells; (iii) tha t sucrose is selectively transferred 
企om the mesophyll to the sieve elements; and (iv) there is a reduced transfer of sucrose from the 
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mesophyll to the vascular system in the presence of inhibitors that prevent sucrose uptake into cells. 
This transfer, which involves an active uptake step should be sensitive to temperatu凹， but this aspect 
has not yet been fully explored. 

In species such as maize and cucumber (Wardlaw 1990) there is the possibility of a symplastic 
transfer from the mesophyll to the sieve elements. In this case (i) there is no significant sugar 
concentration gradient between the mesophyll and the sieve elements;但)thereareg∞dplasmodesmatal 
connections between伽 companion cell/ sieve element complex and the adjoining cells and 也rough
these to the mesophyll; (iii) there is little effect of sucrose uptake inhibitors on the transfer of sucrose 
between the mesophyll and thevascular tissue. With maize, however, there is an added complication 
as伽 carbon fixed in the mesophyll follows a circuitous route, mov凶g first to the bundle sheath and 
then back to the mesophyll where sucrose is s戶也esized. The sucrose then retums through the bundle 
sheath to the vascular tissue where it is exported in the phloem. The temperat盯e sensitivity of sucrose 
transfer in cucumber and maize is not known, al血ough， if it is symplastic as suggested the tempera ture 
response could be less than in those leaves where sucrose export is associated with an apoplastic step. 

THE TRANSPORT SYSTEM 

The interconnected sieve elements and their ass凹iated companion cells have many of the at仕ibutes

of a giant storage cell, where solute concentrations are continuously being balanced as sugars are 
supplied during photos戶1thesis and removed in growth. Because the system is long and narrow the 
res叫也可 concentration differentials result in pressure gradients that cause a mass flow of solution 
through the sieve tubes from source to sink. Other factors that regulate this flow are resistance along 
the pathway, source-sink proximity, leakiness and vascular connections. 

The im portance of v ascular connections between the source and sink can be seen for examp le in pea, 
where sugars from the leaflets move rapidly into the pod growing in the axis of the leaf, but sugars from 
the stipules which have no direct vascular link to the pod (despite their proximity) bypass this and 
move further down the stem (Flinn and Pate 1970; Wardlaw and Mortimer 1970). 

Although vascular links may direct the flow of sugars, the overall carrying capacity of the phloem 
has not been shown to limit growth per se. The development of bigger sinks is often associated with 
animproved 仕ansport system. Thus in several of the cereals an increase in the number of spikelets in 
the head is matched by an increase in the phloem of the peduncle, with the result that there is little 
change in specific mass transfer through the phloem despite considerable differences in sink size 
(Evans et al. 1970; Housley and Peterson 1982). 

Temperature can moderate the longitudinal flow of sugars through the vascular system, but this 
is a complex response. Low temperatures may reduce translocation directly, but the response is 
dependent on species and can vary between ecotypes. Also a low tempera ture blockage of伽nslocation

can be transient in nature, retuming to normal even when low temperatures (1-50 C) are maintained 
(Wardlaw 1979). Recovery of transloca tion following inhibitory high temperatures does not, however, 
appear to occur until after the temperature is retumed to normal. It appears that in cotton the high 
temperature regula tion of transport may be associa ted with the deposition of callose on the sieve plates 
(McNaim and Currier 1968; McNaim 1972). In wheat (Fig. 1) translocation through the stem is not 
inhibited until temperatures fall below l OC. At the other extreme short periods at 500 C do not appear 
to reduce translocation in wheat, but severe inhibition does occur if the 500 C trea伽1ent is prolonged 
(Wardlaw 1974). However, unlike cotton, a temperature of 400 C does not inhibittranslocation in wheat 
even after an exposure of 3 days. 



151 Wardlaw 

nH o a nu o s nH a T
(
OO
F
N
苟
且

o
b
c
o
o
B
訴
訟
一
〉
一
右
的
I
O
Z

40 

20 

60 50 40 30 20 10 。10 。一
的
己
」
@
半
)

Peduncle temperature (oC) 

Fig. 1. The effect of peduncle tem perature (10 cm length above the sheath) on血e movement of14C
photosynthate from the flag leaf blade to the e訂 of wheat. The open circles (0) indicate the 
results of a 4-hour transportperiod commenced immediately afterthe temperature adjus恤\ent.

The closed circles (.) represent the results of a 4-hour transport period commenced after 3 
days equilibration at the trea恤ent temperature (from Wardlaw 1974). 

When analyzing the effect of temperature on translocation, it is important to consider this in 
relation to the effect of temperature on other plant functions, particularly source and sink activity. In 
whea七 kemel filling is inhibited at day/night temperatures of36/31 oC (Tashiro and Wardlaw 1989), 
temperatures at which the transport system appears to operate satisfactorily. When sorghum is 
growing activelynear its optimum temperature (30oC)仕anslocation through a temperature-con仕olled
zone of the leaf is inhibited as temperatures fall below 20oC. However if the growth temperature is 
reduced to 21 oC, translocation is only inhibited as 出e leaf zone temperature falls below 50 C (Wardlaw 
and Bagnall1981). Thus although translocation does respond to low temperature in sorghum it is 
unlikely to be a factor controlling growth. 

LATERALEXCHANGEANDSTORAGE 
The lateral exchange and retention of sugars along 出epathof 仕ansport is important as this storage 

provides a buffer against changes in, or a disparity between, photosynthate supply and demand. 

The lateral transfer of sugars away from the companion cell/sieve element complex appears to 
occur slowly in manyplants, but in contrast there is often a rapid reloading of sucrose into 出etransport

system when the supply of current photosynthate is restricted (Peel and Weatherley 1962; Die and 
Tammes 1964). 

Inaddition to buffering diumal changes in assimilate supply there are muchlonger-term variations 
in storage that relate to developmental changes and range in time from a few weeks in cereals (Blacklow 
et al. 1984) to more than 15 years in the sago palm (Die and Tammes 1975). 
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Storage is enhanced under conditions of low nutrition, low temperature and in vegeta位veplants
under drought (Wardlaw 1990). The response to low temperature is of interest as it reflects on the 
operation of the 仕ansport system. Storage can be the consequence of differences in the sensitivity to 
temperature of source and sink with low temperature reducing growth more than photosyn血的is (or 
甘ansport) res叫ting in the produc位on and storage of excess carbohydrate. Also it has been suggested 
that the retention of sugar d山ingphloem 仕ansport is based on a mechanism of passive leakage and 
active reloading (Aloni et al. 1986; Minchin and Thorpe 198η. This suggests that there could be a more 
direct effect of temperature on pathway storage，的 low temperature would be expected to have a 
greater effect on the active reloading step than on passive leakage. 

Studies on the movement of 14C-Iabeled assimilates past a temperature-reg叫ated jacket placed 
across the leaf of damel (Lolium temulentum L.) (Fig. 2) show an accumulation of 14(:-photosynthate in 
伽 darkened part of the leaf under the temperature jacket when this is held at 21 0C, but no 
accumulation at OOC (Wardlaw 1972). Longitudinal transport past the jacket was not reduced by 
lowe血可 the tempera仙re from 21 to OOC, and these findings suggest a greater retention of current 
photosynthate in the 廿ansport system at low temperature rather than a greater loss. 

The form of storage along 血epa出 of transport is also temperature-dependent and this can be seen 
for example in the work of Sauter (1966) on carbohydrate storage in the trunks of 仕ees. Starch 
accumulates in the xylem rays of some trees in the rathernarrow temperature range of 5-10oC with the 
conversion of starch to sugars outside this range. 
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The effect of temperature 
on the retention of 14C_ 
photosynthate moving 
through a 2-cm darkened 
zone of the leaf of damel 
(Lolium temulentum L.), 
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activity developed with 
the darkened zone at 21 oC 
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1972). 
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The effect of high temperature on pathway storage and mobilization has not been extensive1y 
studied. However Webster and Currier (1968) found that raising the temperature of the coty1edona可
petio1e of co位on to 500 C resulted in callose formation on both the sieve p1ates and 1atera1 pits and that 
this was associated with a 10wer retention of 14(:-assimilates a10ng the path of movement. 

Unfortunate1y our know1edge of the capacity for storage and its contro1 is far from comp1ete. 

GROWTH 
The initiation and growth of new p1ant organs is centra1 to the partition趴g of photosyn趴ate in 

p1ants, and when a number of organs are growing simultaneous1y a genera1 order of sink dominance 
has been estab1ished, which is based on the observed pa位ems of growth and the response to so叮ceand
sink manipu1ations. The growth of fruits and tubers dominates that of stems, 1eaves and flowers with 
r∞ts (from the seedling stage on) apparently the 1east competitive (Ho 1988; Ward1aw 1990). Thus 
r∞ts are the p∞r re1ations in this grouping and this difference probab1y re1ates more to growth 
characteristics than to vascu1ar constraints. Transport to the roots can be readi1y stimu1ated when their 
sink capacity is enhanced by the presence of nematodes, mycorrhiza and nitrogen-fixing bacteria 
(Wardlaw 1990). A1so Passioura and Ashford (1974) showed that very high transport rates through the 
phloem cou1d be induced 泊 manipu1ated root systems. 

Sink Features 

A competitive sink (Ho 1988) must have good vascu1ar connections to the source and maintain a 
strong osmotic and pressure gradient between the source and sink. 

Active trans戶r into a sink will be enhanced by an extensive ph10em un10ading area, efficient 
membrane transfer and effective physica1 and/or chemica1 iso1ation of storage and grow趴 products.

High utilization will be associated with the sink capacity, which is a function of cell number and size 
as well as close pack凶g within a cell. 

Thee伊ciency 01 groωth can be measured in terms of the respirat。可 cost. The CO2 evo1ved per unit 
of dry matter formed is fixed biochemically, therefore maintenance respiration which re1ates to 
membrane integrity and metabo1ite tumover is ofprimary concem in re1ation to respiratory efficiency. 
According to thedata presented by Penningde Vrieseta l. (1979),abovea temperatureof250 C in wheat, 
or 300 C in maize, there is a decrease in the ratio of growth:maintenance respiration and at high 
temperat叮es the efficiency of respiration in terms of dry ma悔r production is significant1y decreased. 

Unloading and Transfer Processes in a Sink 

(1) Jn exp仰ding leaves, roots and stems, it is generally considered 出at surcrose is impo巾d as such 
to the sites of utilization without hydrolysis, and the initia1 transfer occurs through the symp1ast via 
p1asmodesmata1 connections (Ho 1988; Ward1aw 1990). 

This sucrose must, however, eventually be metabo1ized and g∞d corre1ations have, for examp1e, 
been observed between acid invertase 1eve1s and stem tissue growth in bean (Morris and Arthur 1984, 
1985). This suggests that sucrose metabolism may occur in the apop1ast of young deve10ping tissues, 
a1though it is possib1e, based on enzyme 1ocation, that this cou1d occur in vacuo1es. 

Cell turgor as such does not appear to regu1ate grow航， a1though a thresho1d 仙rgor is necessa可
for cell expansion (Cosgrove 1986). An adequate 1eve1 of substrate is a1so necessa可 forgrow出 and this 
can be limiting, but it appears that much of the contro1 of expansion is re1ated to the properties of the 
cell wall. 
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(2) In growing fruits such as the cereal kemel and in legume se的 a different transfer pa位emis
observed, with a dis自1ct apoplast step in the transfer of sucrose from the matemal tissue to the 
endosperm or embryo (Ho 1988; Wardlaw 1990). Seed growth ra tes have been correla ted with the level 
of sucrose synthase and therefore, in common with vegetative tissue, the potential for sucrose 
hydrolysis (Dale and Housley 1986). This type of correlative evidence is, however, not proof of a causal 
relationship and more direct support is needed to confirm the role of specific enzymes in regulating 
growth, or storage. 

In comparing vegetative growth with that of fr凶ts and seeds it is possible to suggest that sink 
dominance is associated with the apoplast transfer and loading step of seeds and fr囚的. However the 
potato tuber is also a dominant sink and in this case the 仕ansfer of metabolites for growth appears to 
的叫 through the symplast via plasmodesmatal connections (Oparka 凹的.

Rate and Duration of Growth 

In 1962 van Dobben made the observation that for temperate zone crops a warm climate often 
shortens the period of development without giving sufficient compensation by faster grow位1. An 
example of this is seen in the response of the developing kemel of wheat (a temperate cereal) to high 
temperat盯e (Tashiro and Wardlaw 1989) and a contrast is provided by the rice kemel (a sub仕opical

cereal) (Fig. 3). In wheat the duration of kemel growth decreases as the air temperature is increased 
from 17.7 to 26.70 C, butthereislittlechangein therateofkemel fillingwith theres叫t that kemel weight 
atmaturity is greatlyreduced. In riceover the same temperature range there is also a 臼11 in the d ura tion 
of kemel filling, but this is compensated by an increase in the rate of kemel filling with little change in 
kemel weight at maturity. Athigher temperat山的 there is less change in the dura tion of kemel filling, 
but a fall in the rate of filling and a further drop in kemel weight at maturity. At a mean temperature 
of 32.70 C (or higher) growth cannot be maintained by也e kemel of wheat and it is difficult to establish 
an accurate measurement of the duration of kemel filling under these conditions. 
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Fig.3. The effect of temperature on the duration and rate of kemel filling in relation to kemel 
weight at maturity. Comparisons are made between wheat (口)， a temperate species, and rice 
(.), a sub仕opical species (from Tashiro and Wardlaw 1989). 
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Root/shoot Ratio 

A change in the partitioning of dry ma仗er in response to temperature is clearly seen in the 
decreasing root/ shoot ratio of Glycine clandestina (an Australian native Glycine) 的 day/night
temperatures are increa鉛d from 15/10oC to 36/31 0 C (Fig. 4). In contrast the related species G. max 
(soybean) shows relatively little change in the root/ shoot ratio over this temperature range (Kokubun 
and Wardlaw 1988). 
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Fig. 4. The effect of growth temperature on root/shoot ratios is shown for two Glycine species, G. 
cIandestina (﹒一一﹒)， a native Australian species, and G. max (0一--0)， the commercially 
grown soybean. Measurements were made over the period from the second to the f証品
出foliate leaf stage (from Kokubun and Wardlaw 1988). 

The change in root/ sh∞t ratio of G. clandestina with temperature is not necessarily a reflection of 
differences in the optimum temperature for the growth of different organs, but may reflect a response 
related to a change in the dom趴ance of shoot growth over r∞t growth wi th tempera仙re.Exper凶lents
with split root systems suggest that the optimum temperature for r∞t growth may often be similar to 
that of the sh∞t (Wardlaw 1968). 
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INTERACTING ENVIRONMENT AL FACTORS 

There are many field si tua tions where drough t and high temperature occur together yet surprisingly 
little is known about the consequences of this interaction, although it is likely that tissue temperatures 
will be enhanced under drought due to a reduction in the cooling effect of 仕anspiration.

Vegeta位ve Plants 

As a plant enters water s快ss there is a fa11 in the rate of expansion of young leaves before there is 
a 臼11 in photosynthesis. Although there is also a decline in translocation this appears to be a response 
to the slowing in growth and not a direct effect of water s甘ess on translocation per se (Wardlaw 1969; 
Boyer 1970). This growth-photos戶1曲的is sequence provides an explanation for the accumulation of 
sugars under drought conditions, a form of osmotic adaptation (Munns 19飽)， and is a response that 
has been used by the sugarcane industry to e吋lance yield. 

If the level of carbohydrate is important in the vegetative plant under drought the 仗currence of 
high (although nonlethal) temperatures may be counte中roductive as these can result in more rapid 
development, high growth rates and an enhanced rate ofleaf senescence with a res叫也可 reduction in 
reserve carbohydrate levels. 

Fruiting Plants 

In wheat the growth of the kemel is maintained dur泊g a period of water s甘ess that will result in 
a considerable loss of leaf photosynthetic activity. Osmotic adaptation does not occur in this situation 
and the kemels utilize a much greater proportion of both the c山rent and stored photosynthate - a 
source-limitedsituation (Wardlaw 196η. The reduction in kemel size 甜甜ciatedwithhigh temperatures 
fo11owing anthesis is greater when the supply of carbohydrate is reduced (Wardlaw et al. 1989), which 
suggests that high temperature and drought effects may be additive at this stage. There are, however, 
otherpossibi1ities: firstly, thatwater maynot become limi也可because of the shorter duration ofkemel 
fi11ing at high temperature, or secondly, that 趴e water stress effects are dominant because of the 
enhanced evaporative demand under high temperature conditions and the more rapiddeple位onofsoil
water reserves. 

已10LECULAR SIGNALS 

The control of plant growth and development and the interaction between the parts of a plant 
cannot be ascribed solely to direct source-sink relationships, or to variations in plumbing. In addition 
to the more obvious role of nutrient up切ke and recycling there are more subtle controls that operate 
throughtheproductionandmovementofplantgrowthregulators(Matthysse and Scott 1984;vanL∞n 

and Bruinsma 1992). 

Hormones maywell regulate the responseofplants to high temperature, buttheir role is notalways 
clear. McDaniel (1982) has drawn attention to the observation that cytokinin levels are reduced under 
high-temperature conditions, while abscisic acid levels increase, a response that could be 凶lpo討antin
relation to enhanced leaf abscission at high temperature. Roots are an important site of cytokinin 
production and high廿mperature inju可 may be avoided if soil and therefore root temperatures can 
be kept low. High temperatures can promote flowering in conifers, and Reid et al. (1991) have 
suggested 也at this response may be related to an effect of high temperature on GA metabolism. 
Gibbere11in synthesis has also been associated with the responseofpotato to high temperature (Menzel 
凹的). These few examples a陀 just an indication of the way in which plant growth regulators might 
mediate 凶 source and sink responses to temperature. 
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CONCLUSIONS 
Given the range and complexity of the response of plants to high temperature a comprehensive 

summary of the way in which temperature influences source-sink relationships is not feasible. The 
following comments are therefore restricted to just a few areas of specific interest. 

Firstly, photosynthate partitioning in plants is dependent on the formation, as well as the 
functioning, of both sources and sinks, and we need a much better understanding of the control of 
organ initiation and development ifwe are to effectively inte中ret the interaction between tempera ture 
and source-sink relationships over the life of a plant. 

Secondly, photos)月1tha te stora ge (w hich acts as a buffer d uring periods of dispari ty between source 
and sink activity) is impo巾nt during changes in development and in maintaining yield under stress 
conditions. Although there is considerable empirical information on how temperature influences 
storage, as yet we know little about its control or limits. 

Thirdly, in striving to improve plantproduction it is important to identify source-and sink-limiting 
situations. This is highlighted for example in programs designed to select for high photosynthetic rates 
where, if sink-limiting conditions prevail, end-product inhibition of photosynthesis may mask any 
direct genetic differences in photos戶lthetic potential. The effect of temperature may be critical since 
a change in temperature may alter the balance between individual So山ces and between source and 
sink. 

Finally, there are often major deficiencies in the information available from field studies on the 
temperat山e or degree of water stress of individual plant organs in relation to speci日c s切ges of 
development. This information is important if more basic studies at the physiological or molecular 
level are to be related to the field situation. 
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Asian Vegetable Research and Development Center, P.O. Boχ 42， Shanhua, Tainan, 74199, 
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ABSTRACT 

The thennostabi1ity of leaf tissue membranes under high temperatures stress was studied in 
different growing seasons with various vegetables grown at the experimental farm of Asian 
Vegetable Research and Development Center (AVRDC). The 也ennostabi1ity was assessed by 
measu血g electrolyte leakage of leaf tissue exposed to high temperatures with a conductivity meter. 
Twenty species of vegetable crops grown in the cool season were first assessed for leaf-tissue high
temperature injury (HI) at 呵， 35， 40and 目。C incubation temperature forωminin 也e conductivity 
test. Distinctdifferences in leaf-tissue HI of thesevegetables occurred at incubation temperature of 
350 C or higher. Since the average maximum temperatures 扭曲e tropics easily exceed 350 C, 
therefore, it appears that under field conditions in the tropics, some of these vegetables are 
subjected to temperatures that would cause direct high-temperature injury. Subsequently the leaf
tissue membrane 血ennostability of 59 species/varieties of vegetable crops grown under three 
distinct seasons in the yearwas assessed in April, July and November刮目。C incubation temperature 
扭曲e conductivity test. Results showed significant differences among species and consistent 
relative ranking of species in three seasons. Species in the Monocotyledoneae and Convolvulaceae 
fam i1ies were heat-tolerant, and species 扭曲e Cruciferae and Umbelliferae fam i1ies were heat
sensitive. Inmostspecies, the membrane was found to be more injured in the sp血g and winter than 
in the summer. 

A regression analysis of stabi1ity showed that innately low leaf-tissue HIs tended to be less 
influenced by environmental factors under different growing seasons, thus indicating that the 
hardening process probably was not required in heat-tolerant vegetables. High leaf-tissue HIs, on 
the other hand, tended to be less stable under different growing seasonsi the hardening process 
mighttake place among some of these vegetables to ameliorate s仕ess effects under high tem perature 
conditions. Based on these results in this study it seems that the membrane thennostabi1ity test is 
a useful screening procedure for selecting heat-tolerant species of vegetables. 

INTRODUCTION 

In the general effort to increase the continuous supply of nutritious vegetables to the growing 
population of the tropics, vegetable production is being undertaken in places and at seasons which 
were hitherto considered unfavorable, and in which environmental 的ess conditions 仗cur quite 
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frequently. In cases where high temperature stress occurs, it is important that the vegetables grown 
should possess some degree of heat tolerance to survive the stress period. Therefore, understanding 
of physiological 甘aits of heat tolerance among vege怯bleswo叫d be useful for crop improvement and 
cropping systems research and can make major contribution to vegetable production in 位le tropics. 
However, very littleinformationisavailableabouttheadaptationofvegetablecrops to high tempera仙res.
This has beenimpeded by the lack of suitable screening methods. It is due to difficulties in defining high 
temperat山e stress because of the plant's thermal adaptation, the duration of the exposure, the 
sensitivity of the harvested organs, and the s切ge of growth of the exposed tissue. 

It is known that the membrane dysfunction is one of the main physiological pr凹esses of plant cells 
disturbed by high temperat叮e stress (Levi仕 1980). When cellular membrane is injured by exposure to 
high tempera tures, cellular membrane permeability is increased, and elec仕olytes diffuse out of the cel l. 
Since the amount of electrolyte leakage is a function of membrane permeabil旬， it can be an effective 
meansofm臼suring cell membrane thermostability, and in fact has been used as an indicator of direct 
high但mperature injury (Sullivan 1972). Direct high-temperature injury, as defined by Levitt (19別)，
results from brief exposure to extremely high temperatures, and most likely occurs in leaves 
simultaneously exposed to high insolation and humidity conditions characteristic of the humid 
仕opics. The electrolyte leakage method has been developed for measuring membrane thermostability 
in leaves of onion (Onwueme 1979), soybean (Martineau et al. 1979), sorghum (Sullivan and Ross 1979), 
potato (Chen et al. 1982), tomato (Shen and Li 1982; Tal and Shannon 1983), melon (Lester 1986), 
common bean (Schaff et al. 1987), pepper (Anderson et al. 1990), and wheat (Saasalla et al. 1990a,b; 
Shanahan etaI. 1990). Amongthem themethod was used to identi句r genetic variation in hea t tolerance 
凶commonbean, sorghum, soybean, tomato and whea t. However, heattolerance between crop species 
under the same growing conditions has rarely been compared. 

The objectives of this study were to determine the membrane也ermostability of an extensive range 
of vegetables grown under field conditions, rank relative heat tolerance in terms of leaf-tissue high
temperature injury (凹)， and assess the stability of凹 values in thr田 distinct growing sea凹的.

弘1ATERIALS AND 弘1ETHODS

Local cultivars and A VRDC's improved lines of 20 species of vegetable crops were first studied to 
determine the optimal incubation temperat叮e for the conductivity test. They were grown 趴 the
A VRDC experimental farm in the c∞1 season without replication but with standard cultural practices 
for each specific vegetable. Fully expanded leaves were sampled from the plants usually at the 
midstage of producing the economic part (16 November 198ηbetween 0900 and 12∞ hour. Chen et 
al. (1982) indicated that exposure tempera ture prior to evalua tion ofheat tolerance has a bearing on the 
evaluation. Mean maximum/ minimum temperatures during the 10-dayperiod before sampling were 
27.8/19.20 C. 

In the laboratory,leaf materials of each species were separated into five treatmentgroups, each with 
four replicates (measurements). The high-temperature i吋u可 test used in the present work was 
adapted with some modifications from Tal and Shannon (1983). Twenty leaf disks of 10-mm diameter 
were punched ou t from each replica te, and washed thoroughly wi th three changes of deionized wa ter 
to remove electrolytes adhering to leaf tissue, as well as electrolytes released from cut cells on the 
periphery of leaf disks. Leaf disks were then placed in a test tube (2 x 15 cm), and 10 ml of deionized 
water was added. Test tubes were covered with plastic wrap and incubated in a thermostated, 
reciprocal shaking water bath at a frequency of 40 cycles/ min 計划， 35， 40and 目。C for an hour, while 
control tubes were maintained at 25 0C during the same time period. Treatment duration was chosen 
after prelimina可 experiments with various water bath temperatures to produce the best sensitivity in 
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det配出g genetic differences, as suggested by Sullivan (1972). After incubation, the test tubes were 
cooled to room temperature and measured for electrolyte conductivities with a conductance meter 
(ModeI32, Yellow Springs Ins仕umentCo.， YellowSprings, USA). Afterinitialreadings, thesetesttubes 
were then boiled for 30 minutes to completely kill leaf tissue and release all of the electrolytes. 
Subsequently, test tubes werec∞led to 250 C, the contents were mixed, and final electrolyte conductivities 
were measured. The relative high-temperat山e i吋u可(%) of the leaf tissue was measured by the 
following equation: 

High-temperature inju可(%) = {1-[l-(TdT2) ]I [l-(C/C2)]} X 100% 

where T and C refer to initial conductance values for treatment (呵， 35，的 or 500C) and control (250 C) 
test tubes, respectively, and subscripts 1 and 2 refer to initial (25, 30, 35, 40 or 目。C) and final (after 
boiling at 1000 C) readings, respectively. 

In the separate experiment，自fty-nine species and varieties of vegetable crops were planted in the 
A VRDC experimental farm in different weeks of March, June andαtober 1987. Leaf samples were 
collected at aboutthe same time, usually at the mids切geof producing the economic par丸 formeasuring 
leaf-tissue HI at 500 C with the abovementioned method. This incubation temperature was selected 
because it was able to differentiate genetic variation among a large number of entries. Three 
measurements each for the March and June plantings, and one measurement for the October planting 
were made. There were four replicates foreach measurement. Data were statistically analyzed with the 
analysis ofvariance, and meanswere compared by Duncan' s multiple range testat 5% level. Sinceplant 
species have the capability to increase heat tolerance when ambient temperature increases to certain 
levels (Alexandrov 1964), the 1-宜 x environmental interaction is analyzed by stability estimates. The 
me也od proposed by Eberhart and Russell for genotype x environment interaction (1966) was modified 
to estimate the stability of HIs of 41 vegetables which could be grown and had been measured seven 
times for their HI values in all three sea凹的.

RESUL TS AND DISCUSSION 
Differential responses of field-grown vegetable on leaf-tissue HI after exposing to four incubation 

temperatureswerenoticeable(Fig.1)， albeitthesevegetablesweregrownundercool咽的on conditions, 
and thus, probably not in hardened conditions. Although the greater degree ofheat injury occurred at 
40 and 500 C, the relative heat injuries of various vegetables were similar at 35, 40 and 500 C. Less than 
15% of the leaf-tissue HI occurred at 300 C; therefore, it would be difficult to assess the degree of 1-宜 at

or below this temperature 

Sweetpo個to， kangkong and lemon grass, known to be 仕opical plants, showed low leaf-tissue HI 
values at 500 C. However, amaranth, garlic and sw凹t com also had comparable HIs (less than 50%) as 
the heat-tolerant sweet potato and kangkong. Among the rest of the vegetables which had more than 
7們也 leaf-tissue HI 刮目。C， soybean, spinach, peppers, cele可 and radish had less than 15% leaf-tissue 
HI at 400 C; thus, they may be considered as moderately heat-tolerant. 

Based on the relative 1-直 values of leaf tissue at 350 C, both cucumber and tomato appeared to be 
most sensitive to high temperature. Since these 仇w哼o veg伊e帥t切able的sw附er促e a油bl跆e tωo grow under hig阱h 
t俊emp戶er問at怕ur跎ec∞ondi位ons扎， hi甘ig阱h干司但mp戶erah仙lr陀ei卅n叫1甘ju盯1汀r句yofleaft討issuema叮yno昀O叫tc∞om叩1ψpl挫凶e的t跆倒elyblock thedevelopment 
of reproductive organs under field-growing conditions. 

The present observations indicate that the differential HIs of leaf tissues were exhibited at 30 to 
的。C. However, the best differential responses among different vegetables were still better expressed 
刮目。C;也us， this incubation temperature was selected for the subsequent assessment ofleaf-tissue HI. 
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Fig. 1. High-temperature injuty ofleaf tissue of 20vegetables obtained bymeasuring the conductivity 
of electrolyte leakage after incubation at different temperatures. 

Assessmentof membrane thermostability at 500 C for 59 vegetables grown in three distinct seasons 
revealed that there was a wide range of relative leaf-tissue 1咀 from 7.2 to96.9, 7.9 to 97.4, and 7.0 to98 .1 
or means of all entries at 62 .5, 59.2 and 67.2 for March, J une and October plantings, respectively (Table 
1). HI values ofvegetables grown in the summer were slightly lower than those ofvegetables grown 
in the spring and winter. It is likely that vegetables grown in the summer had been hardened due to 
high ambient temperature. Acclimation to 350 C by 24 hours was adequate in hardening melon leaves 
(Lester 1985). Heat acclimation enabled plants to reduce heat i吋u可 (Chen et al. 1982; Anderson et al. 
1990), and was shown to be necessary in heat tolerance evaluation of different genotypes in the same 
species (Li et al. 1991). 

DifferencesinHIvaluesamongspeciesweresignificantwithmultiplerangetest(P=0.05),indicating 
that the conductivity test is sensitive for leaf heat tolerance measurement. The relative ranks of HI 
values of vegetables which had been grown in all three seasons were remarkably consistent. The 
species with low HI readings in one season were also relatively low in other sea甜的﹒ Additional旬， HI

values (average values for three measurements each for April and July, and one measurement for 
November) were positively associated (r = 0.93, 0.91 and 0.92 for April versus July, July versus 
November, and April versus November, respectively, P 三 0.01). This indicates that the heat tolerance 
evaluation for different species still can be conducted during any growing season. 
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Table 1. High-ternperature injury (%) ofleaf tissue as rneasured by the conductivity of electrolytes 
leakage for 59 vegetables grown in three distinct growing seasons at A VROC. 

Vegetable April July November 
Pumpkin 69 .1 1-0. 58.9 m.o 73.4 b-h 
Luffa 78.9 卅 67.8 k-m 78.5 a-h 
Hyacinth bean 87.1 c-g 80.6 的 88.6 a-e 
Calabashgo叮d 70.01-n 62.81-n 70.7 c-i 
Wax gourd 57.9 p-r 51.1 op 70.5 c-i 
Yam 56.4 q-s 45.2 pq 38.31-0 
Asparagus 7.2 z 15.6 v-x 7.0 q 
Bitter go凶d 59.0 p-r 70.1 j-l 69.9 吋

Y訂dlong扭曲 68.1 1。 自.8 n-p 64.3 吋

Snap bean 84.6 d-h 73.8 g-k 85.9 a-g 
Cucumber 81.9 gh 82.9 e-h 88.0 a-f 
Lima bean 84.7 d-h 82.4 e占 86.0a-g

Tomato 
Eggplant 
Malabar spinach 
Cassava 
Lemongrass 
Okra 
Sweetcom 
ses祖le

Rice bean 
Adzuki bean 
Mungbean 
Soybean 
Peanut 
Sweet potato CN 1367-2 
Sweet potato CN 1028-15 
Sweet pepper 
Kohlrabi 
Chinese cabbage 
Lettuce 
Amaranth 
Kangkong 
Shallot 
Bunching onion 
Chinese chive 
Radish 
C訂rot

Mustard 
Ching-chiang 
Broccoli 
Basil 
Hotpepper 
Nightshade 
Garlic 
Cabbage 
Spinach 
Che叮y radish 

Chinese kale 

80.4 g-i 
63.9 n-p 
50.1 st 
27.4 w 
13.5 Y 
71.5k-m 
54.1 rs 
62.30-q 
54.2 rs 
62.80-q 
79 .5 hi 
56.7 q-s 
24.4wx 
43.7 tu 
28.5 w 
62.40-q 
74.2i-l 
92.9 a-c 
80.0 g-i 
46.8 tu 
22.3wx 
44.6 tu 
42.3 u 
19.6 xy 
95.8 ab 
83.2 e-h 
91.1 a-d 
78.3 h-k 
81.1 g-i 
78.0 h-k 
72.1 j-m 
80.5 g-i 
36.0v 
64.2 n-p 
44.3 tu 
96.9 a 

72.2j-m 

86.7 a-e 
70.3 j-l 
38.5 q-s 
26.5 tu 
12.4 wx 
73.5 g-k 
39.0 q-s 
71.8 i-l 
57.5 no 
74.1 g-k 
78.4 吋

62.31-n 
20.7u-w 
39.6 qr 
40.8 qr 
54.9 no 
75.4 ιk 

83.5b-g 
72.9h-k 
39.8 qr 
25.4 tu 
33.1 r-t 
29.8 s-u 
23.4uv 
93.1 a-c 
94.6a 
92.5 a-d 
85.1 a-f 
間.6 的

82.9 e-g 
93.8 a 
66.8 1m 

62.71-n 

97.4a 

88.0 a-f 
80.8 a-g 
49.2 i-n 
36.81-0 

7.9 q 
73.5 b-h 
46.9j-n 
79 .8 a-g 
81.7 a-g 
85.1 a-g 
92.7 a-c 
90.4 a-o 
39.71-0 
66.2 卅

41.20 
68.4 c才
85.4 a-g 
96.3 ab 
87.4 a-g 
39.61-0 
23.20-q 
39.4 1-0 
55.4 h-l 
22.90-q 
98.1 a 
77.0a-h 
95.9 ab 
83.3a司g

91.7a-c 
83.9 a-g 
80.8 a-g 
81.2 a-g 
32.4m-p 
81.4 a-g 
83.8 a-g 

89.1 a-d 
(To be continued) 
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Table 1. (ωntinued) 

旦旦世主
Garland chrysanthemum 
Coriander 
Cauliflower 
Rape green 
P沮-tsai

Day lily 
Snake gourd 
Taro 
Celery 
Ginger 

Mean in each seaωn 

Mean max. temp. (oC) 
Mean temp. (oC) 

坐旦
66.9m-o 
92.0 a-c 
82.5 f-h 
90.0 a-e 
89.5 b-f 

62.5 abb 

28.4 
19.5 

. Mean separation in column by Duncan's multiple range 世st at 5% level 
b Mean separation in three seasons by Duncan's multiple range 世st at 5% level. 

July 

93.1 ab 
8.8 x 
到.90p

7.9 x 
77.9 吋

12.2 wx 

59.2b 

33.3 
24.1 

November 

83.3 a-g 
83.2 a-g 
89.1 a-d 
14.5 pq 
71.8 b-i 
4.9 q 

67.2a 

27.9 
19.9 

165 

Among all vegetables the leaf-tissue llls of Gramineae (lemon grass, sweet com), Araceae (taro), 
Liliaceae (asparagus, day lily), Zingiberaceae (ginger), Amaryllidaceae (garlic, shallot, bunching 
onion, Chinese chive) and Dioscoreaceae (yam) of Monocotyledoneae were less than that of 
Dicotyledoneae. Among Dicotyledone鈍， species of Convolvulaceae (sweet potato, kangkong) and 
Euphorbiaceae (cassava) had lower leaf-tissue III values, whereas Cruciferae and Umbelliferae had 
higher leaf-tissue III values. Our results are in con仕ast to the finding of MacRae et al. (1986), who 
demonstrated 血at elec仕olyte leakage was related to chi1ling sensitivity only when comparisons were 
made between closely related species or varieties but not among genera. 

Arbitrary classification ofheat sensi tivity among the 59 vegetables，的 measured bytheconductivity 
test of electrolytes leakage, is listed as follows: 

. Heattolerant (凹< 25%): asparagus, Chinese chive, day lily, ginger, kangkong, lemon grass and taro. 

• Moderately heat tolerant (25% <凹< 50%): amaranth, bunching onion, cassava, garlic, Malabar 
spinach, peanu七 shallot， sw回t cor頃， sweet potato and yam. 

• Slightly heat tolerant (50% < 1宜< 75%): bitter gourd, cabbage, calabash gourd, eggplant, garland 
chrysanthemum, luffa, okra, pumpkin, rice bean, sesame, snake gourd, soybean, sweet pepper, wax 
gourd and yardlong bean. 

• Heat sensitive (1宜> 75%): adzuki bean, basi!, broccoli, ca訂ot， cauliflower, celery, cherry radish, 
Chinese cabbage, Chinese kale, ching-chiang, coriander, cucumber, hot pepper, hyacinth bean, 
kohlrabi, lettuce, lima bean, mungbean, mustard, nightshade, paitsai, radish, rape green, snap bean, 
spinach and tomato. 

Some of the heat-tolerant and moderately heat-tolerant vege切bles in the above list are usually 
grown under hot season conditions and are expected to adapt well to high temperature conditions. 
However, there are cases of moderately or slightly heat-tolerant vegetables, e.g. garlic and garland 
chrysanthemum, in terms of leaf-tissue 1宜， which grew poorly or were arrested under hot season 
conditions. It is possible that other physiological processes, such as photosyn曲的尬， mo中hogenesis，
and other growth and developmental pr仗esses， would be limited by high temperature s甘ess.
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Therewer叭的es of shifts in rankings of heat tolerance for different seasons (Table 1). It seems that 
environmental factors (temperature) have some effect on the stability of leaf-tissue f丑 To estimate the 
s帥i1ity ofleaf-tissue 凹， regressions of leaf-tissue HIs stabilities were calculated for 41 vegetables. By 
definition, a stable HI should have the smallestpossible regression coefficients (b) and deviation from 
regression (S2d). Regression coefficients of these 41 vegetables ranged from -0 .63 to 2.75 (Fig. 2) 
Vegetables such as pumpkin, wax gourd, yam, snap bean, soybean, sweet po個to (CN 1367-2), kohlrabi, 
lettuce and broccoli had high regression coefficients, which implies that the leaf tissue of these 
vegetables may not be stable. The lower leaf-tissue f五s ofp山npkin， wax gourd, snap bean, soybean, 
kohlrabi, lettuce and broccoli in the hot season than in cool sea田n seemed to indicate that the 
adaptation process (hardening) to high temperature functioned in the hot season, which would render 
them heat tolerant and thus reduce leaf-tissue HIs. However, the hardening process of these vegeta bles 
under hot season conditions needs to be further examined under controlled grow出 temperat盯e

conditions. 
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Fig. 2. Relationship of the average leaf-tissue high-temperature injuty and stability of 41 vegetables 
grown in three distinct seasons at A VRDC. 

α1 the other hand, vegetables such as bitter gourd, tomato, lemon grass, asparagus, cucumber, 
sweet potato (CN 1028-15), kangkong, shallot, radish, yardlong bean, Malabar spinach and mustard 
had low regression coefficients regardless of specific injury levels of individual vegetables, which 
indicates 也at the leaf tissue of these vegetables is q凶te stable under different growing seasons. Results 
suggest that the hardening process of these vegetables under hot season conditions may not accrue 
enough to cause any si研討ficant effect on leaf-tissue 凹.
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In brief, an analysis of s切bility for leaf-tissue HI showed that low leaf-tissue I-宜s tended to be more 
stable under different growing seasons, which seems to indicate that the innate heat tolerance of these 
vege帥les would be adequate to overcome heat stress encountered under different environmental 
conditions. The increasing 仕end in regression coefficients with increasing leaf-tissue 凹， on the other 
hand, seems to suggest that the adaptation mechanism may be required in vegetables with high leaf
tissue 1咀 to overcome high tempera仙re stress. 

In conclusion leaf membrane thermostability test can be a useful screening procedure for selecting 
heat tolerant vegetable species. It appears that genotype is a major factor 趴 determining the 凹
differences. However, an explanation fortheHId証ferencesamong vegeta b le species and the mechanism 
associated with the development of membrane thermostability of hardened plant tissue was not 
readi!y apparent. The differences between leaf structure (MacRae et aI. 1986) or cell wall composition 
Garvis et al. 1988) may affect the rates of leakage. Furthermore, the membrane thermostability may be 
associated with changes in the degree of the membrane's lipid saturation (Tal and Shannon 1983; 
Nanaiah and Anderson 1992), or with accumulation ofheat shock proteins (Lin et al. 1985). However, 
these associations may be onlycorrelative and the mechanism involvedhas yet to be investigated. More 
deta i!ed studies are also needed to examine the adaptation (hardening) process as affected by high 
temperature and its effect on the overall plant performance and yield under high temperature 
conditions. 
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ABSTRACT 

The reaction of heat-hardened and drought-hardened 4-week-old tomato (Lycopersicon 
esculentum Mill.) seedlings to various environmental factors was studied undercontrolled conditions 
to characterize the factors responsible for the retention or loss of acquired heat tolerance. Acquired 
heat tolerance in both heat-hardened and drought-h缸dened tomato pl甜的 declined progressively 
in the dark from 0 to 72 hours and rose on reillumination. This rise was extremely rapid for the first 
hour of reillumination, and then became more gradual. Studies in which the ambient temperatures 
of the dark period were kept at 5品。C revealed a higher decline in heat tolerance at the lowest 
temperature of the dark period and a lower decline at 血e highest temperature of the dark period. 
No significant differences were observed in hardened tomato seedlings subjected to a total of 72 
hour百 darkness eitherimposed continuously or in叭， or6 equal periods separated by 1 hour of light, 
suggesting 血at the decline in heat tolerance was not under photoperiodic control. 

INTRODUCTION 

The natural 囚currence of supraoptimal and occasionally lethal temperatures for field plants has 
been reported in tropical and subtropica 1 regions (La ude and Cha ugule 1953; Onwueme and Ad egoroye 
1975). Such high air and soil temperatures are in somecases injurious to seed germination and impair 
趴e growth and development of crop seedlings in the field. In Nigeria, high temperatures occur at the 
beginning and close of the growing (rainy) season. Wherever they occur, high temperatures result in 
irregular plant stands and yield reductions. 

If crop production is necessa可 in the drier, hotter months because of the need to increase food 
production in Niger悶， it becomes necessary to plant heat-tolerant crop cultivars or in臼ease the heat 
tolerance of existing cultivars through heat hardening 扭扭1). This method of ob切ining heat tolerance 
involves exposingyoung crop seedlings to supraoptimal butnonlethal temperatures for a shortperiod 
of time in a controlled environment. Heat-tolerant barley seedlings (Onwueme 1969), range grasses 
Gulander 1945), bean, potato，的ybean， and tomato (Chen et al. 1982) have been successfully produced 
using 出is method. 
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The methods of estimating heat to1erance in p1ants using tomato and onion as test species were 
reported byαlwueme (1979). A thorough understanding of how p1ants behave under certain 
environmenta1 conditions is not on1y paramount for臨 u1timate production ofheat-to1erant p1ants, 
but a1so usefu1 for the maintenance of to1erance in known hardy species. This study was conducted to 
determine the effects of light, drought and temperature on the acquired heat to1erance in tomato 
seed1ings. 

MATERIALS AND 弘1ETHODS

Seeds of tomato (Lycopersicon esculentum Mill.), cv. Ife No. 1, were p1anted in pasteurized topsoil in 
small p1astic containers and kept outdoors (day and night temperatures at 30-320 and 22-240C, 
respective1y). Emergence occ叮red 4-5 days after sowing. Seedlings were transp1anted趴to 0.51 p1astic 
cups at three seedlingsl cup, 1eft outdoors for a week and watered regu1arly. The seedlings were then 
transferred to the continuous light intensity of 96 mmol/m2/s at 詣。C until 也ey were 4 weeks old 
before the seed1ings were either f丑-I or drought-hardened (DH). 

E丑-I tomato seed1ings were obtained by keeping them in an illuminated Gallenkamp incubator set 
泌的。C and a re1ative humidity of 80% for 6 hoursl day for 7 days. Atthe end of the heat exposure each 
day, the p1ants undergoing hardening were retumed to the same temperature and light intensity (96 
mmol/ m2 I s) conditions as the contro1 p1ants. P1ants undergoing hardening were watered regu1arly to 
prevent wilting. 

DH seed1ings were obtained byadequate1ywatering seed1ings of the sameageas f丑I seed1ings and 
kept under same light intensity and temperature for severa1 days wi血out watering, unti12 days after 
thef扯到 sign of wilting was observed. Immediate1y after watering the p1ants were again allowed to go 
without water until2 days after wilting reoccurred. These two 48-hour periods of wilting essentially 
constituted the drought-hardening exposure. 

Heat to1erance was estimated in the test p1ants by the p1asmo1ysis/vita1 staining technique 
following the procedure of αlwueme (1979), but with slight modifications. The p1asmo1yzing and 
stain趴g solution used in this study consisted of a 1:5 mixture of 0.1 % neutra1 red and 1.1 M mannito1 
solution. The incubation temperature for the tomato epiderma1 s廿ips was 5O:t 1.00C and cell count was 
done under 10w power (x100) microscope. 

Four-week-01d tomato seedlings were四IorDHandkeptat詣。C under continuous light intensity 
for 24 hours. Groups (made up of 18 tomato seedlings of same age) replicated four times were put in 
the dark for 0,6,12,24,48 and 72 hours. Some of the seedlings were retumed to light after 72 hours and 
the heat to1erance 1eve1 determined after 1, 24 and 48 ho凹s in light. Unhardened and hardened p1ants 
of the same age, kept under continuous light at 280C for these periods, served as contro1s. The 
experiment was repeated four times. 

A decline in heat to1erance was observed in the first series of experiments, hence the influence of 
darkness on the rateofheat to1erance decline in the dark was determined. f丑-I seedlings were kept 趴
separate dark chambers at 5,12, 20, 28 and 320C for 72 hours and their heat to1erance 1eve1 determined 
at the end of the period. A re1ative humidity of 80% was maintained in each of the chambers dur凶g
出is period. Contro1 p1ants were kept under continuous light for the duration of the experiment. The 
experiment was repeated three times. 
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RESUL TS AND DISCUSSION 
Heat tolerance was improved in f丑{and DH 的mato seedlings (Table 1). The change of heat 

tolerance level for f丑f 4-week-old tomato seedlings kept in the dark for up to 72 hours at詣。Cfollowed
bycon出uous illumination for up to 48 ho叮s is shown in Table 2. As the dark period progressed from 
o to 72 hours there was a progressive decline in the heat tolerance level of the hardened tomato 
seedlings. However, when the seedlings were subsequently illuminated, their level of heat tolerance 
began to rise. This rise was ex甘emely rapid for the first hour of re-illumination and thereafter became 
more gradual. As也e light exposure continued up to 48 hours, the tomato seedlings almost attained 
their initiallevel of heat tolerance before the onset of the dark exposure. Unhardened tomato seedlings 
kept in the dark for longer than 72 hours a t 詣。Cwere seriously etiola ted and on reillumina tion did not 
survive. f丑f tomato seedlings kept in continuous light for the duration of theexperiment did not show 
any appreciable decline in their heat tolerance level. 

Table 1. Effeds of heat and drought hardening潭。n acquired heat tolerance in 
tomato seedlings. 
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19.97 :t 0.29 
12.70 :t 0.49 
56.6 

Table 2. Changes in acquired heat tolerance of HH-tomato seedlings exposed 
to darkness fo l1owed by continuous illumination at 280 C. 

D旭rk period + Light period Heat-kil1ing time 
(hours) (hours) (min) 的 SQOC

。 o 20.75 土 0.38
6 0 17.67:t 0.29 

12 0 15.76 士 0.25

24 0 16.28 :t 0.16 
48 0 13.58 :t 0.58 
72 0 12 ∞:t 0.26 
72 1 16.3O:t 0.38 
72 24 17.55:t 0.63 
72 48 19.53:t 0.11 

Con世010 120 11.02:t 0.13 
L5D (P = 0.05) 2.25 

• Initial h曲t tolerance 01 1到 se詞lings

The heat-killing time a t 500 C for DH 4-week -old toma to seedlings previously kept in the dark from 
o to 72 hours followed by 1, 24 and 48 hours of continuous illumination at 280 C are given in Table 3. 
The heat-kill凶g time ofthe control plants (12.8 min) when compared with those thatwere DH (20 min) 
shows thatdroughthardeningwas capableofinducing a reasonable degree ofheat tolerance in young 
tomato seedlings. on exposure to darkness for up to 72 hours followed by continuous illumination for 
up to 48 hours, the DH plants behaved similar to those that were HH. 



172 Acquired Heat Tolerance in Tomato 

Table 3. Changes in acquired heat tolerance of DH-tomato seedlings exposed 
to darkness followed by continuous illumination at 28。巳

Oark period + Light period Heat-killing time 
(hours) (ho盯s) (min) 的 500C

。 o ~W士 0.25
6 0 19.25:!:0.49 

12 0 16.66:!:0.11 
24 0 14.72:!: 0.28 
48 0 16.62:!: 0.16 
72 0 14.l4:!:0.63 
72 1 ~ω:!:0.52 

72 24 18.40:!: 0.36 
72 48 19.92:!: 0.56 

Control0 120 12.75 士 0.12

LSO (P = 0.05) 3.20 
• Initial h田t tolerance 01 DH seedlings 

The role of temperat叮e on the rate of decline of heat tolerance in the dark was also investigated. 
There was a decline, as shown in Table 4, when compared with the control in the heat tolerance of the 
tomato seedlings at all the temperatures used in the dark, and this decline was greatest at the lowest 
temperat叮e (5 0 C) and least at the highest temperature (320 C). There was a steep decline in heat 
tolerance between 5 and 120 C in the dark, and a smaller decline as 出e temperature increased to 200 C 
and beyond. 

Table 4. Changes in acquired heat tolerance of HH-tomato seedlings as 
affected by temperature over a 72-hour dark period. 

Temperature during 由e dark Heat-killing time (min) 
(。C) at500C 

5 8.05 :!:0.20 
12 14.33:!: 0.67 
20 15.43 士 0.47

28 13.70 :!: 0.64 
32 17.08 :!: 0.64 

Con廿0128 in light (initial) 23.的+ 0.66 
Contro128 in light (final) 22.切 :!:0.29

LSO (P = 0.05) 2.26 

The decline in the heat tolerance of the hardened tomato seedlings on exposure to darkness may 
be associated with the loss of sugars from individual plant cells as a result of respiration. Alexandrov 
and Yazkulyev (1961) suggested 出at such sugars are capable of reducing the rates of protein 
denaturaton within the cells, thereby increasing their thermostability under high temperature. Low 
sugar levels in the dark probably reduced the heat stability of the proteins and favored their 
denaturation. The rise in the heat tolerance of the seedlings on exposure to lightafter the dark exposure 
can be attributed 的 increased photosyn曲的is in exposed plants, resulting in higher sugar levels which 
increase heat tolerance (Alexandrov and Yazkulyev 1961; Oleinikova 196η. A similar behavior was 
reported for com seedlings by Heyne and Laude (1940) when com seedlings were illuminated for 1 
hour after a 12-14-hour dark period. 
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The rapid gain in heat tolerance of theplants keptin the dark during the first hour of reillumination 
suggests that the rise in heat tolerance in light may not be entirely due to photosynthetic production 
of sugars. Todd (1972) and Lawlor (1979) believed that other biochemical processes may influence the 
balance of one or more metabolic sequence(s) or enzyme systems of the plant. 

The observed decline in heat tolerance 凶 the dark was lowest at the highest temperature and 
highestatthe lowest temperature, possibly because somehardening occ盯red a t the highest tempera仙re
of the dark period (320 C). These results contradict those of Sapper (1935) who after working with 
various crop species found that exposing plants to low temperature (-40 C) in the dark raised their heat 
tolerance. This is expected becausewhen plants b缸ome frost hardy, they also become hea t and drought 
ha吋y (Leopold and Kriedermann 1975). 

We conclude that heat tolerance can be maintained if plants are illuminated after heat hardening. 
Drought stress is an adequate altemative to heat hardening, but is less expensive since elaborate 
ins仕umentation is not required. 
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ABSTRACT 

Tomato (Lycopersicon esculentum M也.) fruit setis reduced when night temperatures exceed 
210 C although tomatoes can set fruit at day temperatures up to 300 C. To separate the effects of day 
and night temperature, yet provide daytime conditions comparable to those experienced by 血eld

grown plants, we installed air-conditioning for nighttime cooling in a range of seven computer
controlled greenhouses. Seven-week-old transplants were placed in greenhouses starting mid 
August (1989), mid July (1990) and mid April (1991). Nighttime temperatures were kept below 210 C 
for the cool-night treatments. Fruit weights were significantly increased by nighttime cooling on all 
planting da悔， with weights increasing 詞，自 and 11% in 1989, 1990個d 1991, respectively. For 血e

mid August (1989) and mid July (1990) plantings,nighttime cool凶g also increased fruit number and 
fruit size si伊ificantly. The factor best related to the decrease in weight and number at high 
night血ne temperatures was the number of degrees by which nighttime temperatures exceeded 
210 C during fruit set. Our data do not provide a clear answer to the question of whether some 
genotypes are more tolerant than others to high night temperatures. In the fall studies, which 
included only greenhouse tomato cul世間的， no indications were seen of genotypic differences in 
tolerance for high night temperatures. In sp血g 1991，也ree genotypes were included 伽t had 
previously been reported to differ in high-temperature fruit sett泊g ability in field production in 
N orth Carolina. Some indications of genotypic differences in tolerance to high night temperatures 
were found in these lines, but further work is necessaty to confirm or exclude the possibility that 
these differences exist. 

INTRODUCTION 

High temperatures limit tomato (Lycopersicon esculentum Mill.) production wherever daytime 
temperat山es exceed 32 or nigh仕ime temperatures exceed 21 0 C (Moore and Thomas 1952). This 
includes many areas of the tropics and subtropics. For example, in Louisiana, summertime fruit set of 
six tomato genotypes ranged from 凹的 1% (Hanna and Hemandez 1982). High-temperature fruit set 
in tomatoes was reviewed by Kuo et al. (1979), including a summary of research on the problem at the 
Asian Vege個ble Research and Development Center (A VRDC). They reported problems at high 
temperatures with flower formation, pollen grain and ovule formation, style elongation, pollen 
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gerrnina位on， ferti1iza tion and seed forma tion. Their concl usion was tha t a bove 300 C, many componen ts 
of reproductive deve10pment proceed in a 1ess-than optima1 manner and it was not possib1e to sing1e 
out a sing1e pr囚ess as caus切gp∞r fruit set. 

Investigators e1sewhere have reached similar conclusions. After studying flower production, 
po11en production, stigma exsertion, po11en viability and ovule viability in six tomato cultivars, E1 
Ahmadi and Stevens (1979) concluded that there does not seemωbe a particu1ar pattem in the way 
genotypes are adapted to high temperature. Hanna and Hemandez (1982) concluded that in the 
summer, heat-sensitive cu1tivars had more underdeve10ped ovaries, 1ess norma1 po11en, sma11er fr凶t
and fewer seed per fruit, butnone of these characters cou1d be sing1ed out as s01e1y responsib1e for p∞r 
tomato 企uit set a t high summer temperat盯的﹒ Dane et a1. (1991) noted that breeding for improved fruit 
setathigh temperat山es is feasib1e but has been difficult to achieve. They concluded that more research 
was needed on the causes of the wide genotypic variation in heat t01erance, and to deterrnine the 
re1ationship between fruit size and heat t01erance and the under1ying physi010gica1 processes inv01ved. 

In addition to the direct effects of temperatures above 300 C on reproductive deve10pment, high 
temperatures may a1so affect fruit set indirect1y by creating an unfavorab1e carbohydrate ba1ance. 
Stephenson (1981) suggests that abortion of flowers or fruit represents the p1ant's assessment of its 
abi1ity or inability to supportsubsequent fruitdeve10pmen t. Ifconditions are favorab1e, more fruit will 
be retained, and if unfavorab1e, 1ess. During the summer, daytime temperatures may be over the 
optima for photosyn血的弱， decreasing carbohydrates fixed . At the same time, high nigh出me
temperat山es would decrease the ba1ance of carbohydrates in the p1ant by 泊creasing the rate of 
respiration. Hewitt and Curtis (1948) suggested that abortion of flower buds can take p1ace before 
anthesis because ofcarbohydrate dep1etion by high respiration rates. The carbohydrate ba1ance theo可
has not been directly tested, a1though itwas found atA VRDC (1974) and by Bar-Tsur (197內 thatheat
t01erant tomato cu1tivars tended to maintain a high net photosynthetic rate at above-optima1 
temperatures. In potatoes, a heat-t01erant genotype produced a greater amount of sucroseduring lig恥
saturated photosyn血的is at 280C (Basu and Minhas 1991) 

There is a1so indirect evidence for the carbohydrate ba1ance theory. As light (and presumab1y 
photosynthesis) increase, the de1eterious effects of high temperatures are decreased (Atherton and 
Harris 1986). In summer, when light is high, buds deve10p over a wider range of temperatures than in 
winter, when light 1eve1 is reduced (Ca1vert 1969). Kinet (197ηstudied the effects of different 
irradiances and day1engths on the incidence of flower abortion. Under 8-ho世 photoperiods with 0.26 
扎叮/m2/day (400-700 nm), a11 flowers in the first inflorescence aborted at 200 C. The percentage of 
flowers 也at aborted was reduced by doubling the daily irradiance at the same day1ength or doub1ing 
the day1ength at 出e same irradiance. The carbohydrate limitation theory is a1so supported by 
observations that with CO2 enrichmer址， toma toes can be grown a t higher temperatures (Ca1vert 1972). 
Studies in which the day period was 10nger than the night period have generally concluded that day 
temperatures were more important, while those in which the night period was 10nger have concluded 
that night temperat山es were more limiting (Kinet et a1. 1985), a1so supporting the carbohydrate 
ba1ance the。可. A10ni et a1. (1991) found that in growth chamber-grown peppers, heat stress reduced 
14C trans1ocation to the buds and flowers and increased trans1ocation to the 1eaves. The effects were 
particu1arly strikingwhen theheat stress was applied atnight. Daytimeheatstress was shown by Dinar 
and Rudich (1985) to reduce 14(-sucrose uptake by detached flower buds of tomato. 

It is a1so possib1e that direct effects of high temperature on the reproduc位ve process account for 
台uitsettingprob1emswhen temperaturesareabove泣。C，but出atprob1emswi也nighttime temperatures 
above 21 oC are caused by high respirat。可 10sses . Most of the adverse effects on reproduction reported 
by Kuo et a1. (1979) occurred above 300C and 50 do not exp1ain nighttime temperature effects. The 
exception is in vivo pollen germination which is optima1 near 200 C (Charles and Harris 1972). The 
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decrease in pollen germination from 20 to 270 C is much less than the decrease in fruit set, however. 
Also， c叫tivarvariability in pollen germination was nötco叮elatedwith their heat se出ngcharacteristics 
so Kuo et a1. (1979) concluded that pollen characteristics are not the sole cause of p∞r fruit set at high 
temperature. 

Night temperature effects have generallynot been separated from day temperature effects (Kuo et 
a1. 1979) because of the obvious diffic叫ty of doing 50 in the field. In addition, the aim of most studies 
has been selection of tolerant cultivars rather than separa也可 day and night temperature effects. 
Breeders assume thatin humidareas,hotdays will be followed by hotnights and that a tolerantcultivar 
needs tolerance to both. Thus, thereis little information available onhow muchhighnighttemperatures 
reduce tomato fruit set 趴 the field. Based on studies in growth chambers (Went 1945) and in air
conditioned gree吋louses (Went and Cosper 1945), these researchers concluded 趴at the critical factor 
in the se出ng of tomato fruit is the night temperature，也e optimum range being 15-200 C. Studies by 
Schaible (1962) and Curme (1962) in air-conditioned greenhouses also showed the importance of night 
temperatures. There are several problems with these early studies, however. The grow趴 chamber
lighting used at the time provided levels of irradiance much lower (p. Kramer, pers. commun) than 
those currently used in growth chamber studies (e.g. Mutters and Hall1992). In the air-conditioned 
gree吋louse studies of Schaible (1962) and Curme (1962), plants were exposed to natural irradiance for 
only 8hours daily, also reducing the total irradiance received, especially in the winterexperiment. Thus 
it is difficult to extrapolate these studies to the field. Another problem with the above studies is that 
no information was obtained to show the reproductive component affected. Previous workhas al50 not 
determined if fruit set decreases linearly as temperatures increase over 21 oC or is affected similarly no 
matter how far the 21 0 C threshold is exceeded. 

Recently there has been an increase in interest in night temperature work in other crops, however. 
Night temperature effects on pod and seed set arecomparativelywell documented in legumes. Raising 
night temperature from 17 to 270 C strongly reduced pod production, mature pod size and seeds per 
pod in snap beans, whilean increase in daytemperature from 22 to 320 C had smaller and less consistent 
effects (Konsens et a1. 1991). In cowpeas high night temperature effects have been studied in the field, 
gree巾ouse and phytotron (Mutters et a1. 1989a,b; Mutters and Hall1992). They found 伽tcowpeas，
like tomatoes, are also more sensitive to heat during the night than during the day, and that sensitivity 
is influenced by a phyt囚hrome-mediated process (Mu位ers et a1. 1989b). The cowpeas studied were 
more sensitive to high temperatures during the second 6 hours of the night than during the first 6 hours. 
They suggest that a critical temperature咽nsitivepr目的s， such as transport of proline to developing 
pollen, may be under circadian control and凹curonly lateatnigh t. This workpresentsmanyin仕iguing
possibilities for explaining tomato sensitivity to high temperature, but it should be pointed out趴atthe
"low" temperature used in their study was 鈞。Cand the 咐igh" temperature was 300 C (Mutters and 
Halll992), both of which are above the optimal night temperature for tomato. Also, in cotton (Reddy 
et a1. 1992) the times of day at which the 的。C temperatures began did not appear to be an important 
factor controlling bo11 retention. In growth chamber-grown peppers, Aloni et a1. (1991) found that 
relatively little abscission ofbuds, flowers or fruitlets occurred when day / nigh t temperatures were 35 / 
250 C, bu t when day / night tempera tures were reversed, a11 the buds and some of the flowers a bscised. 

In conclusion, additional work is needed to answer the question of why high night temperatures 
reduce fruit set in tomatoes. In some environments, the ability to withstand high night temperatures 
is at least as important as the ability to tolerate high daytime temperatures. For example，位le fruit
setting abilityofSolar Set, a Florida release, is thought to arise largely from its tolerance ofhotfa11 nights 
(O'Reilly 1992). If climate models predicting greater nigh ttime趴an daytime temperature increases are 
bome out, tolerance of hot nigh ts may become even more importan t than tolerance of hot days. The 
National 仁)ceanic and Atmospheric Administration reports that an examination of daytime and 
nighttime temperatures at hundreds of climate stations in the U.S., China and the Soviet Union showed 
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that average high nigh仕ime temperat山的 increased 0.70 C d叮ing the last 40 years, but daytime 
temperatures were generally constant. It concluded that virtually all of the warming that is believed 
to have 凹curred in the northem hemisphere during the last four decades can be attributed to the 
increases in the average nighttime highs. Seasonal extremes have also increased at night rather than 
in the day. 

It therefore seemed worthwhile to examine specifically the physiology of tomato fruiting at high 
night temperatures under field-Ievel irradiances. As a first step, we collected data on the response to 
night位me cooling of a number of tomato lines with va可ing field resistance to high temperatures. By 
切gging趴dividualfruitwerelatedtemperatureandirradianceatapa出c叫arperiodoffruitdevelopment
to subsequent fr凶t retention, size and freedom from defects. We also compared night c∞ling effects 
on spring crops with those in fall crops. 

MATERIALS AND METHODS 

Fall1989 

Tomatoα. Caruso and Parks VFNT-130 were seeded 12 July 1989 and grown to transplant size in 
a conventional glass greenhouse with water and complete fertilizer applied as needed.α117 August 
1989, 7-week-old seedlings were moved to two computer-controlled plastic-covered greenhouses 
(Willits and Peet 1992). Seedlings were 仕ansplanted into 18.9-1 upright black polye也ylene grow-bags 
(Hydro毛ardens， ColoradoSprings， Colorado, USA) atadensityof1 seedling/bag,48bags/ gre包1house，
24 of each cultivar. Position of each cultivar within the house was randomized. Bag medium consisted 
of a mixture of 50% by volume Pro-Mix-BX (Premier Brands, New Rochelle, New York, USA) and 50% 
aged, 95-mesh, pine bark. 

Oaytime heating began at 21 0C and nighttime hea油19 initially was set at 160 C in both houses. In 
one house (cool house), nigh前ime air-conditioning was used to prevent temperatures at night from 
rising above 21 0 C. In the other house (warm house), maximal nighttime temperatures were not 
controlled. When ou tside nigh ttime tempera tures fell to unseaωnablelows4weeksintotheexperiment， 

nighttime hea由19 was raised from 16 to 21 oC in the warm house to increase 吐1e nigh ttime tempera ture 
differential between the two houses. Oaytime hea t 鉛中oints were raised correspondingly in the warm 
house.Oaytimelow-ven七 high-ventandevaporativepadcoolingbeganat25， 27and280C， respectivel扔
出 both houses, however. 

A modified Hoagland's solution was injected at each watering. Solution concentration was 
adjusted du自19 crop development. Initiallevels were 90 ppm N，的 ppm P, 195 ppm K, 155 ppm Ca 
and 44 ppm Mg.α15 September, these levels were raised to 125 ppm N and 310 ppm K, with other 
nutrients held the same.α126 October nutrient levels were raised to 165 ppm N and 310 ppm K. The 
same nutrient solution was delivered through connec出g pipes to both greenhouses. 

Wateringwas fo盯 times daily (09∞， 12∞， l500and18∞)with 血enumberofminutesperwatering
depending on crop water usage. Oelive可 of water was via two 3.8-lfhour emitters per bag. Normal 
cultural practices for greenhouse tomatoes were employed, most notably removing all suckers and 
廿aining the main stem to plastic twine attached to an overhead wire. The growing tip of the plant was 
removed after eight clusters. Plants were sprayed as needed to control whiteflies and sprayed once to 
control gray leaf mold. Fruit were harvested at the tuming to red stage 2-3 times weekly. Harvests 
began 12αtober and ended 9 February in the house with cool night, and 9 October and 19 Oecember 
趴 the house with warm nights. Weight and number of cracked, small (less than 60 g), rough or 
otherwise defective fruit were recorded separately and their weights subtracted from total weights to 
obtainnumbers and weightsof unblemishedfruit. Grading standards for unblemished fruitwere more 
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你ingent than US Depar加ent of Agric叫ture standards for No. 1 fruit in order to provide greater 
experimental precision, i.e. there were no tolerances for defects. The cluster from which fruit were 
harvested was also recor由d.

Fa1l 1990 

Procedures were similar to fall1989, but the study was begun earlier. on 16 July, 16 7-week-old 
plants ofCaruso, Hot-Set (an 泊determinate cul世varwith partial high temperaturefr凶tse出ngability;

R. Gardner, pers. commun) and Hybrid 0 were transplant吋 into different compartrnents of the same 
gree巾ouse range utilized in 1989. Plants were topped after six clusters rather than eight as was done 
in 1989, and harvests ran from 11 September to 1 November compared to 9 October through 9 Februa可
趴 1989.In addition to 趴e data collected in 1989, plants were inspected each day and all open flowers 
tagged by date. During harvest, the date on the tag was recorded for each fruit so environmental 
conditions at flowering could be correlated with harvest data. In tomato, growth chamber and 
gree他ouses仙dies have shown 血athigh temperature is most likely to prevent fruit set if experienced 
during the 10-15 days after the flowers are first visible (Calvert 1969; Kinet 197內. Tagging fruit also 
allowed comparison of the number of days to harvest in the different night temperature regimes. 
Heating began at 160 C at night and 21 0 C daytime in both treatments. It was not necessary to raise 
nighttime temperatures in the warm house in 1990 as was done in 1989. 

SpringlSummer 1991 

Procedures were the same as in fall 1990 with the follow趴g exceptions: Twelve plants of four 
cultivars, Laura, NC82162, NC89211 and Piedmont, were transplanted on 16 April into different units 
(except for reusing one of the air-conditioned houses) of the same range of experimen切1 greenhouses 
used in 1989 and 1990. Laura and NC89211 are indeterminate cultivars, whereas Piedmont and 
NC82162 are determinate. Pruning was modified on the two determinate cu1tivars to more near1y 
resemble field practices. Harvest began on 30 May and continued through 23 July in all houses. 

RESUL TS AND DISCUSSION 

Temperatures 

For the reasons discussed above, day temperatures were higher in the high night temperature 
house in 1989 (Fig. 1). We were able to maintain essentially the same day temperatures in the two 
仕ea恤lents in 1990 (Fig. 2) and 1991 (Fig. 3), however. In summer/fall 1989, night temperature 
treatrnents resulted in a 3.4 oC temperature differential during fruit set and 4.70 C for the whole season. 
In summer / fall1990 nighttime temperature treatments resulted in a 4.1 oC differential during fruit set, 
and a mean temperature difference of 2.80 C for the entire experimen t. In spring/summer 1991, 
仕ea恤lents resulted in only a 1.70 C differential between the houses during fruit set and 2.80 C over the 
entire season. Thus in the summer/fall studies most of the high night temperatures occurred during 
fruit set (Fig. 4), whereas in the spring/ summer study, most of the high night temperatures occurred 
during fruit development (Fig. 5). 

Yield 

Fruit numbers, weights and size 

High night temperatures significantly decreased thenumberof fruitharvested in both fall seasons, 
but not in the spring (Table 1). Fruit weight was significantly decreased by high night temperature in 
all seasons. Average fruit size (weight per fruit) was significantly larger in the c∞1 house in all seasons. 
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VVeek 

Fig. 5. Nurnber of fn且it harvested each weekas a percentage of nurnber of rnaxirnurn fruit harvested 
on week 8 (0) and rnean night也ne ternperature difference (percentage of rnaxirnurn) for 
springlsurnrner 1991 (一).

Table 1. Yield and size of tornatoes harvested in fall of 1989 and 1990 and in the spring of 1991. 

Night temperahlre Fruit no./plant Fruit wt (kg)/plant Average fruit wt (g) 
Fal1 1989 Cool 29.2a 4.5也 152.6a

Warm 24.9b 3.5b 141.8b 
Fal1 1990 Cool 23.4a 3.3a 147.la 

Warm 16.8b 2.2b 132品

Spring 1991 Cool 29.4a 5.la 183.8a 
W訕訕 28.2a 4.6b 1月.2a

• Valu自 followed by the same letter superscript within the same year are not s幣1ifi個ntlydiffe距nt at P = 0.05 level. 

Actual increases ranged from 7.6% in 1989 to 10.5% in 1990. Larger fruit were not a result offruit in the 
houses with cool nights maturing more slowly. This was seen by comparing the average time from 
flower opening to maturity between seasons in the two tr臼個lents and also by examining regression 
equations for the 1990 season. Although fruit size was consistently greater in c∞lnight仕ea恤ents， the 
average time from anthesis to harvestwas 2.4 days greater in the coolhouse in 1990 but 1.1 day less in 
1991 compared to the warm house. In 1990, the relationship between fruit size and days-的-harvestwas

found to be both negative andnonsignificant (r = -O.498,P > 0.250). In 1989, which had the leastresponse 
in weight per fruit, day temperatures also differed and it took almost 2 months longer to 缸lish

harvesting the cool house. 

Seasonal differences 

High night temperatures caused greater yield losses in the fall than the spring. on the basis of 
number, decreases from warm nights in the fall were 14.7%凶 1989 and 28.2% in 1990compared t04.l % 
in the spring. on a weight basis, warm nights in the fall crops caused yield decreases of 22.2% in 1989 
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and 33.3% in 1990 compared to only a 9.8% decrease in the spr凶g. There are several factors potentially 
con仕ibu也可 to greater high tempera仙re effects in the summer/fall crops. The most obvious is the 
temperat叮e differential between the warm and cool night trea恤lents . Whole season temperature 
differentials between trea恤凹的 probably did not account for seasonal effects because the greatest 
yield decreaseathotnightswas seen in falll990 whichhad趴esameseasonaldi任eren位al as spring 1991 
(2.80 C) and less than the 1989 fall crop (4.70 C) (Fig. 6). It is more likely that the temperature differentials 
between trea恤凹的 during fruit set accounted for differences between seasons in response to warm 
temperat山的 (Fig.η.
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Fig. 7. 
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Genotype 

ßased on an admi前edly limited number of genotypes tested, differences in response to night 
temperat盯eswerenot的iking， although differences betw自n genotypes in yield per se were found in 
all experiments (data not shown). Therewere no interactions ofcultivar and treatmenton average fruit 
size in any of the exper加ents. Neitherwere interactions ofcultivar and temperature treatment on fruit 
weigh t and number significan t in the fall experimen ts (1989 and 1990). In the spring 1991 experimen t, 
two field lines with heat setting (NC82162) or partial heat se組ng (NC89211) ability泊位le field in North 
Carolina were compared with Piedmon七 a North Carolina line which is considered sensitive to heat 
(恨R. Ga訂r由d

p伊er昀s.commun).臼 a fruit weight basis,Piedmont, the determinate, heat-sensitive叫御風showedthe
greatest decrease at high night tempera tures, but the two heat-tolerant lines showed a grea ter decrease 
with warm nights than Laura, which was not ex戶cted to be heat tolerant (Fig. 8). The indeterminate 
line with partial high temperat叮e fruit set ability (NC89211) did show a grea加 decr個se at warm 
nights than the determina te line wi th full high但mperaturefruitsetability， aswouldbeexpectedbased
on their field performance. 

It is not clear whether the genotypes with heat setting ability in the field (NC82162 and NC89211) 
didbe前erinwarm叫ghts on a fruitnumber basis. Over all four genotypes theeffectofhigh temperature 
onfruitnumberwasnotsignificant(Table 1, spring 1991). This lackofsignificancewas becauseof small 
differences between treatments in the indeterminate cultivars and largeplant-to-plantvaria bility趴 the

determinate cultivars. Variabi1ity in the determinate genotypes was probably related to the difficulty 
of pruni嗯， tagging and pollinatmg them in the gree址louse because of their bushy growth habit. 
Conside也可 only the averages over the two replicate houses, however, there was some evidence for 
greaterfruitnumbers at high temperatures in the two heat set lines (Fig. 8). Fruitnumbers in the tolerant 

的

Z 

15.0 

2 10.0 

日
』

te 
E 
~ 5.0 
Q) 
的

te 
ω 
H 
υ 

益。。
們;:;-::: 

、d

-5.0 
NC89211 NC82162 Laura Piedmont 

Fig. 8. Percentage decrease in fn且it weight (black bars) and fruit numbers (shaded bars) 扭曲
indeterminate, heat tolerant genotype (NC89211), a determina妞， heat tolerant genotype 
(NC82162), an indeterminate, heat sensitive genotype (Laura) and a detenninate, heat 
sensitive genotype (Piedmont). 
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cultivars (NC82162 and NC89211) werealmost the same in thewarmnight廿eatmentor actually higher 
for the indeterminate cultivar (Fig. 8), whereas the susceptible cultivars showed decreases in fruit 
numbers of 6 and 13% for the indeterminate and determinate genotyp凹， respectively. In the case of 
fruit numbers, however, the line with partial field high temperature fruit set a bility (NC89211) actually 
did better than the linewith full field high temperature fruitset ability (NC82162), which would not be 
expected based on 也eir field performance. 

The two determina te cultivars were neither more or less responsive to high night temperatures than 
the two indeterminates. Similarly, in snap beans, determinate and indeterminate cultivars seemed to 
respond similarly to high temperat山es仕esses which interfered with pod-set由19 (Kigel et al. 1991). 
Since relatively few cultivars were used in this study, and since the season in which two of the resistant 
cultivars were grown, had 出e least temperature differential during the period of fruit se七 more
information is needed before conclusions can be drawn as to whether field resistance to high 
temperatures also confers resistance to high night temperatures. Nevertheless we are not encouraged 
by evidence of significant tolerance to high nigh t temperatures in the lines we have examined thus far. 

Interactions with Irradiance and Maturity 

In 1990, plants in thecoolnighttreatmentrequired52.4 days tomaturerather than50 daysas in the 
warm night treatment. The difference was significan七 so regressions were developed for days to 
maturity vs. 1) averagenight temperature over the life of the fruit, 2) average day temperature over the 
lifeof the fruit,3) averagedailytotal photosynthetic photon fluxdensity (PPFD) over the life of the fruit, 
and 4) fruit weight. of these factors, average daily irradiance was the most influential factor in 
determining days to harvest (Table 2). In Hot-Set and Caruso, days to harvest was a linear function of 
daily PPFD and the fruit took longer to ma ture under c∞1 nights a t all irradiance levels. The differences 
in days to harvest between the cool and warm night treatments increased as daily PPFD increased. For 
the third cultivar, the relationship between maturity and night temperatures depended on how much 
light was available. At irradiances below 15 mol/m2

/ day, the fruit matured 5 days faster in 出ec∞l
housebutabove20mol/m2/day, thefruitt∞k approxima tely 4 days longer to mature in the cool house 
than in the warm house. 

Table 2. Regression equations of mean day from anthesis to harvest as a function of the total daily 
PPFD (mollm2/day) 的 the top of the canopy by cultivar and house for fall1990. 

Cultiv位 Nighttime temperatures Equation R2 
Hot-Set Cool Time = 118-3.6*Solar 0.94 

Warm Time = 121-的*Solar 0.87 
Caruso Cool Time = 119-3.加Solar 0.89 

Warm Time = 136-4 .8*Solar 0.89 
Hybrid 0 Cool Time = 124-4 .0*Solar 0.84 

Warm Time = 156-5.8*Solar 0.90 

CONCLUSIONS 

We have shown that yield losses and reduced fruit size can result from high night temperatures 
under natural photoperiods and irradiances, even when day temperatures are in the normal range. 
This appears to be a quantitative effect，的出e severity of the losses increases linearly wi th tempera ture 
di仟erential during fruit set. Spring/ summer crops are thus less vulnerable to losses from high night 
temperature than summer / fall crops because they experience high temperatures at a stage when most 
of the fruit have already set. Based on an admittedly limited number of genotypes examined, we have 
seen little evidence for resistance to high night temperatures. 
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These studies did not dis也可凶sh between two possible explanations for the yield increases with 
night位me cooling. 1) Nigh出mec∞ling may have increased pollination directly, resul也可 in greater 
seed set and larger and heavier fruit. Dempsey and Boynton (1965) found that higher seed numbers per 
fruit were correlated with heavier fruit. 2) Lower nigh悅ime respiration rates may have made more 
carbohydrates available to the reproductive organs. This could be an indirect effect by decreasing 
respiration in the leaves, or a direct effect by decreasing respiratory losses in the reproductive tissues. 
The observation of a linear relationship between temperature di叮叮entials du也可 fruit set and yield 
increases suggests thateither 1) or direct effects in 2) are more impor切nt in tomatoes than the indirect 
effects on leaves in 2). 
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ABSTRACT 

Heat stress causes si伊ificant yield loss in large-fruited peppers thrOUgh abscission of flowers 
and flower buds. The physiological changes that contribute to absdssion were investigated in a 
series of expe由nen包 in Israel and扭曲e USA. Heat (35/250 C,day/night ornight/day) reduced export 
of 14C-sucrose from mature leaves, and reduced the concentratiòn of reducing sugars in young 
reproductive organs. Concomitantly, activity of soluble acid invertase in the flower buds and roots, 
butnot伽 youngleav的， was reduced. The capacity to transport auxin through the fruitlet pedicel 
to the abscission zone was markedly inhibited by prior exposure of the plant to high temperature. 
Heat also induced significant increases in production of ethylene and its precursor ACC. Application 
of the ethylene action inhibitor, silver thiosulfate, reduced heat-induced abscission in both growth 
chamber and field experiments. Heats仕ess thus appears to cause abscission by reducing accumulation 
of assimilates in reproductive sinks, enhancing the sensitivity of 也e fruitlet abscission zone to 
ethylene action by reducing au近n transport to it, and by inducing production of abscission-causing 
ethylene. Although there are cultivardifferences in response to heat stress, the complex扭teracting

factors involved in the resulting abscission willmake the rask of developing improved heat-tolerant 
cultivars difficult. 

INTRODUCTION 

When large-fruited bell peppers (Capsicum annuum L.) are exposed to environmental s仕esses

during the flowering and fruiting period, abscission of flowers and flower buds may occur. This loss 
of reproductive structures can result in serious yield decrease, and constitutes a major risk factor in 
pepper production (Minges and Warholic 1973; A VRDC 1986). Al though the abscission can be caused 
by several factors such as extremes of temperature, lack of moisture or low light conditions, high 
temperat叮e appears to be the most common cause (Cochran 1936; Wien et al. 1989a; Wien 1990). 

The physiological mechanism by which environmen tal stresses act to cause the loss of reproductive 
structures has until recentlynot received much study. We base our understanding of flower and flower 
bud abscission on the model developed for leaf abscission by Beyer and Morgan (1971) and Beyer 



Wien et al. 189 

(1975) . In this scheme, auxin is produced by the leafblade, translocated down the petiole and prevents 
the formation of an abscission layer at its base. When the leaf begins to senesce ethylene generated by 
the leaf reduces auxin production and polar transport, and also acts directly to form the abscission 
layer. There is some evidence that the model also applies to reproductive structures. For instance, 
ethylene promoted flower abscission in tomato (Roberts et al. 1984), begonia (Hanisch ten Cate and 
Bruinsma 1973) and pepper (Beaudry and Kays 19船). Auxin prevented flower abscission in tomato 
(Hemphill 1949), and delay'吋 it in begonia (Hanisch ten Cate and Bruinsma 19月) . The failure of 
ethylene to inhibit auxin 廿ansport 趴 begonia pedicels was, however, at variance with the model 
個anisch ten Cate and Bruinsma 1973). 

For unimpeded development of reproductive structures, an adequate supply of assimilates must 
be available. Under conditions ofheat or low light stress, low carbohydrate levels in the inflorescences 
have been correlated with high rates of abscission or cessation of flower development (Guinn 1974; 
Kinet et al. 1978). We do not know, however, how assimilate levels are linked to the levels of auxin, 
ethylene or other growth-promoting or growth寸的1ibiting substances in the reproductive structures. 
Nor has the sequence of events in the abscission pr凹ess been studied closely enough to identi句r the 
step most sensitive to environmental stress. We present evidence here that supports the validity of the 
general abscission model for pepper. Particular emphasis is given to the effect of heat stress on 
hormonal relations and assimilate partitioning and utilization as they relate to flower abscission. 

AUXIN AND PEPPER ABSCISSION 

The role of auxin in the prevention of flower bud and flower abscission in pepper has been 
substantiated in several ways. If flower buds are removed, leaving 出e pedicel stub, abscission of the 
stub will follow within 48 hours unless a synthetic auxin such asα-naphthalene acetic acid (NAA) is 
applied to thepedicel (Wien et al. 1989b). Similarly, infusion ofNAA solution into emasculated pepper 
flowers on unstressed plants greatly improved fruit retention over emasculated controls (Wien and 
Zhang 1991). 

Use of synthetic auxin applications to facilitate fruit set under stress conditions has not been 
successful to date with pepper. Applying foliar sprays of NAA or p-chlorophenoxy acetic acid (CPA) 
to peppers subjected to low light stress (Wien and Zhang 1991), or to high temperatures (Ho, 
unpubl. data), did not alleviate flower abscission. Furthermore, Silveira et al. (1986) were unable to 
improve pepper fruit set in a cold gree吋louse with synthetic auxin applications. The reasons for this 
lack of effectiveness is not known at present, but may relate to production of ethylene by the plant as 
a consequence of auxin application (Yoshii and Imaseki 1981). 

Reduction of polar auxin transport comprises a major component of the abscission model described 
above. To determine whether reduction in auxin transport also plays a role in heat stress-induced 
abscission, pepper cv. Maor, a heat-sensitive cultivar, and paprika cv. Lehava, a cultivar less prone to 
heat-induced reproductive s廿ucture abscission, were subjected to different temperature regimes. 
Thereafter, auxin transport in the pedicel of various reproductive structures was measured at room 
temperature by the donor-receiver agar cylinder technique (Riov and Goren 1979). In both cultivars, 
the two highest temperature regimes caused a significant reduction in auxin transport, with pepper 
being more sensitive to the high temperature effect. This is demonstrated by the effect of temperature 
on auxin transpo討 in the pedicel of young fruitlets of the two species (Fig. 1 and 2). Others have also 
observed that reduction of polar auxin transport is one of the most significant events occurring prior 
to heat stress-induced abscission (F. Bangerth, pers. comm.). 
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ETHYLENE AND PEPPER ABSCISSION 
The cen tral role played by ethylene in the abscission of pepper reproduc位vestruct山es is supported 

by severallines of evidence. Abscission of flowers, buds and young fruits can be readily demonstrated 
with applications of ethylene-generating chemicals orexposure of the plants to ethylene gas (即lademi
and間losh-Kui 1977; Beaudry andKays 1988; Tripp and Wien 1989). Infusion ofthe ethylene precursor 
1 司aminocyclopropane-1 -carb。可lic acid (ACC) into pepper bud pedicels resulted in bud abscission 
within 48 hours (Wien et al. 1989b). 

Elevated levels of ethylene production are common to stressed tissues (Yang and Hoffman 1984). 
In a study atJerusalem University we tried to measure ethylene production either in whole plants or 
凶 detached reproductive structures of pepper and paprika plants subject吋 to different temperature 
regimes. None of these measurements indicated increased ethylene production even at the highest 
temperature regime (day /night temperatures of 4O /270 C). Measuring ethylene production of whole 
plants is technically difficult whereas detachment may change organ physiology. Therefore, we 
measured ACC content as an indicator of ethylene biosynthesis in the reproductive structures of the 
two species. Both species responded to the highest temperature regime with a sign的cant increase in 
ACC content (Fig. 3-5). Flower petals accumulated relatively high levels of ACC, with pepper having 
twice as much ACC as paprika (Fig. 5). Day /night temperatures of 32/270 C also increased the ACC 
conte肘， except in the flower petals. The data suggest that heat s廿ess causes increased ethylene 
production which may be the cause of the reduction in polar au組n transport (Beyer and Morgan 1971). 
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Other environrnental stress factors have al的 been shown to elevate ethylene levels in peppers. 
When plants were subjected to light reductions of 80% using shade cloth tunnels in the field for 1 week, 

bud ethylene evolution increased significantly over that of unshaded plants in the abscission
susceptible 凹. Sharnrock (Wien et al. 1989b). More recently, we have rneasured increases in ethylene 
levels when plants were subjected to sirnulated wind using s甘ong fans (Wien and Tumer, unpubl. 
data). Further work is needed to deterrnine if this increase in ethylene could contribute to abscission 
of flowers in field-grown plants. 

If ethylene is the cause of pepper flower abscission, it should be possible to prevent or reduce 
abscission by trea恆lent with inhibitors of ethylene production or ethylene action. This is indeed the 
case. When foliar sprays of silver thiosulfate (STS), an ethylene action 凶libitor， were applied to 
gree巾ouse-grown Sharnrock pepper that had been grown at 35/30oC air ternperatures, flower 
abscission was significantly reduced (Table 1). Sirnilar results were obtained in a field exper出ent

conducted at Freeville, New York, in the abnorrnally warrn growing season of 1991 (Table 2). 

Table 1. Effect of airtemperature and silverthiosulfate (STS) (5mM) foliarspray on abscission of 
emasculated or pollinated flowers of Shamrock bell pepper. Temperature 甘eatments
were applied for 1 week in growth chamber哩， and abscission noted 2 weeks after the 
temperature treatments ended (from Ho, MS thes函， Comell Univ., Ithaca, New York). 

Temp. STS Abscission (%) 
(。'C) (mM) Emasculated 

25/20 0 19 
25/20 5 0 
35/30 0 1∞ 
~~ 5 ~ 

Statistical 到gni且cance

Temperature 
STS 

Interaction 
. ... is significant at 1 % JeveJ, and .. at 5% JeveJ 

玲玲玲 a

等等到，

玲玲玲

Pollinated 
7 
2 

36 
14 

玲等等

葛，刻，

ns 

Table 2. Effect of foliar sprays of the ethylene inhibitors A VG and STS on flower abscission and 
fruitnumbers harvested for three bell peppercultivars grown in the field at Freeville, New 
York, in 1991. Treatrnent x cultivar interactions were not significant. 

Treatment Flower abscission a.b Total fruit no. 
(%) x1 ()3 /ha 

Control 16.2 a 1∞ b 
STS, l x 1Q-3M 6.4 b 116b 
STS, 5 x 1ü-lM 4.2b 150a 
AVG， 50μL/L 16.4 a 106 b 
AVG， l∞ μL/L 12.6 a 107b 
Cultivars 

Supersweet 860 13.3 a 79b 
Shamrock 14.2 a 92b 
L盟主 Bell 6.0b 177 a 

.Increase in abscission at nod田 1-3 from 29 to 37 days after 世anspJanting
bS個tisticaJ anaJysis on arcsine transformed 閃閃四個ge vaJues. Numbers in a coJumn foJJowed by the same letter are not significantly diffe r凹t

at the 5% level using Dunc凹's Multiple Range Test 
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Significant reductions in f10wer abscission of the plants treated wi趴 STS resulted in a significant 
increase in total fruit harvested, although the marke的le脾ld was not aHected. The increase in fruit 
number was obtained primarily through 伽 production of sma11 unmarketable fruit. of the 伽ee

cultivars used in the study, two were more abscission-susceptible than the third, but a11 responded 
similarly to the STS trea個lent. Aminoethoxyvinylglycine (A VG), an inhibitor of ethylene synthesis, 
was not eHective in preventing f10wer loss (Table 2). 

In spite of its efficacy, STS仕ea恤lent cannot be recommended for use on peppers produced for food 
p叮poses because of possible human toxicity by the silver ion. Exploiting the genetic variation in 
abscission susceptibility seems a much cheaper and safer altemative. 

In the abscission model proposed by Beyer and Morgan (1971), formation of the abscission layer 
depends both on the red uction of polar a uxin transport down the戶dicel and the generation of ethylene 
by the plant. Thus agents which reduce polar auxin f10w should make the bud more susceptible to 
abscission. This was confirmed in two experiments in which pedicels were treat，吋 with thepolara以in

仕ansport inhibitor 2,3,5-triiodobenwic acid (TIBA), alone or in combination with the ethylene
generating chemical ethephon or the ethylene precursor ACC. The chemicals were introduced into the 
pedicels using cotton wicks, at concentrations insufficient to cause complete abscission when used 
alone. When TIBA and the ethylene-generating chemicals were combined, nearly a11 treated f10wers 
abscised (Wien et a1. 1991). 

ASSIMILATE P ARTITIONING AND UTILIZATION 

When plants are subjected to heat stress du血苟且owering， a number of physiological pr仗esses
involved in the transportand utilization of assimilates maybe disrupted. In tomato, heat stress reduced 
carbon 仕ansport from the leaves through the formation of ca110se plugs in the phloem of the petiole 
and inhibition of leaf starch hydrolysis (Dinar et a1. 1983). In addition, the import of assimilates into 
f10wer buds and their conversion into starch were inhibited (Oinar and Rudich 1985). In cotton, warm 
night temperatures or reduction in incident light increased rates of ethylene evolution and abscission 
of reproductive structures (Guinn 1974, 1976). Ethylene production rates were negatively correlated 
with reducing sugar and sucrose levels in young cotton bo11s, indicating that abscission may be related 
to low assimilate supply (G凶nn 1976). In pepper subjected to low light levels in the field, a similar 
negative relationship between assimilates and bud ethyleneproduction was found (Wien et a1. 1989b). 

The adverse effects ofhigh temperatures on pepper that result in reproductive structure abscission 
also cause changes in assimilate translocation and utilization. Aloni et a1. (1991) found that leaves of 
plants subjected to 2 days of 350C applied either during the day or night, translocated less assimilate 
to the rest of也e plant (Table 3). Concomitantly, up切ke of labeled carbon by f1owers, flower buds and 
r∞ts was significantly reduced at high temperatures. This lack of assimilate import was para11eled by 
a decrease in 趴e activity of acid invertase in these tissues (Fig. 6a), implying that carbon uptake was 
inhibited by a lack of conversion of the translocated sucrose into hexose sugars. In support of this 
the。可， Aloni et a1. (1991) found that reducing sugar but not sucrose levels in flower buds were 
decreased by heat stress. In contrast to the reproductive structures, young leaves showed little change 
in assimilate levels and in invertase activity under the influence of high temperatureσib. 6b). Thus 
under conditions of assimilate shortage caused by high temperat叮es， young leaves may provide 
altemate, competing sinks for plant carbohydrates.1t also appears that acid invertase is a key enzyme 
that may determine the level of carbohydrate availability to pepper reproductive structures d山ing

heat 忱的﹒ This enzyme has been found to play a similarly impor伽t role in the development of 
inflorescences in tomato plants growing under low light levels (Russell and Morris 1982). 
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Table 3. The effect of heat 甜ess applied in the light or dark during a 48-hour period, and fruit removal on plant 11(. 

Sucrose uptake, 14C export from the source leaf and distribution in pepper plants (n = 10) (from Aloni etal.1991). 
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Fig. 6. The effect of heat stress applied du自g the light or dark periods 加 three day/night cycles, 
on soluble acid invertase (SAI) activity from leaves of different developmental stages (A), 
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IMPLICATIONS FOR PEPPER PRODUCTION IN THE TROPICS 

The abscission process for reproduc世間 的uctures of pepper is cornplicated and involves rnany 
interac出g steps. Although it has been possible to intervene chernically to rnodify key reactions in the 
process, the outcornes of these rneasures have not been practically useful. For instance, STS foliar 
sprays have increased fruit nurnbers, presurnably through an inhibition of ethylene action, but rnany 
ofthere切趴ed fruits were srnall and rnisshapen. While such treatrnents blockorreduceabscission，也ey
presurnably have no effect on the irnpair吋 irnport of assirnilates by the young ova可 under high 
ternperat盯es. Sirnilarly, pollination and se吋 set rnight also still be inhibited at high ternperat盯eS， as
found in tornato 但1 Ahrnadi and Stevens 1979). Thus even if rnore effective and less toxic ethylene 
inhibitors were found, it is unlikely that they would be of practical use in irnproving pepper 
productivity in high ternperatur的﹒

An approach that is rnore likely to be rewarding is to take advantage of the considerable genetic 
variation in abscission susceptibility (Wien et al. 1989a). Breeding for irnproved abscission resistance 
under heat s仕的 is likely to be slow and cornplicat吋， given 血e nurnerous factors involved in the 
abscission process. Selection of heat-tolerant types will req凶re a testing environrnent in which high 
ternperat凹的 occur often. Altematively, creating conditions that rnirnic the stress rnay be possible. We 
hdve found that cultivars resistant to high ternperature 的ess are also rnore tolerant to exposure at low 
light levels, as created by covering with shading rnaterials that block out 80% of incident radiation 
(Wien 1990). 

Another approach is to use ethylene-generating chernicals at low concentrations to irnpose an 
ethylenestress on a population of plants, andselect the individuals that show less abscission (Tripp and 
Wien 1989). Cultivars with less flowerdrop under stress also showed less ethephon-induced abscission. 

When increased abscission resistance is reconciled with the rnany other goals of a breeding 
prograrn, sorne cornprornises rnay be necessary. First, breeders are often reluctant to select for 
increased fruit retention, fearing that under g∞d environrnental conditions, the plants will retain t∞ 
rnanyfru祉， with a resultantdecrease in fruitsize. It should be possible, however, to select bothfor g∞d 
fruit set and large fruit size, since peppers do exhibit the elirnination of late-forrned frui t. Secondl予 if

peppers under heat stress have preferential developrnent of leaves rather than reproductive structures, 
stress tolerance selection rnay rnean the developrnent of lines that have a lower leaf:fruit ratio. Such 
cultivars rnay be rnore prone to fruit injury by sunscald, if leaf area is inadequate to provide foliage 
cover for the fruit (Rabinowitch et al. 1986). It is, however, not clear at present if cessation of leaf 
developrnent under s廿ess is the only rneans by which the pepper plant can retain flowers and flower 
buds. 

More innovative approaches，扭曲的 inducing the ove中roduction of auxin by ovaries through 
genetic engineering techniques，的 is being tried with tornato (Y. Salts et al. unpubl. data), rnay also be 
of value in pepper. For such efforts, a rnore也orough study of the roleof auxin in the abscission process 
under stress conditions，的 is currently under way, will be essential. 
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The distribution pattem of 14C-sucrose applied to 出e f証出 leaf from the top of 3- and 5-day 
stressed tomato (Lycopersicon esculentum Mill.) plants was investigated at thevegetative,flowering, 
and fruiting stage. More of the labeled carbon was retained in both fed and nonfed portions of the 
leaf of stressed plants 出an in the nonstressed plants at al1 growth stages. At the vegetative stage fed 
leaflets retained about 75% of radiocarbon扭曲的-day stressed plants 24 hours after feeding. In the 
5-day stressed plants the fed leaf retained 26% of the activity and fed leaf without fed leaflet had 
about 63.5% activity recovered. Even after 7 days there was little translocation to the other plant 
parts. Relative specific activity (RSA) of roots increased from 1.9 to 2.2 in the 3-day stressed plants. 
At the flowering stage RSA of roots increased from 7.3 to 10.9 and 0.9 to 6.3扭曲e3-and5-daystressed

plants, respectively, indicating more translocation of assimilates to roo包. In the 3- and 5-day 
stressed plants the flowers and fruits had about 3.0 and 2.3, and 4.2 and 6.7% activity 24 hours and 
7 days afterfeeding, respectively. Fruits and flowers had 14% radiocarbon at the frui自\g stage. RSA 
increased from 0.1 to 2.5 in roots and 0.8 to 5.7 in fruits of water略tressed plants. In the irrgated control 
plants about 28.5% of the activity was traced in fruits . It was concluded that most of the assimilates 
are retained at the source in water略tressed tomato. 

INTRODUCTION 

Translocation and partitioning of assimilated carbon are major determinants of plant productivity 
and crop yield (Gifford et al. 1984). Productivi ty is affected both by distribu tion of transloca ted carbon 
to new leaf growth and by accumulation ofcarbon in the harvestableorgans. Understanding regulation 
of carbon partitioning among sinks and its relation to plant growth and development is important for 
establishing strategies for increasing plant productivity and yield under both irrigated and water
deficit conditions. Almost eve可 plant process is affected directly or indirectly by wa ter defici ts. When 
plants are subjected to water stress there is a decrease in photosynthesis and cell enlargement (Weibe 
and Wihrein 1962). Although translocation proceeds, its rate is reduced (Hartt 196內. With theonsetof 
drought, sucrose expo此 is expected to decline quantitatively due to the decline in sucrose levels in the 
個nsportp∞1 (Daie 1988). 
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Knowledge of the extent to which plant water deficit modifies source-sink relations and changes 
theallome仕ic relationships among plant parts is essential in any crop improvement program. A clearer 
understanding of伽component processes伽t influence photoassimila te partitioning may lead to the 
identification of plant traits amenable to c叫t山al or genetic modification. This study was conducted to 
determine the effects of plant water deficits on the translocation of 14C-sucrose in tomato at different 
growth s個ges.

MATERIALS AND METHODS 

Seedlings of tomato (Lycopersicon esculentum Mill.) cv. Arka Saurabh were raised in 23-cm plastic 
pots containing garden soil and organic manure (3:1 v Iv). Plants were thinned to one plant/pot when 
the first pair of 甘ue leaves were fully develop吋， and transferred to a glasshouse. The plants were 
watered daily and fed with Hoagland solution on altemate days. Average photosynthetic photon flux 
densityinsidetheglasshousewasaround5∞μmole/m2/sec. Waters仕esswasimposedatthevegetative，
但owering and fruiting stage by withholding water. 

Preliminary experiments showed a similar translocation pattem of 14C from 14C0 2 released from 
NaH14C03as from 14C-sucrose. The latterw帥， therefore, used to reduce feeding time. The fifth leaf from 
the top was fed wi位10 .5ml solution of14C-sucrose with a specific activityof280 mCi/ mmole equivalent 
t05μCi activity in both stressed and irrigated plants. The sucrose was administered as micro droplets 
to the interveinal areas of the adaxialleaf surface. Plants stressed for 3 and 5 days at the vegetative and 
flowering stage and the plants stressed for 3 days at the fruiting stage were fed wi仕1 14C-sucrose. Plants 
fed at these stages were harvested 2是 hours and 7 days after feeding. 

The 詞mpled plants were immediately separated into fed leaflet σLL)， fed leaf without fed leaflet 
官L.W.FLL)， leaves above and below the fed leaf, stem above and below the fed leaf, flowers and fr凶ts
andr∞ts. All the portions were oven-dried to constant weight at 70oC, weighed and ground into fine 
powder. A 10-mg sample of each plant part was placed 凶 a glass scintillation vial and 1 ml of solusol 
(tissue and gel solubilizer) was added and stored for 19 hours under laboratory conditions. Fifteen 
milliliters of liquid scintillation solution containing 6 g of PPO (2,5-diphenyloxazole) and 0.2 g of 
dimethyl POPOP(1-4-bis-2-4-methyl-5-phenyloxazolyl benzene)/l of toluene was added. 

The radioactivity was assayed in a Packard Liquid Scintillation Counter [Packard Tricarb-460(D)]. 
The results are expressed as a percentage of the total l 4C recovered from the whole plant (average of 
six independent samples) at each harvest. The relative specific activity (RSA) was calculated as [cpml 
mg dry weight in the organ]/[cpm/mg dry weight in whole plant (without FLL)] . 

RESULTS 

Twenty-four hours after the fifth leaf from the top had been supplied with 14C-sucrose, 43% of the 
recovered activity had been translocated from the fed leaflet to the different parts in the irrigated 
control plants at the vegetative stage. About 57% of the activity was retained in the fed leaflet, and in 
the remaining leaflets about 8% of the activitywas recovered. Leaves above the fed leafhad about 13.5% 
activity(Table 1). Sevendaysafter feeding, thefed leaflet retained about58%ofthe activity. About27% 
of the activity was translocated to the stem below the fed leaf. Roots had only 2% of the activity 
recovered. In the 3-day stressed plants 24 hours after feedinιfed leaflet retained about 75% of the 
activity.α11y about 11 % of the activity was recovered from other plant parts. Seven days after feeding 
there was little translocation to other plant parts. FL.W.FLL had 14 and 16% activity at 24 hours and 
7 days after feeding. Roots had only 5 and 4% radiocarbon at the two periods ofharvest respectively. 
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In the plants stressed for 5 days, about 26 and 52% of radioactivity was traced in the fed leaflet after 24 
hours and 7 days, respectively. Among the differentplant parts FL.w.FLLretained maximum activity. 
Translocation to the roots was minimal (Table 1). RSA ofFL.W.FLL was high in stressed plants. In the 
3-day stressed plants RSA increased from 1.9 to 2.2 in 也er∞ts. RSA was maximum in the stem in the 
irrigated plants (Table 2). 

Table 1. Percent distribution of labeled carbon in water-stressed tomato, cv. Arka Saurabh, at 血e

vegetative stage. 

P1ant part 3-day-s甘essed 5-day-s廿essed 世旦旦
Time after feeding: 24 hours 7 days 24hours 7 days 24hours 7 days 

Fed leaflet (FLL) 74.9 74.1 26.4 52.2 57.0 58.0 
Fed leaf without FLL 13.9 16.1 63.5 37.1 7.8 4.9 
Leaves below FL 0.9 0.7 1.4 3.8 3.1 0.9 
Stem below FL 2.0 3.0 2.4 3.7 5.2 27.4 
Leaves above FL 3.0 1.5 1.1 1.6 13.5 3.5 
Stem above FL 0.4 0.7 4.7 1.3 9.0 3.2 
Root 4.9 4.0 0.5 0.5 4.4 2.0 

SE 5.8 14.6 12.0 

Table 2. Relative specific activity 越nong different parts in tomato, cv. Arka Saurabh, at the 
vegetative stage. 

Plantpart 3-day-s甘essed 5-day-stressed 世旦旦
Time after feeding: 24 hours 7 days 24hours 7 days 24 hours 7 days 

FL.W.FLL 3.4 2.4 4.0 4.5 1.7 4.4 
Leaves 0.8 0.9 0.3 0.9 1.7 1.6 
Stem 0.8 1.9 3.9 2.2 4.0 7.4 
Root 1.9 2.2 0.1 0.2 0.9 0.4 

At the flowering stage in the 3-day stressed plants 24 hours after feeding, 73% of the activity was 
traced 凶 the fed leaflet. α11y about3%oftheactivitywas traced in flowersand fruits. Leaves and stem 
had about 16% radioactivity. Even 7 days after feeding much of the activity was traced in the fed leaf. 
Little activity was traced in the reproductive parts. Roots had about 1.8 and 4.8% radioactivity at the 
twoperiodsofha凹的七 respectively. The 5-day stressed plants gave results similar to the 3-day stressed 
plants. About 3.1 and 6.9% activity was traced in the reproductive pa此s 24 hours and 7 days after 
feeding, respectively. Activity in the r∞ts increased from 1.4 to 3.7% by 7 days. In the i訂igated plants 
about 55% was retained by the fed leaflet and about 32 and 17% activity was traced in the stem and 
leaves at both periods ofharvest. About 4.2 and 6.7% activitywas traced in the fruits below fed leaf 24 
hours and 7 days after feeding, respectively. The activity decreased from 4.2 to 3.7% in the r∞ts by 7 
days (Table 3). In the water-stressed plants RSA was maximum in flowers. RSA increased from 7.3 to 
10.9 in the 3-day stressed plants and 0.9 to 6.3 in the 5-day stressed plants. RSA increased in the roots 
and fruits of s廿essed plants compared to other plant parts. In the irrigated plants stem and flowers had 
the maximum RSA of 5.4 and 4.2, respectively, by 7 days (Table 4) . 
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Table 3. Percent distribution of labeled carbon in water-s位essed tomato, cv. Arka Saurabh, at the 
flowering stage. 

Plantpart 3-day-s仕的鉛d 5-day-s廿essed Irrigated 
Time after feeding: 24 hours 7days 24hours 7 days 24hours 7days 

FLL 72.6 82.6 52.1 73.3 55.5 55.8 
FL.w.FLL 4.2 6.1 10.4 6.8 0.9 2.6 
Leaves below FL 8.4 1.5 10.7 2.3 25.3 1.4 
Stem below FL 5.6 1.1 11.1 3.1 5.1 5.5 
Leaves above FL 1.0 0.2 7.4 1.1 2.9 2.6 
Stem above FL 1.5 0.3 2.2 0.8 0.5 7.0 
Lateral branches (LB) 1.8 0.5 1.8 2.0 0.7 6.1 
Flowers on LB 0.8 0.6 0.2 0.2 0.0 4.4 
Fnùts on LB 0.0 0.0 0.0 0.0 0.0 2.7 
Flowers below FL 0.2 0.1 0.8 0.2 0.2 0.0 
Flowers above FL 2.3 0.7 0.8 2.2 0.5 1.4 
Fnùts below FL 0.4 0.7 0.0 1.0 0.0 0.0 
Fnùts above FL 0.2 0.9 2.3 3.3 4.2 6.7 
Root 1.8 4.8 1.4 3.7 4.2 3.7 

SE 1.4 1.8 7.6 2.7 2.4 2.9 

Table 4. Relative specific activity 誼nong different parts in tomato, cv. Arka Saurabh, at the 
flowering stage. 

Plantpart 3-day-s甘essed 5-day-s甘essed Irrigated 
Time after feeding: 24 hours 7 days 24ho叮s 7 days 24hours 7 days 

FL.W且L 2.6 4.4 3.2 2.2 1.0 1.0 
Leaves 1.4 0.6 3.0 1.0 1.8 0.6 
Stem 2.5 0.9 2.1 1.4 0.9 5.4 
Lateral branch 4.8 1.9 2.1 5.3 0.9 0.4 
Fl~~ ~ 1M 0.9 6.3 0.6 4.2 
Fnùts 1.8 3.7 2.5 2.9 0.5 2.4 
Root 0.5 2.8 0.2 0.6 0.7 1.1 

At the fruiting stage about 2.5% activity was traced in the reproductive parts 24 hours after feeding 
in the stressed plants. Fruits above fed leafhad about 11 .5% activity 7 days after feeding. Reproductive 
parts had about 14% activity recovered. F吋 leaflet retained about 55 and 42% activity 24 hours and 7 
days after feeding. Roots had 0.2 and 5.2% activity at the two periods of harvest. Rema切切g activity 
was traced in the stem and leaves. In the i訂igatedplants more than 50% of the activitywas 廿anslocated
to different plant parts from the fed leaf 7 days after feeding, though the activity initially was reta趴吋
in the fed leaf. Seven days after feeding, about 21% of activity was traced in the fruits below fed leaf 
and about7.5% activity in the fruits above fed leaf (Table 5). RSA increased from 0.1 to 2.5 in the roots 
and 0.8 to 5.7 in the fruits of water-stressed plants. RSA decreased in the stem of both water-stressed 
and irrigated plants. RSA of flowers and fruits of i訂igated plants was increased by 7 days (Table 6). At 
出is stage the least RSA was observed in the leaves of i虹igated plants (0.7%). 
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Table 5. Percent distribution of labeled carbon in water-stressed tomato, cv. Arka Saurabh, at the 
fruiting stage. 

Plantpart Water-s廿essed Irrigated 
Time after feeding: 24 hours 7 days 24hours 7 days 

Fed leaf1et (FLL) 54.9 42.2 82.6 48.6 
FL.W.FLL 4.6 16.8 0.4 1.7 
Leaf below FL 0.4 3.4 0.1 6.0 
Stem below FL 2.0 2.2 0.9 6.7 
Leaf above FL 31.7 3.1 2.8 0.3 
Stem above FL 2.3 4.3 6.0 0.9 
Latera1 branches 1.5 1.8 0.3 3.8 
F10wers on LB 0.2 0.2 0.0 0.9 
Fnútson LB 0.2 0.9 0.0 1.5 
F10wers below FL 0.0 0.0 0.0 0.0 
F10wers above FL 0.3 0.1 0.0 0.0 
Fnúts below FL 1.6 1.2 5.5 21.0 
Fnúts above FL 0.3 11.5 0.3 7.5 
Root 0.2 5.2 0.1 1.2 

SE 6.1 7.7 1.1 4.0 

Talbe 6. Relative specific activity among different parts in tomato, cv. Arka Saurabh, at the fruiting 
sta2e. 

P1antpart Water-stressed Irrigated 
Time after feeding: 24ho凹5 7 days 24 hours 7 days 

FL.W且L 5.6 8.9 1.9 2.8 
Leaves 6.9 2.6 4.5 0.7 
Stem 12.6 4.5 15.0 2.3 
Lateral branches 1.1 1.6 0.6 2.1 
F10wers 4.6 1.3 2.2 12.6 
Fnúts 0.8 5.7 2.5 6.6 
Root 0.1 2.5 。1 0.4 

DISCUSSION 

The proportion of 14C exported by source leaves was strongly affected by water deficits. An 
increasing proportion oflabeled assimila tes remained in source leaf at both且-hour and 7 -day harvests 
as water stress intensity increased. The stress-induced changes in partitioning of labeled carbon were 
in harmony with changes in shoot:root biomass ratios (IIHR 1991). There is evidence that leaf and root 
expansion are more sensitive to water stress than photosynthesis (Wardlaw 1969; Boyer 1970) and that 
the long distance movement of sugar through the phloem is resistant to s廿ess (Wardlaw 1969). 

Plant and Reinhold (1965) applied 14C-sucrose to the lower epidermis of bean leaves and studied 
its translocation in plants supplied with or deprived ofwater. The con仕01 plants generally仕anslocated
betterthan 也e stressed plants out of the treated leaf, up and down the stalk. Roots of the s仕essed plants 
had more radioactivity. In the present experimen t RSA of water-stressed plants increased during wa ter 
s仕的s， which is a desirable feature under moisture deficit conditions. Weibe and Wihrein (1962) 
reported that the total transloca tion of 14( from the trea ted leaf of sunflower decreased with increasing 
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waters仕ess. In sugarcane also,low moisture supplydepressed translocation ofl4C-photosynthate more 
severely than it curtailed formation of 14(-photosynthate in the same leaf (Hartt 196內. Brevedan and 
Hodges (1978) have al田 reported thattransl仗ation in maize appeared to be more sensitive to moisture 
s廿ess than was photosynthesis. More radioactive carbon was retained in both fed and nonfed portions 
of the leaf of stressed plants than in the nonstressed plants, similar to the results of our study. 

Plant and Reinhold (1965) suggested that a por位on of the reduction in 14C吼ICrose translocation 
velocity observed in bean plants was due to a reduction in the speed of movement within sieve 
elements. Water stress-induced reduction of translocation might also be due to low sieve tube turgor 
differences between source and sink regions (Sheikholeslam and Currier 197η. Deng et al. (19則)
reported that a substantial proportion of labeled assimilates remained in the source leaves of cacao 
seedlings. They suggest吋 that current photoassimilates may be temporarily stored in source leaves 
and stems dur凶g periods of water stress. In the present study, most of the assimilates were 仕aced in 
source leaves and stem which might be utilized later when the situation is favorable. 

A general feature of thepresent studywas血atmostofthephotosyn趴ates are retained a t the source 
in the water-stressed tomato, and there is a translocation of assimilates to r∞ts under water-deficit 
situations. 
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ABSTRACT 

Acωomp戶ara刮甜t“ive mo 中hologica祉1 and anatomical a吋da句ptati恥on吼， in P戶a吋吋i叫lar the occu 叮rrence of 
a缸e盯re凹e

anoxia and su曲1必bm即n肘E叩er喀莒p伊e臼凹nc臼e 恤 s叫ele叫cte吋d cωrop戶s， native grown legumes and marine angiosperms, is 
described. The mostnoticeable anatomical response to soil waterlogging or anoxia is the development 
of an extensive aerenchyma in the root cortex of cerea1s, and the enlargement of root diameter, which 
is normally the result of cell enlargement alone ortogether with the formation of aerenchyma in the 
outer cortex of legumes. Aerenchyma development in crop plan包 is generally lysigenous. A 
prolonged submergence in water by rice leaf promot的 senescence and does not form aerenchyma. 
Leaf senescence is preceded by the disappearance of starch grains 恤 chloroplas悔， the reduction 恤
size and number of chloroplasts and the disappe訂ance of mitochondria in mesophyll cel1s. 
Senescence takes place e訂lierin submergence-susceptible IR42 than in tolerant FR13A. Rice leaves 
may recover from up to 3- and 6-day submergence s廿ess after desubmergence for IR42 and FR13A, 
respectively. Continuous waterlogging of native legume seedlings results in development of 
aerenchyma in lower stem and tap roots, and nodules form at lower stems as in Aschynomene and 
Sesbania or basal roo扭扭 Viminaria in which pneumatophores are also developed 扭曲e newly 
formed diageotropic roots. Root nodules are maintained above water by an aerenchymatous stem 
in the floating aquatic Nuptunia. Aerenchyma development in native legumes usually is initiated 
from cambium. Most freshwater and marine angiosperms normally complete their life cycle 扭 a

medium. Seagrasses possess a thin cuticle on the leaf surface butmost of the chloroplasts 詛 theleaf

epidermis, which is lacking stomata. They have well-developed aerenchyma with septa 
interconnecting all organs. 世le degree of aerenchyma development 泊 root cortex appears to be 
associated with their substratum. The formation of aerenchyma in seagrasses is normally 
schizogenous during plant growth. 



206 M。中hological and Anatomical Responses ofWaterlogged Pl側的

INTRODUCTION 

Most crop plants belong to flowering vascular plants, which evolved ini位ally from marine 
ancestors but later spread and became special泣ed in all kinds of habitats on the land. These land
flowering plants retained an aquatic medium within their ceIls and can tolerate only a very limited 
decrease or increase in theirwater level. Through cultivation and selection, some land-floweringplants 
became crop plants and most grow well in dry land but not weIl in waterlogged soils or in anoxic or 
totally submerged conditions. In the latter situations there is an abnormally slow rate of g帥的us
exchange between plants and their environment (Armstrong 1979). These crop plants apparently have 
lost their ancestral marine and aquatic characters. However, some of these dryland species such as 
whea七 maize， tomato and sunflower can survive temporarily in waterlogged soils in submerged 
conditions 也rough morphological and anatomical adaptation. The effects of hormones in relation to 
the m。中hological and anatomical modifications in response to soil waterlogging or anoxia and 
submergence have been discussed exte的ively (Jackson and Drew 1984; Jackson 1985, 1987, 1989,1990; 
Jackson and Pearse 1990; Drew 198η. 

In contrast, there are certain native-grown noncrop plants that can survive long-term seasonal soil 
waterlogging or permanent freshwater submergence byvirtue of their m。中hological and anatomical 
adaptations. Some of these plants are among the most productive in the biosphere. Furthermore, a 
much smaller group of angiosperms has retumed to the marine environment and live in submerged 
conditions through some m。中hological and anatomical modifications. 

This paper deals with the comparison of anatomical and m。中hological adaptations in crop plants 
and those of selected native and/ or marine noncrop flowering plants in response to soil waterlogging 
or anoxia and submergence. 

RESPONSES IN FOOD CROPS 

Responses to Soil Waterlogging and Anoxia 

FI∞ding can change markedly the direction of r∞t growth. 1t has been found tha t roots of toma to 
and sunflower becomediagωtropic (horizontally growing) rather than positively geotropic (downward 
growing) when they contact the water table. Furthermore, in maize, adventitious roots have been 
promoted to emerge企om the shoot base in whorls of 4-6 from preformed initials by soil waterlogging, 
and such roots are thought to absorb mineral nutrients in deeply flooded conditions (Jackson 1989). 

The most noticeable anatomical response to soil waterlogging or anoxia in r∞ts of crop plants 
including wheat (Fig. 1-2), barley, maize, tomato and various forage crops, is the development of an 
extensive aerenchyma system in the cortex ofr∞ts， whichgreatlyfacilitatesgas仕ansport in wa terlogged 
or anoxia root systems. 1t has been clearly demonstrated that ethylene gas is the principal m吋ia也可
promoter扭曲edevelopmen t of aerenchyma in maize and other p lan ts (J ackson 1985, 1987, 1989, 1990). 
However, the formation of aerenchyma in rice roots has been considered as under genetic control 
σackson and Drew 1984), since the aerenchyma always forms in roots of rice regardless of environmen個l

conditions (Fig. 3-5). However，由is aerenchyma formation can be inhibi削 bya low concentration of 
Ag (Justin and Armstrong 198η. 

The formation of aerenchyma in plantroots after waterloggingor anoxia is normaIly accomplished 
byan extensive lysis of cortical cells through either or both schizogenous (by both cell separation and 
cell disintegration) and lysigenous (by cell disintegration) developments. The electron microscopical 
studies reveal that the sequence of structural degeneration that leads to cell disintegration is different 
in rice and maize. 1t has been observed that cell wall changes occur after the 10ss of organelle integrity 
in maize (Campbell and Drew 1983), but the pr囚ess is reversed in rice (Webb and Jackson 1986). 
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Furthermore, these changes take place in younger cells in rice than in maize (Jackson et al. 1985). 
However, the breaking down of cell walls in both plants is caused by middle lamella-degenera自19
enzym的 and the cell disintegration is the result of autolysis (Webb and Jackson 1986). 

Aerenchyma formation is not restricted to roots; rhizomes, stems and leaves can all possess 
aerenchyma. An extensive system of interconnected gas-filled lacunae rami你趴g 由rough roots and 
sh∞ts is a common feature of most aquatic plants (Sculth。中e 196內. It has also been reported that 
stems and leaves of some dryland species thatnormally contain li仗Ie aerenchyma can also develop this 
feature if aeration is impaired (Arikado 1961). In some woody species (e.g. apple) and herbacωus 
dicotyledons (e.g. sunflower), waterlogging of the soil promotes hypertrophy (swelling) at the base of 
the stem through cell separation and cell disintegra討on. In addition, cell enlargement in the intemal 
tissues and an ope吋ng-up of lenticels may facilitate gaseous diffusion (Jackson 1989). 

There are several reports suggesting that nodulated grain legumes growing in waterlogged 
conditions generally fix less ni廿ogen and produce less dry matter and total ni廿ogen than in 
nonwaterlogged conditions. This phenomenon has been considered a physiological one since 。可gen
仕anspo討 to and within the nodules is impaired (Walker et al. 1983). Justin and Arms甘ong (198η 

reported that roots of Pisum sativum and Vicia faba are basically nonaerenchymatous but囚casionally
form hexagonal air spaces throughout the cortex by both schizogenous and lysigenous developments 
under waterlogged conditions. The swelling of the pea r∞t grown on a stagnate nutrient solution 
shown in Fig. 6-7 is due to the enlargement of cortical parenchyma cells and not by伽 formation of 
aeren出yma.α1 theother hand, the anoxia induces enlargementof Lupinus angustiforlia roots, but through 
the development of aerenchyma in the outer cortex (Fig. 8-9). 

Responses to Submergence 

Upon total submergence, the terrestrial plants' responses are directed toward survival and 
maintenance of biomass, and their m。中hological and biological responses include: (1) elonga位onof
petiole, leaf sheath and/or leaf blade, by which leaves can reach the water surface and aerobic 
conditions in the root system can be restored; (2) performance of underwater photosynthesis to restore 
both sugar and oxygen supply to the r∞ts and sh∞ts; (3) performance of anaerobic respiration, if 
possible; and (4) entering a dormant state by the plant. 

It has been found that submergence can cause rapid wilting in a wide range of crop species 
including sunflower, tobacco, tomato, maize, alfalfa, and broad bean (Jackson and Drew 1984). Rapid 
wilting seems to be a result of an acceleration of the elongation of petiole, and leaf sheath and blades. 
This phenomenon is probably because a higher resistance to the mass flow of water through the roots 
of waterlogged plants has been created. However, there is no anatomical information in relation to 
wilting in crop plants, in particular, indicating whether xylem has been blocked by air bubble 
formation in these tissues and/or the lignification of xylem and other mechanical tissues has been 
weakened. 

The complete submergence of lowland rice plants (Oryza sativa L. cv. IR 42 and FR 13A) did not 
stimulate the formation of aerenchyma in leaf tissues. Instead, it promoted chlorosis due to the 
accumulation of ethylene (Jackson et al. 198內， and then induced senescence in fully expanded leaves 
(Hongtraku11989), in contrast to the formation of aerenchyma in roots of the same plants. During the 
process of leaf senescence induced by complete submergence, there were no major anatomical and 
physiological differences between the submergence-sensi tive (IR 42) and submergence-tolerant culti vars 
σR 13A), with an exception of a delay of 2-3 days in the progress of leaf senescence in the tolerant 
c叫tivar compared with the sensitive one. The sequence of leaf senescence in rice leaves was observed 
as the loss of chlorophyll and starch grains in chloroplasts (Fig. 10-1η， the disruption of membrane 
system in chloroplasts, the reduction of the size and number of chloroplasts and the disappearance of 
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(Page at right) 
Fig. 10-11. Transve l'Se section ofleaf blades of rice (0句za sativa L.cv. IR 42) showing starch grains 

whichappe訂 as small dark dots in mesophyll (M) of controlleaf (Fig.10) but disappear 
from the leaf subjected to 3 days of totalsubmergence (Fig.ll). V = veins. Toluidine blue 
counter-stained with P AS reaction. Scale = 5∞阻n.

Fig. 12-13. TEM ofleafmesophyll of rice (Oryza sativa L.cv. IR 42) showingnumerous mitochondria 
(m) andlarge chloroplasts (c) containingstarch grains (S)扭曲econ仕olleaf (Fig.12). N ote 
that number and size of chloroplasts are reduced, and starch grains and mitochondria 
disappear from 血e submerged leaf (Fig. 13). N = nucleus. Scale = 2 阻n.

Fig.14-15. Transvel'Se section of leaf blades of rice (Oryza sativa L. cv. FR 13A) showing starch 
grains which appear as small dark dots in mesophyll (M) of the controlleaf (Fig.14), but 
disappear from the leaf subjected to 3 days of total submergence (Fig. 15). V = veins. 
Toluidine blue counter-stained with PAS reaction. Scale =民沁阻n.

Fig.16戶17. TEM of leaf mesophyll of rice (Oryza sativa L. cv. FR 13A) showing numerous 
mitochondria (m) and large chloroplasts 的 containing starch gr越ns (S) in the control 
leaf (Fig.16). Note 血at number and size of chloroplasts are reduced, and starch grains 
and mitochondria disappear from the submerged leaf (Fig.17). N = nucleus. Scale = 2阻n.

mitochondria in the mesophyll (Figs. 12, 13, 16 and 1 月， and finally, the autolysis of cell walls of the 
mesophyll cells. According to Hongtrakul (1989), rice leaves of lowland cultivars could recover only 
from a short term (up to 3 days for IR 42 and 6 days for FR 13A) completed submergence. 

For the floating rice, the total submergence promotes the extension of stems, coleoptiles and leaves 
allowing some foliage to be situatedabove thewater surface for a加lOspheric oxygen. se仕eretal. (198η 

found that concentrations of ~ in stem intemodes of floating rice reduced gradually as water depth 
increased, and there was no diurnal cycle in O2 concentrations inside intemodes. In con廿as七 CO2
concentrations in the stem intemode lacunae increased wi出 water dep血， and they increased during 
the day but decreased d山ing the night. These authors stressed 出at it is still uncertain whether the 
aerenchyma volume would change as the gas concentration in rice stem intemodal aerenchyma 
changes. 

F肘thermore， it is interesting to note thatthere is a cultivar of deepwater rice that survivesnormally 
in total submergence when the leaf tips reach the water surface. Setter (眼間， pers. commun. 1992) 
noticed that a dry boundary layer of a few microns develops between the surface of rice leaves and the 
water column. This permits the stoma個 of submerged leaves to operate normally and the gases of 
released O2 and obtained CO2 can travel through this boundary layer along the leaf length. A further 
comparative structural study on 出e leaf surfaces, in particular the cuticle and waxy material, between 
the deepwater and normal rice is recommended. 

RESPONSES IN NONCROP PLANTS 

Responses to Waterlogging and Submergence 

Justin and Armstrong (1987) examined root anatomy of many species including several vege切bles
and crop plants from wetland, intermediate and nonwetland habitats and found there was a s仕ong
correlation between aerenchyma formation and pr臼erenchymatous cell arrangements in the root 
cortex. Theynoticed that aerenchyma developed preferentiallywhere preaerenchymatous cortical cell 
configurations were radial in wetland and intermediate species. But it rarely formed from hexagonal 
nonradial arrays, which occur mainly in nonwetland species and in the outer cortical zones of wetland 
and intermediate plants. 
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An extensive flooding of wild rice Zizania叫uatirnL. resulted in expanding aerenchyma in floa也可
andaeriall臼ves， as well as severe declines in total soluble carbohydrate content of all organs atthe end 
of the growing season, and failure to set seed (Rip and Stepaniuk 1988). 

Certain native nodulated legumes can effectively fix nitrogen in permanently or seasonally 
waterlogged environments, through morphological and anatomical adaptations 出at include: (1) the 
formation of nodules above water as in Sesbania rostrata (Oreyfus and Oommergues 1981; Olsson and 
Rolfe 1985); (2) on swelled lower stems of Aschynomene indica (Ya tazawa and Yoshida 1979, Vaughn and 
Elmore 1985); and (3) on the base of adventitious r∞ts system in the floating aquatic m切osoid legume 
Ne戶的nia Oameseta1.1992;Kuo, unpubl. data, Fig. 18). Thebaseofr∞ts ofNeptunia oleraæa floats because 
of the presence of a mass of floating (aerenchymatous) tissues s凹rounding its stem (Fig. 18), and each 
nodule is surrounded by the phellemσig. 19) from which lenticels are produced. Rod-shaped 
bacteroids (Fig. 20) are embedded among an extracellular polysaccharides matrix (Fig. 21), and 
intercellular spaces commonly occur among nod叫e tissues including between bacterial and adjacent 
nonbacterial cells (Fig. 21). Therefore, the gas supply to ni仕ogen fixing bacteria in the infected cells is 
well maintained. The phellem ofwater-cultured rootnodules of nitrogen血泊ngN. plenahadmuchmore
aerenchyma than that ofvermiculite-grown nodules (James et al. 1992). 的minariajunα'a is also capable 
of symbiotic functioning under seasonal soil waterlogging by the combination of m。中hological and 
anatomical adaptations that include the development of pneumatophores on the newly formed 
diageotropic r∞tsσig. 22-23), the formation of nodules on the basal portion of r∞ts (Fig. 23), the 
developmentof a highlydistinctiveaerenchyma through anaerenchyma-producing cambium (Fig. 25) 
加 the inner cortex of the lower stem, tap root (Fig. 24), diageo廿opic roots and nodules (Walker et al. 
1983). Furthermore, the aeration of the actinomycete Frankia-induced nodules in the waterlogging
toleran七 nonleg凶neMyrirngale L. isachievedbythedevelopmentofhighlyaerenchymato肘，upwardly
growing roots to reach the atmosphere (Tjepkema 197內.

(Page at right) 
Fig. 18-21. Morphologicaland anatomical adaptation in aquaticmimosoid legume N，中tuniaoleraαa.

Fig.18. A habitat plant with a mass aerenchymatous tiss凹的 on stem and nodules 
(arrows) form 泌的le base of adventitious ro的. Scale = 5 mm. Fig. 19. A section through 
a nodule showing the phelIem (P) from which lenticels are produced 扭曲e periphery of 
nodules. B。由 vascular tissues (V) and infected cells (1) are protein rich. Amido black 10 
B stained. Scale =助。問n. Fig. 20. SEM micrograph showing rod-shaped bacteria (b) in 
the nodules. Scale = 5 戶n. Fig. 21. TEM micrograph showing intercelIular spaces (a) 
occu訂ing between bacterial infected and noninfected celIs. Note 也at bacteria (b) are 
embedded 組nong extracellularmatrix (E) and the presence of distinct nucleus (N) and 
starch grains (S) in the noninfected celIs. Scale = 2 阻n.

Fig. 22-25. Morphological and anatomicaladaptation ofWestem Australianshrub legume Viminaria 
juncea to waterlogging.官le normal planthas numerous nodules that form on the laterals 
of geotropic roots (Fig. 22), and effects of waterlogging (Fig. 23) result in nodules formed 
on the base of the lateral root, and numerous pneumatophores (Pn) form on the newly 
developed diageotropic roots (0). Scale = 6αn. Fig. 24. The transve的e section of basal 
stem of 14-week-old seedlings, whichhad been waterlogged for2 weeks (right). Note the 
extent of development of aerenchyma (between arrows) compared with the control (left) 
stem. Scale = 6 cm. Fig. 25. Aerenchyma 位ssues (A) are produced from the aerenchyma
producing cambium (Ac) in the corticalregion of the lowerstem. Toluidine blue叫泣ned.

Scale = 1∞阻n.





214 M。中hological and Anatomical Responses ofWaterlogged Plants 

Adaptation to Submergence in Seagrasses 

Seagrasses (most of them have s仕apped 1eaves) are a sma11 group of grass-like flowering p1ants 
found in the sha11ow-water coas個1 areas of伽 world between伽 Arctic and Antarctic circles. They 
are different from seaweeds (marine a1gae), being marine vascu1ar p1ants, i.e足e. a seagrass has a r∞t七, 
r出hi凶wmeand/o臼rs取t抬e凹r虹m夙n咒叫\，叫，1岫e臼af，μ仰f臼lowe叮r刑\dpro叫du囚lce臼sf仙n叫uits怡sandse肥ed由s， and has a vascular system connecting 
a11 organs. Seagrasses are considered ancient flowe自19 p1ants, which evo1ved from their freshwater 
or brackishwater cretaceous-period ancesωrs (den Hartog 1970). However, none of the modem 
freshwater or brackishwater aquatic p1ants resemb1es any of the modem seagrasses. Because of the 
re1ative1y uniform marine environment, the rate of evo1utionary progress of the marine angiosperms 
has been considered to be ve可 slow (den Hartog 1970). Therefore, there are on1y about 55 described 
seagrass species be10nging to 12 genera and four families in the world. 

Seagrasses are important as a marine resource, because they norma11y form 1arge meadows, have 
anex甘eme1ycomp1ex ecosystem and p1ay an important ro1e in血e marine web. Seagrasses have a high 
growth rate and produce between 1∞ and 600 g dry weightl m2 Iyear, compared with crop p1ants such 
as maize and rice, which produce an average of 412 and 497 g C/m2, respective1y. Seagrass meadows 
stabilizeandho1d bo前om sediments，位ley crea te microha bi ta ts to serv e as a n ursery, she1 ter and refuge 
for resident and transient marine anima1s, many of which are of commercia1 and recreationa1 
importance, and they are a major component of the diet of dugongs and sea turtles. The stems and 
b1ades of certain seagrasses act as substrata for numerous marine epiphytic a1gae and other sma11 
marine organisms, and the p1ants produce and trap detritus and secrete disso1ved organic matter that 
tends to intemalize nutrient cycles within the marine ecosystem (Phi11ips and Menez 1988). 

In contrast to te叮的tria1 flowering p1ants, the m。中ho1ogy and anatomy of seagrasses are modified 
in order to adapt and comp1ete their life cycle, including flowering, po11ination, deve10ping fruits, 

producing seeds and seed germination in a marine submerged environment. These modifications 
include: the retention of a 也in cuticle; the absence of stomata in the 1eaf b1ades; the concentration of 
ch1orop1asts in the 1eaf epiderma1 ce11s; the presence of a prominent aerenchyma system; the reduction 
ofseconda可 wall thickening and lignification in xy1em e1ements; 也e presence of fi1ament-1ike po11en 
which is 1acking an exine, or of po11en grains forming a 10ng thread-like chain (Kuo 1983; Kuo and 
McComb 1989). 

Some seagrasses are monoecious (e.g. Zostera, Posidonia) but others are dioecious (e.g. Phyllospad紋，
Cymodoæa) . Seeds of some species (Zost仰， Phyllospadix) have a distinct dormancy period, whereas 
thoseofothers species (Posido仰， Enhall紗， Thalassia) germinate as they are re1eased. The most remarkab1e 
phenomenon, known as viviparous reproduction, occurs in T，加lassodendron and Amphibolis, similar to 
certain mangroves, in which seeds of these seagrass species germinate immediate1y and grow on their 
mother p1ants as they mature. The mature seedlings (about 4毛 months after germination) detach from 
the mother p1ants and then continue their independent growth on the ocean floor (Kuo and McComb 
1989). 

The presence of aerenchyrr悶， in a broad sense, is a feature of aquatic p1ants, particu1arly those that 
are submerged. It occurs in a11 vege切tive parts (Fig. 26-34) and is divided at regu1ar interva1s by 
transverse septa or diaphragms (Fig. 29) often of high1y specialized ce11s. The vo1ume of aerenchyma 
in seagrasses varies with species. For examp1e, it on1y occupies about 10% of that of the 1eaf b1ade in 
Sy吋ngodium isoetifolium, but the surface area of the aerenchyma is simi1ar to that of the 1eafb1ade (Kuo 
1993). on the other hand, aerenchyma may occupy 20 and 33% of the 1eaf vo1ume of the intertida1 and 
subtida1 forms of Zostera muelleri respective1y (Kuo et a1. 1990). Aerenchyma usua11y occur in the inner 
cortex of erect stems and rhizomes of seagrasses (Fig. 30-32). However, the degree of aerenchyma 
deve10pmentinr∞ts varied with seagrass species, and may reflecttheirpreference for substratum. For 
examp1e, the aerenchyma is well deve10ped in unbranching r∞ts of Zostera (Fig. 33), normally found 
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in silt-mud substratum. Aerenchyma forms in the inner cortex of many branching roots of Posidonia 
(Fig. 34), which normally grows on a sand subs仕atum. It isp∞rly developed in short and unbranched 
r∞ts of Phyllospadix σig. 35), which only grows on a rock substratum. The aerenchyma in seagrasses 
is almost always developed in part schizogenously, i.e. by the cell divisions and the enlargement and 
expansion of existing intercellular spaces, but cell disintegration is absent (Roberts et a!. 1985). The 
aerenchyma of seagrasses，的 in other aquatic plants, are likely to be important as a temporary reservoir 
in gas exchange. 

The septa or diaphragmsσig. 29), which are absent in the aerenchyma of waterlogging crops, in 
seagrasses and other aquatic plants may serve at least three important functions: (1) they may resist 
compression forces, particularly where they are thick-walled, and so prevent collapse of aerenchyma; 
(2) they may prevent extensive flooding where an organ is broken; and (3) they provide lateral 
仕ansport across the cortex, i.e. from the r∞t surface to the stele or vice versa (Tomlinson 1982). This 
pathway may be important where there is a high concentration of nitrogen-fixing micr∞rganisms in 
the rhizosphere (Roberts et a!. 1984). 

Evidently, the thin cuticle appears to reduce the barrier between leaf cells and the environment 
which is common in terrestrial species. The reduction in cuticle of seagrasses, as in other aqua位cplants
(Sculthorpe 196η， presumably facilitates direct entry of inorganic carbon so山ces for photosynthesis, 
and thus compensates for the absence of a stomatal system. The epidermis is distinctive in that it 
contains most of the chloroplasts of a leaf. It is significant that in seagrasses and other aquatic plants, 
the chloroplasts are sited close to the inward-diffusing carbon substrata, which have relatively low 
ra tes of diffusion in an aquatic medium (Kuo 1983; Kuo and McComb 1989). For seagrasses, bicarbonate 
is the predominant form of carbon used in photosynthesis (Larkum et a!. 1989). 

Seagrasses also have a rudimentary xylem system, in which there is little secondarywall thickness, 
and the number and size of xylem elements is smal!. The reduced xylem system has led some 
researchers to suggest that there is little xylem 廿ansport in seagrasses, but experimental work on this 
aspect appears to be lacking (Kuo 1983; Kuo and McComb 1989). 

CONCLUSIONS 
Theintroductionofdrylandcropplan包 toconditionsof的lwaterlog研ng and anoxia or submergence 

could create an 。可gen deficiency for plant growth. There is much remaining to be leamed about 
m。中hological and anatomical response ofcropplants to soil waterlogging or anoxia and submergence. 
A general anatomical pattem has suggested that the development of a cortical aerenchyma system in 
the roots and lower stems under soil waterlogging anoxia is essential for temporary survival and that 
the promotion of leaf senescence is required under a prolonged submergence with the exception of 
deepwater rice. It is generally acknowledged that gas 甘ansport in submerged root systems is greatly 
facilitated by aerenchyma. However, not a great deal is known of the mechanism of aerenchyma 
formation or why it forms readily in the roots of certain species and not in others. on the other hand, 
there are some noncrop native angiosperms that adapt perfectly to waterlogged soil or anoxia and 
submergence and are capable of completing their life cycle, through morphological and anatomical as 
well as possible physiological, biochemical and molecular adaptations. It is suggested here that it is 
possible to identi你 some genetic characters associated with anatomical, physiological, biochemical 
and molecular adaptations to soil waterlogging and submergence from these noncrop plants. These 
genetic characters could then be isolated and introduced into important food crop plants, using 
advanced methods of biotechnology to produce new cultivars that could adapt and survive normally 
under conditions of waterlogging or anoxia and submergence if required. 
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(Page at left) 
Fig. 26-35. Transverse section (unless stated) of vegetative organs in seagrass species showing 

aerenchymasystem (A) in these plants. V =veins; S =stele;Ct = cortex. All toluidine blue
stained, with the exception of Fig. 30 and 34, which are SEM micrographs. Fig.26. Leaf 
blade of Zostera capricorni. Scale = 100 )lI1l. Fig. 27. Leafblade of Posidonia angustiforlia. 
Scale= 150)lI1l. Fig.28. Leaf sheath of Phyllospadixtorryi. Scale = 1mm.Fig. 29. Paradermal 
section of Zostera muelleri leafblade showing septa (Sp) in aerenchyma. Scale = 1ω間n.

Fig.30. Rh垃ome of Cymodocea rotundata. Scale = 5∞間n.Fig. 31. Erect stem of Amphibo lis 
antardica. Scale = 5OO)lI1l. Fig. 32. 抽泣。me of Syringodium isoetifolium. Scale = 100 )lI1l. 

Fig. 33. Root of Zostera muelleri which normally grows on silt-sand substratum; note the 
well-developed aerenchyma in the cortex. Scale = 100 戶n. Fig. 34. Root of Posidonia 
coriacea whichnormally grows onsand substratum;note血ataerenchymahave developed 
in the middle cortex. Fi旬g.3站5. Roo叫t of Ph句y州llos咿p仰G叫d你i缸x ser削r鬥間ul切切at何a which norma祉11砂ygr伊row吶s on n 
ro阻cks側u曲bst缸rat岫u叫m;

roωot怡s. Scale = 5∞阻n.
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Important Physiological Mechanisms of 
Submergence Tolerance in Rice 
T.L. Setter 

Internation庇1 Rice Research Institute, Los B的os， Philippines 

ABSTRACT 

The adverse effects of submergence on rice may be due to low light, mechanical dama阱， gas 
diffusion limitations or other factors. However, in alllocations where submergence occu郎，也ereare

gas diffusion limitations because gases diffuse 10，0∞ times more slowly in water than in air. This 
research is 出erefore relevant to the adverse effects of waterlogging in soil for te宜的trial crops, 
where reduced gas diffusion in soil results in many but not all of the adverse effects on root and 
shoot growth. Limited oxygen supply is one of the major factors responsible for reduced growth 
during submergence of rice and waterlogging of crops because oxygen is required for energy 
production necessary for growth and maintenance processes. Under conditions of anoxia, energy 
may be produced by the altemative means of alcoholic fermentation. There is substantial evidence 
that plant tissues tolerant of anoxia have greater increases in rates of alcoholic fermentation and 
induction of enzymes of 也is pathway than intoler個t 也sues. While 血is greater machinery for 
energy production under anoxia in tolerant tissues may enable survival during flooding, an 
adequate carbohydrate source is required to fuel this machinery. Preliminary experiments presented 
here demonstrate that there are different metabolic limitations to submergence tolerance in 
different rice genotypes. Promising rice breeding lines for submergence tolerance are therefore 
being evaluated for their rates of alcoholic fermentation in addition to th也 capacity to maintain a 
hi阱 carbohydrate status even in a nonflooded state. 

INTRODUCTION 

Flash flooding and subsequen t subrnergence of rice affects at least 16% of the rice lands of the world, 
or ca. 22 rnillion ha, in lowland and deepwater rice areas (閱lush 1984; area excludes China). 1n the 
rainfed lowland areas of eastem India, subrnergence is the third rnost irnportant lirnitation to rice 
production of all the biotic or abiotic stresses and is su中的sed only by anthesis drought and weeds 
(Widawsky and O'Toole 1990). 

Rice has adapted to subrnergence-prone environrnents by two rnechanisrns involving either 
subrnergence tolerance or elongation ability (Fig. 1). These two rnechanisrns are usually associated 
with different water regirnes and agroecologicallocations: subrnergence tolerance is appropriate to 
rainfed lowland areas where flash fl∞ding occurs res叫ting in rapid water level increases for up to 
about 14 days, followed by rapid water level decreases. 1n this environrnent plants rnay becorne either 
partly or cornpletely subrnerged (Fig. lA). To elongate under these conditions is a disadvantage 
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Fig. 1. Schematic diagram of water levels in lowland (A) and deepwater/floating rice fields (B) 
during partial and complete submergence. Height of rice plants is indicated by parallel 
verticallines. 

because 切11 plants tend to lodge once the water level recedes. In contrast, elongation is appropriate to 
the deepwater (>叩 cm) and floating rice areas (> 150 cm water depths) where water remains at these 
depths for several months, but where plants may also become completely submerged for short periods 
σig. 1B). The elongation responses of rice to fl∞ding are reviewed by Catling et al. (1988). 

Research on submergence tolerance is al叩 relevant to attempts to change rice sowing practices 
from 廿ansplanting direct-seeded rice, including wet and dry seeding. This is because after rice seed is 
sown the monsoonal rains can result in rela tively sma11 average increases in fl∞d-wa ter depth that can 
have a large effect, either because unevenness in the field makes some areas deeper than others, and/ 
or because plants are small. In direct-seeded rice even soil saturation can damage stands without any 
flooding during the first week after germination. 

Direct-seeded rice cultivation is important because of its opportunities for reduced cost for crop 
establishment, reduced requirements for labor (Erg凶za et al. 1990) and the production of more 
vigorous seedlings. The laUer is due to a more dense plantpopulation and thus more light interception 
during crop establishmen七 as well as the absence of 仕ansplanting shock (Dingkuhn et al. 1990), 
although the latter is considered mostly a drγ-season phenomenon. At present the potential area for 
increasing broadcast rice involves at least 20 million ha. 
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Field surveys are important in quantifying the time, duration and severity of fl∞ding in different 
locations. Field surveys wereconducted in different flooded areas in Thailand over five years and these 
focused on dissolved gas concentrations in water (Setter et al. 1987a, 1988a,b), mineral nutrients (Se悅r
et al. 1987b) and other environmental characteristics associated with flooding tolerance of rice (Setter 
et al. 1988b). These measurements indicated that the adverse effects of complete submergence in rice 
were related to gas diffusion limitations and/or low light or mechanical damage. 

In general, oxygen concentrations in flood-water were usually less than air-saturated water, while 
concentrations of CO2 and ethylene were usually much greater than for air-saturated water (Table 1). 
There were also major changes in concentrations of these dissolved gases over diumal cycles: there 
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wer 
C~ concentrations in flood-water in 仕血le aft仕tem∞n. Detailed analyses of factors responsible for the 
changes 趴 fl∞d-water O2 concentrations were examined by Setter et al. (1988a). 

Table 1. Summ訂y of environmental factoIS 凶 deepwater and floating rice areas of Thailand'. 

Factor 
Dissolved ga鉛sinfl∞d-watet'

O2 (mol/m3
) 

CO2 (mol/m3) 

ethylene (equilibrium Pa) 
Mineralnu世ents in flood-water 

N (mol/m3
) 

P (mol/m3
) 

K (mol/m3) 

Air and water temperatures 
Relative Humidity (%) 
lrradianωabove canopy (12∞ hωs) 

Water flow rates 
pH of flood-water 

Measurement 

O.∞-0.28 

O.∞3-1.9 
0.07-2.5 

0.018-0.13 
O.αJ03-O.∞2 

0.07-0.11 
26-350 C 
20-1∞% 
8∞-25∞間nol/m2/s(PAR)
(< O .∞2)-0.2m/s 

4.8-7.4 

Air saturated water 

0.24 
O.∞9 
0α沁

‘ M且suremen祖were taken betwe凹July and October 1983-86 (Setter et al. 1988b). Conc凹trationsofdissolved gases in airsaturated distiUed water 
are given for comparison. 

b Rang自 ofm曲surements betwe田 the water surface and just above the soil 

The changes in flood-water gas concentrations in rice fields during the night are similar to those 
changes that usually occur 切 waterlogged soil where CO2 and e出ylene concentrations increase and 
~ concentrations decrease. This is shown in Table 2 where a soil in Aus仕alia usedforwheatproduction 
was waterlogged at day zero. The first changes 也at 仗C山 in these soils is 血at O2 decreases, CO2 

increases and ethylene increases. These changes are the result of the 10，∞O-fold reduction in gas 
diffusion through water relative to air (Armstrong 1979), i.e. any gas that is produced in the soil (or 
flood-water) will accumulate and any gas that is consumed will decrease. Aside from these changes 
in gas concentrations in soils there were changes that occurred in waterlogged soils that were 
associated with reductions in redox potentials and increases in concentrations of microelements; these 
factors may become important with extended periods of waterlogging Gackson and Drew 1984). 

Table 2. Chemical changes in soils during waterlogging (Setter and Belford 1990). 

Chemical change inωil Time (days) 
o 10 20 30 1∞ 

仰at甘log♂ng star包)
1I一一一一一一一

O曳ygen decreases 隆l

Carbon dioxide increases 口
Ethylene (C2H.) inαeases 口
Absence of oxygen .--0 
Manganese (Mr戶) increases . • ---LJ.....心
Nitrate (N03-) disappears ... • ----LJ.....二
Iron (Fe吋 increases ...... • U.... ........ ........... . 
Hydrogen sulfide (H2S) appears .. • ........... . 
Methane (CH.) appears ............................................. 
(Long term waterlogged sαD þ1∞) 
Chemical changes were measured in soils from Muresk, W田間nAustralia(口;Barrett-Lennard, W ADA.Pe吋1， unpubl. data) 
and the Philippin由(﹒; Ponnamperuma 1984) or they were臼timated from soil reduction 5個tus and known changes which 
OCC盯 at pH 7 (Marsdmer 1986) 
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Past Research on Submergence Tolerance 

It is importanttopinpointthe specific effects ofOû C仁~ and ethylene during submergence tolerance 
of rice. This was done by following physiological changes in rice during submergence (Waters et al. 
1989; Setter et al. 1989b), and by e中osing submerged and nonsubmerged plants to different mixtures 
and concentrations of these gases Gackson et al. 1987; Setter et al. 1989a). This research allowed 
development of a model showing the interactions of these environmental factors on growth, chlorosis 
and survival of rice during submergence (Fig. 2). High ethylene concentrations increase chlorosis and 
would therefore eventually limitphotosynthesis and subsequentoxygen and carbohydrateproduction. 
High CÜ:2 concentrations increase photosynthesis and also interact with ethylene effects Gackson et al. 
198內 and of course with oxygen production and respiration. The production of intermediate end 
products of metabolism may have additional effects (Fig. 2). 

Environmental 
factor 

High ethylene 

Low CO2 supply 

坐立且主l

Low O2 supply 

LOW02 
evolution 

Plant response 

Chlorosis 

Low photosynthesis 

Low 
carbohydrates 

~γ~ 

Energy 
deficiency 

Reduced 
growth 

Death of 
tissues 

• 
Accumulation 
of end-products 
to toxic levels 

• 
Anaerobic 
metabolism 

Fig. 2. Modelof 血e response of rice to submergence at low CO2 su pply (< 0.05-1.0 mol/m3i Setter et 
al.1989b). 
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The importance of changes in concen trations of these three gases was demonstra ted experimen tally. 
For C~， when plants were grown in flood-water in eq叫librium with air (0.03% CO2) even the most 
tolerant cultivar died within 7-14 days. Howeverwhen flood-waterwas in equilibrium with 1-3% CCh, 
then plants of even an intolerant cultivar were able to survive for up to 3 months (Se位er et a1. 1989a). 
Theseeffects of increased CO2 supply shouldnot be misinte中retedastheprimaryeffectofsubmergence
on rice, since high CO2 concentrations would also have effects on (i) allevia由19 the O2 deficiency and 
(ii) ac跡可 to minimize the effect of ethylene (Se仗ereta1. 1989b).0χygen concentrations in flood-water 
are certainly important because anoxia trea加油nt of submerged rice sh∞ts resulted in complete 
cessation of root tip growth within 1-3 min (Waters et a1. 1989). Furthermore anoxia results in death of 
root tips in many plants 泊cluding some rice varieties within 48 hours (16 hours for IR8; Fig. 5.5 of 
Crawford 1989). Impor個nce of ethylene was shown because when plants were exposed to ethylene 
concentrations in air 呵凶valent to concentrations measured in flood-water of rice fields (Table 1), 
chlorosis occurred at the same time in intolerant but not tolerant varieties as was observed during 
submergence Gackson et a1. 198η. 

Present research at IRRI on submergence tolerance of rice has focused on 。可rgen concentrations 
because the adverse effects on grow出 are immediate and severe. There are two lines of evidence that 
O2 deficiency is important during submergence: when plants were grown in nutrient solution culture 
and then submerged, (i) 02concentrations measured 扭曲e root environment decreased to low levels 
particularly dur切g the night, and (ii) rapid rates of ethanol synthesis occurred in roots during 
submergence (Waters et a1. 1989). Oxygen concen廿ations in the r∞t medium of submerged rice plants 
also showed diumal changes: O2 was low during the night and it increased d叮ing the day. In contrast 
du由19 the night ethanol was produced by roots whereas during the day ethanol decreased. These 
results for O2 concentrations were supported and extended by measurements using platinum 
microelectrodes and vemier microscopes (Waters et a1. 1989), showing that the 02concentrations in the 
r∞t tip tissues of submerged plants were zero during 趴enightand 也at root growth ceased within 1-
3 min of darkness. 

The above results, which demonstrate O2 deficiency in rice roots during submergence, seem 
con甘adictory， since rice is supposed to be well adapted to flooded soils, particularly in relation to O2 
diffusion. However the tolerance of rice and many aquatic plants to flooded soils is largely a 
consequence of the extensive aerenchyma development in r∞ts， which enables O2 to diffuse to the 
growing root tips even though they are surrounded by an anoxic environment. Hence aerenchyma act 
as snorkels for the growth and maintenance processes of these tissues. Problems with this mechanism 
occur when plants become completely submerged d山ing flash flooding, since this snorkel is no longer 
ableto supplyoxygenfrom theshootenvironmentto therootenvironment (Waters eta1. 1989) because 
the sh∞ts themselves are now under water and therefore affected by limited gas diffusion (Setter et 
a1. 1989a). 

BIOCHE弘nSTRY OF FLOOD TOLERANCE 

Dennis et a1. (1993) have shown that during anoxia a set of anaerobic proteins are induced in several 
plants, and these proteins include the enzymes for anaerobic metabolism (Fig. 2), specifically alcoholic 
fermentation. In this section some preliminary observations are presented on rice varieties that differ 
in their tolerance to submergence. This is examined in relation to how tolerant varieties might differ 
in: (i) activities of alcoholdehydrogenase, (ii) synthesis ofpossibly toxic end products such as aldehyde, 
and (iii) capacity to supply metabolism with the carbohydrates for alcoholic fermentation. 
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It is important to emphasi扭曲at the da個 presented here are from prelimina可 experiments from 
several different groups. While these data provide some but not all of the interesting possibilities for 
improving flooding tolerance of rice through plant breeding or biotechnology, there is a substantial 
amount of physiological research that n自由 to to be done on the mechanism(s) of adverse effects in 
specific genotypes. Furthermore the da切 presented here on activi位es of alcohol dehydrogenase, 
accumulation of toxic end products like acetaldehyde, and adequate supply of starch for energy 
production need to be evaluated more critically as described below. This will enable us to confirm 
limitations associated with these pr前esses and to pr前前d with improvement of specific genotypes. 

Alcohol Dehydrogenase 

Alcohol dehydrogenase (ADH) is responsible for the s抖出的is of alcohol and regenera tion of NAD 
in alcoholic fermentation. This regenerated NAD enables glycolysis to continue under anoxia，也us
producing a net 2 moles ATP per mole glucose relative to the 38 moles ATP produced under aerobic 
conditions 趴rough respiration (Davies 1980). When four varieties of 10-day-old rice seedlings wer昀e 
su曲bme釘r閉伊dfor3days冷st趴herewer時eι“5ι-f也fol站ddif仔ferences in act討iv叫it位ie臼s of ADH, whereas 出ere were no major 
differences 凶 the activities of nonsubmerged plants. The greatest increases in ADH activity occurred 
in the most submergence-tolerant variety (FR13A), whereas the lowest increases in activities occurred 
in the most intolerant variety (lR42), and a cross of these two varieties (IR26702-25), had intermediate 
submergence tolerance with intermediate increases in ADH activity (Table 3). These results are 
consistentwith published data for barley and rice (Wignarajah et a1. 1976), which showed that fl∞d趴g

tolerance was associated with increased ADH activity. 

Table 3. Activities of alcohol dehydrogenase in leaves of 10酬day-old rice seedlings after 3 days 
submergence' (Vi1lareal and Mohanty, IRRI unpubl. data; no data on si伊ificance).

Variety 

FR13A 
IR26702-25 (FR13A x IR42) 
M誼15凹i

IR42 

Submergence Nonsubmergence Submergence 
tolerance (score) 
High (1) 
Medium (5) 
Medium (5) 
Low (9) 

1.12 
1.79 
1 個

0.72 

6.44 
3.31 

2.“ 
1.44 

. Unitsa闊的D/ mi咐. Ethanol was used as subs甘ate at pH 9.2 (Bergemeyer 1963). Submergence tolerance was based on survival of 1 G-1ιday
old seedlings after 7-10 days submerg閉目

Activities of alcohol dehydrogenase presented in Table 3 are at present difficult to inte中ret since 
enzymes were assayed as crude ex廿acts in the "conventional" direction using ethanol as substrate. The 
preferable assay direction is in the opposite direction of alcoholic fermentation, i.e. using acetaldehyde 
as substrate. The importance of the substrate for ADH was indicated by Davies (1980), who examined 
some of the enzyme kinetic data for maize alcohol dehydrogenase and used differences in Km of ADH 
isozymes for acetaldehyde and ethanol to suggest that theseenzymes may have differentphysiological 
functions趴 either synthesizing oroxidiz趴gethanol. RecentIy we have observed substantial differences 
in ADH activities of rice r∞ts but not sh∞ts using different substrates. 

Other difficulties in inte中retation of data on enzyme activities from plants grown under adverse 
conditions has been to resolve whether the changes are the cause or the result of death, i.e. in Table 3 
whether IR42 had low levels of ADH merely because 80% of the plants had died. This would not have 
仗curred in the experiments presented in Table 3, since da切 show that less than 25% death occurred 
for IR42 seedlings after 4 days submergence (Setter et al. 1989b). 
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Perhaps the most important question 出at remains to be answered is whether ADH activities limit 
alcoholic fermentation in rice. For most plants it more likely血atpyruvate decarb。可lase (PDC) is the 
limi ting enzyme in alcoholic fermen ta tion since this is the enzyme tha t con甘ols the en try of carbon in to 
the pathway. Recently Waters et al. (1990) presented convincing evidence that PDC is rate limi仙19

alcoholic fermen切tion in wheatexpo鉛d to anoxia. Further research on activities of ADH and PDC are 
therefore necessary to compare in relation to the in vivo rates of ethanol syn曲的is in rice genotypes 
during anoxia. 

Acetaldehyde 

Acetaldehyde is produced by the first enzyme of alcoholic fermentation, pyruvate carboxylase, 
du自19 anaerobic metabolism. Ethanol and acetaldehydehave long been considered possible toxic end 
products of anaerobic metabolism (McManmon and Crawford 1971). While therehas been consider油le

debate as to whether ethanol concentrations ever become high enough to affect growth let alone 
survival ofplants under anoxia Gackson etal. 1982), there is less published information about increases 
in acetaldehyde. Crawford and McManmon (1968) exposed the roots of several species的 acetaldehyde
at concentrations of 1 mol/m3 and above for 60 hours and found toxic effects based on the 吃ondition
of the plants" and a decline in the proteinl g fresh weightof roots. 

For aldehyde determination 70-day-old rice plants were exposed to submergence for 6 days. The 
shootswere thenexcised,cutinto segrnents and placed ina fl叫containing a vial of aldehydeabsorber 
(0.2% w Iv 3-methyl-2benzothiazolinone-hydrazone; MBT昀. After 48 hours the aldehydes were 
assayed in the absorber (Table 4). There were usually major increases in aldehydes produced for 
submerged relative to nonsubmerged plants for most varieties examined. This was particularly true 
for the variety IR鈕， a well known submergence-intolerant check, which increased almost 7 fold in 
aldehyde production. The exception to these trends was the variety Patnai 23; 也is variety had low 
aldehyde concentrations for nonsubmerged plants and the increases after submergence were only 5% 
of nonsubmerged plants (Table 4). The increases in aldehyde production in varieties shown in Table 
4 and for other varieties were correlated to submergence tolerance with r = -0 .81 等.

Table 4. Aldehyde production from 70-day-old plants follow油g 6 days submergence (mlll00 g 
fresh weight; Kundu et al. 1992a). 

Variety Submergence A1dehyde production 
tolerancea Nonsubmergence Submergence Increase 

FR13A 80 16.0 21.0 5 
Sabita 75 9.0 14.0 5 
Suresh 65 4.1 16.9 13 
Pa位lai 23 60 4.3 4.5 。Jogen 45 4.3 21.4 17 
M泣15叮i 45 18.4 28.8 10 
Swamadhan 35 18:4 32.1 14 
IR42 25 5.4 42.5 37 
LSD (P < 0.05) 28 9.5 16.1 16 
. Submergen但 tolerance was b品ed on per目的 survival of 6O-day-old plan恆 after submergence for 12 days 

The data presented here on aldehydes might be used to indicate 出at ADH was low in the 
submergence-intolerant cultivar IR妞， since aldehydes increased more than 6 fold in this cultivar 
(Table 3), and this is consistentwith the low increases in ADH activities measured d山ing submergence 
(Table 4). It is therefore a high priority to measure the acetaldehyde -concentrations in IR42 dur凶g
anoxia trea trnent and evaluate the adverse effects on growth and survival of this genotype. If confirmed 
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then this might make genotypes likeIR42 appropriate for biotechno1ogica1 manip凶a tion by regu1a也可
Adh expression. The partic叫arly 10w 1eve1s of a1dehydes in Pa個ai 23 would make this a1so an 
interes仙19 variety to examine further in respect to ADH activities. 

The meas山ements of a1dehydes req凶res further work to quantify how much of the a1dehydes 
measured are re1evant to the accumu1ation specifica11y of aceta1dehyde, and to determine whether 
measurementsarere1evanttophysio1ogica1changesduringratherthanaftersubmergence. In thepresent 
meas叮ements a1dehydes were measured after p1ants that were submerged for six days were 
desubmerged, i.e. the sh∞ts were cut into segments and a110wed to 10se a1dehydes during a 48-hour 
equilibra位on period in air in sea1ed containers. To answer these and other questions we have now 
deve10ped methodo1ogies to measure a1dehyde production in the fie1d during submergence and are 
in the process of specifica11y quanti你趴g the propo前ion of aceta1dehyde produced by p1ants d叮ing
these 甘甜加lents.

Starch 

Starch concentrations of stems of 30-day-01d p1ants during 12 days comp1ete submergence a1so 
showed some interesting trends among varieties differing in submergence to1erance (Tab1e 5; Kundu 
et a1. 1992b). There was a high corre1ation for initia1 (and fina1) starch concentrations in stems re1ative 
to submergence to1erance with r2 va1ues of approximate1y O.的， however there was a poor corre1ation 
to 出e rate of starch dep1etion (r2:= 0.23; calcu1ated from Tab1e 5). 

Table 5. Starch concentrations of stems of 30-day-old plants after 12 days complete submergence 
(mg/g fresh weight; Kundu et al. 1992b). 

Variety 

FR13A 
Sabita 
Suresh 
Patnai 23 
Jogen 
Mahsuri 
Swamadhan 
IR42 

Submergence Starch concentration (days) 
tolerance 0 12 

80 9.4 3.1 
75 9.0 2.9 
65 8.0 1.8 
60 8.2 1.8 
45 7.8 1.7 
45 6.9 1.1 
35 7.2 0.7 
25 6.6 0.7 

Rate of depletion 
(mg/g/day) 

0.53 
0.51 
0.52 
0.53 
0.51 
0.48 
0.54 
0.49 

5個rch was a田ayed similarly to Yoshida et al. (1976) using anthrone reag田t to assay g!ucose of an HC! hydro!yzed samp!e fol1ow趴g ethano! 
extraction. Submerg凹ce to!erance was m曲sured as 趴 Tab!e4.

Starch concentrations in stems of different genotypes were the most high1y corre1ated trait of a11 
characteristics to submergence to1erance (手:= 0.85; see above). Simi1ar observations were made for 
starch concentrations in deepwater rice varieties during submergence (Emes et a1. 1988). The importance 
of data presented here and by Emes et a1. (1988) is questionab1e due to the 10w quantitative va1ues of 
starch measured. Assuming 20% dryweight then the starch concentrations in p1ants before submergence 
represented on1y about 3-5% dry weight (calcu1ated from Tab1e 5) . However, if these trends in starch 
concentrations were a1so representative of solub1e carbohydrates then the data reflect the importance 
of carbohydrate supp1y to submergence to1erance of rice. 

It wou1d be interesting to compare 1eve1s of carbohydrates in 1eaves, r∞ts and particu1arly the 
meristematic tissues, as well as the stem sections used here. Furthermore, if carbohydrates are such an 
important factor in submergence to1erance as indicated here then this wou1d be worth confirming by 
some simp1e experiments such as: (i) tuming the submergence to1erant cu1tivar FR13A into an 
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intolerant type by submerg趴g plants during the morning when carbohydrate levels would be low, or 
by (ii) t叮ning 血e submergence-泊tolerant cultivar IR42 inωa tolerant type by submerging plants 
du自19 the afternoon when carbohydrate levels would be high. Finally it was interesting that the high 
correlations of starch concentrations with submergence tolerance were not just for plants after 
submergence butthey were also highly correlated with tolerance bφre submergence. Therefore if total 
carbohydrate analyses are consistent with starch data presented here then a screening procedure for 
submergence-tolerantgenotypes may bedeveloped simply bymeasuring starchlevels in nonsubmerged 
plants. 

CONCLUSIONS 
Floodinggr臼tlychanges theplant environment in relation toconcentra tions ofO:ù CO2 and ethylene 

relative to aerated environments (Fig. 2), and血ese changes are due to gas diffusion limitations. These 
changes are also usually responsible for at least the initial growth limitations during submergence of 
rice and waterlogging of terrestrial crops. The emphasis here has been on the adverse effects of low O2 

concentra tions on submerged rice. However, low ~ supply is not the majorcause of growth reductions 
for all plants. For example, Jackson (1979) showed that peas were reduced in growth by ca. 50% in 
waterlogged soil,however plants in deoxygenated solution culture had little orno growth reductions. 
These adverse effects of waterlogged soil on peas were thought to be associated with high CO2 

concentrations. This demonstrated the importance of evaluat切g the primary effect of the s仕essforthe
particular species since remedies to these problems may involve either management or breeding 
strategíes 

Conventional breeding has potential to offer solutions to submergencè tolerance of rice since the 
degree of tolerance required for flash fl∞ding (up to 14 days submergence) alreadyexists in the most 
tolerant rice genotypes. However, little progress has been made with conventional breeding to 
improve submergence tolerance of high-yielding cultivars, because submergence-tolerant types such 
as FR13A have poor tolerance to insects and diseases, p∞r grain quality, and poor plant 的ucture. In 
spite of these problems, varieties such as FR13A have been used as parents in over 400 crosses for 
developing submergence-tolerant genotypes atIRRl, and some promising lines are being evaluated in 
field tests. 

The requirement to cross with submergence-tolerant genotyp的， which are otherwise such p∞r 

varieties means that breeders need to spend considerable time reb凶lding the rice plant in their 
breeding programs. on the other hand, knowledge of specific weak points in a genotype means that 
biotechnologymayoffer betteropportunities for plant improvemen t. Currentresearch on submergence 
tolerance at IRRI is therefore linked with other laboratories to utilize molecular engineering of specific 
genotypes for improving submergence tolerance. The challenge for physiological research is now not 
only to pointout the metabolic "weak link心fan individual or a group of genotypes, but to select those 
genotypes which have metabolic characteristics 血at will be compatible and even s廿engthen these 
biotechnological manipulations. 
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ABSTRACT 

23 

Progress in identifying roles for endogenous plant hormones in influencing morphological 
adaptations to poor aeration has been made in the follow泊g areas: (1) growth and intemal 
morphology of inundated roots, (2) promotion of extension growth by stems or leaves of submerged 
aquatic and semiaquatic species, and (3) m。中hological changes凶 shoots where only 血e roots are 
inundated. The latter responses necessarily involve intemal transmission of one or more 
physiologically active "messages", between the stressed roots and the shoot system. The action of 
ethylene in promot泊g and 扭曲ibiting roots is outlined against the background of differing 
endogenous rates of e血ylene production 凶 rice and tomato roots. Ethylene involvement 扭
aerenchyma formation in maize, rice and willow is summarized. The extension-promoting action 
of ethylene, low oxygen partial pressures and carbon dioxide are reviewed and a comparison made 
between the respons的 of rice seedlings and a rice mimic Echinochloa oryzoides. The concept of 
different kinds of hormonal message (positive, negative, accumulative and debit) is expla詛ed，
togetherwi曲 recent progress in quantifying the delivery ofhormonal messages from roo恆 toshoots

in the transpiration stre缸n. 甘\e control of stomatal closure and leaf epinastic curvature in flooded 
plants by abscisic acid (ABA) and the ethylene precursor 1咽ninocyclopropane﹒1-carboxylic acid 
(ACC) 仕ansported in xylem sap is discussed. 

INTRODUCTION 

There are two broad strategies adopted by plants to overcome restrictions to oxygen supply that 
inevitably accompanies flooding of the soit or impedance to carbon dioxide influx that results from 
submergence of photos戶lthetic organs (Jackson and Drew 1984). The first strategy is one of metabolic 
tolerance to these deprivations in environmental resources . Mostplant tissues can survive at leasta few 
hours without oxygen, but only specialized organs of a selectnumber of species are able to grow when 
anoxic [e.g. coleoptiles of rice (Oryza satíva) or bamyard grass (Echínochloa oryzoídes) (pearce andJackson 
1991), and apical buds of rhizomes of wetland plants such as Scírpus marítímus (Crawford 1982)] . The 
curtailment of carbon dioxide influx into submerged foliage, even of a reputedly flooding-tolerant 
species such as rice, can al的 be fatal (Setter et al. 1989), but in some species may be partially 
circumvented metabolically by the use of HC03_ instead of CO2 as the carbon source (Sand-Jensen 
198內， or by concentrating carbon dioxide intemally through adopting crassulacean acid 可pe of 
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metabolism. The second broad strate由rfors世viv泊g flooding or submergence is avoidance of the most 
severeasp缸ts of stress through changes in intemal and/or extemal morphology. Typical examples of 
this include enhanced ra健s of underwater extension by stems or leaves, aerenchyma (gas叩ace)
forma tion in roots and sh∞ts， epinastic leaf curvature, stomatal closure, hyper仕ophic stem swellings, 
leaf heterophyll予 and replacement r∞t systems. Each of these responses has the appearance of 
enhancing the chances of survival and increasing competitiveness, although some have a metabolic 
cost that can sometimes outweigh the advantages (e.g. fast underwater extension in rice seedlings, 
Jackson et a1. 198內.

In也is paper, we assess the involvement of plant hormones in bringing about some of these 
morphologicaladaptations to floodingor submergence. The fiveprincipal hormones, a山in，gibberellins, 
cytokinins，的scisic acid and ethylene, are unquestionably the most active morphogens in plants; 也eir

rapid and often reversible range of effects at extremely small concentrations being f叫ly compatible 
with many of the developmental characteristics of flooded or submerged plants. Ethylene especially 
is 趴timately involved in plant responses to fl∞ding because its rate of diffusive loss from the plant is 
strongly inhibited bywater, and because the biosynthesis is susceptible to oxygen supply, particularly 
at the last step in the pathway oxidizing 1-aminocyclopropane-1-carboxylic acid (ACC) to ethylene. 

EXTENSION GROWTH AND AERENCHYMA FORMATION IN ROOTS 

Submergence of roots in water can inhibit extension (Larqué-Saavedra et a1. 1975) even when 
oxygen concentrations are unlikely to be much reduced. This retardation is probably effected by 
ethylene entrapped in the roots by the coveringwater. Species such as white mustard (Sinap話。lba) that 
have intrinsically fast rates of ethylene production are 趴e most likely to suffer. Slow producers such 
as the roots of rice will accumulate less ethylene, and thus be less likely to be i吋世bited by the 
accumulated gas. Indeed, because of its slow ethylene production, suboptimallevels of ethylene are 
present in nonsubmerged rice r∞ts. The small incr臼se in ethylene resulting from submergence may 
promote rather than inhibit extension (Konings and Jackson 1979). 

Inmaize (Zea mays), ethylene is an importantmediator in thedevelopmentofintercellular gas-filled 
spaces in poorly aera ted roots, and also leaf bases (reviewed in Jackson 1989). The spaces are the result 
of the lysigenous collapse of files of cortical cells 出at occurs in association with increases in levels of 
ß-(l• 4)-glucanase (cell叫ase) enzyme activity that may promote the degeneration of cell walls (Fig. 1). 
Vacuolar membrane degeneration may also be important (Campbell and Drew 1983). The resulting 
aerenchyma tissue benefits root aeration in several ways, but principally by opening up a conduit of 
small resistance to oxygen movement, from shoot tissues above the waterline, to the r∞ts below 
(Armstrong et a1. 1991). Ethylene is thought to regulate aerenchyma development because inhibitors 
of ethylene action or biosynthesis such as silver ions and aminoethoxyvinylglycine (A VG) interfere 
with the response to p∞r aeration, while the addition of ethylene gas to well-aerated roots mimics the 
effect of p∞r aeration Gackson 1989). Furthermore, poorly aerated roots can also contain elevated 
concentrations of ethylene. This additional ethylene is not only generated by water entrapment. 
Despite the req凶rement for oxygen by the biosynthetic pathway, partial oxygen shortage raises the 
rate of ethylene production by maize roots. This has been confirmed recently using roots of in切ctmaize
seedlings and a highly sensitive photoacoustic laser detector to monitor ethylene output (Brailsford et 
a1. 1992). The effect is unexpected and not fully understood. Roots that are partially oxygen-deficient 
(e.g. 3 kPa) show an increase in the total amount of ACC available for ethylene formation and for 
retention as ACC (A仇vell et a1. 1988). This could arise as a result of partial oxygen shortage outside the 
r∞t causing the stelar core of the root to become anoxic. The existence of an anoxic core can be predicted 
because of the resistance to radial diffusion of oxygen across the root, especially at the endodermis, and 
because of respiratory oxygen consumption (Armstrong et a1. 1991). There is also indirect experimental 
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Fig. 1. Effect of growing Zea mays seedlings in vennicuHte conta扭扭g the ethylene-releasing 
substance ethephon (Ethrel) for 4 days on soluble carboxymethyl cellulase activity 凶 the

apical 20 rnrn of primary roots. The activity of 0.5 unit of a cornrnercial cellulase enzyme 
preparation is shown for comparison (M.B., Jackson, unpubl. data). 

evidence that the core can be anoxic. Forexample, the stele is especially rich in enzymes such as alcohol 
dehydrogenase and pyruvate decarboxylase which are inducible by anaerobiosis (Thomson and 
Greenway 1991). Anaerobic conditions are known to increase ACC production in r∞ttissue， probably 
becauseACCs抖出ase activity (syn血的is?) is promoted (Wang and Arteca 1992). Thus, an anoxic stele 
could provide the surrounding hypoxic cortex with sufficient additional ACC for oxidation to 
ethylene. These cells would also be targets for the hormone in aerenchyma formation (summarized in 
Fig.2). 

Experimental evidence invoking ethylene action 趴 aerenchyma forma tion in roots of species other 
than maize is minimal. Ethylene appears to play little if any role in the rice cultivar RB3 (Jackson et al. 
1985), although some promoting activity has been shown in a second cultivar (Norin 36) by Justin and 
Armstrong (1991 b). Aerenchyma in roots of willow (Salix viminalis) is promot吋bypoor aeration. Since 
this can be inhibited with silver ions (inhibitors of ethylene action) the gas may have a role here also 
(p.A. Attwood and M.B. Jackson, Univ. of Bristol, UK, unpubl. data). 
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Fig. 2. Hypothetical scheme to explain how p訂tial oxygen shortage (e.g. 3 kPa) outside the roots of 
Zea mays may promote ethylene production. The limited extemal oxygen supply is thought 
to impose 血e development of an anoxic stelar core (shaded center). Anoxia may 血en
stimulate ACC syn位\ase activity in the stele, leading to increased amounts of ACC entering 
出e encircling hypoxic cortex where the oxygen present would enable the ethylene-forming 
enzyme to convert this additional ACC to ethylene. 

In maize at least, other hormones may interact with ethylene to reg叫ate aerenchyma, although the 
picture is far from clear. Applications of auxins, abscisic acid and cytokinins can inhibit (Konings and 
de Wolf 1984), al趴ough the effect of auxins may be more apparent than real if confounding effects of 
r∞t length are taken into account Gus位nandArms仕ong 1991a). When the required rules of evidence 
needed to establish convincingly a role for hormones in any developmental process are applied to these 
findings Gackson 198月， the case implicating ethylene in aerenchyma formation in maize roots s凹ms
firmly established, while that for伽otherhormones remains rudimentarγ. Polyamines are sometimes 
considered to be endogenous regulators of plant developmen七 although theirs個tus as planthormones 
is not widely accepted. Poor aeration increases the levels of the polyamine (diamine) putrescine in 
maize roots (Fig. 3A). The physiological consequences of this for aerenchyma formation are likely to 
be a modest suppression. This is indicated by the inhibitory effect obtained by supplying putrescine 
to maize roots(Fig. 3B),and the aerenchyma固enhancing effect of administering difluoromethylargenine 
(DFMA)andd的uoromethylomithine (DFMO), substances thatinhibitputrescine biosynthesis G ackson, 
unpubl. data). 
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Fig.3. (A) Effed of decreasing the oxygen supply from 20.8 kPa (air) to 3 kPa to seedling roots on 
the concentration of putrescine at 血e root tip (O-day-old) and in 1-, 2- or 3-day-old tissue of 
Zea mays. (B) Effed of applying increasing concentrations of putrescine to roots of Zea mays 
on aerenchyma formation (M.B. Jackson and K.C. Hall, unpubl. data). 

STI弘1ULATION OF SHOOT EXTENSION UNDER WATER 
Until the early 1970s, it was generally accepted 也at one of the most characteristic physiological 

proper位es of ethy1ene was the 的iking retardation of stem extension at concentrations above 0.01 
J..Ù/l. While this remains an acceptable generalization for most dry1and species, studies with rice 
co1eoptiles (Ku et al. 1970), the peduncle of Ecballium ela側um Gackson et al. 1972) and the stems of the 
Calli作iche pla句carpa (Musgrave et al. 1972) showed that some p1ants, most notab1y those to1erant of 
submergence, e10ngate more rather than 1ess vigorous1y when supplied with ethy1ene. These early 
findingshave1ed toa 1argeliterature suppor出g the view that most species responding to submergence 
byincreasing仕leir rates of stem or 1eaf extension, do so by responding positive1y rather than negative1y 
to an increased ethy1ene content Gackson 1990). The additiona1 ethy1ene present in submerged shoots 
is probably a result of en仕apment by water, as discussed for r∞ts. This simp1e mechanism exp1a趴S
the fast and reversible effect of submergence on extension (Musgrave et al. 1972; Jackson 1982) and the 
rapid but short-lived re1ease of ethy1ene when who1e p1ants are de-submerged (Van Der Sman et al. 
1991). However, Rumex maritimus and deepwater rice (Kende 198內 continue to e10ngate when the 
shootis above thewater 1ine. This seems to be because, in these species at 1east, submergence noton1y 
en仕aps ethylene but a1so stimu1ates its production, which persists even when the foliage is above the 
surface of the water (Kende 1987; Van Der Sman et al. 1991). Much of the promoting effect of 
submergence and ethy1ene can be exp1ained in terms of increased cell extension, main1y a consequence 
of cell wall weakening (Ridge 1992). However，加 young 1eaves of Ranunculus repens and the stems of 
deepwater rice, cell division is a1so stimu1ated (Ridge 1992). In all species examined so far, the 
promotion of e10ngation by ethy1ene depends on the action of either gibberellin (Musgrave et al. 1972; 
Kende198ηorauxin(C∞kson and Osbome 1978; Horton 198η. These hormones a1so possess growth
promoting activity independent of ethy1ene, but there is little evidence that submergence regu1ates 
growth by increasing their 1eve1s. Kang et al. (1991) showed that the presence of the ethy1ene-re1easing 
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compound eth叩hone抽血ced the growth-promoting action of a range of concentra tions of the a以in

indole acetic acid (IAA). Similarly, in deepwater rice, gibberellin appears to be the basic growth
promoting hormone, with ethylene serving to enhance its action (Kutchera and Kende 1988). 

Ethylene is not the only gas that contributes to the faster and prolonged underwater extension. 
Carbon dioxide also has this effect in several spec悶，includingPo切mogeton distinc切s， Saggittaria pygmaea 
(Suge and Kusanagi 1975) and the stems of d個pwater rice (Raskin and Kende 1984) and the rice 
coleoptile (Ku et al. 19月). It is not always clear how the carbon dioxide effect relates to e也ylene. In the 
rice coleoptile, carbon dioxide can promote extension in the absence of exogenous ethylene, and 
without increasing ethylene production (pearce et al. 1992), whereas in the stem of deepwater rice, 
carbon dioxide acts by e吋lancing ethylene action but again without stimulating ethylene production 
(Raskin and Kende 1984). In contrast, ethylene production from photosynthetic tissues of Ranunculus 
scleratus is promoted by carbon dioxide although extension is not critically affected (Horton 1987). Low 
levels of oxygen also promote extension by stems of deepwater rice and rice coleoptiles. In the former 
case, this is explained by the faster ethylene production under partial oxygen shor切ge. However, in 
the rice coleoptile low 。可gen fails to increase ethylene production (Raskin and Kende 1983), or even 
suppresses it (Pearce et al. 1992) and thus may act independently of ethylene to stimulate elonga位on.

Not all submergen間-tolerant species respond positively to increases in ethylene and carbon 
dioxide, or to partial oxygen shortage. The coleoptile of Echinochloa oryzoides is able to elongate to a 
similar length over the same period irrespective of the level of any of these gases (pearce and Jackson 
1991). Such indifference to such extreme changes in the gaseous or hormonal environment is 
unprecedented, and encompasses the complete absence of oxygen and atmospheres highly enriched 
with ethylene (10 J.Ù jl). 

The ability of rice coleoptiles to extend without oxygen at rates and durations that exceed those 
achieved in aerated conditions is well known. However, ethylene does not seem to be involved since 
applications of the gas or of2,5-norbomadiene, the competitive inhibitor of ethylene action, do not alter 
growth (pearce et a1.1992). Growth in the absence of oxygen is also insensitive to auxin, but not to 
abscisic acid, which strongly retards elongation of anoxic coleoptiles 但orton 1991), nor to pu trescine, 
which increases in concentration during anoxia and enhances extension (Reggiani et al. 1989). Thus, 
some hormonal regulation of growth by the rice coleoptile seems possible, even in the absence of 
oxygen. 

Under seedbed or paddy conditions, germination and early growth by rice shoots under anaerobic 
conditions must be succeeded by entry into more oxygenated conditions if the seedling is to survive. 
Such condi tions migh t be provided by oxygen -con taining wa ter a bov e soillevel. However, con tin ued 
fast extension rates would still be important for reaching the water surface where gaseous exchange 
could then proceed unimpeded. Extension above the anaerobic zone may be helped by the oxidation 
to ethylene of ACC that accumulates in rice seedlings during the preceding period of anaerobiosis. The 
extra ethylene formed in this way sustains rapid coleoptile extension (Table 1). 

Table 1. Effect of transferring seedlings of rice (Oryza sativa) from aerobic to anaerobic conditions 
on length of the coleoptile, ethylene production and endogenous concentration of ACC. 

Final shoot length Ethylene production ACC concentration 
(mm) (nl/g/h) (nmol/g fr wt) 

一一一一一一一一一一一一一一一一一 Day4 一--一一一一一一一一一-一一
o kPa O2 27.2 0 23.1 
Air 19.4 2.1 2.5 
OkPa O2• air on day 3 32.0 3.7 11.7 
5但dl趴gswe時 grown for 4 days in air or 0 kPa oxygen or grown in 0 kPa oxyg凹 for 3 days prior to transfer to air for 1 day (P因此e et al. 1992). 
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No account of underwater growth responses is complete without men位oning the possible roles of 
hormones in the development of different structuralleaf forms exhibited by some species depending 
on whether they are in floa也可 or submerged tissue (heterophylly). There is no evidence that ethylene 
is involved, but applications of gibberellic acid to floa也可 plants of Callitriche stagnalis (McComb 1965) 
and C. pla句carpa (Musgrave et al. 1972) induce production of lathe-like leaves found on submerged 
plants. Contrarily, abscisic acid can suppress the development of underwater leaves in P。“mogeton
nodosus (的derson 1978) and Ranunculus jlabellaris (Young et al. 198η. Further work is now needed to 
establish with certainty the importance of endogenous gibberellins or abscisic acid in regula也可
heterophylly in water plants. 

MORPHOLOGICAL CHANGES IN SHOOTS OF PLANTS 
WITH FLOODED ROOTS 

The effects of fl∞ding or submergence are not restricted to inundated parts of the plant. Shoot 
tissues in well-aerated conditions above the water line also respond with an altered m。中holo白T that 
includes stomatal closure, smaller leaves, shorter stems, epinastic leaves and swollen hyper仕ophic
stems. These phenomena are thought to be brought about by changes in the transport of 
morphogenetically active substances between the shoots and r∞ts. Up to four kinds of internally 
transmitted messages may, theoretically, be involved (Cannell andJackson 1981; Jackson 1987, 1993). 
These are (1) positive messages, comprising increases in 趴e output from roots of one or more 
substances that influence shoot development; (2) negative messages comprising a decrease in the 
output of active substances from the roots; (3) accumulation messages, generated by a buildup of 
substances in the shoot which would normally be exported to the roots and other growing parts; (4) 
debit messages, created by a depletion of morphogenetically active substances in the shoot by出eroot
system. The first three are the most likely to operate in flooded plants. Early studies in this area 
concentrated on negative hormone messages, and linked slowed shoot growth and enhanced leaf 
senescence with decreases in the concentrations of bioassayed cytokinins or gibberellins in sap 
obtained from root systems with the sh∞t removed Oackson and Drew 1984; Jackson 1990, 1993). 

Although thesem臼surementsofconcentrationdifferenceswereconfoundedbythelarged的erence

in sap flow rates between intact transpiring plants and detopped plants, and by differences in 
transpiration rate between fl∞ded and control plants, there is little doubt that substantial decreases 
in the amount of gibberellins and cytokinins transported from roots to shoots do occur. This has been 
estab!ished recently using modern immunoassays for zeatin riboside in flooded poplar and P加seolus
vulgaris (Neuman et al. 1990). However, there is little persuasive evidence that these decreases are of 
much significance for the sh∞ts . For example, Neuman et al. (1990) found that the inhibition of 
stomatal closure and leaf expansion brought about by soil flooding could not be rectified by an 
exogenous supply of cytokinin to make g∞d the endogenous deficiency. Thus, some other cause is 
indicated, which could be an increase in abscisic acid in the leaves. Increased concentrations of this 
hormone were first reported by Hiron and Wright (1973) in association with wilting of the leaves 
followed by some decrease in stomatal apertures. This suggested that the wilting per se raised ABA 
biosyn趴esis， which in turn effected contraction of the guard cells; such effects are well documented 
in the literature on drought stress. However, more recently, it has been found that fl∞ding can induce 
stomatal closure and increase foliar ABA levels in the absence of any prolonged or severe loss of leaf 
wa ter poten tial 0 ackson and Ha1l 198內. Indeed, water potentials may increase rather than decrease as 
stomata close. 
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This raises the question of the mechanism that explains the increase in foliar ABA. Clearly, water 
shortage 泊 the leaves cannot be responsible. There are findings to support the notion that ABA is a 
positive message exportl吋 in increased amounts from the fl∞ded roots to the shoots. These include 
measurements of increased ABA concentrations in roots of pea plants d盯ing the second, third and 
fourth days of fl∞ding， at a time when stomata had partially closed and the leaves were enriched with 
thehormone (Zhang and Davies 198月.Neuman andSmit(1991) founda doublingofABAconcentrations 
in the xylem sap of Phaseolus vulgaris plants, detopped after flooding to gain access to the sap which 
was expressed under press叮e. These measurements run the risk ofbeing distorted by difference in sap 
flow rates betweenfloodedand control plants, and betweendetopped and wholeplants Gackson 1991). 
More recent work, with tomato plants, has used controlled r∞t pressures to induce sap flows that 
embrace those of vigorously 仕anspiring whole plants. This more reliable approach has indicated that 
large increases in ABA concentration are likely to be present in the transpira位on s仕eam of flooded 
plants (Fig. 4A). When these concentrations are converted to delivery rates of the hormone from the 
roots into the shoot (i.e. concentration x sap flow rate), shoots are seen to receive much more ABA from 
their roots after flooding for 12 hours (Fig. 4B). Whether these increases precede or follow changes in 
stomatal aperture, and the extent to which these increases penetrate the canopy beyond the entry po趴t
at the base of the shoot, remain undetermined. Unfortunately, there are also observations that are less 
readily compatible with the view that flooded roots supply the shootwith increased amounts of ABA. 
In flooded poplar, calculated delivery ra協 ofABA in xylem sap were found by Smit et al. (1990) to be 
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depressed ra ther than enhanced by r∞t hypoxia. In peas, no increases in ABA were found in flooded 
r∞ts， nor in r∞ts exposed to near-anaerobic conditions in solution cultures Gackson et a1. 1988). This 
位lding is compatible with the known dependence of the ABA biosynthetic pa出way on molecular 
oxygen. Furthermore, grafting shoots of peas or tomato onto r∞t systems of mutants with ABA
deficient pathways has failed to interfere markedly with increases in stomatal closure and bulk leaf 
ABA resulting from fl∞ding Gackson 1991). These seemingly incompatible results remain to be 
reconciled.αle possible explanation is that ABA originates in the leaves as an accumulation message 
Gackson and Hall 1987) and is recycled between roots and shoots using both 可lem and phloem 
甘anspo此 pa出ways. Whatever the source(s) of the increase in ABA finally tums out to be, there can be 
little doubt that the hormone mediates in the stomatal closure of flooded plants and that the increases 
are sustained over several days in the absence of leaf water deficits. 

A more clear-cut example of a positive message from flooded r∞ts to the shoots can be found in 
studies seeking to explain the pronounced epinastic curvatures of leaf petioles that develop in 
waterlogged tomato plants. Epinasty lowers the total irradiance received by theplant (W∞droweta1. 

1988) and 出us reduces the risk of dehydration as r∞t anoxia raises hydraulic resistances, either 
metabolically or in the longer term by blocking xylem elements. Epinastic curvatures are inducible 
with small amounts ofexogenous ethylene, and the shoots of flooded plants contain increased amounts 
of endogenously produced gas (Jackson and Campbell1976), and produce it at a faster rate (Jackson 
et a1. 1978). This stimulation in shoot ethylene production by anaerobiosis at the r∞ts was shown to 
be a positive message, possibly a precursor moving in the transpiration stream Gackson and Campbell 
1976). This was confirmed by Bradford and Yang (1980), who measured increased concentrations ofthe 
ethylene precursor ACC in bleeding sap of detopped tomato plants after 12 hours or more of fl∞ding. 

They demonstrated the essentiality of ACC from the roots by applying inhibitors of ACC biosynthesis 
to 。可gen-deficient root systems. Such treatment successfully inhibited ethylene production in the 
sh∞ts and suppressed epinastic curvature. These authors also demonstrated experimentally 出atthe

amount of ACC they estimated to move from the roots was sufficient to stimulate ethylene production 
in the shoots. ACC 仕ansport from oxygen-starved r∞ts is undoubtedly the clearest and most 
convinc趴g exampleof a positive message from a stressed root system affecting growth and development 
in shoots. 

There is a slight uncer切inty conceming these results because concentrations of ACC were 
measured in sap flowing through 出er∞ts at rates far slower than those of whole plant transpiration. 
This could give misleading values for ACC delivery if the relationship between sap flow and 
concentration is not simply one of propo此ional dilution Gackson 1993). However, our recent studies 
(M.A. Else, W.J. Davies and M.B. Jackson, unpub1. da切) have demonstrated a linear relationship exists 
be仇.veen sap flow rate and ACC concentration similar to that already shown for ABA (Fig. 4). Thus, 
delivery rates calculated from the flows dissimilar to whole plant transpiration may generate 
satisfactory estimates of ACC delivery from the roots into the sh∞ts of intact plants. However, it is 
obviously preferable to measure ACC at realistic sap flows. When this was done ACC delivery from 
roots of flooded toma to plants was found to increase within 6 hours of flooding and persisted for at least 
72 hours. 

CONCLUSIONS 

Plants exhibit a wide variety of m。中hological responses to flooding of the soil or to submergence. 
Several appear to have adaptive significance. Prominent amongst血ese are the formation oflysigenous 
aerenchyma in Zea 闊少， faster underwater extension by shoots or leaves of aquatic or amphibious 
species and stomatal closure and epinastic leaf curvature in a wide range of d可Iand plants. Each of 



240 Honnones and Plant Adaptation to Poor Aeration 

these reactions is mediated by plant hormones, with ethylene and abscisic acid playing a prominent 
role. Aerenchyma formation and underwater extension are direct responses to the stress since they 
occ凹 in the inundated organs. However, stomatal closure and epinastic curvature take place some 
distance from the site where the stress is first sensed. The communication system between the stressed 
r∞ts and the responding shoot that explains this phenomenon involves adjus恤ents to the passage of 
hormones or their pr前ursors between the above- and below-ground parts. Further progress in 
understanding these events is likely to come from adopting molecular biological methods to probe 
changed pa悅ms of gene expression in tissues responding to hormonal messages, and to test 
hypotheses using plants transformed with antisense cons仕ucts 也at interfere with key steps in 
biosynthetic pathways (e.g. ACC oxidation to ethylene). Additionally new or emer哥ng technologies 
(e.g. photoacoustic laser detector for ethylene, rapid and sensitive immunoassays for hormones, 
pressure systems for sampling of可lem sap at chosen sites within the sh∞t system) are opening up 
new opportunities for studying the physiology of whole plants with a hitherto unattainable degree of 
precision and sophistication. 
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ABSTRACT 

Experiments were conducled to evaluate血e effects of waterlogging on the uptake and metabolism 
of nitrogen 凶 com (Zeam呵s) plants. Results showed 出at nitrogen deficiency in shoots and leaf 
chlorosis occu虹ed under waterlogged conditions. Nitrogen deficiency was mostly caused by 
denitrification and leaching of nitrogen fertilizer in waterlogged soil. Both absorption and 
translocation in waterlogged plants were also reduced. Under waterlogged conditions protein 
concentration declined in roots, due primarily to reduced net protein synthesis rather than to 
protein degradation. Data showed that the nitrate reduclase activity of waterlogged plants rem越ned
at high lev曲， whereas nitrite concentrations 泊creased 扭曲e root tissues. The role of altering 
nitrogen metabolism in roots under waterlogged conditions is discussed. 

INTRODUCTION 

Ni甘ogen fertility is an important factor in com (Zea mays) cu1tivation to obtain maximum yie1ds. 
However, the efficiency of soil-applied fertilizer ni仕ogen is 10w, estimated to be between 30 and ω% 
(Miller and Mackenzie 1978). Wi曲曲e 1arge inputs of fertilizernitrogen, increased 10ss of fertilizer into 
waterways or groundwater 仗curs and subsequent denitrification has adverse environmenta1 effects 
(Broadbent and Tusneen 1971; V1ek and Craswe1l 1979; Keeney 1982). Under wa terlogged conditions, 
soi1-applied ni仕ogen 10ss is further increased resulting in depressed crop growth rate due to reduced 
ni仕ogen uptake. Whether nitrogen deficiency is main1y caused by the denitrification and 1eaching or 
bya decline in absorption activity of the roots is still unknown. 

Generally, r∞ts are supplied with oxygen from the atmosphere by diffusion under norma1 soil 
conditions. When the soil is waterlogged, oxygen diffusion through the soil is greatly reduced because 
of the 10w diffusion coefficient of oxygen through water (Drew and Sisworo 1977, 1979; Jackson 1979). 
This results in an insufficient 。可gen supp1y to the rhizosphere, forcing the p1ant roots to undergo 
anaero bic respira tion which can prod uce on1y a small a moun t of energy. The energy th us prod uced is 
usually insufficient for norma1 metabolism causing many root cells to die and decay. Subsequently, 
growth rate progressive1y declines, accompanied by inhibition of r∞t growth, reduction of nutrient 
and water uptake and a1teration in hormone ba1ance (Lambers 1976; Singh and Ghildya119個;Wenkert

et al. 1981; Jackson and Drew 1984; Jeng 1987; Wang 1990). 
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This studywas undertaken to determinewhethercorn plants could partially adjusttoa waterlogged 
environment by changing the nitrogen metabolism in the r∞ts. 

MATERIALS AND METHODS 

Plants were generally grown under optimum controlled conditions (control) of water levels, being 
ca. 60-80% of field capacity. 

Experiment 1. Corn (cv. TNG351) w甜甜wn in silt loam soil contained in tanks (45 cm long, 35 cm 
wide, 12 cm diameter). At V4 (fourth leaf collar visible) stage of the plants, the soil was flooded for 3 
days to about 2 cm above the soil surface and maintained at 曲的 level by add趴g water. Plants were 
sampled at different times from the onset of waterlogging. The total ni廿ogen of shoots and r∞tswas 

determined by the Kjeldahl method. 

Experiment 2. Corn genotypes TNll, TN5, TNG351，的S4，前的， TA2598， TA1410,H95P, H95 and 
85S1 were grown in sil t loam soil con tained in pots (12 cm diameter, 10 cm deep). A 5-day wa terlogging 
仕ea加lentwas imposed when theplants reached the V4 stage. Plant samples were taken at the end of 
the waterlogging treatment and total nitrogen of the different corn genotypes determined as above. 

Experiment 3. Corn cultivars TNG351 and TN11 were grown in 13 kg of sandy loam soil contained 
in Wagnerpots (type 1/20∞ a). A basal dose of 450 mg N, 675 mg P and 340 mg K per pot was applied. 
Throughout the growing period, N-P-K (15∞-675-675 mg/pot) and 15N-ammonium sulfate (5.62 atom 
%) were supplied. 的 the V 4 stage，位le plants were subjected to waterlogging trea恤ent. Plant and soil 
samples were collected for nitrogen analysis. Total ni仕ogen was determined and 15N atom ratio was 
measured by micromass spectrometer (Buresh et al. 1982; Hauck 1982). 

Experiment 4. Corn cv. TNG351 was grown in sand contained in pots (12 cm diameter, 10 cm deep) 
to which a nutrient solution was applied. The solution was at pH 6.0 and consisted of 15 mM KN03, 
2mMKH2PO卸 2mMMg切對 2 mM KCl, 3 mM CaCh, and micronutrients (5 ppm FeCl-tartaric acid, 
2.5 ppm H3B03, 1.5 ppm MnCh, 0.1 ppm ZnCh, 0.05 ppm CuCh, and 0.05 ppm Mo03). The plants were 
grown outdoors until the V3 (也ird leaf collar visible) s切ge and then transferred to a growth chamber 
with 16 hours light (200 J..1E/ m2 / s photosynthetically active radiation, 33 :t l OC) and 8 hours darkness 
(28 :t l OC). Waterlogging treatment was done at V4 stage. Plants and root exudates were sampled at 
various times from the onset of waterlogging. Ni仕ogen compounds of plant materials and root 
exudates were determined by modified Kjeldahl digestion and titration (Varner et al. 1953; M叫lammad
and Kumazawa 1974), and free amino acid was determined by a colorimetric method (Rosen 195η
Nitrate reductase activity (Kenis and Campbell1989), protease activity (Feller et al. 1977; Reed et al. 
1980) and soluble protein content (Bio-Rad Lab. 197ηwere likewise determined. 

RESULTS AND DISCUSSION 

Growth and Nitrogen Uptake 

Earlier studies have shown that plant growth is depressed and leaf chlorosis occurs as a result of 
ni甘ogen deficiency under waterlogged conditions (Wenkert et al. 1981; Wu 1986; Jeng 198η . The 
seedlings of cv. TNG351 at the V4 stage had 70% increases in shoot dry weight during the 3-day 
waterlogging treatment (calculated from Fig. 1A between -3 and 0 day). However, there was no growth 
between 0 and 4 days following drainage after waterlogging, and growth increased after only about 
6 days of drainage (Fig. 1A). Furthermore, during the no-growth period in the waterlogged plants, 
ni仕ogen was 2.7-1.8% (Fig. 1B). However, plants grown under optimum control conditions had rapid 
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growth between 4 and 12 days σig. 1A), yet they 0叫y had 1.8-1.3% nitrogen (Fig. 18). Although 
waterlogging caused a d配line in percent ni仕ogen of at most 14% in sh∞ts relative to control plants 
(Fig. 18), the deficiency could have been due to either denitrification or to increases in grow位\.
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The nitrogen concentration in the r∞ts was 24% greater in roots grown in waterlogged than in 
control soil within 3 days afterwaterlogging(Fig.1 C). These results are consistentwithJeng (198ηwho 
reported that the seedlings of com cv. TNG351 subjected to a 5-day waterloggi月廿ea加ent had 
reduced nitrogen concentration in the leaves, but increased concentrations in the r∞ts . 

In a subsequent experiment 10 com genotypes were evaluated, and it was observed that吋trogen
concentration decreased 扭曲e leaves, but not in the r∞ts when the plants were subjected to a 5-day 
waterlogging trea恤lent (Table 1). The decreases in percent nitrogen of sh∞ts was the result of 
decreases in nitrogen content per plant and not increases in grow也 because: (1) ni仕ogen content per 
shoot was reduced 27% between 0 and 4 days 的er drainage (data not presented), and (2) shoot dry 
weight remained constant during this period. This means that there may have been a limited 
translocation of nitrogen out of r∞ts to shoots due to limited energy for the active transport of nitrogen. 

Table 1. Effects of a 5-day waterlogging at fourth leaf stage on nitrogen concentration (%) in leaf 
and root of 10 com genotypes. 

Genotype Leaf R∞t 

Contro1 Fl∞ding Con廿01 H∞ding 

TNG351 2 .36玲 1.72 1.57 1.67 
TA2598 2.77* 1.89 1.67 1.84 
TA1410 2.39 2.07 1.76 1.78 
TNll 2 .35等 1.61 1.65 1.73 
TN5 2.48時 1.77 1.66 1.75 
H95P 2 .74等 1.76 1.92 1.90 
H95 2.29 1.81 1.61 1.69 
8551 2.30 1.94 1.69 2 .02等

的54 2.35* 1.72 1.46 1.81* 
8559 2 .43帶 1.80 1.46 1.65 

• Significantly differ凹tatP = 0 日5

To understand the fate of the soil-applied fertilizer nitrogen under waterlogging treatment, the 
isotope lSN-labeled ammonium sulfate was used. In the control soil, which had 11-16% of applied 
nitrogen remaining in the soil，的-48% was absorbed by the plants while the rest (41-42%) was lost, 
presumably by denitrification and leachingσig. 2) . 

Meek et al. (1969) reported that nitrogen is lost rapidly either by volatilization or leaching. In this 
study, it was obvious that the fate of applied nitrogen was significantly affected by the waterlogging 
treatment. It may be noted in Fig. 2 that 10-11 % of applied nitrogen remained in the waterlogged soil 
without alteration, but 36-42% was absorbed by the plants in these treatments, which was 6-們'" less 
than in 也econ仕01 group at optimum soil moisture. The incomplete percent recovery shows that ca. 
47-54% of applied nitrogen was lost by denitrification and leaching. Thus, the ni甘ogen deficiency of 
com plants under waterlogged conditions may be mostly brought about by denitrification and 
leaching of fertilizer N in the soil, and partially by a reduction in the absorption activity of com plants. 

Nitrogen Translocation 

The status of translocation from the roots to the sh∞ts could be detected by measuring root 
exudate. As shown in Fig. 3, the rate of root exudate from plants grown in sand was decreased by 
waterlogging. It may be observed 出at 出e amount of root exudate was reduced by 50% compared to 
plan ts in the control, which occurred wi thin 1 day of wa terlogging treatmen t and further decreased by 
30% on the third day. This indicates that the ability of xylem f10w was reduced by waterlogg凶g .
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Fig. 3. Changes 扭曲e root exudate rate of com seedlings exposed to waterlogging. 

Likewise, the translocation of ttitrogen compounds was affected (Table 2). In this experiment most 
otherni甘ogen compounds alωchanged in plants thatwere not waterlogged,however, this must have 
been due to decreases in ni仕ogen supplywith time since exudation rates remained relatively constant 
(Fig. 3). Compared ωthe control plants, the amount of transportable nitrogen compounds was about 



Tsai and Chu 249 

10% lower within 1 day of waterlogg凶g， and by about 81 % lower within 3 days. It was also noted that 
amide-N, nitrite-N and nitrate-N levels were 呵， 75 and 92% lower, respectively, than the control. 
Within 5 days, the to個1 amount of transpor切bleni甘ogen compounds declined by about 8飢.

Table 2. 臼langes 扭曲e translocation rate of nitrogen compounds (陶Iplantlhour) in root exudate 
of com plants under waterlo鎧~﹒

Ni廿ogen Days after fl∞ding 

compound 。 1 3 5 
Ammonium-N 

Flooding 0.5 0.0 0.0 0.0 
Con世01 0.5 0.0 。。 0.0 

Amide-N 
到∞ding 1.8 0.7 0.2 0.2 
Con廿01 1.8 1.5帶 1.1* 1.9帶

Ni廿ite-N

Flooding 3.8 2.8 0.7 0.5 
Contr01 3.8 2.8 2 .0給 1.9* 

Nitrate-N 
Flooding 17.1 9.1 1.4 0.7 
Con甘01 17.1 9.6 8.8* 8.7* 

Tota1 
F1∞ding 23.2 12.6 2.3 1.4 
Contr01 23.2 14.0 12.0* 12.4* 

• Significantly different at the 甘目tment level within one nitrogen compound at P = 0 日5

Free amino acids are other importantnitrogen compounds 趴 ther∞texudate. As illus伽tedinFig.

4，也e amountof transportable free amino acids was 1.7-foldhigher than that of the con仕olwi血in 1 day 
of waterlogging. This then decreased under waterlogged conditions, which may have been at least 
partly due to lowered translocation activity. At 3 days, after waterloggi峙， the amount of free amino 
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Fig. 4. Changes in translocation rate of free amino acids in root exudates of com seedlings exposed 
to waterlogging. 
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acid 仕anslocation was decreased to one-half of the control. Obviously, com plants subjected to 
waterlogg趴g have nitrogen deficiency brought about by decreased translocation ability of nitrogen 
compounds from恥 roots to the sh∞ts. 

Nitrogen Metabolism 

The changes in the levels of ni仕ogen compounds in r∞t exudates may reflect ni仕ogenmetabolism 
inr∞t tissues. The ethanol insoluble nitrogen concen仕ation (presumably mainly protein) in the roots 
was not reduced by waterlogg泊g (Table 3), but reached a higher level by the first day of trea恤lent.

Furthermore, there were no major differences in the soluble protein concentrations between plants 
grown in waterlogged and con仕01 soil for either adventitious or seminal roots (Fig. 5). In com plants 
su切配ted to 1 day of waterlogging, the soluble protein concentration increased either in the seminal 
roots or in the adventitious roots. 1t is suggested that netprotein degradation in the r∞ts changes little 
under waterlogged conditions. 

Table 3. Changesintheconcentrationsofethanol也lsolublenitrogen(mglg)ofcomplantssubjected

to waterlogging. 
Days after floodinz 

Plantp訂t 。 3 5 
Blade 

Flooding 35.5 36.6 32.3 31.0 
Contro1 35.5 36.0 33.6 31.3 

Culm 
Flooding 15.4 16.1 15.6 13.2 
Con廿01 15.4 15.3 15.8 12.4 

R∞t 
Flooding 11.6 11.8* 11.9 11.9 
Contro1 11.6 10.5 11.2 11.2 

• Significantly diff，自由tat P = 0.05. 
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Fig. 5. Changes in the soluble prote凶 concentration of com roots exposed to waterlogging. 
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Theacid protease (pH5.5) activitywasnotsignificant1ydifferentfrom thecon仕01 甘eatmentinboth 
semina1andadventitiousr∞ts within 3 days underwaterlogged conditions, but significantlyincreased 
by3們也 by the fifth day (Fig. 6). on the 0出erhand, the neutra1 protease (pH 7.5) activity of sem凶a1roots

was reduced within 3 days, butnot significantly different from the contro1 by the fifth day (Fig.η.The 
neutra1 protease ac位vity of adven出ousr∞ts was not significantly decreased except on the 出irdday
of waterlogging treatment. 

Fig. 6. Changes 扭曲e acid protease activity of com roots exposed to waterlogging. 

Fig. 7. Changes in the neutral protease activity of com roots exposed to waterlogging. 
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The aboveresults indicate thatprotein degradation changes very li仗lewi出in3 days ofwa terlogging, 
but longer treatment (5-daywaterlogging) may result in increases in protease ac位vity and subsequent 
damage to the root system. It therefore appears tha t the acid protease plays a major role in the protein 
degradation under severe waterlogged conditions. 

As shown in Table 4, nitrate-N was the main soluble ni甘ogen compound in root tissues. It was 
observed that almost all of the nitrogen compounds including ni甘ate-N， ni仕ite-N， ammonium-N, and 
amide-N increased in root tissues within 1 day of waterlogging. The concentrations of ammonium-N 
and nitrite-N were still higher than the control within 3 days, but only nitrite-N remained higher by 
the fifth day. Therefore, nitrogen metabolism in root tissues was significantly altered underwaterlogged 
conditions. 

Table 4. Changes in the concentrations of nitrogen compounds (mglg) of the com roots subjected 
to waterlogging. 

Ni甘ogen Days after fl∞ding 

compound 。 1 3 5 
Ammonium-N 

Flooding 0.22 0.24* 0.22* 0.07 
Con廿01 0.22 0.15 0.15 0.07 

Amide-N 
Flooding 0.29 0.47* 0.39 0.56 
Contr01 0.29 0.34 0.44帶 0.49 

Ni甘ite-N

Flooding 0.33 0.55玲 0.70持 0.32* 
Contr01 0.33 0.46 0.38 0.25 

Nitrate-N 
F100ding 3.67 3.62等 2.96 1.88 
Contr01 3.67 3.12 3.51持 2.36* 

• Significantly different at P = 0.05. 

Veen (1988) report吋 that the nitrate uptake was reduced in com roots from the onset of oxygen 
stress, but increased after 8 hours and the uptake rate had recovered to 90% of the control after 24 hours 
of oxygen s廿ess. This recove可 of nitrate uptake could possibly be explained by increases in nitrate 
reduction, which lower the intemal nitrate level and stimulate the uptake mechanism (Deane
Drummond and Glass 1983). Generally, the increase in nitrate reductase activity is a common feature 
of plants under oxygen stress (Garcia-Novo and Crawford 1973; Lambers et al. 1978). 

Nitrate reductase (NR) is the first enzyme to reduce nitrate to nitrite and the activity was equal or 
higher in adventitious roots than in seminal r∞ts (Fig. 8). When the com plants were subjected to 
waterlogging, the activities of nitrate reductase both in seminal and adventitious roots increased 
within 5 days, and this may have promoted the reduction of nitrate to ni甘ite， resulting in an 
accumulation of nitrite in the r∞ts. This is what likely occurred, since there were 27% higher nitrite 
concentrations and 21 % lower nitrate concentrations in plants grown in waterlogged versus control 
soil (Table 4). 

Our results suggest that increasing activity of ni愉快 reductase in com r∞ts under waterlogged 
conditions probably promotes nitrate uptake, and the nitrate may play a special role during oxygen 
deficiency by acting as an altemative electron acceptor to oxygen in com roots, as well as helping to 
eliminate excess NADH by insufficient oxygen availability (Garcia-Novo and Crawford 1973). This 
would enable the root's physiological functions to continue and to lessen the adverse effects of a period 
of 。可gen deficiency. 
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ABSTRACT 

Selection criteria for identifying genotypes with high stress tolerance and high yield potential 
were compared usingamoderate stre的 (Stress lntensity,SI [1-(meanstressyield (Y.J Imean potentiaI 
yield (Yp)], 0.23) and a severe stress (凹， 0.76) A VRDC mungbean yield data sets. Selection based on 
Tolerance (TOL), difference between potential yield (Yp) and the yield in s甘ess environment (Y.) 
favored genotypes with low yield potentiaI. Selection based on the Mean Productivity (MP), [MP 
= (Yp+ Y.) 12] favored the genotypes with high yield potential. The Stress Susceptibility Index (SSI), 
SSI = [1 - (Y. 1 Yp)] 1 SI, aIso favored stress-tolerant genotypes with low yield potential. These 
selection criteria failed to identify genotypes with both high yield and stress tolerance potentials. 
Thus a selection criterion, Stress Tolerance Index (STI), is proposed here which identifies genotypes 
wi血 high yield and stress tolerance potentials. The STI considers the potential yield under 
nonstress environments, yield under stress environments, and the stress intensity. The STI is 
estimated as: (Yp X Y.)/(Yp)2. The larger the value of STI for a genotype in a stress environment, the 
higher was its stress tolerance and yield potential. The interrelationships among these stress 
tolerance criteria are illustrated by the multivariate biplot display. 

INTRODUCTION 

Yield trials to evaluate elite breeding lines in a wide range of environments are important in plant 
breeding. The extent of genotype by environment interactions (GEI) and their limitations to progress 
in selection is recognized, and has been extensively documented (Allard and Bradshaw 1964; Hill1975; 
Femandez et al. 1989; Femandez 1991a). Significant GEI results from a change in the magnitude ofyield 
differences among genotypes in diverse environments or change in the relative ranking of genotypes 
(Femandez 1991a). Several yield sta bility analyses have been repo巾dforidenti句ring environmentally 
sensitive and insensitive genotypes when they are evaluated over a series of diverse environments 
(Finlay and Wilkinson 1963; Eberhart and RusseIl 1966; Tai 1971; Shukla 1972; Femandez et al. 1989). 

Yield trials are also conducted in two contrasting environments; nonstress and stress. Plants are 
commonly considered under stress when they experience a relatively severe shortage of an essential 
consti仙en丸 or an excess of potentially toxic or damaging substances. The field stress environment is 
characterized primarily by low inputs, suboptimallevels of irrigation, nutrients, temperature, and 
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plant protection measures (Blum 1988). Selection of genotypes that are adapted to both stress and 
nons仕ess environments was the main objective of these yield trials. This approach is more appropriate 
when the genotypes are usually grown under optimal growing conditions, but periodic biotic and 
abiotic s甘ess conditions may 仗cur.

Several selection criteria are proposed to select genotypes based on也eir performance in stress and 
nons廿ess environments (Fischer and Maurer 1978; Rosielle and Hamblin 1981). Rosielle and Hamblin 
(1981) defined stress tolerance (TOL) 的 the difference in yield between the 忱的(Y.) and nonstress 
environment (Yp), and mean productivity (MP) as the average yield ofY. and Yp• Fischer and Maurer 
(1978) proposed a s仕ess susceptibility index (SSI), expressed by the following relationship: SSI = [1 -
(Y.lYp)] / 回. SI is the 的ess intensity and is estimat吋 as [1 - (Y.s/Yp)], where Y. and YJ5 are the mean 
yields over all genotypes evaluated under stress and nonstress conditions. 

Rosielle and Hamblin (1981) showed that the genetic correlation between Ys and Yp and the ratio 
of genetic variances betweenσ.2ys and &Yp determines the outcomes of genotypic selection based on MP 
and TOL. Under most yield trial conditions, the correlation between Ys and Yp is between 0 and 0.5 and 
the genetic variance ratio is < 1. Thus genotypic selection for yield under a nons廿ess environment 
would increase the average nonstress yield, and selecting genotypes under s廿ess conditions would 
increase the mean s廿ess yield. Selection based on s仕ess tolerance was efficient in improving yield 
under stress conditions, whereas the selected genotypes performed poorly under nonstress 
environments. 

Frey (1964) selected oat genotypes under stress and nonstress environments. The heritability 
estimates for yield were higher in the nonstress environment than in the stress environment. Selection 
based on the nons甘ess environment outperformed the selection from the stress environment, whereas 
genotypes selected based on their performance in 趴es廿ess environment performed well only in the 
stress environment. Generally, theevaluation in thenonstress environmentalloweda betterexpression 
of genotypic poten tial, wi th higher heri ta bility estima te yield and i ts yield com ponen ts than genotypes 
evaluated under the stress environments. 

Selection for yield potential is more effective under nonstress environments because of greater 
genetic variance and heritability under these conditions (Roy and Murty 1970; Daday et al. 1973). 
Genotypic and GEI variances are usually higher when growing conditions are favorable since the 
nons仕ess environmental conditions allow the genotypes to express their genetic maximum potential. 
Heritabilities for yield were higher in an optimal environment and出e rate of genetic advance through 
selection was usually greater (Blum 1988). 

Genotypes can be categorized into four groups based on their performance in stress and nonstress 
environments: genotypes express uniform superiority in both stress and nonstress environments 
(Group A); genotypes perform favorably only in nonstress environments (Group B); genotypes yield 
relatively higher only in stress environments (Group C); and genotypes perform p∞rly in both stress 
andnons廿ess environments (Group D). The optimal selection criterion should dis也可uishGroupA
from the other three groups. However, the s仕ess tolerance indicators, TOL，此11'， and S日， failed to 
distinguish Group A genotypes from the other three groups. 

In血ispaperlde仙le a new stress tolerance index, STI, which can be used to identi句T genotypes that 
producehigh yields under both nonstress and stress environments. The interrelationships between STI 
and other reported s仕ess tolerance attributes (MP, TOL, and SSI), and the differential yield responses 
of genotypes under two contrasting environments, are illustrated by the multivariate exploratory data 
analysis, biplot display. 
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THEORY 

Definition of Stress Tolerance Attributes 

Let Yp = the potential抖eld of a given genotype in a nonstress environment; Y, =仕le抖eld of a given 
genotype in a s仕ess environment; 有= mean yield in nons廿ess environment; and Y, = mean yield in 
s仕ess environment. The following s仕ess tolerance attributes are defined from these four yield 
measurements: 

/Y_, 
5tress intensity (51) = 1- r.一|

\ ~ P J 
(1) 

It ranges between 0 and 1 and the larger the value of 51 ，位le more severe is the stress intensity. 

(Ys+Yp) 
Mean productivity (MP) =一τ..:fL (2) 

This index favors higher yield potential and lower s甘ess tolerance. Rosielle and Hamblin (1981) 
showed that under most yield trials, the correlations between MP and 丸， and MP and Y, would be 
positive. Thus, selections based on MP generally increase the average performance in both stress and 
nonstress environments. However, MP fails to distinguish the Group A and the Group B genotypes. 

Tolerance (TOL) = (Y p - Y s) (3) 

A larger value of TOL represents relatively more sensitivity to stress, thus a smaller value of TOL 
is favored . Selection based on TOL favors genotypes with low yield potential under nonstress 
conditions and high yield under stress conditions. Under most yield 仕ials， the correlations between 
TOLand Yp would benegativeandcorrelation between TOLand Y, would bepositive. Thus, TOLfails 
to disting山sh between Group C and Group A. 

/Yλ 
1-(:-;ιl 

5tress susceptibility index (551) =一斗之」
51 

(4) 

The smaller the value of 551, the greater is the stress tolerance. Under most yield trials TOL and 551 
are positively correlated. Selection based on 551 favors genotypes with low yield potential and high 
yield under stress conditions. Thus, 551 also fails to distinguish Group A from Group C. 

Geometric mean prod ucti巾 (GMP)=叮叮3 (5) 

MP is based on the arithmetic means and therefore it has an upward bias due to a relatively larger 
difference between Yp and 丸， whereas the g凹metric mean is less sensitive to large extreme values. 
Thus GMP is a better indicator than MP in separating Group A from other groups. 

('!._ιYYS YYS，立4平5tr叫伽a叫 (6) 

5TI is estimated based on GMP and thus the rank correlation between 5TI and GMP is equal to 1. 
The higher the value of 5TI for a genotype, the higher its stress tolerance and yield potential. The stress 
intensity value is aIso inco中orated in the estimation of 5TI. Thus 5TI is expected to distinguish Group 
A from Group B and Group C. 
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Biplot Display of a Two ，有rayTable

Biplots (GabrieI1971) are useful for description and summary of a multivariate data matrix in 
exploratoryda切 analysis. The biplot is a graphical display of points representing the n rows (genotype) 
and m columns (attributes) of a two-way data matrix. A two-dimensional approximation to a two-way 
table (rows x column) can be obtained from the first two-principal components. The biplotwill display 
most of the variation of the two-way data matrix. The relative angles between the vector lines will 
represent the correlations among the stress-tolerant attributes. The biplot permits the detection of 
clusters (groups of similar genotypes), outliers (unusual genotypes), and strongly correlated and 
p∞rly correlated variables (Femandez 1991b). Thus, biplots are appealing because they provide an 
opportunity to detect the pa悅em from the noise in a complex data structure. The feasibility of using 
biplot techniques to analyze genotype x environment interactions are discussed elsewhere (Kempton 
1984; Femandez 1991b). 

MATERIALS AND METHODS 

Two data sets from the yield trials of advanced mungbean (V們a radiata (L.) Wilczek) breeding 
lines conducted at the Asian Vegetable Research and Development Center (A VRDC), Sha吋1ua，

Taiwan, during the summer and fall seasons in 1984 were used in this study. At A VRDC, advanced 
breeding lines (F7 and later generations) are evaluated in separate yield trials for at least 5 consecutive 
years in three diverse seasons (spring, summer, and fall) per yea r. Photoperiod, temperature, and 
distribution of mungbean pests and diseases varied during these seasons (Fernandez and 
Shanmugasundaram 1988; Femandez and Chen 1989). The summer season provides the ideal 
environment and the fall season is unfavorable for mungbean production at A VRDC. Two elite yield 
甘ialswi位121 mungbean genotypes wi也optimum (nons甘ess) and minimum (stress) input-management 
conditions (A VRDC 198內 were conducted in the summer and fall of 1984. A split plot arrangement in 
a random complete block design with three replications was used. The average yields of mungbean 
lines evaluated in two seasons under s甘ess and nonstress conditions are presented in Tables 1 and 2. 
The SI in the summer and the fall seasons were 0.23 and 0.76, respectively. The data were analyzed and 
the stress-tolerant estimates were computed using PC-SAS (SAS 1988a). 

The biplot display of principal component analysis (Gabriel 1971) was used to identify s廿ess
tolerant and high-yielding genotypes and to study 出e inte叮elationship between the stress-tolerant 
attributes. The PC-SAS procedures, GLM, PRINCOMP, GPLOT (SAS 1988a) and PRINQUAL (SAS 
1988b) were used in developing the SAS codes to display the biplots. 

RESUL TS AND DISCUSSION 

The stress tolerance attributes for the mungbean genotypes estimated from YS and Yp under the 
moderate s仕ess and the severe stress are given in Tables 1 and 2, respectively. The correlation 
coefficients between YS and Yp ('YYsYp) were 0.46 for the moderate stress and 0.22 for severe s廿ess
conditions. Thus, the degree of linear association between YS and Yp decreases with the increase in SI. 
The ratio of genetic variances between the σ2Ysand σ2yp (K) was 0.45 for the moderate s甘ess and 0.68 
for the severe stress conditions. The incr臼se in the genetic variance ratio under severe s廿esswasdue
to a decrease in cr2

yP from 40401 (summer season) (Table 1) to 8281 (fall season) (Table 2). Under both 
s仕ess conditions, the mean GMP was smaller than the mean MP. 
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Table 1. Estimates of stress tolerance attributes from 血e potential yield and the stress yield data 
for mungbean genotypes evaluated under moderate s甘e鉛 (SI = 0.23) in the summer 
season. 

Line Y Y, MP GMP TOL 55I S百

VC1647B 1269 1157 1213 1212 112 0.38 0.55 
VC1品。D 1371 985 1178 1162 386 1.22 0.51 
VC2719A 1414 1179 1296 1291 235 0.72 0.63 
VC2802A 1426 1301 1363 1362 125 0.38 0.69 
V3726 1437 1043 1240 1224 394 1.19 0.57 
VC2763A 1442 1314 1378 1377 128 0.38 0.71 
VC2720A 1519 1111 1315 1299 408 1.16 0.64 
VC2771A 1534 1431 1482 1482 103 0.29 0.83 
VC2572A 1550 1239 1394 1386 311 0.87 0.72 
VC3061A 1614 1314 1464 1456 3∞ 0.80 0.79 
VC1973A 1619 1182 14∞ 1383 437 1.16 0.72 
VC2755A 1620 1292 1456 1447 328 0.88 0.79 
VC2764C 1659 1199 1429 1410 460 1.19 0.75 
VC1482E 1744 1360 1552 1540 384 0.95 0.89 
VC3012A 1751 1387 1569 1558 “4 

0.89 0.92 
VC2764B 1785 1320 1552 1535 465 1.13 。.89
VC2754A 1838 1435 1636 1624 403 0.95 。.99
VC2762A 1850 1063 1456 1402 787 1.84 0.74 
V3476 1854 1487 1670 1660 367 0.85 1.04 
VC2768A 1875 1185 1530 1491 690 1.60 。.84
VC2307A 2034 1304 1669 1629 730 1.55 0.99 
Mean 1629 1252 1440 1425 377 0.97 0.77 
S 201 135 143 139 189 0.41 0.15 
Yp = Potential yield; Y. = Yield under s甘目前 MP= Mean Productiv旬; GMP =Geometric Mean Productiv旬; TOL= Toleran間; 55l = 5tr自S
5us自ptibility lndex; 511 = 5tr目s Tolerance lndex 

Table 2. Estimates of stress tolerance attributes from potential yield and stress yield data for 
mungbean genotypes evaluated under severe stress (SI = 0.76) in the fall season. 

Line Y Y, MP GMP TOL 55I S訂

VC2307A 1226 401 813 701 825 0.88 0.26 
VC1自00 1270 274 772 590 996 1.02 0.18 
V3726 1287 293 790 614 994 1.∞ 0.19 
VC2755A 1287 184 735 486 1103 1.12 0.13 
VC2572A 1288 180 734 481 1108 1.12 0.12 
VC2763A 1299 292 795 615 1∞7 1.01 0.20 
VC3061A 1307 422 品4 743 885 0.88 0.29 
VC2754A 1351 391 871 727 960 0.93 0.28 
VC2762A 1351 284 817 619 1067 1.03 0.20 
VC1973A 1364 361 862 702 1ω3 0.96 0.26 
VC2720A 1366 361 863 702 1∞5 0.96 0.26 
VC2764B 1373 208 790 534 1165 1.11 。 15
VC2802A 1386 416 901 759 970 0.91 0.30 
VC2719A 1388 433 910 775 955 0.89 0.32 
VC1647B 1403 325 864 675 1078 1.∞ 0.24 
VC2764C 1406 258 832 602 1148 1.06 0.19 
VC2771A 1469 提4 906 711 1125 1.∞ 0.27 
VC2768A 1485 317 901 686 1168 1.03 0.25 
VC1482E 1490 323 906 694 1167 1.02 0.25 
VC3012A 1529 切4 916 682 1225 1.05 0.25 
V3476 1571 397 984 790 1174 0.98 0.33 
Mean 1376 322 849 661 1054 1 ∞ 0.23 
S 91 75 65 間 105 0.07 0.05 
Y p = Potential yield; Y, = Yield under str臼s; MP= Mean Productivity; GMP =G田metric Mean Productiv旬; TOL= Tolerance; 5SI = 5甘臼S
5us田ptibility lndex; 511 = 5tr自s Tolerance lndex 
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The correla tions between Yp and (肘， TOL， S缸， and STI) and the correlations between Y, and (帥，
TOL, SSI, and STI) under both stress conditions are illus加ted by scatter plots 趴 Fig. 1-4. The sca位er
plots indicated that MP and STI were better predictors of mean Yp and mean Y, than TOL and SSI under 
moderates仕ess (Fig. 1-2). Under the severe stress，恥fP and TOL were be悅r predictors of the mean Yp 
than SSI and ST; whereas SSI and STI were better predictors of mean Y, than MP and TOL (Fig. 3-4). 
Overall, STI was a better pr吋ictor of mean Y, and mean Yp under both stress conditions. The observed 
correlationcoefficients between "(Yp 帥'， "(Yp.TOIJ "(y,.MP,and"(y,.TOL wereincloseagreementwith the自由retical
correlation coefficients report吋 by Rosielle and Hamblin (1981). 

The correlation coefficients and the sca位erplots are useful in finding out the degree of overalllinear 
association between any two a伽ibutes . Forexample， sel配tinggenotypes based on SSI will increase the 
overall mean yield of the stressed environment. However, the effectiveness of genetic gain based on 
the observed correlation may not reflect the genetic gain of individual genotypes. Effective selection 
based on individual genotypes is considered more important in pureline selection of self-pollinated 
crops. Thus, a better approach than a correlation analysis is needed to identify出e Group A genotypes. 

Three-D plots among Y, (x-axis), Yp (y-axis) and STI (z-axis) are presentedσig. 5) to show the 
interrelationships among these three variables, to separate the Group A genotypes from the other 
groups (Groups B,C,D), and to illustrate the advantage of STI as a selection criterion for identi砂ing

high-yielding and stress-tolerant genotypes. The X-Y plane is divided into four segments by drawing 
m俊的ecting lines 也rough Y. and Yp and the four groups are marked as Group A to Group D (Fig. 5). 
In moderate s仕ess， most of the Group. A genotypes showed high STI (V3476, VC2754A, VC2307 A, 
VC3012A, VCl482E, VC2764B) (Fig. 5a). Two other genotypes (VC2771A, VC2768A) also expressed 
moderate STI values (0.68-0 .88). However, VC2771A was more suitable for stress conditions (Group 
c) and VC2768A was more suitable for nonstressed environments (Group B) (Fig. 5a). Conversely, 
selection based on SSI favor吋 VC2771A， VC2763A, VC2剖2A， and VC1647B belonging to the other 
groups (Groups A, B, D). Furthermore, SSI failed to identify the high-yielding and stress-tolerant 
genotyp的， such as V3476, VC2754A, and VC3012A, in the moderate s仕ess 仕ial.

In severe stress conditions, most of theGroup A genotypes (V3476, VC2719A, VC2802A, VC2771A, 
and VCl482E) al叩 had high STI values. However, Group C genotypes (VC3061A, VC2307 A, and 
VC2754A) also showed high STI values. Although STI was 臼voring genotypes with high yie旭
potential and s仕的 tolerance under severe conditions, more weight was given to 甜的 tolerance.

Under severe stress, SSI also identified most of the Group A genotypes. This was confirmed by a large 
absolute correlation (-0.84) between SSI and STI under severe stress conditions. 

Thus, the 3-D plot (Y,-Yp-STI) separated the Group A genotypes from the other groups more 
effectively and was useful in studying the relationship between STI and Y, and Yp. In a 3-D plot, only 
血e relationships between any three variables can be studied at once. To investigate the relationships 
between more than three variables, a multivariate display such as a biplot can be used. 

Biplot Display of 21 Genotypes x 6 Stress Tolerance Attributes 

For a two-way table consisting of genotypes and the stress-tolerant attributes, the relationship 
between the genotypes (row points) and stress tolerance attributes (vector coordinates) can be plotted 
in the same graph (the biplot). 四1e biplot provides a useful tool for data analysis and allows the visual 
appraisal of the structure of a large two-way data matrix. In the moderate stress, the first dirnension 
explained about 69% of the variation in the data matrix (21 x 6) and had a high correlation among Yp, 
MP, and STI. Thus, the firstdimension can benamed as the yield potential componentwhich separated 
the high yielders from the low yielders. The angles and the directions between the attribute vectors 
illustrate the strength and the direction of correlation between any 仇'{o attributes. Significant positive 
correlations between "(snMP, "(ypsr l! and "(y,5TI w ere revealed in the bi p lot (Fig. 6a). The second dimension 
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expla趴ed about 泊% of the total variability and had posi位ve correlations with TOL and 55I and 
negative correlation with YS ' Thus, the second component can be named a stress-tolerant dimension 
and it separates the stress-tolerant genotypes from stress-susceptible genotypes. In relation to these 
仇!vo components, the genotypes fall into distinct clusters that co訂的pond to their yield potentials and 
s甘ess tolerance. 5tress-tolerant attributes YS/ 5TI, MP, and Yp favored genotypes V3476, VC2754A, 
VC2764B, VC301 2A, and VCl482E. VC2771A, VC2763A, VC2802A,and VC2719Awerefavored by55I 
and TOL. 

In severe stress, the first dimension explained about 63% of the variation in the data matrix (21 x 
6) and had a high correlation among Y., MP, 5虫， and 5TI. Thus, the first dimension can be named as 
a mean productivity - s廿ess tolerance component which separated the high average yielders and 
s廿ess-tolerant genotypes from the low average yielders and stress-susceptible genotypes. 5ignificant 
positive correlations between )'srLMP, and )'YsSfI and significant negative correlations between )'Ys5S were 
observed (Fig. 6b). The second dimension explained about 36% of the total variability and had positive 
correlations with TOL and Yp. Thus, the second component can be named a yield potential dimension 
and i t separa tes the high -yielding genotypes in the nonstress en vironmen tfrom low -yielding genotypes. 
In relation to the two components, the genotypes fall into distinct clusters which correspond to their 
average yield potentials and s仕的s tolerance. The stress-tolerant attributes Y., 5TI, 55I and MP favored 
genotypes, VC2719A, VC2754A, VC2802A, VC3061A, and VC2307 A. VC2771A, VC1482E, VC3012A 
and VC2768A were favored by Yp and susceptible to s仕ess.

Thus the biplot technique provides a graphical representation of interaction pattems that allows 
the response of each genotype in each stress-tolerant attribute predicted by the principal component 
model to be directly identified. Because of its geometrical properti剖， the expected response of a 
geno佇pe and its stress-tolerant attributes may be der切ed from visual inspection of its relativeposition 
on the biplot. 

It can be concluded that 5TI is an overall index of yield potential and s仕ess tolerance. The 3-D plot 
between Ys-Yp-5TI can be used effectively to distinguish the high-yielding genotypes b。由 in the 
nonstressed and stressed environments. The multivariate biplot aids the plant breeder in investigating 
interrelationships between many correlated attributes and to select desirable genotypes. 
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ABSTRACT 
Heat-induced reductions in yield in cowpea (Vigna unguiculata) are often caused by damage to 

reproductive development. Two weeks of high night temperatures (24-300 C) coupled with long 
days (這 13 hours) can completely suppress the development of floral buds, so that they do not 
produce flowers. Pod set also can be reduced by high night tem peratures, and the damage is greater 
wi由 heat later in the night, and when it 函 combined with long days and high day temperatures. 
Influences of red and far red light trea恤ents on heat-induced damage to floral development 
indicate 也at it involves a phytochrome-mediated process. Genotypes with heat tolerance are 
insensitive to photoperiod with respect to floral bud initiation and development. Genetic studies 
demonstrated that heat tolerance during reproductive development is conferred by a set of major 
recessive genes. Presumably, these recessive genes inactivate the phytochrome system. Heat 
tolerance during pod set also involves a m司ordom扭曲t gene. Pod 則必 sensitive to high night 
temperatures occu叮ing 9 to 7 days before anthesis and is associated with premature degeneration 
of the tapetum, inhibition of proline transport to pollen, low viab且ity of pollen, and indehiscence 
of anthers. We have bred heat-tolerant cowpeas by selecting Fz plants with abundant flower 
production and pod set in an extremely hot (Tmax!Tmin of 41/240 C) field environment, followed by 
select姐g families for uniformly high pod set with more advanced generations 扭曲e same 
environment. Advanced breed峙 lines from this program have produced higher yields than 
standard cultivars under a broad range of temperatures (Tmax 33-420 C and Tmin 16-240C) in field 
conditions. 

INTRODUCTION 

Heat-induced reductions in crop yield are often caused by damage to reproductive development 
(Hall1992). 1 will discuss the physiology and genetics of this phenomenon in relation to breeding for 
heat tolerance, giving emphasis to research we have conducted with cowpea (Vigna unguicula仿(L.)
Walp.), but including comparisons to studies with other crop species to illustrate the generality of some 
of the responses to heat. 
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Cowpea is grown bo出 asa vege個ble and a field crop. The al可angand sesiquipedalis (yard-long bean) 
cultigroups of cowpea are extensively grown as vegeta bles in Asia for producing edible pods (Mishra 
etal. 1985). The unguiculata c叫tigroup of cowpea is grown to produce fresh southem pea in the United 
States and Africa, and for dry grain in most 仕opical and subtropical regions of the world. 

Floral bud development and pod set of cowpea are particularly sensitive to high temperatures. In 
theex甘emelyhot, long day summer environment ofImperia1 Valley, Califom泊，USA (daily maximum 
and minimum temperatures of 41/240C during flowering), most cowpea accessions produce eitherno 
flowers orno pods (Warrag and Hall1983; Patel and Hall1990), even though many accessions initiate 
floral buds and abundantly produce biomass. High night temperatures are par位cularly damag凶g，
suppressing floral bud development, such thatcowpea doesnotproduce flowers (Dow EI-Madina and 
Hall1986;PatelandHall1990), orreducingpod set (Warrag andHall1984a, b). In field studies,cowpea 
su均ected to elevated 叫ght temperatures du血g flowering (Nielsen and Hall 凹的a) exhibited 
substantial reductions in grain yield that were mainly due to decreases in the percent of flowers 血at

setpodsσig.1). 
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Fig. 1. Grain yield and proportion of flowers producing pods for a cowpea cultivar (CB5) subjected 
to different night temperatures during flowering under field conditions (from Nielsen and 
Hall1985b). 
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Similar heat-induced abortion of floral buds and reductions in fruit set have been observed with 
tomato (Lycopersiconesculen仙mMill.) (Kuo et al. 1979), common bean (P加seolus vulgaris (L.)), Gossypium 
hirsutum (L.), and G. barbadense (L.), and monocotyledons have exhibited heat-induced reductions in 
seed set (reviewed by Ha1l 1992). Apparently, hot weather can damage reproductive development of 
a broad range of crop species. In this paper, 1 will discuss the physiology of heat-induced damage to 
reproductive development, inheritance and heri個bility of heat tolerance, classification of cowpea 
accessions for heat tolerance, and breeding for heat tolerance. 

HEAT-INDUCED DA弘1AGE TO REPRODUCTIVE DEVELOPMENT 

Heat stress damages processes of early floral development that determine flower production, and 
later processes influencing fruit and seed set and developmen t. 

Early F10ral Bud Development 

Heat-induced s叫uppr跎es鉛叩s剖ion of floral buds 0叫fc∞owpe臼a has been observed i凶n long but not short days 
(DowE曰l

r昀equ凶ir叩ed tωo elicit t血hi沾seH跆ectma旭aybeasshor討ta剖s 1跆es鉛s than 13 hours丸， includi泊ng civil 仇vilight. Days tha t are 
longer than this minimum occur in all subtropical and many tropical zones during the summer. 
Suppression of floral bud development has been observed in extremely hot field conditions (patel and 
Ha1l 1990). In grow仕1 chambers, night temperatures of 300 C (or possibly as low as 240C) for at least 2 
weeks during the first month after seed germination caused complete suppression of all floral buds on 
the main stem (Table 1). In some hot growth chamber conditions floral buds were not suppressed 
(Mutters et al. 1989b), and studies with different artificial lighting systems demonstrated that 
abnormally high red/ far red ratios are responsible for this artifactual response (Ahmed et al. 1993b). 
Consequently, care must be taken with growth chamber studies to ensure that light qualities are used 
which will elicit the same heat-stress responses that occur under field conditions. The mechanism of 
heat-induced suppression of floral bud development under long days is not known. Ahmed and Hall 
(1992) hypothesized that it may involve an inhibitor produced in leaves, as a cons呵uence of a 
noninductive phytochrome system, which is transported to the developing buds and suppresses their 
development under high but not lower night temperatures. 

Table 1. Percent suppression of floral buds as influenced by the duration of heat. Cowpeas (CB5) 
were grown under泊120 and 33/300 C day/night temperatures for different durations, and 
illuminated with a combination of fluorescent and incandescent lamps (RlFR of 1.6 士 0.1)

tor 14-hour photoperiods in both thermal reg泊的(Ahmed and Ha1l 1992). 

Duration of exposure Stage of Floral bud Stages of Floral bud 
to 33/30oC 

(days) 

。10 
14 
18 

DAG = days after germination 

exposure 
(DAG) 

9 -19 
7 - 21 
5 - 23 

suppressIOn exposure suppressIOn 
(%) (DAG) (%) 

。7 o -5 and 23 - 28 2 
83 o -7 and 21 - 28 60 

1∞ 0- 9 and 19 - 28 1∞ 

Heat-induced suppression of floral buds may be a major factor in heat-induced reductions of yield 
in common bean (Ha1l 1992), snap bean (Konsens et al. 1991), toma to (Levy et al. 1978), and Pima cotton 
(Reddy et al. 1992). Influences of photoperiod on heat-induced floral bud suppression have not been 
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established for these sp缸ies. A photoperiod x temperature interaction for days to flowering has been 
described for common bean (Wallace 1985)，血at is consistent with heat-induced suppression of floral 
bud development under long days. Our experience has shown that for specific cowpea genotyp的， the

photoperiod effects are "hidden" in that they are only expressed at high temperatures. A photoperiod 
x heat s甘ess interaction on floral bud development may be present in some cultivars of crop species 
that are thought to be insensitive to photoperiod based on studies under intermediate temperatures. 

Fruit and Seed Set 

Pod setincowpea is sensitiveto high temperatures du血g a specific developmental stage囚curring

9ω7 days before anthesis (Fig. 2). This damaging effect of hot weather is mainly due to high night 
temperatures (Fig. 1; Warrag and Hall1983, 1984b) with high day and high soil temperatures having 
little effect (Warrag and Hall 1984a). Surprisingly, late-nightheatoc curringaftermidnightisdamaging, 
whereas early-night heat is not (Mutters and Halll992). 
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Fig. 2. Percentage of flowers setting pods for cowpea genotype #7964 grown under 33/20 or 33/30 oc 
day/night temperature and 14枷r photoperiod, and 廿ansferred to the other grow趴
chamber for 6 days (frorn Ahmed et al. 1992a). The data for plants 虹'ansferred to 300 C night 
ternperature for 6 days indicate that the period -7 to 0 days before anthesis (DBA) is not 
critical, whereas periods before -7 DBA can be. The data for plan包仕ansferred to 200 C night 
ternperature for 6 days indicate 出at the periods before -9 DBA are not critical, therefore the 
plants were sensitive to high night ternperature during the period -9 to -7 DBA. 

Artificial pollinations demonstrated that the heat-induced reductions in pod set were caused by 
male sterility, and that stigma receptivity and function and ovule viabilitywere not obviously affected 
bytheheattreatment(WarragandHall1983,1984b).Pollenviabilitywasdecreasedinallstudies,whereas 
anther dehiscence was reduced for some genotypes but not for others (Mutters and Hall 1992). 
Presumably, the low pod set under high night temperatures is due to failure of fertilization and 
negligible seed set. 
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The mechanisms whereby high night temperatures reduce pod set in cowpea have been par位ally
elucidated. The 個petal tissue which nurtures developing pollen grains degenerates prematurely 
under high night temperatures (Ahmed et al. 1992), and there is an inhibition of proline transport from 
anther walls to pollen (Mutters et al. 1989a). Fertile pollen of cowpea contain a high concentration of 
proline (3-4% on a fresh weight basis), and it probably is a critical requirement for pollen function. 
These effects on anatomy and transport may be responsible for the reductions in size and viabi1ity of 
pollen grains produced under high temperatures. I..ow anther dehiscence has been associated with a 
lack of endothecium formation in one genotype (Ahm吋 et al. 1992), and persistence of the par制on
between the two sacs of each anther lobe in another genotype (Warrag and Hall1984b). Presumably, 
the failure of fertilization is due to infertility and low vigor of pollen, and, in some cases, indehiscence 
of anthers. Heat-induced reductions in pod set are greater under long days, and responses to 
甘ea伽1ents with red and far red light indicate that this involves a phytochrome-mediated process 
(Mutters et al. 1989b). However, substantial heat-induced reductions 趴 pod set still occur under short 
days (MuttersetaI. 1989b; MuttersandHall1992). Apparently, thereareat leasttwo systems whereby 
heat damages pod set; one is phytochrome-mediated, and the major component is independent of 
photoperiod. The photoperiod x temperature interaction forpod set is differentfrom that for floral bud 
development where heat does not suppress floral buds under short days. 

Heat-induced damage to floral buds and anthers may be caused either by lesions趴 developmental

processes or by shortages in carbohydrate supplies to reproductiveorgans. Thesecontras仙19hypotheses 
were test吋 by subjecting different cowpea genotypes to two levels of [CC\l and night temperature 
(Ahmed et al. 1993a). The genotypes had differences in heat tolerance d山ing early floral bud 
development and pod set but similar genetic backgrounds. Elevated [C02l of700 ppm increased starch 
levels in peduncles (Table 2A), stems, and leaves of all genotypes, but itdid not e叫1ance heat tolerance. 
Under hot conditions, genotype CB5 did not produce flowers and genotype #7964 did not produce 
pods under either 700 or 350 ppm [C02l (Table 2B). The most heat-tolerant genotyp己 #518， was the 
most responsive to elevated [C02l, in terms of pod production, under either high or intermediate 
temperatures (Table 2B). Under hot conditions, the h臼t-tolerant genotype maintained higher levels of 
soluble sugars in peduncles than the heat-sensitive genotypes with either ambient or elevated [C02l 
(Table 2A). These results demonstrated that sensitivity to heat in cowpea du血可 reproductive

development is not due to a shortage in the overall supply of carbohydrates but that it may be related 
to their mobilization. The observation that heat-tolerant genotypes can be more responsive to elevated 
[C02l under both hot and intermediate temperatures indicates that heat tolerance may be an important 
criterion in breeding cultivars that are adapted to the environments of the next century (Hall and Allen 
1992). 

Fruit set in dry bean-type common bean, snap bean, tomato, and cotton e油ibit some similarities 
in response to heat as does cowpea (Hall1992). Pod set in snap bean was substantially reduced by high 
night temperature (270 C), whereas high day temperature (320 C) had smaller effects (Konsens et al. 
1991). Also, pollen of heat-stressed snap beans had low viability, anthers failed to dehisce, and ovule 
developmentwas unaffected by hea t. For tomato, pollen development is pa此icularly sensitive to heat 
(Iwahori 1965), and lack of anther dehiscence may be a major 臼ctor in heat-induced reductions in fruit 
set for some genotypes (Rudich et al. 197η. Low viabi1ity of pollen from tomato growing in high 
temperatures was associated with low proline concentrations (Kuo et al. 1986). Dinar and Rudich 
(1985) studied carbohydrate transport in a heat-sensitive and a heat-tolerant cultivar of tomato. They 
concluded "that assimilate translocation under heat stress is regulated to a gr臼ter extent by the sink 
demand than by assimilate supply by the leaves." 1ρw boll set in cotton has been associated with high 
night temperatures, lack of anther dehiscence, and few pollen grains (Hall1992). Under heat stress, 
Pima cotton does not produce either fruiting branches or bolls, and rice exhibits male sterility, and 
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Table 2. Threecowpeagenotypes grown undertwo temperature and two [COz]regimes with potted 
plants in growth chambers (Ahmed et al. 1992b). 

Day /night [CO~ ppm 
Genotypes temperatures 

(。c) 3到 7∞ 350 7'∞ 

A. Peduncle nonstructural carbohydrate fractions (:f:: SE) 

Starch (mg/g) 
CB5 33/20 2li: 3 87:f:: 3 

33/30 29 :f:: 3 126i: 18 
丹64 33/20 26 :f:: 5 142i: 31 

33/30 12i: 2 94i: 13 
518 33/20 27 i:4 1∞:f:: 27 

33/30 8 :f:: 2 33i: 5 

Soluble sugars (mg/ g) 
199 i:l3 258 土 21

63i: 6 59 :f:: 3 
170 :f:: 12 257:f:: 28 
ω :f:: 60 74i: 13 

16li: 12 20li: 9 
l11 :f:: 8 131 士 11

B. Reproductive responses (:f:: SE) 

33/20 
33/30 
33/20 
33/泊

33/20 
33/30 

Flowers/plant 
7哇士 6 84 :f:: 12 

o 0 
65 :f:: 6 64 :f:: 2 

1∞士 8 104 士 8

70 i:4 8li: 12 
75 :f:: 3 70 士 4

空空坐坐1
15 :f:: 1 26 :f:: 2 CB5 
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elevated [C021 doesnotovercome theseproblems witheitherspecies (HallandAllen 1992). Apparently, 
high night tempera仇lIe is detrimental to fruit set in several species, and it is not due to a general 
starvation for carbohydrates, but is associated with lesions in pollen and anther development. 

Embryo, Seed, and Fruit Development 

Pods of different cowpea genotypes produce 9-20 ovules with many cultivars having 15, but they 
rarely produce this many seeds per pod. Under optimal conditions, only two-也irds of the ovules may 
produce seed on a per plant basis. With high night or high day temperatures, theyproduce even fewer 
seeds per pod, and high day temperatures have been shown to cause emb可o abortion (Warrag and 
Hall1983). It is the ovules at the blossom end of the pod that fail to produce seed when plants are 
subjected to stresses, for most cowpea genotypes. 

The proportion of ovules produc趴g seed is reduced by heat in dry bean-type common bean, snap 
bean, and tomato due to reduced fertilization or increased embryo abortion (Hall1992). For snap bean, 
in contrast to cowpea，也e ovules at the blossom end of the pod have the greatest probability of 
producing seed under heat stress (Dickson and Petzoldt 1989), possibly due to greater opportunities 
for fertilization. 

For cowpea, seeds produced under extremely hot field condi tions can have asymme仕ically twisted 
cotyledons and, for some genotypes, brown discoloration of the seed coa t. High day temperatures can 
result in twisted cotyledons (Warrag and Hall1984a), whereas high night temperatures can cause 
brown discoloration of seed coats (Nielsen and Hall 1985b). These heat-induced effects were not 
associated with changes in germinability but the brown discoloration would substantially reduce 
consumer acceptability. 
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Inheritance and Heritability of Heat Tolerance 

Inheritance of heat tolerance during floral bud development was studied by crossing a heat
sensitive cultivar (CB5) with two heat-tolerant accessions (TVu 4552 and Prima). The suppression of 
peduncle elongation by heat in F1s having one sensitive paren七 and the backcross to a sensitive parent 
(Table 3A), demonstrated 趴at tolerance is recessive in both TVu 4552 and Prima. Reciprocal crosses 
responded similarly indicating that inheritance is nuclear rather than matemal. The segregation of the 
F2s involving one sensitive parent, and the backcross to a tolerant parent (Table 3A) demonstrated 也at
a single recessive gene is involved inheat tolerance in both accessions. The segregation of theF3 families 
and backcross progenies (Table 3B) confirmed that heat tolerance in TVu 4552 involves a s凶gle

recessive gene. Thesegregation of theF2 and backcross populations involving only Prima and TVu 4552 
(Table3A) are consistentwith thehypothesis that both accessions have the samerecessive gene for heat 
tolerance. Subsequent studies demonstrated tha t tolerance to heat during early floral bud development 
(ability to produce flowers) can be effectively selected during the first segregating generation (e.g. F2) 

providing plants are subjected to sufficient heat during the first month after germination. 

Table 3. Inheritance of heat tolerance during floral bud development (P.N. Patel, unpubl. dat吼

A. Parents，民， Fu and backcross populations under hot, long-day glasshouse conditions 

CB5 (c) 
TVu4552 (T) 
CxT 

Cx(CxT) 
Tx(CxT) 
Prima (P) 
CxP 

PxT 

Px(PxT) 

Peduncle elongation 
且已且且ts)

些血空空且
4 
0 
8 

75 
38 
16 
0 
4 

37 
0 
0 

。

F1 

F2 

BC 
BC 

121

2
C 

R
A
FF-EARFRU 

Normal 
o 
4 
0 

24 

。14 
4 

。13 
28 
63 
17 

Expected 
ratio Prob. χ2 

3:1 .030 .90 - .75 

133 .75 - .50 1:1 

3:1 .027 .90 - .75 

B. F,-derived F3 families and backcross progenies under hot, long-day field conditions 

Peduncle elongation 
(no. families) 

Uniformly Segre- Uniformly Expected 
suppressed ga也可 normal ratio χ2 Prob. 

CxT 25 40 24 1:2:1 .933 .75 - .50 
Cx(CxT) self 19 20 。 1:1 .026 .90 - .75 
Tx(CxT) self 。 14 14 1:1 α)() >.99 

Heat sensitivity during early floral bud development is phytochrome-mediated and involves at 
least one dominant gene，的 discussed in the previous paragraph and by Hall (1992). Classical 
sensitivity to photoperiod for floral bud initiation also is phytochrome-mediated and involves at least 
one dominant gene. Multiple forms of phytochrome are present in plants (Smith and Whitelam 1990). 
It has been suggested tha t the dominan t genes conferring hea t sensitivi ty and the classical photoperiod 
response may control the syn血的is of these different forms of phytochrome 們all1992).
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The major component of sensitivity to heat during pod set, in cowpea, is not influenced by 
photoperiod. Two sets of cowpea accessions were chosen 也at differ in heat tolerance du血gpod set 
but appear to be insensitive to photoperiod. The tolerant set consisted of TVu 4552 and Prima. The 
second set consisted of Magnolia, Bambey 23, and #7964 which are sensitive to heat duringpod set but 
tolerant during floral bud development (they produce fIowers). Inheritance of the number of pods set 
per 戶duncle was evaluated using parental, FI' F2f and backcross progeny subj配ted to hot, long day 
field conditions (Marfo and Hall1992). The proportions of heat-tolerant plants defined based on pod 
set (Ta ble 4) are consisten t wi th the hypothesis tha t hea ttolerance during pod setis conferred by a single 
dominant gene in both TVu 4552 andPrima. Substantial variation dueto error or environmental effects 
also was present. R配iprocal crosses responded similarly indica貨單位lat inheritance is nuclear rather 
than matemal. Chi-square tests demonstrated 也at all of the BCP2 pop叫ations and seven out of eight 
F2 pop叫ations had segrega位on ratios that were not significantly different from th即可 for effects due 
to a single dominant gene. The deviations between observed and expected values in Table 4 are, 
however, of sufficient magnitude to justi句r studies of heritability. 

Table 4. Proportions of heat-tolerant plants' in various populations under hot, long-day field 
conditions (from Marfo and Hall1992). 

~叫ations

Parents F1 F2 BCP1 BCP2 

Tolerant x Sensitive 
1987 

Prima x Magnolia 83 79 86 57 
Prima x Bambey 23 85 75 93 49 
Prima x 7964 94 69 93 61 
TVu 4552 x Magnolia 89 69 90 63 
TVu 4552 x Bambey 23 1∞ 59 92 55 
TVu 4552 x 7964 87 67 91 54 

1988 
Prima x Sensitives 70 91 49 
TVu 4552 x Sensitives 84 70 88 58 

Mean 90 (1∞)b 70 (75) 90 (1∞) 56 (50) 

Tolerant x Tolerant 
1987 

Prima x TVu 4552 1∞ 81 1∞ 94 
1988 

Prima x TVu 4552 1∞ 88 1∞ 96 
Mean 1∞ (1∞) 84 (1∞) 1∞ (1∞) 95 (1∞) 

Sensitive x Sensitive 
1987 

7964 x Bambey 23 27 23 9 7 
7964 x Magnolia 。 42 3 。Bambey 23 x Magnolia 37 6 7 

Mean 21 (0) 24 (0) 6 (0) 3 (0) 
'H曲t-岫lerant plants were delined as having numbers 01 pods/peduncle 孟 them田n value 01 the most heat-tolerant parent (Prima) and the 

average 01 the sensitive paren旭
b Expected value assuming h田t tolerance is conlerred by a single dominant gene in both Prima and TVu 4552 
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The populations described in the previous paragraph were used to evaluate heritability of heat 
toleranceduringpod set (Marfoand Hall1992). Heritabilities were similar forTVu 4552 and Prima, and 
average broad-sense and narrow-sense heritabilities were 0.38 and O.詣， respectively (Table 5A). We 
also quan tified the realized heri ta bilities tha t would resul t from selecting F2 plan ts and then ev al ua ting 
them as F3 families the following year. Realized heritabilityvalues (Table 5B) were low and similar to 
the narrow-sense heritabilities. Apparently, inc。中ora仙19 heat tolerance during pod set will require 
some family selection in advanced generations to ens山e the trait is fixed and to partially overcome 
selection difficulties caused by the environmentally induced variation. 

Table 5. Heritability of heat tolerance during pod set under hot, long-day field conditions (from 
Marfo and Hall1992). 

A. Heritabilities (:t SE) and estimates of variances for pods per pedunc]e 

Additive Dominance Genetic Environ. H2 h2 
Pop叫ation vanance vanance vanance vanance (broad) (naπow) 

1987 
Prima x Sensitives 0.032 0.022 0.054 0.074 0.42 :t O.的 0.25 :t 0.06 
TVu 4552 x Sensitives 0.047 0.012 0.059 0.106 0.36 :t 0.06 0.29 :t 0.10 

1988 
Prima x Sensitives 0.17 0.04 0.21 0.37 0.35 :t 0.10 0.29 :t 0.05 
TVu 4552 x Sensitives 0.10 0.11 0.21 0.33 0.39 :t 0.15 。.1 9 :t 0.07 

Mean O.的 0.05 0.13 0.22 0.38 0.26 

B. Realized heritabilities (:t SE) and pods/pedunc1e for selected F2 plants and their progeny 

1987 1988 
Selected Fz plants F3 families 

Pop叫ation Tolerant Sensitive Tolerant Sensitive h2 
一一一一一一一-- No. of pods/peduncle 一一一一一一一-一-

Prima x Bambey 23 3.75 O .叩 2.17 1.01 0.36 :t 0.12 
Pr凶la x 7964 3.叩 O.∞ 1.82 0.96 0.25 :t 0.14 
Prima x Magnolia 3.75 0.25 1.83 0.91 0.25 :t 0.08 

TVu 4552 x Bambey 23 3 .∞ O.∞ 1.87 0.88 0.33 士 0.10

TVu 4552 x 7964 3.50 0.25 1.67 1.06 0.19 :t 0.11 
TVu 4552 x Magnolia 4 ∞ O.∞ 1.79 1.∞ 0.20 :t 0.的

Mean 3.58 0.17 1.86 0.97 0.26 

Some cowpea genotypes that normally have a white or a cream seed coat, exhibit a brown 
discoloration of the seed coat when subjected to high night temperatures. Accession TVu 4552, which 
is tolerant to heat during both early floral bud development and pod set, exhibits heat-induced seed 
coat browning (Nielsen and Hall1985b). Genetic studies demonstrated that this defect is dominant to 
normal seed color and govemed by a single nuclear gene that does not appear to be linked to the 
recessive gene conferring heat tolerance during floral bud development (patel and Hall1988). 

The genetic studies have demonstrated tha t hea t tolerance is complex, but tha t it can be subdivided 
into individual processes that are simply inherited. The information on inheritance provides a genetic 
basis forclassifying cowpea accessions with respect to their heattolerance, and a blueprint for breeding 
heat-tolerant cultivars. 
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CLASSIFICATION OF COWPEA ACCESSIONS FOR HEAT TOLERANCE 

Cowpea accessions were classified into eight groups by Patel and Hall (1990) based upon their 
reproductive responses under hot long-day field conditions. Representa位ves of these groups have 
been studied using rnore controlled hot conditions in a glasshouse under both long and short days. 

The rnost heat-tolerant accessions discovered by the field screen趴g did not have cornplete heat 
tolerance in the hot long-day glasshouse conditions (Table 6). Prirna exhibited low pod set as had been 
observed in other controlled-environrnent studies (Warrag and Hall1983), but it has high pod set in 
hot field conditions (Marfoand Hall1992). TVu 4552 e油ibited abortion of the earliest floral buds which 
hadal的 been observed in hot field conditions (Marfo and Hall1992). The rnost heat-tolerant geno佇pe
under the hot long-day glasshouse conditions, #518, was bred using rnethods discussed in the next 
section. The glasshouse studies indicated that IT81D-1007 has considerable heat tolerance under long 
days, and it was probably rnisclassified in the earlier studies by Patel and Hall (1990). The genotypes 
which exhibited norrnal floral bud developrnent and pod set under hot long-day conditions also 
exhibit吋 substantial heat tolerance under hot short-day conditions (Table 6). Apparently, early 
photoperiod-insensitive cultivars could be developed that have heat tolerance under a range of 
daylength conditions. 

Table 6. Classification of cowpea accessions with respect to their reproductive responses under 
long and short day conditions in a hot (day/night ternperatures 33/300 C) glasshouse (P.N. 
Patel, unpubl. data). 

Longdays Shortdays 
Group' Accession Originb Floral budsc Pod setd Floral buds Pod set 

518 UCR NNN high NNN very high 
Pr世la Nigeria NNN low NNN high 

II TVu4552 Nigeria ANN high NNN very high 
W IT81D-1∞7 IITA ANN high NNN very high 
III B扭曲ey 23 ISRA NNN none NNN moderate 
IV CB5 USA AAN none NNN high 
V B扭曲ey 21 ISRA AAA noflow. AAN moderate 
V IT82E-60 IITA AAA noflow. AAN high 

VI Vita 1 IITA VVA noflow. VAA low 
VI Vita 5 IITA VVA noflow. VNN very high 
VI Sumbrisogla Ghana VVA no flow. VNN high 
VI 58-57 Senegal VVA no flow. VAA noflow 
VI Mougne Senegal VVA no flow. VAN moderate 

VIII Tn88-63 Niger VVV VNN high 
VIII UCR278 Sudan VVV VNN very high 
VIII UCR449 Cameroon VVV VVV 

• Group classification from Patel and HaU (199的
b UCR (Univ. of Ca lifomia, Riverside), ISRA (Institut Senegalais de Remerm由 Agricoles)， and nTA (In t1. Inst. of Trop. Agr.) 
, N = normal f10ral bud development, A = aborted f1ora1 buds, and V = vegetative buds. The first letter describes the buds on the third to sixth 

nodal positi凹， and subsequent letters describe buds on later nodes on the main stem 
d no f1 0W. indic刮目 no flowers we間 produ田d

The Group m accession, Barnbey 23, is early and heat-tolerant during floral bud developrnent but 
heat-sensitive during pod set producing flowers and no or few pods under hot long- and short-day 
condi tions (Ta b le 6). Genetic studies (Ta bles 4 and 5) demonstra ted tha t this accession does not con tain 
the dorninant gene for heat tolerance during pod set present in accessions in Groups 1 and 11. 
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TheGroup IV accession, CB5, is early but sensitive to hot long days producing few flowers butwith 
substantial heat tolerance under hot short-day conditions (Table 6). Genetic studies (Table 3) 
demonstrated that this accession does not contain the recessive gene for heat tolerance during early 
floral bud development present in accessions in Groups 1 and 11 (and 血).

Group V accessions differed from the Group IV accession in that they exhibited floral bud abortion 
under hot short- as well as long-day conditions (Table 6). 

Group VI accessions flower late, producing their first floral buds on high nodal positions (Table 6). 
None of these accessions exhibited heat toleranceduring earlyfloral bud development under long-day 
conditions. All of them produced floral buds earlier (on a lower node) under short-day conditions, and 
Vita 5 and Sumbrisogla exhibited heat tolerance for both floral bud development and pod set under 
these conditions. Apparently, genotypic differences in heat tolerance are present in later-flower凶g
tropical accessions that are expressed under short days. 

Group VIII contains accessions with a classical short-day response to photoperiod in that they do 
not initiate floral buds under long days (Table 6; MuUers et al. 1989b) irrespective of the temperature. 
These accessions probably have an additional dominant gene conferring phytochrome-mediated 
inhibition of floral initiation under long days. 

The system developed to classify cowpea accessions for heat tolerance under long days has both 
a genetic and an ecological foundation (Patel and Hall 1990). Specific groups included accessions 
developed in the same regions or for the same growing seasons in these regions. Adjacent groups, e.g., 
1 and 11 or V and VI, probably have smaller genetic differences between them than widely separated 
groups, e.g., 1 and VIII. Further studies are needed of the genes controlling nodal position of the first 
floral bud that separate Groups V and VI. This classification system should be expanded to account for 
genetic differences in heat tolerance expressed only in short days, such as were observed in Group VI. 

BREEDING FOR HEATTOLERANCE 

A cowpea genotype (#518) has been bred by P.N. Patel, UniversityofCalifomia, Riverside, thathas 
greater heat tolerance than ei趴er Prima or TVu 4552 (Table 6). The breeding program consisted of 
crossing CB5 with TVu 4552, and immediately backcrossing with CB5. In early generations, individual 
plants were selected thatexhibited abundantflowering and pod setin a hot long-dayfield environment. 
In later generations, lines with uniformly high p吋 setwere selected in the same hot field environment. 
In trials in 出is field environment with three different sowing dates, #518 produced 20, 252, and 487% 
more grain yield than CB5, which was the standard cultivar in California at that time (Hall and Patel 
198月. The three sowing dates subjected plants to warm, hot, and extremely hot environments. 
However，由is location is not suitable for commercial production of cowpea , and it is necessa可 to
evaluate the contributions of heat-tolerance to yield 趴 commercial production environments. 

Advanced cowpea lines have been bred by P.N. Patel and A.E. Hall that have traits needed in 
commercial production locations in California, such as resistance to Fusarium wilt. Some of these lines 
have heat tolerance from both Prima and TVu 4552, and were selected for abundant flower production 
and pod set during several generations in an extremely hot field environment (Imperial Valley, CA, 
USA) . Four of these heat-tolerant lines consistently produced higher grain yields than either heat
sensitive cultivars or heat-sensitive advanced lines over 3 years of testing in a commercial production 
environment (Table 內. Temperatures over the 3 years varied from warm to hot, but were cooler than 
the screening nursery where the heat-tolerant lines had been selected (Tableη. Apparently, this 
approach for inc。中orating heat tolerance is improving adaptation to a range of temperature regimes. 
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Table 7. Grain yields of advanced breeding lines and cultivars of cowpea, and air temperatures 
during the yield trials and 扭曲e screening nursery. 

keamey Agric叫tural Cent前

1989 1990 1991 
一- grain yield in t/ha 一-

3.63 3.38 4朋

旦旦立巨
Heat-tolerant 

H8-9 

H8-14 
H8-8 
H14-10 

Heat-sensitive 
W18-7 
W18-10 
W19-15 

CB46 
CB5 

Mean 

Parents 
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η
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眩
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丸
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丸
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3.68 
3.54 
3.55 

Meana 

. %-
30 

3.20 3.17 17 
3.08 3.43 17 
3.26 3.13 16 

2.97 3.的 11 
2.99 2.94 10 
3.07 2.65 10 

3.02 2.82 8 
2.68 2.52 。3.07 3.10 

Imperial V.越ley"

1991 Screening Nursery 
25 33 
21 29 

Average 
temp. (oC) 
Daily (24 ho山)

些且旦旦旦

Prima, TVu 4552, Magnolia, 
CB3, CB5, & CB77 

Chino, CB3, & CB5 3.47 
3.52 
3 的Pr凶la， TVu 4552, Chino, 

CB5, & CB77 
PI 166146 & CB5 
Standard c創var

mm%

-M 

a-

-3 

keamey Agricultural Centerl' 
1989 1990 
2活 29

21 23 
‘ M且n va1ue as % increa回 compared with the m田n 01 the standard cultivar 
b From 46 個 75 daysalt叮 planting.

, From 31 柚 51 days alter plant趴g

In addition, it has been shown that some vege個ble cowpea varieties developed empirically by yield 
tes出g under hotconditions in India have heattoleranceduring reproductive development under long 
days (Patel and Hall1986). 

Improved cultivars of several crop species have been developed by inco中orating heat tolerance 
during reproductive developm酬， including tomato (句eña et al. 1989), co位on and common bean 
(reviewed by Hall1992). Some of thetomatoand snap bean cultivarsdeveloped for short-season, c∞ler 
environments also have heat tolerance during fruit set indica也可 that for these species, also, heat 
tolerance may confer broader adaptation (Halll992). 

1 recommend the following overall procedure for breeding cowpea cultivars with enhanced heat 
tolerance and adaptation to a broad range of thermal regimes in long-day environments. Advanced 
lines from our program, such as #518 and H8戶9 (Table 內， are probably the most effective parents 
available at this time for conferring heat tolerance during reproductive development under long days. 
The heat-tolerant parent should be crossed with a locally adapted cultivar and, possibly, immediately 
backcrossed with the same cultivar. Progeny from the first segregating generation should be screened 
for ability to produce flowers and set pods under long-day environments with ve可 hot night 
temperat盯es. In subsequent generations，臼milies should be screened for agronomic 仕aits凶 the target 
production environment, including any disease or pest resistance, that are needed. At the same time, 
these families should be evaluated in the hot, long-day environment to eliminate those families not 
e油ibiting uniformly high flower production and pod set. Preliminary, advanced, and multilocation 
yield testing should be conducted with the advanced lines in several commercial production 
environments chosen to provide a broad range of thermal regimes. Cultivars developed by this 
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program would have heat tolerance under both long- and short-day conditions, but they would be 
early and would not have the photoperiod responses血atcan improve adapta tion in 仕opical short-day 
envíronments. 

Directly breeding cultivars with heat tolerance for 廿opical short-day environments would require 
hea• screening and yield tes也可 environments that have short-day conditions. In addition, the heat
tolerant parent would have to have photoperiod responses and cycle lengths that are suitable for the 
particular ecological zone (e.g. Vita 5 or UCR 278 趴 Table 6). Information on the inheritance of h臼t

tolerance under short-day conditions is needed to facilitate the development of an efficient breed凶g

program. The dominant gene in Prima and TVu 4552 that confers high pod set under hot conditions 
should be evaluated in different genetic backgrounds to determine whether it is effective under short
day environments when the dominant genes are present which confer sensitivity to photoperiod. The 
extent to which major dominant genes are presentwhich enhance fruit set under a range of conditions, 
including high or low temperatures and possibly other stresses, should be determined because these 
genes would be useful in breeding cultivars for many different environments. 
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ABSTRACT 

Good quality lettuce (Laduca sativa L.) production in North America is best achieved during 
cool temperatures (average daily temperature of 18.50 C). Athigher temperatures adverse growthcan 
result, such as increased plant size (poor heading), necrotic leaf margins (tipburn), and premature 
stem elongation (bolting). Our laboratory has ongoing research to address the problems associated 
with high temperature s悅的 in lettuce. The problems of poor heading, tipburn, and bolting have 
been pa前ially alleviated by breed凶g for reduced vigor, increased head凶g， and delayed bolting, 
while simultaneously selec出g for high quality. Recently, we have investigated the role of 
gibberellins (GA) in stem elongation. Several GA-responsive mutants were isolated and shown to 
be deficient in GA1 (伽 putative active gibberellin). Some of the progeny from crosses with normal 
lettuce were smaller, yetwere slower bolting and had better head formation under high temperatures. 
Currently, several new trai恆的being studied. These include: (1) to possibly introduce the biennial 
characterinto lettuce, thus removing 缸mualism by further delaying the bolting phenomenon, and 
(2) to greatly expand to叫 root length, thus improv扭8 位\e plant's ability to withstand periods of 
stress by 卸creasing its capacity to absorb available water and nutrients. 

INTRODUCTION 

Lettuce (Lactuca sativa L.) is thought to have originated in the Mediterranean basin, bounded by 
westem Asia, northem Africa, and southem Europe (Ryder 1979). 四1ere are several hypo血eses as to 
how it carne into existence, but rnost of its genes have corne frorn the wild, but closely related prickly 
lettuce (Lactuω serriola L.) (Kesseli et al. 1991). To help understand how and when lettuce responds to 
high-ternperature environrnents, it is useful to study its wild relative. 

Prickly LeUuce 

L. serriola is well adapted to ternpera te zones throughout the world where rnild win ters are followed 
bywarrn surnrners. In its natural setting, seeds of this species gerrninateduring thewinter rainy season 
and forrn a lea句T rosette and virtually no stern. As winter becornes spring, leaf growth becornes 
vigorous and the plant grows rapidly. During this transition, daylength and ternperature increase, 
while precipitation decreases drastically. By this tirne a deep tapr∞t has forrned which provides rnuch 
needed rnoisture as well as sustenance to the shoots during flowering and seed set. During stern 
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growth, intemodes elongate rapidly, floral s仕uctures appear, and a large panicle forms. From this 
description, it is important to remember that prickly lettuce vege泊位ve growth occurs during short 
days and cool temperatures, while reproductive growth takes place during long days and high 
temperatures. This offers a clue to why lettuce production and heat are often incompa討ble.

Lettuce Selection 

Du自19 several thousand years of lettuce development, curious gardeners and agric叫turalists
sel配tednew forms of this species, which musthave displayed an ability to thrive in a partic叫arregion
(Ryder 1979). An illustration of this would be plants 也at exhibited the heading tendency (epinastic 
growth of inner rosette leaves) for the first time. The breeding and selection of new strains has 
continued to this day. With the advent of refrigerated transport and storage, the succulent leaves of 
lettuce are now eaten daily in salads throughout much of the developed world. Fresh le出lcegrownon
one continent is being consumed as fresh salad in another without significant deterioration of the 
product. Lettuce is becoming a staple food for many people around the world. 

High-Temperature Environments 

Yet, despite thesedevelopments, the requirement forcultivation in coolcl凶la tes has notappreciably 
changed 趴 all those years. In North America, summer production of lettuce is restricted to the cool 
coas個1 valleys of Califomia and Washington State, the high mountain valleys (above 25∞ m) of 
Colorado, and thenorthem lake regions ofMichigan, New York, Ontario, and Qu至bec. In these areas 
daily highs average from 21 to 240C and lows around 100 C, with an overall daily average of 18.50 C. 
These growing areas constitute a very small proportion of arable land on our continent. Hence, there 
is a perceived need to study the adaptability of lettuce in higher-temperature environments. 

Lettuce Biology 

Lettuce is in 也e Asteraceae (Compositae). It is nearly 100% self-fertile; outcrossing is rare. After 
germination, seedlings form a rosette of leaves and leaf growth continues in this form until the 
transition to flowering. Lettuce is considered a vege切tive long-day plant. Flowering is induced by the 
accumulation of photosynthetic-hours 也at occur during the vegetative period. Once a certain 
threshold of hours is reached, stem elongation (bolting) initiates, followed quickly by formation of 
floral primordia and eventual flowering. Most lettuce is grown for its leaves.αlce bolting begins, 
biochemical changes occur rapidly, rendering the plan t inedible. In the initia tion of this process in head 
lettuce, intemodes begin to elongate and the head becomes 1∞se (puffy) and unmarketable. 

The effects ofhigh temperature on lettuce germination and growth can be disastrous, and enough 
to make anyonewho tries to grow lettuce under these conditions give it up quickly. Firstly,lettuce seeds 
will not germinate when soil temperatures are greater than 250C. If the seeds imbibe at temperatures 
>250 C, they become dormant (thermodormant) and will come out of this dormancy only after an 
unspecified period causing erratic germination and a p∞r s tand. Exposure to severe high tempera tures 
during the seedling stage can cause vigor loss and plants may become stunted. Heat-induced necrotic 
leaf margin or tipbum can 仗cur throughout the plant's life. This disorder can further stunt the plant 
by decreasing photosynthetic tissue in addition to acting as a center for la ter infection. Prior to harves七
heat can cause premature bolting, causing leaves to become bitter and heads to become puf句 All of 
these factors prevent lettuce from being a viable crop in warm climates around the world. 

Lettuce Cultivar Types 

Today in North Ameri凹，we divide lettuce types broadly into six categories: the looseleaf lettuces, 

由 romaines (also known as cos lettuce), the bu悅rheads， the crispheads (also known as ic由erg
lettuce), the latin lettuces, and the stem lettuces. Of these six types, crisphead lettuce has more than別%
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of the market share. The leaf and romaine cultivars are gaining in popularity partly because of their 
higher nutritional value, as well as con廿asting tastes and textures . Butterheads are the traditional 
lettuce in Europewhere severalhundred varietieshave been developed during the pastcentury. Latin 
lettuce resembles both romaine and butterhead lettuce. It is popular in warmer clima tes where lettuce 
is grown during cool, mild winters. Stem lettuce is grown for its succulent stalks which are popular in 
Asia and North Africa. In North America virtually alllettuce improvement is aimed at cultivars for 
outdoor culture. In addition to the summer districts already mentioned, there are winter production 
areas located in the Sonoran desert and the lower Rio Grande Valley ofUSA and Mexico, as well as on 
the southem Florida peninsula. There are a large number of gree吋louse cultivars that have been 
developed in E urope for use d uring the win ter mon ths. Win ter ou tdoor lettuce is also prod uced in Ital y, 
Spain, and Israel. 

LETTUCE BREEDING IN NORTH A孔1ERICA

History 

Cultivar development on 出is continent is a continuation ofwhatwas started in E山ope using the 
lettuce types immigrants brought with them from the old countries. Due to more extremes of climate 
in North Ameri凹， Iettucewas usually grown as a spring and autumn vegetable either inhome gardens, 
or 趴如-called truck gardens located in and around largecities, where daily harvests ofvegetables were 
quickly加nsported to market for sale. Prior to 1900, most cultivars were either looseleaf or butterhead 
types brought over from Europe and selected for adaptation in local areas. However, during this 
cent叮y， first the Batavian strains (the progenitors of modem day crispheads) were favored, and more 
recently the American crispheads or iceberg types have become the dominant type. 

Western States 

Due to its cabbage-like shape and firmness, crispheads were easier to transport. αlce refrigerated 
storage was introduced, long distance rail shipments of these lettuces became feasible. The states of 
Califomia and Arizona were optimal for growing lettuce, because of their d可 climate and potential for 
abundant irrigation. U.S. Department of Agriculture (USDA) scientists started breeding lettuce there 
in the 1920s. They used Ba tavian-derived strains such as cv. New York and Hanson, crossed wi th other 
lines to introduce better uniformity and quality, in combination with genes for disease resistance. 
Although heat tolerance was needed at the time, the abundance of rich farm land in cool climatic 
regions allowed for the use of susceptible lines. Resistance to early bolting, which is perhaps the most 
important factor in high租mperature environm凹的， was not specifically studied at the time. 

However, recently in Califomia and Arizona, as prime agricult盯alland has been converted into 
vast residential subdivisions, there has been a need to develop cultivars with increased heat tolerance 
in the Westem States. These states currently produce -90% of the lettuce consumed on this continent 
(Anon. 1989). Production areas there are much better suited to meet the standards of quality required. 
In the future there is a real need for adapted and improved strains of lettuce to serve an expanding 
market. 

Eastern States 

。1 the eastem side of the continent, aside from the winter production areas in Florida, heat 
tolerance has always been a factor in cultivar developmen t. Growing conditions there are typified by 
great fluctuations in temperatures, frequent rainfall, and high relative humidities. Cultivars selected 
for these regions had reduced vigor, a strong heading tendency, and the ability to withstand high-
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temperat叮e stress. Eastem production was also based on Batavian types early on, followed by cv. 456 
and later by Great Lakes 659. Crosses were made with the USDA cv. Empire, which contributed a high 
levelofbol也可 resistance to a group of new cultivars from New York State: Oswego, Fulton, Minetto, 
and Ithaca. These were popular until the release of corky root-resistant cultivars from Wisconsin. 

Tes油19 of the cv. Empire in Califomia led to its use as the major variety for high temperature 
production in the Westem States. 

Due to the preference among North Americans for crisphead lettuce, virtually all of the cultivar 
improvement in lettuce here has been with this type. The looseleaf and romaine types are much less 
resistant to heat and bolt easily. With the recent surge in consumption of these types, efforts are 
underway to transfer genes for heat tolerance as well as disease resistance. 

Recent Developments 

A concerted effort by the USDA to improve the Westem cultivars with regard to high temperatures 
has been underwayforabout30years. This workhas focusedon three specific effects ofheaton lettuce: 
(1) increased plant size and loose heading, known as puffiness, (2) necrotic leaf margin development, 
known as tipbum, and (3) premature stem elongation, or bolting. 

Plant size 

Under the cool growing conditions of the westem U.S., primary selection pressure is for increased 
size and vigor. However, the reverse selection criterion is needed for high-temperature conditions that 
sometimes prevail. Hence, selection for smaller size and increased firmness is necessary. An example 
of this difference is the cv. Mon temar, a smaller，自rmer selection ou t of cv. Calmar, which can withstand 
higher temperatures yet not become puffy. 

Tipburn 
Tipbum has more than likely been a nagging problem since the start of lettuce cultivation. This 

physiological disorder occ山s when the translocation rate of calcium ions through the xylem is 
insufficient to meet the needs of rapidly growing tissue. This phenomenon frequently takes place 
when: (a) transpiration from the leaf surface is inhibited, as is the case during head formation, and/or 
(b) is accentuated by rapid growth as is the case during high temperatures (Shear 1975). Many 
nonheading lines are susceptible to tipbum and need only 1 day of higher-than-normal temperatures 
to induce symptoms. However, for even moderately resistant crispheads, typically the margins of 
newly developing leaves inside the head develop necrosis, which is unsightly and may become an 
infection site for pathogens. 

Resistance to tipb盯n has been found in existing lettuce germplasm. Our laboratorγhas been 
diligent in screening all segrega出g progenies for tipbum symptoms during field selection. This 
approach has led to successf叫 development ofresistantstrains that are in use today. Even higher levels 
of resistance have been detected and are being inc。中orated into breeding lines. One obstacle to 
efficient detection of this disorder is the lack of a dependable laboratory screening procedure. Tipbum 
symptoms induced in environmentally controlled conditions do not correlate with field-induced 
symptoms. We are 扣rthering our efforts to come up with a procedure at this time. 

Bolting 

Present work with bolting resistance began in 1975 wi th an effort to move resistance genes from cv. 
Empire, mentioned earlier, to cv. Salinas. Sa linas has ve可 wide adaptation throughout production 
areas as well as qualities that buyers and consumers prefer over all other types. However, Salinas is 
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susceptible to bolting, and thus can be grown well only in the cooler regions. At that time, other 
cultivars with higher levels of resistance were available, but these were considered inferior. Screening 
of progeny from this cross was done in high-tempera ture environments thereby ensuring the selection 
of lines with resistance obtained from the Empire parent while maintaining the Salinas type. After 
repea ted trials under ideal condi tions, little progress was evident. All progeny with the preferred type 
were bolt泊g-susceptible. We concluded that in this instance, the combination of type and heat 
resistance was difficult to achieve and began to look for other means to reach our goa l. 

However, some progress has been made in this regard with selections from another cross: Empire 
x Vanguard 75. In this case, the Vanguard type was combined with bol也可 resistance， to produce the 
cultivar Autumn Gold, which was released in 1987. We are currently making selections in an Autumn 
Gold x Empire cross to increase the level of bol也可 resistance further. However, these lines are not 
suited for production in most of the major growing districts. 

CURRENT WORK 

Although we have been partially successful 凶 combining higher levels of quality with bolting 
resistance, further progress is required, mandating a different set of approaches. New genes have to 
be found. 

Gibberellin Mutants 

Bukovac and Wittwer (1957) reported that gibberellin A3 (GA3), when applied to rosettes oflettuce, 
induced premature bolting. They determined 也at GA3 could actually substitute for important 
environmental factors that were known to cause premature bolting in lettuce, such as long days, 
vemalization, and high temperatures. Their results were repeated in our laborat。可 and further 
verified by treating lettuce with GA biosynthesis inhibitors, such as CCC (2-
chloroethyltrimethylammonium chloride) and paclobutrazol ([2RS,3RS]-1-[ 4-chlorophenyl]-4,4-
dime趴yl-2-[l ，2，4-triazol-1-yl]pentan-3-o 1) to reduce stem lengths (Waycott 1986). 

We hypothesized that lettuce with lower endogenous GA levels might have less tendency to bolt. 
The early flowering strain oflettuce (Ef) was trea ted wi th ethyl methanesulphonate and M2 plants were 
screened for reduced plant stature. Over 5000 plants were examined of which seven dwarf mutants 
wer叫ound. From crosses among these mutants, three nonallelic, recessive genes for dwarfing (dω戶，
dω戶， d到β) were characterized (Waycott and Taiz 1991). More recently the action of a fourth gene has 
been observed，的 it appears that dw_戶 has two recessive genes for dwarfing. 

Inorderto show theseplants were indeed mutants of theGA biosyntheticpathway, extractsofdwf1 
anddω戶 were made and quantified by immuno-affinity chromatography and GC-MS. Shoots of the 
smallerdwj2 had roughly 10% GA1 compared to wild type, while the larger dwf1 had about 50% of wild 
type (Table 1) (Waycott et al. 1991). GA1 is thought to be the active GA in lettuce. Bioassays using GA 
pathway intermediates (ent-kaurenol, e衍-kaurenoic acid, GAsraldehyde, GA泊， GA19, GA20, and GA1) 

indicated that dω戶 was blocked at an early point in the pathway; dwf1 was not studied. 

Table 1. Endogenous gibberellin levels (ng/1∞g)inshoo的 of early flowe也可 (Ef) s廿a恤，dw戶， and
d油位.
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Crosses with the Mutants 

All of the GA-deficient mutants were crossed with the cv. Salinas and progeny were selected for 
delayed bol出g. Due to the biological nature of the dwarf mutants, i.e. monogenic and GA-deficien七
wespec叫ated that progeny from this cross would not be greatly delayed in bolting, but rather that a 
certain proportion of the progeny would be smaller. A small percen切ge ofF2 plants were smaller and 
theseplants were selectedasa new lettucety阱， called "mini-le忱uce"， for possible commercial use la ter 
on. Normal-sized plants were selected for bolting resis個nce; however, after several generations of 
selection, no suitable material was uncovered, indicating these genes do not directly affect the bolting 
process. 

New crosses c山rently are under way to combine bol加g resistance genes from several sources. 
Some of these are known sources of resistance (cv. Fairton and Valtemp, bo出 Eastemcrisphead types) 
while others are single plants selected for their delayed tendency to bolt. A high-temperature breeding 
plotwas established3 years ago to screen segregatingprogenyand prel出inaryresultsareencouraging.

Tests with the mini-lettuce have proven successful. Despite the fact that the dwarfing genes affect 
GA biosynthesis and not bolting directly, the number of days to bolting in these plants is significantly 
delayed in this strain. Tests in our high-temperature plot as well as in commercial fields in New York 
and Pennsylvania (eastem USA) have shown this lettuce to be slower. This is of particular note because 
westem lettuces do not perform well in the heat and high relative humidity of趴e Eastem production 
areas. However, the mini-lettuce did. Even during days with temperatures as high as 350 C, the mini
lettuce did not bolt, and retained an acceptable head conformation. These results indicate that m趴i

lettuceorprogenyfrom crosses with the samemayeven be suitablein areas with a more tropical climate 
as well as humid regions of the temperate zone. 

Controlled Chamber Experiments 

As mentioned earlier, lettuce is a quantitative long-day plant, and as such there is no qualitative 
event, such as thermoinduction or changes in daylength ratios, that 泊duce flowering. For a better 
understanding of the initiation of the bolting process, we have undertaken a series of controlled 
environmental experiments to determine: (a) when transition to the reproductive phase actually takes 
place, (b) which environmental factorsareinvolved, and (c) towhatextenteach臼ctor is interdependent 
on other factors. We know from work done by Bremer (1931), Rappaport and Wittwer (1956a,b) and 
Rappaportetal. (1956) thatlettuce tends to boltduringlongdays. Wehave testeda widerangeofstrains 
from domesticated as well as wild sources and determined that the transition to flowering in lettuce 
is controlled by at least three different genetic systems. They are: (1) the "day neutral" system typical 
of the American crispheads, (2) the "long day" system to which many of the European butterheads 
belong, and (3) the "early flowering" system (Waycott, unpubl. data) . 

Our work in controlled environments has shown that the first group (day neutral) should actually 
more appropriately be termed 勻nodified long day"(Fig. 1). The term "modified" is used here because 
of a perceived delay 泊 response that American crispheads e油ibitdu由19 long days, and this delay 
occurs at the timeof 12 hours light/day. These crispheadshave been a source ofbol出g resistance for 
many years and this detected delay explains why this group is a valid source of resistance. 

The second group, the long-day plants, appear to be 仕ue to their name. They are known to have 
tag, a gene that induces rapid bolting in cultivars during long days. This gene was originally thought 
to alter significantly 出e length of the vegetative period prior to transition to flowering. However, our 
experiments have shown that 切g responds to incremental changes in daylength in a proportional 
manner (Fig. 2). The 12占our dayleng血， which may be a critical factor for the crisph臼白， does not 
appear to be a factor in this group. 
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Fig. 1. Days to 15αn for Arnerican crisphead stra恤s， grown in controlled environments (8 hours at 
250 C and 16 hours at 10oC, the start of the 250 C period coincides with 伽 start of the light 
period); daylength as indicated. 
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The third system, early flowering or Ef, is nearly a day-neutral system (Fig. 3). These plants flower 
with minimal response to daylength. This strain has been instrumental in the cultivar development 
program at Salinas because of its rapid generation time (Ryder 1988). Crisphead (late flowering type) 
lettuce normally flowers in about 150 days and early flowering lines in as few as 45 days. Crosses 
between them cycle in about 75 days. During breeding, the Ef trait is carried along in heterozygous form 
while the remaining genotype is selfed to homozygosity. The Ef recessive individuals (，伊伊伊伊)
are then sel配ted， rever也可 the line back to a late-flower泊g type. 
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Fig.3. Days to 15 cm for early flowering strains, grown in controlled environments (8 hours at 250 C 
and 16 hours at 10oC, the start of伽訝。C period coincides wi自由e start of the light peri吋);
dayleng血 as indicated. 

Cytological Studies 

Theworkof Besnard-Wibaut(1981) and Besnard-Wibautetal. (1989) has shown thatrosetteplants 
pass through four phases before initiating stem elongation. These phases (young vegetative, adult 
vegetative, intermediate, and flowering) were determined from cytological observations of nuclear 
divisions in apical meristems from work done with Arabidops臼 thaliana and Silene anneria. They found 
thatplants in the intermediate phase responded quickly to extemal stimuli by moving rapidly into the 
flowering phase. This also occurred when intermediate-age plants were treated with gibberellins. 
However, plants in the two vegetative phases did not respond rapidly and remained vegetative. These 
results indicated that bolt泊g occurs in a predetermined pattem that is only partially responsive to 
extemal inputs. Thus, the factors of heat and water stress can only serve to accentuate an already 
advanced condition. 
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CurrentlywearecollaboratingwithProfessorC. Besnard-Wibaut， Pie訂eandMarieCurie University, 
Paris, France, in a study to determine the point at which lettuce bolting begins. In this way, we can 
predict at what point field-grown lettuce is in the intermediate phase, likely to move quickly into 
flowering. Our goal is to determine when each of these phases initiates at the molecular level. 
Hopef叫ly this willlead us to genes controlling these specific events. 

FUTUREWORK 

Our research on adaptation of lettuce to high-tempera ture environmen ts will certainly take a more 
molec叫arapproachin thefuture.As趴eenvironmen tal effects on趴ispr囚ess become be伐erunderst∞d，

there will be opportunities to clone the gene(s) directly involved. And with the genetic sequences in 
hand, we can investigate the possibility of engineering resistance. 

Isolation of Bolting Genes 

There are a few g∞d prospects for cloning genes that are instrumental in the bolting process. One 
of these is an extension of the current collaborative work with Dr. Besnard-Wibaut. If and when the 
specific period of transition from adult vegetative to intermediate phases in lettuce growth can be 
determined, messenger RNA from the apical zone can be isolated and cloned. From mRNA, the 
appropriate cDNA clones could be generated and sequenced. We would hope that expression of this 
gene is specific for the initial bolting period. If so, its promoter could be annealed to an antisense copy 
of the gene and added back to bolting-susceptible lines. Hence, a t the time of the gene' s expression, both 
sense and antisense strands would be present, thereby reducing the possibility of bolting. 

Another approach will be to make a detailed study of a progeny that is still segregating for bolting 
after 10 generations of selfing. This material originated from a cross between cv. Liba and Bataser and 
was kindly provided to us by Dr. Kees Reinink, CPRO, Wageningen, Netherlands. The erratic bolting 
behavior of these highly inbred progeny will permit us to map alleles that are unique to either 出e
nonbolted or the bolted individuals. This is done using restriction fragment length polym。中hism
(RFLP) and random amplified polym。中hic DNA (RAPD) analyses. These genes could be cloned and 
used to engineer heat-tolerant lettuce. 

Biennialism 

There are three species of Lactuωthat are cross-compatible with lettuce (L. s日的。) to some extent. 
αle of these is L. virosa, native to Northem and Central Europe; most of its accessions are biennial. In 
contrast to lettuce's annualism, L. virosa requires a vemalization period (-2 months at <40 C) before 
these plants will bolt and flower. L. sativa and L. virosa are not highly compatible. In the pas七 successful
crosses were made using colchicine treatment of F1 germinating seeds to produce mature, fertile 
amphidiploid plants (Maxon-Smith 1984). The biennial trait was not selected. The use of a cold 
requirement needed for bolting induction of a biennial might be an effective means of preventing 
premature stem elongation in summer-grown lettuce. This strategy is in operation for crops like 
cabbage, Chinesecabbage, and chicorywhich are sown after the threatof cool temperatures has passed. 
A similar approach should work in lettuce. 

Humidity 

There is little known about the effect of relative humidity (RH) on leaf growth and head formation 
in lettuce. Lower RH permits higher ra tes of transporta tion from plan t surfaces, and this lowers overall 
temperatures in the plant's microenvironment. Thus, a cultivar grown in a humid region may need 
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c∞ler air temperatures if it is to perform similarly under drier conditions. If c叫世vars could be 
developed with increased evapotranspiration or if RH could be decreased in the plant's 
microenvironment, lettuce culture at slightly high temperatures might be feasible. 

RootWork 

Atmat凹ity the root archi tect山eof mostof the popular crisphead and butterhead cultivars consists 
of a tap r∞t and low numbers of lateral roots along the 切proot. The aim of this study is to greatly 
expand total r∞t leng曲，位lereby improving 也e plant's ability to withstand periods of s悅ss by 
increasing its capacity to abωrb available water and nutrients. 

Du由19 our 1991 field screening program, numbered Plant Introduction lines, specifically cer切m
cos lines from Turkey and a stem lettuce from China, were found to have more extensive branching of 
the tapr∞t. This superior root d的ign will be transferred to popular cultivars through traditional 
breeding methods. D山ingthisprocess，也e inheri tance oflettuce root struct叮e can be studied, and root 
growth and architecture can be monitored. Parameters to be studied include: (a) total root leng血， (b) 
total root weight, (c) spacing of lateral r∞ts along tapr∞七 (d) tap r∞tlength，的 tapr∞tweigh七 and
(f) tapr∞t thickness. Lettuce r∞t growth tends to be quite plastic, so that roots can easily adapt to 
different soil environments. These r∞t measurements are needed to establish essential differences 
among root architectures so that real distinctions can be detected. 

With the use of molecular markers, a high correlation may be found between root architectural 
differences and markers in related genotypes. We may be able to draw some conclusions as to the 
genetic basis of the larger root length character. 
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Breeding for Heat Tolerance in Green Beans 
and Broccoli 
Michael H. Dickson 

New York State Agricultural Experiment Station, Cornell University, Geneva NY 14456, USA 

ABSTRACT 
In hot seasons with wann nights, major v副eties of green beans (Phaseolus vu似的L.) often 

produce lower yields. The damage occurs 2-3 days before anthesis. Some varieties have reduced 
yields with day temperatures of 30oC, while 峭的 will have nonnal pod set at 350 C. Low night 
temperatures can offset high day temperatures, but this is associated with reduced high tem perature 
duration. Hotternigh切 than days results in only a slight further reduction in yield compared to 出e

effect of hot days. Day/night temperatures of 35/270 C result in more unifonn and severe yield 
reductions than 35/220 C. The reduction in yield is proportional to the hours of heat. A 10-1ine diallel 
indicated heat tolerance is dominant and additive, but in the F2t segregation approaches a nonnal 
curve. Selection at 35/270 C during bloom peri~d for two generations has resulted in lines with 
unifonnly good heat tolerance. This heat tolerance may be different from that reported in desert 
conditions where 出e days may be 35-40oC, but 出e nigh包 are cooler. Lines selected under such 
conditions have not perfonned well under our conditions of hot days and nigh包. Broccoli (Brassica 
oleracea var. bot旬的L.) is damaged by similar high temperatures resulting in rough heads with 
large beads. The critical period is 3-4 weeks prior to market maturity when head initials are 
developing in the growing point. Hybrids of inbred lines with heat tolerance show enhanced heat 
tolerance. Heat at harvest does not reduce quality, but accelerates maturity. 

HEATTOLERANCE IN GREEN BEANS 
Beans (P加sωlus vulgaris L.) are sensitive to heat especially just prior to bloom 位me. If the weather 

is hot 2-3 days prior to anthesis, yields will be reduced (Table 1). Decreases in production due to heat 
can make yields unpredictable in the main green bean production areas of the USA, and also make 
production unreliable or impractical in many tropical areas. However, green beans grown for 
mechanical harvesting have highly concentrated flowering and therefore are more susceptible to 
extreme damage and yield reduction from a hot spell, in contrast to pole beans or dry beans which 
flower over an extended period. Most bean cultivars are best adapted to moderate temperatures of 
about 23-280 C (Wallace 1980). Extreme hea t over 400 C can result in leaf damage and ion leakage (Li et 
al. 1991), and acclimation can be ofbenefit. Also, there are large linedifferences in tolerance to leafhea t. 
However, tha t sort of damage is rarely of consequence in the main U .S. bean production areas. Li et al. 
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Table 1. Heat tolerance/susceptibility in green beans, Geneva, NY, 1987. 

Variety Yield/plot (g) % Plants no. crop 
Atlantic 22個 5

Gatorgreens 2240 0 
NY 7610 2160 0 
NY 6807 2120 17 
NY6切9 2020 0 
BBL 92 7剖 12

S廿ike 510 58 
BBL 47 440 12 
NY7037 60 95 

(1991) found Labr吋or to be relatively high in leafheatacclimation potential, but in our greenhouse and 
field tests it is highly susceptible的 hea t stress a t or prior to bloom. As Labrador is the major processing 
variety in our area, we use it as the susceptible check. 

Pod setwas unaffected by raising day / nighttemperatures from 24/150C to 29 .5 /21 oC,respectively, 
butno mature pods wereproducéd at 35 /26.50C (Stobbeeta l. 1966) probably due to fertilization failure 
(Ormrod eta l. 1967) .Halterlein etal. (19制) reported pollen viability in bean was lowered by increasing 
the tempera ture from 25 /200C to 35/ 200C just before flowering. However, they suggested lowerpollen 
viability does not hinder seed set. Konsens et al. (1991) found raising night temperatures from 17 to 
270C s仕ongly reduced pod production, mature pod size and seeds per pod, while 趴creasing day 
temperatures from 22 to 320C had smaller and less consistent effects. Under 32/270C day /night 
temperature the large reduction in pod setwas due to enhanced abscission of flower buds, flowers, and 
young pods. Anthesis and pod development were the plant stages most sensitive to high night 
temperatures. Dickson and Petzoldt (1989) found that 2 days before anthesis was the most critical time 
(Table 2). Heat exposure at this time resulted in death of the pollen, but no damage to the ovule, which 
could be pollinated with healthy pollen obtained from outside the test chamber, resulting in seed set. 

Table 2. Pod set at 351泣。C (day/night) for various periods before and du也可 bloom in a heat
tolerant (NY5-161) and a heat-susceptible (BBL 92) cultivar. 

Heat initiated 
Daysafter Days befor官
plan出g" bloom 

Duration of treatment (days) 
NY 5-161 BBL92 

3 6 3 6 

Control (14 days, 15/20oC) 
20 11~ 

23 8.7 
26 6.1 
29 2.7 
32 1J 
35 + 1.6b 

LSD (P = 0.05) 
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. For NY 5-161, but 3 days must be added for BBL 92 
b Days after bloom 

We setup an experiment to testthe relative importanceofh臼t during the day ornight. Day ornight 
constant temperatures of 350C for 8 hours were combined with temperatures of 泣， 25 and 270C. High 
night temperatures were slightly more severe than high day tempera仙res， but the difference was not 
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great (Table 3), again indica也可 it is the duration of the heat which is most critical (Fig. 1). Weaver et 
a1. (1985) showed s個ining of heat-treated pollen in buds and flowers could identi命 lines susceptible 
ortoleranttoheat.Hall (1990)and Warreg andHall (1984) in studiesofcowpea (Vignaunguiculata), which 
ismoretoleranttoheatthanPhaseolus,foundhighnighttemperaturescausedexcessiveflowerabscission, 
whereas plants subj缸ted to high day temperatures or high root zone temperatures exhibited normal 
levels of flower abscission (Warreg and Hall1984). In these studies they also found 出at 出e stage of 
floral development which is sensitive is 6 土 1 days before flower opening. Hall (1990) also found that 
heat tolerance in Vigna during flower bud developmentwas conferred by a recessive gene, while heat 
tolerance d凹ing pollen and anther development was due to a dominant gene. 

Table 3. Means and SE for pod yield under reciprocal high day and night temperatures. 

些巨型史:
27/350 C 
8.6 :t 1.17 
9.1 :t 0.86 
0.1 :t 0.14 
0.3:t 0.18 

35/270C 
6.1 :t 0.6。
3.3 :t O.切
0.7 :t 0.42 
0.0 :t o.∞ 

‘ 32/270C 
9.6:t 0.82 
5.0 :t 0.38 
0.7:t 1.16 
2.3 :t 0.28 

3O/270 C 
16.1 :t 1.48 
12.6 :t 0.72 
1.2 :t 0.42 
5.1 :t 0.99 

27/320 C 
8.9 :t 1.47 
8.1 :t 0.69 
0.1 :t 0.14 
1.5 士 0.52

27/300C:t SE 
10.1士1.74

7.9 :t 0.69 
0.1 :t 0.14 
3.8 士1.43
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Fig. 1. Effect of various durations at 35/220C day/night during the blossom period on pod and seed 
set in BBL 92. 

In con仕ast to damage due to high night temperatures, daytime heat is a problem in the desert and 
many southem areas. In Davis, Califomia, the daily max./min. in mid summer is 35/17 or 35/130 C. 
These are much lowernight temperatures than are a problem in the morehumidnortheastem USA and 
the humid tropics. Under cool night conditions, a day temperature of 350 C is not so critical. Also, the 
duration of the heat is influential as damage is proportional to the duration of the heat periodσig.1) 
(Dickson and Petzoldt 1989). That study involved temperatures of 35/220 C, and higher night 
temperatures enhanced the effect of the high day temperature. 
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Shonnard (1991) under Davis, Califomia, conditions found the F1 between heat-tolerant and 
susceptible lines was more tolerant than either parent or F2progenies. Likewise Dickson et al. (1992) 
found therewasconsiderableF1 dominance for heattolerance, butthatin the Fù segregation approached 
that of a normal curve. However, in their initial study (Dick田n etal. 1992) thenighttemperature used 
was 220 C. With a night temperature of 270 C (Dickson et al. 1992) dominance for heat tolerance was 
enhanced, and segregation was more discrete in the F2• In both the Shonnard and Dickson studies the 
tolerance to heat was additive. 

In Table 4 segregation for heat tolerance at bloom using 35/220 C and 35/270 C is presented. 
Heritability is about the same regardless of the night temperature, wi血 broad sense heritability (BS昀
of 49-79% and narrow sense heritability (NS昀 of 10-30%. 

Table 4. Heritability for pod production and heat tolerance. 

Pod no./plant in class 
100r 

Pedigree 0-1 2-3 4-5 6-7 8-9 口\Ore n X SE 
一一一一-一一一一一一 No. of plants 一一一一一一一一一一

M司的組c X NY5-16lf2
a 36 16 10 4 66 1.87 0.25 

BCtoM司eshc 18 6 24 0.54 0.18 
BC to NY5-161 9 10 9 6 。 34 3.26 0.37 
M句estic 20 20 。 。NY5-161 2 2 6 6 2 。 18 4.89 0.63 

NSH 24% BSH63% 

94 x 8333Fl 7 9 5 5 4 5 35 5.11 3.14 
BC to 94 6 4 2 2 2 3 19 4.∞ 4.02 
BC to 8333 1 7 3 7 19 8.2 2.19 
BBL94 6 2 2 10 1.8 0.98 

NSH30% BSH62% 

8713 X 94F2b 6 4 8 3 2 5 28 4.93 3.52 
BC 8713 3 2 3 3 6 18 7.16 3.30 
BC94 8 4 2 1 2 18 3.2 3.48 
8713 2 3 1 3 10 5.1 3.19 

NSH 11% BSH55% 
. Grown 削弱/22"C day /night during bloom period 
b Grownat站/27"C day /night during early bud and bloom period 

In a diallel analysis involving 10 lines, both general and specific combining ability (SCA) were 
significant, but the SCA portion was 10 times greater indica也可 selection should be relatively easy once 
g∞d selection techniques are develo戶d (Table 5). This seems to have been the case once we s切rted

using the high night temperature of 270c. 
In the initial Vr/Wr regression there was indication of considerable interaction (b = 0.60 :t 0.1η 

between some of the lines, butwhen NY 8222 and BBL 94 were removed from 血e analysis the lines had 
an almost perfect fit to a slope of 1 (b = 0.87 :t 0.14). Apparently NY 8222 in particular was causing 
interaction (Fig. 2). The intercept indicated some overdominance and this was apparent in the 
performance of NY CT70 and NY8333 both of which exhibited overdominance for heat tolerance in all 
crosses. 
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Table 5. Diallel analysis for heat tolerance and pod set from a 10 line green bean diallel. 

Line 8214 8222 8223 8224 8333 8713 BBL47 CT70 BBL94 LAB GCN 
Pod no./plant 

3.自 6.部 3.62 O.叩 7.25

2.50 12 ∞ 3.75 2.∞ 1 1.75 
6.12 9.∞ 3.75 3.75 7.12 
5 ∞ 1 1.88 4.∞ 2.75 9.∞ 
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94), and parabola Wr = VrVp for heat tolerance and pod set 凶 green bean. 

This study was done in New York State where heat problems occur along with hot humid nights. 
We have observed lines that do well in desert conditions such as G122 from Davis (Shonnard 1991) but 
did not yield well under our tests. This has also been the case when we tested other lines which were 
developed under desert conditions and identified as having good heat tolerance. We must assume 
there are two genetic systems at work. Both respond favorably to hot days, but one provides heat 
tolerance under high night temperatures, while 伽 other does so under cool night temperatures. 

Therefore, selections adapted to the desert conditions do not appear to be superior under 
northeastem USA conditions and probably the converse is 仕ue. However, as with tomatoes (T. 
Graham 1955 unpubl. data), beans adapted to heat stress in New York often are adapted to cold 



Dickson 301 

conditions at b100m time. This is definite1y 甘ue for our heat- and co1d-to1erant se1ections, indicating 
that more vigorous pollen can both survive the heat and comp1ete fertilization under coo1 conditions 
res叫出g in a good crop under both tempera仙re regimes. 

HEAT TOLERANCE IN BROCCOLI 
Broccoli (BrassiCll oleraαa var. botrytis) is a1so sensitive to heat at a certain deve10pment stage. Heat 

can result in 100se heads, puffy buds, yellow e戶， and 1eaves in the head, all ofwhich reduce the quality 
ormake出e crop unmarketab1e. Heather et al. (1992) observed that heat dur趴g week eight, which was 
出e same as 3 weeks before market stage in the variety studied, resulted in more head aberration, and 
quality and yie1d reduction than heat at any other time (Tab1e 6). Pro1onged heat for 2 weeks dur趴g
the 1ast 3 weeks priorωharvest r臼ulted in 1ea句r head deve10pment a10ng with 100se head (Tab1e 內.
These resu1ts are similar to our own with gree吋louse-grown p1ants. In comparison of three heat
susceptib1e and heat-to1erant lines, there was variation within each heat-to1erant line, whereas the 
to1erantlines, a1though show趴g some red uced qua1ity following a hotperiod, still showed considerab1y 
1ess than the susceptib1e varieties. In our observations the small bud 1ines were more susceptib1e than 

Table 6. Mean holding,head diameter and weight and general appearance of hybrid broccoli XPH 
曰“ after post-juvenile heat stress for 1 week. 

Heat stress treatment' Holding period Head diameter 
(days) (cm) 

7.2 13.5 
17 133 
4.3 8.5 
2.0 6.8 
5.3 9.8 
5.5 11.0 
6.5 11.0 
0.9 1.4 

No heat s廿ess

Week6b 

Week7 
Week 8b 

Week9 
Week 10 
Week 11b 

Waller-Duncan LSD (5%) 

Head weight 
JID. 
1ω 

141 
101 
97 

118 
125 
132 
18 

Appearance of heads 

market quality 
market quality 
irre gular /1∞se 
small/puffy bud 
flat/long stalks 
slight puffy bud 
market quality 

'Weeks al世r seeding exposed 個 35"( daily high temperatures in gr盟的。use

b Vege屆tive plant growth at sixth week lrom s間ding. Early reproductive developm四t at eighth week, with immature head measuring 5-10 mm 
in diameter. Final week 01 maturation 01 inflorescenæ during 11th week 

Table 7. Effect of tirning of heat stress of 7 days at 351泣。C day/night on broccoli head quality' at 
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Con甘01

Days 切 maturity
critical heat period 

旦旦監旦
4.5 :1: 0.50 
3.9 :1: 0.29 
4.0 :1: 0.44 
3.8 :1: 0.20 
2.5 士 0. 20

3 .9 士 0.24

3.7 :1: 0.73 
4.3 :1: 0.35 

81 
_8b 

Symph豆豆

3.4 :1: 0.40 
4.2 :1: 0.切
3.0 :1: 1.∞ 
3.0 :1: 0.且

3.6 :1: 0.29 
2.9 士 0.56

2.5 :1: 0.65 
3.2 :1: 0.41 

90.6 
-12 

'M田nh田d quality score :!:SE. Score 015 is excellent and 1 very poor 
b Days belore market maturity when most susceptible to heat. 

NY5531 
4.5 :1: 0.19 
4.4:1: 0.24 
3.7 :1: 0.63 
3.4 :1: 0.29 
3.5士 0.29

3.2:1: 0.12 
4.3 士 0.27

3.9 :1: 0.13 
84.8 
-18 

NY5535 
4.3 :1: 0.25 
4.0 士 0.61

4.8 士 0.36

3.0 士 0.41

3.3 :1: 0.44 
3.3 :1: 0.33 
3.7 :1: 0.53 
3.7 :1: 0.33 

93.0 
-23 

Galaxy 
4.4 :1: 0.25 
4.1 :1: 0.35 
2.8 :1: 0.20 
2.6 :1: 0.80 
3.9 :1: 0.19 

4.5:1: 0 
75 
-10 
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those with large buds, but this may be an artifact and is not documented by a formal study. We also 
observed hybrids between heat-tolerant lines were better than either parent and there appeared to be 
some additive effect for heat tolerance. In Chinese cabbage (Brassirn pekinensis), Opeña and Lo (19月)
observed heat tolerance was due to a single recessive gene. 

Differences in broccoli heat tolerance do not appear to be discrete or simple as in Chinese cabbage 
or cowpea. However, if screening systems can be better refined maybe major genes can be identified 
which will accelerate br自ding programs. 
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ABSTRACT 

High temperature is one 。他e major environmental factors that limit bean (Phaseolus vu恥的
L.) crop production，的pecially when temperature extremes coincide with the critical stages of plant 
development. For example, excessive abscission of reproductive organs oc凹的 in bean during hot 
weather. When heat stress oc凹的， it is important that plant genotypes possess a certain degree of 
heattom扭扭也e血eheat injury. Heat resistance can be defined as consisting of two d扭曲19uishable

components，出e heat tolerance (HT) and the heat acclimation pptential (HAP). HAP describes the 
change in HT following exposure of the plants for a certa凶period， e.g. 24hours to temperatures (e.g. 
37'C)，扭曲 acclimation level. HAP can be viewed as an additional parameter to define the heat 
resistance of a genotype. HT refers to the heat-resistant status of plants prior to conditioning at an 
acclimation temperature. It has been hypo曲的ized that HAP may be more important than HT as a 
selection criterion for improving crop performance in high-temperature environments. P. vulgaris 
is an important vegetable crop, which is cultivated worldwide. 1t is a heat-sensitive plant species 
with numerous varieties readily available. Thus P. vulgaris 包 ideal as a testmodel. Ourpreliminary 
results appear to support the hypothesis proposed. 

INTRODUCTION 

Heat stress is a major factor limiting the productivity of crops, especially when temperature 
extremes coincidewith critical stages ofplant development (McWilliam, 1980). For example, when the 
common bean (P加seolus vulgaris L.), which is sensitive to high temperature (Halterlein et al. 1980), is 
grownd盯ing the summer in Minnesota and Wisconsin, USA, excessive abscission of flowers/ flower 
buds 仗curs during hot weather (Smith and Pryor 1962). The rate of temperature change, and the 
dura tion and degree of high tempera tures, all con tribute to the intensity of heat s廿ess. In na ture, there 
mayexist two types ofheat stress thatplants experience during growth and development: (1) relatively 
long-term exposure to high tempera tures, perhaps weeks or even mon ths; and (2) short-term exposure 
to high temperatures. The high temperatures may last ho山s during a specific time of the day and/ or 
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night, or they may occur for several consecutive days, possibly repeated throughout the growing 
season. 1t is the second type of s仕ess that often occurs in Minnesota and adjacent states when crops are 
grown in summer. It is difficult to define heat stress in plants because plant response depends on the 
thermal adaptation, duration of the heat expos叮e and the stage of growth of the exposed tissue 
(McWilliam 1980). Where heat 甜ess occurs, it is impo加nt that crop plants have the potential to 
minimize the heat injury. 

Plant sp缸ies have the ability to increase their tolerance to heat stress when ambient temperatures 
increase to certain levels (Alexandrov 1964), and differ in tolerance response to the same intensity of 
heat 忱的s (Berry and 問orkman 19別). Heat acclimation enables plants to reduce heat injury. 
Acclimation potential of populations within the same species has been reviewed by Berry and 
罔orkman (1980). The activation of acclimation may occur only within a narrow range of high 
temperat凹的﹒ Above the range，趴creasing tolerance is less effective, and below it there is no tolerance 
increase. For example, the range for common bean plants is somewhere between 30 and 370 C (Chen 
et a1. 1982). We hypothesized that an initially rapid activation ofheat acclimation plays an important 
role to counteract the imposed heat stress in reducing the extent of heat凶jUl)刊nd that the maximum 
level of acclimation that eventually is develo伊d may be seconda可﹒

Yield (Mendoza and Estrada 1979), pollen stainability (Weaver et a1. 1985), pollen tube growth 
(Halterlein et a1. 19切)， and fruit set (EI-Ahmadi and Stevens 1979; Dickson and Petzoldt 1989) have 
been used to define heat resistance of crop genotypes. The responses to heat s仕ess in terms of these 
criteria have always been useful and effective. We suggest咐ea t acclimation potential 任IAP)" to be an 
additional criterion to define heat resistance of crop genotypes (Li et a1. 1991). HAP is defined as the 
change in heat tolerance following an exposure of plants for a certain period of time (e.g. 24 hours) to 
temperatures (day jnight) in an acclimating level, e.g. 370 C for the common bean (Chen et a1. 1982). 
HAP is distinguished from heat tolerance (HT) which is defined as the tolerant status of也e plantprior 
to heat acclimation. Heat resistance of a crop genotype comprises HAP and HT. We hypothesi扭 that

HAP may serve as a selection criterion for improving crop performance in high-temperature 
environments. Our results with P. 叫19a的 appear to support this hypothesis. 

HEAT ACCLIMATION POTENTIAL OF BEAN 

Heat Acclimation and Deacclimation 

Alexandrov (1964) demonstrated that plant cells do not change their HT over a wide range of 
ambient temperatures, but begin to respond by increasing HT when the temperature reaches the 
injurious zone. He suggested that heatacclimation is a specific reaction of血ecells的ward趴einjurious
action of hea t. This is applicable to the bean plants, which did not significantly change their HT in the 
range 20-300 C (Chen et a1. 1982); a bove 300 C, HT increased. However, w hen the tempera ture increased 
above 370C，出e acclimating effect in some bean genotypes declined. It is suggested 曲的， in nature, 
when the ambient temperature reaches a certain level, the mechanism ofheat acclimation is triggered, 
resul也可 in an HT increase. This enables plants to endure greater heat stress. Heat acclimation 
mechanism appears to onlywork in a narrow temperature range, becoming less e伍cient at tempera tures 
above this range. For toma to (Lycapersicon esωlentum)， soybean(Glycinemax)， potato(Solanum似berosum)，
and the common bean the temperat山e range for rapid heat acclimation is 呵-370C (Chen et a1. 1982). 
Plant acclimation to high temperatures is quite rapid compared to plant cold acclimation (see 
Molecular Biology of Potato Cold Acclimation 凶 this Proceedings). Increased HT can be observed 
immediately after heat exposure. It takes less than 24 hours for the bean leaf tissue to reach a heat 
tolerantplateau. Plantage affects heat acclimation. In bean, the prima可leafand the first trifolia te show 
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lower levels of heat tolerance than the more recently developed leav臼 after heat acclimation. The 
increased HT remains similar among leaves after the second trifoliolate. However, plant age does not 
affect preacclimation level of HT. Aung (1979) reported that tomaωseedl趴gs were most sensitive to 
high-temperature expos山e soon after cotyledon expansion. This may be due to a lower potential of 
heat acclimation at this early stage. 1t is known that after heat acclimation 出e cotyledonary leaves and 
the first pair of true leaves of the tomato showed significantly lower levels of HT than the second and 
third leaves, and leaves after the first flower appeared (Chen et al. 1982). 

Continuous high-temperature exposure is needed for plants to retain a high level of induced HT. 
In other words, plants cannot retain the acquired high level of HT when transferred to a moderate 
temperat山e regime from a high-temperature environment. Deacclimation is a rapid process. For 
example, it takes only 12 hours for bean plants to d臼cclimate to a preacclimation level ofHT (Chen et 
al. 1982) 

Since plant age affects heat acclimation ability, in our bean work we used 1-month-old plants 
(prefloral growth stage) for heat acclimation. Heat acclimation was done in the growth chamber with 
a controlled regime of 370C day/night temperature and 12-hour photoperiod (4田間nol/m2/s)， and 
acclimated for 1 day (24 hours). For efficient utilization of the limited acclimating space in a growth 
chamber, excised bean leaves, instead of pot-grown plants, can be used for heat acclimation. A sha中
blade is used to excise 伽 youngest fully expanded trifoliage from the plant. The cut petiole end is 
inserted immediately into a container filled with water. Leaves are then placed扭曲e growth chamber 
with a humidifier to maintain high relative humidity. Statistical test (t-test) indicated that HAPs 
resulted from pot-grown plants and excised leaves were similar (Li et al. 1991). 

Measuring Bean Leaf Heat Tolerance 

Heat treatment 

Leaflets are collected before or after heat acclimation, rinsed in distilled water and placed in 25 x 
150 mm test tubes. The bottoms of the tubes are lined with moist tissue paper to ensure high humidity 
during the heat 廿eatment. Tubes are covered with stoppers, and a thermometer (or thermal couple) is 
inserted through the hole 趴 the center of the stopper to monitor the air temperature next to the leaf 
tissue. The tubes are maintained in a water bath at500 C constant temperature to determine heat-killing 
time 任IKT).

Viability test 

A conductivi ty test (Onwueme 1979) has been used to determine the via bility of the 1臼f tissue after 
heat treatment. Leaf discs 2 cm in diameter were cut and immersed in 10 ml of double distilled 
deionized water in a plastic vial, vacuum infiltrated for 2-5 min to remove air in the tissue, and shaken 
for 1 hour on a shaker. The conductance (R}) of the liquid in each vial was measured by a conductivity 
bridge. Samples were frozen (-70oC) to kill the tissue. After warming the samples to r∞mtempera仙re，
samples were shaken again for 1 hour and the conductance (包) measured. The ratio of Rd民 hasbeen
used as a measure of the bean relative injury. The duration of heat exposure (in min.) at 500C which 
caused 50% ion leakage has been defined as the HKT. HKT has been used to express the bean plant HT 
before heat acclimation and HAP after heat acclimation. 

In addition to HKT, heat去illing temperature is also an accept吋 way to express the relative heat 
tolerance in bean tissue (Chen et al. 1982). When the two were compared among genotypes of the 
common bean, differences sometimes were not easily distinguishable even after heat acclimation. For 
example, after heat acclimation, BBL 415-1 and BBL 47 had 50.9 and 50.80 C heat去illing temperatures, 
and 122 and 30 min HKT, respectively. The HKT ce巾inly serves as a better means of distinguishing 
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位1at BBL 415-1 has a higher level of HAP than BBL 47 (Chen et a1. 1982). In addition, the accuracy of 
the temperature control device and sampling error could also result in the < 1 degree difference ofheat 
tolerance between BBL 415-1 and BBL 47. We conclude that HKT is a much superior measure of heat 
tolerance for genotype selection. 

Heat Tolerance and Heat Acclimation Potential 

We co11ected 74 bean genotypes from the USA and elsewhere. Their leafHTs from plants grown 
in a uniform nonstress environment, and HAPs immediately after heat acclimation were measured 
(Table 1). LeafHT of the 74 genotypes ranged from 5 to 羽 minHKT, and HAP ranged from 35 to 130 
m凶 HKT. Leaf HT and leaf HAP are not correlat吋 among the 74 genotypes (r = 0.30). For example, 
GO 3689 and 85CT -4984-1 have a similar HT of 15 min HKT, but the former has a much higher HAP 
(130 min HKT) than the latter (60 min HKT). on the other hand, PI 324607 is less heat tolerant (5 min 
HKT) thanG“ (30 min HKT), but both genotypes possess a similar level of HAP (9。但 minHKT).

RESPONSES TO HEAT STRESS OF BEAN GENOTYPES 

Physiological and Biochemical Changes 

Photosynthetic activities 

Six common bean genotypes with high or low HAPwere used to determine whetherphotosynthetic 
activities to heat s仕ess co叮espond to their HAP rankings (Chaisompongpan et a1. 1990). They were 
GNUI59個AP-110 min HKT, HT -20 min HKT), PI 271998 (HAP-94 min HKT，回-10minHKT)，的CT-

4976-2 但AP-90 min HKT, HT -25 min HKT), BBL 47 個AP-ωmin HKT, HT-10 min HKT), GN 114。
但AP-50minHKT，即-10 min HKT) and Pinto UI-111 (HAP-50 min HKT, HT叩 minHKT) (Table 1). 
It is known that plantce11 membrane impairment due to heat stress仗curs at tempera tures higher than 
thatwhich injures thephotosynthetic apparatus (Bjorkmaneta1. 1980). This is true in thecommon bean. 
When bean plants were stressed at 420 C for 5 min, there was no critical ion leakage (50%) 泊 either
acclimated or nonacclimated plants, but O2 evolution (expression of photosynthetic activity) was 
decreased from 50 to more than 95% among the six genotypes. The decrease 切 O2 evolution was least 
趴genotypes thatarepurportedly highHAP (GNUI59) and low HAP (pinto UI-111). Heat stress at鈞。c
for 5 min almost totally inhibited the photosynthetic ac位vity among these six genotypes. Acclimation 
at 370 C reduced O2 evolution by 20-30% in a11 six except GNUI 59 and PI 271998 which are high HAP 
genotypes. After acclimation, the 420 C stress did not significantly reduce O2 evolution, compared with 
those from the acclimation treatment alone. After heat acclimation, heat injury 泌的。C for 5 min was 
least in PI 271998 (high HA的， in terms of O2 evolution reduction. 

Two hours after hea t stress (42 oC for 5 min), ~ evol u tion in GNUI 59 at r∞mtemperat叮erecovered
to about 90% of the control level, whereas others were sti11 significantly lower (40-ω%) than the 
controls. Four hours after stress, O2 evolution had retumed to about 70% of thecontrols in a11 genotypes 
exceptGNUI 闕， which was 100% of the contro1. 

Results suggest that GNUI 59 (high HAP), possesses two mechanisms to cope with heat stress: (1) 
acclimating rapidly with improved tolerance to cope with higher intensity ofheat stress; and (2) rapid 
recovery(perhapsdueto less heat injury) fromheatinjury. The study also indicated thatphotosynthetic 
apparatus is more sensitive to heat than the plasmalemma. Photosynthetic response to heat stress did 
not tota11y co叮的pondwi th the ranking of HAP, sugges ting tha t photosynthetic response to hea t s仕ess

is independent of plasmalemma i吋u可﹒
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Hble 1. Heat acclimation potential (HAP) of the bean gennplasm collected' (Li et al. 1991). 

Germplasm HAP HT 50凹cesb Germplasm HAP HT 50凹cesb

GO 3689 130 15 1 Tenderette 82 15 Musser 
GO 3696 130 15 1 Hebei No. 1 別 20 6 
GO 3702 125 10 1 BBL 94 別 5 4 
GO 4495 120 10 1 Midnight 80 10 2 
P 730 120 10 1 85CT-4991-2 80 10 3 
GO 0893 115 15 1 As甘o 79 10 4 
BAT 336 110 15 1 F10 78 10 4 
GNUI 59 110 20 2 5W-372-A 77 15 8 
PI281711 107 25 Spain C 20 76 10 4 
Bronco 101 10 Asgrow PI324616 76 20 Hungary 

(Metis Morocchino 215) 
PI313241 

(Veracruzano) 
G4727 

Ancash66 
Aurora 
PI165616 

(Dubbels Witte) 
GR Tara 
Labrador 
Super Gloss Tory 
S廿ike

V8025 
PI271998 

(Garrofon) 
VR-Romano 
P. Checa 
G6-6 
5W-372-B 
Monument 
BTS3 
GNHarris 
85CT-4976-2 
85CT-4983-2 
85CT-4986-3 
PI324ω7 

(La Victorie 270) 
NY590 
TopCrop 
Early Gallatin 
85CT-4992-3 
G2525 
PI285695 

(Itota Saxa) 
• Leafheat tolerance (H1) and leafHAP are expressed by heat-killing time (HK1). Leaf HT refers to toleranceofleaf tissuewhich 

is tested from plants prior to c∞diti∞ing at37"C. Leaf HAP refers to the change in leaf heat tolerance of plants after 24 hours 
at 37"C day /night temperature. HKT refers to the time (min.) needed to cause a 50% elec甘olyte 1臼kage at 5O"C. 

b seed sourc眉: 1 = ClAT,Cali, Colombia; 2 = Dept. ofHort, Univ. ofNebraska, Lincoln,NE;3 = Irrigati∞ Agr. Res. & Develop 
Ctr, Pr由自r， WA; 4 = Dept. ofHort., Univ. ofWisconsin, Madis∞， WI; 5 = Dept. ofHort Sci., NYStateAgr. ExptS徊， Geneva，
NY; 6 = Inst. ofVegetabl眉， Hebei Acad. of Agr. Sci., Shijiazhun, Hebei, China; 7 = Dept. of Plant Pathol., Univ. ofWisc∞曲，
Madison, WI; 8 = USDA, Mayaquez, Puerto Rico. 
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Effects of root temperatures on leaf gas exchange 

Leaf gas exchange in response to shoot/ root temperatures has been studied in two common beans, 
GNUI59 (high HAP) and BBL 47 (low HAP) (Chaisompongpan 1989). Carbon exchange rate (CER) has 
been used to express the photosyn也etic activities via C(h up扭扭. Under nonstress conditions, there 
was no difference between these two genotypes. High shoot/ root temperature (45/峙。C， day /night) 
for 5 hours decreased CERs significantly in both genotypes, compared to the controls. The decrease was 
greater (5們也) in BBL 47 than in GNUI 59 (36%). When the root temperature was maintained at 250 C, 
CERwasmain切ined at about 70 and 80% of the controls in BBL 47 and GNUI 間， respectively. BBL 47 
had a slower CER than GNUI 59 under either的 or 250 C root temperat盯e. Theeffectofheattreatment 
on mesophyll conductance was similar to CER, and BBL 47 consistently had lower mesophyll 
conductance. In both genotyp峙的。C air temperature opened the stomata at both 鈞。Cand250Cr∞t

temperatures as compared to the controls. The stomatal conductance increased about two司fold from 
the con仕ols. The stomatal opening under high air temperature decreased leaf temperature to 鈞。c
about 20 C lower than ambient temperature. When plants were water-stressed for 2 days, rewatered, 
and heat-treated with 40 or 250C r∞t temperature after full rehydra tion, stoma ta stayed closed under 
鉤。C air temperature, compared to those without water s廿ess pretrea恤lent. Without heat treatment, 
the stomata of BBL 47 were more sensitive to water stress pre甘甜加lentthan GNUI 59. After theplants 
were fully rehydrated, the stomata in GNUI 59 reopened and stomatal conductance was at about the 
same level as 臨 con仕ols (without water 忱的 pretreatment) . Stomatal opening under 的。 air

temperature did not lower leaf temperature, and the stomatal clos凹e due to water s仕esspretrea伽lent

did not affect leaf temperature either. 

Profiles ofheat shock proteins 
Six common beans differing in HAP were chosen for the heat shock protein synthesis study 

(Roguske 1990). Two (GNUI 59 and PI 271998) are of high HAP, two (Hebei No. 1 and Iguacu) 
intermediate and two (BBL 47 and Pinto UI-111) low (Table 1). All except BBL 47 are dry bean 
genotypes. Bean primary leaf tissue was heat-shocked at 4QoC for 3 hours and SJ5-methionine-labeled 
heat shock proteins (HSPs) were extracted and separated by 1-D gel electrophoresis. The profile of 
HSPs consisted of 11 bands. of the 11 bands, four have estimated molecular weight of 98，的， 78and 
27 kD. Seven HSPs appeared in the low MW range of 10-25 kD. This profile of HSPs is similar to the 
patterns observed in soybean and maize (Barnett et al. 1980; Cooper and Ho 19的). However, bean has 
relatively fewer HSPs in the high MW range (60-110 kD) and more HSPs in the low MW range (10-25 
kD). HSP profiles are not consistent among the six bean genotypes. No relationship between HSP 
pattern and HAP was es切blished. The high HAP GNUI 59 and the low HAP Pinto UI -111 all displayed 
nearly identical HSP profiles. Either primary leaf tissue, young developing leaf or etiola ted leaf tissue 
all synthesize the same 11 HSPs. Our observations support the statement by C∞per andHo (19的)that

all types of tissues of a plant species, with the exception of germinating pollen grains, synthesize the 
similar setofHSPs. After heatacclimation (370 C for 24 hours), GNUI 59 (high HAP) and Pinto UI-111 
(low HAP) continue to s戶也esize HSPs. The profiles and intensities of HSPs appeared to be similar 
between both genotypes. Altschuler and Mascarenhas (1982) stated that the s戶自由is of HSPs was 
reduced after a prolonged period ofheat stress. Heat acclimation at 370 C for 24 hours did not alter HSP 
profiles in both genotypes. 

Poststress Vegetative Growth 

We randomly chose 20 bean genotypes from the collection (Table 1) and tested 出eir vegetative 
growth in terms of total dry weight after 1 week of heat stress at 37/350 C (day /night, 12 hours light). 
Plantsataboutprefloral stage (30-35 days old) were heat-stressed. After s仕的s， plants were transferred 
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to a nonstressful environrnent, and total d可 weight was determined after 2 weeks of growth. In 
general, beans that have high HAPs show high posts甘ess assimilation as expressed by the increase in 
total dry weight. There was a significant correlation (r = 0.73) between HAPs and relative dry weight 
increases among these 20 genotypes (Fig. 1). The correlation between HTs and relative dry weight 
increases was not significant (r = 0.32). 
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Fig. 1. Relationship between poststress relative dry weight and heat-killing time among 20 bean 
genotypes of known heat accl加ation potential (r = 0.73, si伊üicant at 5% level, where y = 
33.25+0.59x) (Li et al. 1991). 

We also tested, GNUI 59 (high HAP) and BBL 47 (low HAP) for a more detailed study of the 
posts仕ess vegetative growth. Plants were subjected to 鈞。C air temperature with 45 or 250 C r∞t 
temperature for 5 hours and allowed to regrow for 1 week at 25/20oC, day /night regime. Poststress 
growth was significantly decreased in both genotypes after the plants were exposed to combined high 
shootandr∞t temperatures. Poststress growth was improved if the roots were kept cool during high 
air-temperature treatment. The decrease in poststress growth was greater 趴 BBL 47 (low HAP). The 
decrease in leaf area from the controls (plants grown at 25 / 20oC, day /night, without heat trea加ent)

was 60% in BBL 47 and 45% in GNUI 59. Sh∞t dry weight decreased about 42% in BBL 47, whereas 
the decrease was about 25% in GNUI 59. Root growth decreased about 56% in BBL 47 and 42% in 
GNUI 59. When roots were kept at 鈞。C during high-temperature treatmen七 growth was maintained 
at higher levels in both genotypes. Leaf area seemed to be affected by high air temperat盯e in both 
genotypes. Root dry weight of BBL 47 (low HAP) was also affected by high air temperat叮e.
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Taken together, all observa tions suggest the low HAP BBL 47 geno佇pe seemed to be more sensitive 
to high air temperat山e than the high HAP GNUI 59 genotype. The higher levels of posts仕ess

vege個世ve growth at low root temperature lead to the question of what mechanisms r∞ts have to 
alleviate the heat injury if the r∞ts are kept coo1. It is possible that high root temperature affects water 
uptake and therefore limits water supply to the shoot (Kramer 1983). There might be some chemical 
messengers, such as ABA，仕ansported from the roots to the shoots as a signal of stress (Zhang et a1. 
198ηor reduced cytok趴in supply from the roots due to heat injury to the r∞ts or the sh∞ts (Itai et 
a1. 1973). 

Poststress Reproductive Response 

Among the 20 genotypes tested for posts仕ess vegetative grow血， podn山nberswere also recorded 
凶 13 of them. These 13 were chosen to represent high, intermediate and low HAP sources. There was 
a significant correlation (r = 0.78) between HAPs and relative number of pods (Fig. 2). But leaf HT and 
relative number of pods were not significant (r = 0.45). The correlation between poststress pod-set and 
HAPs suggests that the responsive rates of le前的 to heat acclimation，的 the means of increasing 
thermal tolerance, may serve as an effective selection criterion for improving bean performance in a 
high-temperature environment, without directly examining the reproductive response to s廿ess at a 
later growth stage. 

Observed 
Estimated 

口

60 

口
口

x 

50 

40 

30 

20 

10 

(
-
g
H
Z
S
Z芭拉
。
斗
。z

口

110 100 90 80 70 60 。 50 

Heat killing time (min) 

Fig. 2. Relationship between poststress pod-setting capability and heat-killing time for hi阱，
intennediate, and low heat acclimation potential arnong 13 bean genotypes (r = 0肉，
si伊ificant at 5%, where y = 25.17+0.65x) (Li et a1. 1991). 
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In a more detailed study of the poststress reproductive response, six genotypes according to their 
HAPs were selected (Table 1). They were PI 271998 (high HAP)，的CT-4976-2 (high HAP), GNUI 59 
(high HAP), Iguacu (intermedia te HAP), BBL 47 (low HAP) and Pinto UI-111 (low HAP). Plants, at the 
beginning of anthesis, were su句ected toheatstress at37 /350C (day Inight) for 2 and 4 days. Afterheat 
甘ea個len七 plants were allowed to grow in a nonstressful environment. All tagged flowers andl or buds 
were examined and pod-set r缸ordedafter 1 week of growth. When 80% of the pods of出econtrolswere
ready for fresh marketharvest, all pods with seeds developed from s仕essed plants were harvested and 
pod weights were recorded. The remaining pods were harvested 7-9 days later whether mature or not. 
Among the six genotypes, the pod咽t ability (about 70% of the tagged open flowe的) was similar in the 
nonstressful environment. However, the pod-set ability differed among the six genotypes after heat 
stress. The high-HAP PI 271998 had an even higher percentage of pod-set after heat s仕ess than the 
controls, butpods had no seeds (parthenoca中y).Pod-setof的CT-4976-2 was decreased by 12 and 54% 
after 2- and 4一days仕的s， respectively. Pod-set of GNUI 59 was reduced by 40 and 75% after 2- and 4-
day stress, respectively. BBL 47 and PinωUI-111 had more flower abscission when exposed to the same 
intensity of heat stress than others. After 4-day stress, Pinto UI-111 had only 7% pod-set. It was also 
observed thatopen flowers were more heat-tolerant than flower buds, and youngest flower buds were 
more heat-tolerant than older flower buds in terms of percent pod-set. 

Heats廿ess affects pod weight (Fig. 3). Compared to the control, the decrease in pod weight was 
much less in high-HAP genotypes than in low-HAP genotypes. For example, after 2 days of 37/350 C 
day/night s仕es乳白e average pod weights per plant were 的， 57 and 40% of the control in high-HAP 
PI271998， 85CT-4976-2andGNUI凹， and 35, 23 and 22% in intermediate HAPIguacu and in low-HAP 
BBL 47 and Pinto UI-111, respectively. 
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CONCLUSIONS 

Heatinjuryofplantshas been thoughtto beinterrelated with temperature, thedurationofexposure 
and the sensi位vity of the genotype to s廿ess. Among the three variables, improving genotypic 
resistance will provide a long-term solution for the heat s甘ess problem. We believe that there are two 
types of genotypes with regard to their heat resistance: those that can acclimate rapidly to high 
temperat山e and those that adjust slowly or do not adjust at all. As a matter of fac七 Levitt (1980) 
suggested that heat resistance among genotypes should be compared only when plants are 趴
acclimated state. We also believe that a crop performance is determined by the poststress growth and 
development. Genotypes with less heat injury will have better growth and development, and those 
possessing high HAP will have less heat inj盯y.

Du自\g heat exposure, the levels ofheat resistance of genotypes begin to increase through the heat 
acclimation process (Fig. 4) of genotypes 1, 2, and 3. The level of increase is likely determined by the 
level of HT and HAP. Because of genotypic differences in HAPs, the levels increase differentially, 
res凶ting in different heat resistan凹， e . g. genotype 1> genotype 2 > genotype 3. The levels of genotypic 
HTs contribute insignificantly in terms of increasing heat resistance during heat expos叮e.Attheend

of a heat stress period, the amount of heat inju可 (the shaded areas in Fig. 4) differs among genotypes 
with genotype 3 having more injury than genotype 2, and genotype 2 more than genotype 1, even 
though genotype 2 has higher HT than genotype 1. When heat stress is removed, the increased heat 
resistance during heat exposure will rapidly dissipate. Consequently, genotype 1 due to least heat 
injury will have better poststress growth and development than genotype 2, and genotype 2 due to less 
heati吋u可 than genotype 3. 
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We have tried to provide some evidence in supporting our hypothesis by measuring the poststress 
total 世yweight accumulation (Fig. 1), and the relative percentages of pod-set (Fig. 2) and pod-weight 
σig. 3) among bean genotypes differing in HAPs. We did not observe any consistent pa仕emofHSPs
among bean genotypes differing in HAP. There seemed indications that high HAP bean genotypes 
tend to have higher photosynthetic activities after heat s仕ess than in low HAP geno句中的. Based on 
fruit咽tor yield under high-temperature conditions (in field or greenhouse), soybean cultivar Cors旬，
tomato cultivar Saladette, common bean cultivar BBL 415-1, and potato genotype DTO-33, due to their 
improved performance, have been selected as heat-tolerant as compared to less-heat-tolerant soybean 
Bonus， ωmato UC-82B, common bean BBL 47 and potato Red Pontiac, respectively (EI-Ahmadi and 
Stevens 1979; Martineau et al. 1979; Mendoza and Estrada 1979; Halterlein et al. 1980). It is not clear 
whether these cultivars were selected for high HT or for high HAP. We therefore did an investigation 
of the heat resistance among these cultivars. Results indicate that the levels of HT between tolerant 
cultivars and less-tolerant cultivars of each crop are essentially the same in a normal temperature 
regime, e.g. 250 C. Cultivars selected as heat tolerant are actually genotypes which possess high HAPs. 
For example, soybean Corsoy has a 122叫nHKTvs.90周minHKT for Bonus, and tomato Saladette has 
a 140-min HKT vs. 86-min HKT for UC-82B (Chen et al. 1982). It is clear that the differences in crop 
performance are more closely related to HAP than ωHT. 

Saadalla et al. (1990a) have used the same strate自T of heat acclimation approach to select heat
to leran t crosses ofwin ter w hea t. They found tha t the trea tmen t protocols of 340 C acclima tion for 48 and 
120 hours at seedling and anthesis stages, respectively, provided the greatest sensitivity in detec也可
genotypic differences in relative heat injury. The correlation of relative injury assessment for seedlings 
vs. that at anthesis for the Fs genotypes was 0.79 (P 三 0.01). Relative injury determined at these two 
stages was highly associated. Based on relative inju可 values， Saadalla et al. (1990b) separated 144 
genotypes of winter wheat into heat-tolerant (27 genotypes), intermediate (71 genotypes) and heat
sensitive (46 genotypes). At one site of the testing field, the heat-tolerant group produced 9 and 19% 
more yield than the intermediate and heat-sensitive groups, respectively. At the other two sites, the 
trend in yield among the these groups was similar. Grain volume and kemel weight were greater for 
the heat-tolerant group vs. intermediate or heat-sensitive groups at all three testing sites. The work of 
Saadalla et al., (1990a,b) provided additional evidence in support of our hypo出esis.
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ABSTRACT 

In northwest India, tomato (Lycopersicon esculentum MiIl.) is mainly a summer crop, and the 
fruits are available from mid ApriI to mid June. To extend this period of growing and availability, 
we did a study to identify genotypes having extended 台uit set也可 ability at high temperature. In 
1989-冊" we field-evaluated 101 genotypesreceived from NBPG R, N ew Delhi, underhigh-temperature 
conditions (40/25 0 C, day/night). Nineteen genotypes were identified and were carried fu抽er to 
record observations on vegetative, floral and fruit qualities. Nine genotypes with an average of 60-
83% fruit setting were rated as heat tolerant, and four genotypes with 0-40% fruit setting 的 heat

sensitive. 甘le fruit weight varied from 20 to 40 g, and the marketable yield from 1040 to 110 glplot. 
The low yield was due to the incidence of 臼甸 blight， Septo由 blight and fruit rot diseases.τ'he 
genotyp的 that showed best field performance 訂e being included 扭曲e hybridization program 
with well adapted varieties, to observe superior segregations in fruit setting and horticultural traits. 

INTRODUCTION 

Tomato (Lycopersicon esculentum Mill.) is one of the most popular and versatile vegetables grown 
in India. The crop, due to its wide adaptabil旬， is cultivated in most regions of thecountry. The central, 
westem, eastem and southem parts of India have a 仕opical climate, whereas parts of northem India 
are subtropical. The weather is usually mild 趴roughout the year in southem and westem India, with 
the northem plains experiencing extremes of weather: 虹的t during the winter, and high day (40-鈞。c)
and night (23-320 C) temperatures d世ing the summer. In the Punjab，也ema趴 crop is planted in winter 
(October-November), and the flowering and fruit set仗ti泊ng usua訓ally coincides with the spr趴g season 
(官Fe由bru閻1泊ar可y

t跆emp伊erat仙ur肥er陀equ凶ir跎ement臼s (1臼5-200C) oftωoma旭叫a叫t切oforf企r叩uits跎e仗吋t仗ti加ng(份Os油bomeandWe凹nt1953; Verkerk 1955; 
CharlesandHarris 1972). The tomato fruitsare thus available for a shortperiod(midApril to midJune) . 
This creates a glut in May and scarcity during the rest of the year. The present study deals with the 
evaluation of germplasm to identi句T genotypes capable of se位ingfr凶t at high temperature in order to 
extend the period of fruit availability. 
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MATERIALS AND METHODS 

The field experiments were conducted at Ludhiana, India, d山ing 1988-90. The regionhas a typical 
sub廿opical climate with low winter temperat盯es and high May-June temperatures associated with 
hot and dry winds. The soil is sandy loam with mildly alkaline reaction (pH 8勾.

Tomato germplasm,comprising 101 genotypes received from the National Bureau ofPlantGenetic 
Resources (NBPGR), New Delhi, was used as base material. The seeds were sown on 5 Februa可 1988
and the seedlings 廿ansplanted in fields on 28 March. Based on preliminary screening, only 19 
genotypes exhibiting some ability to set fruits were selected. Even though these gen。可pes set fruits 
under high temperatures, there was no se吋 setting and invariably the fruits were pa的eno個中ic.

Therefore part of the seed saved in 1988 was sown during the normal growing sea田n in 1989 for 
seed multiplication. For final evaluation, the seeds of the 19 genotypes were sown on raised beds on 
20 February 1990. The seedlings were tranplanted to the field on 10 April19側， with 100 cm between 
rowsand 的 cm between plants. Treatments were replicated twice in a randomized block design with 
10 plants in each single-row plo t. Fertilizer application and other agronomic practices were followed 
according to local recommenda tions for toma to (Anon. 198內 . The observations d盯趴g the vegetative, 
flowering, and fruiting phases were recorded following Thomas (1981). The fruit setting percen怯ge

was calculated as suggested by Villareal and Lai (1978). 

RESUL TS AND DISCUSSION 

Sixteen of the 19 genotypes had indeterminate growth habit (Table 1). The foliage of four were 
potato ty阱， whereas the remaining 15 were norma l. The leaf color of the test genotypes varied from 
light green to dark green and leaf size from small to medium, whereas the stem was mostly angular. 
Stem thickness in all genotypes did not vary much. All genotypes exhibited pubescence on stem and 
foliage. At the juvenile stage no pigment other than chlorophyll was seen in four of the 19 genotypes 
(Table 1). 

Flower colorvaried from lightyellow to dark yellow, and flower sizewas mostly medium. The style 
was not exserted in five genotypes. The exsertion of style beyond the staminal cone has been observed 
by Abdalla and Verkerk (1968) and Kalloo (1986), who reported it to be a function ofhigh temperature. 

Fruit color varied from red to deep-red with two exceptions (Table 2). Fruit size varied from small 
to medium while the shape was round or flat-round in all genotypes except EC 276, which had oblong 
fruits. The fruit surface was ribbed in eight genotypes and smooth in the others. A smooth surface is 
a preferred horticultural trait in tomatoes. The blossom end of the fruit was smooth in all genotypes, 
and the stem end of the fruit was green in EC 276, EC 101652, EC 126755 and EC 279325. The fruits of 
EC 2694, EC 177389 and EC 50534 showed radial cracking whereas concentric cracking was present in 
EC 13724 and EC 8590. EC 126755 reflected both concentric and radial cracking of fruits. EC 276, EC 455, 
EC 788, EC 37292, EC 10306, EC 2694 and EC 4207 were promising geno佇pes， being totally free of 
cracking. 

lncidence of cracking has been attributed to high temperatures during summer (Koske et a1.1980; 
Adbul-Baki 1991). Soil moisture fluctuations and dew are also reported (Kamimura et al. 1972) to cause 
cracking. Some of the fruits of EC 126755 were deformed. The deformation of fruit suggests that the 
gen。可pe is not coping with the stress conditions of hot summer months. The fruits of EC 276 and EC 
177403 were firm with medium to thick perica中 and hence suitable for transportation (Table 2). 
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Table 1. Vegetative and floral characteristics of 19 genotyes. 

Genotype Habit Leaf Leaf Leaf Stem Stem Pubes- Leaf Flower Flower Style Pistil 
type color size type thick- cence cover s1Ze color POSl- type 

ness 包on

1 2 3 4 5 6 7 8 9 10 11 12 
EC37292 D N LG M A M + ++ M Y NE UB 
EC1的“ N G s A M + ++ M LY E UB 
EC27932A N DG M A M + ++ M Y E UB 
EC5部8 N G M A M + ++ M DY E UB 
EC2694 N LG M A M + +++ M DY E UB 
EC 177389 P DG M A M + ++ M Y NE UB 
EC 177403 P DG M A M + ++ M DY NE B 
EC50534 D N G M A M + ++ M Y E B 
EC 373702 N LG M R M + ++ M Y E B 
EC4207 N G M A M + ++ S Y NE B 
EC276 D P LG M A M + ++ M DY E B 
EC 129515 N G M A M + +++ M Y E UB 
EC 101的2 N LG S A M + ++ M LY E B 
EC 126755 N DG M A M + ++ M Y NE UB 
EC 13724 N G M A M + ++ M DY E UB 
EC8590 N LG M A M + + S Y E UB 
EC455 P G M A M + +++ M Y E UB 
EC 279325 N G M A M + +++ M LY NE UB 
EC788 N G M A M + ++ M Y E UB 
1: D = Determinate, 1 = Indeterminate; 2: N = Normal,P = PO個to leaf; 3: LG = Light gr間，G =Green，因 = D叫Gre凹; 4,9: 5 = Small, M = Medium; 
5:A= 肉、gular， R = Round; 6: M = Medium; 7: + = Pres凹t， 8:+++=D凹se，++= Ad呵uat也+=Thi凹 10: Y = Yellow, LY = Light Yellow, DY = Dark 
YeUow; 11: NE = Nonexserted, E = Exserted; 12: UB = Unbranched, B = Branched 

Table 2. Fruit characteristics of the 19 genotypes. 
Fruit Fruit Fruit BIc區som Gr間1 Fruit De- Firm- Pulpi- Pericarp 必edi-
color shape surface end stem end cracking formed ness ness 趴ickness ness 
1 2 3 4 5 6 7 8 9 10 11 

EC 37292 DR FR R s MF + M H 
EC 10306 R R 5 s s + Tn H 
EC 27932A R FR 5 s S + Tn H 
EC 5888 YR FR 5 s MF + M H 
EC 2694 R FR 5 s s + Tn M 
EC 177389 R R R s R MF +++ M M 
EC 177403 DR R s s F ++++ Tk M 
EC 50534 R FR R 5 R MF + Tn H 
EC373702 R R R s MF +++ Tn H 
EC4207 R FR s 5 MF ++ M H 
EC276 YR 。 s s + F +++ M L 
EC 129515 R R s s MF +++ M H 
EC 101652 R R s s + MF ++ Tn M 
EC 126755 R FR R s + C,R + s + Tn H 
EC 13724 R R R s C MF + M H 
EC 8590 R FR 5 S C MF + M H 
EC455 R R 5 s MF + M H 
EC27935 R R R s + MF + M H 
EC788 R FR R s MF ++ M H 
1: DR = Deep Red, R = Red, YR = Yellow Red; 2: R = Round, FR = Flat Round, 0 = Oblong; 3,4: R = Ribbed, 5 = Sm∞th; 5,7: + = Pr自由t，-= Absent, 
6:C = Concen帥， R=Rad凶，- = Absen t, 8: F = Firm, MF = Medium Firm, 5 = 50ft; 9: +++ = Pulpy, ++ = Medium pulpy, + = Less pulpy (i.e. juicy); 
10: Tk = Thick, M = Medium, Th = ηun; 11: H = High, M = Medium, L = Low. 



The number of f10wers per cluster varied from 3ω6 and the fruit set也可 from 0 to 5 fruits/ cluster 
(Table 3). This resulted in variation 泊 the fruit set percentage from 10 to 77.5 in the genotypes tested. 
Thus EC 50534, EC 788, EC 455, EC 126755, EC 5倒8， EC 276, EC 10306, EC 2694 and EC 4207 could set 
fruits ashigh as 60-83% and were therefore identified as heat tolerant. EC373702, EC 129515, EC 279325, 
EC 37292, EC 177389 and EC 177403 were rated as moderately tolerant, with fruit setvarying from 25 
to 50%. EC 8590, EC 101652, EC 27932 A and EC 13724 were poorer bearers (0-40%), belonging to the 
category of heat-sensitive genotypes. Temperat山e can markedly in f1uence the initiation of f10wers as 
well as the number of f10wers per in f10rescence (Kall∞ 1986). 

The longitudinal and transverse sections of the fruits ranged from 2.8 to 5.2 cm and 3.0 to 4.6 cm, 
respectively (Table 3), and the shape index ranged from 0.86 (EC 276) to 1.24 (EC 2694). In most of the 
test genotypes the shape index was either one (EC 3737位， EC 455, EC 279325, EC 13724 and EC 101652) 
。r more than one (EC 126755, EC 2694, EC 50534, EC 27932A, and EC 5888), indicating the round to f1at
round shape of their fruits which is a desirable feature. 

The number of locules was mostly two, except in EC 126755 and EC 27932A which had five locules 
in their fruits. The locule number in the fruit is genetically controlled (Rick and Butler 1956) although 
largely in f1uenced by temperature. The perica中 thickness of fruits of the test genotypes ranged from 
0.3 to 0.5 cm (EC 276, EC 4詛咒 EC 373702 and EC 177403), whereas the total soluble solids varied from 
2.0 to 3.5%. The perica中 thickening in f1 uences firmness, maturity, storage, and transportation of the 
produce (Kalloo 1986). 

The average fruit weight varied from 20 to 40 g. EC 50534 recorded the highest marketable yield 
of 1040 g/plot (Table 3). The genotypes registered as heat tolerant had a fair degree of fruit setting, yet 
their marketable yields tended to be quite low (Table 3). This was because of a heavy to moderate 
incidence of diseases like early blight, Septoria blight and fruit ro t. Though apparently the yields are 
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low when cornpared with the rnain crop yields, the high price in the rnarket d叮ing this sea田ncould
cornpensate. 5tandardization of proper plant prot配tion rneasures rnay f凹ther augrnent the potential 
yields frorn the heat-tolerant genotypes. 

EC 276, EC 50534, EC 126755 and EC 788 have been identified as superior to the others under hot 
fruit set conditions. These are being included in the hybridization prograrn with well-adapted varieties 
ωob個in segregants superior to the parental lines with respect to fruit se組ng ability and other 
horticultural characters. 
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ABSTRACT 

Tomatoes are extremelysensitive to hot and wetgrowing conditions, thus limiting its adaptation 
扭曲e humid tropics. Moreover, tomatoes are susceptible to a number of major tropical diseases, 
further hindering its potential as a tropical crop. The tomato 虹nprovement research that has been 
carried 0吋 at the Asian Vegetable Research and Development Center since the early 70s aims to 
improve 伽 general adaptability of tomatoes to the tropics. This has been achieved ma凶ly by 
developingheat tolerant and disease-resistant breeding lines based on the knowledge ofunderly訊g

physiological or pathological processes泊volved.This research program has successfully con倒.buted

to the development and release of 52 tropic祉 lines in 32 countries throughout the world. These 1恆的
possess heat tolerance, resistance to diseases viz. bacterial wilt, tomato mosaic virus, and nematode, 
and have good fruit firmness and cracking resistance. Genetical research on heat tolerance revealed 
曲at it is controlled largely by recessive genes. Both additively and non-additively acting genes have 
been detected to control its expression. Contrary to previous reports, heat tolerance appears to be a 
11 quasi-quantitative" 甘ait， i.e. controlled by relatively few major genes and an undefined number 
of modifiers. The fact伽t progenies with high levels of heat tolerance could already be recovered 
in the early backcross generations su ppo自由is hypothesis. Bo出 standardvariety development and 
hybrid breeding have been successfully applied in developing improved heat tolerant cultivars. 

INTRODUCTION 

Although tomato plants can grow under a wide range of climatic conditions, they are extremely 
sensitive to hot and wet growing conditions thus limiting its adaptation in the humid tropics . Fruit set 
in tomato reportedly is interrupted at temperatures above 26/20oC day/night, respectively; and is 
often completely arrested above 38/270 C day / night (Stevens and Rudich 1978; El Ahmadi and Stevens 
1979a; Kuo et al. 1979). As little as a 4-hour exposure to 400C in daytime during the reproductive phase 
prevents fruit set in most cultivars (Iwahori and Takahashi 1963). However, the impact of high 
temperatures on the plant is not limited to fruit set. High day and night temperatures are also known 
to cause drastic reductions in membrane permeability (Shen and Li 1982), photosyn出etic efficiency 
(Bar-Tsur et al. 1985), assimilate translocation (Dinar et al. 1982), and fruit size and quality (Hanna and 
Hemandez 1982; Opeña et al. 1987a). 
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Tomato is one of the most flood sensitive vegetables (Kuo et al. 1982). Fl∞dings仕ess results in 
many detritnental morphological and physiological changes in tomato (Kuo and Chen 1980; Poysa et 
al. 1987; McNamara and Mitchell 1989). After prolonged heaη， rain followed by intense SUI甘ight，
tomatoes often wilt and die. Tomatoes also succumb to a number of major tropical diseases，也emost
important ofwhich is bacterial wilt (Villareal and Lai 1979; 仁)peñaetaI. 1990b). Thehighmoisturestress 
of the tropics also diminish the overall quality of tropical tomatoes (Opeña 1985; Opeña et al. 1987b). 

The Asian Vegetable Research and Development Center (A VRDC) began its tomato improvement 
program趴 1972wi曲曲egeneral goal of developing tomatoes for the tropics. The program emphasized 
at the outset the development of breeding lines which are heat tolerant and resistant to bacterial wil七
as these are absolutely essential for tropical adaptation (Villareal and Lai 19月; Opeña 凹的;句eña et 
al. 1987a). The most promising of the "pion自由19" tropicallines were officially released later by a 
numberofnational programs (OpeñaetaI. 1987a; OpeñaetaI. 19個).The 仕opical tomato has 血cethen

seen further improvements in other 仕ai旬， viz. additional resistance to diseases (tomato mosaic virus 
and nematode), improved fruit size and yield, and better fruit firmness and crack resistance (Opeña 
et al. 1990a). To date, a total of 52 tropicallines have been officially released by A VRDC's national 
partners in 32 countries 由roughout the world. 

The present paper reviews the genetical and physiological research that have been conducted at 
A VRDC on high temperature and excess soil moisture stresses in support of the breeding program to 
adapt tomatoes to the hot and humid tropics. 

GENETIC RESOURCES FOR STRESS TOLERANCE 
The general strategies adopted by the Center's crop improvement scientists include the following: 

assembly of a broad array of germplasm; multidisciplinary team approach in germplasm evaluation 
and utilization; strategic research to support the crop improvement agenda; technology transfer 
through training, information packaging and dissemination; and, collaborative tes自19 of genetic 
materials with the Center's national partners. 

The assembly of a diverse genetic base has always been at the top of the research agenda for all the 
Center's crops. The multiplicity and complexity of the problems that severely limit the adapta位onof
vegetables to the tropics justify the assembly of a broad genetic foundation to support the crop 
improvement program (Opeña et al. 1988). 

For tomato, the Center has accumulated a total of 6,498 accessions. This collection is undoubtedly 
one of the largest in the world.1t has been subjected to rigorous evalua tion for出e most important 甘aits

required for仕opical adaptation. To this end, screening protocols for traits such as tolerance to heat and 
flooding stresses, disease and insect resistance, and others have been developed by crop improvement 
scientists to insure a meaningful germplasm evaluation. 

HIGHTE此1PERATURE STRESS 
Erratic emergence offield-grown tomatoes can occurwith high soil temperatures (Odell et al. 1992). 

High temperatures alωaffect the subsequent nonreproductive processes, such as photosynthetic 
efficiency (Bar-Tsur et al. 1985). However, high temperatures drastically reduce the fr凶tse前ingability

of tomatoes (Abdalla and Verkerk 1969; Charles and Harris 1972; Rudich et al. 1977; El Ahmadi and 
Stevens 1979a; Kuo et al. 1979). The tomato improvement program at A VRDC accorded high priority 
to the 趴co中oration of genes for heat tolerance to tropicallines (Villareal and Lai 1978; Opeña 1985). 
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Germplasm evaluation for heat tolerance at A VROC simply involves growing the materials in the 
field during the months of May to September and observing them for fruit setting ability (expressed 
either as fruit setting score or percent fruit set per cluster). There were indications, however, that the 
fruit set of materials planted later than July is already sufficiently influenced by the cool temperatures 
of September-October and should be avoided in heat tolerance evaluation (A VROC 1984). For instance, 
the contribution of fruit set to the variation in total yield in a multiple linear regression model is 41 % 
for the May 5 廿ansplan也可 but only 7% for the August 17 仕ansplan也可﹒

Previous screening tests for heat tolerance revealed only 39 toma to accessions, or about 1 % of 4,616 
accessions, are heat tolerant (Villareal and Lai 1978). No substantial addition to the heat tolerant gene 
p∞1 has been found since. Screenings of tomato germplasm and cultivars for high-temperature fruit 
set had also been conducted by others (Stoner and Otto 1975; Rudich et al. 1977; El Ahmadi and Stevens 
1979a; Hanna and Hemandez 1982; Ber可 and Uddin 1988; Weaverand Timm 1989;Abd叫-Baki 1991). 
However, these screenings usually involved only a limited number of accessions. A general summary 
of the heat tolerance screening carried out at A VROC since 1973 is given in Table 1. 

Table 1. Distribution of heat tolerance levels among AVRDC tomato accession; 1973-90. 
Heat tolerance level 
Highly heat tolerant' 

Moderate to heat tolerant 
Heat sensitive 
Total 

Nurnber of accessions 
41 

832 
4,820 
5,693 

Percent 
0.72 

14.61 
84.67 

1∞.∞ 
. Based on a fruil setting score of 1 10 5: high heal 個leran但 = 4 105; hea 1 toleranl = 3 10 3.9; moderale = 2 加 2.9; heal sensitive = 1 抽1.9

Less than 1% of the Center's tomato collection could be considered highly heat tolerant. Some of 
the most impor個nt heat tolerant stocks that have been used in the Center's tomato improvement 
program are given in Table 2. These heat-tolerant accessions also served as valuable sources for 
studies to establish the physiological and molecular bases of heat tolerance. 

Table 2. Genetic resources for heat tolerance in tomato and frequency of their utilization 扭曲e

AVRDC breeding program. 
Acc. No. 
L4841 
L3958 
1125 
L2的

L232 
L2972 
11488 
118 

Variety name or PI No. 
L22 (VCl1-3-1-8) 
PI289叩9

Divisoria 
Tamu Chico III 
Nagcarlan 
PI289296 
刊203232

VCl1-2-5 

Genetic Basis of Heat Tolerance 

Utilizationmcros臨(%)

12.9 
11.1 
8.9 
7.5 
7.2 
7.5 
5.8 
5.4 

SO山ce or origin 
Philippines 
USA (Texas) 
Philippines 
USA (Texas) 
Philippines 
Hungary 
South Africa 
旦控且呈

Vil1areal and Lai (1979) repo巾d that heat tolerance is controlled by largely recessive genes and 
inherited in a complex fashion, with low heritability estimates of 5 to 19% which are typical of polygenic 
traits. In later observations of breeding populations it was noted, however，也at a sizable proportion 
of the BC1F2 breeding progenies alreadypossessed heat tolerance levels that were comparable to, if not 
better than, those of the recurrent heat tolerant parents (A VROC 1988). This circumstantial evidence 
pointed out thatheat tolerance maynot be as complex as had been previously reported by Villareal and 
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Lai (1979). 5imilarly, Wessel-Beaver and Scott (1992) report吋 that genetic correlations between high
temperat叮e fruit set and yield were s廿ongly positive, and heritability estimate for high-temperature 
fruit setwas high in 5] tomato families of s戶也eticpop叫a tion, sugges位ng tha t high-tempera ture fruit 
set can be easily improved. 

A genetic analysis of one cross, CL 5915-223-2-1-0 (heat tolerant) x L345 (heat sensitive), revealed 
a pronounced bimodality of fruit set distribution in the F2 and BCF2 generations (句eña et a1. 1朔a).

A similardiscreteness was evident in theF] and BC]F] families. When a 95% confidence interval around 
the mean of the heat tolerant parent was constructed to broadly classi句r the progenies into discrete 
groups, clear bimodal distributions were similarly observed in all segrega也可 families. It was shown 
thatabout2研~ of the F2 progenies could already be considered selectable for heat tolerance using the 
heat tolerant parent as the reference standard. With one generation of backcross，出is proportion 
increased to 55% of the population. Clearly, a single backcross was adequate to recover many 
individuals with heat tolerance at least equal to that of the recurrent heat tolerant parent (Opeña et al. 
1990a). 

A similar genetic analysis performed on a second cross provided sufficient compelling reasons to 
suppose that the number of genes underlying heat tolerance in the cross is also as few as had been 
concluded before (A VRDC 1988). 

Based from the above studies, it was concluded that heat tolerance is controlled by a few genetic 
factors with major effects on the trait, and an undefined number of minor modifiers. In other words, 
heat tolerance belongs to a distinct class of polyge叫c traits often referred to as 可uasi-quantitative"

characters. This type of trait is now believed to be common in crop plants than had previously been 
supposed. 

Gene Action for Heat Tolerance and IJs Implications on Breeding 

A genetically diverse 7-parent diallel experiment indicated that both additive and non-additive 
genes are important in regulating the fruit setting of various genotypes at high tempera仙re (Table3) 
(句的a et al. 198月). Similar results were also obtained by El Ahmadi and Stevens (1979b), Hanna et 
al. (1982) and Dane et al. (1991), suggesting 血at high廿mperature fruit set is primarily under the 
control of additive genes. 

Table 3. General and specific combining ability for components of heat tolerance 
in a 7-parent diallel experiment. 

Source ofvariation Fruit set (%) Antheridial cone split也可
General combining ability ** 等等

Specific combini呵 ability ** ** 
.. Significance level at P = 0.01. 

Differences existed among cultivars in their ability to transmit their fruit setting ability under high 
temperature to theirimmediatehybrid progenies (Table 4). Some genotypes, such as L3690, transmitted 
high levels of the trait over all crosses as evidenced by high general combining ability. on the other 
hand, a high variance for specific combining ability implied伽t L3690 did not uniformly transmit this 
high fruit setting ability in all its crosses. 

Table 5 gives the array of specific combining ability effects across all crosses of each parent 
indicating 血is genetic tendency. As may be noted, L3690 had four out of six possible crosses to other 
parents with relatively high SCA effects. However, two F]shad markedly low values. In contrast, L1076 
was more consistent throughout its array. 
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Table 4. General and specific combining ability for fruit set in a 7-parent diallel 
experiment in tomato. 

Accession 
L3690 
L229 
L232 
L1076 
L2991 
L1 25 
L387 (heat sensitive) 

Fruit set (%) GCA effect" 

38.9 5.58 
35.5 2.47 
35.4 -0.19 
35.0 1.44 
24.6 -0.04 
16.5 -2.78 
0 創6.48

Variance of specifi.c effects 
15.9 
16.6 
9.8 
0.8 

11.6 
16.6 
21.6 

• Positive GCA eflec恆 imply transmission 01 good Iruit阻吋ng ra扭 to hybrid prog凹les.

Table 5. Diallel a白'ay of specific effects for fruit set in a 7-parent diallel experiment. 

Parents L229 L232 L1076 L2991 L125 L387 
L3690 2.7 4.2 0.4 3.9 4.1 6.7 
L229 -3.8 2.8 1.8 1.9 8.3 
L232 1.0 2.4 -5.6 1.2 
L1076 3.8 1.3 1.2 
L2991 6.3 -1.2 
L125 3.5 
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A similar genetic behavior was noted for the spli出ng of the antheridial cone, a common 
developmental anomaly of tomato under high temperatures. Again, L3690 proved to be the best 
genotype e沿1ibiting favorable GCA effects. However, A VRDC tomato breeders have refrained from 
using this accession widely in crosses because of its wild attributes. L3690 belongs to L. pimpinellifolium 
and has the characteristic small fruits and unrestrained vegetative grow出 of the species. 

The ∞ngruence of results between fruit set and antheridial cone spli前ing is strongly supported by 
their highly significant negative correlation (r = -0.67; df = 26). 1t is implicit from the results that any 
great tendency for the staminal cone to split under high temperatures also leads to low fruit set. 

Based from the above study, it was concluded that both conventional breeding methods, which 
take advantage of additively acting genes, and hybrid breeding, which relies primarily on genetic 
interactions, should be effective in breeding for heat tolerance. In support of the la位er， about 1/3 of the 
diallel hybrid progenies from the foregoing study had better fruit set than the better heat tolerant 
parents (A VRDC 1988). 

In another study, crosses among heat tolerant parent stocks were noted to have better fruit setting 
ability and yield than their crosses with heat sensitive parents (Fig. 1). However, itwas apparent from 
the range of Fl means that some hybrids between heat tolerant and heat sensitive stocks could equal, 
if not surpass, the performance of the hybrids among heat tolerant stocks (Table 6)，扣rther suppor出g
the results from the diallel experiment (Opeña et al. 198月).

40 T • HTxHT 白 HT xHS1 臼 HT xHS2 
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Fig.l. 
Comparative tomato fruit 
set (%) and yield (t/ha) of 
hybrid progenies among 
parents with differing levels 
of heat tolerance. 
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Table 6. Range ofvalues fordifferentcharacters among tomato hybrids with differing 
levels of heat tolerance 似ceptional upper range values are underscored). 

Typeof 
cross' 
HT/HT 
HT/HS1 
HT/HS2 

No. of Fruit set Yield (t/ha) Fruit size 
cro俗的 (%) 切ta1 marketable 

8 26-52 15.4-37.5 12.3-29.0 
11 5叩 15.9-且是 9 .8-且♀

10 2-32 6.3-盟主 5.9-且是

值1
41 -63 
57-83 
59-92 

• HT = heat tolerant pa目的;HS1 = heats固自tive parent (le自由an 10% fruit 肥。; HS2= heats凹sitivepar凹t(no fruit 誼。-

Physiological Bases of High Temperature Tolerance 

High temperat凹es are known to limit tomato fruit set because of a sim叫taneously and/or 
sequentially impaired series of reproductive pr仗esses such as pollen production and development, 
ovule developme肘， pollination, pollen grain germination, pollen tube grow曲， fertilization， and fruit 
initiation (Rick and Dempsey 1969; Rudich et al. 1977; Levy 1978; EI Ahmadi and Stevens 1979a; Kuo 
et al. 1979; Femand凹-Muñoz and Cuartero 1991). The effects of high temperat世e on these processes 
depend upon 血e plant's developmental stage when expos世e takes place. The greatest effects occur 
five to nine days before anthesis . Heat treatment at one to three days after anthesis greatly reduces 
fertiliza tion (Iwahori et al. 1963). Heat tolerance in tomato cannot be a ttributed to a single physiological 
factor (EI Ahmadi and Stevens 1979a; Kuo et al. 1979). Several factors, i.e. high number of flowers per 
plan七 absence of stigma exsertion, substantial viable pollen production, high ovule viability, reduced 
antheridial cone splitting and high seed se七 would be essential for optimum heat tolerance. None of 
u世mproved heat tolerant varieties possessed all of the heat tolerant factors. However, heat tolerance 
may be substantially e叫lanced by genetically combining all the heat tolerant factors (BerrγandUddin 
1988). A number of the improved heat tolerant varieties appeared to possess many of the heat tolerant 
factors (Kuo et al. 1985; A VROC 1987, 1988, 1992). 

Some evidence suggests that carbohydrate stress can cause low fruit set in tomato (Stevens and 
Rudich 1978; Markus et al. 1981; A VROC 1988). High temperature reduces photosynthesis but 
increased respiration and transpira tion. The rate of photosyn曲的is， wa ter use efficien句， and response 
of ribulose l ,5-bisphosphate carboxylase to high temperatures varies among genotypes (Stevens and 
Rudich 1978). Selection for high photosynthesis and low respiration (Augustine et al. 1979) may also 
e吋lance hea t toleran凹， provided that fr山t set process is not disturbed by high temperat凹e.However，

there are cases in which it has been establisehed that the fruit set of tomato is not limited by 
photos戶1曲的is but by the capacity of the flower to accumulate assimilates (Dinar et al. 1982; Dinar and 
Rudich 1985; A VROC 1988). 

After poll趴ation and fertilization, the developing seed takes the leading role in con仕olling fr凶t
development. A possible correlation exists between seed number and fruit size. Fruit set and 
development are usually associated with endogenous plant hormones produced by the pollen, stylar 
tissue, or seed du自19 the normal processes of pollination, fertilization, and seed formation (Mapelli 
et al. 1978; Kuo and Tsai 1984; Sawhney 1984;Sjut and Bangerth 1984). After fruit s肘， cell division and 
enlargement in the fruit are promoted by the endogenous hormones produced by seeds through seed 
development. Experimental evidence suggests thatauxin andgibberellin levelsin reproductiveorgans 
decrease with increasing temperatures. At the same 位me， abscissic acid increases, probably enhancing 
abscission (Kuo et al. 1989). Little is known, however, about the varietal differences in the level of 
endogenous plant hormones or their roles in the reproductive organ during the process of fruit-set and 
development at high temperatures. It appears that certain plant hormones enable the reproductive 
organ to mobilize assimilates at high temperatures. 
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HIGH SOIL 弘10lSTURE TOLERANCE 

HeaηT precipitation in the humid tropics mechanically damages plant organs. It also leaches 
nutrients from the soil. Topogenic water accumulation due to p∞r surface drainage may also lead to 
flooding s仕ess. FI∞ding decreases O2 and increase CO2 concentrations in the so泣，也us reduce water 
and nutrient uptake by the plants, and increase toxic levels of methane and reduced ions. 

Fl∞dings廿ess results in many detrimental m。中hological and physiological changes in tomato, 
including leaf epinasty, stomatal closure, chlorosis and abscission of the oldest leaves, and reduced 
stemgrow曲， dryweight, leaf area, survival and yield (Kawase 1981; Kuo et al. 1982). Plants weakened 
by flooding are much more susceptible to soil-bome diseases. Extent of fl∞ding damage is depend凹t
upon variety, soil texture, ambient temperature and soil microorganisms. Rapid wil自19 of tomato 
plants after a short period of flooding is usually observed under hot, humid conditions in the 仕opics
(Kuo and Chen 1980; Kuo et al. 1982). This is likelydue to the combined effects ofhigh temperature and 
flooding. 

The entire A VRDC tomato germplasm collection was evaluated for fl∞d tolerance in 1979-81 (Kuo 
etaI. 1982). Screening trials conducted by A VRDC and others (Kuo eta l. 1982;Poysa 1987; McNamara 
and Mitchell1989) indicated that flooding tolerance in the genus Lyω戶rsicon is relative rather than 
absolute. Nevertheless, difficulties were usually encountered in detecting differential sensitivity to 
flooding among L. esculentum varieties likelydue to soil physico-chemical properties, tempera仙re， and
the stage (Kuo and Chen 1980; Poysa 1987; McNamara and Mitchell1989). This difficulty may also 
indicate that the tolerance in the best accessions is inadequate to address the problem, and limited 
genetic variability exists for this trait among tomato accessions. Before gripping flood-tolerant 
cultivars, A VRDC has developed several production practices which promote flood tolerance, 
including planting on raised beds, ranin shelters, composts and mul出es， grafting to r∞t st仗ksofwild
but flood tolerant Lycopersicon or Solanum species, and planting in high pots (A VRDC 1993). 

Although no consistent flood-tolerant genotypes were noticed, those relatively flood-tolerant 
genotypes still mightpossess genes 出a t could be used in breeding program to develop flood -tolerant 
cultivars. Adventitious r∞ts and aerenchyma tissue commonly develop on the lower stem of flood
tolerant tomato plants. They are important components in the adaptation of tomato plants to fl∞d趴g

(Kawase 1981; Kuo et al. 1982; Poysa et al. 1987; McNamara and Mitchell1990). Therefore, further 
understanding of factors goveming genotypic capacity for such mo中hological adap切位ons may speed 
the process of developing flood-tolerant tomato cultivars. Furthermore, comparative examination of 
wild tomato relatives can be done to identify differentially tolerant genotypes. The genes for flood 
tolerance in these wild plants could perhaps be used to overcome some of the limitations that flooding 
impose on the tomato. Because the different species of Lycopersicon can be crossed，出is could be done 
byconventional breeding. However, if the gene products thatallow flood tolerance could be identified, 
there is the additional possibility that homologous genes from even more flood-tolerant species could 
be isolated and transferred using genetic engineering. 

ABIOTIC STRESSES ON TO弘1ATO QUALITY 

The overall quality of tomato fruits produced ùuring the cool, dry season is generally be位er than 
those produced during the hot, wet season, likely due to an inhibition of ethylene biosynthesis (Cheng 
et al. 1988). In an experiment grown in both seasons, color development of fruits in the hot s臼son is 
p∞rer than those in the cool season (Fig. 2) . Blotchy ripening and sunscald of fruits are more common 
during the hot season. Cracking of fruits is also generally severe in the humid season, diminishing the 
aesthetic appeal of the fruits and providing avenues for the invasion of fruit-rotting orga凶sms.High
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soil moisture brought about by frequent precipi切位on in the hot wet season invariably contributes to 
low soluble solids content in the tomato fruits (Fig. 3). The flavor of fr凶ts produced during the hot 
season also tends to be flat and more acidic than those produced during the c∞L 世yperiod .
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Fig.2. 
Comparative fruit color of 
tomato cultivars grown during 
the hot 凹的 and cool (CS) 
season. 

Fig.3. 
Comparative soluble solids 
content (OBrix) of tomato 
cultivars grown in hot (HS) 
season and cool (CS) season. 

Breeding for intrinsic aspects of quality, viz. flavor and taste, has not been given priority in the 
Center's tomato research program. The main emphasis at the outset was to resolve the bottleneck 
problems of production during the hot and humid s臼son.α1 the other hand, conscious selection for 
extemal aspects of quality such as crack resistance, fruit firmness, desirable shape, absence of defects 
such as catfacing, fasciation and puffiness, and improved fruit size, has always been applied to 
segregating populations. As a result, the most advanced tropical lines generally exhibit better 
horticultural attributes than the older breeding lines. 

Despite the improvement in the extemal aspects of fruit quality in tropicallines, there have been 
persistentdemand from some countries for genotypes which have be討er flavor and improved fruit size 
to supply the quality-conscious industry. Rather than selection for components of fruit quality such as 
organic acids and volatiles which are related to flavor (Stevens and Rudich 1978; Stevens 1979; Stevens 



Opeña etal. 329 

1986), a selection program to develop indeterminate tropicallines was initiated. Fruit size can be 
improved by remov出g the axillary sh∞ts and regulating the number of fruits per cluster. The 
indeterminate cultivars are more amenable to pruning than the bushy, determinate tomato. It has also 
been shown in previous studies under temperate climate that certain components of fruit quality, such 
as soluble solids, can attain better levels in the indeterminate tomatoes than in the bush tomatoes 
(Emery and Munger 1970). 

The quality attributes of 仇的 near-isogenic lines differing in growth habit (indeterminate and 
determinate) were investigat.吋 to determine whether 伽 above relationship s叫1 holds 仕ue in the 
廿opics. The isogenic lines were extracted from the BC:?2 population of one cross, Cl后046 (CLl131/ 
Moperou) with CLl131, a 甘opical line, serving as the recurrent parent. The isolines shared 94% 
common genetic background. Theywere entered趴a splitplotexperiment,replicated threetimes, with 
isolines as the main plot and pruning as the subplot. Pruning involved maintaining two branches per 
plant, each allowed to develop 5 fruit clusters, or a total of 10 clusters per plant. This 廿eatmentwas
included to determine if quality can also be regulated by regulating 趴e fruit load of the plant. Quality 
attributes such as ß-car叫ene， vitamin C, pH, Brix, titratable acidity, Hunter color, total solids, and 
sugar-acid ratio (SAR) were measured. 

The indeterminate isoline was clearly superior in all major quality parameters viz. soluble solids, 
color, total solids, and sugar-acid ratio (Fig. 4). High sugar-acid ratio, in particular, imparts g∞d 
overall tomato flavor (Stevens 1986). In the same experiment, pruning resulted in higher contents of 
vitamins C and A (戶-carotene)， higher acidity, and better sugar-acid ratio than when the fruit load is 
not regulated (句的a et al. 1990a). 
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Fig. 4. Quality of tropical tomato lines which are near.也ogenic for growth habit (indeterminate 
vs. determinate). 

From the above results, it could be safely assumed that breeding indeterminate 廿opical lines 
should lead to new genotypes with better quality than could possibly be obtained with determinate 
types. The use of indeterminate varieties may also be combined with traditional pruning practice to 
obtain further quality improvements. 

STRA TEGIES TO 1弘1PROVE TROPICAL ADAPTATION 

A stepwise approach to genetic improvement has been followed in improving the adaptability of 
tomatoes to the tropics (Opeña 1985). The enormity of the problems confronting tomato production in 
the tropics necessitated the adoption of this scheme. In the early years, hea t tolerance and bacterial wil t 
resistance was emphasized (A VRDC 1974; Opeña et al. 198η. 
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Further improvements of the tropical tomato have been secured in recent years by sequentially 
adding resistance to diseases and by enhancing some extemal as伊cts of fruit quality. The new 仕aits
that have been added are as follows: resistance to tomato mosaic virus (mainly gene Tm-2a), resistance 
to rootknot nema tode, resistance to fruit cracking, and improved fruit firmness and size (A VRDC 1987; 
A VRDC 1988). 

The valuable 仕aits that tropical tomato lines already possess may decrease in intensity as theyare 
further manipulated in the breeding program. Polygenically controlled characters like bacterial wilt 
resistance and heat tolerance are especially vulnerable. Thus, increasing use of the backcross (BC) 
method to r配over adequate levels of previous breeding gains, while at the same time adding new 
traits, has been practiced by the Center's tomato breeders in r配ent years. The BC method is finally 
combined with the bulk, pedigree or single咽ed descen t schemes to manage the se!fed BC popula tions 
(句eña et a1. 198月).

As a matter of principle, selection for complex traits is generally postponed until selections have 
reached the familyor line stage. Early generation selections are often limited to simple, highly heritable 
traits like monogenic disease resistances. In this manner, only progenies which possess desirable 
horticu1tural types are selected later for the more complex traits, such as heat tolerance and bacterial 
wilt resistance. This delayed selection scheme was instituted in the Center's tomato program when it 
became clear that recovering horticulturally desirable lines was difficult after intense selection in the 
early generation for bacterial wi1t resistance (Opeña et al. 1987b). More research clearly needs to be 
done to determine the relationship horticultural attributes and heat tolerance or bacterial wilt and the 
underlying physiological pr囚esses involved. 

Hybrid breeding for special situationshas been practiced. This eliminates the need to fix all desired 
characteristics in a single cultivar. For instance, it has been difficult to combine large fruit and bacterial 
wi1t resistance owing to the negative association between the two traits (Acosta et a1. 1964). Previous 
studies at the Center indicated that both conventional and hybrid breeding would be effective in 
developing tropicallines wi趴 good heat tolerance and bacterial wi1t resistance (A VRDC 1糊; Opeña 
et al. 1990a). A few large fruited fresh market hybrids have been officially released in Taiwan. These 
hybrids have found a production niche in the mid-elevation mountains of central and eastem Taiwan 
during the summer season. 

The most advanced tropical lines already combine desirable features such as heat tolerance, 
multiple resistances to bacterial wilt, tomato mosaicvirus, and r∞tknotnematode， and improved fruit 
attributes such as firmness, crack resistance, and attractive smooth shape. National programs worldwide 
have officially released a nU!,!lber of A VRDC's improv吋 vege帥le germplasm (句eña et al. 198月;
Opeña et al. 1988). 的 of 1991, a total of 52 AVRDC廿ed or derived tomato lines have been 叫ea叫

to tomato growers in 32 countries. 

PROSPECTSFORFURTHERIMPROVEMENT 

The tomato research program has successfully brought the crop to adapt reasonably well to the hot 
and humid tropics. The most advanced 仕opicallines resist one or more major diseases, are relatively 
tolerant to hot wet conditions, and have acceptable quality. However，也e program to adapt toma toes 
to 血e tropics is far from complete. 

The A VRDC tomato breeding lines of the future will have to ca叮y more s仕ess tolerances than 
before. Progress in resistance breeding is necessary for a number of diseases as follows: tomato yellow 
leafcurl virus, potato virus Y, bacterial spot (Xanthomonas αmpestris pv .的icatoria)， and certain fungal 
diseases such as black leafmold (Cercospora 戶ligena)， A1temaria spot, powde可 mildew， etc. Even 
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resistances to the unwieldy viruses, such as cucumber mosaic virus, and equally important insect 
problems like fruitworm and aphids, will be impo此ant.Thepotential ofthewild LycOJXfs的n and Solanum 
germplasm will have to be exploited in attaining progress to resolve these biotic constraints. 

Heattolerance (specific for hot dry condition), droughttolerance, tolerance of excess soil moisture 
and even tolerance of poor soil fertility will be strategically important additions to the physiological 
arsenal of the future tropical tomatoes. For true adaptation to humid conditions, the toleranceof excess 
soil moisture among the most advanced 廿opicallines is clearly inadequate and will req凶re high 
research priority in the short term. 

The quality of the future 甘opical tomatoes will also need to be upgraded par位cularly in the 
conspicuous attributes such as absence of cracks and blotchy ripeni峙， improved red color, and 
increased shelf-life either through e吋lanced fruit firmness and/ or inherently long storage properties. 

Conventional breeding methods will remain as 血e mainstay of improving the 仕opical tomato. 
However, the efficiency of the tropical tomato breeding program will be improved through the 
integration of appropriate biotechnological t∞Is . In particular, techniques such as restricted fragment 
length polym。中hism (RFLP) and randomly amplified polymorphic DNAs (RAPDs) will be increasingly 
adopted to detect molecular markers that are closely linked to gene( s) of s廿ategic interestto the tropical 
tomato. There are strong arguments supporting the view that these techniques will find g∞d use 趴
practical breeding (Klein-Lankhorst et al. 1991; Paterson et al. 1991). 

Advances in the area of gene transformation and the changing attitude on the regulatory control 
of transgenic plants are opening new vistas in crop improvement. The application of these techniques 
in improving the tropical tomato for a number of bottleneck problems will be explored at an 
appropriate time in the future. 
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ABSTRACT 

There is considerable year-to-year fluctuation in soybean (Glycine max) yield in the U.S. which 
is strongly associated with rainfall. Irrigation of the crop is not cost eHective, and therefore the only 
real management strategy for the problem is development of drought-tolerant soybean va由ties.

This has not occu虹ed in the USA because of the research difficulties involved. In response to this 
need we screened 3∞ plant introductions (PIs) from the United States Depa抽nent of Agriωlture 
gennplasm collection under drought conditions in the field for 2 years and observed that PI 416937 
from J apan wilted more slowly than all other entri的.Ins咖equenttests， the Plm血tained a higher 
relative water content in 伽 leaves during drought, and extracted soil water more eHiciently than 
did the popular U.S. cultivar Forrest used for comparison. The PI was hybridized with locally 
adapted genotypes and 100 Fs progeny were evaluated for seed yield under drought conditions in 
1991. Approximately 20% of the progeny perfonned better than the cultivars used as controls, 
泊dicating 血e PI may be useful in breeding. Al出ough there is some evidence for osmotic 
adjus恤ent，也ep血nary mechanism of tolerance in the PI involves its roo恆.甘\e PI 血at is also 
tolerant to aluminum has a larger-than-nonnal root system. Both these characters may be associated 
with efficient use of soilmoisture. Subsoils in our area exhibit toxic levels of Al which interfere with 
exploitation of subsoil moisture during a drought. Laboratory tests show that the PI has the ability 
to exclude Al from the roots when challenged with a short exposure to Al. We are attempting to use 
selection for Al tolerance as a short-cut method to develop drought-tolerant cultivars. 

INTRODUCTION 

The USA is the world's largest producer of soybean [Glycine 仰x (L.) Merr.], with as much as 28 
million ha or two-thirds of the world supply harvested for seed annually (Smith and Huyser 198η. 
Planted in May or J une and harvested in September through November, soybean is produced under 
a high-input farming system, where soil pH, fertility, weeds, and diseases are well controlled, thereby 
removing most constraints to yield. Average seed yield in the USA is about 22∞ kg/ha， which is more 
than twice the yield in most developing countries of Asia. Yet despite the high-inputfarming practiced 
in the USA, year-to-year fluctuations in soybean yield are grea t. The primary cause appears to be 
drought. Irrigation of soybean is not cost effective and not widely practiced in the USA. Thus farmers 
are dependent upon rainfall that is unpredictable and often insufficient for crop needs. 
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Analysis of rainfall data for a 10-year period shows that about one-half of the year-to-year 
fluctuation in USA soybean yield can be explained by August rainfall alone (Table 1; Carter 1989). 
August is the month during which much of the pod filling occurs for the crop. In North Carolina, we 
examined the relation between effective or usable rainfall (defined as 90% of potential evaporative 
demand) and yield over a more extended time period (31 years). July, August, and September rainfall 
accounted for 到% of the year-to-year fluctuation in yield in the southeastem climatic zone of the state 
(Fig. 1). Similar long-term trends were found in several other climatic zones of North Carolina. The 
s甘ongrela討onbetween low rainfall and low yield suggests thatagronomic research should bedirected 
towards this problem. Breeding drought-tolerant cultivars would 鉛em a reasonable place to begin. 

Table 1. Relation between soybean seed yie旭 andAu伊st precipitation for various production 
areas of the USA. Yield response to a centimeter of August precipitation is presented in far 
right columns given 伽t 2.5 or 10 cm of precipitation have already 前curred (from Carter 
1989). 

USN 
growmg 
area 

EastemNE 
(Irrigat吋)

EastemNE 
(No irrig.) 
Cen甘allA

Cen甘al lL 
NorthlN 
Coastal NC 
Central GA 

10-year averageb OptimumC 

Seed August August 
yield ram ram 

kg/ha ---一一--- cm ---一一
2685 11 14 

2155 11 14 

2595 11 18 
2690 11 13 
2430 10 16 
1640 14 14 
1475 11 12 

Yield vs. rainfall 
regresslOn 
coefficients 

Linear Quad 

105.3 -3.78 

199.0 -7.∞ 

94.0 -2.55 
前 4 -3.19 

101.5 03.26 
178.3 -6品

282.4 -11.ω 

. NE=Nebraska; IA=Iowa; 且=IIlinois; IN=Indiana; NC=North Carolina; GA=Georgia 

Yield responsed 

to August rain 
after 2.5 or 10 cm 

R2 pnorram 
2.5 10 

-kg/ha/cm 一

0.56 86 30 

0.53 154 49 

0.67 81 43 
0.13 65 16 
0.42 85 36 
0.68 146 51 
0.44 224 50 

b 1978-87 P reαpJtalion expr田sed as a monthly sum. Data obtained from U 旦 NatlW凹出自 Bur. and appropria世 S扭扭 agr. stat. serv 
, Optimumde坦rmined as that point in which additional rainfall 臼usesno fu的er m白凹的nyield . Cal口岫ed by setting the fi自t derivative of 

the quadratic r目pon阻 equation (columns 5 and 6) 問ual to 盟ro and solving for the optimum. August PET=14 and 15 cm for 1A and NC, 
respectively 

d De世rmined as 甘le derivative of the quadratic response equation at precipitation of 2.5 and 10 crn. Yield response vari田 with prior rainfall due 
to the quadratic nature of the equation. 

More than 1∞ years ago the American novelist, Mark Twain, quipped 血at everyone talks about 
the weather but nobody does anything about it. Nothing could be more 仕ue with respect to soybean 
breeding. Although drought is the number one factor limiting soybean profits, no drought-tolerant 
cultivars have been released for the USA. Most commercial cultivars differ only slightly in response to 
drought, prompting the question，可s it really possible to protect the farmer from 出e ravages of dry 
weather through soybean breeding?" In the past 7 years, a half dozen literature reviews have focused 
upon this issue，也e most recent one written by Carter (1989). The overriding theme of these reviews 
is that genetic research in the area of drought tolerance willlikely fail to produce any results impor個nt

to agriculture. 
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Fig. 1. Relation between total effective rainfall in July, August, and September and soybean seed 
yield for 31 consecutive years between 1959 and 1989 扭曲e southeastem climatic zone of 
Nor出 Carolina， USA. Effective rainfall is defined here as 1) actual rainfall for a month if the 
total rainfall is less than or equal to 13 cm, or 2) 13 cm if actual rainfall exceeds this value. The 
term effective rainfall accoun包 for the fact that a soybean crop can use effectively no more 
than about 90% of 出e potential evaporative demand for a growing region, or ca. 13 cm 
rainfall per area under study. Each data point represents a minimum of 150，0∞ ha. 

The first obstacle to success is disagreement among scientists regarding the definition and 
measurement of drought tolerance. Physiologists and breeders have a difficult time communica出g

because breeders conceive of drought tolerance in terms of seed yield, and approach the subject from 
statistical 血的ry developed for analysis of genotype x environment interaction. Physiologists define 
drought tolerance in terms of physiological responses which may or may not be related to agronomic 
characters such as yield (Carter 1989). Semantic problems may have limited the breeder's ability to 
apply knowledge from plant physiology to cultivar improvement. 

The second, and perhaps most serious, barrier to progress is a lack of genetic diversity for drought 
tolerance in breeding programs. In soybean, a mere 14 plant introductions collected prior to 1945 
contribute nearly 70% of the genes found in modem cultivars in the USA. And some of the genes 
present initially in this small group have been lost because of genetic drift in breeding programs. 1f one 
uses the probability that two cultivars are identical at a 1前us (known as coefficient of parentage) to 
measure loss of genetic diversity in soybean, then 20 and 25% of the original diversity of the found趴g
stock have been lost through genetic drift in northem and southem U.5. cultivars, respectively (Gizlice 
et al. 1992). Breeding for multigenic resistance to the soybean cyst nematode and plant diseases may 
accelerate this loss of diversity. Popular southem USA cultivars carrying soybean cyst nematode 
resistance have over 50% of their genes in common (Carter et al. 1992). 
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α11y Brown et al. (19的) and Specht et al. (1986) have provided critical yield da ta that demonstra te 
the possible existence of drought tolerance among USA soybean cultivars. Unfortunately, others have 
reported conflicting results with the same genetic material so that 廿ue drought tolerance in the USA 
breeding programs，的 defined by seed yield, is in ques tion (Carter 1989). At出is juncture, U.S. soybean 
breeders tend to have an open mind regarding the existence of drought tolerance, but do not screen for 
drought tolerance in their programs. 

IDENTIFICATION OF DROUGHT TOLERANT PI 416937 

With these concems in mind, Carter tumed to the USDA germplasm co11ection some years ago in 
a search for drought-tolerant soybean. Using funds from a USDA competitive grant, ca. 500 accessions 
ranging from maturity group VI to VIl were grown in 1981 and evaluated for agronomic characters in 
one-row plots. Genotypes e油ibiting extreme lodging or disease susceptibility were discarded from 
further study. In the fo11owing 2 years 300 plant introductions and appropriate U.s. cultivars were 
grown at a drought-prone field site (arenic paleudult) in a series of tests. Employing a randomized 
complete block design and three replications, entries were planted in standard breeding plots (3-row 
plots of 5 m long and 1 m row spacing). Irrigation was applied to minimize drought 忱的until plants 
began to flower in early August. A severe drought developed in August of each year. A number of 
measurementswere 扭扭n， including seed yield, canopy temperature and leaf "bum" ra也可s. Visual 
symptoms of wilting, however, provided the most striking separation of genotypes. At one point 
during the drought, only three plots of nonwilted soybean remained at the 3-ha site. They were three 
replications of a plant introduction (PI), 416937, from Japan. This observation provided the first real 
evidence for drought tolerance in soybean and constituted the beginning of our drought tolerance 
breeding project. 

Aided by funding from the American Soybean Association and the North Carolina Soybean 
Producer's Association, we set out to characterize the drought-tolerant properties of the PI. Using 
automated rain exclusion shelters, the PI was subjected to drought s仕essd山ingA ugust and compared 
to Forrest, a popular U.s. cultivar of similar mat山ity. The PI was able to maintain greater leaf relative 
water content, and a higher leaf pressure potential than did Forrest, indicating superior turgor 
maintenanceand confirmingour initial visual results (Fig. 2; Sloane etal. 1990). The turgor-maintaining 
property of the PI was associated with higher transpiration and photosynthetic rates than found with 
Forrest and culminated in improved seed yield. That is, yield of the unadapted PI was reduced one
third by water stress while that ofForrest was reduced by one-half. 

MECHANIS弘1: OF DROUGHT TOLERANCE IN PI 416937 

From the initial data we became convinced that the PI contained genes of agronomic impor個nce，

but the mechanism of tolerance was not clear. Most mechanisms of tolerance 臼11 into two categories 
in crop plants: (1) osmotic adjustment, a protective accumulation of solutes in the vacuoles of leaves, 
or (2) increased rooting capaci ty, allowing for more efficient moisture extraction from the soil. Both of 
the mechanisms can result in slower-than-normal wilt泊g pattems under 忱的s. Although soybean is 
not considered a species with great capacity for osmotic adjustment, our initial study provided some 
evidence for both of the mechanisms (Sloane et al. 1990). In further comparisons, Hudak and Pa tterson 
(1990) found that the PI was able to extract water more efficiently from the soil than was Forrest and 
possessed a larger rooting system (Fig. 3). Su中risingly， the osmotic adjustment of the PI was not grea t. 
α1e inte中retationof也e two experiments, taken together, is that the superior r∞ting sys tem of the PI 
extracts water from the soil efficiently, causing a slower-than-normal wilting pattem which, at times, 
allows an osmotic effect to develop. 
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Fig.2. 
Waterpotential (A),solute potential 
(B), pressure potential (C) and 
relative water content (0) of 
uppennost fully expanded leaves 
from stressed (S) and nonstressed 
(N) soybean genotypes PI 416937 
(P) and Forrest 的 as a function of 
time of day. Each data point is a 
mean of at least 12 measurements 
from six sampling dates over a two 
year period at a field site at Clayton, 
NC, USA (from Sloane et al. 1990). 
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Fig.3. Root growth of soybean PI 416937 and Forrest through the growing season in a field site in 
1989 (from Hudak and Patterson 1990). 

USE OF PI 416937 IN BREEDING 
Clari句ring the mechanism of tolerance is often helpful in 出e development of efficient screening 

methods 也atidenti句r drought tolerance. In the present case, however, the mechanism appeared to be 
associated with rooting pattems in the field, a trait that is difficult to quantify for 出e large number of 
genotypes evaluated in a breeding program. Thus the Iftried and true" screening method, yield assay 
under d可 conditions， seemed the only feasible avenue for progress. This agronomic approach has 
associated problems, however, which interfere with the identification of drought tolerance. Typically, 
drought s仕ess magnifies soil heterogeneity, precision of test plots is lost, and detection of differences 
among test genotypes becomes almost impossible. It is equally troublesome that imposition of drought 
stress is highly dependent upon weather conditions. 

We encountered a tum of good fortune in our field screening program when a new field site became 
available. As the name of the site implies, the Sandhills Research Station has extremely deep sandy soils 
(greater than 120 cm to clay) and develops drought stress in most years. Unlike most sandy sites in the 
southeastem USA, however, this loca tion has uniform soil and uniformity is not decreased by drough t. 
With this field test site available, successful yield testing became a reality. We initiated a breeding 
program for drought tolerance by hybridizing the PI with three locally adapted genotypes: a high 
yielding breeding line, N77-114, from our breeding project, and the cultivars Gasoy 17 and Davis. 
Subsequently, individual F2 plants were grown and harvested and seed planted in single rows. The PI, 
like most Japanese cul tivars, is susceptible to pod dehiscence (shattering) a t maturi ty, a trait not suited 
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to mechanical plot harvest in thewest. In theF2-derived rows, Carter selected for resistance to shattering 
at maturity; nonsha仕ering F3 plants were advanced to 血e F6 generation through single seed descent 
(Brim 1966). (Casual observation suggest吋 thatsha悅ring resistance is conditioned by two recessive 
genes, each epistatic to the other.) 

Approximately 1∞ nonsha位ering F6 breeding lines were tested for seed yield in a series of 
experiments in three replications in 1991 at the Sandhills site, with the same plot technique described 
previously. Theexperimental design wasa splitplotwith wholeplots assigned to irri伊拉on treatments 
and subplots assigned to genotypes. Drought stress developed in August and caused a 43% reduction 
in yield compared to the irrigated plots. A surveyof results revealed thatmore than50% of the breeding 
lines were superior to U.S. cultivars under drought conditions. Results from a typical experiment are 
present吋 in Table 2. A few lines yielded almost as well as the cultivars under irrigation. These 
observations are encouraging and, if substantiated, constitute proof that genes for agronomic drought 
tolerance exist in the PI. Verification is in progress. 

Table 2. Seed yield of F6 derived soybean lines developed from the hybridization of N77-114 and 
PI 416937 and grown at the Sandhills Research Station, Jackson Springs, NC, USA扭 1991.

Plots were irrigated or rain fed until flowe血g in early August, at which time irrigation 
was withheld from one-half of the plots. 

En廿y August drought Ir討gated Stressed I nonstressed 
stressed 
一一一--一--kg/ha 一一一一-一- % 

Young 1ω9 3837 42 
N90-7123 2559' 3678 70 
N90-7128 1085 3080 35 
N90-7139 2077' 2901 72 
N90-7057 1449 2865 50 
N90-7145 2047' 3456 59 
N90-7065 1313 2787 47 
N90-7153 1101 2884 38 
N90-7069 1751' 3265 54 
N90-7159 1276 2593 49 
N90-7l62 2185' 3123 70 
N90-7169 1220 2742 44 
N90-7174 167l' 2695 56 
N90-7183 2047' 2461 83 
N90-7189 1756' 2916 60 
N90-7193 2124' 3078 69 
N90-7189 1756' 2916 60 
N90-7193 2124' 3078 69 
N90-7102 975 2到8 39 
N90-7199 2079' 3352 62 
N90-7212 2075' 2576 80 
N90-7216 2079' 34日 60 
LSD (P = 0.05) 672 622 
Mean 1744 3011 58 
Note: All genotyp自 a間 of similar maturity. Each mean is the average of three y ield plo個 N77-114 個d PI 416937 were not included as controls 
N77-114 matur由 earlier than the breeding lin凹， and the PI shatters a t maturi ty making yield level of the PI difficult 阻 measure
+ 的dica世s a y ield n umerically g甜甜er than the popular variety Young 
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ALUMINUM TOLERANCE IN PI 416937 

There is another dimension to the mechanism of drought tolerance in the PI not yet mentioned in 
this paper. That is the role of aluminum tolerance in drought tolerance. In science, some of our most 
interes也可街ldings occur serendipitously; such was 也e case in the discovery of aluminum tolerance 
in the PI. As quantification of the drought tolerance of the PI progressed, one of us (TEC) talked to Dr. 
Warren Hanson (North Carolina State Univ., now retired) on the subject. Hanson was investiga出g

aluminum tolerance in soybean at the time and suspected immediately that a connection might exist 
between drought and aluminum tolerance. A pilot study quickly indicated this possibility. The PI was 
evaluated at the seedling stage inhydroponic solution and found to be more AI tolerant than thecontrol 
genotypes that Hanson had developed from years of selection. 

This su中rising discovery is important because aluminum is a major phytotoxic factor res廿ic也可

r∞t growth in the acid soils of the southeastem USA. Although lime is applied commonly to raise pH 
above 5.2, detoxify AI and improve rooting in the topsoil, subsoil is relatively unaffected and root 
proliferation is generally poor in the subsoil (Reich et al. 1981; Hammel et al.凹的).Thus the possibility 
exists that the AI tolerant property of the PI allows gr臼ter-than-normal access to subsoil moisture 
du也可 drought. This could provide the conceptual link between drought and AI tolerance. This 
relationship was investigated in a series of experiments outlined below. 

The initial task was to verify the existence of AI tolerance in the PI. Campbell et al. (1989) and 
Campbell and Carter (1990) compared the PI with 11 other genotypes using hydroponics and 
greenhouse pots (Ta ble 3). Both methods clearly indica ted tha t the PI was toleran t to Al. The PI was also 
compared in a number of field sites in replicated trials where AI toxicity was a problem in both the 
topsoil and subsoil (Table 4). The field results, based on comparison of limed and unlimed plots, 
generally support the contention that the PI is relatively tolerant to Al. 

Table 3. Aluminum tolerance of 12 soybean genotypes as measured in greenhouse and solution 
culture screening methods. Tolerance is expressed as growth in Al per se (Al) and as 
percent of control (PC) (from Campbell and Carter 1990). 

Genotype 

Gree咄0吐lSe

(shoot dry wt.) 
Alb PC 

g/p~nt % 
4.12 95 
5.19 87 
4.55 84 
4.凹的

3.61 73 
3.63 69 
3.09 67 
2.76 67 
3.49 63 
3.60 59 
3.27 54 
2.95 53 
0.90 38 
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PI416937 
WH3-27 
PI319529 
FC 31732 
Gasoy 17 
N77-114 
Jeff 
Sable 
N80-2177-2 
PI424391 
Essex 
PI381674 
SEc 
• ô = (final radicallength -initial radicall凹gth)/no. of days in solution 
bM曲ns for Al per se in the g時自由ou且 we間 based on eight observations; all others were based on six observations. 
, SE = standard error from analysis of vari聞自
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Table 4. Biomass (dcy weight) of the soybean genotypes PI 416937 and Essex ca. 40 days after 
planting in limed and unlimed plo切 at five field sites from 1989 血rough 1991 (from Low 
19冊).

Location PI416937 E的ex

L世le No lirne PC' L血泊 No lirne PC 
一一-kg/ha 一一一 一一-kg/ha 一一一

Yurirnagu鉤， Peru 839 510 61 898 350 39 
Orange, V A, USA 934 呵。 62 839 505 60 
Corozal, Puerto Rico 2213 1137 51 2071 950 46 
Mean 1328 742 56 1269 602 47 
, PC = percent of control 
Note: Experimental d目ign at each si世 was a split plot with liming 甘曲tment assigned 柚 wholeplo區。Each value is 趴em阻n of at least three 
observations 祖ken from a minimum of 1 m of row. Row spac趴g averaged 0.4 m over the凹p甘imen悟 AIsa仙rationaveraged30凹d74%forlimed

凹d unlimedpl帥， resp甜ively

Goldman et al. (1989) initiated greenhouse studies in large (571) pots to test the hypothesis thatAI 
tolerance would impart drought tolerance to the PI, allowing the PI to utilize subsoil moisture more “lly than U .5. breeding materia l. Two levels of AI sa tura tion (6 and 71 %), two levels of moisture (watered 
and unwatered) and three genotypes including the PI were used as 廿ea加凹的. Data were collected 
during a 14-day d可ing cycle during the pod-filling stage in which control pots were watered daily. 
Under the combined effects of water and AI stress, the PI main切ined a water status superior to that of 
the control genotypes (Table 5). Under drought stress alone, the water status of the PI was inferior. 
These data confirm the possible role of aluminum tolerance in the drought tolerance of the PI. 

Table 5. Mean effect of drought stress and subsoil Al trea出ents on six traits of three soybean 
genotypes during 14-day stress pe由d grownin 值le gre叫ouse in Ralei阱，前， USA in 
1988' (from Goldman et al. 1989). 

Trait 
Drywt 

Genotype RWCb WPC TRANSd DW Leaf Stem 
MPa 時Icm2/s sec/cm g/plant g/plant 

Nonstress 
Forrest 84.3aM -l.Oa 13.9a 1.8a 7.la 5.4a 
N77-114 83.5a -l.Oa 16.2a 1.2a 6.7a 5.2a 
PI416937 84.2a -l.Oa 16.0a 1.4a 8.0a 4.8a 

Subsoi1 Al without drought 
Forrest 84.2a -1.4a 5.5a 12.la 1.7a l.1a 
N77-114 82.5a -1.3a 7.8a 7.5a 2.0a l.1a 
PI416937 85.3a -l.1a 13.la 1.8a 2.6a l.1a 

Drought without 5ubSQiLAl 
Forrest 75.3a -1.3a 8.9a 3.5a 4.6a 3.7a 
N77-114 67.4a -1.6a 6.3a 5.3a 4.5a 3.4a 
PI416937 70.5a -1.9a 7.2a 4.0ab 6.la 3.3a 

Drought plus 5ubSQiLAl 
Forrest 61.0b -2.2ab 1.7b 22.2b l.1b 0.6b 
N77-114 58.9b -3.2b 1.3b 23.8b 。.9b 0.6b 
PI416937 72.0a -1.4a 8.5a 3.7a 3.0a 1.4a 
'Eachm田n is based 00 oineobservations; bRelative water cont回t， 'water potential;' transpiration; 'diffusive resistance, averaged oversampling 
dates 
HM且nswith thesame letter in a columnand withinaspecificcombinationofdroughtstressand subsoil AI tr臼tmentarenotsignificantlydifferent

at 1% based on Bonfeπoni confidence of .01 and overall error rate of 10% 
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The true implication of the gree吋louse study (Goldman et al. 1989)ωfield results is somewhat 
unclear because the pots used in the gr自由ouse， although large, force a restriction on root size not 
encountered in the field, potentially influencing results. To clari句r 甘le relationship between drought 
and Al tolerance, Fountain (1990) reexamined the PI in very large soil containers (2151) out-of-doors 
where root growth was unobstructed and plant size was comparable to. that observed in the field. 
Employing similar 仕ea加lents to those of Goldman et al. (1989) but with the deeper soil profile, itwas 
found that the PI had a larger r∞t system at pod-filling stage than the control cultivar, both in limed 
and unlimed subsoil treatments (Table 6). Further, the clear 甘end was that the genetic difference in 
r∞出g systems was magnified where Al was present in the subsoil. The results substantiate the 
importance of Al tolerance in drought tolerance while also indicating that the PI has a r∞也可 system
that is large and potentially useful in drought avoidance even when no toxic Al is present. Thus the 
possibility exists that the PI has two mechanisms of drought tolerance: Al tolerance per se and also a 
vigorous root system. 

Table 6. Root length at two soillayers for two soybean genotypes at early pod filling stage in 2151 
containers out-of-doors at two Nor血 Carolina sites in 1989 (from Fountain 1990). 

Topsoi1 Subsoil Total 
Genotype 0-34 (cm) 34毛8 (cm) Length 

一一一一-m/p1ant一一一…一

wat章u垃皇昌昌Llinllit扭扭cil

E鉛ex 4231 84 
PI416937 496 107 

世a.reu誼宜昌昌 IUlùimed subsoil 
Essex 519 135 
PI416937 668 165 

Irrigated 11imited subsoi1 
Essex 454 48 
PI416937 647 65 

lr且galliiL凹甘Med subsoil 
Essex 554 113 
PI416937 778 169 
• Eachm且n is based on 16 cores from each of four containers. 
Note:R∞t length was 由timated by line intersect method 

已1ECHANISM OF AL TOLERANCE 

507 
603 

654 
833 

502 
712 

667 
947 

Studies have been initiated to resolve the mechanistic basis for differential Al sensitivity among 
genotypes. In comparisons between the PI and Essex, a variety commonly grown in the southeastem 
USA, it appeared that sensitivitywas related to Al accumulation in the apical region of the r∞t. Short
term (20 min) and long-term (24 hour) exposure to Al resulted in Al accumulations at the root apex that 
were 50-75% lower in the PI (Lazof et aI.1991). Other experiments using labeled lsN-nitrate indicated 
that N03' 仕ansport was restricted similarly along r∞ts of the PI and Essex. This suggests that 
differences in effects on membrane transport are not the basis for differential tolerance. Experiments 
are under way to quantify more precisely Al accumulation in meristematic cells at the r∞t apex. 
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CONCLUSIONS 

Implications and New Directions 

Low et al. (1989) and Low (1990) have shown that, using CaS04 and Ab(CaS04h solutions, the Al 
tolerance of the PI is express吋 over a wide range of Ca levels and is not dependent upon length of 
continuous exposure to Al (Table 內.Ru自y et al. (1992) have shown that the PI is more tolerant than 
Essex over a wide range of Allevels in similar solutions, and that the genotypic tolerance can also be 
detected in the recovery of soybean plants after a brief exposure to Al. The high repeatability of the Al 
tolerancein thelaboratoryplus itsassociation withdroughttolerancein thefieldhave led us toconsider 
the use of Al tolerance as an indirect measure of drought tolerance. It is axiomatic that agronomic 
drought tolerance is expensive to detect and dependent upon weather conditions for expression. Such 
is not the case with Al tolerance. The validation of this scr自n凶g approach is under way using the 
breeding lines we have developed from the PI and tested for drought tolerance. Thus far, the genetic 
correlation between drought and Al tolerance has not been established. If Al tolerance is associated 
with drought tolerance in this set of genotypes, then we will probably inc。中orate selection for Al 
tolerance into a practical breeding program for cultivar development. We are c叮rently examining a 
portion of the USDA soybean germplasm collection for additional so山ces of tolerance as well as two 
sets of germplasm collected recently in acid red clay soil regions of the People's Republic of China. 

Table 7. Taprootelongationrate (cm/day) ofsoybeanseedlings grown at2calciumlevelsharvested 
after 3 or 6 days con也lUOUS exposure to 15 阻n Al (from Low 1990). 

3days 6days 
2∞ μM 6∞ μM 2∞ μM 6∞凶4

Genotype Al PC Al PC Al PC Al PC 
cm/day % cm/day % cm/day 。j。 cm/day % 

Essex 1.2 21 2.3 40 1.5 28 2.1 37 
PI319529 1.7 25 4.0 62 2.1 39 4.4 76 
Mean 1.9 30 3.5 57 2.4 46 3.7 70 
LSD (P = 0.05) 。.6 8 0.8 9 0.8 11 1.1 15 
Note: Each value is the m曲n of at least 2日 seedlings. Experimental design was a randomiz吋 complete block with a factorial a甘angementof
trea回en旭 Plan恆 grown at the Southeastem Environ. Plant lab., North Carolina State Univ., Raleigh, NC. 

Need for Collaborative Study 

Drought and aluminum tolerance are genetic traits of global impor伽ce . Unfortunately, few, if 
any, soybean cultivars with these characters have been released for farm use. Progress has been slow 
because of the logistical difficulties involved. No one program has the resources and expertise to deal 
effectively with all phases ofbreeding for drought and aluminum tolerance. Study has been hampered 
in the USA because ideal field sites for agronomic study are difficult to obtain. We need the help of our 
colleagues in Asia, Africa, and Latin America for critical field evaluation of the genetic resources we 
have identified and developed. In developing regions success has been hampered by a lack of access 
to appropriate genetic materials. A collaborative link between those projects with i吋de叫a叫1 field sit址te臼san
those with appropriat跆e s叩oybean ge缸rmp抖la臼sm will be a likely r呵u凶ir閃ement for the development of 
drought- and Al-tolerant cultivars. The intemational challenge is to forge the proposed collaboration. 
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ABSTRACT 
Acreage of irrigated crops扭曲e USA, especially in Arkansas,has increased and totalrainfallhas 

been erratic and unpredictable during the past 20 years. This has resulted in increased use of 
groundwater su pplies and a si伊üicant drop in the water table with increased problems of salinity, 
alkalinity, and zinc deficiency. Rice in Arkansas is a major consumer of irrigation water with an 
annual cost of about US$70Iha. A practical and economical solution to血ese problems is to minimize 
the use of irrigation water by using drought-tolerant and water use-efficient cultivars. Root pulling 
resistance(RPR),rootdryweight(RWT),computervideoimaging, porometer,andvisualtechniques 
were used to evaluate 50 rice accessions/varieties in 1988-89, and seven cultivars in 1990, for drought 
tolerance. Our results confirmed that RPR and RWT were the most useful criteria for selecting 
drought-tolerant genotypes. RPR was significantly correlated with RWT (rvalues ranged from 1.ω 
to 0.46**) indicating thatthese parameters can be used interchangeably as a drought tolerance index. 
Rice cultivars grown under irrigated and nonirrigated conditions düfered in their responses to 
irrigation trea出ents in grain yield and biomass production. In addition to RPR and RWT, 
aboveground pa拋 of rice plan包 play a signüicant role in drought tolerance. 

INTRODUCTION 

Drought is a growing problem leading to overexploitation of water resources from surface and 
underground aquifers. In the past decade, agricultural production has been severely reduced by major 
droughts in the world, especially in parts of sub-Saharan Africa, much of Asia, and North America. The 
problem is widespread in areas where agriculture has been extended into marginal lands in the 
developing countries (McWilliam 1989). The reduced production caused a substantial increase in 
world food prices. For example, during 198忌89， the world price for Iong grain rough rice increased 
from US$O .08 to $0 .1 6/旬， primarily reflecting a drought-reduced harvest in Sou出 and SoutheastAsia 
(USDA 1989). One soIution to this problem is to improve drought tolerance, yield stability, and 
cropping systems of major food crops. Rice is the most important food crop for more than 50% of the 
world'spopulation.Riceiscultivatedin 111 countries from 530 N to鉤。S Iatitude (Lu and Chang 1980). 
The global production and consumption of rice have increased from 2月 million t in 1980 to 320 
million t in 1989 (USDA 1989). 
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About 51 % of the world rice cultivation is completely dependent on natural rainfall. The rice crop 
that depends on rainfall for its moisture requirements is generally referr吋切 as upland rice or rainfed 
lowland rice. Rice production under rainfed conditions is most common on small and medium-size 
farms in South America, Asia, and Africa, and provides 0叫y2那也 of the world supply of rice grain 
because of its low yield (IRRl 1990). Mostof the upland rice 趴at is grown throughout the world is tall, 
susceptible to lodgi峙， low tilleri嗯， and low yielding. However, high yields under upland conditions 
are possible through varietal improvement. For example, yields of 7 t/ha in the Philippines (De Datta 
and Beachell1972), 7.2 t/ha in Peru (Kawano et al. 19η)， and 5.4 t/ha in Nigeria (Abifarin et al. 1972) 
have been report吋.

In the USA, rice consumption has increased from 1.5 million t in 1980 to 3.6 million t in 1989, and 
rice exports from the USA occupies about 20% of the world rice trade (USDA 1989). The rice producers 
grew 1.2 million ha of rice and produced about 7.1 million t of rough rice in 1991 (USDA 1991). The 
entire rice crop in the U.s. is fl∞d-irrigated， which is about 1.6% of the world irrigated rice. 

Arkansas is the leading rice-growing state in the USA, producing about 42% of the total U.s. rice 
crop, and is the largest supplier of domestic milled rice (Arkansas Agricultural Sta tistics Service 1990). 
In Arkansas, rice acreage has increased from 183，7叩 ha in 1972 to 到1 ，821 ha in 1990. A similar trend 
has occurred in Louisiana, Mississippi, and Texas. Total rainfall, especially in Arkansas, has been 
erratic and unpredictable during the past 20 years. Increased acreage and erratic rainfall have placed 
additional pressure on the underground water supply. Increasing the use of underground water for 
irrigation has caused a significant drop in the water table and has led to higher production costs. 
Annual irrig伊a前副t位ionc∞os呦t臼sfl伽O叫凹r叮'r悅i凶nAr法'kansas are es吋t世imat蚓e吋da前t$昕仰7河O/ha(仰S剖l站圳a討絢tωO∞ne仗ta叫1.1凹99咧9翎絢0叫). As underground 
water levels drop, increasing problems with salinity, alkalinity, and zinc deficiency are occurring in 
Arkansas rice-producing areas, which now pose a threat to maximum crop production (Gilmour 1989). 
Judicious use of irrigation water through drought-tolerant cultivars will minimize production costs 
and consequently reduce some current and future agronomic and environmental problems. 

A practical and economical solution to the problem of limited water availability for rice is to select 
or develop high-yielding, drought-tolerant cultivars that can maintain high seed qualitywith a limited 
supplyofwater. Since several m。中hological， physiological, and biochemical mechanisms are involved 
in drought tolerance (Blum 1982), more than one method and technique should be used in evaluating 
germplasm for drought tolerance. 

Researchers at the Intemational Rice Research Institute (IRRI) have identified drought-tolerant 
lines based on leaf rolling, leaf desiccation, and drought recovery in dry-season nurseries (De Datta et 
al. 1988). Rice plants with extensive root systems, which can be m臼sured by r∞t-pulling resistance 
(RPR), can avoid water stress to a great extent (Ekanayake et al. 1986). The amount of vertical force 
req凶red to uproot a rice plant is known as RPR (O'Toole and Soemartono 1981). This technique was 
applied to evaluate rice accessions for deep root systems under transplanted conditions at IRRl. Five 
techniques to screen rice germplasm for identifying drought-tolerant accessions were compared atour 
experiment station. 

已1ATERIALS AND 弘1ETHODS

Drought Tolerance Screening Techniques 

Techniques to screen rice germplasm for drought tolerance, from 1988 to 1991 included: RPR, root 
dryweight (RWT), image capture and analysis system (ICAS), porometer, and visual method. In 1988 
and1989，也e ICAS and porometer techniques were tested in addition to RPR and RWT to screen 50 rice 
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germplasm accessions for drought tolerance. In 1990-91, seven selected cultivars were used to study 
the relationships of RPR and RWT with biomass, grain yields, and cultivar difference in water use 
efficiency (WUE). 

Image Capture and Analysis System 

ICAS was developed by Digital Image Acquisition Systems (lnglewood, C臼01忱O凹叮r吋0, USA)andAgri
Imaging Systems (Fayetteville, Arkansas, USA) in cooperation with 出e Depar恤ent of Agronomy, 
Universityof Arkansas, Fayetteville. ICAS can provide informa位onon thephysiological statusofplant 
tissues by capturing and analyzing video images using an imag泊g board and software in a per的nal

computer (Stu仕e 1990). In plants, colors are based on the intensity of light that is reflected from a leaf. 
The light that is absorbed is indicative of photosyn血etic activity and is monitored as dark colors, 
indica也可aheal出yplant. Moisture stress in plants induces anatomical and physiological changes that 
result in a change in leaf reflectance. Stutte et al. (1988) used ICAS to quantify water and nitrogen s仕ess

in peach trees. This technique has the potential to be used for other plant species. ICAS has been 
evaluated for screening rice germplasm for drought tolerance. Further studies will be required before 
we can utilize this method as a screening tool. 

Porometer 

Maintaining greater photosynthetic efficiency under water stress conditions is an indication of 
drought tolerance. A porometer can be used to gather gas exchange data for measuring stomatal 
cond uctance and pho的synthetic rate. A portable Li毛200 photosynthesis system (Licor, Lincoln, 
Nebraska, USA) has been used to measure apparent photosynthesis, stomatal conductance, leaf 
temperatures, and leaf-to-airvapor pressure deficits. These data will be useful for identifying rice lines 
wi血 higher photosynthetic rates under drought stress. 

Root-Pulling Resistance and Root D可 Weight

Two field experiments were conducted in 1988 and 1989 to evaluate RPR and its relationships with 
RWT， maximumr∞tlength (RL), rootnumber (RN), and rootthickness underdirect嘴巴ded conditions. 
Fifty rice accessions from 出e USDA-ARS germplasm collection were grown on Calloway silt loam soil 
under irrigated and nonirrigated conditions. Two rows of 10 single-plant hills for each accession were 
hand-seeded with 40 cm spacing between rows and between hills within rows. Rice was fl∞ded 2 
weeks after emergence. About 5-10 cm of water was maintained in the irrigated plots throughout the 
season while the nonirrigated plots werecompletely rainfed. The tests received 33 cm of rainfall in 1988 
and 53 cm in 1989; the normal rainfall for this period is about 的 cm (Arkansas Agricultural Statistics 
Service 1989). 

RPR measurements were taken only from the irrigated plots 5-6 weeks after emergence. A clamp 
apparatus attached to a spring balance was used to pull the rice plant vertically upward to measure 
RPR. This measurement was not possible in dry plots. RPR and pulled root components such as RL, 
RN, RWT were measured as described by O'Toole and Soemartono (1981) and Ekanayake et al. (1986). 
Visual ratings for leaf rolling as a drought stress index were taken from the nonirrigated plots. 

Three field experiments were conducted in 1990 and 1991 with cultivars selected from the previous 
studies (Price et al. 1990) for their high or low RPR and RWT values. Experiment 1 was conducted to 
measure RPR and RWT, experiment 2 to m臼sure total biomass production and grain yield, and 
experiment 3 to determine WUE. Drought tolerance was determined by relative biomass-yield (RBM) 
and relative grain-yield (RGY), which were calculated as the ratio of the yield under nonirrigated 
condi tions to the yield under i叮iga ted condi tions and were expressed in percent. WUE was determined 
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bytheamountofgrainandbiomassproductionperunitamountofwaterconsum吋undernonirriga ted 
conditions in relation to irrigated conditions. The net consumptive water use (NCWU) was calculated 
as the total water lost through evapotranspiration minus the total water lost through percolation. 

RESUL TS AND DISCUSSION 

The RPR data were consistent across the 50 genotypes in the 1988 and 1989 experiments. RPR was 
consistently correlated with RWT and RL in both years (Table 1; Price et al. 1990). However, the 
magnitudes of thecorrelation coefficient in 1989 were smaller than in 1988, probably becauseof smaller 
sample size (two plants/ accession/replication 凶 1988 compared with four plants in 1989). We found 
that a sample size of four plants/replication is sufficient for RPR measurement. Data indicated that 
RWT and RL are the most reliable a仗ributesofdeepr∞t system and are reflected in RPR. O'Toole and 
Soemartono (1981) found RWT and RL to be co叮elated with RPR, whereas Ekanayake et al. (19的
found RWT to be highly correlated and RL to be uncorrelated with RPR. 

Table 1. Correlation coefficients of root-pulling resistance (RPR) and other root characteristics 
(Price et al. 1990). 

Test Rootdry Maximumr∞t Root 
ye訂 weight length no. 
1988 RPR 0.82 ** 0.69 ** 0.61 ** 
1989 RPR 0.46 ** 0.33* 0.11 
Number of samples, n = 50 

Puckridge and O'Toole (1980) observed thathigherdrought tolerance in thehighRPR cultivars was 
due to increased wa ter extraction from the soil profile and was reflected in higher leaιwaterpotential. 
In our study, visual ratings on leaf rolling and leaf desiccation revealed significant differences among 
germplasm accessions, but the relationship between RPR and leaf rolling or between RPR and leaf 
desiccation could not be established (data not presented). Differential sensitivity of the genotypes in 
leaf rolling to a relatively mild stress in our study was probably the reason for lack of this relationship. 

It is expected that the cultivars with higher RPRor RWT will have higher droughttolerance in terms 
ofhigher RBM and RGY. This was not always the case. The seven cultivars used in the 1990 experiment 
differed in growth habit (plant height and days to heading) which perhaps affected the relationships 
of their RPR values with RBM and RGY values (Tables 2 and 3). Although Dhan Sufaid Pak had the 
highest RPR, Newbonnet, which had the third highest RPR value, had the highest RBM and RGY. 
MunjiSu臼idPak had the lowest RBM and RGY, although its RPR was not the lowest among the seven 
cultivars. These indicated tha七 in addition to RPR and other root characteristics, shoot characteristics 
of rice plants may have significant influences on the productivity of biomass and grain yield under 
drought stress conditions. 

Plan t type and growth habit had a profound influence on the effect of root systems on shoot growth 
and grain yield under stress. The four Pakistani cultivars, Basmati N. Pak, Dhan Sufaid P此， Munji 
Sufaid Pak, Sufaida Pak, as a group, were taller and susceptible to lodging and had longer growth 
duration than the three U.S. cultivars, Mars, Newbonnet, and Katy (Table 2). RPR and RWT were not 
rank-correlated with RBM and RGY, when all seven cultivars were considered (Table 3). When 
cultivars were divided into Pakistani and U.s. groups, RPR and RWT had perfect correlations with 
RGY in each group. However, the rank-correlations of RBM with RPR, RWT, and RGY were not 
significant in any of the three groups. These data confirmed that a cultivar may be drought-tolerant in 
vegetative growth but grain yield may be affected differently by drought conditions. 
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Table 2. Plant height (PH), days to heading (DH), root pulling resistance (RPR), relative biomass 
(RBM), and relative gra加 yield (RGY) of seven rice cultivars in 出e 1990 experiment. 

Ctùtivar 

Basrna位 N. Pak 
Dhan Sufaid Pak 
MunjiSuf泊dPak

Sufaida Pak 
Mars 
Newbonnet 
Katy 
LSD (P = 0.05) 

Source PH DH RPR RBM RGY 

Pakistan 
Pakistan 
Pakistan 
Pakistan 

USA 
USA 
USA 

(crn) (days) (kg) (%) (%) 
128 99 30 62 34 
131 98 40 59 42 
127 107 28 41 28 
120 91 35 66 38 
94 91 21 84 37 
97 94 32 101 52 

1∞ 94 20 84 37 
~1 24 9~ 

Table 3. Rank-correlations 訂nong RPR, RWT, RBM, and RGY in three groups of rice cultivars in 
1990 experiment. 

RPR 
RWT 
RBM 

RPR 
RWT 
RBM 

RPR 
RWT 
RBM 

RWT 
0.96 *"a 

1.∞叫

1.∞玲玲玲

Overall group of seven cultivars 
RBM 
-0.27 
-0.41 

Pakistan group of four cultivars 
0.40 
0.40 

U.5. group of three ctùtivars 
0.87 
0.87 

.----;.: and..... indi個世 slgm自由nt at 5% and 1% levels, respectively. 

RGY 
0.61 
0.43 
0.52 

1.∞料，

1 ∞叫

0.40 

1.∞玲玲等

1.∞玲玲玲

0.87 

In the 1991 experiment, Newbonnet had the highest WUE in re1ative grain and biomass produc位on
followed by Du1ar (Bang1adeshi cultivar) in biornass and Katy in grain production. Sufaida Pak, 
a1though an up1and drought-to1erant cu1tivar, had the 10west WUE probab1y because of its excessive 
water 10ss through the canopy, which consisted of a 1arge number of vegetative tillers and re1ative1y 
widerdr∞py 1eaves. The advantage of Newbonnet seerned to be its 10w number of vegetative tillers 
produced and its re1ative1y slow growth habit, which favored conservation of availab1e ener白1 and 
water. 

CONCLUSIONS 

The RPR technique developed at IRRI to measure deep root systems in lowland transp1anted rice 
culture is useful in direct-seeded U.s. rice culture. Since RPR has a high positive correlation with RWT, 
these two parameters can be used interchangeably when screening rice germplasm for drought 
tolerance. Care should be taken not to use RPR or RWT to eva1uate a group of genotypes with 1arge 
variations in p1ant types and growth habits because the genotypes wi也 high RPR and RWT values may 
have the advantage in grain yie1d under drought stress only when the genotypes have similar plant 
types and growth habits. Extrapolation of this technique to other soils may be possible by soil 
characterization using bulk density or soil penetrometer data; however，位1Ís remains to be evaluated. 
With some modification, this technique may be useful for noncerea1 crop species. 
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Evaluation of germplasm accessions can be expedited and made more intensive with the use of 
computer video imaging and porometer t，缸hniques in addition to RPR and RWT. More research is 
needed to make f叫1 use of the potentials of these t缸hniques.
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Corn Improvement for Drought Tolerance 
Charas Kitbamroong and Yodsaporn Chantachume 
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Sæ切側，百zailand 60190 

ABSTRACT 

A com population, KK-DR, was developed in 1982 by mixing equal amounts of seed from 
selected ears (primarily based on synchronization, plant type, standability, ear size and stay-green 
under drought stress conditions) of six different com varieties: Suwan 1 C7, Pakchong 1ω2， Thai 
DMR 6, Caripeno C.F2I Tuxpeno C17 and Mixed D R.四\e population was grown in isolation wi血out

conscious selection for two generations and designated KK.DR. Three cycles of S1哨current

selection were made to improve the population for drought tolerance. ln 血e first and second cycle 
of selection 伽 population was self-pollinated from the selected drought-tolerant plants. The S1 
progenies were tested under stress conditions by stopping irrigation 10 days before pollination. In 
the thi吋 cycle， S1 progenies were generated undernormal conditions and tested undernormal and 
胞的s conditions in dry season 1987. Forty S1 progenies were selected based on drought index and 
recombined in half-sib recombination block. The KK-DR cycle of selection Clf 4 C3 and a check 
en旬， Suwan 1[SW1(MMS)Cz日， were evaluated for the changes brought about by selection for 
drought tolerance in two years. ln伽 1988 rainy season, results showed that Clf Cz and ~ yielded 
4406， 47叩and4106k阱\a respectively, compared to 4762 k阱\a for Suwan 1. At Nakhon Sawan Field 
Crops Research Centerin the 1989 dry season understress conditions, Clf C2I C3 yielded 987, 1162 and 
13ωkglha， all higher than Suwan 1 (7的 kglha). The population KK-DR(S)C3 therefore seems more 
suitable for growing in drought conditions than Suwan 1. 

INTRODUCTION 

Almost all com production in Thailand, about 1.95 million ha in 1988, is under rainfed conditions. 
Its yield level varies from year to year depending on the amount and distribution of rainfall. Drought 
stress during the growing season is the main factor in yield reduction. For 126 years (1831-195月
meteorological records showed that drought stress usually occurred every 2 years (Anon. 1979). If the 
s廿ess condition occurs 10 days before flowering, yield and kemel size could be decreased by 33 and 
20%, respectively. Breeding for drought tolerance is one of the important ways to cope with drought 
s仕ess . AtCIMMYT(CentrolntemacionaldeMejoramientodeMaizyTrigo)， onelowlandtropicalcom

population Tuxpeno-1 was developed for drought tolerance through a recurrent selection program. 
Progenies were selected using an index based on grain yield, leaf elongation rat己 interval between 
anthesis and silki嗯， canopy temperature and leaf area loss during gra加 filling under nons仕ess and 
stress conditions (Fischer et al. 1981). A consistent trend in more stable anthesis and silk凶g interval 
(ASI) under drought conditions was pursued as a selection criterion for drought tolerance. The 
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capacity for synchronization under drought was impor伽tfor g∞d pollination and kemel se七 both
essential for high number of kemels/plant and thus a high yield (Balanos and Edmeades 1988). 
Breeding programs including 趴e use of physiological and m。中hological 甘aits， control of drought, 
side-by-side stress and nonstress conditions and extensive test趴g should result in increased efficiency 
in developing genotypes performing well under water deficit conditions Gensen and Cavralieri 1983). 

Theo句ectives of this experiment were to improve the yield potential of KK-DR com population 
and to develop elite varieties from the population. Results are included of the preliminary yield trials 
for KK-DR(S)C2F1-S1-1ines and of evaluation of KK-DR population after three cycles of selection for 
drought tolerance. 

MATERIALS AND 弘1ETHODS

The 256 Sl-1ines of KK-DR(S)C2F1 com population were evaluated by 16 x 16 simple lattice under 
s仕的 and nonstress conditions at Nakhon Sawan Field Crops Research Center (NSW). Plants were 
irrigated once a week until80 days after emergence in nonstress conditions. Under s仕的 conditions，

irrigation was stopped from的 to 65 days after emergence. The progenies were plan ted 凶Janua可1987
with spacing of 75 cm between rows and 25 cm between hills, 1 plant/hill and 1 row /plo t. 

The eval ua tion ofKK -DR populations,KK -DR(S)CF2t KK -DR(S)C2F2t KK -DR(S)C~2 was conducted 
in May 1988 at five locations at Pra Phutabat Field Crops Experiment Station(PPB), Phetchabun Field 
Crops Experiment Sta tion (PBN), Ban Mai Samrong Field Crops Experimen t Station (BMS), Si Samrong 
Field Crops Experiment Sta tion (SSR), and NSW. Twenty-four varieties including SW1 (MMS)C2F2 were 
evaluated in random complete block design with four replications. Plants were grown under density 
of 凹，331 plants/ha with spacing of 75 x 25 cm, 1 plant/hill. Each variety was planted in 2 rows 6.5 m 
long. NPK ferti1izer (20-20-0) was applied at the rate of 313 kg/ha during planting and 188 kg/ha of 
urea 40 days after emergence as top-dressing. At NSW five varieties including two checks, 
SW1(MMS)C:;F2 and Nakhon Sawan 1 (NS1) were evaluated in January 1989. 

Agronomic characters and yield components were recorded as follows: plant height, ear heigh七
days to 50% pollination, days to 50% silking, root and stalk lodging, number of plants infected with 
downy mildew, number of harvested plants and ears, and percentage of moisture content of kemel at 
harvest. 

Drought index was used as a selection criterion for the Sl evaluation trials. Drought index (DI) for 
any one genotype is the ra tio of i ts yield under stress to nonstress, relative to the ratio of the mean yields 
of all genotypes under s廿ess to nonstress conditions. 

Ws Wns 
DI= 一一- ~ i ---=====-

Wns X Ws 
Ws = Mean grain yield of each line under s廿ess condition; 
Ws = Mean grain yield of alllines under stress condition; 
Wns = Mean grain yield of each line under nonstress condition; 
Wns = Mean grain yield of alllines under nonstress condition. 

Thus an index of > 1.0 suggests rela tively drough t toleran t and an index of < 1.0 suggests relatively 
drought susceptible (Fischer et al. 1981): 
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RESUL TS AND DISCUSSION 

Evaluation of S1 Lines 

Under stress conditions mean grain yield of 256 Sllines was 925 kg/ha compared to 2269 kg/ha 
under nonstress conditions (Table 1). Drought index, plant height, days to 5肌 silking， and kemel 
moisture content were used as selection criteria. The 40 S11ines that had mean grain yield of凹的 and

1875 kg/ha under stress and nonstress conditions were sel叫“ for KK-DR(S)C3 recombination. 

Table 1. Mean and range values of grain yield and some agronomic characters of KK-DR(S)C2F1-

S11ines tested in 1987, at NSW (from Chantachume 1987, 1988). 
Yield (kg/ha) DI % Moisture Plant height (cm) Days to 50% silking 

Stress Nons仕ess Stress Nons仕的S S甘ess Nonstress S廿ess Nons廿ess

Average from 256 Sl 趾1的

Range 0-3413 106-4話3 0-5.59 0-31 0-30 95-255 1∞-188 53-77 50-73 
Mean 925 2269 1.08 19 21 150 132 63 60 
SD 72.0 96.0 0.9 8.0 3.6 18.0 11.3 5.0 3.0 

Average from 40 selected lines 
Range 738-3319 756-3406 1.72-5.59 15-28 11-26 127-188 1的-143 54毛3 52-67 
Mean 1906 1875 2.67 21 19 162 126 57 59 
SD 68.8 65.6 0.9 3.2 3.5 13.8 9.3 3.0 3.0 

The DI mean of the 256 Sllines was 1.08 with the range from 0 to 5.59. The 40 selected S11ines had 
a DI mean of 2.67 with the range from 1.72 to 5.59. The DI mean of some lines was equal to 0 because 
there were no yields under 的ess condition. Some lines showed a drought index larger than 1 because 
ofg∞dadap切bilty to the conditions, especially with regard to 50% silking time which was not delayed 
under stress conditions. The distribution of DI of Sllines showed ca. 51 % more 吐lan 1 (Fig. 1). This DI 
distribu位on indicated that the KK-DR population could possibly be improved for drought tolerance. 
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Fig.1. Distribution of drought index from 256 KK-DR(S)C2F1-S1lines tested in dry season 1987. 
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Mean nurnber of days to 切% silking of the 256 511ines wasωand 63 under nonstress and s悅ss
conditions, respectively. The lines that had no or srnall differences in nurnber of days to 5仰~ silking 
under nonstress and s仕ess conditions were selected. The rnean nurnber of days to 50% silking of 40 
sel配t吋 511ines w卸的 under nonstress and 57 under stress conditions, respec位vely.

There was no difference for kemel rnoisture content at harvest under b。也 conditions. The rneans 
for kemel rnoisture content of256 511ines were 21 % fornonstress and 19% for stress, whereas the rneans 
of 40 selected 51 lines were 19% for nonstress and 21 % for s廿ess.

There was no difference in plant height under stress or nons快ss conditions. The plant height 
rneans of 256 511ines were 132 and 1到 crn， and the rneans of 40 select吋 51lines 126 and 162 crn under 
nonstress and 甜的 conditions， respectively. 

Drought tolerance has been known as a cornplex inheritance which is expected to be aff，配tedrnostly
by additive genes. The 51 recurrent selection was used for the past three cycles of KK-DR population 
irnprovernent. Downy rnildew was screened only under field conditions for irnprovernent of disease 
resistance of the three cycles. Under downy rnildew disease nursery conditions, KK-DR(5)C~2 
population showed ω% infection. In the fourth cycle (C4) of irnprovernent, therefore, the forrnation of 
51sandal叩 evaluation were rnade under downy rnildew disease nurse可 by direct inoculation to the 
population. 

5tudies on the relationship between sorne irnpor個ntagronornic characters showed 趴a t rnean gra in 
yield under stress was positively coηela ted (r = 0.77) with rnean grain yield undernonstress conditions 
(Table 2) . The correlation indicated伽t the lines thatproduced high yield under nonstress would also 
produce high yield under stress conditions. Jensen and Cavalieri (1983) reported 也at there was no 
negative correlation between drought tolerance and the capability to produce a high yield under 
nons仕ess conditions. In this study, rnean grain yield under s仕ess was positively correlated (r = 0.83) 
and也enurnber of days to 50% silking under stress negatively correla ted (r = -0 .63) with drought index. 
There was no correlation between 01 and nurnber of days to 50% silking under nons廿ess conditions, 
indica ting tha t there was no silking delay by s仕ess and the selected lines had g∞d adaptability under 
stress conditions. To rnaintain constant rna turity of thepopulation, rnean nurnber of days to 50% silking 
undernonstress condi tions was used a s a selection cri terion together wi th 01, P lant heigh t, ear heigh t, 
root and stalk lodging. 

Table 2. Correlation coefficient (r) from KK.DR(S)CzF1-S1lines, tested in dry season 1987, at NSW 
(from Chantachume 1987, 1988). 

Nonstress 
5仕的s Yield % Plant Days to Drought 

Moisture height 回%silking index 
Yield 0 . 77 時， 。 03 -0.12 -0.37 ** 0.83 玲等

% Moisture 0.12 0.35 婷婷

Plant height 0.23 ** 0.35 ** 
Days to 50% silking 0.38 等等 -0.63 ** 
Drought index -0.28 ** -0.21 ** 。.28 -0.12 
•• P < 0.01 

Evaluation of KK-DR Population 

The experirnent in rainy season 1988 showed that rnean grain yields frorn five loca tions of C1, C2 and 
C30f KK-DR populations were 4406, 4750 and 4160 kg/ha cornpared to 4762 kg/ha for 5W1 (Table 3). 
Thecornbined analysis ofvariance showed that therewas no genotype-environrnent interaction. In dry 
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season 1989 at NSW under stress conditions, mean grain yields of C, C2 and C3 were 987,1162 and 13∞ 
kg/ha compared to 1031 and 763 kg/ha for NS1 and SW1 (Table 4). The KK-DR population showed 
small differences in plant height, ear height, number of days to 50% silking and pollen shedding (Table 
4, 5). The populations had fewer abnormal ears than NS1 and SW1 (Table 5). KK-DR pop叫ationhad
orange-yellow semiflin t bu t some whi te kemels could be observed beca use of the Tu中enobackground. 
A study of the relationship showed that mean grain yield was correlated with the percen個ge of ear 
nurnbers with kemels less than 5們~ of ear (r = -0 .66, P < 0.001), the number of abnormal 凹的 (many

small ears occurred on the same shank) (r = -0.鈍， P < 0.04) and the number of days to 自% sil他19 (r 
= -0.話， P<O.∞1) (Table 6). There was no difference in ASI among varieties. Because of the variation 
in rainfall distribution from year to year，航e experiment should be repeated in rainy and 世yseasons.

Bu七 at any rate, drought index appears to be a useful selection criterion in population improvement 
for drought tolerance or g∞d adaptability. 

Table 3. Mean grain yield (k阱la) from preliminary yield trials, tested in rainy season 1988 (from 
Chantachume 1987, 1988). 

Varieties NSW BMS SSR PPB PBN Mean % Relative to check 
KK-DRC1 5231 47∞ 4281 4019 3781 4406 92 
KK-DRC2 5131 53∞ 5238 4438 “46 4750 1∞ 
KK-DRC3 4588 4525 4325 36叩 3431 4106 86 
SW1(MMS)C2F2 5338 5738 4694 4313 37叩 4762 1∞ 
Mean 5品6 5231 4394 4119 36揖 4550 
LSD (.05) 1恤4 494 
CV(%) 16.5 14.1 19.6 18.5 19.9 17.5 

Table 4. Some agronomic characters and mean grain yield under stress conditions, tested in dry 
season 1989, at NSW (from Chantachume 1987, 1988). 

Varieties Days to Days to ASI Stalk Abnormala Kemelsb Yield 
到% 到% lodging ear <50% (kg/ha) 

silking shading (%) (%) (%) 
KK-DRC1 55 51 4 7.9 34.4 70.8 987 
KK-DRC2 54 49 5 6.6 26.9 65.8 1162 
KK-DRC3 54 回 4 6.8 38.8 55.2 13∞ 
NS1 54 50 4 6.9 50.7 61.2 1031 
SW1(MMS)C3F2 55 52 3 4.3 43.2 73.5 763 
Mean 54 50 4 6.5 38.8 26.7 1050 
CV(%) 37 
• Manye缸s occur in the same shank 
b Ears wi th kemel in 1自s than 切% of ear 

Table 5. Some agronomic characters from preliminary yield trial, tested in r越ny season 1988 (from 
Chantachume 1987, 1988). 

Varieties 

KK-DRC1 

KK-DRC2 

KK-DRC3 

SW1(MMS)C2F 

Days to 叩%
silking 

51 
叩

51 
52 

Stalk 
lodg旦旦(%)

19 
14 
16 
13 

Height (cm) 
Plant Ear 
193 105 
193 103 
192 104 
194 106 

Kemel moisture 
(%) 
23 
23 
22 
25 
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Table 6. Corr唾lation coefficient 的 from preliminary yield 甘ial under stress conditions, tested in 
dry season 1989 at NSW (from Chantachume 1987, 1988). 

Characters Days to 50% A卸的rmal Kemels <叩% D也ys to 叩%

Silking ears shading 
Yield 
ASI 
.. P <0.01 

-0.66 "" 
O.叩 H

-0.45 ** 
-0.15 
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ABSTRACT 

Twenty accessions ofmungbean (Vigna radiata), 18 ofcowpea (Vigna unguiωlata) and 20 of pole 
sitao (Vigna sesquipedales) were evaluated for yie泊， general plant vigor and some physiological 
parameters. After 2-3 years of verification出als， 4 accessions of mungbe曲， 5 of cowpea and 3 of pole 
sitao were identified that produce yields comparable to the drought-tolerant check, and that also 
possess somemorphologicaland physiological traits whichmay have contributed to their加\proved

tolerance to drought. Some of the identified tolerant accessions, toge出er with a tolerant and a 
susceptible check of mungbean and pole sitao, were studied further 扭曲e greenhouse to identify 
somemo中hological and physiological determ扭曲尬。f drought tolerance. Data were collected on 
root length, root and shoot dry weight, percent survival, transpiration rate and diffusive resistance. 
Inmungbe曲， root and shoot growth were associated with seed yield, whereas in pole sitao percent 
survival and s仕ess rating in the greenhouse were consistent with yield performance in the field. In 
both crops, differences in transpiration rate and diffusive resistance were not expressed by 血e

different accessions. 

INTRODUCTION 

h 出e Philippines, mungbean (Vigna radiata), cowpea (Vigna unguicula切)， and pole sitao (Vigna 
sesquipedales) are common vegetable legumes, which are u位lized as sources of plant proteins. Cowpea 
and pole sitao are used as green pods whereas mungbean is used as d可 seeds . These crops can be 
grown throughout the year but they are mostly grown during the dry season either under upland or 
post-rice conditions. In rainfed areas, therefore, the plants are exposed to drought stress at any stage 
of growth but usually du甜可 the later stages of growth, particularly in the case of plants grown after 
rice. Since we cannot predict the onset of rain nor provide an ample supply of irrigation, the most 
practical approach is to grow cultivars with improved tolerance to drought. 

αle of our research thrusts is to identi句T and select accessions/linesl cultivars of three vegetable 
legumes that demonstrate tolerance to drought. Both tolerant and susceptible lines are then studied 
further under greenhouse conditions to identi佇 the morphological, physiological and, to some extent, 
biochemical determinants of drought tolerance. 
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This paper highlights the results obtained so far from studies conducted on adaptation ofvegetable 
legumes to drought s甘ess from 1989 to 1992. The objectives of these studies were: (a) to identi句r and
select accessions/linesl cultivars of cowpea, mungbean and pole sitao that consistentlyproduceyields 
comparable to 也e irrigated or tolerant control, in a series of prelimina可 yield trials, advanced trials 
and verification 仕ials; and (b) to identify some m。中hological and physiological determinants of 
drought tolerance. 

Mungbean 

Verification trials 

MATERIALS AND METHODS 

Nineteen mungbean accessionsl cultivars were select吋 from previous advanced trials (1987-的
and with a tolerant control have been used in verification trials over a 3-yearperiod (1989-92). The trials 
were conducted at two locations: the Institute of Plant Breeding (IPB), University of the Philippines at 
Los Baños, and the Pangasinan State University (PSU), Sta. Maria, Pangasinan, Philippines. 

Seeds were drilled in two-row plots measuring 5 m long, with 0.5 m between rows. The plots had 
been previously fertilized with 30 kg/ha each of NPK. A random complete block design (RCBD) with 
趴ree replications was employed. Irri伊拉on was carried out 1 day after sowing (DAS) and 1 week after 
emergence. Soil samples were taken at depths of 15-30 cm weekly to measure moisture content, using 
the gravimetric method. The levels of soil moisture throughout the growingperiod in the 1991-92 仕ial

gradually decrease from 23.2% at 11 DAS to 5.5% at 67 DAS. The plant population was maintained at 
400，∞o Iha . Da ta on seed yield, transpira tion ra te, diffusive resistance and s仕essra位ngwere analyzed. 
The stress rating used was: 1= allleaves gr自n and fully t山gid; 2 = most leaves still turgid except the 
youngest which show leaf cuppingl folding; 3 = allleaves slightly wilted and/or show leaf cuppingl 
folding (symptoms of senescence evident); 4 = older leaves tuming pale green and showing severe 
cuppingl folding; 5 = leaves tuming dry and brown, mostly dr∞ping. 

Greenhouse studies 

Four accessions/cultivars [IPB M79 6-11 , IPB M7913-嗨， IPB M79 9-82 (Pagasaηand Pagasa 3) 
were selected from the previous verifica tion trials. Al凹， two (lPB Acc. 831 andIPB Acc. 833) accessions 
were selected from previous preliminary and advanced trials that consistently produced low yields. 
These six accessionsl cultivars were used in a pot experiment to determine the effects of drought on the 
m。中hology and physiology of tolerant and susceptible mungbean accessio的Icultivars. 

Initially, the pots werewateredand soil moisturecontent maintained at field capacity. Droughtwas 
imposed at 14 DAS by stopping water application and allowing moisture level to go down to around 
7%, which was reached at around 25 DAS. This level of moisture was kept by maintaining the weight 
of thepots up to 45 DAS, when the plants were again watered to field capacity. The moisture level was 
finally lowered to 14.3% at 50 DAS and maintained at this level up to 59 DAS. For the control, the 
moisture content was maintained at field capacity by watering the plants every 2-3 days. 

M。中hological parameters measured were sh∞tand rootd可weight and leaf area. Transpiration 
rate and diffusive resistance were measured using the steady state porometer (LiCor 16∞)的 37and

58 DAS when moisture contents were 7.04 and 14.3%, respectively. Pod and seed weights were 
determined and water use efficiency (WUE) calculated using the formula: 
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Cowpea 

Adaptation ofVegetable Legumes to Drought Stress 

total plant dry weight (g) 
WUE= 

total amount of water used (kg) 

The verification trials for cowpea were conducted at the same time and in the same locations as 
mungbean. The methodology used was essentially出esameas 趴at for mungbean. Data on seed yield, 
廿anspiration rate, diffusive resistance and stress rating were collected. 

Pole Sitao 

Verific的ion trials 

An area previously planted with rice was cleared of the remaining rice stubbles 2-3 days after 
harvest. Seeds of the 21 pole sitao accessions/lines/ cultivars were dibble-planted with the use of a 
point吋 peg (2 cm diameter). Preplanting fertilization was done at the rate of 30 kg/ha each of NPK. 
Seeds were then allowed to germinate taking advantage of the residual soil moisture. 

Two-row plots, 6 m long and 1 m apart were used. Distance between hills was 0.3 m wi位13-4seeds/
hill. Thenumberofplants wasfinallyreduced to 2 plants/hill. Recommended weed, insectand disease 
control measures were followed in the experiment. The experiment was laid out in RCBD with two 
replications. 

Soil samples were collected weekly to monitor soil moisture content throughout 趴e growing 
period. The levels of soil moisture maintained around 42% from 0 to 35 DAS, then gradually decreased 
to 18.5% at 77 DAS. Data gathered were days to 50% flowering, pod length, 1 O-seed weight, vigor ra也19

and green pod yield. The yield data were analy民d using analysis of covariance. Duncan's multiple 
range test (DMRT) was used for m臼n separation. 

Greenhouse studies 

Four accessions/ cultivars of pole sitao were subjected to drought stress at seedling stage to 
determine their relative reaction to stress in terms of diffusive resistance，甘anspira說onand r∞t size. 

The accessions used were UPLPS1 (susceptible check), CSL 14 and lines selected for their field 
tolerance, PSDR4 and PSDR5. Plants were grown in pots containing 14 kg of dry soil. At sow凶g， each
pot was watered up to about 23.5% moisture content to allow germination and seedl趴g growth. Five 
plants were maintained per pot in three pots per accession. The plants were not subsequently watered 
to develop drought stress. 

Cultivar differences were observed 泌的 DAS. At this time the varieties were rated visually for 
drought tolerance, percent survival, and 甘anspiration rates and diffusive resistance. 

RESULTS AND DISCUSSION 

Mungbean 

Veri戶cation trials 

From about 300 mungbean accessions used in the preliminary trial in 1987-船， 60 accessions were 
selected for the advanced trials in 1988戶89. The number of accessions was reduced to 20 when the 
ver恤cation trials were conducted in 1989-92. 
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In the 1989-90 trials at IPB, all of the 20 accessions produced yields comparable to the check (Table 
1 ). A t PSU, IPB M84 34-3 and IPB M84 34-34 significan tly ou tyielded the check. IPB M84 34-6, Pa旬， IPB

M84 11-3 and IPB M84 34-23 also tend to produce yields higher than the check. 

Table 1. Seed yield (tlha) of 20mu月beanaccessions planted underdrought conditions (verification 
甘ials， 1989-92). 

Enl甘y 1989-90 1990-91. 1991-92" Mean 
IPB PSU IPB PSU IPB 

IPB M79 6-11 (check) 0.86 0.78 0.93 1.19 b-e 0.79 a-c 91 
IPB M79 13-98 0.64 1.10 O.84h 0.68 a-d .82 
IPB M79 9-82 0.69 0.88 1.14 1.10 c-g 0.70 a-d .90 
IPB M83 40-12 0.88 0.69 1.18 1.15 b-f 0.78 a-c .94 
IPB M8411-16 0.65 0.75 1.12 1.48 a 0.63 cd 93 
IPB M84 11-21 0.79 0.82 0.90 0.91 f-h 0.55 d 79 
IPB M8411-3 0.93 1.02 1.14 1.33 a-c 0.82 a-c 1.05 
IPB M84 12-24 0.80 o .ω 0.66 1.15 b-f 0.63b-d 77 
IPB M8430-7 0.89 0.86 0.95 0.96 e-h 0.76 a-c 88 
IPB M84 33-21 0.89 0.69 1.08 1.10 c-g 0.72 a-d 88 
IPB M84 33-42 0.67 0.91 1.35 1.10 c-g 。.83 a-c .97 
IPB M84 34-23 0.87 1.01 1.26 1.11 c-g 0.87 a 1.02 
IPB M84 34-3 0.80 1.10 1.的 1.19 b-e 0.81 a-c 1 ∞ 
IPB M84 34-34 1.03 1.的 1.29 1.23 b-d 0.84 ab 1.10 
IPB M84 34-36 0.76 0.87 1.26 1.37 ab 0.76 a-c 1.∞ 
IPB M84 34-46 0.82 0.85 1.15 1.17b-e 0.76 a-c .95 
IPB M84 羽毛 0.48 1.04 1.46 1.06 d-h 0.71 a-d .95 
IPBM扭扭-15 1.10 1.07 c-h 0.74 a-d .97 
Pagasa 3 0.68 0.54 0.89 0.87 g-h 0.55 d .71 
Patig 0.64 1.04 1.14 1.16 b-f 0.86 a .97 
Mean 0.79 0.86 
LSD (P = 0.05) 0.41 0.29 
CV% 31.64 15.16 22.50 11.80 14.25% 
. Means within a column followed by the same letter(s) are not signifi田ntlydiffe阻ntatP <0.05 

In the 1990-91 廿ials， the five highest yielders at IPB were IPB M84 34-6, IPB M84 33-42, IPB M84 34-
34, IPB M84 34-詣， and IPB M84 34-23. At PSU, the five highestyielders were IPB M8411-16, IPB M84 
34-詣， IPB M84 11-3, IPB M84 34-34 and IPB M84 34-3. 

In the 1991-92 trial conducted at IPB onl犯 the six highest yielders were IPB M84 34-23, Patig, IPB 
M84 34-34, IPB M84 33-42, IPB M84 11-3 and IPB M84 34-3. 

Taking the mean yield from both locations during 血e 3-year period, the five accessions that gave 
yields higher than the check were: IPB M84 34-34, IPB M84 11-3, IPB M84 34-23, IPB M84 34-3 and IPB 
M84 34-36. However, considering the percentage yield reduction against 也e irrigated and tolerant 
con trol, IPB M84 34毛 suffered from a very high percentage reduction compared to IPB M8434-3 (Table 
2). In terms of consistent yield performan凹， therefore, we are recommending fo盯 accessions of 
mungbean: IPB M84 34-34, IPB M8411-3, IPB M84 34-23 and IPB M84 34一3 as tolerant to drought. There 
were no significant differences in 廿anspiration rate, diffusive resistance and s廿ess ra也可 from the 
tolerant control (Table 3). 
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Table 2. Percentyield reduction orincrease (t) of 20 mungbean accessions underdrought conditions 
(verification 出祉， DS 1990). 

En廿y

IPB M79 13-98 
IPB M79 9-19 
IPB M79 9-但
IPB M814-34 
IPB M83 40-12 
IPB M8411-16 
IPB M84 11-21 
IPB M8411-3 
IPB M84 12-24 
IPB M8430-7 
IPB M84 33-21 
IPB M84 33-42 
IPB M84 34-23 
IPB M84 34-3 
IPB M84 34-34 
IPBM扭扭-36

IPB M84 34-46 
IPB M84 34-6 
Pagasa 3 
Patig 
IPB M79 6-11 (check) 
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Table 3. Transp凶tion rate, diffusive resistance and stress rating of 21 mungbean accessions 
grown under drouot stress conditions (verification 出祉， DS 1990)". 

En甘y Transpiration rate Diffusive resistance S甘ess ra也1直

(阿jcmjsec) (secjcm) 37DAP 58DAP 
IPB M79 13-98 6.53 ab 3.96 abc 3.ωab 4.67 abc 
IPB M79 9-19 6.72 ab 4.10 abc 2.33 ab 4 .∞ abc 
IPB M79 9-82 7.02 ab 3.75 abc 3.67 ab 4.33abc 
IPB M814-34 6.78 ab 3.95abc 2.67 ab 4.∞ abc 

IPB M8340-12 8.47 ab 3.11 abc 2.∞ b 4.∞ abc 
IPB M84 11-16 7.17 ab 4.40abc 3.67 ab 4.∞ abc 

IPB M84 11-21 7.66 ab 3.5O abc 2.67 ab 4.∞ abc 
IPB M8411-3 9.04 ab 2.55 c 2.67 ab 4.∞ abc 
IPB M84 12-24 8.69 ab 2.74 bc 2.67 ab 3.33c 
IPB M84 30-7 8.90 ab 3.20 abc 2.67 ab 4 ∞ abc 
IPB M84 33-21 8.90 ab 2.89 abc 2.33 ab 4 ∞ abc 
IPB M84 33-42 6.12 ab 4.65 ab 3.∞ ab 4.67 ab 
IPBM扭扭-23 8.42 ab 3.19 abc 3.33 ab 4.∞ abc 

IPB M84 34-3 9.28 a 2.74 bc 3.67 ab 5 ∞ a 
IPB M84 34-34 8.14 ab 3.27 abc 2.67 ab 4.∞ abc 
IPB M84 34-36 7.18 ab 3.27 abc 3.∞ ab 4.33 abc 
IPB M84 34-46 6.50 ab 3.89 abc 2.67 ab 3.67bc 
IPB M8434-6 7.50 ab 3.69 abc 4.∞ a 4.67 ab 
Pagasa 3 5.79b 4.80 a 3.33 ab 4.33 abc 
Patig 8.37 ab 3.13 abc 2.33 ab 3.67bc 
IPB M79 6-11 (check) 7.77 ab 3.65abc 2.42 ab 3.75 abc 
• Means in a column follow吋 by the same letter(s) are not significantly diff自由tat P <0.05. 
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Greenhouse studies 
The shoot and r∞td可 weights and total leaf area of the six selected mungbean accessions 

decreased significantly due to drought, whereas the root:shoot ratio significantly increased (Table 4). 
Among them, IPB M79 13-98 had the highest sh∞t and root dry weight and totalleaf area, whereas 
Pagasa 3 had the lowest in both stressed and nonstressed pots. 

Table 4. Morphological characters of selected mungbean accessions as aHected by drought 
(gree曲ouse， 1991)". 

En廿y Shootdrywt. Rootdrywt. Root:shoot ratio 
(g) (%)b (g) (%)b (ratio) 

IPB M79 6-11 2.03 b 74 0.82 39 0.41 
IPB M79 13-98 4.32a 74 1.53 41 0.36 
IPB M79 9-82 2.67b 76 0.82 ω 0.28 
Pagasa 3 1.30b 76 0.58 49 0.46 
IPB Acc. 831 2.33 b 67 1.02 29 0.45 
IPB Acc. 833 1.8O b 79 0.62 61 0.30 
, Means within a column followed by the same lelter令) a間 notsignifi個ntly different at P < 0 日5

b Valu自 indicate percent reduction or increase (+) over ∞n廿01.

(%)b 
+141 
+125 
+ 33 
+119 
+125 
+50 

Leafarea 
(cm2) (%)b 
224ab 64 
532a 55 
378ab 57 
204 b 47 
305ab 56 
290ab 61 

Yield in terms of pod and seed weigh t was reduced by drought bu t the six accessions did not show 
significant cultivar differences in戶ld (Table 5). IPB M7913-98 produced the highest dry matter and 
seed yields under droughtand control conditions. Among the susceptible checks,IPB Acc. 831 was able 
to maintain a reasonably high root:shoot ratio and totalleaf area. 

Table 5. Yield of selected mungbean accessions as affected by drought (greenhouse, 1991)弋
En廿y Pod wt. Seed wt. 

IPB M79 6-11 
IPB M7913-98 
IPB M79 9-82 
Pagasa 3 
IPB Acc. 831 
IPB Acc. 833 

(g/plant) (%)a (g/plant) 
0.40 88 1.73 
0.43 76 3.58 
0.75 66 2.40 
0.52 80 2.03 
0.83 70 2.92 
0.37 65 1.45 

, Valu回 indicate per田nt red uction over ∞n廿01.

(%) 
66 
28 
70 
78 
64 
58 

IPB Acc. 831 was the least affected by drought in terms of shoot and root dry weight. In leaf area 
and pod weight, Pagasa 3 and IPB Acc. 833 were the least affected. The lowest seed yield reduction was 
shown by IPB M7913-98. Over 1∞% increases in root:shoot ratio were noted in IPB M79 6-11, IPB M79 
13-嗨， IPB Acc. 831 and Pagasa 3. WUE was generally reduced except in IPB Acc . 的1 (Table 6) . 

Table 6. Water use effidency (g!kg) of selected mungbean accessions as affected by drought 
(greenhouse, 1991)". 

En甘y 自ought Control Drought/co的01(%)

IPB M79 6-11 0且 b 1.23 bc 28 
IPB M7913-98 0.79 b 5.63 a 14 
IPB M79 9-82 0.37b 2.76 b 13 
Pagasa 3 0.22 b 0.85 c 26 
IPB Acc. 831 1.40 a 1.01 c 138 
IPB Acc. 833 0.28b 1.24 bc 23 
'M田ns within a column followed by the same letter(s) a間 not sígm日由ntly different at P < 0.05 



366 Adaptation ofVegetable Legumes to Drought Stress 

The role of root and sh∞t growth and the corresponding r∞t:sh∞t ratio in plant survival under 
drought has long been recogr也ed. Ideally a plant that can maintain a higher r∞t than shoot growth 
and therefore a higher r∞t:shoot ra tio is desired, b配ause it can extract more water from the deeper soil, 
especially if the soil is continuously depleted of moisture. Richards and Caldwell (198內 as cited by 
Ludlow and Muchow (1990) suggested that deep and dense roots may have additional benefits for 
water extraction and r∞t function because water uptake con自lUesat叫gh七 resul也可 in an increase in 
the soil water content of upper soillayers and presumably of roots in these layers. 

Leaf area maintenance is another growth parameter that can contribute to the plant's survival 
under drought conditions. Although more leaf area can increase total amount of water transpired, this 
can be compensated by increased photosynthesis as a result of increased surface area for C~ 
assimilation and fixation. A simple test has been suggested for breeders to 1∞k for lines that maintain 
leaf expansion at reduced water potentials (Parsons 1982). IPB M7913-98 maintained the highest leaf 
area and relatively larger root than shoot growth under drought conditions compared to the other 
accessions. This accession was also able to produce the highest seed dry weight. 

IPBAcc. 的1， on the other hand, maintained a high root:shoot ratio and also a reasonably high leaf 
area, but did not produce correspondingly high seed dry matter. Instead, the dry ma社er accumulated 
in the pod, which in the case of mungbean is noteconomically important. This characteristic ofIPB Acc. 
831 is interesting and deserves further study. It appears to possess drought tolerance mechanisms, but 
it seems to have some problems in translocating or partitioning the accumulated dry matter. 

In general, translocation is less sensitive to water stress than is photosynthesis. The translocation 
pathway or the conducting system is resistant to water deficit (Parsons 1982). The observed reduction 
in translocation has been attributed to several factors: a) reduced rate of assimilate movement from the 
photosynthetic cells into the conducting system (Wardlaw 1969); b) reduced so凹ce photosynthesis or 
sinkgrowth (Begg and Tumer 1976); and c) decreased sieve tube turgor differences (Sheikholeslam and 
Currier 197內.

Cowpea 

Eighteen cowpea accessions/lines were used in both trials with All Season as the tolerant check 
(Table 7). The 17 accessions produced comparable yields with All Season when the trial was conducted 
at IPB in 1989-90. Eight of the 17 accessions that produced sigr世ficantly higher yields than All Season 
at PSU were: IT 82D-789, IT 82D-889, IT 82D-892，叮 82E-18， IT 84E-124, TVX 289-40, UPL Cp 5 and IT 
84E-1-108. 

In the 1990-91 仕ial， significant cultivar differences in yield were observed at IPB. At PSU, there were 
no significant differences in the yields of the 18 accessions. However, seven accessions that ou句Tielded
the check were: IT 82D-789，叮 82E-18，叮 82E-9， IT 84E-124, TVX 289-4G, Acc. 113 and IT 83D-442. 

Several accessions outyielded All Seaso几個d出e 位ve highest yielders were:叮 82E-18， IT 82D-789, 
Acc. 113, TVX 289-4G and IPB Cp 41-6 (Table 8). The 仕anspiration rate, diffusive resistance and s仕ess

rating of the five accessions were s切自tically comparable with All Season (Table 9). 

Pole Sitao 

Veri戶ca衍on trials 

Among the 21 entries evaluated in 1990-91, CSL 19 and CSL 14 produced the highest pod yields 
(Table 10). Of the 21 entries screened, four PSDR lines were previously identified as drought tolerant. 
In terms of yield, PSDR4 was the best followed by PSDR6, PSDR1 and PSDR3. on the other hand, 
UPLPS1 outyielded UPLPS3 and UPLPS6. 
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Table 7. Seed yield (tlha) of 18 cowpea accessions under drought condition (verification trials, 
1989-91). 

En廿y 1989-90 1990-91" Mean 
IPB PSU IPB PSU 

Acc.113 1.57 1.11 1.37 a-c 1.12 1.29 
All Sea叩n (check) 1.49 0.65 1.26 a-d 0.71 1.03 
CES18戶6 1.50 1.14 1.16 b-e 0.86 1.17 
IPB Cp 41 -6 1.62 1.02 1.07 c-e 1.08 1.20 
IT 8ID-1137 0.97 0.68 1.71 a O .個 1.04 
IT 82D-755 1.19 0.97 0.82 de 1.09 1.02 
IT 82D-789 1.26 1.叩 1.08 b-e 1.54 1.35 
IT 82D-889 1.13 1.23 0.96 c-e 0.91 1.06 
IT 82D-892 1.27 1.30 0.70e 0.87 1.04 
IT 82E-18 1.22 1.80 1.65 ab 1.34 1.50 
IT 82E-9 1.41 0.95 1.05 a-c 1.16 1.14 
IT 由D-442 1.33 . 1.08 0.90 c-e 1.10 1.10 
IT 84E-124 1.02 1.25 0.70 c-e 1.15 1.03 
TVX289-4G 1.65 1.25 1.01 c-e 1.12 1.26 
TVX 3236-0IG 1.59 1.05 1.34 a-c 0.66 1.16 
UPLCp1 1.77 0.65 0.92 c-e 0.95 1.07 
UPLCp5 1.16 1.18 1.06 c-e 0.88 1.07 
IT 84E-1-108 1.18 0.89 c-e 0.87 0.98 
Mean 1.38 1.11 
LSD (P = 0.05) 0.53 
CV (%) 39.38 21.25 19.12 31.21 
'M田ns within a column followed by the same letter(s) a肥 notsignifi由ntly different at P < 0.05. 

Table 8. Percent yield reduction or increase (t) of 17 cowpea accessions under drought condition 
(verification trial, 1990). 

En廿y Against irrigated Against tolerant 
control check 

Acc.113 93.8 (+) 5.4 (+) 
All Sea凹n (check) 65.6 (+) 
CES 18-6 0.0 0.7 (+) 
IPB Cp41 -6 10.2(+) 8.7 
IT 8ID-1137 2.0 34.9 
IT 82D-755 11 .9 20.1 
叮 82D-789 17.7 15.4 
IT 82D-889 11.9(+) 24.2 
IT 82D-892 27.6 (+) 14.8 
IT 82E-18 25.6 (+) 18.1 
IT 82E-9 6.0 (+) 5.4 
IT 83D-組2 2.2 10.7 
IT 84E-124 6.3 (+) 31.5 
TVX 289-4G 38.7 (+) 10.7(+) 
TVX 3236-01G 37.7 (+) 6.7 (+) 
UPLCp1 38.3 (+) 18.8 (+) 
UPLCo5 13.7(+) 22.2 
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Table 9, Transp凶tion rate, diffusive resistance and s甘ess rating of 17 cowpea accessions under 
drought condition (verification 制品，呵呵)"，

Entry Transpiration rate Diffusive resistance S仕的s ra白這

(阿/cm/sec) (sec / cm) 37DAP 58DAP 
Acc. 113 10.82 ab 1.61 2.0b 3.0bcd 
All Season (check) 8.75b 2.24 2.0b 2.7 cd 
CES 18-6 10.71 ab 1.72 2.0b 2.6 cd 
IPB Cp41 -6 11.43 ab 1.72 2.0b 3.3 bc 
IT 81D-1137 11.59 ab 1.72 2.0b 2.0d 
IT 82D-755 9.94 ab 1.97 2.0b 4.0b 
IT 82D-789 10.38ab 1.79 2.0b 3.0bcd 
IT 82D-889 9.46 ab 2.27 1.7a 5.0a 
IT 82D-892 8.68b 2.65 2.3 ab 4.7a 
IT 82E-18 11.08 ab 1ω 2.0b 3.0bcd 
IT 82E-9 11.89 ab 1.72 2.0b 1.7cd 
IT 的D-442 9.16 ab 2.36 2.0b 4.7 a 
IT 84E-124 8.83 b 3.02 2.3 ab 3.3 bc 
TVX 289-4G 11.85 ab 2.06 2.0b 3.0bcd 
TVX 3236-01G 14.02 a 1.19 2.0b 2.0d 
UPLCp1 10.13 ab 1.97 2.0b 3.3bc 
UPLCp5 10.62 ab 2.20 2.0b 3.0bcd 
'M阻ns in a column followed by a the same letter(s) are not significantly different at P < 0.05 

Table 10. Perfonnance of 21 pole sitao accessions under post-rice condition (lPB, DS 1990-91)", 

En甘y Days to Pod Pod 1∞-seed Vigor 
flower yield (t/ha) length (cm) wt. (g) ratint 

CSL 19 39.5 c-f 3.6a 54.1 bc 17.1 c-e 3.0 
CSL 14 41.0a-e 3.5 a 55.6 a-b 18.5 b-c 2.0 
CSL25 38.5 d-f 3.1 a-c 3O.7i 14.6 f-h 2.5 
PSDR4 35.0 g 2.8 a-d 30.9 i 13.9 g-i 2.5 
UPLPS1 41 .5 a-e 2.8 a-e 42.3 e-f 17.7 b-d 2.0 
CSD-8 38.0 e-g 2.6 a-e 36.3 f-i 13.8 g-i 2.0 
CSD-4 38.5 d-f 2.5 a-f 35.4 g-i 14.9 f-h 3.5 
89-034 39.0 c-f 2.5 a-f 42.7 e-f 12.1 i才 1.5 
87-{約5 44.0 a 2.6 a-f 49.5 c-d 18.0b-d 1.5 
PSDR6 42.0 a-d 2.5 a-f 42.2 e-f 15.5 e-g 3.5 
419163 39.0 c-f 2.3 a-f 6O.5 a l 1.6j 2.0 
89-020 38.0 e-g 2.3 a-f 36.8 f-i 14.5 f-h 2.5 
PSDR1 39.0 c-f 2.2 b-f 31.7i 13.3 g-j 2.5 
PSDR3 36.5 f-g 2.0 c-g 34.1 g-i 16.2 d-f 3.5 
84-{沁1 43.0 ab 1.9 c-g 45.0 d-e 20.9 a 3.0 
87-{沁6 42.5 a-c 1.8 c-g 39.5巴-h 19.9 a-b 2.0 
419∞6 40.5 b-e 1.8 c-g 32.0 h-i 14.3 f-i 3.5 
UPLPS3 42.0 a-d 1.6 d-g 3O.9i 15.0 e-h 1.5 
87-{沁4 39.5 c-f 1.6 e-g 39.4 e-h 14.3 f-i 1.0 
87-{約3 44.0fg 1.3 f-g 44.0 d-e 19.5 a-b 3.0 
UPLPS6 39.5 c-f Q2.g 39.7 e-g 12.8 f-i 1.0 
• Means in column followed by the same letter(s) are not significantly different at P < 0.05 
bB品ed on five primings only 
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Acc. 419163 produced the longest pod, followed by C5L-14 and C5L 19. Topping the list of having 
血e highest seed weights were acc. 84-001, 87-006, 87-003 and C5L 14. Pod length was observed as a 
contributor to yield, as reflected in the yield performance of 419163, C5L 14 and C5L 19. Entries with 
ve可high visual scores and heavy seeds arenotnecessarily high yielders. Highly significant differences 
between entries in days to 50% flowering were noted. The earliest to flower was PSD~ and line 87-∞5 
was the latest. 

In the 1991-92 trial, only nine accessions/cultivars were grown at IPB. There were significant 
differences in yield between the entries (Table 11). 的DR1 significantly outyielded the rest of the 
accessions while UPLPS6 produced the lowest yield. C5L 14 produced the highest 100凶seed weight 
followed by 87-005. Pods were longest切 C5L 14 and P5DR6 and shortest in PSDR3 and PSDR4. PSDR4 
and P5DR1 were earliest in flowering and 87-ω5 was the latest. C5L 14 and 89-034 were the most 
vigorous in grow曲， whereas PSDR1 and 87-004 were the least vigorous (Table 11). 

Table 11. Perfonnance of nine pole sitao accessions evaluated under post-rice condition (IPB, Dec. 
1991 - Feb. 1992)'. 

En廿y Pod yield 1∞啥eed Pod length Days to Vigor 
(t/ha) wt. (g) (cm) flower ratíng 

CSL 14 1.59 b 19.4 a 40.4 a 30.0 cd 2.0 c 
PSDR4 1.90b 14.2 c 28.0b 27.5 e 2.5 abc 
89-034 1.76 b 16.7 abc 33.4 ab 31.0 bc 2.1 c 
87-(約5 0屆 b 18.2 ab 29.9b 33.5 a 2.5 abc 
PSDR6 1.38 b 15.2 bc 40.2 a 32.5 ab 3.3 ab 
PSDR1 8.27a 13.6 c 33.2 ab 27.5 e 3.5 a 
PSDR3 2.11 b 16.2 abc 27.5 b 28.0 de 2.5 abc 
87-(沁4 3.24 ab 15.3 bc 32.3 b 30.0 cd 3.0 abc 
UPLPS6 0.66 b 15.3 bc 34.4 ab 30.0 cd 2.3 bc 
'M曲ns within a column followed by the same letter(s) a間 not significantly different at P < 0.05. 

Greenhouse studies 

Percent survival and to some extent visual rating in the greenhouse were consistent with the 
observed performance of the cultivars in the field (Table 12). R∞t lengths of C5L1 4 and UPLP51 were 
similar. The diffusive resistance and transpiration values, however, did not reveal significant differences 
among cultivars. 

Table 12, Root length, leaf diffusive resistance, transpiration rate and percent survival of four pole 
Sitao varieties under drought condition (greenhouse, 1990)', 

En廿y

CSL 14 (resistant check) 
UPLPS1 (susceptible check) 
PSDR4 
PSDR5 

Root length Diffusive resistance Transpira位on R甜ng Survival 
(cm) (sec/cm) (μg/cm/s) (%) 
44.0 a 38.83 0.75 
31.0 b 37.87 0.74 
36.0 b 37.23 0.77 
34.3 b 30.07 0.92 

2.0 
4.0 
4.0 
4.0 

87a 
27b 
40b 
20b 

‘ Means within a column h卸的g the same l et世r(s) are not signi自由ntly different at P < 0.05 

Root growth is particularly important in pole sitao grown after rice because the plants are growing 
on stored soil moisture. A plant with r∞ts that can grow deeper will have a better chance of ex仕ac出g
the available moisture from the deeper soil. The ability of the different accessions used in this study to 
produce longer roots was clearly associated with their ability to survive under drought conditions. 
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In terms of 仕anspiration and diffusive resistance, which are both stomatal characteristics, the 
expected differences among the four accessions were not expressed. Transpiration and diffusive 
resistance were equally low and high, respectively, in all four accessions. This is not su中risingbecause, 
山甘ike m。中hological parameters, physiological parameters particularly those influenced by 血e
stomata, are highly sensitive to environmental changes. Bennett et al. (198內 noted extreme difficulty 
in obtaining consistent measurements of stomatal characteristics in the field. An added complication 
would bethepossibility出at signals from roots in response to soil dehydration can override thecontrol 
of stomatal conductance by leaf water status (Turner 1986; Bennett et al. 198η. 

Earliness is an escape strate自r that allows a crop to flower and produce seed even without 
experiencing stress. Under post-rice condi tions, partic叫arly in rainfed situations, this s甘ate回r assures 
survival of a crop at the expense of production. Because of this trade也缸'， dry matter production and 
seed yield fall well below thepotential in better-than-average seasons, unless developmen個1 plasticity 
is also well developed (Ludlow 1990). PSDR4 in the present study must possess a well-developed 
plasticity because, in spiteof its earliness, itwascapableofproducingyields comparableto thetolerant 
check. 

CONCLUSIONS 
The verification trials resulted in identification and selection of drought-tolerant accessions as 

follows: mungbean, IPB M84 34-話， IPB M84 11-3, IPB M84 34-23 and IPB M84 34-3; cowpea， π82E-

18,IT82D-789,Acc.113, TVX289-4GandIPBCp41-6;polesitao,CSL 14,PSDR4andPSDR6. The basis 
of selection was consistentyield performance in the field, general plantvigor and stomatal characteristics. 
Maturity was also used as a criterion for pole sitao. 

The greenhouse studies showed that in mungbean, the tolerant check IPB 7913-98 maintained the 
largest r∞t and shoot growth and totalleaf area. The susceptible check IPB Acc. 831 also maintained 
ar甜甜nablyhighr∞tandsh∞tgrowth and to個lleafar凹，howeve丸 itdid notproduce a correspond訊gly

high seed yield. Instead it produced the highest pod weight which in the case of mungbean is not 
economically important. The apparent drought-tolerant characteristics of IPB Acc. 831 and this 
seemingly existing translocation problem deserve further study. 

In pole sitao, percent survival and stress ra也可 in the greenhouse were consistent with yield 
performance of the four pole sitao accessions in the field. Root growth was highest in the tolerant check 
CSL 14, and lowest 泊 the susceptible check UPLPS1. 

In both mungbean and pole si切0， differences in the stomatal characteristics, namely 甘anspiration
rate and diffusive resistance, were notexpressed by the differentaccessions. This observation indicates 
the nons叫tability of these parameters as selection criteria, and probably are not the physiological 
determinants of drought tolerance in mungbean and pole sitao. In future studies, therefore, other 
parameters such as osmotic adjustment may have to be utilized. 
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I ABSTRACT 
The domesticated tomato (Lycopersicon esculentum) isa drought-sensitive species ofworldwide 

economic importance. The related wild species L. pennellii, although itself ofno direct horticultural 
value, represents a potential source of drought tolerance for introgression into cultivated tomatoes. 
The two tomato species and the int~~pecific F1 hybrid were grown in伽 field at a high and a~ 
level of irrigation~ Diumal measuJ;é'ments revealed that only minor genotypic differences in leaf 
~ater }!otentialf. '\色."exi恥d. Th吋ι) of L. esculentum tended to be low叫h詛咒 of L. pennell話， but
rarely by more than 0.2 MPa. The '1' w ofF1 plants was similar to that of the domesticated parentunder 
lows虹ess early in the season, but under the severe stress of late season it was similar to the wild 
parent. The wild specieshad lowerstomatal conductance品，也an the domesticated tomato, especially 
under reduced irrigation ra純 and the wild species had much less relative root mass (about 3% of 
total plant dty weight) than the domesticated tomato (15% of total plant dty weight). Both relative 
root size and g. of the F1 hybrid fell between the values of the parental species, but, interestingly, 
g. was usually doser to L. pennellii. The season-long water-use efficiency (WUE, g dty weight/kg 
HzO) determined in containerized plants maintained at a soil moisture content of 50% of field 
capacity was greater in L. pennellii than in L. esculentum, and WUE of F1 plants was close to that of 
L. pennellii. The WUE of 40 Fz individuals showed substantial variability, but the mean was close 
to the wild parent. The composition in leaf s誼nples of the stable carbon isotopes 13C and 1ZC (ô13(:) 

proved to be a reliable, and potentially vety useful, indirect measure of WUE. Four genetic markers 
(restriction fragment length polymorphisms, RFLPs) were found to be statistically correlated with 
variation扭曲e level of expression of Ô13C扭曲eFzpopulation. Amultiple regressionmodelinduding 
these four RFLP loci and theirmajortypes of gene action accounted for43% of the variance of Ô13c. 
We conclude that the ô13(: technology is useful in determining WUE in tomato. Direct determination 
of WUE is difficult, if at all possible, for individual field-grown plants. Such precise ran垣ng of 
segregat卸g individuals is necessaty for the identification of genetic markers for this trait using 
RFLP technology. In addition, identification of RFLP markers for WUE is a first step towa吋
尬。lating， identifying, and understanding the genes that contribute to overall plant WUE. Thus, 
these two technologies combined present new opporlunities to improve crop WUE, and they may 
be enormously helpful in fundamental studies of this important plant trait. 
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INTRODUCTION 

The availability of soil moisture is an important determinant of species distribution and of the 
composition of native plant communities. In world agriculture drought ranks among the most 
devasta也可 causes of economic losses (Boyer 1982). The principal agronomic solutions have been 
altered plant architecture and biomass partitioning characteristics (Fisher and Turner 1978; Sinclair et 
al. 1984; 他由i11 1986)， improved fjeld management practices aimed at maximizing the amount of 
water available to the crop (Sinclair et al. 1984), and, most of all, application of supplemental irrigation 
(Tanner and Sinclair 1983). However, irrigation water is not always available, it is e中ensive， and it 
often results in serious nega位ve long-term consequences in the form of soil salinization (McWilliam 
1986). Consequently, artificial irrigation may lead to permanent damage to otherwise productive land. 

An altemative solution to providing artificial i叮igation is to develop crop cultivars that use 
available water more efficiently (Sinclair et al. 1984; Tumer 1986). Numerous breeding e仔orts have 
aimed at achieving increased drought resistance, although few, if any, have been specifically keyed at 
improving plant WUE, a property that could greatly contribute to plant drought tolerance. The lack of 
success to date in dealing specifically with WUE in the practice of crop trait improvement reflects the 
difficulty in precise screening for long-term WUE among individual field-grown plants. 

Numerous recent studies suggest that the stable carbon isotope composition value ((ì13C) and the 
related stable carbon isotope discrimination value (Ll) determined for plant carbon are reliable 
indicators oflong廿rm， productivity-weighted WUE (Farquhar and Richards 1984; Hubick et al. 1986; 
Farquhar et al. 1988; Martin and Thorstenson 1988; Hubick et al. 1988; Wright et al. 1988; Hubick and 
Farquhar 1989; Vos and Groenvold 1989; Ehleringer et al. 1990,1991; Johnson et al. 1990; Virgona et al. 
1990). The carbon isotope composition, or (ì13C, is the ratio of 13C/12C of a sample (R且mple) rela tive to the 
corresponding i叩toperatioofa standardcarbon source(Rs恤dard) as described by the following equation: 

(ì13( = (R叩nple/Rstandard) - 1. 

(More convenien t numbers are derived following multiplica tion by 1 0∞ so that (ì l3( is expressed 泊 per

mil.) The most common standard is Peedee belemnite (PDB) (Craig 195η. The carbon isotope 
discrimination, or Ä is related to (ì13( as follows, 

Ll = ((ì13Cair - (ì13(plant) / (1 + (ì13(plant). 

Subscripts air and plant define (ì13( of CO2 in the air and in plant organic matter, respectively. The 
current global average (ì13C of atmospheric CO2 is about -8 per mil, and it continues to become more 
negative as a result of an血ropogenic release of fossil carbon. 

The link between Ll (as well as (ì13C) and WUE of plants having the C3 photosynthetic pathway is 
now well understood. The theory has been developed in detail (Farquhar et al. 1989; Evans and 
Farquhar 1991). The Ll and WUE are independently linked to pJ p., i.e. the ratio of partial CO2 pressure 
in the intercellular air spaces of photosynthesizing leaves and in the ambient air, respectively: 

Ll = a - d + (b - a) / (pJ p.) 

and 

WUE = [(1- øc) x p. x (1- pJp.)] / [1.6 x (1 +恥) x (ei - e.)] 

in w hich a is isotopic fractiona tion d uring CO2 diffusion in air (0.0044 or 4.4 0/00 (per mil)), d is fractiona tion 
during dissolution and diffusion of CÜ:! in the liquid phase, and in respiration (1-3 0/00 ), and b is the net 
fractionation caused by Rubisco (about27 0/00 ) (Park and Epstein 1961; Wong et aI. 1979). The Øc and Øw 

inc。中orate daily respired CÜ:! and daily unproductive water loss, respectively, into the 呵uation.
Inclusion of these two factors modjfies leaflevel WUE in the light (netC02assimilation rate/ transpiration 
rate) to include CO2 and watervapor exchange also in the dark and by nonphotosynthetic tissues. The 
Øc and Øw could vary among species and developmental stages as determined by ontogeny and 
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environment, and could, therefore, have a substantial influence over the quantitative relationship 
between Ll and WUE which is described by the follow趴g equation comb趴ing the previous two 
equations: 

WUE = [(1 - øc) x p. x (b - d - Ll)] / [1.6 x (1 + øw) x (b - a) x (ei - e.)]. 

The a bove equa tion (Evans and Farq曲ar 1991 and references therein) is the foundation for curren t 
efforts to develop the stable carbon isotope technology into a tool useful to improve WUE of C3 crops. 

Al出oughÔ13C promises to be useful in ranking WUE of individuals in a field of a geneticallyvariable 
population, gene x environment interac討on precludes a direct comparison ofplants grown at different 
locations, years, and/ or seasons. However, recent technological developments have made possible the 
identi白cation of genomic markers (RFLPs) associated with expression of inherited, difficult-to
evaluate traits (Helentjaris et al. 19的; Nienhuis et al. 198內. Such markers for expression of a trait in a 
given environment will allow screening for desirable genotypes in any other environment. Of course 
i t should be noted tha t in con仕asting environments a given 甘甜， like WUE, may be govemed bypartly 
or entirely different sets of genes. Therefore, screening with markers, which are informative 凶 one

environment, may not efficien tly identi令r superior genotypes targeted for another environment. RFLP 
markers have been used to evaluate tomato plants for insect resistance (Nienhuis et al. 198內 and

solublesolids (Osbometa l. 1987) .Recentlywereported threeRFLPmarkersfor WUE ina small tomato 
pop叫ation consisting of F3 and BCSI individuals (Martin et al. 1989). 

In this paper we have defined, in terms of some standard water relations parameters, two 
Lyco戶rsicon species (L. esculentum and L. pennellit) of reportedlyvastly differentdroughttoleran凹， and
the interspecific FI hybrid. We have shown that WUE differs between the two Lycopersicon species, that 
it is inherited in the FI and F2 progenies, and that WUE can indeed be evaluated by Ô13C analysis. Finally, 
we have extended our previous RFLP work to include a larger segregating population, which resulted 
in confirmation of the three previously identified markers and the identification of a fourth RFLP 
marker for WUE in tomato. 

MATERIALS AND METHODS 

Plant Materials and Growth Conditions 

Eωluations 01 water relations 

The following tomato genotypes were used: (1) a common processing tomato cultivar of low 
drought tolerance and WUE, L. esculen切mMill. cv. UC82B, (2) a wild tomato species of greater drought 
tolerance and WUE native to the coastal desert ofPeru, L. pennellii (Cor.) D'Arcy (Rick 1974,1976), and 
(3) the FI generation from the interspecific cross between L. esculentum (female parent) and L. pennellii 
(male parent) (Rick 1960). Seeds were sown in a standard soil mix in flats in a greenhouse maintained 
at 32/180 C day /night temperatures. Naturallight was supplemented with light from high pressure 
sodium lamps to extend the photoperiod to 14 hours. The flats were watered daily and fertilized once 
a week (Peters 20-20-20, W.R. Grace & Co., Allentown, Pennsylvania, USA). In mid June 1985, when 
the seedlings were 5-10 cm tall theywere transplanted into a field in SaIt Lake Valley, Utah. Ten plants 
of each genotype were planted 30 cm apart in rows with a row spac凶g of 90 cm. All plants were 
established at optimal i討igation rate for 3 weeks. Following establishment differential irrigation was 

- initiatedandmaintained until theexperimentwasterm加ated on 30 August. Two ratesofsupplemental 
irrigation were employed using surface-exposed drip lines. (司ptimal irrigation (WL1) was 1.91 water / 
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mdr旬 line/day, and the stress treatment was 40% ofoptimal irrigation rate (WL2). In addition the field 
received 8.4 mm of rain during the experimental period. The plants were fertilized once a week with 
Peters 20-20-20 through the irrigation drip line. 

Correlation between WUE and /PC and association of RFLP markers with /PC 

To evaluate the genotypic effects on WUE and ôJ3C, and to determine correlation between RFLP 
genotype and ôJ3( the three tomato genotypes listed above, plus the segregating F2 generation obtained 
by selfpollination of the FJ hybrid, were seeded in flats as previously described. The flats were initially 
maintained in a greenhouse as described above. When the seedlings were 5-10 cm tall they were 
仕ansplanted into plastic containers without drainage holes holding 7.5 1 of a standard soil mix. To 
minimize soil evaporation a 3 cm thick layer of 街1e crushed rock was layered on top of the soi1. The 
containers were placed outside in a field in the Salt Lake Valley, Utah, in midJune 1988. Each moming 
throughout 趴e 68-day experiment each container was watered to a weight corresponding to a soil 
water content of 50% of field capacity as described in detail by Martin and Thorstenson (1988). There 
were fourplants each of L.esculentum, L. pennellii, and theFJ generation, and 40 plants of the segrega佔19
F2 generation. Plantless containers were included to estimate soil evaporation as previously described 
(Martin and Thorstenson 1988). 

Measurement Techniques 

.• • ._. ') ".J c/. , .- < 

~臼ater potential， 凡

The IJ' w of young, fully expanded leaves in the outer position of the canopy was determined with 
a pressure chamber (PMS Instrument Co., Corvallis, Oregon, USA) by following standard procedures 
(Scholander et a1. 1965; Tyree and HammeI1972). 

Stomatalconductancefor仰ter vapor, gSl and transpiration rate, E 

The g. and E of the lower leaf surface were determined a t 1-hour in tervals 也roughout thedaywith 
an Li-1600 Steady State Porometer (Licor, Lincoln, Nebraska, USA). on 2 days E of the upper and the 
lower leaf surfaces on 5-10 plants of each genotype was determined at 10 am, 1 pm, and 4 pm and the 
average used to estimate E from both leaf surfaces. Daily amounts of transpirational water loss per w甘t

project，吋 leaf area were determined gravimetrically by cu仙g out and weighing the areas under 
diumal transpiration cu凹的 (lower leaf surface) and estimated by integration of the area under the 
diumal 仕anspiration curve (lower surface) and by co訂ection for 廿anspira tion from the upper surface. 

Canopy leaf a何a and fresh weight 01.戶eld-grown plants 

Total projected canopy leaf area was determined gravimetrically by detaching allleaves of two 
plants of each genotype grown at each irrigation level. The leaves were photocopied and the images 
cut out and weigh吋. Weights of the leaf images p∞led by plant were compared with the weight of 
a known surface area to estimate canopy surface area. Genotypic differences were large compared with 
differences between replicates. 

The average fresh weight of the above-ground part of each genotype was determined by weighing 
five plants per genotype. 

Season-long叫te阿lse efficiency 

WUE was determined as previously described in detail by Martin and Thorstenson (1988). Briefly, 
containers holding plants wereweighed each moming and preciselywatered to a soil moisture content 
of 50% of saturated soil (50% of field capacity). Season-long plantwater usewas calculated by summing 
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daily water additions plus precipitation over the season, followed by correction for soil evaporation 
estimated by daily weighing and watering of plantless containers. At the end of the season the plants 
(includ趴gr∞ts) were harvested and the dry weight determined. WUE (g dry weight/kg water) was 
calculat吋 by dividing total plant d可 weight by season-long water use. 

Stable carbon isotope composition, SI3C 
Ten leaves from each plant were randomly selected from the outer expo鉛d part of the canopy, 

P∞led by plant, dried, and ground to a fine powder. Organic carbon was combusted under vacu山n
and the resultant C~ analy甜d for I)13C by ratio mass spec仕ometry at the Stable Isotope Ratio Facility 
for Environmental Research, UniversityofUtah. More detailed descriptions of sampleprepara討onand
analysis are given by Martin and Thorstenson (1988) and Martin et al. (1989) based on modification of 
thepr仗ed盯e by Tieszen et al. (1979). 

Genetic markers, RFLPs 

DNA was extracted from leaves using a slight modification of previously published procedures 
仰的叫aris et al. 1985, 1986; Martin et al. 1989). Briefly, leaf material was lyophilized and ground in 
a coffee grinder. Three hundred milligrams of powdered leaf tissue were extracted with 6 ml of 
extraction buffer (50 mM Tris pH 8, 0.7 M NaCl, 10 mM EDTA, 1% (w/v) mixed alkyl-trimethyl
ammonium bromide (CTAB), 1 % (w /v) 2-mercaptoethanol) at 600 C for 1 hour and then extracted with 
chloroform/ octanol. The supematantwasadjusted to 1 % CTABandO.07MNaCl and reextracted with 
chloroform/ octanol. DNA was precipitated from the supematant by addition of an equal volume of 
50 mM Tris pH 8, 10 mM EDT A, and 1 % CT AB. The DNA pellet was resuspended in 1 M NaCl and 
precipitated with two volumes of ethanol. 

The DNA was digested with either Bgl 11 or Hind III according to the manufacturer's (BRL, 
Gaithersburg, Maryland, USA) instructions, electrophoresed 趴rough 0.8% agarose, and blotted onto 
MSI paper (Micron Separation Inc., Honωye Falls, New York, USA). Markers from all but one linkage 
groupof血e tomato RFLP map were used as hybridization probes. Several markers were chosen from 
the three linkage groups found to be of interest in previous study (Ma此in et al. 1989). The DNA inserts 
were radiolabeled with 32p by oligolabeling (Feinberg and Vogelstein 1983). The hybridizations were 
done at 600 C in 5 x SSC (0.6 M NaCl, 0.06 M sodium citrate) and washed at 600 C in 0.2% SSC. The 
hybridization pa悅ms of the two parents, the F), and the 40 F2 individuals were scored. Least square 
regression of gene frequency (RFLP genotype) on phenotypic value (I)13C value) was used to identify 
the RFLP loci associated with 1)13c. The main effects of the RFLP loci associated with 1))3( as well as first 
orderinteractionswerefitintoamultipleregressionmodeltomaximizethecoefficientofdetermination. 

RESULTS 
Leaf water potential, '1' w, was measured each hour of the day, from before sunrise to after sunset, 

on five randomly selected field-grown plants of L. esculentum, L. pennellii, and the F) hybrid. The first 
set of measurements was collected on 30 July (Day 1) when L. esculenfum was in the early flowering 
s個ge， while the second set of measurements was collected on 20 August (Day 2) with L. esculenfum in 
the early green fruit stage. L. pennellii and the F) generation were considerably later in flowering and 
fruit set. 

on Day 1 insolation was undisrupted by clouds only during the 10 am and 11 am measurements, 
while Day 2had clear skies throughout (about 20∞μmol photons m勻-) atmidday). Theaftemoonhigh 
temperatures on Day 1 and Day 2 were 31 and 340 C, respectively. 
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The '1' w of L. esculentum and the FI generation was slightly more negative (0.10-D .15 MPa) than that 
of L. pennellii during most of Day 1, but '1' w did not differ between the two irrigation levels (Fig. 1). A 
transient increase in '1' w around 9 am was caused by particularly dense clouds. 
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Fig. 1. Diumal changes凶 leaf waterpotential of field-grown L. esculentum (1'>), L. pennellii (口)， and
the Fl hybrid (0). Day 1, 30 July 1985; Day 2, 20 Au侈的t 1985. WL 1, op也nal irrigation ratei 
WL 2, 40% of opt卸lal 廿rigation rate. 

Three weeks later (Day 2) 'I'w was about 0.2 MPa more negative in the afternoon for all three 
genotypes growing under optimal irrigation (Fig. 1). The '1' w of L. pennellii and the FI hybrid growing 
under suboptimal irrigation also were about 0.2 MPa more negative on Day 2, while L. esculentum at 
也is time of the season experienced the lowest '1' w (-1 .4 MPa) during the entire experiment. The drop 
between the two experimental days for L. esculentum was almost twice as great (0.35 MPa) 的 for the 
other genotypes. 

The g, increased rapidly after sunrise in all genotypes and at both irrigation levels (Fig. 2). Under 
the least stressed condition (Day 1, WL1) g, peaked between 9 and 10 am and then continuously 
decreased during the rest of the day. The maximum g, of L. pennellii and the FI hybrid was 50 and 75%, 
respectively, of the maximum g, of L. 的culentum (about 1.2 cm/s). Early in the season g, was similar 
at WL1 and WL2, but g, decreased more rapidly after the maximum value was reached under the more 
water-stressed conditions of WL2, particularly in L. esculentum. Under the most stressful conditions 
late in the season (Day 2, WL2) all genotypes showed peak gs values that were less than half of those 
observed under well-watered conditions earlier in the season (Day 1, WL1), and peak gs was reached 
considerably earlier in the morning. 
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Fig. 2. Diumal changes in stomatal conductance for watervapor of the lower leaf surface. Symbols 
ando也er conditions are as in Fig. 1. 

The daily transpirational water losses per square centimeter projected leaf area are presented in 
Table 1. It was determined that transpiration from the upper leaf surface contributed 21,51, and 32% 
of total transpiration in L.的culentum， L. pennellii,and the F1 generation, respectively.α1 Day 1 L. pennellii 
and the F1 genera位on showed daily water losses per unit leaf area that were only slightly less than ilie 
water loss of L. 的culentum. However, under the more stressful conditions later in the season (Day 2) 
L. pennellii and the F1 generation were much moreconservative water users than L. 的culentum. on this 
day L. pennellii and the F1 generation lost only about 50% as much water per unit leaf area as did L. 
esculentum. The relativedifferences between days were about 30% for L. 的culentum and 60-70% for both 
L 伊nnellii and the F1 hybrid. 

Table 1. Daily transpirational water loss per unit projected leaf area 
(g H20/cm2/day) of ~ield-grown tomatoes. 

L. escuIentum L. pennelli 
0.648 0.582 
0.5叩 0.566

0.466 0.230 
0.381 0.165 

F, 
0.561 
0.454 
0.234 
0.2∞ 

Day 1, WL1 
Day1, WL2 
Day2, WL1 
旦丘之旦



Martin et al. 379 

L. esculentum accumulated more aboveground fresh weight than L. pennellii and the F1 hybrid was 
sigr吐ficantly heterotic (Table 2). However, the irrigation rate did not affect cumulative dry weight in 
the parental species, whereas the企yweight was substantially reduced 趴 the F1 hybrid grown under 
lowirri伊拉onrate.Con廿ary to the iηigation effect on fresh weight accumulation, all three genotypes 
showed reduced canopy area under reduced irrigation. The canopy areas at WL2 were reduced by 的，
12, and 24% for the F1 hybrid, L. pennellii, and L. esculentum, respectively, compared with the canopy 
areas at WLl. 

Table 2. Mean leaf area, and mean :t SE fresh weight of 伽 aboveground part of field-grown L. 
esculentum, L. pennellii and the F1 hybrid at the end of the season (Day 2)'. 

L. escu1entum L. pennellii Fl 
WL1 WL2 WL1 WL2 WL1 WL2 

Leaf area (m2
) 0.391 0.297 0.354 0.310 1.134 0.4∞ 

Fresh w豆且已且 134 :t O.ω 1.22 :t 0.22 0.54 :t 0.06 0.55 :t 0.23 1.93 :t 0.55 0.95 :t 0.30 
• Theplan包 had b田n grown at optimum (WLl) or at 40% of optimum (\'仇2) irrigation rate. n =2 for the leaf area de恆rrninati凹， n = 5 for fresh 

weight determination 

The dry weight accumulation of entire (shoot + root) containerized plants was qualitatively 
consistentwith the abovedata on fresh weightsoffield-grown plants. Thus,L. esculentum accumulated 
more dry weight than L. pennellii, and the F1 hybrid was considerably heterotic (Table 3). L. esculentum 
allocated 15% of the total dry weight into the r∞t， whereas L. pennellii allocated only 3% into the root. 
The root allocation was 9% for the F1 generation. These values were obtained at 50% of field capacity 
of the soil, but they were not substantially different at 25 and 100% of field capacity (data not shown). 

Table 3. Mean :t SE season-long water use, dry matter (DM) accumulation, water use efficiency, 
and relative root dry matter (% of to凶 dry matter) of L. esculentum, L. pennellii, and the 
F1 and F2 generations grown outside in con凶ners at a soil moisture content of 50% of field 
cavacitv'. 

Water Dry Water use Relative 
Genotype use matter e的C!ency root DM 

(kg) (g) (g/kg) (%) 
L. escu1entum 48.0 :t 3.7 83.7 :t 6.7 1.75 :t 0.17 15.2 :t 1.6 
L. pennell ii 31 .5土 3.5 78.1士 7.6 2.48 :t 0.04 3.0 :t 0.6 
Fl 61.1 :t 5.4 147.4 :t 8.7 2.42:t 0.11 9.2:t 1.0 
F2 54.7 :t6.8 130.7 :t 15.8 2.40 :t 0.18 ND 
• Relativerootdryma仕er was measured in a separa世 but identically designed experimen t. n = 4 for L. escuJenlum, L. permellii and the F, generation 

(except for WUE where n = 3), n = 40 for the F, generation 

The WUE of L. pennellii was 42% greater than WUE of L. esculentum (Table 3). The WUE of the F1 

hybrid was considerably closer to the more water-use efficient wild parent. 

The genotypic variability of Õ13C of leaf samples collected at the end of the season plotted against 
WUE for four plants each of L. esculentum, L. pennellii, and the F1 generation, and 40 plants from the 
segregating F2 generation is shown in Fig. 3. The four replicates of each of the genetically homogeneous 
L. esculentum, L. pennellii, and F1 generations grouped together quite tightly, whereas individual plants 
of the segregating F2 population showed much greater variability with respect to õ13C and WUE. L. 
esculen tum had much lower WUE and õl3( than L. pennellii, and the F1 generation was more like L. pennellii. 
The center of the scattered F2 plants was close to the wild parent (L. pennellii) and there wasno overlap 
between the four domesticated tomato plants (L. esculen似m) and the 40 F2 individuals. 
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Fig.3. Relationship between stable c訂'bon isotope composition, Ò13C, of leaf tissue and plant water 
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comparable to evently wetted soil at 50% of field capacity. L. esculentum 他); L. pennellii (口);
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DNA which had been digested with restriction enzymes and subjected to elec仕ophoresis was 
blotted onto membranes and hybridized to the 31 RFLP clones shown in large bold numbers in Fig. 4. 
The markers covered all but one of the 19linkage groups in our tomato RFLP 1凶kage map. Each F2 

individual was classified at each RFLP locus into one of the three genotypic classes: homozygous L. 
esculentum (-1), heterozygous (0), or homozygous L. pennellii (1). Regression of phenotypic values for 
òl 3(: on gene frequency (Nienhuis et al. 198ηsuggested that regions on four different linkage groups 
(B, F, J, and Q) were associated with the expression of Ò13C (Fig. 4). Three loci on linkage group B were 
evaluated, and two 1呵， B85 and Bl17, which map to the same location, were found to be significantly 
associated with expression of ò13c. In contrast, another RFLP locus on the same 1切kage group, B52, 
which is located nine map units away from loci B85 and Bl17 was not significant. In addition, loci 間，

J57, and Q88 were found to be significantly associated with the expression of Ò13C (Fig. 4). Lists of òl3(: 
values and the RFLP genotype at every informative RFLP locus for the parental species，趴eF1 hybrid，
and each of 也e 40 F2 individuals used in the study are given in Table 4. 

The informative RFLP loci on each of the four linkage groups were fit in a stepwise regression 
procedure designed to maximize the coefficient of determination. The development of a model to 
predict Ò13C was complicated by the high correlation of genotypic values between loci on the same 
linkage group. To avoid the problem of multicolinarity the RFLP locus with the largest effect on each 
linkage group was included in the regression model. The final regression model (Table 5), which 
included the main effects of each locus as well as all first order interactions accounted for 43% of the 
total phenotypic variance of ò13c. The interaction observed among the loci B侶， J57, and Q88 would 
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Table 5. Estirnates of partial regression coefficients for four RFLP loci 
to predict water-use efficiency. 

SE 
0.10 
0.14 
0.13 
0.19 
0.12 
0.20 
0.16 

Coefficient 
-24.98 

0.59 
0.13 

-0.15 
0.22 
0.48 

-0.41 

Variable 
Constant 
B85 
F4 
Q88 
J57 
Q88 xJ57 
B85 xJ57 
R' 二 0.43

suggest that epistatic interaction among loci is importantin the expression of Ò13c. The plot of observed 
Ò13C values vs values predicted by the multiple regression model further suggests that the RFLP loci 
on fo凹 linkage groups adequately explain the variability in ò13C in this population (Fig. 5). 
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Fig. 5. Plot of observed stable carbon isotope value, Ö13C, versus those predicted using multiple 
regression model of RFLP loci. Data points are for individual F2plants (+), and means of four 
replicates in case of the F1 generation (0) and the parental species, L. esculentum (6) and L. 
pennellii (口). y = -14.44 + 0.412 x, r = 0.654. 

DISCUSSION 

L. pennellii is adapted to one of the most arid regions on earth (Rick 19ω， 1974, 1976). Rain is 
extremely rare in its native habita t. The species is thought to depend largely on fog which precipitates, 
trickles down the stem, and wets a small area of ground at the base of the stem. The ex仕emelylow
partitioning of biomass into the r∞t - only about 3% of total plant biomass (Table 3) 一 is then 
understandable, because exploring soil farther away from the plant would be futile. 

An efficient prevention of water loss from the canopy compensates for the small root of L. pennellii. 
The gs of L. pennellii was typically less than half of the value for L.的culentum， and the wild species often 
showed no detectable water loss (g, = 0) under more stressful conditions (Fig. 2). Al趴ough \1' w of L. 
esculentum under these conditions had deteriorated the most (Fig. 1) 也is species still showed clearly 
detectable transpiration (Fig. 2). 

The stomatal behavior (Fig. 2)and thedailytranspiration values (Table 1) of the F1 hybr泊 fellbetween 
thetwoparental species, al血ough considerably closer to the wild parent L. pennellii, and also the relative 
r∞t size (Table 3) of the F1 hybrid was intermediary between the parents. Thus, the F1 hybrid appears 
to have inherited avoidance of water loss from the leaves (a water-saving adaptation) from the wild 
parent as well as a large root (a water-spending adap切tion) from the domesticated parent. Under 
different circumstances both adaptations may be considered drought-tolerance adaptations - the first 
when exploitable soil moisture is unavailable, and the second when moisture is available, but only by 
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exploring a larger soil volume or by developing more r∞t mass per unit soil volume. These root and 
stomatal advantages of the F1 hybrid may be causes of the heterosis observed in canopy leaf area 
development (Table 2)，仕的h weight (Table 2), and dry weight (Table 3). 

The quite small genotypic differences in IJI w shown in Fig. 1 do not support the hypothesis that the 
drought tolerance of L. pennellii is based on maintenance of a more favorable IJI w. Neither do our data 
σig. 1, Tables 2, 3) suggest that biomass accumulation was relat吋 to IJI w under our experimental 
conditions. Typically IJI w of L. esculentum was 0.1-0.2 MPa more negative than IJI wof L. pennellii, and the 
F1 generation was quite similar to L. pennellii. However, under the most stressful conditions, i.e. in late 
season and under low irriga tion ra te (Day 2, WL2 in Fig. 1), IJI w of L. esculen tum deteriora t吋 considerably
andbecameasmuchasO.35MPamorenegativeintheaftem∞n than IJI wofthewilds伊cies. Interestingly, 
under the most severe s仕ess condition the F1 generation succeeded in maintaining IJI w at a level similar 
to that of the wild parent. 

Our interpreta tion is that under condi tions of severe moisture stress the domesticated L. esculentum, 
as opposed to the wild L. pennellii, possesses inadequate capability to restrict canopy water loss as 
revealed by substantial g. (Fig. 2) and transpiration rate (Table 1) coincidentwith deteriorating IJI w (Fig. 
1) on Day 2 at WL2. This is a possible con甘ibuting cause of the known drought susceptibility of L. 
esculentum. Interesting旬， the F1 generation appears to have inherited the big root of the domesticated 
parent making possible a water spending behavior under low 忱的， but the F1 in addition possesses 
the stomatal behavior of the wild parent enabling the hybrid to switch to a water-saving strategy under 
conditions of more limiting availability of soil moisture. 

Here weverify the report by Martin and Thorstenson (1988) that WUE is greater in L. pennellii than 
in L. 的culentum. The greater WUE may be causally related to the well documented success in terms of 
survival and propagation of the wild species in its native desert habitat (Rick 1974,1976). Furthermore, 
in agric叫tural situations with limiting soil moisture, i.e. a scenario where growth ceases because a 
finite water resource has been exhausted, season-long biomass productivity must also increase with 
increased WUE. This is trueon a unit land area basis as long as water savings byindividual plants allow 
denser plan也可 or lengthening of the growing season. Thus, it is of agric叫tural interest to develop 
crops with greater WUE. Unfortunately, it is currently not possible to determine WUE directly of 
individual plants in a field. Determination of WUE utilizing some type of minilysimeters, like the 
approachofMa此in and Thorstenson (1988), is not realistic in breeding programs when a large number 
of plants need to be evaluated. However, the study by Martin and Thorstenson (1988) suggested that 
òl3( of tomato leaf samples reliablyreflects plant WUE. Herewecoηoborate thatconclusion in a larger 
study including 40 F2 plants by showing a useful genotypic relationship between Ò13C and WUE (Fig. 
3). At this time a similar relationship has been reported for a consider油lenumberofC3 species, including 
wheat (Farquhar and Richards 1984; Condon et al. 1990), barley (Farquhar et al. 1988; Hubick and 
Farquhar 1989), peanut (Hubick et al. 1986; Hubick et al. 1988; Wright et al. 1988), beans (Ehleringer et 
al. 1990), sunflower (Virgona eta l. 1990), and po切to (Vos and Gr凹nwold1989). Webelieveò13Canalysis 
shows much promise and encourage furtherdevelopmentof the òl3( technology intoa breeders' selection 
tool. 

For the breeder, Ò13C analysis, ifit reliablyreflects WUE, is in itse!f sufficient to evaluate trialswithin 
a given location during a certain year. However, RFLP markers for WUE are insensitive to the 
environment so they eliminate variability among locations and years. In addition, RFLP markers could 
eventually aid in isolating and cloning genes that control WUE, which at some time in the future could 
enable a biot的nology approach to improvement of WUE through plant transformation. In an initial 
study using a small tomato population, Martin et al. (1989) were able to detect three RFLP markers 
which were significantly correlated with the variation in ò13C. In this paper we extend the study to 
incl ude 40 F2 individ uals and report two addi tional RFLP loci w hich con tribu te to the va ria tion in WUE 
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in tomato . P∞led chi squares (data not shown) for 31 RFLP loci we tested (Fig. 4) indicated that all did 
not fit the exp缸ted 1 :2:1 Mendelian ratio. In all cases deviation from Mendelian segregation were due 
tohigher than expected numbers of L. pennellii genes.Asa resultof aberrantsegre伊拉on thedis廿ibution

of F2 individuals was highly skewed toward L. pennellii genotypes (Table 4) and phenotypes (Fig. 3). 
Aberrant segregation ratios of RFLP loci which favor the wild parent have been previously observed 
in crosses between domesticated and undomesticated tomato germplasm (Helen司aris et al. 1986). The 
rea的n for these observed phenomena are unknown, and the magnitude of the deviation was greater 
in this study than had been reported earlier. Regardless of the cause, this distortion affects the sta tistical 
analysis by removing one of the three genotypic classes, homo勾TgOUS L. 的culentum， from thecontrasts. 
Thus, although estimation of additive effects is still possible, it is problematic to attempt to estimate 
dominance effects with precision. 

Nevertheless, least square regression analysis showed five RFLP markers to be informative with 
respect to ö13C (Ta ble 5). Four of these markers are loca ted on linkage groups (groups B, F, and Q in Fig. 
4) which already earlier were found to contain informative markers (Martin et al. 1989). The fifth 
marker J57 is located on the smalllinkage group J which was not tested in our previous study. Thus, 
at present we have identified four discrete regions of the tomato genome that contain genes of 
impor切nce to WUE. These regions can be identified with our RFLP markers, which can be used as 
selection t∞ls in breed趴g for WUE. These RFLP markers may al叩 be critical in the first step in 
identi句Ting the genes for WUE. 

The four regions of interest were mapped to the established tomato map (Bematzky and Tanksley 
1986) ina BC population between L. esculentum and L. pennelliiby Dr. Dani Zamir (Hebrew University, 
Israel). Markers B的 and Bl17 are on chromosome 12, F4 is on chromosome 2, J57 is on chromosome 
4, and Q88 is on chromosome 11. 

WUE is thought to be a complex trait involving a large number of genes. This is not inconsistent 
with the observation of a small number of RFLP loci contributing a substantíal part of the varíance of 
WUE, because multiple WUE genes that are located physically close to each other may be targeted by 
one and the same RFLP marker. Even if a large n umber of genes are involved the impor切ntobservation

is that there ís a small number of genetic markers (RFLPs) associated with a large fraction of the variance 
of WUE so the inherítance of the traít can be followed this way and the technol。由T can be used in 
breeding. Part of the variance of öl3( that remains unaccounted for in this study may be captured by 
tes也可 additional markers in an even larger and less skewed tomato populatíon. 

This paper presents results made possíble only through close team work that draws on exp叫íse
from areas as diverse as physiology jbiochemistry, molecular bíolo自T， quantítative genetics, and 
breeding. We were not only able to define dífferences ín water relations parameters among tomato 
genotypes, but we have also shown the practical utílíty of new technologies to evaluate plant WUE, 
and, for the first tíme genetic markers have been ídentifíed for this agricul仙rally important 仕ai t.

Undoubtedly, future research wíll ídentify the actual genes and the specifíc mechanisms bywhich they 
exert their effect on WUE. As a fairly short-term objective we envision and propose the development 
of the Ö13C and RFLP technologíes for use as tooIs in breeding for WUE. A Iong-term objective is to 
utilize the RFLP markers in traít ímprovement efforts employíng some suítable plant transformation 
protocoI involvíng excisíon of genes for WUE from a donor plant and their artificíal ínc。中oration into 
a receptor plant genome, resulting ín stable expression of the genes. 
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ABSTRACT 

Chlorophyll fluorescence analysis can be used by plant breeders to rapidly quantify the 
susceptibility of different varieties or lines to temperature and water stresses. ln addition，也e

technique can be used to detect thosevarieties that possess an ability to acclimate or harden to these 
stresses. Results are presented of fluorescence-based screening programs designed to 誼\prove the 
chill tolerance of maize and rice and the heat tolerance of sun f1owers. These programs have been 
accelerated by the development of a new fluorimeter，也eMorganCFlω0， which enables the rapid 
measurement and analysis of the f1uorescence characteristics of large numbers of samples. 

INTRODUCTION 

Chilling injury occurs to plants of tropical and subtropical origin (e.g. maize, Zea mays L., and rice, 
。ryza sativa L.) when exposed to temperatures in the 0-150 C range. Some physiological processes such 
asflowe血可 in rice are extremely sensi tive to low tem pera tures and damage may仗cur attemperatures 
up to 200 C. Why do these tropical spe缸ci郎E臼sdi旭ea抗tt健emp悍erat仙ur昀es t趴ha削a抗tare它ef釷re呵qu閻1股en叫1吐tiye凹nc∞ount健恤伽e臼叮r吋byp抖lantωs 
growi趴ng 趴 t跆emperat胎e climates such as Britain? In 位趴ü泊sr閃es叩pe缸ct it is worth no 位ng that the number of 
plants that have evolved to grow in extremes of cold are relativelyfew. 1t has been calculated that there 
are approximately 360,000 species of angiosperms on earth. In Britain, there are only 2000 species with 
decreasing numbers towards the poles. We know that the earth was once much warmer that atpresent, 
and therefore we must assume that those plants which could evolve tolerance to chilling temperatures 
have already done 的 over the millenia, and those that could not have been restricted in their 
distribution to the tropical regions of the world. Clearly the acquisition of thermal adaptation to low 
temperatures by a species is not easily achieved, probably because chilling affects so many different 
aspects of cellular metabolism. 

The complex ways in which lowered temperatures affect plant metabolism, growth and survival 
has made the clarifica tion of the mechanisms of injury extrer叫Y difficult. At the present time there are 
few satisfactory answers to questions such as: What is the primary temperature sensor in plants? What 
determines the critical temperature at which cells w i1l survive? And how do some species harden or 
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acclimatize to withstand low temperatures? In spite of these problems several theories have been put 
forward to explain the mechanisms of chilling inju可﹒Themostimpor伽tof these are the Lyons-Raison 
membrane lipid phase change hypothesis (Raison and Orr 1990), protein denaturation and dissociation 
(Graham et al. 1979), accelerated water loss (Wilson 1976), changes in cytoplasmic calcium (Minorsky 
1985), cytoskeletal changes (Rikin et al. 19船) and many other so-called secondary events such as 
photooxida tion of plantpigments a t chilling tempera tures (Van Hasselt 1990). The relative importance 
of each of these theories is a highly con仕oversial subject (Raison and Orr 1990). 

Common visible symptoms of chilling 趴jury to the leaves include rapid wilting, bleaching due to 
photooxidation of pigments, waterlogging of the intercellular spaces, browning and eventually leaf 
necrosis and plant dea th. Because the ra te of development of such symptoms depends not only on the 
chilling temperature and the species selected, but also on other factors such as the previous growth 
temperat叮已 age of plant, light intensity, and relative humidity, the quantification of these injuries to 
compare the chill sensitivity of even closely related species has been difficult. In addition, these 
comparisons of the rate of development of symptoms are complicated by the fact that the symptoms 
usually develop only after several days at the chilling temperatu嗯， and are often accelerated by the 
retum of the plants to the warmth. 

Physiological experiments to quanti句T chilling injury such as changes in the rate of elec仕olyte
leakage, lipid fluidity, respiration, or photosynthesis have been shown to be either time-consuming or 
unreliable and destructive to the plant under investigation, and therefore not suitable for use by plant 
breeders to screen large numbers of plants for chill tolerance. However, the chlorophyll fluorescence 
techr甘que offers considerable potential in accelerating the quantitative assessment of chilling injury as 
it is rapid, sensitive, nondestructive to the plant tissue, relatively low cost and able to detect injury 
before visible symptoms occur (Wilson and Greaves 1990). Furthermore the technique can be used to 
detect differences in the ability of plants to harden or acclimatize to withstand low tempera仙res

(Bames and Wilson 1984). 

CHLOROPHYLL FLUORESCENCE AND ITS MEASUREMENT 

Under optimal conditions的%of the lightintercept吋byaplantleafisabsorbedbythephotosynthetic

pigments and is used in photosynthesis. The remainder is lost as heat or is radiated as fluorescence. 
Most of the fluorescence is emitted from the chlorophyll of photosystem 11 (PS 11). In partic叫ar the 
variable chlorophyll fluorescence is highly responsive to changes in PS 11 activity so that any s仕ess

applied to green plant tissue that directly or indirectly affects photosynthetic metabolism is likely to 
change the yield of this fluorescence. Environmental stresses such as chill加g nearly always result in 
a reduction in the fluorescence yield, indicating damage to the phot∞xidizing side of PS 11. 

When a leaf has been in the dark for a few minutes and the light switched on photosynthesis does 
not start immediately. Instead, several transitory "warm up叮nduction phases occur first (the Kautsky 
effect). Fluorescence induction follows these phases and can be related to fundamental processes 
within the chloroplast. The interpretation of these induction curves is somewhatcontroversial (Horton 
凹的).

The typical chlorophyll fluorescence induction kinetics of a dark-adapted maize leaf are presented 
in Fig. 1, with five main components: 

(1) Baseline to Fo -This is a very fast rise (<1 nsec) to the F 0 level, called thenonvariable fluorescence 
component. This fluorescence originates mainly from the antenna chlorophylls associated 
with PS 11, although the antenna chlorophylls from PS 1 may also cont由ute to Fo fluorescenc 
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Fig.1. Characteristic chlorophyll fluorescence induction kinetics of a dark adapted maize leaf. A., 
fast kinetics; B，slow姐netics. The fluorescence parameters丸，氏， Frrv p,s-m-t,and Ftare shown. 

(2) F 0 to P -This is a slower rise and is termed the fluorescence of varia ble yield (F v) which reaches 
a maximum value at p. This fluorescence originates in the chlorophyll of PS II and arises due 
to the rapid reduction of electron accepting QA molecules. In an oxidized s個te QA will 
produce the minimallevel of fluorescence (Fo) and the reduction of QA will cause an increase 
in fluorescence until a11 the available QA acceptors are fully reduced. At this point, variable 
fluorescence reaches a maximum (termed Fm) at point p (peak). The variable fluorescence is 
highly sensitive to changes in the ultrastructure of the membranes and rates of electron 
transfer and usually environmental stresses decrease the Fv values as the phot∞xidizing side 
ofPSII is inhibited. The Fv/Fmratio is considered to be a g∞d indicator of the photochemical 
efficiency of PS 11 and it is the decrease in this ratio that is widely used in assessing the 
sensitivity of plants to environmental stresses. 

(3) P to s - Fluorescence is quenched as oxygen becomes available and NADP is reduced. Q 
(primary acceptor of PS 11) becomes oxidized and is a potent quencher of fluorescence. 

(4) s-m-t transient - This relates to the onset of carbon assimilation. 

(5) 民- This represents the final steady state fluorescence and Fm-Ft the quenching capacity of the 
system (Fq). 

It is 凶portant to note that at anyphase of the fluorescence induction time course, the fluorescence 
yield is contro11ed by more than one photophysiological process. Therefore the assignments here refer 
only to those processes 出at are thought to exert the predominant influences in each phase. 

The screening of large numbers of plants by chlorophy11 fluorescence analysis has been made easier 
in the last year by the development of a new portable microprocessor and computer-operated 
ins仕ument for measuring changes in chlorophyll fluorescence induction kinetics. We routinely use the 
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Morgan CF 1∞o manufactured by P.K. Morgan Instrurnents (Andover, MA 01810, USA). The 
fluorimeter uses a fiber-optic cable to illuminate the leaf and collect the fluorescent light. The in-built 
microprocessor calculates the main fluorescence 孔.， FlIV氏， FvlF即 FII 丸， and t1/2 (half rise time from Fo 
to Fm). 

The Morgan fluorimeter thus eliminates the time-consuming process of meas叮ing these values by 
hand from chart recorder tracings that was necessary with older fluorescence machines. Furthermore 
meas山ements can be made in the field using a lightweightdark acclimation cuvettewith a shutter gate 
operation allowing the fiber-optic to be inserted into the cuvette without any s仕ay light hi出ng the 
dark-adapted region of the leaf. Leaf material is usually dark-acclimated for 30毛o min before 
fluorescence is measured. In the laboratory this can bedone bypu組ngthewholeplantin thedarkroom 
and holding the fiber-optic against the leaf surface while measurements are taken. However, the most 
commonly used method is to place either detached whole leaves or parts of leaves onto an aluminurn 
plate covered in black card to reduce reflection and a layer of moist tissue paper to reduce leaf water 
loss. The leaf tissue is then covered in a layer of 仕ansparent film ("Cling film" or similar) which is 
permeable to air but not to water. Finally on top of the film is placed a plas位c grid with holes the same 
diameter as the head of the fiber-optic. This method has several advantages over using whole plants, 
as it enables rapid measurements to be made in the dark, the plates can easily be chilled in crushed ice 
or an incubator, and it enables the fiber-optic lead to be 1仗的ed on the same part of the leaf if successive 
readings are required. If a darkroom is not available the aluminurn plate could be chilled on a cooling 
plate positioned inside a lightproof photographic bag. 

In the experiments on maize reported in this paper, we monitored the fluorescence changes of 
whole plants in 趴e glasshouse and growth cabinets using the dark acclimation leaf cuve位es﹒ The

fluorescent 仕ace shown in Fig. 1 is typical for a healthy maize leaf. The value of Fv/Fm is 0.806 which 
indicates high photochemical efficiency and PS II electron transport capacity (Bjorkman and Demmig 
198月. In addition, the fluorescence quenching characteristics show a rapid decline from 'm' to Ft 

indica出g efficient energy dissipation beyond PS ll. 

In order to obtain an accurate estimation ofFv/Fm the sample requires an ac自lic light intensity high 
enough tofullysaturateallelec甘onacceptorsofPSllinordertoobtainFm﹒ However， although satura仙19
light is necessary for an estimation ofFlIV the ratio ofFv/Fm stays almost constant over a wide range of 
actinic lightintensities (到﹒1000 mmol/m2 / s) in a young maize leaf (Fig. 2) . As theac甜lic light intensity 
is increased, the rate of the photochemical reaction is also increased, res叫t泊g in a decrease in t1月 and 
proportional rises in 丸，氏， andFm﹒ To ensure accuracy，出is type of experiment should be conducted 
for each species or genotype. 

CHILL TOLERANCE AND CHLOROPHYLL FLUORESCENCE 

h 位lÎs century the area under maize cultivation in middle and northwestem Europe has greatly 
increased and its cultivation expanded into higher latitudes. In spite of manyprograms to improve the 
chill tolerance of maize, its demands in terms of light and temperature still remain high. Most of the 
improvements in maize growth in colder climates have been through the development of early vigor 
and early-maturing varieties without sacrificing yield. Further improvements could be made by 
incr曲sing the efficiency of growth in the c∞lerperiodsofsp由19and autumn. Chlorophyll fluorescence 
can be used to screen populations to identify those individuals whose photochemical efficiency is least 
affected during exposure to chilling and on retum of the plants to the warmth. 

For routine screening of tolerance to chilling we grow approximately 500 maize seedl切gs tothe2-
31eaf stage in a glasshouse. We then measure the Fv/Fm value of each seedling before chilling and on 
retum to the warmth. Plants are chilled for 12 hours at 40 C in the dark followed by 4 hours at 90 C at 
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Fig. 2. Changes in the mainfast fluorescence parameters: ﹒ F)F"" 口 FVf﹒ Fßllo 丸， and ð. t1l2 from dark 
adapted maize leaves as functions of the photon flux density of the actinic light (閱 to 6ω 

仰nollm2/s).

a light 趴tensity of 1100μmol/m2 I s. This treatment causes severe injury to chill-sensitive individuals 
and is similar to a cold night followed by a cool bright moming which often 但curs in northem Europe 
during the early part of the growing season, and in 出e 11 com belt" of the USA. 

The frequency distributions of the percentage decrease in the Fv/Fm values for five inbred lines of 
maize are shown in Fig. 3, and we can see that the chlorophyll fluorescence technique gives g∞d 
separation of the five different lines. 

In our plant breeding program we crossed two inbred lines to give F1 hybrids that were then se!fed 
ωgive an F2 population. Chlorophyll fluorescence (Fv!Fm) was then used to select the 5% most chill
tolerant and the 5% most chill-sensitive individuals. These plants were then grown on to maturity and 
sib-mated to give a tolerant and a sensitive subpopulation. We then rescreened seedlings from the 
subpopula tions and in nearly all cases (only two exceptions out of 25 populations) we had 仇vodis由lct

subpopulations instead of the original one (Fig. 4). Thus for most of the populations we have studied 
we have made a genetic gain for chilling tolerance in the early growth stages. A backcross breeding 
program can then be used to introgress the chill tolerance genes into an otherwise chill-sensitive yet 
elite genotype. The standard and improved lines both per se and in hybrid combination were then 
subjected to field trials over a range of environments. This backcrossing is useful only if the chill 
tolerance trait is controlled by one to three genes. Usually three to four backcrosses (involving 
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Fig.4. Frequency distributions of the FjFm values for an original maize population (一一一) after 
exposure to 40C扭曲e dark for 12 hours followed by 4 hours at 90C扭曲e lightat 11∞阻noll

m 2/s . The 5% most chill tolerant and the 5% most chill sensitive individuals were grown to 
maturity and 趴en sibmated. The plants produced were then chilled under the same 
conditions as described above to give tolerant (一一) and sentitive (……) subpopulations. 
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rescreen凶g by chlorophyl1 fluorescence analysis and the selection of chill tolerants every time) 
fo l1owed by two selfings is needed to fix the trait. We are currently developing a similar breeding 
program to improve the chill tolerance of rice in Nepa l. 

Heat Tolerance and Chlorophyll Fluorescence 

In relation to heat stress, chlorophyl1 fluorescence analysis can also be a ve可 useful analytical tool 
for identifying individuals and populations that possess greater heat tolerance. The percentage 
decrease in Fv/Fm of six inbred maize lines after 5 hours expos世e to 鉤。C is shown 凶 Fig. 5, and the 
results indicate the genetic differences in these lines to tolerate high temperatures. 
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Fig. 5. Differences in the heat tolerance of six inbred maize lines as measured by 由e percentage 
decrease in FjFm after 5 hours exposure to 鉤。C under well watered conditions. 

Changes in the value of Fo can also be used to quantify heat stress. The changes in the Fo of heat 
stressed maize plants after 5 hours at 40 0 C are shown in Fig. 6. It is genera l1y considered that changes 
of Fo are indicative of ultrastructural changes in the membranes, possibly the antenna complexes, and 
therefore may reflect permanent injury. 

Chlorophyl1 fluorescence analysis may not be useful in selecting for heat tolerance in al1 species. 
For instance in our research on heat tolerance in four sunflower (Helianthus annuus L.) hybrids, which 
are known to differ in their heattolerance, the sma l1 differences in theFv!Fm values between the hybrids 
after heat stress (Fig. 內 did not indicate any significant genotypic difference in their ability to tolerate 
high temperatures. In addition the values ofFo remained constant over the temperature range 25-350 C 
but did increase in al1 sunflower hybrids between 35 and 400 C (Fig. 8). There did not appear to be any 
significant genotypic differences in Fo at these elevated tempera仙res. However, we were able to 
identi句r a critical leaf temperature range of 35-40oC, which appeared to be the same in al1 four 
sunflower hybrids. In sunflowers, our experiments have shown that the possession ofheat and water 
甜的s avoidance strategies, such as osmotic adjustment and maintenance of a lower leaf temperature 
by maintaining transpiration, are more important determinants ofheattolerance than the heat stability 
of thechlorophyl1 protein complex in the thylakoid membrane. Therefore different screening techniques 
are needed for the assessment of heat tolerance in sunflowers. 
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CONCLUSIONS 

Chlorophyll fluorescence analysis is a technique that can give a rapid quanti切tive assessment of 
the response of plants to a wide range of environmental s廿esses such as chilling, hea七 salinity， drough丸
freezing and nutrient deficiency. The ability to detect chill damage to the thylakoid membranes by 
chlorophyll fluorescence analysis is not only a useful t∞1 for plant breeders, but also provides plant 
physiologists with valuable insightinto the causes and mechanisms bywhich differentenvironmental 
s甘esses affect plant tissues and photosynthesis. 
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ABSTRACT 

A shift in cauliflower (Brassica oleracea var. botrytis) production from fragile mountains to 出e

hotandhumid plains is possible duringsummerwithheat-tolerant genotypes. However, prevailing 
excess water adversely affe也 plant growth and reduces yield. Two cultivars, Meighetu 40 Fl or M-
40 and Shiroyama 55 Fl or S-55, were observed under two levels of precipitation (excess simulated
r泣n and control). Excess precipitation reduced grow由 inboth cultivars.lnitially, plants grew faster 
and accumulated more dry matter, but cumulative excess precipitation significantly reduced the 
leaf area, and leaf and total dry weights by 21，扭曲d 25 days after trea加e肘， in which the plants 
received 1025, 1070 and 1080 mm of wat問 respectively. When averaged over two levels of 
precipitation, M-40 exhibited less growth but comparable total curd yield than S-55. However, M-
40 showed better tolerance in terms of leaf area, root and total dry weight, and A grade percent yield 
reductions were smaller, ricey curds were fewer andωrding percent and total curd yield increased 
under excess water when compared with S-55. The results show a significant genotypic response to 
excess water and M-40seems to possess tolerance traits. These traits could be further investigated 
for incorporation 泊 excess water tolerance breeding programs. 

INTRODUCTION 

Cauliflower (Brassica oleraæa var. botrytis) is one of the main vegetables grown throughout the 
world . It is a cool-season crop prized for its tasty "curd" or head. Dryweather with low humidity and 
high temperature results in abnormal curd formation (Knot and Deanon 1967; Chauhan 1968). 
However, lowland farmers often grow cauliflower during the cool and dry period from November to 
February in excess of what the market can absorb, resulting in an oversupply. Consequently, the price 
of the curds is reduced which causes economic losses to the farmers (Alvarez 1979). If quality curds 
could be produced during or immediately following the rainy season in the lowlands, the farmers 
could take advantage of more favorable prices. This could extend the period of availability of 
cauliflower to meet thenutritional needs of the household. This would also help check soil erosion from 
the fragile mountains where cauliflowers are usually grown through diversion of production to the 
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lowlands. However, the plan由19 of cauliflower for early production in the low-Iying areas of the 
仕opics often coincides with periods of heavy rain and high temperature, manifested in overall 
reduction of plant growth, reduced curd quality and yield, and in severe cases even death of the plant. 

Screening of cauliflower cultivars and lines to iden位fy plant characters per切ining to definite 
sources of tolerance or resistance to excess water and high temperature is of prime importance, so that 
a more effective selection and breed泊g of appropriate lines can be achieved. 

A前emptshave been made to study theeffectofexcess water on differentcr叩 species and cultivars 
(see Kozlowski 1984). Anaerobic conditions were created by stagnating water a few centimeters above 
the soilline or simply by saturating the r∞t zone or by using nitrogen gas to expel 。可gen. Use of rain 
simulation to study the excess water effects on plants has not been a悅mpted so far. More realistic 
scr凹ning techniques for flood tolerance have been suggested (Del Rosario and Pandey 1985). Heavy 
rainfall may damage the aerial parts of plants directly, and a short period of fl∞ding due to heavy 
rainfall frequently kills plants or r吋ucesproductivity (Kuo et al. 1982). The impact of raindrops falling 
directly on aboveground parts is expected to cause more humid conditions favorable for disease 
development. The farmers trying to grow cauliflower in hot and humid conditions often face the 
problem of excess water through rain. An attemptwas made to evaluate theefficiencyof simulated rain 
for screening cro阱， and to observe the adaptational responses of two cauliflower cultivars under 
excess water. 

弘1ATERIALS AND 弘1ETHODS

The seeds of two cultivars of cauliflower (Brassica oleraαa var. botrytis), Meighetu 40 F, (M-40) and 
Shiroyama 55 F, (5-55), were sown in seed boxes in the greenhouse at the University of the Philippines, 
Los Baños, on 25 September 1991. The boxes contained 2:1/2:1/2 soil:hog manure:coir dust mixture 
which was previously steri1ized by heating. The average maximum and minimum temperatures at the 
gree吋louse were 34.9 and 23.60 C. The seedlings were pricked at two true leaf stage and replanted at 
wider spacing in seed boxes with the same mixture. Standard procedures for plant protection, weed 
control and other measures were followed. The seedlings were transferred to 15 x 30 cm black 
polyethylene bags on 28 October 1991. The following treatments were imposed: 18 mm water daily by 
rain simulation, and control (watered normally by can). 

Eighteen millimeters ofwaterwas applied dailyto createexcess waterconditions. The totalamount 
of water received by the plants through rainfall and simulated rain is given in Fig. 1. The experiment 
was laid out in split plot design with two water levels as the main plots, and two cultivars as the 
subplots. Main plots were notreplicated, therefore a combined analysis ofvariancewas employed. The 
cultivar treatments were replicated three times. Each cultivar had 12 plants per replication and two 
plants from each were examined at 7, 14, 21 and 28 days after 甘甜加ent to record grow也 data.

RESUL TS AND DISCUSSION 

The responses under water treatments represent values averaged for both the cultivars, and those 
for cultivars were averaged for both the water treatments. The rain-simulated excess water resulted in 

~ sigr甘ficantly less plant height (32.2 cm), leaf dry weight (7.4 g) and total dry weight (15.7 g) and grade 
A curd yield (123.4 g) than the control (Tables 1 and 2). Pink colored ricey curds of low quality were 
si研討icantly greater under excess water. Leaf area and number, r∞t dry weight, curding percent and 
total curd yield were not statistically different between treatments. 
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Table 1. Plant characters as aHected by excess simulated rain and cauliflower cultivars (measured 
at 28 days after the initial simulated rain treabnent)'. 

P1ant Le叫 Leaf ar田 Rootdrywt.

height (cm) no. (cm2
) (g/p1ant) 

Tota1 dryw t. 
(g/p1ant) 

Grouping 

Water app1ication 
Contro1 
Rain 

Cultivar 
M-40 38.3 a 15.0 b 1342 b 2.0 b 5.6 b 13.7 b 
5-55 31.9 b 17.6 a 2165 a 6.2 a 11.4 a 23.1 a 
CV (%) 19.4 20.3 36.4 84.6 41.0 43.9 

• Means followed by same letters within eam group and column are n叫 significantly differ凹t at 5% Duncan's multiple range 恆st

23.0 a 
15.7b 

Leafdryw t. 

但且也

10.2 a 
7.4 b 

5.2a 
3.5 a 

1910a 
16朋 a

15.8 a 
17.1 a 

37.3 a 
32.2b 

Table 2. Yield pararneters as affected by excess simulated rain and cauliflower cultivars'. 

Grouping Ricey curd Curding Graded curd yie1d Tota1 curd yie1d 
(%) (%) (g/p1ant) (g/p1ant) 

3∞ a 
220a 

Water application 
Con甘01

Rain 
Cultivar 

M-40 21.7 a 61.1 a 149 b 211 a 
5-55 35.4 a 50.0 b 2的 a 310 a 
CV (%) 24.5 11.5 8.6 叩.1

• Means followed by same letters within eam group and ∞lumna問 not significantly different at 5% Duncan's multiple range 世st

192 a 
123b 

S4.2a 
51.6 a 

8.3 b 
37.2 a 
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M-40 produced taller plants with higher curding percent, but leaf area and number, root, leaf and 
total dry weight and grade A curd yield were significantly higher in 5-55. The parameters for cultivar 
by irrigation interactions were not statistically significant, however, large quanti切tive and qualitative 
differences between the two 叫tivars separately under rain-simulated excess water and control 
拉伯恤ent were observ吋 (Tables 3 and 4). Leaf area, root and leaf dry weight were reduced under 
excess water more in 5-55 than in M-40. Total 世y weight was reduced more 趴 M-40 than in 5-55, 
probably due to the higher stem weight reduction in M-40. Excess water increased ricey curd percent 
of M-40 by 260 and 5品 by 434 (Table 4). Curding increased more (10%) under excess water in M-40 
but it was not altered in 5-55. Initiation of flowering primordia seemed to be stimulated more by rain 
in M-40. 5imulated rain shortened the mat叫ity period of 5-55 by 5 days (Ta ble 4). 5-55 did not prod uce 
any grade A curds under simulated rain (100% reduction) as against 209 g/plant under normal 
watering (Table 4). M-的， however， produced 123 g/plant grade A curds compared to 177 g/plant 
under control (21 % reduction). Conversely, total yield was decreased dramatically (50%) in 5-55 by 
excess water whereas it was increased by 26% in M-40. Thus M-40 clearly seems to e油ibit more 
resistance to excess water than 5-55. 

Table 3. Interaction effect of excess simulated rain and cauliflower cultivars on plant growth. 
Leaf 訂ea Rootdryw t. Leafdry wt. Tota1dryw t. 

Cultivars CPD" (cm2) CPD(g) CPD (g) CPD(g) 
Rain Contro1 Rain Contro1 Rain Contro1 Rain Contro1 

M-40 29.94 54.95 0.15 0.17 0.13 0.26 0.36 0.92 
(-45)b (-12) (-50) (-61) 

5-55 25.34 73.80 0.21 0.38 0.22 0.61 0.76 1ω 
(毛6) (-4日 (毛4) (-53) 

• CPD = Ülange p叮 day

'() = Perc凹t increa阻(+) ord盯曲se (-) over control 

Table 4. Interaction effect of excess simulated rain and cauliflowercultivars on plantmaturity and 
yield parameters. 

Curding Days to maturity Tota1 curd yie1d Graded curd yie1d Ricey curd 
Cultivars (%) (g/p1ant) (g/p1ant) (%) 

Rain Contro1 Rain Contro1 Rain Con廿01 Rain Contro1 Rain Con廿01

M-40 63.9 58.3 47 47 234.9 186.2 123 177 30.0 8.3 
(+ 10)" (0) (+26) (-21) (+2ω)a 

5-55 50.0 50.0 56 61 205.6 414.4 。 209 44.4 8.3 
(0) (-8) (-50) (-1∞) (+434) 

‘( ) = Percent increase (+) or d的曲時(-) over control 

Nosig叫ficantwater level, growth period, cultivar interaction effectwasobserved, so thevalues for 
both cultivars have been averaged. Leaf area production was higher up to 18 days after trea加lent

(DAT) under rain (Fig. 2). It started decreasing at a faster rate and was at par with that under normal 
watering by 18 DAT. Beyond 18 DAT, it was less than that under control 仕臼恤ent. During the same 
period the to切1 amount of water through rainfall and rain simulation obtained by the plants was 9別
mm, which seems to be the cutoff amount of water for better growth. By 28 DAT the leaf area under 
rain (1050 mm) was si伊ificantly less (1864 cm2) than under control (2755 cm2) . 

Higher amounts of dry matter were accumulated by leaves up to 16 DAT under rain (930 mm) (Fig. 
3), thenstarted todecline,and atabout23 DAT itwas significantly lower(8.4g/plant) underrain (1025 
mm) compared to control treatment (12 .5 g/plant). 
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Under rain-simuIated excess water the pIants accumuIated more totaI dry matter up to 12 DAT, 
then ata sIower rate thereafter. Beyond 21 DAT, this was significantIy Iower (19.2 g/pIant) under rain 
(1070 mm) than under controI (23.2 g/pIant) (Fig. 4). 
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Fig. 4. Total dIY weight of cauliflower as aHected by sirnulated rain du血ggrow血 period.

The reduced Ieaf area, root, Ieaf and to個Idryma前eraccum叫ation seems to be due to reduced root 
growth rate owing to anaerobic conditions which cause reduced shoot elongation and Ieaf area, 
induced chIorosis, senescence, wilting and reduced root:shoot ratio (KozIowski 1984). A similar 
r吋uction(76-85%) in Ieafarea and indrymatteraccumuIation in Capsicumwasreported by5undstrom 
and Pezeshki (1988). Restricted nitrogen suppIy and increased ethyIene produc世on have been 
suggested as causes of Ieaf growth reduction. 

The observation of increased totaI curd yieId in M-40 under excess water in spite of a decrease 趴
Ieaf area and dry ma位er accumuIation indicates a possibiIity that the excess water after the initiation 
of curd primordia may not affect curd yieId. The remaining Ieaf area seems to be enough for optimum 
photosyr泊的s and curd yieId in M-40. CanneII et al. (1977) have suggested伽t the response of pIants 
to excess water usuaIIy depends on the stage of pIant deveIopment. Nawata and 5higenaga (19飽)
observed no effect of short-term excess water on yard-Iong bean at reproductive stage, whereas the 
effectwas significant at the vegetative stage. 5imilar observations were reported by Setter and BeIford 
(1990). 

Under normaI growing conditions, 5-55 seems to be superior in terms of snow white curds, Iarger 
Ieaf area, and higher pIant d可 weight. on the other hand, M-40 has comparabIe creamy white c凹白，
and the pIants are smaII and have the potential to produce a higher yieId if planted closer together. 
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However, under excess water conditions M-40 seemed to adapt better than S-55 in terms of leaf 
area, r∞t and total d可 weight and A grade total curd yield. M-40 also showed low proline 
accumulation, lower 仕anspiration rate, higher diffusive resistance, lower senescence and decreased 
loss of seedl凶g vigor than S-55 趴 another study (Adhikari 1992). All these plant 廿aits seem to have 
adaptational responses to excess water and may be further investigated for inco中oration in excess 
water resistance breeding programs in the future. 
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ABSTRACT 

The allelopathic phenomenon is pronounced in areas where the environmental conditions are 
stressfuI. Several cases have been demonstrated in Taiwan and are described as follows: Leucaena 
leucocephala plan尬， grown during a 6-month drought in winter and sp血g， e油ibited a unique 
pattem of an almost totallack of understory spedes except Leucaena seedlings. The pattem is due 
toallelopa血icmimosine and seven phenolics, released from the leaf litterof L. leucocephala. A similar 
case with Delonix regia was found in south Taiwan. Under D. regia there was heavy accumulation 
oflitter, which released phytotoxic substances, resul也\g in the suppression of its understory weeds. 
on the other hand, the rice residues submerged in the paddy field could produce phytotoxic 
phenolics and fatty adds that suppress the growth of rice plants, which themselves cause 
autointoxication. This is related to the reduced productivity of the second rice crop in Taiwan. 
Phytoto剋nsalsointeractwithsoilmicroorg扭曲ms， andnitrogenandcationavailability. A1lelopa也ic
potential of pangola grass (Digitaria decumbens) was demonstrated. The increased amount of nitrogen 
fertilizer did not si伊ificantly increase the biomass, but did enhance the phytotoxicity of the grass 
to suppress the grow血 ofits凶feriorcompetitors. Many ex缸nples of autointoxication or allelopathy 
as described above may well demonstrate the fact that allelopathy is beneficial to producers and is 
of an adaptive si伊ificance. Allelopathy may also play a role in natural selection，也us many crops 
or natural vegetation can survive under different environmental regimes in time and space. 

INTRODUCTION 

Allelopathy refers to as a detrimental biochemical effect of one plant upon another (Muller 1966). 
Rice (1984), however, defined allelopathy as both a beneficial and detrimental chemical interaction 
among plants including microorganisms. Whittaker and Feeny (1971) further used the word 
"allelochemics" to describe all chemical interactions among organisms. Waller (1983) modified the 
word "allelochemics" to "allelochemicals" to include both interspecific and intraspecific interactions 
between organisms through a chemical process. Since the 1960s allelopathy has been increasingly 
recognized as an important ecological pr仗ess in the understanding of the mechanisms of plant 
dominance, succession, formation of plant communities and climax vegetation, and crop prod.uctivity 
(Muller, 1974). 
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The allelopathic phenomenon is related to environmental conditions and cannot be singled out 
from the environmental complex (Muller, 1974). Many allelopa趴ic compounds produced in a 
noticeable amount by a plant are often regulated byenvironmen怯1 stresses, such as drought, flooding, 
extreme temperatures, extreme light intensities, nutrients imbalance, microbial populations, etc. 
(K個ppe et al. 1971, 1976; Chou 1986; Einhellig 1989). For example, under drought conditions, 
terpenoids, such asα-pinine，戶-pinine， cineole and camphore, were released from leaves of Salvia 
leucop句lla to the environment by volatilization (Muller 1966). on the other hand, in a humid area, the 
water-bome phenolics and alkaloids were leached out by rainfall and/or produced d叮ing the 
decomposi討onofplantresidues in soil (Chou and Lin 1976;刮目 1984; Chou 1989). Furthermore, many 
secondary me帥。lites， suchas scopoletin， hydroq叫noneand others, may be released to the surrounding 
soil through root exudation (Young and Tang 1986). Ve可 recently， allelopathic research has been 
emphasized in sustainable agriculture (Chou 1986, 1992; Gliessman 1986; Rizvi and Rizvi 1992). 
Putnam and Duke (1974) first introduced the concept into agricultural practice to select a crop variety 
with high phytotoxic potential in order to avoid using herbicide. The role of allelopathy in agricultural 
productivity 泊 relation to environmental stresses is described below. 

ALLELOPATHY AND WATER STRESS 

Allelochemical Interaction with Water Stress 

Allelopa thic action on seed germination is often accompanied by a degree of water stress (Einhellig 
and Schon 1982; Einhellig et al. 1985; Ei吋lellig 1989). Ei吋lellig (1989) showed that the inhibition of 
sorghum germination was significantly increased when the ferulic acid was applied to high salt 
solution, and the i叫libit。可 action of phenolic acid on seedling growth most pronounced with 
polyethylene glycol (PEG) (-0.45 MPa). It was concluded that the allelochemicals interacted with 
drought 的ess， and the interaction was particularly pronounced under severe s仕ess conditions. 

Productivity Dedine of Rice Crops in Waterlogged Conditions 

For nearly a century in Taiwan, rice yield of the second crop (A ugust-December) has been generally 
lower, by about 25%, than that of the first crop (March-July). The reduction has been partic凶arly
pronounced in areas of poor water drainage. In the first rice crop the temperature usually increases 
from 15 to 300 C, but in the second rice crop it decreases from 30 to 150 C. Between the two rice cro阱，
where there is a 3-week fallowing period between the first and second rice crops, farmers always leave 
the rice stubble in the field after harvesting, and submerge these residues into the soil for decomposition 
during the fallow period. 

Du血19 the second rice crop, mons∞ns bring a largeamountof rainfall,leadingto a high water table 
in some areas. Chou and Lin (1976) showed that rice seedlings grew normally in theωil， but P∞rly 

in the soil-straw mixture. The retarded r∞ts in the soil-straw mixture were dark brown and the root 
cells were abnormal and enlarged. Fu此hermore，也e phytotoxicity increased with the increase of straw 
mixed,andwas stilleffectiveafter 16 weeks ofdecomposition, reflec也可a long existenceofphytotoxicity 
during the rice straw decomposition. The identified phytotoxins were p-hydroxybenzoic, p -coumaric, 
syringic, vanillic, o-hydroxyphenylacetic, and ferulic acids (Chou and Lin 1976), and propionic, acetic 
and butyric acids (Wu et al. 1976b). Particularly, o-hydroxyphenylacetic acid was toxic to rice as low 
as 25 ppm. It reached about 1O-2M in the decomposing rice residues in soil (Chou and Lin 1976). 
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Attheearlystageofsecondricecrop， thedaytimetemperatureisusually3OOCwhichco叫dexpedite
the decomposition of rice stubb1e remaining in the soil, and result in the re1ease of 1arge amounts of 
phytoto沿ns. As mentioned earlier, the phytotoxicity of decomposing rice residues could persist for 
over 4 months; thus the tillering and the panicling of rice p1ants wou1d be significantly retarded, 
res叫也可 in a decrease of rice yie1d (Chou et al. 1977; Chou and Chiou 1979). 

Oxygen Deficiency Under Waterlogged Conditions 

Many aquatic p1ants can grow well under waterlogged conditions because of their adaptation 
mechanism. A1趴ough rice p1ants are not aqua tic p1ants, they grow very well in the paddy soil. Pa trick 
and Mikke1sen (1971) indicated that the 1eve1 of oxygen reached a1most zero at 25 cm be10w the soil 
surface in a paddy fie1d. In many areas of Taiwan, where the paddy fie1ds either have p∞r water 
drainage or a high water tab1e, there are prob1ems of oxygen deficiency. This is more pronounc吋 in
the second rice crop which coincides with the mons∞n season. In addition, the farmers in Taiwan 
usually趴co中orate the rice straw into the soil to decompose. During the decomposi位onofriceresidues
凹的oxygen-deficient conditions, a significant amount of phytotoxic alipha tic and phenolic acids was 
produced (Chandrasekaran and Yoshida 1973). Therefore, oxygen-deficient conditions in the second 
rice crop like1y will aggravate the detrimenta1 effect of rice-straw inc。中orated in the soil (Chou and 
Lin 1976; Chou et al. 1977, 1981). 

The oxygen dep1etion in the paddy fie1d may a1so cause the reduction of soil redox potentia1 但h)

(patrick and Mikke1sen 1971). Chou et al. (197內 found that the Eh ranged from -1∞ mv to 200 mv 
during the first rice crop and from -2∞ mv to 100 mv during the second rice crop in northem Taiwan. 
They a1so found that the Eh was remarkab1y 10w, ranging from -500 mv to 100 mv, during the second 
rice crop in centra1 Taiwan. The soil Eh was be10w -3∞ mvin 也e rice s仕aw mixed with soil and was 
above 100 mv in the soila1one. Thus 出ereductionof叩i1Ehwasapparentlyre1ated tothedecomposition 
of rice residues in soil. The reduced soi1 Eh was remarkab1e at the tillering stage and at the panicling 
stage(Chouetal. 197η . During this period, the growth of rice roots was retarded, the root cells swelled 
and many adventitious r∞ts deve1oped. Wu et al. (1976b) interpreted that the swelling of r∞t cells 
cou1d be a kind of adaptive mechanism in order to obtain more oxygen. 

Regulation of Understory Species Under Dominant Tree Canopy in Drought 

I.euceana leucoæphala p1antation was concentrated in southem Taiwan, where there was a severe 6-
month drought from winter to spring. The heavy accumu1ation of fallen 1eaves, twigs, and seed pods 
on the ground was due primari1y to the dry weather. The compounds re1eased into the soil after decay 
of the fallen p1antmateria1 were toxic to the growth of understo可species， except L. leuωαphala. Mimosine 
and severa1 phenolics were identified as alle10pathic compounds. This suggested that I.eucaena sp. 
emp10ys an alle10pathic strategy to procure avai1ab1e water (Chou and Kuo 1986). 

A similar case invo1ved a dominant omamenta1 tree, Delonix regia, which exhibited a bare area 
under the 仕ee growing in southem Taiwan. A subtantia1 amount of p1ant litter, including 1eaves, 
flowers, and twigs accumu1ated on the floor, re1easing alle10pathic substances which suppressed the 
growth of underst。可 p1ants (Chou and Leu 1992). The responsib1e alle10pathic substances were 
azetidine-2-carboxy1ic acid and seven other phenolic compounds (Chou and Leu 1992). 

ALLELOP ATHY AND SOIL SICKNESS 

Allelopa血y Related to Microbial Activity in Soil 
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Considerable evidence has shown that soil sickness problems were closely related to the allelopathy 
in which microbial activitywas heavily involved d叮趴g the decomposition of plant residues in the soil 
(Bomer19ω;Pa廿ick 1971). Patricketa1. (1964) demonstrated casesofenhancementofthepa趴ogenesis

of root rot fungi in fields with d缸omposing plant residues. Chou and Patrick (1976) found more than 
15 phytotoxic compounds released from the decomposing com residues in soil, with microbial action 
playing an important role. Hartung and Stephens (19的) indicated that the allelopathic effect of 
Asparagus~伊'cinalis increases the severity of F肘。rium spp. infection and thecombined effect con出buted
to asparagus autointoxication. Manyproduction problems in con出uous cropped and grassland areas 
in many parts of the world are related to the synergistic action of phytoto泊ns and pa thogenic 
organisms (McCalla 1971; Rice 1984; Lyn出 198η. Specific examples of allelopathic interation with 
microorganisms in Taiwan are described below. Wu et a1. (1976b) found that the deni仕的ed bacteria 
Psωdomonas putida became dominant in the rhizosphere of rice paddy, and its population was 
posi位vely correlated to phytotoxin production when the rice residue was submerged in the soi1. They 
po趴ted out that the population of P. putida increased in the p∞rly-drainaged area, indicating that the 
organism might use the residues as its carbon source. Wu et a1. (1976b) furthermore indicated that the 
phytotoxic phenolics did not come from the metabolites of this microorganism but were directly 
released from the decomposing rice residues. Also the application of ammonium sulfate fertilizer to 
paddy soil was beneficial to the growth of P. put仙， which may expedite the formation of H2S, which 
was toxic to rice. Chou and Chiou (1979) pointed out that the ammonium sulfate mixed with rice 
residues enhanced phytotoxicity, suggesting that the addition of ni仕ogen fertilizer might favor the 
growthofdecomposed microorganisms, thus expediting the decomposition rate ofrice residues in soi1. 
Similarly, yield decline of sugarcane in Taiwan is partly due to the phytotoxic effect of decomposing 
cane residues in soil and the microbial activity of Fusarium oxysporum, which produced phytotoxic, 
如saric acid, in addition to phytotoxic phenolics (Wu et a1. 1976a). F. oxysporum population was found 
to be much greater in the rhizosphere of ratoon sugarcane soil than in the soil without planting. 
Furthermore, with inc。中oration of the secondary metabolite of the organism, fusaric acid, in 
Murashige and Skoog's medium, the leaves of sugarcane were wilted and chlorotic, indicating that 
fusaric acid is toxic to sugarcane (Wu et a1. 1976a). 

Monoculture and Rotation 

Many monocropped fields often lead to aωil-sickness problem, which is assumed to be due to the 
imbalance of microorganisms, accumulation of toxins, mineral deficiency, or abnormal pH, resulting 
in a decr臼se of crop productivity. Crop rotation is thus one g∞d control meas凹e. In a natural 
ecosystem, one plant may be replaced by another plant by means of allogenetic and autogenic 
succession (Daubenmire 1968), which involves allelopathic or autointoxication mechanisms. These 
successions may take years for a s個ge of plant succession, even requiring several decades or hundreds 
of years to reach a stable community, called climax. However, a man-made agroecosystem does need 
crop succession instead of natural vegetation succession. We can shorten the time of succession by 
crop introduction or rotation to replace thepreceding crop. There are many types of crop rotation being 
operated throughout the world. Patrick and Koch (1963) found that the continuous monoculture of 
tobacco plants, instead of typical crop rotation system of tobacco-rye grass-com, may result in a root 
rot disease caused by a soil-bome pathogen Thielaviopsis basicola. However, when tobacco was rotated 
with com or rye grass, the damage by r∞t rot would be reduced. When可e grass or com planted before 
planting tobacco the decomposition of com residues may produce fungicidal substances, which are 
able to inhibit the germination of conidia or chlamydospore of T. basicola， 出us 位leove中opulation of 
T. basicola can be reduced and controlled to make a soil microbial balance. 
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Germination and growth of rat∞n cane are the two major problems in Taiwan. The yield of 
monoculture sugarcane has declined in many fields. Wang et al. (1984) demonstrated that the 
phytotoxic effect isoneof the important factors involved. Fivephenolic acids, such as p-hydroxybenzoic, 
p-coumaric, syringic, ferulic, and vanillic acids and formic, acetic, oxalic, malonic, tartaric, and malic 
acids were identified in the decomposing sugarcane leaves under waterlogged soil conditions. At 50 
ppm of these phenolic acids in water culture, the growth of young sugarcane root was inhibited. on 
the other hand, the aforementioned aliphatic acids can inhibit the growth of ratoon sugarcane at 103N. 

In Taiw凹， pangola grass (D哲itaria decumbens) is a high and stable productivity pasture; however, 
after several years of plantation the productivity declines, due to an autointoxication caused by a 
ce巾in amount of phytotoxins produced by the grassιiang et al. 1983). The decline of productivity 
of this grass has been particularly pronounced in south Taiwan, during the winter when the soil was 
under severe drought conditions. Thus, a crop rotation of pangola grass-watermelon-pangola grass 
was propo鉛d. After the watermelon crop, the pangola grass yield significantly increased by about 
40%. Apparently the allelopathic effect was lessened by crop rotation. 

ALLELOP ATHY AND SOIL NUTRIENTS 
Einhellig (1989) proposed that the potential interactions of allelopathy and mineral nutrition are: 

influence of nutrient status on allelochemical production; allelopathic action on ion uptake; and 
simultaneous effects of nutrient conditions and allelopathy on growth. Waller and Nowacki (1978) 
concluded that the amount of alkaloid in tobacco plants was significantly higher when 也eplantgrew

in nitrogen-deficient soi l. However, 8alke (1985) indicated that allelopathic condition altered the 
mineral content of the receiving plants. Kobza and Einhellig (198ηfound the tissue levels of 
phosphorus, potassium, and magnesium were significantly lower in grain sorghum seedlings grown 
with 0.5 mM ferulic acid in the medium. The findings of allelopathy in relation to nutrient s甘ess in 
Taiwan are described below. 

Soil Phytotoxins and Nu仕ients Availability 

Chou et al. (197內 concluded that the more rice stubble left in the paddy soil, the higher would be 
the phytotoxic phenolics and lower leachable nitrogen, suggesting that the phytotoxins produced may 
interactwithni廿ogen availabilityin soil. They alωfound tha t the amoun tof!eachable ~-N was about 
10 times more than 也at of NOrN (Chou and Chiou 1979). Chou et al. (1981) indicated that in the 
absenceofstraw mostofthe fertilizer N remained in themineral forms. Straw enhancedN immobilization 
modera tely. The gradual decrease in theproportion of fertilizer N in the mineral forms was accompanied 
bya steady increase of fertilizer N in the amino acid fraction of organic N. Little accumulation of 
fertilizer N in the amino sugar or the insoluble humin fraction was found (Chou et al. 1981). The 
temperature range of 25-30oC tended to favor N transformation activities. 

Koeppe at al. (1976) indicated that Helianthus annuus produces significantly higher amounts of 
phytotoxic substances, such as chlorogenic and ne囚hlorogenic acids, under phosphorus deficiency 
conditions than under normal conditions. In addition, plants producing high amounts of toxic 
alkaloids in p∞r nitrogen soil. All of these suggest that the production of phytotoxins can be 
inte中reted as an adaptation strategy in order to suppress the growth of competitors for nutrients in 
the same habita t. 
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Interaction of Phytotoxins with Soil-Leachable Cations 

Du也可位1ed配ompostion of rice residues in soil, the amount of available minerals in soil might be 
affected, impac出g on plant growth. Chou and Chiou (1979) found that the contents of cations, K, Cu, 
and Mn were higher in the first rice crop, while those of Na, Ca, Mg, and zn were higher in the second 
rice crop in north Taiwan rega rdless of nitrogen fertili配r application. Most of these品1dingsagr自with

thoseofPa仕ick and Mikkelsen (1971). Jn the flooded soil the contents of reducible iron and manganese 
were relatively low. When the pot soil was mixed with rice straw and allowed to decompose, the 
amountofK was significantly higher but those of Cu, Fe, Mn, and zn lower than thatof soil alone. Jn 
several p∞rly drainaged areas in Taiwan, the zn deficiency is partic凶arly pronounced during 血e
second rice crop. 

Soil Phytotoxins and Nutrient Application 

Wu et a1. (1976b) found that the paddy soil applied with lime exhibited significantly higher yield 
than that with other treatments. They concluded that the increase of rice yield was simply due to a 
detoxification mechanism of phytotoxins, and calcium may bind with some phytotoxic substances, 
converting into nontoxic properties. Jn addition, Chou and Chiou (1979) showed that ammonium 
sulfate N fertilizer increased higher yields of rice, which also had healthy and well-developed root 
system, than nitrate N fertilizer, suggesting that ammonium sulfate N fertilizer may overcome the 
phytotoxic effect of decomposing rice residues in the soil. Chandrasekaran and Yoshida (1973) also 
showed tha t ammonium sulfa te effectively eliminated the injury caused byphytotoxins. 1t is concluded 
that some nutrients may play a chelating role in detoxifying the phytoto泊ns in the soil, and 
consequently gives a better yield of crops. 

ALLELOP ATHY AND BIOLOGICAL CONTROL 

Selection of Dominant Grass for Pasture 

An increased amount of allelopathic research on grassland species has been conducted in many 
parts of the world during the past decades (Rice 1984; Chou 1983). A few studies have employed the 
allelopathic concept as a practical means of directly controlling weeds. PU缸1am and Duke (1974) 
assayed 526 accessions of Cucumis sativus and 12 accessions of eight related Cucumis species representing 
41 nations oforgin, and found tha tseveral accessions e油ibiteda s甘ongallelopathic nature, suppressing 
the grow出 of 田me weedy species. 

Chou and Young (1975) studied 12 subtropical grasses in Taiwan and found that several species 
showed considerable allelopathic potentia1. Among them, pangola exhibited the highest toxic effect. 
Under sufficient nitrogen fertilizer application，也e pangola grass forms a pure stand and almost no 
other weeds can grow in the stand. Jn addition, differentvarieties ofpangola revealed different growth 
performance and competitive ability (Liang et a1. 19自).

Humic Acid as a Natural Device for Reducing Soil Phytotoxicity 

Many phytotoxic substances could be bound with clay minerals or other organic compoun血，
thereby decreasing phytotoxicity (Wang et a1. 1971; Rice 1984). Wang et a1. (1978, 1983) found that 
protocatechuic acid, one of the phytotoxins related to trans p-coumaric acid, can be polymerized into 
humic acid with clay minerals as heterogenous catalysts. In fac七 humic acid can polymerize many 
kinds of substances including amino acids, flavonoi血， terpenoids, aliphatic acids, and other nitrogen
con切in趴g compounds, thus keeping the soil in a fertile state. This polymerization may serve as the 
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natural device of detoxification for many kinds of toxic substances produced by plants. However, it is 
also possible that phytoto刻的 polymerized with humic complex can be depolymeri扭d under certain 
environmental conditions, thus exert a phytotoxic effect on nearby susceptible plants. 

ALLELOPATHY, ADAPTATION AND EVOLUTION 
In the past, allelopathy was considered as one of the mechanisms determining the competitive 

exclusionofplantspecies in the samehabitat. ButMuller (1974) madea cleardefinition ofcompe位世on，
which means that one plant takes up the necessary environmental factors res叫仙19 in a shortage 
harmful to anotherplant sharing thesame habita t. on the other hand, allelopathymeans thatoneplant 
adds a toxic chemical to the environment res叫也可 in a detrimental effect upon another plant sharing 
the same habita t. Muller suggested to use interference instead of competition in order to lessen the 
confusion of the definition for competition. 

In the last decade, the biochemical ecological research provides subtantial information conceming 
趴e species evolution, in which many ecological phenomena can be easily inte中ret吋through chemical 
effect. Whittaker and Feeny (1971) stated that chemical agents are of major si伊ificance in the 
adaptation of species and organization of communities. Thus, allelopathy should play an important 
role in species evolution and adaptation. Muller (1974) emphasized that allelopathy is not a single 
ecological factor and should be regarded as one of a number in the environmental complex. However, 
in many cases, allelopathy and autointoxication could play major roles in determining the plant 
diversity, dominance, succession, climax formation and plantproductivity. Newman (1978) stated that 
allelopathy is not an adaptation strate白r in ecological processes and may not be benefjcial for the 
producer species, simply because toxins can be both harmful to itself and to other plants growing 
nearby. However, Whittaker and Feeny's idea that some autointoxicant species can survive and adapt 
for many generations because the organism possesses adaptive autoinhibitors thatlimitthepopulation 
but do not destroy the host seems more plausible. 

Evidence is that rice plants produce phytotoxic substances which reduce the productivity of the 
second rice crop yield in Taiwan; without killing the rice plants. The adaptive autoinhibition of rice 
plan ts can be of adaptive significance and a g∞d form ofnatural selection. For example, both wild rice 
Oryza perennis and its associated community of Leersia hexandra have both autointoxication and 
allelopathy, and both species interact in the field. It is difficult to demonstrate which species exhibits 
higher allelopathic potential and may cause death of theother, although L. hexandra sometimes showed 
higher phytotoxicity than O. perennis (Chou et al. 1984). The autointoxication of O. sa訂iva as well as O. 
perennis and L. hexandra do not imply a harmful effect on the cell and tissue producing and containing 
toxic metabolites, but itwill suppress sprouting, tillering sta阱， seed germination and seedling growth. 

The self-regulation of population density by selιthinning is an important adaptive mechanism of 
plants. There may be conditions in which natural selection works in the direction of reducing 
autointoxication and increasing allelopathic potential. The selective advan切ge of allelopathy would 
change according to coexisting plants and community structure, rendering the mode of diffusive and 
disruptive selection. This might have resulted in the complexity of response pattems (Chou et al. 1984). 

Many examples of autointoxication or allelopathy as described above may well demonstrate the 
fact that allelopathy is benefjcial to producer and is of an adaptive significance. Allelopathy may also 
play an appr配iable role in adaptation, natural selection, and evolution. In particular, many crops or 
natural vegetation can survive under stress environments in time and space through allelopathic 
mechanisms. 
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ABSTRACT 

Our results indicate that most of the saponins in mungbean (Vigna radiata) cannot be identified 
at present because of lack of adequate analytical procedures. While TLC is adequate for monitoring 
the saponins in the analytical scheme, it does not provide the information obtained by HPLC, which 
can be used to obtain pure saponin fractions from the plant material. Use of liquid secondary ion 
mass spectrometry to determine the partial structure is outlined and discussed on pure soyasaponin-
1, alfalfa seed sapon泊s which selVe as the biological control, and crude saponin samples from 
mungbeans; it showed that these were about 40% soyasaponin-I, with most of the remaining 
saponins being unknown. 四le local cultivar, Chai Ly, contained the most unknowns, which was 
interpreted to mean that the breeding of the more recent cultivars such as Tainan No. 3 and No. 5 
hascaused伽 loss of伽 ability to make some of the unknown saponins. A com pletely unexpected 
finding was 也at the addition of saponins to soil enhances the growth and development of the 
mungbean plant, butnot the yield. Amechanism of action of the saponins and hydrolyzed saponins 
is proposed. 

INTRODUCTION 

Mungbean (Vigna radiata) saponins are a mixture of several triterpenoid (已。 pentacyclic) glycosides, 
which upon hydrolysis yield pentose(s), hexose(s), uronic acid(s), and the aglycone tha t is the nonsugar 
portion of the saponin moiety. Saponins have been reported in nearly 1∞ plant families (Price et al. 
198η . In Australia mungbeans (whole, dried) were found to contain about6 g/旬，whereas mungbean 
sprouts contained 27 g/kg (Fenwick and Oakenfull1983; Oakenfull and Sidhu 1989). In England, Price 
et al. (1986) found 0.5 g/kg in whole, dried mungbeans, and TLC on the saponins suggested that they 
were both mono- and didesmodic, with a considerable number not identified. Hydrolysis produced 
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soyasapogenol-B and -C and at leastfive other aglycones. Priceet al. (1988), by fast atom bombardment 
mass sp前甘ometric analysis of the crude saponin mixture of mungbeans, found soyasaponin 1 and 
soyasaponin V [both known s廿uctures that were isolated from soyabeans by Kitagawa et al. (1988)]. 

Biological ac位vity of mungbean saponins as well as most of their chemical 的uctures is unknown 
(Fenwick and Oakenfu1l 1983; Price et al. 1986, 1987, 1988). Oleszek and Jurzysta (198月 and Oleszek 
etal. (1992) report吋伽tthenoncholesterol-precipitable fraction of alfalfa (Medicagosativa) root saponins 
that produced soyasapogenol B upon hydrolysis (probably contains soyasaponin 1 as does the alfalfa 
seed saponins) (Waller eta l. 1992), showed a slight inhibition of wheat seedling growth. By comparison 
the cholesterol-precipitable fraction (mostly medicagenic acid glycosides) showed a 2-3-fold higher 
inhibition of wheat seedling growth. 

Our research was designed to improve knowledge and understanding of the chemical structures 
of mungbean saponins and their biological activities，趴cluding allelopathic effects, and plant growth 
enhancement, with proposed mechanism of action for improvement of mungbean plant growth. 

已1ATERIALS AND 弘1ETHODS

Mungb臼n (Vigna radiata) cv. Tainan No. 3 and Tainan No. 5 seeds were obtained from Tainan 
District Agricultural Improvement Station, Tainan, Taiwan; the commercial variety, Chai Ly, was 
p凹chased locally. 

Seeds were set to germina te in Pyrex rectangular dishes wi th distilled wa ter. The vi texins (T ang and 
Zhang 1986) 的 well as other compounds were poured off daily, throughout the 7-day duration to 
provide mungbean sprouts. Commercial mungbean sprouts were bought locally. 

All laboratory experiments were ei出er air-dried or dried in a 400 C forced draft oven. The 
commercial mungbeans were dried in a 700 C oven. All material was ground to a fine powder. 

Liq凶d secondary ion mass spec廿ometry (LSIMS) was performed on the Model VG-ZA扭扭with

a 35 keV Cs+ Primary Ion Beam and a Model VG70-250S with the identical eq山pmen七 using a mixture 
of glycerol and thiglycerol as a matrix, with the saponins be凶g dissolved in æ 30H. 

Thecontrol soil wascollectedfrom theAsian Vegetable Research and DevelopmentCenter, Tainan, 
Taiwan, in December 1991 and February 1992, and was type AS-2, sandstone shale, older alluvial, 3-
noncalciferous (Wang and Sheh 1988). N 0 mungbeans had been grown in the December soil for a t least 
3 years; the most recent crop was buckwheat (Fagopyrum esculentum) which had been planted d盯趴g

the preceding year as a green man山e crop; the February soil had been fallowed during the past year 
with green manure crops being planted in previous years. The soil was air-dried, passed through a 1.5 
cm2 screen to remove large rock and plant debris, pulverized, passed through a 20-mesh (0.但6mm2)
mesh, the small roots and stones were picked 。此， thoroughly mixed, and subdivided into appropriate 
pots or petri dishes for experimentation, transfeηing 500 g soil to each pot, and leaving 20-100 g of soil 
to be divided into several petri dish experiments. 

RESUL TS AND DISCUSSION 

Saponin Content 

Partial fractionation of the mungbean saponins yielded different results. The composition of crude 
saponins varied from Chai Ly, which had 0.084% (fresh weight) and 1 % (dryweight), Tainan No. 3 had 
2.39% (dry weight), and Tainan No. 5 had 0.034% (fresh weight). Commercial mungbean sprouts 
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yield吋台om 0.034 to 0.041% (fresh weight). The conclusion may be drawn that mungbeans are not a 
particularly rich source of saponins, and 趴at the attempts to measure the saponins accurately are 
inadequate. 

The occurrence and composition of mungbean saponins are summarized in Table 1. Most of them 
are monodesmosidic, but some bisdesmosidic ones are thought to occur (Price et al. 1988). 

Table 1. Saponins of mungbean: occurrence and composition (Fenwick and Oakenfulll983; Price 
et al. 1988; this research). 

Quantitative es恤lation

Whole, dried 
Sprou恆

This research 

6-0.5 g/kg (0.6-0.05%) 
27 g/kg (2?%) 
0.034-2.4% (fresh wt) 

Thin layer chromatography 
Both mono -and b的desmosidic saponins present 
A considerable number not identified - this research and others 
Hydrolysis yielded soyasapogenol B 

Compound identified 
Soyasaponin 1 
Soyasaponin V 

soyasapogenol C 
five other ag1ycones (unidentified) 

Soyasaponin 1 with a 2,3-d.ihydro-2,5-d.ihydroxy-6-methylpyran-4-one attached 切 theC27 position (Price, K.R., 
pers. comm.). 

Saponins unidentified -出is research indicates up to 18 

Thin Layer Chromatography (TLC) 

TLC was used to fractionate the crude saponins from mungb帥的. Soyasaponin-I (R{ = 0.55), 
soyasapogenol-B (R{ = 0.90) and alfalfa (M. sativa) seed saponins (R{ for soyasaponin-I = 0.55; 出iswas
also used as a biological standard) were the standards used. Soyasaponin-I gave a grey-brown spot, 
and was the dominant compound involved in the various mungbean fractions. Tainan No. 5 and Chai 
Ly had pr吋ominant soyasapon泊-1 content. Tainan No. 5 shows several unknowns, and Chai Ly 
considerably more unknowns; the saponins from 伽se two samples that were spo忱吋 together

disappear completely upon dialysis for 4 days. Alfalfa r∞t saponins show a little soyasaponin-I but 
other saponins are present (Waller et al. 1992). Mungbean sprout saponins prepared in 60% CH30H 
showed no soyasaponin-I so it was necessary to dissolve it in a higher percentage of methanol (-75%). 
No mungbean preparations of saponins from sprouts or from stems showed the 囚currence of the 
aglycone fraction (soyasapogonol-B, R{ = 0.90). Under daylight and UV 360 mn spots but different 
colors were observed for mungbean saponins. 

Experiments on Partial Purification 

Dialysis (Massioteta l. 1991) was doneon the crude saponin fractions, and on the fractionsafter they 
had been subjected to partial purification through extraction with l-butanol. Our thinking was that the 
saponins would aggregate to give at least a dimer (Oakenfull1986), or larger micellular structures, 
placing the molecular weigh t (MW) about 1的o or higher. This apparently did not occur because neither 
concentration changes (0 .5-2.5%), nor was changing the types of dialysis tubing (SpectraPor units with 
MW cutoffs of 35∞ and 6∞0-8000， as well as generallaborat。可 quality seamless cellulose tubing) 
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effective in preven仙19 the saponins from coming through the dialysis bag in the dialysate. To monitor 
the rate of their disappearance a simple shaking test was devised for the dialysate that permi位ed the 
meas叮ement of the saponins in an ex甘emely low concentration. The tests were run on these 
experiments at frequent intervals, and after the third to fo叮th day of dialysis no saponins remained 
in the bag. 

1-Butanol saturated with waterwas used asa cleanuppr仗吋ure for the saponin fractions isolated, 
in aqueous, methanolic, or ethanolic extraction. However，也is was time consuming because of 
emulsification of the saponin samples, and was set aside in favor of conventional RP-18 column 
chromatography. 

High Performance Liquid Chromatography (HPLC) 

Considerable variation in extent of impurities was shown when the mungbean saponin fractions 
were subjected to HPLC. The processing of the saponin fractions through the Lichoprep RP-18 
(reversed phase Cs column) was somewhat analogous to using the 1-butanol extraction, but it was a 
cleanerpr凹edure. The analytical column was used to identi句T the existence of soyasaponin-I in each 
sample on the basis of its retention time. Tainan No. 3 and No. 5, Chai Ly, and the commercial sprout 
saponins gave similar pa悅ms on HPLC, so they were fractionated into three groups of compounds. 

Liquid Secondary Ion Mass Spec仕'Ometry (LSIMS) 

Saponins from the HPLC -collected fractions showed that Tainan No. 5, Chai Ly, and the commercial 
mungbean sprouts contained about 40% of soyasaponin-I with much smaller amounts of soyasaponin 
V and unknowns (Table 2) in fraction. Chai Ly sprout saponins showed 18 unknowns, commercial 
sprouts 16, and Tainan No. 5, 10. It would appear 出at in the breeding program for obtaining higher 
yields and resistance to disease and insect damage, some of the minor saponins have been lost, but the 
program had little effecton the occurrence of soyasaponin-I. The biological activities are not known for 
the minor saponins. 

Table 2. Composition of mungbean saponins by liquid secondary ion mass spectrometry. Spectra 
obtained from Oklahoma State University, Stillwater, OK, USA. 

Unknown Tainan 5 Chai Ly Commercial Alfalfa se炮!ds
saporuns sprouts sprouts sprouts 

5.1 2.4 2.8 1.5 
11 5.1 3.0 2.6 3.5 
Soya臼poninI 39.4 38.2 40.8 68.0 
III 10.1 4.8 3.1 4.6 
IV 8.8 4.4 3.8 3.9 
V 4.6 4.2 4.3 3.5 
VI 3.7 7.9 3.3 3.1 
VII 5.6 6.2 2.8 3.9 
VIII 5.1 5.1 2.4 2.3 
IX 3.7 5.7 3.7 3.1 
X 3.2 2.3 3.6 2.7 
XI 1.8 3.6 
XII 4.6 2.5 
XIII 4.6 2.0 
XIV 1.8 1.8 
XV 1.8 1.7 
XVI 0.5 1.5 
XVII 0.4 
XVIII 0.4 



Eγaller et al. 423 

The LSIMS of a standard soyasaponin-I is shown in Fig. 1. Since the 1engthyprocess of purification 
putsωme Na+ salts on the free hydroxy1 groups of soyasaponin-I, the LSIMS shows the adduct of 
(M+NA)+ atm/z 965. Peaks from soyasapogeno1 B show the 10ss ofone mo1ecule ofwater (m/z 441) or 
two mo1ecu1es of water (m/z 423) . 

The peak assignments for soyasaponin-I (Fig. 2) are as follows: MW = 942; positive LSIMS = m/z = 
943; sodium adduct [M+Na]+ = MW + 23 = 965. The peaks derived by 10sses from the parent ion or 
mo1ecu1ar ion (MW) are at m/z = 797 (M+H-deoxyhexose)+; m/z = 635 (M+H-deoxyhexose-hexose)+; 
m/z = 459 (M+ H-deoxyhexose-hexose-uro叫c acid)+; m/z = 441 (M + H-deoxyhexose-hexose-uronic acid
water)+; and m/z = 423 (M+H-deoxyhexose-hexose-uronic acid-2 mo1ecu1es of water). The chemica1 
的ucture of soyasaponin-I is 3-D-[a-L rhamnopyranosy1 (1• 2)-ß-D-ga1actopyranosy1 (1• 2)-ß-D
glucuronopyranosy1]-soyasapogeno1 B. It is not possib1e to derive from the LSIMS 出e 1inkage of 
sugars， α-or ß-isomers, or the structure of the individua1 sugars, or sugar acids, hence the d的xyhexose，
hexose, or uronic acid in Fig. 1 and 2 are on1y shown as such in the LSTh的 mass spec仕um for 
soyasaponin 1. Loss of all sugars gives rise to the ion at m/z = 485. 
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Allelopa血ic Activity of Mungbean Saponins 

The results of the bioassay using mungbean and lettuce seedlings with distilled water control, 
crude saponins, and pure alfalfa seed saponins (biological standard) of concentrations of 目00， 10∞，

100, and 10 ppm showed that the alfalfa gave predominantly negative results for both samples with 
mungbeans showing 25% inhibition at 100 ppm. The crude saponins gave a normal appearance to the 
test plants with the inhibitory response for mungb臼ns va可ing from -45 to -7% depending on 
concentration, while lettucewas inhibited to趴e exten t of -85 to -1 % range depending on concen仕a位on.

Since these samples were imp凹e it is not possible to say that the inhibitors were solely sapon趴s or 
出te中enoidsor possibly steroid molecules. The commercial saponin used for this bioassay was shown 
byTLC to contain compounds (R[values 0.36, 0.44, 0.56, 0.60, O.話， and 0.80) of unknown composition. 

The results ofcertain compounds presentin thesoilswerewidelyvariable, the mungbean seedlings 
showing from 10-20% stimulation of growth when 15-90 ppm of commercial crude saponins were 
added to this soil, whereas the addition of 5 and 30 ppm of alfalfa seed saponin produced no effect. In 
le抽lce experiments, the length of the radical was measured and also the totallength of the seedling. 
Both showed stimulation of 10-30% by the crude saponin at concentrations of 15 and 90 ppm. 

Mungbean Growth Enhancement by Crude Mungbean Saponin 

The discovery of enhancement of the growth of mungbeans in the presence of saponins added to 
soil used to groW mungbeans was serendipitous. After crude mungbean saponins were applied to the 
soil, mungbean seeds were germinat吋 in pots, the plants allowed to grow until maturity, and the 
results recordedfor theexperiments (three) thatwere conducted. Theexperimental plants ascompared 
to the control clearly showed the growth-e叫lancing effectof the saponins at 23，的， 68 and 83 days old 
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(Fig. 3). Growing mungbean plants with saponins added to the soil showed quicker germination, and 
e吋lanc吋 growth effects throughout the maturity of the mungbeans. The plants had a larger leaf size 
and darker green color of leaves, which was an indication of enhanced photos戶lthesis; however, the 
numberofs個ded pods was about the same, showing that the increaωd growth throughout the period 
of maturity did not increase their 抖eld .
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Fig. 3. Enhancement of mungbean growth by added mungbean saponins to the soil. 

Proposed Mechanism of Action of Saponins in Soil 

Soil moisture, temperature, gases, humus, inorganic (mineral), and organic compounds have an 
important impact on the root system development and interact with each other in following the pattern 
of root development and function. The mungbean plant r∞t system can form symbiotic associations 
with mycorrhizae and bacterial nodules where fungi and bacteria bring in mineral nutrients 趴
exchange for some of the plant compounds (i.e. vitamins, carbohydrates, etc.). We suggest that 
saponins(e.g. s叩oy戶as阻aponi趴n恥.吋 C臼anbec∞omeat伽t怕ache吋dt怕othe ro∞O叫thai廿rinanen勾可Tme reaction, and that the 
sugar portion of the saponin 趴at confers the maximum mungbean growth enhancement activity can 
be hydrolyzed off by enzymatic cleavage. This could produce a molecule less active than the original 
saponm. 

Attempts to recover theadded saponin were unsuccessful whenseveral extraction techniques were 
used immediately following its addition to the soil; however, no humic or fulvic acid was isolated. This 
was inte中reted to mean that the saponins added might be bound to the humus fraction of the soil. 

Some structural changes of saponins that might occur in the soil around mungbean plants during 
the time required for maturity are: (a) the rhamnose-galactose-glucuronic acid-soyasapogenol B 
(soyasaponin-I) is the dominant structure for the first 23 days of growth, during which about 25% of 
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the enhancementoccurs; (b) hydrolysis catalyzed by enzymes produced by microorganisms in the soil 
cleave the sugars from the saponin in a manner as for medicagenic acid glycosides (Oleszek and 
Jurzysta 198ηto give the aglycone (soyasapogenol B), which can further be broken down by 
microorganisms to serve as a carbon source. 
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ABSTRACT 

Continuous cropping ofmungbean (Vigna radiata) can be a problem in certain pa船 oftheworld

where the plant is grown. Fungal pathogens have been considered responsible, s扭ce a1mostnormal 
yields from mungbeans grown in rotation with other crops have been obtained after fumigation 
systems were used. We now show that allelopathy may contribute as much as 10-25% of the growth 
inhibition of mungbean plants grown following mungbean plants. These plants have been found 
to be autotoxic, and the soil surrounding them also toxic. Distribution of the phytotoxic activity 
showed it to be 凶 the stems, with the roots showing no inhibition, and the aerial par包 (excluding

the stems) showing a slight enhancement of growth of the mungbean plant. Partitioning of the stem 
extracts with organic solvents showed that water was the most 扭曲ibitory to the mungbeans and 
lettuce 扭曲e bioassay aga恤st a distilled water control. Bioassay of compounds present 凶 thesoils

after mungbean harvest (72 hours incubation) agreed wi血 the inhibition of the mungbean plants 
grown to maturity. 

INTRODUCTION 

AlIelopathic and autotoxic chemicals are secondaryplant metabolites thathave roles in plant-plan七
plant-soil, plant-dis臼兒，plan t-insectand plant-preda tor interaction tha t may be beneficial or detrimental 
的血e plan t. Mungbean (Vigna radiata) planted in the same soil just used to grow mungbean (plant-soil 
interaction) can produce such seconda可 metabolites . Mungbean, a crop plantofeconomic significance 
in Taiwan and many tropical countries, was not known to produce autotoxic activity until the recent 
finding of Tang and Zhang (1986). They found that mungbean seedlings germinated in a continuous 
exudate-trapping apparatus showed more r∞t development when an XAD-4 column was attached. 
Without the column there was 54% inhibition at 1 g mungbean/ml of distilled water. Isolation of the 
inhibitory compounds produced isovitexin, which was the most active of three C-glucosyl flavonoids 
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isola ted. Tang and Zhang (1986) in甘oduced the concept of allelochemical spheres, and extended their 
observation from the germina也可 seed to the plant root system, which has many biologically active 
metabolites at the root-soil interface (Tang et al. 1989); consequently the rhizosphere can be an 
allelochemical sphere to the environment surrounding the plant in the soil. The C-glucosyl flavonoids 
趴at were identified and bioassayed are present predominantly in the seed coat, not in the growing 
tissue of the mungbean plant; however, they possess only a slight inhibitorγactivity toward lettuce 
seedlings, and even less so for mungbean seedlings. Their role as an allelochemical in lowering the 
production of mungbean remains unknown. 

TheAsian VegetableResearchand DevelopmentCenter(A VRDC 1981)reported that血vecontinuous
mungbean croppings produc吋p∞rgrow出andlackof山吐formityof growth pa位ems;也eplantswere
smaller and produc吋 fewer pods per plan七 fewer and lighter seeds, and p∞r yields (25 kg/ha). By 
comparison, where mungbean was not grown_ for at least three cropping seasons, yield was 440 kg/ 
ha. Thisled to therecommendation thata mungb臼n crop should not be followed by another such crop 
for at least three cropping seasons. Typical symptoms were poor grow血， defoliation, chlorosis, and 
necrosis of the leaves, all of them varying with the seasons (the seasons are spring, summer, and fall 
in Taiwan), field, and cropping history. In a study of the effect of different crops (mungbean, soybean, 
tomato, Chinese cabbage, sweet potato, maize, crotalaria, sorghum, and buckwheat), mungbean was 
the mostdetrimental to a succeeding mungbean crop. Yields after mungbean were65 kg/ha compared 
to 346 kg/ha after tomato. 

The mungbean root disease complex (MRDC) was first identified in 1980 by A VRDC, with 
Rhizoctonis spp., Pythium spp., and Fusarium spp. being identified as root fungal pathogens. Also 
nematodes were a causative factor in thedisease. Using fumigated plots versus thenonfumigated ones 
led to the conclusions that MRDC was due to soilbome pathogens of the root system, with nematodes 
playing a minor role, and that allelopathy or allelochemicals had no effect. It was recogr吐zed that the 
nature of the crop played an important role in modifying the soilbome pathogen popula位on(AVRDC，

1981, 1982, 1984). Young (1982) performed a series of experiments using a plant culture system 
designed to determine whether an allelopathic effect existed in the mungbean plant. The results 
s仕ongly supported the view that the mungbean plant produces phytotoxic substance(s) in its aerial 
parts and its r∞t system (Y oung, c.c.，悍的. commun.);however,hedidnotfollow up血islead. In 1984 
(Ventura et al. 1984) describ吋伽 mungbean r∞t disease in the Philippines and reported that the 
primary cause was not fungi; however, they did not suggest that the presence of allelochemicals from 
the mungb臼n plant might have an effect on the roots of the mungbean plants. 

Cheng (1989) proposed that the establishment of a spec丘ic cause-effect relationship should be 
sought in allelopathic experiments with the following steps: (1) a phytotoxic chemical is produced by 
a plant or from plant materials, (2) the chemical is transported from its so叮ce to the target plant; and 
(3) the 個rget plant is exposed to the chemical in sufficient quantity and for sufficient time to cause 
damage. The present report records an attempt to establish this cause-and-effect relationship in the 
mungbean-plant-soil system. 

MATERIALS AND 扎1ETHODS

Soil Information 

The soils were collected from A VRDC, Tainan, Taiwan, in December 1991 and February 1992, and 
were typeAS-2, sandstone shale, older alluvial,3-noncalciferous (Wang and Sheh 1988). No mungbean 
had been grown in the control soil for at least 3 years; 也e most recent crop was buckwheat (Fagopyrum 
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esculentum), which had been planted during the prl配吋ing Y臼r as a green manure crop for the 
December soil; during 1991 fallowing was followed for the February con仕01 soil. The soils were stored 
at 16-40oC and the times of their collection are listed in Table 1. 

Table 1. Soils used for the allelopathy and autotoxicity experimentsi collected from plots in 
December 1991 to September 1992. 

Date collected Trea恤entofωil Soil plot numbers; weeks after harvest of mungbeans 
Con廿01 1 4 7 14 16 19 28 33 40 

11 December 3 ye訂s since mungbean 
1991 were grown; 

23 January 
1992 

February 
1992 

10 March 
1992 

14 April 
1992 

stems left standing; 
plowed under 

Stems, leaves left 
standing; 

stems left standing 

Fallow, last ye訂

Plowed under 

Planted in corn' and 
soybeansa 

Plowed under 
Planted in tomatob 

17 June 1992 Plowed under 

27 July 1992 Plowed under 

15 September Plowed under 
1992 

40, 41 

38 
33 

34 

38 

74, 75 

38 

34 

38 
33 

38 

38 

• Soil sample collected b自ide the two crops; subsamples tak凹 (1) undemeath the grass, and (2) nothing planted (only bare land). 
b Sampl田 co llected from (1) the tomato bed, and (2) b自ide the tomato bed 

38 

The soils were air-dried, passed through a 2.5-cm2 screen to remove large rock and plant debris, 
p叫verized， passed through a 20-mesh (0.846-mm2 screen), the small roots and stones were picked out, 
the remainder thoroughly mixed, and subdivided into appropriate pots or pe仕i dishes for 
experimentation, 500 g to each pot. 

Mungbean Plant Material 

Vigna radiata cv. Tainan No. 3, Tainan No. 5, and Chai Ly (Iocal) were obtained from Tainan District 
Agricul仙ral Improvement Station, Tainan, Taiwan. 
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RESULTS 

Experiments inc。中orated on: (a) potson thesoilimmediately afterplantingmungbean; (b) control 
soil mixed with plant parts (r∞ts， stems, and tops); (c) soils extracted with methanol and acetone; (d) 
bioassay of extracts were made with distilled water and mungbean plant parts; and (e) bioassay of 
compounds were ex廿aCÌ<吋 from soil by water and orga叫c solvents for phytotoxins. 

Determina ti.on of pH and Overall Inhibition from Pot Experiments 

Soils were used without any addition of fe討ilizers， fumigants, or other agents, except where 
m ungbean plan t parts were admixed wi th the soil. pH val ues and overall inhibition are shown in Ta b le 
2. Both control soils and those of plots 33 and 38 were alkaline, whereas that of plot 34 was acidic. 
Apparently the con仕01 soil is q凶te suitable for growing mungbeanafter ithas been left fallow,or been 
involved in a crop rotation sequence; alkalinity is not a problem. It does req凶re more time for an 
alkaline soil to degrade phytotoxins than an acidic soil. 

Table 2. Detennination of pH and ir由ibition results from the pot experiments with A VRDC soils. 

P10t No. A伊(台om mungbean harv的t) pH Inhibition 
33 4 weeks 7.8 Yes 
34 4 weeks 6.7 Slight (11 %) 
34 16 weeks 6.6 Slight (10%) 
38 1 week 7.3 Yes 
æ 7~ks ~ ~ 

40, 41 Con廿01 7.9 
74, 75 Contr01 8.0 

Mungbean Grown on Soils After Mungbean Harvest 

Plan仙19 mungbeans in the soil after mungbean harvest results in the production of phytotoxins 
(Fig. 1), whichalso shows 65-70% inhibition ofplant growth for the 1-week (plot33), 1-month (plot33), 
and 7-week (plot 38) soils, whereas the 1-month (plot 34) soil, which was acidic, shows only 10-15% 
inhibition with no fungal attack. Plots 33 and 38 soils were alkaline, and most of the research reported 
hereused alkaline soils (Table 2). Fungal rootdiseasewas quiteevidentin趴e alkaline soil, causing both 
stems and roots to turn brown and have poorly developed nod叫es and root growth; the plants wilted 
(although water supply was not a problem), ceased photosyn出esis， and stopped growing. A t around 
30-45 days the fungal attack appeared to be the dominant phytotoxin produced in the alkaline soils. 
Since the mungbean phyωtoxiceHectwas only about 10-35% i吋1ibition at 30-40 days, the combination 
of the phytotoxins in the alkaline soil probably accelerated the entry of the 扣ngi into the roots of the 
plant. To gain more information on this point, a 40-day experiment was run using the same soils that 
had been stored at 15-360 C from December 1991 to July 1992. Storage at this temperature permitted 
microorganisms to grow using the plant phytotoxin as one of their substrates. It is difficult to separate 
the two types of phytoωxic activity - one from the plant and the other from the pathogenic fungi - but 
this might be done in part by the judicious use of soil fumigants; this approach would be desirable in 
future work. 
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Fig.1. Mungbean growing in A VRDC soil for 40 (top photo) and 81 (bottom photo) days: 1-week 
(plot 33), 1-month (plot 33), 1-month (plot 34), 7-weeks (plot 33). 

Soil Mixed with Mungbean Plant Parts 

The overall result of comparing the height of the 9O-day experiment as compared to the control, 
using the 1-week and 1-month plots after harvesting the mungbean shows thaf: (a) the stems had the 
greatest inhibition (about 20%) at 0.5% concentration; (b) the roots produced normal growth at 0.2%; 
and (c) the aerial pa此s at 0.9% concentration caused about a 15% increase in plant heigh t. The plant 
material added was estimated to be about the normal amount plowed under the field. 
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Bioassay of Mungbean Plant Parts 

The bioassay of the mungbean leaves shows inhibition of lettuce, mungbean, and wheat grow曲，
with the most response being found at 4%. The mungbean stems were slightly less inhibit。可 than the 
leaves by 1 0-15%. The inhibition by root fragments was determined by measuring r∞t length oflettuce 
and tomato seedlings; such inhibition was substantia11y lower than that by the aerial parts of the plant. 

Bioassay of Compounds Present in Organic Solvents and Water 

Ex仕acts made with different organic solvents and disti11ed water applied at 1 and 15% of the 
original plant weight on lettuce and mungbean had mixed inhibition and stimulation effects, with 
chloroform and hexane extracts showing slight stimulation of growth, whereas those in ether, water, 
1-butanol, and ethyl acetate showed inhibition. The water extract was the most inhibitory; which 
indicates that the active compounds were more hydrophilic. 

Bioassay of Compounds Present in the Soils After Mungbean Harvest 

Bioassays with lettuce and mungbean seeds on soils in which mungbean had been grown for 1 
week, l month, and 7 weeks previously showed phytotoxicity. This bioassay (72 hours of incubation) 
does agree with the experiments with mungbean plants grown to maturity, except for lack of 
phytotoxicity shown byone sample of the 1-week acidic soil. The soil samples taken after 1 month from 
plots 33 and 34 showed 65 and 10% inhibition, respectively. Plot 34 contains an acidic soil whereas plot 
33 is an alkaline soil. It would appear that the acidic soil promotes degradation of the phytotoxin(s) 
from theplant;howeve島出e time of exposure to the phytotoxins, as we11 as the early plant growth, may 
be important in the 72-hour bioassay. 

DISCUSSION 

The laboratory conditions used in this research caused inhibition of growth of mungbean in pots, 
but this never exceeded 訝-30% compared to that in control pot experiments, and was often less, 
depending upon temperature, water, and soil characteristics. As出e plant developed for 30-45 days the 
effect of phytoto泌的 from the mungbean plant almost disappeared, and the r∞t pathogens grew with 
pronounced observable effects on the mature plants. There is evidence in the literature that Taiwan, 
吐1e Philippines, and Kenya a11 have a problem with continuous cropping of mungbean (Poehlman 
1991); this has been associa ted with root pa thogens. Our results recognize for the first time the role that 
a11elopathy or a11elochemicals have in causing damage done when mungbeans are planted in the same 
soil in which mungbeans were grown. 

The pathogenic fungi isolated and identified from the MRDC by A VRDC (1981, 1982, 1984) were 
Macrophominia p加的lina， Rhizoctonia solani, Pythium ap加nidermatum， Helmint加sporium rostratum, and 
Fusarium roseum. A11 these fungi except H. rostratum are known mungbean pa血ogens， and they have 
been found active when added to the fumigated soil containing mungbean in producing the root 
disease complex. In our research R. solani and Fusarium spp. were suggested as being出e primary ca use 
of the disease; however, no definitive tests were made. 

Wesuggest伽t the mungbean plant grown under continuous cropping conditions in subtropical 
or 仕opical regions suffers reduction in height and yield of mungbean from a11elochemicals under 
certain conditions: (1) an autotoxic effect of phytotoxins from the mungbean plant has been shown; it 
is suggested that this condition is present at all stages of growth; (2) phytotoxins from the fungal 
pathogens are present in the soil at a11 times, but penetrate the plant earlier because of the plant
produced phytotoxin; (3) it was sometimes difficult to distinguish the two types of phytotoxins; (4) 
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high ternperature (40-470 C) causes the phytotoxins frorn either the plant or 扣ngi to degrade rnore 
rapidly, thus rninirniz趴g the allelochernical and pathogenic effects; (5) excessive water causes 
rnungbean plants to be less resistant to phytotoxins; and (6) soil acidity is an irnportant factor;也ernore
alkaline the soil, the rnore the rnicr∞rganisrn population rnetabolized the phytotoxins. 

Each of these factors, and perhaps others, should be considered and appropriately recognized in 
the MRDC. The occurrence of the MRDC va ries wi th environrnen tal condi tions, wi th disease syrn ptoms 
being reported at A VRDC under conditions where the rnoisture is higher in the fall . When the 
ternperature ishigh (45 0 C) no fungal disease appears and perhaps no phytotoxic action仗curs， because 
its activity depends upon the soil rnoisture; thus temperature and rnoisture are closely related for the 
assessrnent of the disease. 
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ABSTRACT 
Climatic and soil constraints contribute to poor seedling establishment and reduced yield 恤

many crops. Thus there is a need to develop efficient preplant seed 仕ea恤lents that wi1l alleviate or 
reduce the effects of these stresses. Trea恤lents that improve embryo or seedling growth potential 
are likely to prove useful in alleviat泊g various stresses. These include preplant permeation with 
growth regt且lators， physiological seed conditioning, endosperm digestion, removing or reducing 
restraints by embryo coverings or combinations thereof. Preplant conditioning with liquid 晶質iers

(e.g. polyethylene glycol) util包的 osmotic solutes to regulate the amount of water absorbed by 血e

seed and is termed osmoconditioning or priming. Seed conditioning with solid carrie路， such as 
Micro-Cel E and expanded vermiculite # 5, devoid of osmotic solutes, and with high water 
adsorptive capi1lary forces, has been referred to as "matriconditioning". It has been possible to 
improve embryo growth potential of seeds by growth regulators or seed conditioning and 晶晶ler

improvements were obtained by combining the two trea恤ents. This paper describes the 
improvements in embryo growth potential, germination, emergence and stand establishment at 
high temperatures and low water potential following preplant trea恤lents of rice (Oryza sativa), 
lettuce (Lactuca sativa), tomato (Lycopersiconesculentum), pepper(Capsicum annuum),celery (Apium 
graveolens), and thorough-wax (Bupleurum graffithii) seeds. 

INTRODUCTION 

Soil and climatic constraints contribute to p∞r seed performance resulting in poor germination, 
inadequate stand and poor yield. The two major factors that directly affect seedling and plant growth 
are supraoptimal temperatures and water stress. There are wide-ranging differences in crop cultivars 
for tolerance to these factors and efforts are continually being made to develop varieties tolerant to 
these s仕esses .

Ability of embryo and/ or seedling to generate high growth potential appears to play an important 
role in alleviating or reducing the adverse effects of high temperature, salinity and osmotic restraint. 
In addition to the inherent capacity of some cultivars to show a high tolerance to adverse factors, it is 
possible to physiologically and mechanically improve embryo growth potential and, thereby, stand 
size and yield of crops under stressful conditions. 



Enhanced Embryo Growth Potential to Overcome Stresses 438 

In this report we examine the various preplant seed悅a恤lentproced ures in seeds of sel缸tedcrops

and their effectiveness 趴 genera也可 or improving embryo growth potential in order to alleviate the 
adverse effects of high temperat山e and water stress on germination, seedling emergence and stand 
establishment. 

GENETIC DIFFERENCES IN GROWTH POTENTIAL 

Studies conducted with a number of crops show wide differences in the ability of their seeds to 
tolerate 耐esses個lan 1990). In the case of rice, traditional cultivars, in general, show吋 greater ability 
to tolerate high tempera仙re， salinity and drought than the modem cultivars developed for high
yielding traits under ideal growing conditions. The traditional salt-tolerant varieties such as Nona 
Bokra, Pokkali and間larai Ganja produced larger seedlings under saline conditions (O.lM NaCl) than 
many of the elite cultivars/lines such as IR 64, IR 此， IR 蝠， and IR 11418-19-2-3 developed by the 
Intemationa1 Rice Research Institute (IRRI). Cultivars/lines with greater capacity to tolerate salt stress 
at the seedling stage produced larger amounts of ethylene. In a pop叫ationof32 rice cultivars, seedling 
growth was better correlated with the ethylene-producing capacity under saline (r = 0.91) than under 
nonsaline (r = 0.58) conditions, indicating a causal relationship between ethylene and salt tolerance 
(Khan et al. 198η. 

As in the case of salinity, rice cultivars showed a great diversity in their ability to tolerate high 
temperature s仕ess at the seedling growth phase. Again, traditional varieties such as Ge恤， Bhurarata, 
Gharaiba， B山ik， and Pokkali ou中erformed the IRRI -developed cultivars /breeding lines such as IR詣，
IR 位， IR 64, IR 9764-45-2-2 (Khan and Seshu 198η. In a population of 25 rice cultivars/lines, seedling 
growth at high temperat山e (350 C) was correlated (r = 0.89) with ethylene-producing capacity. The 
ability of 仕aditional rices to tolerate high temperature, salinity and drought suggests a common 
mechanism perhaps related to preventing water withdrawal or improved water uptake. 

As in the rice, wide differences were found in seeds of lettuce cultivars in their ability to tolerate 
high temperature, osmotic restraint and salinity at the germination and seedling growth phase 
(prusinski and間1an1990). The seeds displayed widedifferences in their ability to generate germination 
or growth potential as indicated by differences in the ability to germinate in polyethylene glycol8000 
(pEG) solutions of different water potentials at 300 C (Fig. 1). The germination potential ranged from 
0 .57 弘1Pa for Emperor through 0.14 MPa for Super 59. Only a few seeds of Montello and none of Gamet 

Fig. 1. 
Germination potential ('ljfofPEG 
solutions allowing 50% 
germination) of seeds of nine 
leUuce cultivars at 30oC. Seeds 
with less than 50% germination 
in 48 hours were considered as 
having zero germination 
potentiaI. ER = Emperor, IT = 
Ithaca,F A = Fanfare, GR = Grand 
Rapids, ES = Empress, ME = 
Mesa 659, SU = Super 59, MO = 
Montelloand GA= Garnet(from 
Prusinski and Khan 1990). 
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germinated. As in the case of rice, lettuce cultivars with greater ability to tolerate high temperature, 
osmotic and salinity s仕esses produced larger amounts of ethylene，也us implicating ethylene in s仕ess
alleviation. 

HORMONES TO IMPROVE GROWTH POTENTIAL 

Growth regulators play an important role in allevia自19 the adverse effects of various s仕esses on 
germination and stand establishment. Germina出g the seeds in aqueous sol u tions of grow趴 regulators

or preplant permeation of regulators into seeds via acetone or aqu凹的 soak have been found to 
improve seed performance under a variety of stressful conditions (palevitch and Thomas 1974; 即lan

1977, 1978; Thomas etaI. 1978). Lettuce鉛eds permeated with combinations ofethephon [2-chloroe血yl

(phosphonic acid)], kinetin and gibberellic acid (GA) or with fusicoccin (a fungal toxin) via acetone 
alleviated theadverse effects ofhigh temperature, salinity and water stress (Braun and即lan 1976). The 
osmotic inhibition of lettuce seeds induced by PEG, mannitol or NaCl at 250 C was reduced by the 
addition of ethylene (Negm and Smith 1978; Abeles 1986). The germination potential of le伽ce seeds 
decreased with an increase in temperature and at 350 C the potential was less than that required for 
removing the restraining force of the seed coats (Takeba and Matsubara 1979). Addition of kinetin 
generated an embryo growth potential which was s甘ong enough to alleviate the thermoinhibition. 

A study was conducted to determine if Mesa 659 let仙ce seeds permeated with various growth 
reg叫a切的 via acetone would retain the ability to alleviate moist山e stress (w a terlevel was 89.3% of dry 
muck soil), with or without seed pelleting. The effect of moisture stress at 200 C was alleviated by 
permeation of fusic仗cin and to a somewhat lesser extent by a combination of kinetin plus ethephon 
(Fig. 2). Pelleting of seeds only slightly decreased the s廿ess-alleviating e仔ect of the growth reg叫ators.

These results indicate 也at fusicoccin or kinetin plus ethephon combination may increase emb可o

growth potential to a level sufficient to counter the restraint imposed by the low soil matric potential 
and the seed pellet (in addition to the anaerobic effect of pelleting) . 
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Fig.2. Emergence of bare and pelleted Mesa 6591eUuce seeds permeated with growth regulators via acetone. 
After permeation for 1 hour acetone was removed by evaporation and a batch of seeds pelleted. 
Pelleted and unpelleted (bare) seeds were planted in muck soil with a low moisture content of 89.3%. 
Concentrations of regulators in acetone were: FC = 0.5 mM fusicoccin, E = 3.5 mM ethephon, K = 0.2 
mM kinetin and GA = 1.0 mM gibberellin A3 (from Khan et a]. 1976). 
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Recently, it has been found that the conversion of 1-arnin凹yclopropane-1 -carbo呵lic acid (ACC) 
ωethylene is greatly reduced in Mesa 6591e出lce seeds exposed to salinity or high-ternperat叮e stress. 
Addition ofkinetin synergisticallyprornoted ethylene produc位on and stress alleviation indica伽19that
enhanced utilization of ACC occurred in the presence of kinetin (Khan and Huang 1988; 即1an and 
Prusinski 1989). A treatrnentoflettuce seed with kinetin and/ or ethylene greatlyirnproved the ernbryo 
growth potential as deterrnined by gerrninating the seeds in PEG solu位onsofvaryingwaterpotentials
('I's) 細細 1992)

SEED OSMOCONDmONING TO IMPROVE EMBRYO GROwrn POTENTIAL 
Seeds are osrnoconditioned or prirned by soaking in osrnotic solutions of salts or alcohols (e.g. 

K?O毯，KN03， MgSO.,glycerol, rnannitol) ornonpenetratingorganic solutes (e. g.PEG-8∞0) to establish 
aneq叫libriurn '1' be仇'leen seed and the osrnotic rnediurn needed for conditioning. The 仕ea個1enthas

proved effective in irnproving the ernbryo growth potential of seeds (即1an and Sarnirny 1982; 即1an
1992). Osrnoconditioning of lettuce and curly dock (Rumex crispus) seeds in light with PEG irnproved 
the ernbryo growth potential as shown by increased ernbryo growth rate and the ability to gerrninate 
in PEG so lu tions oflower '1' than the noncondi tioned seeds (即1an and Sarnirn y 1982; Sarnirny and Khan 
19自).Sirnilarly, osrn仗onditioning irnproved the gerrnination potential ofparsley (Petroselinum crispum) 
seeds (Akers et a1. 198丹.

A short-duration seed soak in osrnotic solutions of salts or PEG at 15-250 C has proved to be an 
effectiveway to alleviate therrnoinhibition in rnany seeds. A conditioning for6-12 hours with 1 % K?04 
proved effective in reducing the therrnoinhibition in seeds of severallettuce cultivars (Cantliffe et a1. 
1984; Wurr and Fellows 1984). Osrnoconditioning has also proved effective in alleviating 
therrnoi地ibition in seedsof celery, spinach (Spinacia oleraæa), tornato, com cockle (Agrostem胸git加go)，
salvia (Salvia splendens) and dustyrniller (Senecio cineraria) (Nakarnura et a1. 1982;Atherton andFar∞que 
1983; DeKlerk 1986; Ca中enter 1989, 1990; Pill et a1. 1991). In addition to allevia出g therrnoinhibition, 
osrnoconditioning irnproves perforrnance of seeds under reduced water availability (Frett and Pill 
1989) and salinity (Wiebe and Muhyaddin 1987; Pill et a1. 1991). 

Osrnoconditioning cornbined with appropriate growth regulators has been found to alleviate high 
ternperature and salinity stress in lettuce seeds to va可ing degrees (即1an 1977, 1978). A cornbination 
of fusicoccin or kinetin with osrnoconditioning was sornewhat rnore effective than ei出er trea恤1個t

alone in alleviating the inhibitory effect of salinity and high ternperature. Sirnilar irnprovernents by 
cornbining osrnoconditioning (prirning) and benzyladenine at high ternperature have also been 
reported recently in other lettucecultivars (Cantlíffe 1991).A cornbined ethephon and osrnoconditioning 
廿eatrnentwasrnoreeffectivethanethephonandosrnoconditioningaloneinalleviatinghigh-ternperature

s仕的s in Ernperor lettuce seeds (即1an 1992). 

Because high ternperature or osrnotic stress greatly reduced the ability of seeds to gerrninate, 
studies were conducted to deterrnine if osrnoconditioning cornbined with grow趴 regulators would 
generate a greater ernbryo grow趴 potential than that achieved by these treatrnents separately. A 24-
hour osrnoconditioning with -1.2 MPa PEG solution at 150 C perrnitted Ernperor lettuce seeds to 
gerrninate at 350 C and to develop a gerrnination ('1' perrnitting 50% gerrnination) of 0.26 MPa (Fig. 3). 
Perrn臼tion of kinetin and ethephon increased the gerrnination potential to sorne extent but the 
potential generated was less than by osrnoconditioning alone. A cornbined treatrnent of 
osrnoconditioning and kinetin and/or ethephon generated a rnaxirnurn growth potential (0 .52 MPa). 
As in the case of lettuce, a 14-day osrnoconditioning of celery seeds with -0.8 to -1.5 MPa alleviated the 
therrnoinhibition as indicated by irnproved seedling ernergence at 詣。C (Fig. 4) . No ernergence was 
noted in untreated seeds. The PEG solutions in the range of -0.8 to -1 .5 MPa were equally effective in 
conditioning the seeds at 150 C. 
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Fig.3. Improvements in germination potential of Emperor le“uce seeds at 350 Cby 24-hour osmoconditioning 
in -1.2MPa PEG solution with or without adding growth regulators. Regulators were eitherpermeated 
in to seeds by 2-hour aqueous soak at 250C followed by drying back at 250 C by forced air or were added 
directly to PEG solution during conditioning at 150 C. After conditioning, seeds were rinsed for 1 min 
with running water and dried as above. Seeds were germinated for 48 hours at 350 C. K = 0.01 mM 
kinetin. E = 10 mM ethephon (Prusinski and Khan, unpub I. data). 
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Fig. 4. Alleviation of thennoinhibition in FM 1218 celery seeds by osmoconditioning. Seeds were 
conditioned in PEG solutions of different y s (0.8 to -1.5 MPa) for 0-14 days at 150 C. After 
conditioning seeds were rinsed and dried back by forced air at 250 C prior to gennination in 
water at 260 C (Prusinski and 阻1an， unpubl. data). 
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SEEO MATRICONOmONING TO IMPROVE EMBRYO GROWτHPOTENTIAL 
Unlike osmotic condition訊g， matric conditioning depends upon the surface active or matric 

properties of the carrier. The ma仕ic potential is derived from the ad閩中tive， interfacial tension, 
attraction and adhesion between carrier matrix, matrix-air and matrix-water interfaces (Hadas 1982). 
The '1' component of the carrier can be predominantly matric (e.g. Micro-Cel E, expanded calcined clay 
and vermiculite) (Bennett and Waters 1987; Kubik et al. 19助;如lan et al. 1990); osmotic (e.g. Agro-Lig, 
bituminous so丘 coal) (Taylor et al. 1988); or a combination of the two (Peterson 1976; Khan and Taylor 
1986). seed conditioning with solid carriers, devoid of osmotic solutes, has been refe叮ed to as 
"ma廿iconditioning" to dis也可凶sh it from "osmoconditioning" which employs osmotic solutes (Khan 
et al. 1990; 回lan 1992). 

In matriconditioning, se吋s are mixed with known amounts of wa能r and seeds to establish a 
moisture equilibrium between seeds and the solid matrix needed for conditioning. The relationship 
between the water-holding capacity of various solids and the matric potential is shown in Fig. 5. The 
carrier matric potential needed for conditioning can be estimated by first determining the water 
contentof the carrier in equilibrium with the seed at theend of conditioning and then rela也19thewater
content to the ma仕ic potential (Khan et al. 1992). Solids with high water-holding capacity (e.g. Micro
Cel E) may be more suitable for matriconditioning as a small decrease in water content by evaporation 
would not greatly influence the moisture equilibrium between the carrier matrix and the seed during 
prolonged periods of conditioning. 
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Matriconditioning has proved effective in alleviating thermoinhibition in seeds of lettuce, celery, 
tomato, pepper, and thorough-wax (Bupleurum gl物的i!). Comparative effects of osmotic and matric 
conditioning (20 ho盯s)， with or without ethephon, on seedling emergence of two lettuces at the 
temperature regime of 350C, 12-hour day /30'C night in a peat-lite mix are shown in Fig. 6. 
Osmoconditioning with PEG was less effective than matriconditioning with Micro-Cel E or ethephon 
甘甜恤lent in alleviating thermoi吋libition. Matri∞ndition凶g alone was the most effective in Doree de 
P自1 temps while the addi tion of ethephon d凹ing osmocondition泊gorma仕iconditioningwas n田ded

to maximize emergence in Lutine. Comparative effects of osmoconditioning (with PEG) and 
matriconditioning (with Micro-Cel E) of celery seeds, with and without GA, GA plus ACC, GA plus 
ethephon, and kinetin plus ethephon on the relief of thermoinhibition at 詣。C are shown in Fig. 7. 
Ma仕iconditioning alone was highly effective in promo也可 emergence. However, an addition of GA 
plus ethephon or ACC was needed during osmoconditioning to maximally alleviate the 
thermoinhibition and promote emergence of celery seeds. 

A4-dayma仕iconditioning of thorough-wax seeds, with moist Micro-Cel E, greatly improved the 
time for 50% germination and effectively removed the thermoinhibi tion of germination at 25 and 300 C 
(Fig. 8). Germination was inhibited to a greater extent in seeds kept in the white light during 
m仕iconditioning and germination compared to seeds conditioned in darkness and germinated in 
darkness. Intermediate percentages of germination were obtained in seeds conditioned in darkness 
and germinated in light or vice versa. Nitrate (0.2% KN03) added during conditioning prevented the 
inhibitory effect of light on germination, provided seeds were held in darkness during germination. 
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Fig.6. Comparative effects of osmoconditioning and matriconditioning, with or without ethephon, in 
alleviating heat (350 C) stress in lettuces, Lutine and Doree de Printemps. UNT = untreated dry seeds. 
Water = 2-hour soak in water at 250 C followed by drying back at 鈞。C. E = 2-hour soak in 10 mM 
ethephon followed by drying back. PEG = 20-hour osmoconditioning with bubbling air in -1.2 MPa 
PEG + 0.2% thiram at 150C followed by 1 min rinsing and drying back. PEG+E = same as above with 
10 mM ethephon added to PEG solution. MCE = 20-hour matriconditioning 泌的。C in a mixture ofω 
g seed,15 g Micro-Cel E and 的g water followed by drying back. MCE+E = same as above with 10 mM 
ethephon replacing water in the conditioning mixture. Emergence was determined in a peat-lite mix 
at 350 C, 12-hour day/300 C, night temperature regime (Khan, unpub l. data). 
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14 days at 200 C in -0.8 MPa PEG solution + 0.2% thiram and with or without 1 mM GA軒， (GA)， 10mM

ethephon (E), 10 mM ACC and/or 0.05 mM kinetin (K). Seeds were matriconditioned 泌的。Cfor7days
in a mixture of1 gseed,0.8 gMicro-Cel E(MCE) and 4 gthiramsuspension containing1mM GA刊(GA)

and/or 10 mM ethephon (E). After conditioning seeds were rinsed and dried as in Fig. 6. Emergence of 
conditioned seeds was determined in a peat-lite mix at 鈞。C in continuous light (Prusinski and Khan, 
unpubI. data). 
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and Khan, unpub I. data). 
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The effect of matriconditioning Yolo Wonder and El Paso pepper seeds at 15 and 250C on their 
performance at high temperature was studied. Conditioning at 鈞。C for 4 days was superior to 
conditioning for 7 days at 150 C in improving seedling emergence at temperature regimes of 350 C, 12-
hour day / 270 C nigh t or constan t 32 oC (Fig. 9). Conditioning of El Paso pepper seeds a t 250 C improved 
the embryo growth potential compared to the untreated seeds as determined by germinating the seeds 
in PEG solutions of decreasing '1' at 250 C (Fig. 10). 

10日

80 

60 

40 

2日

Yolo Wonder 100 

80 

<
誼、

60 
Q) 
ζJ 

C 
Q) 
0> 
」

。 40
E 
w 

20 

。
16 0 

。
2 1 4 1 2 10 1 4 12 10 4 

Days after planting 

Fig.9. Effect of rnatriconditioning Yolo Wonder and EI Paso pepper seeds on seedling ernergence at high 
ternperatures. Seeds were conditioned at the rnixture of seed: Micro-Cel E: water of 16:4.8:16 (250 C) or 
16:4.8:22 (150 C). Conditioned seeds were dried back and ernergence determined in a peat-lite rnix at 12-
hour day/night (at indicated ternperatures) regimes (Ilyas and Khan, unpubl. data). 
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As in the case of pepper, the performance of tomato s自由 at high temperature improved as a result 
ofma甘icondition泊g. Conditioning at both 15 and 鈞。Cimproved也e emergence of Super Marmande 
tomato seeds in a peat-lite mix at 30 and 350Cσig. 11). The difference between the unconditioned and 
the conditioned Super Marmande seeds planted on 8 May 1992 in the field was even greater; 
matriconditioning increased the stand si且 from 47 to 70% and reduced the time to 50% emergence by 
about 3 days (Fig. 12). No difference was noted in emergence in seeds conditioned at 15 or 250 C. 

Fig.11. 
Effect of matriconditioning on 
emergence of Super Marmande 
tomato seeds. Seeds were 
conditioned at the mixture of 
seed: Micro-CeI E:water of 
2:0.6:2.5 (250 C) or 2:0.6:2.75 (150 C). 
Conditioned seeds were dried 
back and emergence determined 
at30and 350 C in a peat-Ii temix in 
continuous Iight (Khan, unpubI. 
data). 
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Fig. 12 Effectofmatriconditioningon stand establishmentof Super Marmande tomatoseeds. Afterconditioning 
and drying as in Fig. 11, seeds were planted (five repIications of 1∞ seedsl5-m row,2.5 cm deep, rows 
75cm apart) in the field (Vegetable Research Farm of the NYSAES) on 8 May 1992 using a cone seeder 
(Khan, unpubI. data). 
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Conditioned tomato seeds generated a much greater growth poten伽1 than unconditioned seeds 
as determined by germination in PEG solutions of decreasing '1' (Fig. 13). During 4-6 day soaks, for 
example, germination was completely inhibit吋 in unconditioned seeds at 'I's of -0 .6 卸fPa and lower 
compared to no inhibition of germination in conditioned seeds at -0 .6 MPa. After an 8-day soak, 
germination was completely inhibited at -0.9 MPa; significant percentages of germination仗curredin

conditioned seeds at this '1' even after 4 days. Thus, conditioning appears to improve both the rate and 
the capacity of tomato and perhaps other seeds to germinate in low water potential media. Dahal and 
Bradford (1990) showed that conditioning in PEG (priming) 包lhancedo叫y the rate of germination at 
low 'l'. 
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Fig.13. Effect of matriconditioning on germination potential of Super Marmande tomato seeds. Seeds were 
conditioned and dried and embryo growth potential determined after 2-8 days at 250C as in Fig. 11 
(Andreoli and Khan, unpubI. data). 

IMPROVING GROWTH POTENTIAL BY 
REDUCING SEED COAT RESTRAINT 

Restraints to growing embryos offered by seed coats or embryo coverings, such as perica中， testa 
and endosperm, play an important role in germ趴ation and stand establishment (Hemmatet al. 1985). 
Treatments such as chemical and mechanical scarification, seed coat sli耐ng， endosperm digestion or 
the removal of the s前d coats improve embryo growth potential. The weakening or removal of embryo 
coverings can have both mechanical as well as physiological consequences for the growing embrγO. 
Several instances can be ci ted. Unlike intact Grand Rapids lettuce seeds, deperica中ed seeds were able 
to germinate in the dark at 250C. Intact seed deperica中ed after 48-72 hours soaking in the dark failed 
to germinate in the dark due to induction of a secondary dormancy (Khan and Samirny 1982). Thus, 
perica中 plays both a mechanical as well as a physiological role and the timing of perica中 removal is 
crucial to achieving germination. In curly dock seeds, a weakening of the perica中 by scarifica tion with 
sulfuric acid made the seeds responsive to GA and improved the responsiveness of seeds to ligh七
chilling and thermal shock (Hemmat et al. 1985). Scarification reduced the mechanical restraint of the 
seed coat by 0.4-0.8 MPa allowing the seeds to germinate at lower '1'. 
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A仕empts have been made to quanti句r the restraining force exerted by the various emb可o
coverings. Using an Instron Universal Tes出g Machine, the forces needed to puncture the emb可0，

endosperm and the perica中 ofGrand Rapids lettuce seed were measured during the time leading up 
to germination (Tao and Khan 19月). The major barrier to embryo growth was found to be the 
endosperm layer, which con仕ibuted60% of the total force needed to puncture the intact seed. Exposure 
of seeds to GA or irradiation did not reduce the s仕ength of the endosperm prior to germination, thus 
r叫ing out endosperm weakening as the major factor for the improved germination. In pepper, the 
dissolution of the endosperm 泊位le emb可o tip region occurred prior to germination impli凹的19
endosperm digestion as the probable cause for germination (Watkins et al. 1985). Groot et al. (1988) 
showed that the digestion of the endosperm is achieved by the GA-induced endo-ß-mannanase prior 
to germina tion in toma to seeds. Mu tan ts lacking the a bili ty to produce GA do not prod uce this enz戶ne
n田ded to remove the bl凹k to germination. The results suggested that GA plays a crucial role in 
germination by removing the endosperm barrier restricting germination. 

80th physiological and mechanical improvement occurred in lettuce seeds previously permeated 
with ACC as a result of sli仗ing the seed coats at the cotyledonary end (即lan and Prusinski 1989; 
Prusinski and 即lan 1990). Slitting improved the ethylene-producing capacity of the seed, the 
conversion ofextemally appli吋ACC to ethylene,and permitted germination atlower",at32 and350 C 
than the intact seeds. At 250 C, slitting had little effect on ethylene production or germination. As in the 
case of lettuce seeds, tomato seeds in which the endosperm and testa opposi健 the radicle tip were 
removed, germinated at a lower ", than the intact seeds (Dahal and Bradford 1990). 

Addi位onof growth reg叫atorsgreatlyinfluenced the germination potential under stressconditions 
in both intact and slit seeds. A combination of kinetin with ACC or e血ephon synergistically improved 
the germination at 350 C in both intact and slit Mesa 6591ettuce seeds (Fig. 14). Intact seeds soaked at 
250 Chad relativelyhigh growth potential (>0 .4 MPa) even in the absence of growth regulators. At250 C, 
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Fig.14. Effect of growth regulator and slitting on germination potential of Mesa 6591ettuce seeds. Seeds were 
soaked for 2 hours in water, 0.05 mM kinetin (K), 10 mM ethephon (E), 10 mM ACC, or combinations 
thereof. After drying, a batch of seeds were slit (one-third the length of the seed) at the cotyledonary 
end. Germination was determined at 25 and 350C by soaking intact and slit seeds in PEG solutions of 
decreasing 'V (Prusinski and Khan, unpubt data). 
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ethylene was more active than kinetin or kine自1 plus ACC. These data indicate that kine自1 playsno 
promotive role at moderate temperatures, but is needed for the alleviation of high temperature (e.g. 
350 C) stress (Khan and Prusinski 1989). 

CONCLUSIONS 
Various approaches have been described to improve growth potential of seeds and seedlings under 

s甘ess conditions. These include improving growth potential of seeds and seedlings by breeding and 
selection, preplant 提ed conditioning, by growth regulator permeation into seeds, weaken趴g or 
removal of embryo coverings or by combining several of these. Because of the wide diversity of 
biological systems and their interactions with the environment, it may often be necessarγto integrate 
the advantages of several甘甜伽lents to allevia te a particular s仕ess.For example, seed osmoconditioning 
combined with ethephon is superior to either 仕凹仙花nt alone in alleviating high temperature and 
water stress in lettuce seeds. In celery, combining osmoconditioning with GA is more effective than 
combining it with ethephon; adding both GA and ethephon, however, alleviates the thermoinhibition 
maximally. Intact lettuce seeds permeated with ACC or ethephon failed to produce seedlings at a 
supraoptimal temperature regime; however, when the regulator permeation was followed by slitting 
the seed coats, emergence 凹curred readily (即lan 1990). 

Preplantphysiological seed conditioning has emerged as an effective means to combator lessen the 
impact of adverse soil and climatic factors on stand establishmen t. The conditioning trea加le.肘，

particularly with moist solid carriers, is versatile enough to be integrated with several other preplant 
仕ea恤lents. It is effective not only against abiotic stresses but has the potential to be effectively 
combined with pesticides and biocontrol agents to protect seeds and growing seedlings from 
destructive pests and diseases in the 的il.

The results described here underscore the fact that even though growth potential of seeds and 
S自dling can be improved by a variety of treatments, different strategies might be req凶red under 
different situations and with different crops to maximize germination, emergence and stand 
establishment under stress situations. 
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ABSTRACT 

Drought or flooding, combined with high temperatures, limit yield potential of tomato 
(Lycopersicon esculentum Mill.) and hot pepper (Capsicum annuum L.)扭曲e tropics. While production 
under drought conditions is possible with judicious irrigation and soil moisture conservation, 
production under hot and wet conditions remains elusive. Advances in agronomic research at 
A VRDC aimed at alleviating flood and high temperature str帥的 summarized. Simple, clear 
plastic rain shelters prevent waterlogging and rain impact damage on developing fruits, with 
consequent improvements in tomato yield when used during 也e peak rains. Supplementary 
irrigation is necessary if short periods of drought occur at the end of the rainy season. Production 
of tomato and hot pepper during wet periods is possible by planting on raised (40 cm) and narrow 
(1 m) beds, which reduces wilting and mortality due to physiological and pathological causes. A 
certain degree of additivity exists in the beneficial effects of raised beds and rain shelters for tomato 
yields. Mulching with rice straw increased yield of tomato and pepper under hot wet conditions. 
Application of synthetic auxin promotes tomato fruit set under hot conditions, but for maximum 
benefit under wet conditions hormone application should be combined with rain shelters and/or 
raised beds. Moderate shade favors fruit set of pepperunder hot conditions, and at high population 
yields are greater than expected normal population. Given the poorvigor of tomato plants under hot 
wet conditions, yields also respond positively to higher 曲曲 normal populations - whether as a 
result of pruning to achieve two main stems per pl酬， or through higher planting density. While 
the prospect for production of tomato and hot pepper appears agronomically promising under hot, 
wet conditions, economic analyses of the various altematives are imperative. 

INTRODUCTION 

When the demand for water by a crop for extended periods is not satisfied by soil reserves or 
precipitation, the crop will suffer drought stress. When precipitation exceeds evapo仕anspiration and 
drainage is impeded the crop will suffer fl∞ding stress. In addition, in the lowland tropics, high 
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temperat山e confounds the cons呵uenceofdroughtor fl∞ding stress. Nevertheless, within the tropics 
thes仕esses of drought, fl∞ding and hea t fortuna tely follow predic個ble seasonal pattems, and suitable 
crop management practices can be exercised to alleviate the s廿ess effects. 

Demand for vegetables, including tomato and hot pepper, remains high in 廿opical countries 
throughout the year. As a consequence the farmgate price for off-season produce may exceed that of 
the normal crop sea田n by a factor of two to five, a strong incentive for the farmer to extend production 
into the 0缸-season. Capital-intensive management interventions may prove at仕activeto theproducer. 
Data are presentl吋 from past and ongoing experiments, which include experience at A VRDC and 
elsewhere, that address the alleviation of heat and moisture s仕ess .

DROUGHT STRESS 
Timely irrigation and/or conservation of soil moisture reserves are the two most widespread 

agronomic interventions to reduce drought stress. Conservation of moisture by way of mulches has 
received substantial attention. Villareal (1980) summarized data on the benefits of rice straw mulch for 
tomato yield, mediated through prevention of soil compaction, conservation of soil moisture, and 
reduction ofweed growth. Gunadi and Suwandi (198月 recorded a 15% yield increase attributable to 
the use of mulch in the hot dry season in lowland Indonesia . Mulching with black plastic in cool dry 
seasons 趴 general also increases tomato and sweet pepper yields, as a result of weed suppression and 
conservation of soil moisture. The added benefit of soil warming may also enhance early growth and 
yield rn cool wnes (A VRDC 1991). However, under hot dry conditions plastic mulches tend to heat the 
soil- particularly conserving heat at night - which reduces root growth and yield of temperate crops 
such 的 tomato and peppers (A VRDC 1992). 

HEA VY RAIN AND FLOODING STRESS 
F100ding results in anoxic soil conditions, loss of root activity, wilt凶g and, if followed by strong 

sunshine, death of plants. Heavy rain, besides leading to flooding and leaching, additionally results in 
dislodging and cracking of fruit and a rapid washing off of agrochemicals. Approaches of research to 
moderate heavy rain damage have largely focused on the use of rain shelters, while to avoid flooding 
the elevation of r∞t systems above flood level, by way of raised bed or high pot techniques or even 
hydroponics, have been popular. Various other practices have also been tested at A VRDC to improve 
crop performance under flooding conditions. 

Rain Shelters 

Vinyl clear plastic rain shelters set to cover 0.8 m row widths during the hot rainy season of 1985 
in Taiwan increased grade 1 fruit yield, from just over 1 kg/ plant in the unprotected plots to just under 
2 kg/plant under the rain shelter (Fig. 1). Fruit cracking was significantIy reduced by the rain shelter 
(from 4.75ω1.5 fruits per plan t; P 三 0.05)， as was the total unsaleable yield per plant (from 698 to 243 
g/plant; P 三 0.05) .

In 1986 and in 1990 tomatoes were grown under c1ear plastic shelters, the former in soil wi趴 drip

irrigation (A VRDC 1988) and the latter with hydroponics (A VRDC 1991). In both years fruit yields 
exceeded those of field experiments conducted at the same time. In 1986 fruit yield reached 43個 g/

plant under plastic sheIters compared to 9.5 t/ha (ca. 200 g/ plant) in the open. Individual fruit weight 
凶 the open was also less than 50% that under the plastic shel ter. In 1990, accumula ted fruit yield under 
plas位c reached 4.3 kg/plant compared to 2.6 kg/plant in the gree巾ouse and 2.0 kg/ plant in the open 
field. Freedom from flooding, and a reduced air temperature were responsible for the greater yield 
under plastic shelters. 
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Fig. 1. Yield of two tomato cultivars grown in bag and soil culture and which are protected by a rain 
shelter (A VRDC 1987). 

Simple vinyl shelters were also effective in reducing fruit splitting and the proportion of 
nonmarketa ble. In 1991, the effectiveness of clear plastic gable-type rain shel ters which straddled two 
two-row beds (i.e. every altemate furrow was free from flooding) to overcome both flooding and direct 
rain damage on 切mato yields was s仙died.Fruit set in theheat sensitive line FMTT 22 was nonexistent, 
but plant dry matter production was greater by 32% under the rain shelter (A VRDC 1993). Data from 
another experiment, transplanted at the end of the summer season and not subjected to heavy rainfall, 
show no ben.efit for tomato fruit yields; indeed they were reduced significantly under the rain shelter 
probably because of dry conditions (Table 1). This is substantiated by data for the interaction between 
rain shelters and bed heights: the combined treatment of rain shelter and high beds led to the least total 
yield (47.3 t/ha) compared to high beds without shelter (68.9 t/ha), 67.2 t/ha for high beds and no 
shelter, and 55.1 t/ha for the low beds with shelter (SED, 23 df = 4.84). 

Table 1. Main effects of rain shelter, raised beds and bed width on 台uit yields (tlha) of tomato 
planted at end of summer season in Taiwan (A VRDC 1993). 

Rain shelter Bed height Bed width 
Wi吐1 51.2 20 cm 61.2 1.0 m 58.3 
Without 的.1 40 cm 58.1 1.5 m 60.9 
SED (23 df) 3.4 NS NS 

Raised Beds 

The effects of flooding can be ameliorated by cultivation of tomato or pepper on beds raised above 
the flood level. In various comparisons in Korea (A VRDC 1979) and Taiwan (A VRDC 1981; Sajjapongse 
1989) tomato yield increased with bed heigh t. Higher beds improved drainage and diminished plant 
mortality through a reduction of anoxic conditions and/ or bacterial wilt. Wilting following prolonged 
flooding was also less for plants on higher beds. Optimum height of the raised bed will, however, 
depend to a large extent upon the local soil type and degree of flooding experienced. 
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Production of hot pepper is also promoted under hot wet conditions if planted on raised beds 
(A VROC 1993). Data from a 1991 experimentatA VROC illus仕atethe significant benefitofplan也可on
40 cm raised beds in a season when 505 mm pr配ipitation fell in 3 days, 1 month after transplan也可
(Table 2). Yield data measured 55 and 74 days after transplant趴g (DAT) indicate an interaction 
between bed height and bed width; on low beds (20 or 30 cm) performance was improved ifbeds were 
narrow, whereas on the highest beds (40 cm) yields were greatest on wider beds. With 吐le integrated 
yield data (Table 2) yields on narrow beds were superior to those on wider beds. 

Table 2. Growth parameters and to叫 yields of hot pepper as influenced by height 
and width of beds' (A VRDC 1993). 

Crop cover Total market. 
Trea恤lent 55 DAT(%) fr凶t yield (t/ha) 
Bed height 20cm 53 10.1 

30cm 69 14.2 
40cm 73 17.3 
SED (15 df) 3 1.2 

Bed width 1.0m 的 14.8 
1.5m 65 13.0 
SED (15df) NS 1.0 

.Two rows per 1 m bed, three rows of plan區 per 1.5 m bed 

The combined effects of high beds and vinyl rain shelters have also been evaluated. Comparisons 
wererun between20vs.50cm (A VROC 1985)and20vs. 70cm(A VROC 198ηwith clearvinyl sheeting 
over the higher beds.ln 1983, yields on high beds averaged 15 t/ha compared to crop failure on the 
s個ndard height beds, the latter due to heavy rain and 。可gen deficiency soon after回nsplan也可﹒ The

rain shelterwas also observed toprotect the bed structure, whereas the clay fraction was rapidlyeroded 
from soil in the unprotected bed. The following year higher beds resulted in a four-fold yield increase 
over thatofthe standard bed height (77vs. 20 t/ha). Muchof theincreasewas due toprolonged 台ui討ng
on the higher beds; almost all plants on the lower beds died after the third harvestas a resultofbacterial 
wilt and southern blight. 

ln 1985, plan也可 tomato in 30 cm high beds versus a 20 cm high control 仕ea恤lent resulted in 
slightly more fruit and greater yield (Table 3), but yield differences between 40, 70 and 100 cm beds 
were not significant in another experiment (Table 4). A vinyl rain shelter in the latter experimen七
although reducing fruit cracking (Table 4), also reduced yield, probably due to inadequate irrigation 
du血可 the first 40 days after transplanting. 

Table 3. Effect ofbed and potheights on summertomato yield, 1985刊AVRDC 1987). 

Total fn且t Total yield 
Treatment no. (t/ha) 
Main Plot 

20cm bed 
30cm bed 
LSD (P = 0.05) 

Subplot 
Highpot 
PEpot 
LSD (P = 0.05) 

'M田間。f three lin凹; CL 5915-93, CL 5915-153, 5915-223 

2358 
2648 

252 

2497 
2叩9

NS 

44.1 
49.9 

NS 

48.7 
45.3 

NS 
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Table 4. Effect of covering materials and bed height on 伽 yield of heat-tolerant 
tomato cultiva蹈， summer 1985 (A VRDC 1987). 

Frequency of Total yield 
Treatment fruit cracking (%) (t/ha) 
Main Plot 

R∞f 8.3 40.7 
Plastic mulch 17.2 65.1 
Rice s甘awmulch 14.4 54.5 
LSD (P = 0.05) 6.0 22.4 

Subplot 
1∞ cmbed 11.0 56.8 
70cm bed 12.7 54.8 
40cmbed 16.2 58.7 
LSD (P = 0.05) NS NS 

Morerecentdata (A VROC 1993) suggestthatgrowth ofωma to p1ants under hot and wet condi tions 
is favored by either high beds or rain shelters, but that the beneficia1 effects are on1y slightly additive. 
The benefit of rain shelters in improvement of tomato p1ant growth was more notab1e on 10w beds, but 
sheltered high beds resulted in maximum p1ant growth. 

Ifd可 spells are expected during the growing season,access to irrigation is important for the success 
of the raised-bed technique especiallywhen combined with rain she1ters. Watering at the top ofthe bed 
is n仗的甜可 if bed height and soil type do not permit sufficient capillary rise of soil moisture. 
Permanent raised beds are in use in the suburbs of Bangkok for year-round vege帥1eproduction. This 
saves high proportion of tota1 construction costs for regu1ar raised beds. 

High Pots 

Another method tested at A VROC to improve to1erance to waterlogging is 出rough the use of high 
pots which e1evate the root system above flood 1evel. To achieve this seed1ings were grown in 12 cm 
high, 10 cm diameter PVC pipes, the 10wer 2 cm of which were then inserted 凶to the soil surface at 
仕ansp1an也可﹒ Contro1s were reared as usua1 in po1yethy1ene bags from which theywere 廿ansp1anted
to the fie1d. In 1985 no significant response to the high pot technique was evident 趴 either of two 
experiments (Tab1e 3), main1y due to their early 1odging, and the absence of serious fl∞ding. 

Neverthe1ess, in neither of two further experimen ts run in 1986 were yie1ds increased through the use 
of high pots (A VROC 1988). This method wou1d therefore not appear to merit further research 
attention. 

Mulches 

Rice straw mulch is in genera1 recommended for summer tomato production. Besides con仕olling

some weeds, it a1so reduces erosion and destruction of beds, prevents rainsp1ash spread of diseases, 
and protects fruitofnonstaked p1ants fromdirectcontactwith the soil surface. Direct, yetnonsign丘icant，
benefits of rice straw mulch on fruit yie1d during the summer in Taiwan have been demonstrated, 
a1though overall yie1ds were extreme1y 10w (A VROC 1981). 

Mulchingwith a whitepo1yethy1enep1astic 1aid in the furrow, to improverunofffrom thep1ot, was 
tested in 1991 a t A VROC. Lack of significant rain d uring the 1ate summer season 1ed tono obvious yie1d 
benefit, a result of particu1ar importance since root zone temperatures were considerab1y high, and 
might have been expected to suppress yie1ds be10w those of rice straw contro1 (Tab1e 5). 
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Table 5. Effecls of mulching with white plastic 恤 the furrow and 00 the ridge compared to rice 
straw mulch for tomato, A VRDC, Taiwan (A VRDC 1993). 

Trea世lent

Rice s甘aw (con甘01)

Mulch in furrow 
Mulch on ridge 
SED (6 df) 

ßed Width 

Light Market. 
interception &uit yield 

(%) (t/ha) 
76.1 93.7 
74.1 92.4 
71.3 90.0 

1.4 NS 

Soil temp. 
on ridge at 2:∞ pm 

(OC) 

26.9 
28.5 
28.2 

Otherc叫tural practices aim吋 at improving drainage and relief from fl∞ding have beenevaluated. 
Narrower bed width (which increases the exposed surface area per unit volume of soil) has proven 
effective to reduce flood-induced wilting of hot pepper (Table 6). In both experiments fruit yield was 
greater on the narrower (1.0 m) than wider (1.5 m) beds, more so than expected given the greater 
pop叫a位on transplanted on the former (4.44 vs. 2.96 plants/m2) . At the same population (3.33 plants/ 
m2

) yields from the narrow bed were superior to those in the wide bed (4346 vs. 3376 kg/ha). 

Table 6. Effect of spacing 00 grouod cover, survival and yield of hot pepper 油 two experimeots 
1990 (A VRDC 1993). 

Transpl. 3 May 1990 Transpl. 11 July 1990 
Treatment Final Market. Market. Survival 

ground cover &uit yield &uit yield rate 
(%) (t/ha) (t/ha) (%) 

Bed width (cm) 
1∞ 48 6.03 1.57 98 
150 13 3.56 0.73 94 

SED (2 df) 9 0.95 0.10 

Space within row (cm) 
30 37 7.13 1.68 98 
40 33 5.∞ 1.34 98 
50 26 3.91 0.84 95 
60 27 3.18 0.72 94 

SED (12df) 4 0.56 0.25 2 

HIGHTE孔1PERATURE STRESS 

5tudies at A VRDC have shown that heat tolerance in tomato is not limited by carbon fixation (i.e. 
growth per se) but by the capacity of the sink (i.e. 由e fruit) to accumulate reserve material (A VRDC 
1988). Promotion of more fruitper plant has yet to result in restriction of fruit size (Lim and Chen 1989). 
5tudies have therefore concentrated largely on the improvement of fruit set and expansion of fruits in 
efforts to spread tomato cultivation to hot climates. 

Growth Hormooes 

Applications of the s戶1thetic auxin, parachlorophenoxyacetic acid (CPA) at 100 mg/l, to flower 
clusters in the field at A VRDC in 1985 improved fruit set and fruit size resulting in greater yields 
(A VRDC 198η. However, in 1986, CPA (50 mg/l) spray to heat tolerant FMTT 14 in the field was 
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ineffective 趴 increasing fruit set (A VRDC 1990a), whereas under a clear plastic roof fruit set reached 
個% with the same regulator (A VRDC 1988). In趴at year in another study conducted under rain 
shelters, several novel growth regulators were shown to increase fruit set and fruit weight, amongst 
which were BAS 106 and 111. Another BAS compound, BAS 112 ∞ W was shown to be more potent 
than CPA ina trial in 1987 (A VRDC 1990a),and in 1988, Tomatotone (a commercial CPA formulation) 
enhanced yield of three A VRDC F) hybrids and one commercial tomato line (Table 內. Parthenoca中ic
fruit set of other solanaceous crops through the use of Tomatotone has also been reported. W凹kly
sprays to eggplant (van Ravestiju 1983) increased both number and size of fru祉， and earliness of 
harvest. F山ther compounds (BAS 112 W and BAS 113 w) have been successfully used to加provefr凶t

set (by 2∞-420%) and yield (380-680%) of tomato under hot conditions (Watanabe et al. 1989). 

Table 7. Yield and horticultural characters of freshmarket tomato entries in spray Tomatotone 
仕ial in A VRDC, summer 1988 (A VRDC 1990b). 

With Tomatotone Without Tomatotone 
En廿y Yield Fruit size Yield Fruit size 

(t/ha) (g) (t/ha) (g) 
FMTT3 12.4 aa 130.1 4.3 a 112.5 ab 
FMTT22 9.7 ab 105.4 5.6a 102.0bc 
FMTT33 8.0b 106.4 4.4 a 95.3 c 
Known You 301 3.2c 122.2 0.6 b 118.1 a 
, Means within a column followed by the same letter are not significantly differ田t at 5% level by Duncan's multiple range t田t

Although increasing the proportion of parth個仗a中ic fruits, the application of CPA appears a 
promising technique to extend successful tomato cultivation to hot climates. Evidently, however, the 
benefit is greatest when plants are protected from heavy rain and fl∞d趴g.

Population Density 

Growth oftomato during the hot and wetseason is in general poorer than undercool dry(irrigated) 
conditions. A doubling of the population density (from 3.3 to 6.6 plants/m2

) resulted in an 80% yield 
increase in tomato in 1986 (A VRDC 1988) and indicates the scope for improvement ofyield potential. 
Pruning, to maintain double rather than single stems, and therefore equivalent to a doubling in 
pop叫ation (Lim and Chen 1989), resulted in significant improvement of the overaV yield, and in 
combination with CHP A (a synthetic auxin) produced 2-3 times theyield of single-stemmed plants not 
treated with CHPA. 

Yield data for hot pepper (Table 6) grown under various population densities during the hot 
summer illustrate a similar effect, however yield increases at the highest population were 
dispropo此ionately greater than expected based upon the greater plant population. In another year 趴
Taiwan, fruit yields of hot and sweet peppers were greater at closer within-row spacing (Table 8), 
relatively more so for the sweet pepper. 

Table 8. Marketable yield (t/ha) of hot and sweet peppers grown in the hot season in 
Taiwan (A VRDC 1990c). 
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It is possible that ex廿a selιshading at the higher population favored fruit set. Shade can improve 
yield of sweet pepper under hot environrnents (EI-Aidy et al. 1989) and, in a survey of shade effects on 
pepper, Wien et al. (1989) concluded that a little shade in the 甘opics rnay benefit pepper growth. This 
opinion is confirrned by data frorn A VRDC (Table 9) illus仕ating the benefitof shadedu由19 the hot and 
wet season in Taiwan for total fruit yield and weight per frui t. Black polyethylene net increased yield 
solely through increase in fruit size, whereas the other trea伽lents， including the Murakis plastic sheet 
which acted as a UV filter, transrnitted rnore light and resulted in rnore fruit set. 

Table 9. Sweet pepper yield as affected by various shading materials in the summer in Taiwan 
(A VRDC 1990b). 

Total Light Air temp. 
Shading fruit weight Fruit size penetration at 2:∞ pm 

(t/ha) (g/fruit) (%) (OC) 

Con廿01 8.2 b' 64b 1∞ 34.5 
Black polyethylene net 11.5 ab 90a 40 33.4 
White nylon net 15.3 ab 85 a 74 34.0 
Green nylon net 16.5 a 87a 65 34.1 
Murakis plastic 17.6 a 86a 69 33.5 
. Means within a column followed by the same letter are not significantly different at 5% level by Duncan's multiple r胡ge 地t

Mulches 

Mulching with rice straw as rnentioned earlier will reduce irnpact erosionand des仕uction of raised 
beds. Additionally, if effective in rnaintaining an insulatory layer between the soil surface and the air 
above, rnulches will reduce peaks in daytirne ternperature and conserve rnoisture (Midrnore et al. 
1986)，臼voring growth and r∞t developrnent of temperate crops, especially in the nutrient-rich upper 
soil profile. 

Sweet pepper yields during the surnrner (A VRDC 1990b) were greater by 50% when plots were 
rnulched with ricestraw than ifnotrnulched (rnulched-12.0 t/ha; con廿01-7.9 t/ha; P三 0 .05). Mulching 
with a silver-coated plastic sheet reduced yields to 3 t/ha. 

A double layer rnulch (i.e. a plastic mulch on top of a rice straw rnulch) has been propo鉛d for 
rnaxirnurn efficiency of water rnanagernent (phene 1989), but data collected frorn a tornato experirnent 
in Taiwan show no benefit for this practice beyond that rneasured for rice straw rnulch alone (A VRDC 
1988). 

CONCLUSIONS 
Various rnanagernent practices appear to have the potential to raise yields of tornato and peppers 

under hot, wet conditions. In particular the benefits of raised beds, rain shelters and growth regulators 
to prornote fruit set have been dernonstrated for tornato, and raised narrow beds for pepper. Analyses 
of the net econornic benefits of these practices to farrners are required. 
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ABSTRACT 

Tomato (Lycopersicon esculentum Mill.) is seldom grown in summer in Bangladesh, because of 
high temperatures, high humidity and hea可 rainfal1. An attempt was made in 1991 to grow a 
summer tomato crop by growing tomatoes on raised beds, using heat-tolerant lines, chemical 
application forimproving fruit set and using wild species as root stock to control diseases. Tomatoes 
transplanted inJune to raised beds gave an excel1entcI叩stand and growthcompared to仕ansplanting
onto flat plo包. Two lines, TM 0111 and TM 0367, from the Asian Vegetable Research and 
Development Center (A VRDC) set some fruit in summer, but further fruit set increases were 
obtained by use of the plant growth regulator I Tomatotone." Plants sprayed at flowering stage with 
2% Tomatotone resulted in an average of 760-940 g parthenocarpic fruits/plant.甘le graft hybrids, 
involving血ree wild 501anum species (5. integrifolium, 5. sisymbrifolium and 5. torvum) as root stocks, 
produced a good early summer yield during April and May. 

INTRODUCTION 

Tomato (Lycopersicon esculentum Mill.) is mostly grown as a winter vegetable in Bangladesh. It is 
mainly sown in October-November and is available for consumption dur趴g January-March (Anon. 
1980). For greater economic retum，叩me producers sow tomato in August-September for early 
production and some in December-January for late production. Both early and late sown tomaωcrops 
areattacked by bacterial wilt (Pseudomonas solanacearum), and su句ected to heavy rainfall (Mondal1992; 
Bhuyan and Haque 1983). From March to September few tomatoes are grown in Bangladesh because 
of adverse weather conditions. During summer, as in most pa此s of the tropics, high temperature, 
humidity, rainfall and light intensity limit tomato production. Past efforts to select tomato cultivars 
resistant to summer conditions in Bangladesh have been unsuccessful. 

There are two major problems in raising summer tomatoes in Bangladesh. The first is the lack of 
techniques to grow tomatoes in hot and rainy conditions, and the second is the lack of suitable varieties 
that can set fruit under high temperatures. To overcome these problems, we attempted in 1991-92 to 
grow summer tomatoes by using various techniques such as raised beds, heat-tolerant lines, chemical 
application for fruit set and wild Solanum species as root st仗k.
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已1ATERIALS AND 品1ETHODS

Four experiments, using (1) raised beds and heat-tolerant tomato lines, (2) chemical application for 
tomato fruit set under high temperature, (3) wild 501anum species as root stock, and (4) AVROC heat
tolerant tomato lines for early summer, were conducted in the experimental fields of the Horticulture 
Research Center, BARI, Joydebpur. 

Raised beds of various heights (20, 30, 40 cm) were used. Fo回 lines， TM0111 (CL1d-O-1), TM0367 
(CL 143-0-10-3), TM0054 and Ratan, were included. Seeds of thesevarieties were sown on 1 June 1991 
and seedlings were 仕ansplant叫 on raised beds on 23 June 1991. The unit plot size was 2 x 1 m to 
accommoda te five plants in each row wi位140 cm between plants and 50 cm between rows. A 1-m wide 
channel was made between the beds for drainage. 

The growth regulator Tomatotone (consis也可 of para-chlorophenoxyacetic acid) at the rate of 2% 
(v /v) was sprayed on plants having 令5 flower clusters at full bl∞m stage. Plants received two sprays 
at 7-day intervals, and only flower clusters were sprayed.α1e row in each plot was kept unsprayed 
as control. 

Three wild 501anum species (5. integrifolium, 5. sisymbrifolium and 5. torvum) resistant ωbacterial 
wilt and root-knot nematodes were used as r∞t stock. Four cultivated lines (Manik, Ratan, TMOO呵，
and TM0054) were used as scions. Seeds of root stock were sown on 11 November 1991 and scions on 
15 January 1992. The cleft grafting was done on 5 Februa可 1992 and these grafted plants were 
廿ansplanted to the field on 25 February 1992 on 20-cm raised beds. The unit plot size was 18 x 1 m to 
accommodate 30 plants spaced 60 cm apart with 70 cm space between rows. Recommended cultural 
practices were applied. 

Another screening trial of A VROC heat-tolerant and disease-resistant material was conducted to 
sel的 the lines that can be grown under early summer conditions. Seeds of 66 lines were sown on 1 
February 1992 and transplanted in the field on 27 February 1992 in two rows. The plot size was 1 x 1.5 
m to accommodate six plants. 

Data on plant characters, fruit characters, fruit se七 graft compatibility, fruit number, fr叫tweight
and yield perplantwere recorded from all fo凹 experiments.Fruit setting ratewas computed (Villareal 
and Lai 1978). 

RESUL TS AND DISCUSSION 

ßed Height 

Successful raising of three lines (TM0111, TM0367 and TM0054) on 20, 30 and 40 cm raised beds 
duringJune-August 1991 indicated thatthese lineswere tolerantto adverse summer conditions.Ratan 
is a pop叫ar winter cultivar in Bangladesh. The Ratan plants did not survive in our study, indica也19
that this cultivar cannot be included in the production system during summer. None of the lines 
甘ansplanted onto the flat plots survived because the plants were submerged following heavy rains. 
The various bed heights had little effect on plant growth and yield components. However, optimal bed 
height will depend upon where summerωmatoes are to be grown. The beds should be high enough 
to prevent submersion of plants during heavy rains. 

Use of Tomatotone 

Application of 2% Tomatotone greatly increased fruit sett趴g. Untreated plants had p∞r fruit set 
in all clusters, less than 1 % for all entries. 
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All three lines had luxuriant vege個世ve growth and profuse flowe也可﹒ However， the plants that 
were not 甘甜t吋 with grow血 reg叫ator showed severe shedding of flowers, presumably because of 
high temperat叮e. High day (above 320 C) and night (above 21 0 C) temperatures usually accelerate the 
abscission of floral organs after anthesis (Iwahori 1967; Picken 1984). At higher temperatures, the level 
of endogenous auxin (IAA -like substance) becomes low which aπests the growth of the floral organs 
and ca uses abscission (Leopold and Kriedemann 1975). T rea ting plan ts wi th exogenous a uxin red uces 
flower drop and increases fr凶t set. 

TM0367 showed the highest fruit yield and number of fruits/plant (Table 1). Varietal differences 
infr凶t-提出ng rates of tomato甘甜tedwi出 Toma totone could be a ttribu ted to v aria tion of endogenous 
auxins before or after anthesis or varietal receptiveness towards the hormone (Kuo et al. 1989). Fruits 
ofthe 悅ated plants were seedless, as expected with IAA句pe sprays (Table 1). High temperature is 
report<吋 to prevent normal pollen and ovule development and increase style elongation，也uscausing
the failure of fertilization for seed production (Kuo et a11978; EI Ahmadi and Stevens 1979). 

TM0111 
TM0367 
TM∞54 
LSD (P = 0.05) 

Table 1. Effed of Tomatotone on yield, yield components and seed formation. 
En甘y Yield/plant Estimated yield Av釘age fnút Av位ag戶 fnútwt

(g) (t/ha) (no./plant) (g) 
7ω17 12ω 
940 21 18 叩
7個 17 13ω 

144 - NS NS 

Average seed 
(no./fruit) 

。O 
O 

Flowers ofTM0111 and TM0367had abundantpollen butTM0054 hadlittlepollen during the study 
period (Table 2). Thepollen viabilitywas tested by staining趴epol1en with acetocarmin which showed 
86% viablepollen in TM0111, fo l1owed byTM0367 (74%). TM0054 showed the lowestviability of po l1en 
(68%) (Table 2). However, hand pol1ination did not result in fruit set, presumably because of lack of 
germination of pol1en at higher temperatures (Abdulla and Verkerk 1968). 

Table 2. Pollen viability of summer tomato. 

+ 

Pollen viability 
( %) 
86 
74 
68 

Successful fruit set (%) 
by hand pollination 
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+
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+
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+++ = abundant; ++ = moderate; + = few. 

Grafting - Use of Wild Species as Root Stock 

Agra血泊g trial with thr凹 wild 501anum species (5. integrifolium, 5. sisymbrifolium and 5. torvum) and 
four tomato cultivars (Ratan, Manik, TM0054 and TM0030) indicated this technique may be valuable 
in early summer up to 出e first week of J une, as a means to overcome 趴e problems of nematodes, 
bacterial wilt, heavy rains, high temperature and humidity. With the simple grafting method the graft 
compatibilityranged from 83 to 100%, 73-93% and 60-93%20,50 and80 days aftergrafting, respectively 
(Table 3). 
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Table 3. Graft compatibility (%) of four tomato cultivars grafted onto wild species of Solanum. 

Scion 
R∞t stock Days after grafting Ratan Manik TM∞54 TM∞30 

S. integrifolium 20 86 90 90 83 
50 86 86 個 83 
別 86 86 別 80 

S. sisymbrifolium 20 1∞ 1∞ 1∞ 1∞ 
到 73 86 86 個

80 66 66 80 60 
S. torvum 20 1∞ 1∞ 93 1∞ 

50 93 90 90 90 
80 93 86 90 90 

Among the three root stocks used, S. toroum seems to be the most promising in terms of graft 
compatibi1ity and fruit yield. Similar results with S. torvum were also reported in eggplant (Chadha 
1988). Resistant reaction of S. torvum against root-knotnema tode (Shetty and Reddy 1985) and bacterial 
wilt (Mondal et al. 1991) has been reported. The average yield in control plants ranged from 8ω23 t/ 
ha, whereas the grafted plants gave 23-44 t/ha. The fruit picking period in control plants was up to 
Ap祉， whereas in the grafted plants it continued up to the first week of June (Table 4) . The mortality 
趴 nongrafted plants was quite high because ofbacterial wilt and r∞tknot nematodes, as well as high 
temperat叮e， humidity and rainfall. 

Table 4. Fruit number and yield of grafted tomato plants. 
Root stock/clÙtivar Number of fruit Mean fruit wt (g) Yie1d/p1ant (g) Yie1d (t/h) 
S. integrifolium 

Ratan 32 52 1650 39 
Manik 26 自 1410 33 
TM∞54 20 52 1030 24 
TM∞30 11 91 1α的 23 

S. s自ymbrifolium
Ratan 25 68 17∞ 40 
Manik 25 70 17叩 41 
TM∞54 24 58 13∞ 32 
TM∞30 13 91 12∞ 28 

S. torvum 
Ratan 29 64 1850 44 
M紅lik 26 62 16∞ 38 
TM∞54 15 68 1020 24 
TM∞30 13 98 1220 29 

Con廿01

Ratan 13 60 8叩 20 
Manik 14 62 1α沁 23 
TM∞54 7 回 340 8 
TM∞30 6 90 530 12 

Screening of A VRDC Lines 

Sixty-six A VRDC lines were screened to determine their growth potential under early summer 
conditions. Fruiting in mostof the lines started at the beginning of April and continued in some of the 
lines to the end of May. Eight lines (CLN657 BC1-Fr 285-O-21 -O, L-68, L-1197, L-3890, CLN65-349-2-0, 



Chadha et al. 465 

CL5915-153D4-3-3-0, CL6048戶0-3-10-0-2-1-5-2 and L-96) were considered promising for early summer 
production. The average yield of these lines ranged from 21 to 31 t/ha. These eight lines are being 
fur趴er tested to confirm their sui切bility， but preliminary results suggest that lines CL6048-0-3-10-O-
2-1-5-2, L-3890 and CLN-65-349-2-0 may be useful for summer production. 

Resu1ts reported here suggest that it is possible to produce tomato throughout most of the year in 
Bangladesh with the help of raised beds, heat-tolerant lines, chemical applications for fr凶t set and 
graf也可 techniques. The economic asp配ts of such crops have been calculated, and it has been 
determined that summer and summer rainy season crops are much more profitable than the main 
season crop. 
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ABSTRACT 

About 70% of arable land in India is 叫nfed， with crop productivity dependent on the vagaries 
of nature. The research work has shown that sorne vegetables like eggplant, Indian bean, cluster 
bean, cowpea and several個個rbits can be grown successfully扭曲ese areas by adoptingappropriate 
production technologies. The interrow water harves由導 protective irrigation, rnulching balanced 
fertilizer and growth retardants were effective in irnproving production potential under dry 
conditions. Genetic variablity arnong cultivars of different vegetables with respect to their ability 
topr叫uce econornic yields under drought stress conditions were noticed, suggesting the potential 
of developing cultivars for rainfed areas. 

INTRODUCTION 

At present about 70% of cultivated land in India is rainfed (Venketeshwaralu 198η . In areas 
receiving 400-1∞o rnrn of annual rainfall, agriculture is faced with problerns of low productivity and 
high instability (Singh 1991). The cropping pattem in dry farrning areas consists mainly of coarse grain, 
legumes and oilseeds. The cultivation of vegetable crops is almost unknown, because it is commonly 
believed that vegetable cultivation is not feasible without assured i叮igation facilities. The low 
vegetable consumption in these areas results in malnutrition, especially vitamin A deficiency, which 
leads to blindness. Our research work has therefore been undertaken to help the farmers of these 
regions to produce vegetables at least for family consumption and local market. 

Most of the research work reported here has been carried out at the D可FarmingResearch Station, 
Bawal, Haryana, located in the typical arid region of the country. The average annual rainfall over the 
last 20 years was 537.3 mm, with a range of 2間-1045 mm, and CV of 41 .1 % indicating a highly erratic 
pattem of precipitation. More than 68% of the rain is received in July and August, with October-May 
generally dry with occasional showers (Singh et al. 1990). 
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VEGETABLES FOR RAINFED CONDITIONS 

Assessment of Vegetable Crops 

Mostofthe s山nmer and winter season vegetabl~ crops were test吋 for their performance under 
rainfed conditions.α1 the basis of average performance over 3 years, brinjal (50枷um melongena) and 
bottle gourd (Lagenarin sicerarin) performed well, yielding over 7 t/ha among rainy season (Table 1), 
which was about 70% of the national average yield (Gill and Tomar 1991). Cluster bean (Cyamopsis 
tetragonoloba), cowpea (Vigna unguiculata), snapmelon (Cucumis melo var. momordica), Indian bean 
(Dolich的 lablab) and ridge go叮d (Luffa acutangula) also yielded up to 70% of the national average. 

Table 1. Yield of vegetable crops under rainfed conditions. 

Crop Cultivar Average National 
yield average yield 

(t/ha)a (t/ha) 
Rainy Season 

B血甘al PH-4 7.25 10.46 
Tomato HS-101 3.20 15.85 
Chi且 (dry) PusaJwala 0.80 2.02 
Ousterbean Pusa Navbahar 3.38 4.50 
Cowpea Pusa Bru油位 3.65 5.80 
Indian bean HD60 4.62 8.12 
Okra PusaSawani 2.92 6.28 
Bottle go凹d PSPL 7.14 10.21 
Sm∞fu go山d Pusa Chikr世 3.78 9.35 
Ridge gourd HRG-14 3.48 6.∞ 
Watermelon Sugarbaby 4.72 12.71 
Roundmelon Hisar Selection 2.23 10.71 
Snapmelon Local 4.83 6.48 
Longmelon Local Selection 2.75 6.48 

Winter season 
Peas Brumeville 2.86 9.32 
Beet spinach HS-23 4.15 6.53 
Methi Kasuri 0.85 3.91 
Radish HRI 13.20 12.91 
Carrot Sh且hpur Selection 10.11 14.26 

. Average 01 3 year da坦

Amongwinters個叩ncrop丸 radish(Rap加nussati叫s) andcarrot (Daucus carota) perforrned extremely 
well in ra趴fed areas (Table 1), whereas spinach beet (Beta vulgaris var. bengalensis) and peas (P叫m
sa伽m)yieldedupto 70%ofthenationalaverage. Tomato(Lyo伊rsicon esculen tum), hot pepper (Capsicum 
annuum), and watermelon (Citrullus lana似s) gave poor yield performance. 

Evaluation of Germplasm 

The available vegetable germplasm was evaluated for cultivation under rainfed conditions. In most 
of the crops therewas a considerable amountofvariability among lines/ cultivars for theirperformance 
under drought 忱的. In bri吋祉， among the 16 lines screened for 2 years, the average yield ranged 
between 536 and 1085 g/plant, of which R-34, PH-4 and Pusa Kranti were the most promising (Table 
2). In cluster b臼n 60 lines were evaluated for 3 years and the average yield range observed was 162-
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454 g/plant. HG-340 and HG-315 gave the best yield performance (Vashistha et al. 1981). of 40 lines 
of cowpea evaluated for 3 years, C-49, Pusa Dofasli, C-13 and C-42 were the most pr‘omising for yield 
wi th a range of 101-451 g / plan t (Pandi ta et al. 1982). We eval ua ted 251ines of Indian bean over 3 years. 
The yield ranged between 261 and 1935 g/plant, with HD-60 and HD-105 being 趴e most promising 
lines under rainfed conditions. Indian bean seems to be one of the promising leguminous vegetables 
for rainf，吋 cultivation， as the plant height is checked under water s仕ess. Hence s個king cost can be 
saved and yield can be further improved by incr個sing plant population. Singh et al. (1986) also 
reported the highest yield in HD-60 under dry farming conditions. 

Table 2. Perfonnance of genotypes of vegetables under-rainfed conditions. 
Crop No. of No. of Yield (g/plant) Promising lines or cul世vars

Bri吋祉

Ousterbean 
Cowpea 
Indian bean 
Okra 
Watermelon 
Sweet potato 
Radish 
Carrot 

genotypes y凹的 Me叩 Range 
16 2 724 536-1085 
ω3 298 162-454 
40 3 231 101-451 
25 3 723 261-1935 
25 2 156 84-221 
21 2 312 82-1949 
18 2 179 37-441 
8 2 121 28-315 
5 3 39 15-72 

R-鈍， PH-4， Pusa Rashmi 
HG-351, HG-340, HG-315 
C-49, Pusa Dofasli, C-13, C-47 
HD毛0， HD-2 
Pusa Sawami, IC-6316 
HW-25,Hw-22, Bare山 y Farishta 
H-4, SW-4, K-113 
HR-1, Pusa Rashmi 
Desi Long Oran伊， Kali Desi 

Twenty-five lines of okra (Abelmoschus esculentus) were evaluated for 2 years. The yield per plant 
ranged between 84 and 221 g (Vashistha et al. 1982). Pusa Sawani and IC-6316 gave the highest yield 
under rainf，吋 conditions. Among other crops screened HW-25, HW-22 and Bareilly Farishta in 
watermelon, H-4, SW-4 and K-113 in sweet po切to (lpomoea ba紛紛s)， HR﹒1 and Pusa Rashmi in radish 
and Desi Lang Orange and Kali Desi carrot gave the best performance under rainfed conditions (Table 
2). 

CROP MANAGEMENT UNDER RAINFED CONDITIONS 

Water Harvesting 

Water harvesting is an impor個nt tool for the improvement of crop productivity under rainfed 
conditions.1t involves collection of runoff water in ponds or depressions for i叮igation pu中oses. 1t is 
anexp凹sive method and can be undertaken only at the community level. However, in interrow water 
harvesting, which can be practiced at the individual field or plot levels, the crop is grown in some 
portion of the land and the rain from uncropped areas is allowed to move to the root zone of the crop 
where it is conserved for utilization by the crop. Although plant population is reduced, the total 
productivity per unit area is considerably improved. Experiments have shown the usefulness of 出is
technique in cultivation of vegetables under rainfed conditions. Sowing/ planting of okra, longmelon 
andbr凶jal in paired rows in furrows 45 cm apart with a 60 cm ridge between the pairs having a slope 
in the direction of furrows gave 出e highest yield, up to 140% higher than the normal flat-planted crop 
(Table 3). In Indian bean paired rows at 70 cm apart in furrows with 110 cm ridge between pairs 
improved the yield by more than 100%. This enhanced the availability of moisture in the r∞t zone as 
a result of which the growth and yield of the crop was improved substantially (Vashistha et al. 1980; 
Singh et al. 1984,1990). The residual moisture contentof the soil in the root zone at the end of thecrop 
season was highest in this 甘eatment.
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Table 3. Effed of water harvesting on yield (tlha)' of in 0恤， brinjal, lon伊elon， snaprnelon, and 
Indian bean under 叫nfed conditions. 

Sowing method Okra Brir甘al Longmelon Snapmelon Indian bean 
Rat 1.26 5.76 2.16 3.17 3.15 
Ridge east to west, 2.42 9.71 2.87 4.47 4.55 

sowing on north 
Paired rows in 3.92 13.67 3.04 5.12 6.43 

furrows at 45 cm, (70/110 cm)b 
60 cm ridge between pairs 

Paired rows in 2.89 9.86 3.18 5.42 5.31 
furrows at 45 cm, (90/150 cm)< 
90 cm ridge between pairs 

LSD (P = 0.05) 0.62 1.77 0.66 0.71 0.93 
. Average of 3 years 
' P剖距d rows in furrows at 70 cm; 110-cm ridge between pairs 
, P倒時d rows in-furrows at 90 cm; 150-cm ridge between pairs. 

Mulching 

Studies were undertaken to observe the effect of various mulching materials on growth and yield 
of several vegetable crops under rainfed conditions. At the end of mons∞n，你aw and sarkanda (a 
native shrub) mulch were applied at the rate of 2 t/ha in the field. The soil and polythene mulch was 
also applied at this time. All the m叫ching materials helped in improving growth and yield in b由jal，
okra, bo位le go凹d， roundmelon, ridge gourd and sponge gourd compared 怕也e unmulched control 
(Table 4). Sarkanda and polythene were the most effective mulching materials whereas soil mulch was 
less effective. M叫ching helped in conserving soil moisture, moderating soil temperature, reducing 
infiltration rate, runoff and soil erosion, stim凶ating soil microflora and minimizing weed growth 
(Singh et al. 1976, 1985a,b). Use of organic material as mulch was also helpf叫趴 improving yield by 
enriching crop microclimate with C021 thereby increasing its assimilation by growing plants. 

Table 4. Effect of rnulching on yield (tlha)' of brinjal, okra and cucurbits under rainfed conditions. 

Mwching material Bri吋al Okra Bottle go凹d Roundmelon Ridge go咀'd Sponge go叮d
Con世01 3 .船1.69 5.58 1.29 2.96 2.68 
Straw 6.67 2.60 10.58 3.75 4.96 4.的

Sarkanda 7.24 3.18 10.69 3.54 5.34 4.98 
Soil 5.20 1.79 8.22 2.46 4.15 3.53 
Polythene 5.94 3.98 12.64 4.04 6.81 4.86 
. Ave阻ge of 2 ye由電

Use of Chemicals 

Growth retardants have be.n found ve可 useful in the alleviation of stress tolerance especially 
也rough reduction in total biomass, reduced transpiration and better conversion ofbiological yield into 
an economic yield. Studies have indicated that spraying of 500 mg/l CCC (2-
chloroethyltrimethylammonium chloride) 4 weeks after sowing or 3 weeks after transplan也可
improved the yield in Indian bean, cluster bean, brinjal and tomato (Table5). CCC helped in improving 
r∞t growth and increasing water content of foliage. 
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Table 5. Effect of CCC on yield (的la)" of Indian be曲， clusterbe甜， brinjal and tomato 
under rainfed conditions. 

旦旦旦企
Con廿01
2到

5∞ 
1α)() 

LSD (P = 0.05) 
• Average of 2 years. 

Indian bean 
2.78 
3.52 
4.38 
3.84 
0.42 

Supplemental 1虹igation

Ousterbean 
2.85 
4.27 
4.63 
4.43 
0.51 

B血才al

3.13 
4.97 
6.18 
5.95 
0.73 

Tomato 
2.95 
3.98 
4.50 
4.77 
0.47 

471 

Since water is a scarce commodity in rainf，吋 areas， its judicious and efficient use is important. 
Studies on the use of protective irrigation were done to observe the response of vegetable crops to a 
number of irrigation treatments. The incremental increase in yield of p帥， radish, carrot, cabbage and 
cauliflower with each additional irrigation has been recorded (Table 6). The results show that one 
supplemental irrigation provides 出e highest yield benefits. If water is available for two irrigations it 
is advantageous to provide irrigation to 2 ha rather than two irriga位ons to 1 ha to improve water use 
efficiencyand total production. 

Sprinkler and drip irrigation was useful in growing vegetable crops with water savings of up to 55-
7肌.Drip irrigation increased theyield ofbottle gourd byover 45%, roundrnelon (Praecitrutus戶stulosus)
by 38% and wa terrnelon by 22% cornpared with sprinkler and furrow irrigation (Singh and Singh 1978). 
Besides reducing wa ter requirernents and irnproving water use efficiency and crop yield, sprinkler and 
drip irrigation was effective in the irrigation of undulating areas and sand dunes. Drip irrigation 
reduced to a considerable extent the toxic effects of underground brackish water. 

Table 6. Effect of protective irrigation on yield (t/ha)a of peas, radish, carrot, cabbage and caulifower 
under rainfed conditions. 

No. of irrigations 
Con廿01

One 
Two 
百rree

LSD (P = 0.05) 
• Average of 2 years. 

Pea 
2.67 
3.01 
3.82 
4.59 
0.47 

Balanced Fertilizer Application 

Radish 
16.89 
22.58 
29.92 
34.87 
3.53 

Carrot 
9.63 

19.10 
21.78 
24.08 

1.34 

Cabbage 
9.14 

15.37 
17.18 
20.18 

1.72 

Cauliflower 
6.45 

10.23 
12.83 
14.91 

0.92 

There is a rnisconception arnong farrners in rainfed areas that crops do not respond to fertilizer 
application. Sorne even think 趴at it wiU bum the crop. The use of fertilizers is therefore rninirnal in 
these areas. A study of the response of brinjal to fertilizers showed that 90 kg N/ha and 17.2 kg P /ha 
increased the yield frorn 2.51 to 6.87 t/ha under rainfed conditions. Corresponding increases 凶 yield

of okra were 1.01-3.98 t/ha. Balanced fertilizer applica tion helped in accelera ting growth and hastening 
crop rnaturity, thereby helping to avoid a drought situation. 
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ABSTRACT 

Pulsessuchaspigeon pea (Cajanus cajan),cowpea (Vignaunguiculata ),mungbean(Vignaradiata), 
black gram (Vigna mungo) and peanut (Arachis hypogaea) have a f廿四l'lace in the farming systems 
h 昀i and each has an 加portant role in the fann and food economy. To recommend the most 
suitable cultivars of these pulses for drought-prone areas, released and most-promising cultivars 
were screened under rainfed and partial irrigated conditions for two seasons at Legalega Research 
Station. Drought stress reduced vegetative growth in all crops and cultivars tested. Under rainfed 
conditions grain yields were reduced by 30-80% and 31-53% in the first and second season, 
respectively. Pigeon pea (cv. Kamica, Kamaal and Station 198), cowpea (cv. Station 101 and Ivory), 
mungbean (cv. Station 55), black gram (cv. Kiran) and peanut (cv. Tonga 5) were 血e most adapted 
to wet and dry conditions. Amongst the pigeonpea cultivars evaluated, QPL 511, a photoperiod 
insensitive, early matu血gcultiv缸，was most severely aHected by drought. This cultivar had lower 
root length density and water extraction particularly in deeper layers compared to Kamaal and 
Kamica. 

INTRODUCTION 

Fiji has a 仕opical oceanic climate and lies in the pa出 of the southeast trade winds. The climate on 
thewindward side of the mountain ranges is much wetter than on the leeward side. The rainfa11 pattem 
is monomodal, with maximum rainfa11 in November-April (wet season) and minimum in May
October( dry season). Rainfa11 is usua11y abundant in thewet season (1431 mm), however thedry season 
( 448 mm) often suffers drough t. The avera ge mon thly rainfa 11 estima tes show tha t for a t lea st 8 months 
of the year (May-December) there is a distinct possibility of evatransporation exceeding rainfall. 

The major pulses grown in Fiji are pigeon pea, cowpea, mungbean, black gram, and peanu t. The 
bulk of these crops is grown in the dry zone areas of Fij i. Pulses planted towards the end of the wet 
season usua11y encounter drought during the reproductive phase, and those planted later in the drier 
season, when stored moisture is rapidly declining, encounter drought during both vegetative and 
reproductive phases. Yields are severely reduced particularly in lighter soils in the d可 zone areas of 
Fiji (Dep t. of Agr., 1986, 1987, 1988). This study was initiated to identify the most suitable cultivar for 
such drought-prone areas. 
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品1ATERIALS AND METHODS 

Theexperimentwas conducted at Legalega Research Station, 1凹ated1 kmeastofNadi Intemational 
Ai中ort. The 田ils are typic eutrustox, fine loamy, mixed, isohyperthermic, details of which have been 
described in Laffan (1988). The bulk density of soil increases with depth. The estimated "available" 
water (difference between the -0 .01 and -1 .5 MPa) in the top 1 m of soil is 100 mm. Legalega located in 
the southwest part of Vitilevu, has a typical dry zone climate, described by Twyford and Wright (1965) 
as 仕opicallowland climate with a distinct dry season. 

Two experiments with randomized complete block design with three replicates were set up on 15 
March 1990 and 11 March 1991. The plot size was 24 m2• Mungbean and black gram were sown at趴ter
and intra-row spacings of 0.25 and 0.08 m; the others were sown at 0.5 and 0.1 m. Pigeon p帥， cowpea
and peanut had eight rows whereas mungbean and black gram had 16 rows in each plot. Pig的npea

cultivars QPL 511 and ICPL 83021 were photoperiod-insensitive, early-maturing types, whereas 
Kamica, Kamaal and Station 198 were photoperiod-sensitive and late-maturing types. The two peanut 
cultivars are Local Spanish (Spanish) and Tonga 5 (Virginia) 可pes. In both years one experiment was 
under rainfed conditions whereas the other was partially irrigated. The rainfed plot received only one 
irrigation for establishmen t. In 1990 the partially irrigated plots received irrigation on 1， 38，的， 55and
81 days after sowing (DAS), and in 1991 ， 1 ， 16，詣， 59 and 93 DAS. During each occasion 36 mm of water 
was applied. 

Prior to sowing, single supe中hosphate (76 kg P /ha), muriate of potash (60 kg K/ha) and urea (23 
kg N/ha) was broadcasted and disced. Seeds were hand-sown at a rate of two seeds per site. After 
sowing, prior to irrigation, Oxadiazon 40 % w /v at 0.5 kg aυha was applied for control of grass weeds. 
Two hand weedings were carried out during the experimental period. Two weeks after sowing plants 
were thinned to one per site. Lannate (methomyI20%) at 1 ml and Thiodan (endosulphan 35 .5%) and 
Attack (primiphos methyl (47.5%) + permethrin (2.5%) at 2 ml/l of water were used mainly against 
Maruca tes切lalis and Heliothis spp. during 位le flowering and podding periods. Near maturity peanut 
plants showed symptoms of peanut rust (Puccinia arachidis). 

Observations were made in each plot to record days to emergence, 50% flowering (50% oftheplants 
which had at least one open flower), plant height at 50% flowering, and days to maturity (when 95% 
of the pods lost chlorophyll). At maturityof each crop, a netplotarea of 10 m2 in 1990 and 3 m2 凶 1991
was harvested for d可 seed yield. Yield components were recorded from three plants/ plot in all plots. 

For the 1991 experiment dry matter harvests were made at fortnightly intervals from an area of 0.5 
m2• After harvests these sites were used for soil water content and r∞t length density determination 
only in rainfed plots.α1 each occasion 0.5 mm cores were taken between the rows, initially by a two
s仕oke engine-driven auger and la ter us趴g a manuallyoperated auger. The cores were subdivided into 
0-20, 20-40, 40-ωand 60-80 cm layers. Gravimetric soil water content was calculated by oven d可ing
at鉤。C and volumetric soil water content was determined using bulk densities of comparable depths. 
Same soil samples were washed for r∞t measurement. The technique of Newman (1966) modified by 
Torsell et al. (1968) and Higne投 (1976) was used to estimate root leng出 density. A pin board method 
was used to take 1 x 1 x 0.2 m of intact soil profile covering two rows of pigeonpea. After soaking the 
block in a tub of water for 24 hours, gentle washing was carried out to avoid loss of roots. All soil was 
washed off and the r∞ts settled on the board with pins in 10 cm quadrants. Root from 0-20, 20-40, 40-
60， 60-別 and 個-1∞ cm was cut and dried at 翩。c
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RESUL TS AND DISCUSSION 
Monthlyrainfa11andn山nberof raindaysduring theexperimental periodaregivenin Table 1. Total 

rainfa11 and pan evaporation were 691 and 996 mm during 1990 and 367 and 620 mm in 1991. Mean 
temperature ranged from 19.0 to 30.0oC in 1990 and 20.3 to 29.60 C in 1991. Solar radiation ranged from 
13.3 to 20.3 MJ/m2/day in 1990 and 14.8 to 22.6 MJ/m2/day in 1991. 

In both years rainfall after sow泊g enabled good germination and initial vegetative growth. The soil 
profile reached near field capacity. In 1990 cowpea, mungbean, black gram and peanut matured after 
7 weeks without rainfall. However total rainfall of 254 mm in the缸1al2 months relieved stress in pigeon 
pea to some extent. In 1991, 242 mm of rainfall in the second month (Table 1) led to strong initial 
vegetative grow血. Thereafter there was no significant rainfall except 36 and 29 mm during the 自nal
2 months. 

Table 1. Monthly rainfall and rain days during 1990 (March to 
September) and 1991 (March to August) experirnents. 

Date Tota! rainfall (mrn) Rain days 
1990 

13/3-9/4 263.7 13 
10/4-7/5 17.4 4 
8/5-4 /6 2.9 2 
5/6-2/7 152.3 5 
3/7-30/7 。 。31/7-27/8 117.4 4 
28/8-24/9 137.1 10 

1991 
11/3-7/4 39.7 12 
8/4-5/5 242.1 11 
6/5-2/6 11.0 1 
3/6-到/6 8.4 4 
1/7-28/7 35.9 3 
29/7-25/8 9.4 6 

Results obtained in 1990 showed drought stress led to decrease in plant height in pigeon p臼 and

cowpea. All cultivars except Tonga 5 also matured earlier under drought 甜的 (Table 2). Yields of a11 
cultivars were reduced by 27-82% compared to partially irrigated tria l. Comparison of cultivars 
showed 出at pigeon pea 凹. Kamica and Station 198, cowpea cv. Ivo句， mungbeanα. Digitaki, black 
gram cv. Kiran and peanut cv. Tonga 5 were the most drought tolerant under rainfed conditions. 
However seed yields of these cultivars were reduced by 27-48% compared to partially irrigated plots. 
Amongst the pigeon pea and cowpea, QPL 511 and Iv。可 gave lowest yields of 0.51 and 0.73 t/ha in 
partially irrigated plots. 

During the 1991 experirnent drought stress slightly prolonged days to 50% flowering except 
Kamica and maturity in the case of all cultivars (Table 3). Amongst the yield components, pods/plant 
was most severely affected (20-65%) but slight effect on seeds/pod (0-25%). There was no effect on 1∞
seed weight. Seed yield reductions ranged from 31 to 53%. Early-maturing cultivar QPL 511 was most 
severely affected by drought (53%), whereas Kamaal was the most drought tolerant with reduction in 
yield of 31 %. Under partial irrigation yield of QPL 511 was slightly higher than the previous year, but 
lower in other cultivars. 
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Table 2. Perfonnance of pulse cultivars in Nadi soils at Legalega Research Station. 

Crop Partial irrigation Rainfed 
(c叫世var) Plant Ma他rity Yield Plant Maturity Yield 

ht (cm) (DAS) (t/ha) ht (cm) (DAS) (t/ha) 
Pigeonpea 

Kamica 175 147 1.21 106 144 0.63 
Station 198 142 158 1.16 108 155 0.60 
QPL 511 84 98 0.51 70 96 0.13 

Cowpea 
Station 101 37 的 1.29 33 60 0.51 
Ivory 48 的 0.73 55 63 0.53 
Vikash 38 65 1.46 31 63 0.26 

Mungbean 
Jyoti 23 的 1.25 25 61 0.55 
Digitaki 21 66 1.16 28 62 0.67 
Station 55 27 63 1.46 28 60 0.75 

Black gr祖1

Kiran 19 的 0.75 21 63 0.44 
Raikivi 19 66 1.04 23 58 0.40 

Peanut 
L. Spanish 23 94 1.47 25 86 0.38 
Tonga5 20 108 1.23 24 112 0.80 

LSD (P = 0.05) 12 4 0.41 10 3 0.26 

Table 3. Perfonnance of pigeon pea cultivars at Legalega Research Station. 

Measurements Kamica ICPL83021 QPL511 Kamaal LSD (P = 0.05) 
Partial irrigation 

50% f10wering 92 60 63 97 2 
Plant ht (cm) 148 86 1∞ 132 12 
Maturity (DAS) 144 121 124 154 3 
1∞-seed wt (g) 20 11 11 8 2 
Pods/plant 10 31 30 35 3 
Seeds/pod 4 5 5 4 
Yield (t/ ha) o.的 0.57 0.75 0.66 0.33 

Rainfed 
叩% f10wering 88 的 71 100 3 
Plant ht (cm) 123 96 117 102 11 
Maturity (DAS) 145 126 128 156 4 
1∞-seed wt (g) 21 9 11 8 2 
Pods/plant 8 11 11 21 3 
Seeds/pod 3 4 4 4 1 
Yield (t/ha) 0.44 0.39 0.35 0.45 0.25 

Soils grown withall pigeon pea cultivarshad similarvolumetricmoisturecontent (VMC) at37DAS 
(Table4). Bythisdate mostofthewaterwas usedfrom thetop 30 cm. At119 DASallcultivarshad VMCs 
c10se t。由e wilting point in the top 20 cm. At lower depths VMC was lower in late maturing cultivars 
(i.e. Kamica and Kamaal) than early maturing cultivars (QPL 511 and ICPL 的021). VMC at 60-80 cm 
depth at 119 DAS indicated that there was water extraction below this depth. 
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Table 4. Volumetric moisture content (%)扭曲e pigeon pea plot at different soil 
dep血s (cm) sampled at 37 and 119 days after sowing. 

Cultivars 0-20 20-40 40毛0 60-即

K逝nica

38DAS 20 24 27 28 
119 DAS 16 19 20 19 

K祖laal

38DAS 19 23 29 30 
119 DAS 15 19 21 19 

QPL 511 
38DAS 19 24 28 28 
119 DAS 16 22 22 21 

ICPL 83021 
38 DAS 19 23 29 28 
119 DAS 18 20 22 21 

LSD (P = 0.05) 
38DAS NS NS NS NS 

119 DAS NS NS 

FC (-0.01 MPa) 28 25 28 31 
WP (-1.5 MPa) 17 18 19 19 
FC: field capacity, WP: wilting point. ns: nonsignificant 

Late-maturingpigωnp曲s， Kamica and Kamaal, had higher r∞t length densitíes (RLD), pa rtícularl y 
at lower depths compared to the early-maturing cultívars (Table 5). Overall Kamaal had hígher RLD 
than Kamíca at all depths. Amongst the early cultívars ICPL 83021 had greater RLD at 20-40 and 40-
60 cm depths. The nail board method of root estímatíon showed híghest total r∞t weíght for Kamaal 
followed by Kamíca, QPL511 and ICPL83021 (Table6). However the dífferences between Kamíca, QPL 
511 and ICPL 83021 were small. 80th methods of root estímatíon gave a símilar trend of root 
dístríbu tíon. 

Table 5. Root length density (cmJcm3) in the pigeon pea plot at different soil depths (αn) 
sampled at 119 days after sowing to a depth of 80αn. 

C叫tiv訂s 0-20 20-40 40毛o 60-80 
K血lÎca 0.136 0.1 76 。. 186 0.1 25 
Kamaal 0.175 0.220 0.196 0.132 
QPL 511 0.076 o .的4 0.046 0.070 
ICPL 83021 0.073 0.1 28 0.136 0.068 
LSD (P = 0.05) ns 0.018 0.084 o.∞8 

Table 6. Root weight in g/0.02 m3 soil sampled from different depths in the pigeon pea plot. 

E>epth (cm) Kamica Kamaal QPL 511 ICPL 83021 
0-20 2.10 2.26 2.90 2.51 
20-40 1.69 2.月1.36 0.90 
40毛o 1.58 2.89 0.52 0.39 
60-80 0.56 1.67 0.41 0.26 
80-1∞ 0.48 1.62 0.22 0.12 
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CONCLUSIONS 
Results showed that there were crop and cultivar differences in drought resistance. During the first 

season yield reductions under rainfed conditions were: mungbean (49%), black gram (52%), peanut 
(55%), cowpea (56%) and pigωn pea (57%). Differences between the cultivars revealed pigeon pea 
(Kamica, Station 198 and Kamaal), cowpea (Iv。可)， mungbean (Digitaki), black gram (Kiran) and 
peanut (Tonga 5) were the most drought吋olerant. Though there was intermittent rainfall during the 
experimental period in both years (Table 1), reduction in yield and yield components under rainfed 
conditions (Tables 2 and 3) indicated that there were periods of severe s廿essdu也可 both seasons. 

Inpigωn pea and peanuttherewassomeindication that late-maturing Kamica, Kamaaland Tonga 
5 were more drought-tolerant than the early maturing QPL 511 and Local Spanish, which had also been 
reported to be low yielders in drought-prone areas (Dept. of Agr. 1988). 

VMCand r∞t measurements in Tables 4毛 showed that QPL 511 would be more susceptible to 
droughtdue to lower RLD atgreater depths. In drought-proneareas, around 100 mm of availablewater 
in the top 1 m of soil profile would be utilized in 2-3 weeks of no rainfall, and hence effect of drought 
stress would be more severe. The late-maturiing pigeon pea c叫tivar with higher RLD at depth would 
be more suitable in such drought-prone areas. 
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ABSTRACT 

官le response of soybean (Glycinemax) undersaturated soil conditions was studied at Kasetsart 
University, Karnphaeng Saen Carnpus, and also in a farmer's field in the central plain of Thailand. 
Results obtained at the experiment station revealed that growth and yield of Thai soybean cultivars 
詛 the saturated soil were lower th扭曲ose planted under conventional irrigation. However, Thai 
cultivars showed greater potential for adapting to saturated conditions in the dry season than in the 
r血y season. Nitrogen fertilizer neither increased the yield nor total dry wei阱t accumulation of 
soybean under soil-saturated conditions. When experiments were conducted in a farmer' s field, we 
found that yield of soybean under saturated soil culture can be increased from 2 to 4 tlha when plant 
population density is increased. Also, soybean planted as sole crop under such conditions gave a 
higher yield than soybean intercropped with rice. However, land equivalent ratio (LE昀 and gross 
income for soybean intercropped with rice were higher than for the monocultured soybe曲，
suggesting that the system of soybean interplanted with rice under soil-saturated conditions can be 
adopted, and may be beneficial to farmers in rice-based cropping systems in central Thailand. 

INTRODUCTION 

In Thailand, the demand for soybean meal has also increased markedly, due to the expansion of the 
poultry and swine industries. Moreover, demand increased when fishmeal became more expensive, 
with the result thatThailand has imported large amounts of soybean and its products from 1986 to the 
present. 

It is therefore necessary for Thailand to expand its soybean production areas, not only in the 
northern regions, but also in other parts of the country including 血e central plain. In these areas, there 
is an ample supply of irrigation water in the dry season, making saturated soil culture (SSC) 
appropriate for soybean. 

Previous studies have suggested that soybean has the ability to acclimatize and grow on saturated 
soils (Lawn 1985), which is achieved by using a constant trickle of water or furrow irrigation between 
raised ridges or beds on which the crop is grown. This crea tes a sa tura ted but free-draining zone of soil 
3-5 cm above an artificial or perched water table. 
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Following expos叮e to the high water table, plants develop a 仕ansit。可 chlorosis and sh∞tgrowth 
is considerably slowed (Hunter et al. 19助;Nathason eta l. 1984; Lawn 19的; Troedson eta l. 1986). After 
an acclimation period of2-4 weeks, plants regain a heal血ygreen color and rapid shoot growth resumes 
(S切nley et al. 1980). 

Several reports confirmed that growth of soybean under saturated culture, once acclimatized, 
exceeded the rates observed 加 conventionally grown plants. Seed yield under SSC increased 
considerably, probably due to 也e high pod set per plant (Lawn 1985). Two reasons could explain these 
yield 趴creases; 自rst， plants su征'er virtually no water s仕ess; second, root growth and nod叫e activities 
are sustained throughout the pod filling period so that the amount of nitrogen assimilated during the 
reproductive growth can be twice as high as in the conventional crops. 

There are a number of situations where such an adaptive trait, i.e. an ability to acclimatize on 
saturated soil, might be positively exploited: in the lowland areas of the central plain where seasonal 
waterlogging occurs when 叩ybean is grown before rice. Altematively, if soybean is grown after rice, 
it may be subjected to the conventional irrigation system. Therefore, it is important to reinvestigate the 
technique of saturated soil culture in the central plain to improve cultivation of soybean in rice-based 
cropping systems. 

YIELD RESPONSE OF SOYBEAN TO SA TURA TED SOIL CUL TURE 
A series of experiments were conducted at the experimental farm of Kasetsart University, 

Kamphaeng Saen Campus in Nakhon Pathom province, Thailand. Two experiments were conducted 
in the late rainy season of 1986 and dry season of1987. A splitplot design was used in both experiments. 
Main plots were given two watering regimes, conventional irrigation (0) and SSc. In the subplots, five 
cultivars (S抖， S.J.5, Na岫on Sawan 1, P44 and A138) were plan叫. In SSC, soybeans were grown on 
beds 1.5 m wide, each bordered by irrigation drains 1 m wide and 20 cm deep. Seeds were sown in rows 
50 cm apart and spaced at 20 cm between plants in the rows. In the saturated culture, water level was 
maintained at 10 cm below the soil surface, starting from V2 stage of growth until maturity. In the 0 , 
furrow irrigation was given at 2- week intervals during the vegetative phase and 1-week intervals 
during 出e reproductive phase. 

The yield of soybean under SSC was approximately 90% of 0 (Table 1). In the dry season, average 
yield under SSC was higher than under CI. Among five cultivars tested, A 138 under SSC yielded much 
higherthan thoseplanted underCl.Itisthereforeconcluded thatcultivar A138e油ibited a high degree 
of acclimatization ability on the saturated soil, much better than other cultivars, which contributed to 
its high performance and yield. This study also showed that Thai cultivars can acclimatize and grow 
well in saturated soil culture. 

PHYSIOLOGICAL RESPONSE OF SOYBEAN TO SATURATED 
SOIL CULTURE 

Total D可 MaUer Accumulation 

It was demonstrated that A138 recovered from the effect of high water table in the saturated soil 
culture much faster than the other Thai cultivars (Fig. 1). Generally, total dry matter of soybean during 
the initial lag phase in the SSC was much lower than in CI, particularly during 27-48 days after 
emergence (DAE). This was due to the effect of plant exposure to high water table. Total dry ma位er
accumula tion in A 138 in sa turated culture increased rapidly as the result of acclimatiza tion, hence total 
dry matter yield before harvesting was greater than in 0 (Fig. 1). It should also be observed that the 
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的ility to acclimatize may a1so be re1ated to phen010gy. A 138 flowered and matured 1ater than other 
cultivars such as Nakhon Sawan 1, so there was a sufficient period for p1ants to recover and acclimatize 
before they reached maturity (Tab1e 1). 

Table 1. Yield and days to maturity of five soybean cultivars grown in rainy and dry 
season of 1986-87 at Kamphaeng Saen under two soil water regimes. 

Grain yield (kg/ha) Daysωmaturity 

Rainy Dry Rainy Dry 
Conventional 廿rigation

2863 月

2035 77 
2079 66 
1703 85 
1747 85 
2085 78 

Cul世vars
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oonBrbnynynB 
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1627 
1678 

5.J.4 
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P44 
Mean 

89 
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70 
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Fig.1. Total drymatter accumulation of soybean cultivar A 138 grown in late 叫ny season 1986 and 
dry season 1987 under two soil-water reg誼les.
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Nodulation and N2-Fixation 

Results of the experiment conducted at Kamphaeng Saen in the wet season of 1986 and d可 S臼son

1987 revealed that under sat曰““ soil conditions, nodulation activities measured as nodule d可
weight and nodulenumber /plant increased significantly over 0 in both the rainy and dry season (Fig. 
2A, B). Nodulation activities were higher 泊位le dry s甜甜n than in the wet season due to be前er soil 
aeration. N2-fixation activities of soybean expressed as mmole C2凡/plant/hourwere by far greater in 
the SSC than the 0 in the d可 season (Fig. 3). Similarl予 N2-fixation rate of soybean in the SSC in the 
rainy season was higher than the 0 , although the difference between the two treatments was not 
si研討ficant. This was due to high soil water status in both SSC and αplots in the rainy season. 
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Fig.2. Average nodule number per plant (A) and average nodule dry weight (即 of five soybean 
cultivars grown in late rainy season 1986 and dry season 1987 under two soil water regimes. 
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Fig.3. Average acetylene reduction activity of five soybean cultivars grown in late ra泊y season 
1986 and dry season 1987 under two soil water regirnes. 

Effect of Nitrogen Fertilizer 

An attempt was made to shorten an initiallag phase of soybean using ni甘ogen fertilizer so tha t the 
plantwould reach theacclimatization phase much faster. Theexperimentwas conducted atKamphaeng 
Saen in January 1988. Results showed increases in yield of SSC soybean as nitrogen fertilizer level 
increased from 0 to 30 kg N jha. Slight increases in the yield of soybean as nitrogen fertilizer increased, 
and nonsignificant differences between treatments, could be explained by the fact that the fertility of 
the experimental plot was already high. 

ON-FARM PRODUCTION OF 50YBEAN 哥叫TH 5ATURATED 
50lL CUL TURE 

ln order to extend the technique of SSC to the farmers, two experiments were conducted in a 
farmer's field at Banpong district, Rachaburi. These studies were aimed at increasing the land-use 
efficiency of the SSC system. We also tried to increase the yield of soybean, to compensa te for the high 
inves加1ent costs of establishing plots and maintaining high water levels, which are generally essential 
for the SSC system. 

SSC of Soybean Intercropped with Rice 

Threecul旭t討ivarsof s叩oybe臼an凡1， S.J .ιNa划1ωonS臼awan 1 andA 13站8， wer閃eplant扭ed on beds at a popula位on
dens剖it佇yof 2∞，0∞00 p抖lan叫1甘ts吋jha， and rice (Oryza sati叩1.) cultivar R.D. 23 was planted in furrows. We 
found that soybean planted under SSC conditions as sole crop gave higher yields 也an those 
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intercropped with rice. However, the land equivalent ratio (LER) and gross income of soybean 
intercropped with rice were higher than monoculture of soybean (Table 2). These results suggest 趴at
the system of soybean intercropping with rice under SSC can be adopted by farmers in伽cen凶1 plain 
of Thailand. 

Table 2. Yield and gross income of soybean and soybean + rice under conventional and saturated 
soil condition. 

Trea恤lent

Main plot SSC soybean monoc叫ture

SSC soybean + rice 
C1 soybean monocu1ture 

Subplot A138 
Nakhon Sawan 1 
S.J.4 

Sub-subplot without N 
withN 

LSD (P = 0.05) (main plot) 
LSD (P = 0.05) (subplot) 
CV% 

Effect of Plant Populations 

Soybean戶Id

(kg/ha) 
943.1 
893.1 
856.9 
998.1 
即1.2

893.7 
908.7 
886.9 

30.6 
106.2 
12.1 

Gross income (US$/ha) 
Soybean aIone Soybean + rice 

325.5 325.5 (no rice) 
308.5 5月1

295.8 295.8 (no rice) 
提4.6 434.3 
276.7 370.6 
308.6 395.6 
313.7 406.6 
306.2 393.7 

10.4 
36.8 
12.1 

25.6 
42.7 
10.8 

An experiment was conducted in a farmer's field at Banpong district，扭曲e dry season of 1992, in 
ana仗empt to increase theyield of soybean planted under SSCby increasingplantpop叫ation densities. 
Three levels of treatments were used in a split plot design experiment with four replications: soybean 
planted on beds and rice intercropped in furrows and soybean planted as monoculture as two main 
plots, subplots composed of two soybean cultivars (Chiangmaiωand Nakhon Sawan 1) and sub
subplots composed of two plant population densities - 200，∞o and 400，0∞ soybean plan的/ha.

Increasing plant population densities of soybean from 200，0∞ to 400,000 plants/ha resulted in 
increased yield from 1958 to 3699 kg/ha (Table 3). The highest yield obtained in this experiment was 
3979 kg/ha, which came from the 仕ea伽lent in which Chiangmai 60 was planted in SSC without rice 
at a density of 400,000 plants/ha. This is one of the few soybean experiments in Thailand that reported 
such a high yield of soybean when planted in a farmer's field. Slightly lower yields were obtained in 
soybean planted with rice in a furrow than thoseplanted alone. This may bedue to competition for light 
between the two crops rather than nutrient competition. 

Table 3. Yield and yield components of two cultivars of soybean planted under SSC 
with rice and without rice using two plant populations. 

Treatment Yield Pod no'; 

Main plot SSC 田ybeanalone

Subplot 
SSCωybean + rice 
Chiangmaiω 
Nakhon Sawan 1 

Sub-subplot 2∞，側 plants/ha

4∞，α沁 plants/ha

LSD (P = 0.05) (main plot) 
LSD (P = 0.05) (subplot) 
LSD (P = 0.05) (sub-subplot) 

(kg/ha) plant 
2906 24.2 
2752 22.7 
3052 28.0 
2605 19.0 
1959 27.7 
3699 19.2 

123 
213 
580 

0.8 
3.5 
4.7 

Seed size 
(g/1∞ seeds) 

14.4 
14.7 
14.6 
17.8 
14.5 
14.5 
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CONCLUSIONS 
The present study on the response of soybean to SSC indicates that Thai soybean cultivars can 

acclimatize in saturated soil. Also, modifications of the management t缸hniques， such as construction 
of beds, row width, water level, and other methods of growing soybean in SSC, can be exploited for 
the production of soybean before rice in the lowland areas, where seasonal waterlogging occurs, and 
al叩 for 的ybean after rice in irrigated areas. 

The physiological basis of unders切nding soybean in SSC is worth considering and exploring 
further. For example，位le possibility of shortening initiallag phase in soybean could be investigated, 
so that acclimatization process will commence sooner. In addition, the possibility of utilizing late
maturing cultivars is worth considering, so that a high yield of soybean can be obtained even though 
thecropp趴g duration is 10-20 days longer than the normal growing period. 

REFERENCES 
Hunter， M.況， deJabrun， P.L.M.， and Byth, D.E.19剖. Response of nineωybean lines to soil moisture 

condition close to saturation. Austral. J. Expt. Agr. Animal Husb., 20, 339-345. 

Lawn, R.J. 1985. Satura ted soil culture-expanding the adapta tion of soybeans. Food Legume Nwsl. No. 
3. AOAR, Canberra Australia. 

Nathanson, K., Lawn, R.J., de Jabrun, P.L.M., and Byth, D.E. 1984. Growth, nodulation and ni廿ogen
accumulation by soybean in saturated soil culture. Field Crops Res., 8, 73-92. 

Sta叫句，C.D.， Kasper， T.C., and Taylor，H.M.19別. Soybean top and root response to tempora可water

imposed at three different s切ges of growth. Agron. J., 72, 341-346. 

Troedson, R.J., Garside, A.L., Lawn, R.J., Byth, 0且， and Wilson, G.L. 1986. Saturated soil culture-An 
innovative water-management option for soybean in the tropics and subtropics. In: 
Shanmugasundaram, S. (ed.) Proc. 1st Intl. Symp Soybean in Tropical and Subtropical Cropping 
Systems. Asian Vegetable Res. and Develop. C化， Shanhua， Taiwan, 171-180. 



48 

Osmotic Stress Effects on the Yield and Quality 
ofTomato 
M.A. Nichols t, K.J. Fishert, 1.5. Morgan1 and A. 5imon1,l 

lDepartment of Plant Science, M的sey U;η切ersi旬， Palmerston North, New Zealand. 2Present 
address: Universii句 ofBm咐， Germany. 

AB5TRACT 

In heated greenhouse studies during the winter, tomato (Lycopersicon esculentum Mill.) plants 
were grown hydroponically at a range of osmotic levels using either a pumice-based system, or the 
nu仕ient film technique (NFT). Four osmotic levels were used in the NFT study且也 6 and 8 ms/cm) 
and two levels 扭曲e pumice study (2 and 4.5 ms/cm) 泊 combination with four indeterminate 
cultivars: Belcanto, Counter, Liberto and Rondello. In也e NFTstudy 血e plants were stopped two 
leaves above the first truss, while in the pumice the plants were grown as a multitruss crop to a 
height of 2 m. In both studies fruit yields fell with increasing osmotic level, p血narily due to a 
reduction in fruit size. The quality of the fruit, however，卸lproved.

INTRODUCTION 

Tomato (Lycopersicon esculentum Mill.) can be grown outdoors in New Zealand only dur趴g the 
warrn surnrner rnonths. Because of this a greenhouse tornato industry has developed to supply the 
coun廿Ywith tornatoes du血可 the winter. In recent years politicians have agreed to Closer Econornic 
Relations with Australia, which rneans that the New Zealand gree吋louse industry has to cornpetewith 
cheaper tornatoes grown outside during the winter rnonths in sub仕opical Queensland (Anon. 1990). 
αle approach to this cornpetition is to irnprove the quality of the New Zealand product, which is 
norrnally excellent in both color and shape. We know that 出e best-flavored (and lowest-priced) 
tornatoes are usually produced in the surnrner, and the poorest flavor (and highest-priced) tornatoes 
in the winter. 

A rneasure of flavor in torna toes can be deterrnined by estirnat趴g the sugar (BrixO
) content, and 出e

acid content (Hobson and Kilby 1982) . 臼le possible way of irnproving the flavor of tornatoes is to 
increase rnoisture s仕ess. This is rnost easily done by increasing the osrnotic status of the soil solution. 
The sirnplest rneans of do趴g this is by using hydroponic production systerns (Adarns 1991). The 
present studies were ca討ied out in order to deterrnine the trade-offbetween yield and quality for four 
cultivars of indeterrninate tornatoes grown in a heated gree由oused凶ing the winter rnonths, using 
two hydroponic systerns: a purnice-based systern, and a nonrnedia systern (NFT) (C∞per 1979). 
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已1ATERIALS AND 弘1ETHODS

Multitruss Study 

Seeds of four indeterminate tomato cultivars were sown in seed trays filled with UC type media 
(Baker195ηon 16 January 1991. The seedlings were pricked out at the cotyledon expansion stage into 
8 cm diameter plastic pots, also filled with UC type media. 

The plants were transplanted in late February into black polythene bags filled with 111 of pumice 
(grade 4). No fertilizer was applied to the pumice. The experimental design was a factorial randomized 
complete block (RCB), with four replications, with four cultivars: Belcanto, Counter, Liberto and 
Rondello. The two levels of osmotic solution used were: 2 and 4.5 ms/ cm. 

Each plot comprised seven plants, and there was a 2-row guard at both ends of the house. The 
solutions used were based on the NFT solution proposed by Cooper (1979). This comprises two 
solutions which are held as concentrated solutions in two bulkholding tanks (A) and (B). The osmotic 
status ofthe solution being applied to theplants was controlled bydiluters，叩 thatthesameproportion

of major nutrients was appli吋 to the plants at the two conductivities but the same concentration of 
trace elements was applied at each treatment. 

The glasshouse was maintained at a minimum temperature of 160 C, and ventilated at 220 C. 
Watering and feeding was by means of trickle irrigation which applied the nutrient solution six times 
a day, reducing to five times per day towards the end of the experiment. Excess nutrient solution was 
applied on every occasion to at least a factor of 10%. 

Harvesting commenced on 24 April1991, and continued untillate June. Each plot was harvested 
separately and put over a grader, and thenumber and weightof也e different grades recorded a t each 
harvest. on three separate occasions (early, mid and late) a sample of five fruit from each plot at the 
same stage of mat盯ity (red colored) was taken from the 40-50 mm size grade and assessed for quality. 
This involved juicing each sample, and then after the liquid had settled, taking the clear fraction and 
determining the titratable acidity (by a Metler titrator), and the soluble solids (bya refractometer). The 
cultivar Liberto was also used for a sensory evaluation test using a taste panel. 

NFf Study 

Seed of four indeterminate tomato cultivars were sown in seed trays filled with UC type media on 
1 J une 1991. The seedlings were pricked ou t a t the cotyledon expansion stage into 8-cm diameter plastic 
pots, also filled with UC type media. The experimental design was a split plot, with four replica位ons，

with four cultivars: Belcanto, Counter, Liberto and Rondello. The four levels of osmotic solution used 
were: 2，也 6 and 8 ms/cm. 

The osmotic solution treatments were the main treatments and the cultivars the split plots. Each 
plot contained two plants. At planting time the bottoms of the plastic pots were removed, and the pots 
stood in the plastic gutters which were used to circulate the different osmotic solutions over the plant 
r∞ts. Each gutter had a separate reservoir, and the water level in the reservoir, and the pH and 
conductivit予 were monitored daily and adjusted if necessary. 

Fruit was harvested when it was ripe, and yields and quality recorded. Estimates of fruit quality 
were obtained both in the laboratory and through taste panels. Only the fruityield and quality data are 
presented in this paper. 



488 Osmotic Stress Effects on Tomato 

RESULTS 

Varieties 

In themulti甘uss experiment there was no significant difference between the cultivars wi出 respect

to to個1 yield (Table 1), although there were significant differences between cultivars for marketable 
yield (Table 2), with Rondello and Liberto having the h ighest marketable yields. This was due (in the 
main) to the smaller proportion of small fruit (subs個ndard) from the large-fruited cultivar. The other 
large-fruited cultivar (Belcanto) had a high proportion of second grade fruit, whereas for smaller
fruited Liberto the high market yield was because of the high fruit number. In the single truss study 
the yields from the largest-fr凶ted cultivar (Rondello) tended to be higher than 企om the small-fruited 
cultivars (Table 3). 

Table 1. Effect of cultivar and conductivity on total yield components of multitruss tomatoes. 

Yield (kg)/plant Fruit no./plant Mean fruit wt (g) 
Cul世var

Belcanto 2.49 35.0 71.0 
Counter 2.48 44.8 55.2 
Liberto 2.73 46.3 58.9 
Rondel1o 2.55 35.0 73.5 
SE (9df) NS 0.9 1.5 

Conductivity (ms/cm) 
2.0 2.74 41.1 67.9 
4.5 2.39 39.5 61.1 
SE (12 df) 0.52 NS 1.2 

Table 2. Effect of cultivar and conductivity onmarketable yield components of multitruss tomatoes. 

Yield (kg)/plant Fruit no./plant Mean fruit wt (g) 
Cultivar 

Belcanto 2.286 30.1 75.8 
Counter 2.249 37.0 60.7 
Liberto 2.5∞ 38.2 65.4 
Rondel1o 2.440 31.5 77.5 
SE (9df) 0.079 0.9 1.2 

Conductivity (ms/ cm) 
2.0 2.534 35.2 73.0 
4.5 2.203 33.2 66.7 
SE (12df) 0.059 0.8 1.1 

Table 3. Effect of conductivity on yield components of single-truss tomatoes. 

Conductivity of nu廿ient solution (ms/cm) 
Cultivar Yield (g/plant) Fruit no./plant 

2o 4.0 6.0 8.0 Mean 2.0 4.0 6.0 8.0 Mean 
Belcanto 品。 367 483 377 447 6.9 6.4 8.8 7.3 7.3 
Counter 581 且4 384 359 467 7.1 9.0 8.8 7.5 8.1 
Liberto 681 343 285 357 416 8.3 6.4 7.1 7.5 7.3 
Rondel1o 710 751 410 4的 570 7.1 7.8 6.5 8.8 7.5 
Mean 633 501 390 3∞ 7.3 7.4 7.8 7.8 
SE Means (36 df) = 41.9 SE Means (36 df) = .469 
SE Interaction = 83.8 SE Int由action = .938 
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Conductivity Effects 

The pumice study demonstrates that increasing the conductivity of the nutrient has only minimal 
effect on fruit number (Tables 1 and 2), but leads to a significant reduction in fruit yield (Tables 1 and 
2), and an improvement in soluble solids (Table 4). 

Table 4. Effect of conductivity on soluble solids (%) of multitruss tomatoes. 

Cultiv訂 Conductivity (ms/cm) 
2.0 
3 .聞

3.76 
3.98 
4.40 
O.仰

的
一
切
仰
的
叫
岫

Belcanto 
Counter 
Liberto 
Rondello 
SE (9df) 

The NFT study provided similar but more extensive results in terms of plant response to increased 
conductivity (Table 5). 

Table 5. Effect of conductivity on Brixo of single-truss tomatoes. 

Cultivar 
Belcanto 
Counter 
Liberto 
Rondello 
SE Interaction (33 d f) = 0.39 

Conductivity of nu廿ient solution (ms/ cm) 
2o 4.0 6.0 8.0 
4.6 6.4 6.2 5.5 
4.7 5.6 6.4 6.5 
4.9 5.9 5.6 5.9 
4.6 5.4 6.1 6.6 

Fruit Quality 

In the pumice experiment there was a significant interaction between cultivars and conductivity 
(Table 4), but this was not apparent in the single truss study (Table 5). In general, however，也equality
of the fr山t as determined both in 趴e laboratory and organoleptically improved with the higher 
cond ucti vity 廿臼恤lent (Tables 4, 5 and 6). 

Table 6. Effect of conductivity on sensory evaluation score (1 = poor, 7 = good) 
of tomato cultivar, Liberto. 

At廿ibute Conductivity (ms/cm) 
2.0 4.5 8.0 

Sweetness 2.58 4.∞ 4.54 
Acidity 2.89 4.70 5.39 
Flavor 2.54 4.89 5.96 
Like / dislike 2.42 4.77 5.12 
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DISCUSSION 
There is thus clearly a trade-off between yield and 凶prov吋 qualit予 and the objective of future 

studies must be to quantify theparameters of this relationship between yield and quality. For example, 
we know that typically fruit harvested d山ing the summer is of superior quality to fruit harvested 凶
the winter. Does this mean that a higher osmotic sta tus should be used d uring periods oflow radia tion, 
and reduced at other times? 

Itis interesting tonote tha ttota 1 yields of thedifferentcultivars were similar in the multitruss study, 
but in the single-廿uss study there were cultivar differences, which may suggest thatyield was source
limited in the multitruss study, but sink-limited in the single-truss study. 

In the single-truss study the higher conductivities resulted in a reduced leaf area (not presented). 
This poses the question of whether the reductions in yield wi趴 increasingconductivityweredueinfact
to a reduction in source s廿ength， in which case delaying the imposition ofthe osmotic stress until closer 
to harvest might maintain the 叩urce streng曲， while still producing improvements in fruit quality 
(Mizrahi et al. 1988). on the other hand these results may simply be a ma位er of a reduction in the 
moisture content of the fruit (Ehret and Ho 1986). 

In a recent study in the field, on which the effect of trickle irrigation at different osmotic 
concentra tions on the yield and quali ty of fence toma toes was measured, a marked improvement was 
noted in fruit quality, with increasing conductivity (up to 80 ms/ cm) even in a very wet year. 

REFERENCES 
Adams,P. 1991. Effects ofincreasing thesalinityofthenu仕ient solution with majornutrientsor sodium 

chloride on the yield, quality and composition of tomatoes grown in rockw∞l. J. Hort. Sci.，話， 201-
207. 

Anon. 1990. Imports - clobbered by imports of Queensland tomatoes. New Zealand Hort., 7, 9. 

Baker, K.F. 1957. The UC System for producing healthy container-grown plants. Calif. Agr. Expt. S個.

Ext. Serv. Manua123, 332. 

Cooper, A. 1979. The ABC of NFT. Grower Books, London, UK. 

Ehret, D.L., and Ho, L.Ct 1986. The effects of salinity on dry matter partitioning and fruit growth in 
tomatoes grown in nutrient film culture. J. Hort. Sci., 61, 361-367. 

Hobson, G.E., and Kilby, P. 1982. Methods for tomato fruit analysis as indicators of consumer 
acceptability. Annu. Rp t. of Glasshouse Crops Res. Inst., UK, for 1981, 129-135. 

Mizrahi, Y., Taleismk,K.,andKagan-Zur, V.1988.Asalineirrigationregimeforimprovingtomatofruit 
quality without reducing yield. J. Amer. Soc. Hort. Sci., 113, 202-205. 



Section 6 

Notes 





Proline and Polyamine Accumulation in 
Relation to Heat Tolerance in Tomato 

49 

A.S. Basrat, D.S. Cheema2, Rewa Dhillon-GrewaF, Surjan Singh2 and Ranjit K. 
Basra1 

1 Department of Bo的ny and 2Department ofVegetable Crops, Landsωping仰d Floriculture, 
Punjab Agricultural University, Ludh的。- 141 004, lndia 

Lack of toleran凹的 high temperature in tomato (Lycopersicon escillentum) is a major limitation for 
growth in regions where the tempera ture during any part of the grow泊g season reaches optimallimits 
(Stevens and Rudich 198η. Effects of high tem戶rature on pollen development, pollen germination 
and tube grow血， ovule viability, style elongation and stigma exsertion have been observed (Rudich 
et al. 1977; Leη'et al. 1978; Shelby et al. 1978; El Ahmadi and Stevens 1979; Kuo et al. 1986). Changes 
in endogenous levels of phytohormones have been correlated with tomato fruit set under high 
temperatures (Kuo and Tsai 1984). Free proline has been reported to accumulate in tomato leaf tissue 
after exposure to s仕ess conditions such as drought (Aloni and Rosenshtein 1984), salinity (Tal et al. 
1979) and flooding (Kuo and Chen 19個; Aloni and Rosenshtein 1982). Kuo et al. (1986) reported that 
the addition of proline to medium enhanced tomato pollen germination rate and increased pollen 
resistance to heat. However, the involvement of polyamines as 加lportant plant growth regulators in 
impar也可 S甘ess tolerance (Smith 1985) in heat tolerance of tomato has not been 趴vestigated . Our 
objective was to investigate the levels of free proline and polyamines in leaves and anthers of tomato 
genotypes differing in heat tolerance. 

Two heat-tolerant 但C 276 andEC 叩534) and two heat-sensitive 但C 的90 and EC 101652) tomato 
genotypes were evaluated under field conditions. The tomato crop was sown in the field. Leaf samples 
and anthers were collected at the time of anthesis for analysis of proline and polyamines. Proline was 
estima ted using the method of Ba tes et al. (1973) . PU仕escine， spermidine and spermine were estimated 
according to Szewtka (1984), as detailed in Dhillon毛rewal et al. (1991). 

Field-grown tomato genotypes showed different levels of proline and polyamines in their anthers 
and leaf tissues (Tables 1 and 2). Both tissues had higher levels of prol趴e than polyamines. 

Table 1. Proline content ofleaves and anthers ofheat-tolerant and heat-sensitive tomato genotypes. 
Genotype Proline content (Ilffiole/g fresh weight) 

Leaves Anthers 
EC276 
EC50534 
EC8590 
EC 101652 

2.99 b 
3.85 a 
2.24 c 
2.58 c 

M曲nvalu田 in a column with similar suffixes do not differ significantly at P = 0.05 

10.75 d 
13.07 c 
28.40 a 
22.51 b 
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Table 2. Amounts of putresc凹， spennidine and spennine (JlIllole/g fresh weight) in leaves and 
anthers of heat-tolerant and heat-sensitive tomato genotypes. 

Genotype PU仕的cine Spermidine Spermine 
Leaves Anthers Leaves Anthers Leaves Anthers 

EC276 0.25a O.56a 0.51a 0.41b 0.43c 0.07d 
EC50534 0.25a 0.51b 0.49 0.46a 0.43c O.lOc 
EC8590 O.l2b O.lld O.l9c O.l7d 0.65a O.l6b 
EC101的2 O.l6b O.l2c 0.25b 0.24c O.56b 0.27a 
M曲nvalu自 in a column with similar suffixes do not differ signifi由ntly at P = 0.05. 

Freeprolinecontentof anthers washigher than thatofleaves in all varieties (Table 1). Heat-resistant 
tomato geno句pes accumulated more proline in leaves than susceptible genotypes. Kuo et al. (1986) 
reported that the proline content in anthers increased with advancing development of floral buds to 
a maximum at anthesis. Furthermore, high temperature reduced proline content in anthers and pollen 
which is probably due to a high accumulation of prol趴e in leaves. However, in the present study the 
anthers of heat-sensitive genotypes contained significantly higher levels of proline than that of the 
tolerant genotypes (Table 1). This supports the findings of Mutters et al. (1989), where in cowpea 
genotyp凹， heat-sensi位ve genotypes contained more proline in anthers, but lower in pollen, than heat
tolerant genotypes under hot conditions. Both genotypes had similar levels of proline under optimal 
growth temperatures. Pollen is the final sink for the movement of proline into developing anthers. 
Therefore, heat-induced inhibition of proline transport to pollen could result in a buildup of proline 
in the anther walls and greater overalllevels of proline in anthers, as observed in the heat-sensitive 
genotyp的 (Mutters et al. 1989). Proline is required for pollen development and metabolism d山ing

germination and also for protection from adverse temperatures (Zhang and Croes 1983a,b). 
Consequently, low levels of proline in pollen could lead to pollen dysfunction, and thereby reduction 
in the reproductive potential. 

In both anther and leaf tissues, the levels of diamine putrescine and the polyamine spermidine were 
higher in heat tolerant genotypes than in heat sensitive genotypes (Table 2). However, spermine 
accumulatedmorein趴e sensitive genotype. Hence,a positive relationship between heattoleranceand 
pu甘escine and spermidine existed, but not for spermine. Osmotic stress-induced accumulation of 
pu甘escine and spermidine has also been correlated with the s廿ess adaptive response (Flores and 
Galston 1982). These compounds may serve as a storage of nitrogen. 

An inverse relationship of spermine content with heat tolerance is, however, intriguing (Table 2). 
Pennazio and Roggero (19如) have reported that exogenous spermine markedly stimulated ethylene 
synthesis in soybean leaf tissues. 1t is tempting to suggest that the effect may be related to stimulation 
of ethyleneproduction which increases the stress-induced damage. Spermidine had a less pronounc吋
effect, and putrescine had no effect at all. Our data suggest that the ratios of pu仕escine and polyam趴es
might be critical in determining the heat tolerance or susceptibility of plant tissues. 
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Leaf Epicuticular Structure of Cabbages 
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Them。中hol。由'and development of epicuticular waxes may be influenced by temperature， ligh仁
and humidity (Hull et al. 1975; Reed and Tukey 1982); 也us affecting gas and water exchange, and 
absorption of foliar叩plied compounds and environmental contaminants. Sutter (1984) noticed that 
in cabbage plants greater humidity and lower light 趴tensity may account for a lower quantity of 
epicuticular wax. Juniper (1960) reported that high temperatures seem to induce more waxiness in 
most plants, which also appear to need light intensities of at least 20% full daylight for normal wax 
synthesis. Baker (1974) found distinct effects of environmental factors on the epicutic叫ar waxes of 
Brussels sprouts. The effects of changes in radiant ener白'rate were restricted largely to altemation in 
the size and distribution of the crystalline wax forms. As growth temperature for Brussels sprouts 
increased, waxes tended to develop across rather than project from the cuticle, resul也可凶 the
formation of dendrites, crusts and plates rather than tubes and branching filaments. Similar effects of 
temperat山e on glaucous and glossy forms of wax have been found in cauliflower and Brassica napus 
(Whit缸ross and Arms甘ong 1972). Previously it was observed that the leaf epicuticular wax of a heat 
tolerant cabbage, Soshu, is increased by night temperature but not day temperature (Furuya, unpubl. 
data) . Thepu中oseof this study was to examine the effects of different day / night tempera ture regimes 
on leaf epicutic的r wax of heat tolerant Soshu and heat sensitive Kinsyun. 

Cabbage (Brassica oleraα'a var. αpitata) were 自rst sown and grown at a constant temperature of 
250 C. Seedlings with three to four leaves were later transferred to growth cabinets with mean 
temperature regimes of 27/凹， 27/24, and 24/240 C (day /night) . They were grown under these 
conditions until the initiation ofhead趴g. Small segments (5 mm diameter) from each 仕ea加lentwere
then sampled and fixed on a sample holder and coated with gold at a thickness of 3∞Aus凶ga Hitachi
Ion sputter device E.101, and examined and photographed using a Hitachi SEM S2100A. 

Kinsyun leaves showed brown necrosis at 290 C night temperature, with no head formation. 
However, head formation did initiate at this temperature for Soshu, indicating heat tolerance of 血is
variety. Electron microscopy of heat-sensitive Kinsyun showed the presence of crystalline structured 
epicuticular wax (plates, tubes or rods). The wax s仕uct叮es in heat tolerant Soshu were more dense 
thanin Kinsyun (Fig.1-3). Tempera仙re regimes at 27月的nd 24/240 C showed normal wax density for 
bo趴 cabbages. The most pronounced differences in wax structure occur as a result of changes in night 
temperat叮e. Temperature regimes at 27/290 C considerably decreased the wax density in Kinsyun. 
Thewaxdensity in Soshu wasalsoreduced, buttoa lesser degree. With highnighttemperature Soshu 
shows a greater tendency for waxes to develop over, rather than project from, the cuticle surface (Fig. 
1, A and B). Day /night leaf. The epidermis of Kinsyun under high night temperature conditions is 
clearly visible between groups of crystalline w缸， and the ridges of the cuticles are quite distinct (Fig. 
1, Cand 0). 
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Juniper (1%0) found that the leaves of cabbages in which r∞t growth is severely restricted are 
limited in size, but develop a thick blue bloom cuticle which was visible under the el配甘on microscope 
as a tangled mass of tubes, some cfushed and fla悅ened and other still intact and erect. As root growth 
and watering of our 7 -week-old plants was normal we did not observe this phenomenon, buthigh night 
temperat叮e caused smallleaves with n配roses in heat sensitive Kinsyun. It is likely that under high 
temperat盯e conditions increased 甘anspiration may influence the uptake of nutrients. Gentner (1966) 
reported that the herbicide EPTC decreased epicuticular wax deposition and increased 仕anspiration
ra協 of cabbage. Further, Sutter and Langhans (1982) showed that water loss per unit leaf area was 
greater in cabbage plants (without structured epicuticular wax) r配ently removed from in vitro 
conditions than in plants (with considerable amounts of structured epicuticularwax) from the growth 
chamber or greenhouse. These studies demonstrate that epicuticular wax may affect the water balance 
of cabbage plants. It also has been demonstrated that head formation of Chinese cabbage at high 
temperatures relies more on water balance than on photosynthetic source (Kuo et al. 1988). Therefore, 
a large amount of epicutic叫ar wax in Soshu may have an important function in co的olling water 
balance of plants under high temperature conditions, thus heat tolerance in terms ofhead formation. 
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Tomato (Lycopersicon esculentum Mill.) is one of the most widely grown vegetable crops in India, 
although large areas of tomato production are being adversely affected by harsh environmental 
conditions (high and low temperature, drought, excessive moisture, salinity and alkalinity) . 
Development of tolerant cultivars against these abiotic factors is most important. 

The National Bureau of Plant Genetic Resources (NBPGR) has assembled about 29∞ lines from 
diverse agroclimatic zones. This includes several wild species such as L. pimpinellifolium, L. hirsutum, 
L. peruvianum, L. chessmanii, L. pissisi, L. glandulos間， L. chilense and L. esculentum var.αrasiforme﹒ The 
accessions were tested and evaluated under field conditions (Thomas and Chandra 1989a,b, 1991; 
NBPGR 1991) during hot summers (maximum tempera ture :t 38-420C) at NBPGR Experimental Far凹，
Issap叮 (annual rainfall 4∞ mm; soil texture - sandy loam; pH 6.5-8.2) in Delhi. Each accession was 
grown in 2-row plots with rows 4 m long with 60 cm between rows, d山ing summer seasons of 1990, 
1991 and 1992 in augmented block design. 

We identified donor germplasm with defini te sources of resis個nce， i.e. abilityto tolerate temperature 
s仕ess and drought conditions (Table 1). These can be used to develop lines possessing resistance to 
s仕ess.

Table 1. Genetic resources for heat and drought tolerance in tomato and related wild species. 

Attributes 
rIeat tolerance 

Donor germplasm 
EC numbers: 112咒 4639， 119ω， 16465, 27910, 31515, 3且46， 37226, 37284, 
89248， 94181 -6， 106265， 110578， 114叩3， 122063, 125754, 13∞42， 13∞53-1， 
162598, 16293丘 1的690， 163704, 164的6， 164666, 16539~ 1657∞， 165751， 
16朋祉， 1680月1， 1的281， 169308， 17師62， 251636， 251674， T -41, NC-57299, 
PI剖5喲， L. cheesmaníí, L. pimpinellifolium - Pan American, Punjab Tropic, 
~erz，rIS-101 ， rIS-102 

白'Ought tolerance EC numbers: 65992, 1伯395， 13∞42， Sel品， L. pimpine/l ifolium (PI-205009), 
L. pennell íí, L. e缸5叮C叫1
LL. p抖impi的nell(份(0伽bμli似un押m向t - Pan American 

EC numbers represent exotic collections obtained from other ∞叩甘ies and main坦ined at NBPGR, New Delhi-110 012, India 

There was a wide varia tion among genotypes for frui t set under high-temperature condi tions, and 
a review of the evaluation studies (at Delhi with temperatures of 3忌的。C) reveals that 43 accessions set 
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fruits at high temperature (Table 1). Varieties HS-101 and HS-102 had the ability to set fruit in April 
when temperat山e was 35-380 C at Hisar. These varieties performed well at Delhi under considerably 
higher temperatures of 38-420C in May. 

EC 1300妞， L. c.仰的numii and EC-162935 提出ng fruits at high temperatures exhibited stigma 
exsertion of less than 1 mm, whereas other sensitive genotypes produced more than 1 mm stigma 
exsertion (Rana and Kalloo 1989a,b). The most serious problem ofhigh temperature is the reduced size 
of fruits. Generally there is fruit set趴h臼t-tolerant lines but development of such fr凶t is very slow and 
p∞r， with the result that fruits remain smaller. Under Delhi conditions, heat-tolerant accessions EC-
16個月， 130053-1 ， 165393 were recorded to have larger fruit. 

Wild species show remarkable variation in their inherent adaptation to drought s廿ess. L. pennellii 
and L. esculentum var. ærasiforme are drought-tolerant genotypes. L. hirsu切m species is toleran t to cold 
and drought. EC-13∞妞， SeI-28, EC圖65992 and L. pimpinellifolium (因-205∞9) required more days to 
express wiltin岳出us showing tolerance to drough t condi tions. Ifyield is the cri terion, Sel﹒詣，L. c伽'smanii，

K-14, EC-104395, L. pimpinellifolium (EC-65992) and L. pimpinellifolium - Pan American are the best 
potential breeding materials for drought tolerance. L. pennellii, L. chilense and a few accessions of L. 
pimpinell仰ium have an inherent capacity to adapt under drought conditions. 

There is a need to do further screening of germplasm for tolerance to high and low temperatures, 
drought, excess moisture/ flooding, and poor soil fertili ty, to upgrade a bsence of cracks, r吋uceblotchy
ripeni嗯， improve color and shelf life. Selection for high yield under nons廿ess and stress conditions, 

andinc。中orationofheat tolerance (specific for hotdry conditions) and droughttolerance characteristics, 
tolerance to excess soil moisture or flooding, and even tolerance to p∞r soil fertility may be added into 
the physiological arsenal of future 甘opical tomatoes. A stepwise approach of genetic improvement to 
bring together these traits is needed for a successful hot season tomato crop in India. Broad-based 
genetic materials, many of them from wild species, are essential to meet a number of these breeding 
objec位ves.
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Evaluation of Tomato Germplasm Under High
Temperature and Water-Stress Conditions 
Daljeet 5ingh and 5.5. Dhillon 

Punjab Agricultural Universi旬， Regional Research Station, Bathin旬-151001 PU叫的， lndia

A tomato (Lyωpersicon esculentum Mill.) improvement program was initiated in 1986 to develop 
suitable varieties for growing under the high-temperat盯e and water-stress conditions of northem 
India. The breeding lines/ cultivars introduced from A VRDC, Taiwan, CATIE Costa Rica, ZIGUK 
Germany through the National Bureau of Plant Genetic Resources (NBPGR), New Oelhi, and 
indigenous material obtained from IIHR, Bangalore, and NBPGR, New Oelhi, were evaluated. The 
materials were evaluated in a randomized block design in three seasons: winter (1991), spring (1992) 
and rainy season (1991). The observations were recorded for early and total yield to assess their yield 
potentia l. The flowering, fruit setting and development stages of the spring, rainy and winter season 
tomatovarieties synchronizewi出 the temperature ranges 30-峙， 35-40 and 30-400 C, respectively. In the 
firstexperimentgermplasm/breeding lines were evaluated under field conditions during 1990-91. The 
average mean and maximum temperature ranged from 18 to 3O .40 C in March and 31.9 to 460C 凶 May

du由19 flowering stage. The temperature range during the rainy season was 25.l-37.40 C during 
flowering and fruit set stage. 

The germplasm was established by giving 2-3 canal irrigations, which were then stopped to create 
moisture stress conditions for screening. 

The parameters used to identi句T heat-tolerance and drought-tolerance were number of fruits set/ 
cluster, numberof fruits set/plantand marketable fruityield/ plantunder high temperature. Forwater 
stress tolerance, the screening method suggested by Kalloo (1988) was followed. 

The single plant selections from the breeding line CL 143-0-10-3-01-10 (CL 143) and the selections 
in F3 of the crosses CL 143 x 1-6-1-4-1-1 and CL 143 x BTI Sel. 7 were evalua ted in paired rows during 
spring 1992 for fruit size (polar x equatorial diameter), total soluble solids (TSS) % pH and flesh 
thickness. 

None ofthelines/ cultivars evaluated survived underdroughtconditions exceptT -1147 (German), 
an accession of Lycopersicon pimpinellifolium with long intemodes, and small fruits. The L. pimpinellifolium 
(pI 205009) along with L. cheesmani話， EC 130042 and Sel. 28 were also reported as drought-tolerant lines 
(Rana and Kalloo 1990). 

In the present study an indirect method of breeding for high temperature was followed and 
evaluation of germplasm in the field under high-temperature conditions was done. The genotypes 
setting more fruits per cluster per plant having the ability to produce high marketable (red fruit) yield 
under high temperature (30-400 C) were rated as heat-toleran t. of the accessions evaluated, PT 3027, 
Sylves仕a， Red Cherry, EC-102723 and EC 174069 produced maximumnumber offruits at 30-400 C in 
the rainy season (1990). In anotherexperiment in springT -1147, Sylvestra and CL 143-0-10-3-01-10 had 
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a high degree ofheat tolerance (30-鈞。C). However, CL 143-0-10-3-01-10 is the only genotype found to 
possessg∞dqualityfr叫ts suitable for commercial cultivation. The other heat-tolerant lines identified 
du由19 sp血可 1991 were Bathinda Se1.8-1, pf 3027, CL 5915-223-D4-3-3-0 (CL 5915), CLN 475-BC F2-

265-12-9-1 and CL 6046-BC3F2-51 -1-20-5-10-13. Dane et al. (1991) report吋 pf 3027, Red Cherry and CL 
5915 breeding lines as heat-tolerant, with high fruit 提出ng. Heat-tolerant Bathinda Sel后， CL 143and 
CL 5915 gave significantly higher early and total yield under high temperature conditions compared 
to commercial cultivars in sp也可， winter and rainy seasons (Table 1). 

Table 1. Yield potential of heat-tolerant lines in winter, spring and rainy season. 
Line/Ctùtivar Total yield (t/ha) Early yield (t/ha) 

Winter Spring R迅ny season Winter Spring R越nyseason

Heat tolerant 
Bathinda Sel. 6 3.10* 1.70* 0.58* 1.66'‘ 0.55玲 0.10給

CL 143-1-10-3-01-10-1 2.64* 1.60* 0.52皓 1.20* 0 .35等 0.07* 
CL 5915-223 04-2-1 -0 2.61* 1.26* 0.42帶 0.50持 0.20持 0.08等

Heat sensitive 
P叫ab Chuara 2 .叩* 1.14 0.10 0.18 0.12 。
P叫ab Kesari 1.63 0.97 0.10 。 。 。S-12 2.54* 0.82 0.20 。 。 。

• p = 0.05 

of the heat-tolerant lines identified, only CL 143 was selected because of earlines乳白rmness of 
台uits， low sunscald i叫uries and heat tolerance. This line was highly variable for fruit size (polar x 
equatorial diameter), flesh thickness, TSS % and pH and there was a wide range of variation for these 
characters. Since consumers prefer medium-size fruits, single plant selections were therefore made for 
larger fruit size, high TSS %, pH (4.0-4.4) and more flesh thickness from the breeding line CL 143. The 
progenies of five ideal selections were selected out of 142 progenies that had shown superiority over 
趴e base population line CL 143 (Table 2). CL 143 was crossed with 1-6-1-4-1-1 and Bathinda Sel. 7. In 
theF3 pop叫ation， single plant pedigree selections were made and the promising lines had large fr凶t

size, more flesh thickness, dense foliage and desirable fruit shape. of the selected progenies, lines 307-
10E-2 and 307-18E-1 (Bathinda Sel. 6) bear significantly larger fruits, whereas lines 07-11-5 and 07-3E-
8 and Bathinda Sel. 6 had si伊ificantly higher TSS than CL 143 and Punjab Chuara. Lines 07-1-3, 307-
18-1 and BTI Sel. 6 gave significantly higher flesh thickness (Table 2). 

Table 2. Fruit size (polar x equitorial dian1eter), T蹈， pH and flesh thickness of promising heat-
tolerant breeding lines. 

Lines Fruit size (cm) TSS pH Flesh thickness Pedigree 
(%) (cm) 

07-1-3 4.4 x4 .1 4.0 4.4 0.65玲 Selection from CL 143line 
07-3E-8 4.6 x3.8 4.5玲 4.2 0.50 
07-11-5 4.2 x3.8 5.0* 4.4 O.到

307-10E-2 5.6x4.1* 4.2 4.4 O.叩

307-18-1 5.2 x 4.3* 3.8 4.4 0.65帶

(Ba出inda Sel. 6) 
BTI Sel. 6-1 5.3 x4.2 4.5* 4.3 0.60* (CL 143 x 1-6-1 -4-1-1) 已
BTI SeI. 7-1 3.8 x4.5 4.0 4.4 O.叩 (CL 143 x BTI. Sel. η 民
BTI Sel. 8-1 4.0 x5.5帶 4.1 4.3 0.35 (CL 143 x BTI. Sel. ηF3 
CL 143-0-10-3-01-10 3.5 x 3.6 3.8 3.9 0.35 
Pb. Chuara 4.9 x 4.1 3.9 4.2 0.45 Commercial cultivar 
• P < 0.05 
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Adaptation of Tomato to High Temperature 
Stress 
I. Irulappan, A. Anbu and O.A.A. Pillai 

Horticultural College and Research Institute, Tamil Nadu Agricultural Universi旬， Coimbatore-

611003, India 

Temperature plays a dominant role 趴 the successful cultivation of tomatoes in Tamil Nadu, India. 
Du也可 summer months, when both day and night temperatures are high, the conditions are 
unfavorable for fruit set and therefore tomato yields are low. To overcome temperature 的e鉤， 124

tomato genotypes were screened du由19 summer for yield and yield-contribu也可 characters. The fruit 
set ranged from 24.3% (LE.66) 約別.7% (LE.36). The percentage of fr凶t set was less than 51 % in 63 of 
124 genotypes. This low fruit set may be due to the high temperatures (23.7-35.90 C) dur趴g the 
flowering and fruit set stages. There was a wide range of individual fruit weight 1.6 g (LE.88) to 164.5 
gιE.llη. The individual fruit weight was below 41 g in 80 of the 124 genotypes. In our study, 102 
genotypes yielded less than 31 fruits/ plant, and 117 genotypes gavea fruityield ofless than 1 kg/plant. 
Then山nberof seeds perfr凶t ranged from 8.7 (LE.l63) to 199.2 (LE.6ηand 90 of the 124 genotypes gave 
less than 100 seeds / fruit. Similar deleterious effects ofhigh temperature on fruit s哎， fruit size and seed 
number of tomato have been reported earlier (Kuo et al. 1979; Villareal and Lai 1979). 

Based on screening studies, LE.12 and LE.36 were identified as be悅r performing genotypes during 
the summer season, and were used in crossing with PKM.l, the local cultivar. The three parents and 
six hybrids were evaluated during the summer season. 

The percentage offruit set was highest (79.8) in the hybrid LE.l2 x LE.詣， followed by its reciprocal 
(72.內. These two hybrids involve high x high parental combination and the heterobeltiosis was 31.9 
and 20.2%, respectively (Table 1). The range for individual fruit weightwas from 25.0 to 37.5 g among 
the hybrids. High temperature had an adverse effect on fruit size and this is evid~nt from the low fr凶t

weight recorded by all hybrids (Table 1). 

PKM.l x LE.36, LE.12 x LE .36 and LE .36 x LE .l2 recorded more fruits/plant than the other three 
hybrids. The heterobeltiosis is markedly pronounced in these hybrids (Table 2). 

Al趴ough heterobeltiosis for yield is high in the hybrids, the mean fruit yield is q凶te low because 
of high temperatures. However, the performance of hybrids LE.l2 x LE.36 and its recipr凹al was 
satisfactory (Table 2), suggesting the possibility of cultivating F1 hybrids of tomato instead of the 
cultivars during the hot summer months. 
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Table 1. Perfonnance of paren包 and hybrids of tomato during summer season. 

Fruit set Individual 台叫t weight 

Mean (%) Heterobeltiosis Mean (g) Het扭曲eltiosis

Parents 
PKM.l 36.5 32.73 
LE.l2 ω.5 18.53 
LE.36 55.8 18.47 

Hybrids 
PKM.l x LE.l2 64.7 6.98** 31.9 - 2.54 
LE.l2 x PKM.l 63.7 5.36** 37.5 14.46料

PKM.l x LE.36 69.7 24.79** 26.0 -20.57 
LE.36 x PKM.1 43.5 22.08** 25.0 -23 .62玲等

LE.l2 x LE.36 79.8 31.99** 35.0 88.85** 
LE.36 x LE.l2 72.7 20.21玲等 32.5 75.54玲等

Table 2. Perfonnance of parents and hybrids of tomato during summer season. 

Number of fruits/plant Fruit yield (g/plant) 

Mean Heterobeltiosis Mean Heterobeltiosis 
Parents 

PKM.l 15.9 443.33 
LE.12 29.2 496.67 
LE品 29.6 469.∞ 

Hybrids 
PKM.l x LE.l2 38.5 31.88** 1325.0 166. 78'輛

LE.l2 x PKM.l 46.2 58.39玲玲 1522.3 206.51** 
PKM.l x LE.36 73.5 148.48玲等 1527.0 225.59** 
LE.36 x PKM.l 26.7 -9.81等等 341.7 27.26玲玲

LE.l2x LE品 71.9 143.06玲等 2130.7 329 .∞H 

LE.36 x LE.l2 65.3 120.85玲等 1940.0 290.ωH 
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Alleviation of Moisture Stress in Beans by 
Deep Planting 
G.B. Chibiliti and H.P. Gilika 

Botswana College of Agriculture, Fa叫句 ofAgriculture, P/B 0027 Gaborone, Botswana 

Botswana produces about 20% of its vegetable requirements, with the remainder being imported 
mainly from the Republic of South Africa (Madisa et a1.1990). Local production is hampered by low 
rainfall ranging from under 300 mm in the southwest to 600 mm in the northeast. Furthermore the 
rainfall is unreliable and is punctuated by long dry spells (Bhalotra 198內. The climate is also generally 
hot with high evapotranspiration rates. Production of vegetables relies solely on irrigation, which is 
also limited because the rivers dry up in the dry season and farmers have to use water from boreholes. 
I出ga位on is generally expensive and beyond the reach of small-scale farmers . Some of the methods 
employed in alleviating heat and water stress include mulching and use of shade nets and shade trees 
(Mar由1198η.

In a given soil profile the moisture content normally increases with depth (Viets 1972), and the 
lower layers of the soil experience less moisture fluctuation. An increase in rooting dep出 ofacropcan
therefore confer some drought tolerance (Hurd 1974; Taylor 19田).Similarly, a deeplyplanted crop will 
have access to water from the lower soillevels a吋 will be less subject to drought. Deep planting is not 
a new concept. In agronomic crops planting in deep furrows or 'listing' is practiced in low-rainfall areas 
to take advantage of the higher soil moisture at lower soillevels and to enhance germination (Delorit 
and Ahlgreen 1967). In Botswana, the Department of AgriculturalResearch (1988) recommended deep 
plan由19 of sorghum for the same reasons. Deep planting as currently practiced is still relatively 
shallow so 帥的 avoid burying the seed t∞ deeply. The maximum depth is about 10 cm. 

The objective of this study was to test the potential of planting seeds quite deep (25 cm), so that the 
roots go deep into the wetter areas of the soil, thus alleviating moisture stress.This technique was 
chosen because it is simple and inexpensive. 

The experiment was conducted at Sebele, from December 1990 to March 1991. The soil is a sandy 
loam and the plot was previously used to grow vegetables. Pole bean (P加seolus vulgaris) cv. Lazy 
Housewife and watermelon (Citrullus lanatus) 凹. SugarBabywereplantedon21 Decemberl990. The 
experiment consisted of 仇'10 planting dep也已 a normal depth of 3 cm and a deep planting at 25 cm. The 
deepplan也可 was achieved by digging a hole 15 cm in diameter. The seeds were placed at the center 
of the hole and then covered with a thin layer of soil. The hole was left uncovered.The plot size was 4 
x 2.5 m. The spacing was 66 x 50 cm for the beans and 2 x 1 m for the watermelon.There were two plants 
per station. The 仕ial was laid out in a randomized complete block design with three replications. 
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Rainfall da ta for the d ura tion of the experiment were collected from the Department ofMeteorological 
Services (1990, 1991). So il samples were collected from the site at the 15 cm level and in the 40 cm level. 
Four random samples were taken at each depth. Chemical analysis of the soil was performed by the 
Soil Science Section of the Depar恤ent of Agricultural Research. In addition, soil moisture was 
determined during two dry spells at 15 and 40 cm. Harvesting commenced 9 w凹ks after planting and 
was done for four successive weeks. The pod number and pod weight per plant were recorded. The 
vegetative ma位er was also harvested and weighed. Data collected were statistically analyzed using a 
t-test. 

The monthly rainfall during theexperimentwas as follows (mm): Dec., 8.6;Jan., 82.6; Feb., 111; and 
Mar., 121.3. on average 趴is was a particularly wet year. Several seedlings in the deeply planted crop 
died from waterlogging. This led to an uneven s切nd. There was a severe outbreak of anthracnose on 
watermelon which killed some of the plants, and the data obtained were not meaningful and therefore 
are not presented. There was no outbreak of stem rot on the deeply planted bean crop as anticipated. 
The pod and vegetative yield of the beans is as follows: 3 cm depth - 40 pods/plant, 318 g pod/plant, 
podd可 weight 8.1 g/plant, and 240 g vegetative d可 weight/plant; corresponding figures for 25-cm 
depth, 45, 391, 8.4 and 370. Deep planting si伊ificantly increased the pod yield. The number of pods 
per plant was increased by 23% and the weight of pods per plant was increased by 18%. The deeply 
planted crop showed less defoliation than the normal planted crop. The vegeta位ve yield was increased 
by 56%. During two dry spells the soil in the 40 cm zone had a significantly higher moisture content 
of4.8%compared t02.們也 in the 15 cm zone. The increase in pod yield and vegeta tive yield is a ttributed 
to the more favorable soil moisture in the r∞t zone of the deeply planted crop.These results indicate 
that it is possible to alleviate moisture stress by deep planting. Soil analysis data showed that the lower 
soillayer had significantly fewer nutrients than the upper layer. The lower soillayer had less P, Ca, Mg 
and organic matter but the K and Na content and cation exchange capacity were the same. This could 
have implications for the nutritional requirements of the crop and on the nutritional value of the 
vegetables. 

Although deep planting can be used to alleviate moisture s仕ess 也e technique has some serious 
drawbacks， ma趴lywaterloggingofseedlings. The techniqueneeds further study and might beofvalue 
on a small-scale level for growing vegetables in Botswana and other areas with similar environmental 
conditions. 
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A 
ABA see Abscisic acid 

Abscisic acid (ABA) 8, 10, 27-28, 36,38-42, 44, 59, 65, 
85, 140-144, 146, 156, 231, 234, 236-240, 310, 326 

biosynthesis 39, 237, 239 

concentration 144, 238 

Abscission 188-189, 194, 196, 303, 327, 463 

bud 191 

flower 188, 193 

heat-induced 189 

resistance / susceptib山ty 196 

Acclimation 5, 119, 390 

Acclimation potential 4, 304 

Accumulation message 237 

Acetaldehyde 225-227 

Acetylene reduction 483 

Adaptab山ty 286, 321-322, 329 

Adaptation 148-149, 161, 166-167, 231, 283, 285, 321, 
327, 329, 415, 502, 506 

Adaptive mechanism 411 

Adventitious root 206, 212, 250-252, 327, 411 

Adzuki bean (Vigna 日ngularis) 164, 166 

Aegilops 71 

- Aerenchyma 205-208,210-212,214-215,217,224,231-
235, 239-240, 327 

Aerobic condition 63 

Aerobic metabolism 64 

Agrobacterium tumφciens 64 

Alcohol dehydrogenase (ADH) 59-61，的-65， 224-227，

233 

gene 10, 59-62, 64-65 

Alcoholic fermentation 60-63，的， 220， 224-226

Aldehyde 224, 226-227 

Alfalfa (Medicago sativa) 208， 419， 421，但4

Allele 49, 125 

Allelochernicals 4凹， 413， 427

Allelopathic effect 412-413, 420 

Allelopathy 409， 414-415，但7，但9

Allotetraploid 64 

Aluminum (Al) tolerance 335, 342-345 

Amaranth 162-164, 166 

Amaryllidaceae 165 

Amino acid 8, 10, 249 

sequence 25-26, 43 

translocation rate 249 

Aminocyclopropane-carboxylic acid (ACC) 81-82, 
84-85,87-88,188,191-192,194,231-234,236,239,440, 
443, 448-449 

biosynthesis 233, 239 

content 191 

metabolism 86-87 

oxidase 81-82，但

oxidation 240 

synthase 82, 85, 87, 233-234 

utilization 85 

Aminoethoxyvinylglyαne(AVG) 泣，間，駒， 193-194，

232 

Amphibolis 214, 217 

Amphlploid 70-73 

Amylase 43, 74, 104 

Anaerobic metabolism 61，蝕， 224， 226

Anaerobic polypeptide 60-61，的鈍， 66

Anaerobic respiration 208, 244 

Anaerobic response 61, 65 

Anaerobic responsive element 凹， 61-63

Anaerobic stress 59, 61 

Anaerobic tolerance 65 

Anaerobiosis 59-60，的， 233， 236， 404

Aneuploidy 69-70, 72 
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Anoxia 缸， 64-仿， 205-206， 208， 215， 220， 224-226， 231 ，

233-234, 236, 454 

survival 63 

Anther 275, 494 

cone 325 

dehiscence 271, 273-275 

development 276, 298 

Anthesis 271, 296 

Antibodies 118 

Apex 208 

Apoplast 153-154 

Arabidopsis 8-10， 23， 27， 44， 50，間， 62， 64-65， 292

Araceae 165 

Arsenite 26-27 

Aschynomene 205, 212 

Asparagus (Asparagus咿cinalis) 31, 33, 128, 132-137, 
164-166, 412 

Assimilate see also Dry matter, Dry weight, 
Photosynthate 188-189,194, 199,203-204,326,343, 
349, 409 

partitioning 189, 194, 373 

production 347, 349-350 

utilization 189, 194 

Assimilate translocation 

effect of stress 194, 321 

Assimilation rate 133 

Asteraceae (Compositae) 286 

ATP 60, 64, 225 

Autointoxication 412, 415 

Autolysis 207, 210 

Autotoxic chemical 427 

Autotoxicity 427, 429 

Auxin 188-189, 196, 234-235, 326, 452, 457 

transport 189, 191, 194 

B 
Backcross 321, 324, 330, 393 

Bacterial wilt 321-322, 329-330, 454-455, 461, 464 

Barley (Hordeum vulgare) 9-10， 12， 54， 61，帥， 73， 81-82，

85, 91-92, 95, 116, 119, 169, 206, 384 

Barnyard grass (Echinochloa onjZoides) 231 

Basil 164 
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Bean (Phaseolus vulg且ris) 5,153,169,204,237-238,273-
275, 282, 296, 300, 303, 306, 308, 310, 313, 384, 508 

germplasm 306-307 

Begonia 189 

Benzyladenine 440 

Betaine see also Osmoregulation 48-49 

Betaine aldehyde dehydrogenase 11 

Biennialism 285, 293 

Biomass see Assimilate 

Biotechnology 225, 384 

Biplot display 256, 260, 262, 268 

Bitter gourd 163-164, 166 

Black gram (Vign日 mungo) 473-476, 478 

Boll set 177, 275 

Bolting 285-290, 293 

gene 293 

resistance 289-290 

Bottle gourd (Lagen且ria siceraria) 468, 471 

Breeding for 

cold acclimation 41 

drought tolerance 336-337, 340, 345 

flood tolerance 225 

heat tolerance 271-283, 285-286, 290, 292, 296, 

osmoregula tion 的

tropical adaptation 323-329, 503 

Breeding program 107, 196, 302, 337, 340, 355, 393, 
395, 399 

single-seed descent 330 

conventional 330-331 

Bri吋al see Eggplant 

Broad bean (Vicia faba) 51, 208 

Broccoli (Brassica oleracea var. botnJiis) 164, 166, 296, 
301 

Brussels sprouts 496 

Buckwheat (Fagopyrum esculentum) 420, 428 

Bunching onion 164-166 

Bundle sheath 150 
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C 
Cabbage 8, 164， 293，甚71， 496， 500

Calabash gourd 164, 166 

Calcium 嗨， 390

C日llitriche 235, 237 

Callose 150, 153, 194 

Cambium 212 

Camel (Iρlium temulentum) 152 

Carbohydrate 115, 128, 152, 186, 220, 224, 227-228, 
275, 326 

balance 128, 176 

metabolism 59-60 

p訂titioning 148, 201-203 

storage 148 

supply 148, 156 

Carbon 149, 199, 226, 231 

Carbon dioxide 210, 221-224, 228, 231, 275 

assimilation 5, 366 

concentration 223-224 

enrichment 176 

Carbon exchange rate 308 

Carbon fixation 哇57

Carbon isotope 372-373, 376, 380, 382-383 

Carbon metabolism 52 

C3 4, 52, 149, 373 

C4 52, 149 

crassulacean acid 52, 231 

Carboxymethyl cellulase see also Aerenchyma 

233 

Carrot (Oaucus carota) 8-10, 61, 164, 166,468, 469,471 

Cassava 164-166 

Caster bean 8 

Cauliflower (Brassic日 oleracea var. botrytis) 165, 399-
404, 471 

curd 400-401 

Cauliflower mosaic virus 53，凹， 64

promoter 54 

CCC see Chloroethyltrimethylammonium chloride 

Celery (Apium graveolens) 81, 162-163, 165, 437, 440, 
441, 443, 444, 449 

Cell 6, 9, 199, 205-207, 210, 215 

Cell wall 7, 10, 153, 167 

degeneration 232-233 

elasticity 6 

Cellulase 232 

Cereal 3, 10, 12, 82, 106, 205 

Chickpea 85, 87 

Chicory 293 

C姐姐ng 389-397 

Chinese cabbage 163, 166, 293, 302, 500 

Chinese chlve 164, 166 

Chinese kale 164 

Ching-chiang cabbage 164, 166 

Chlorella autotrophica 51 

Chloride 91, 98 

Chloroethyltrimethylammoniumchloride(CCC) 289, 
470-471 

Chlorophenoxy acetic acid (CPA) 189, 457-458, 462 

Chlorophyll 208, 317 

Chlorophyll fluorescence 4, 389-393, 395, 397 

Chloroplast 8, 10, 205, 210, 214 

Chlorosis 223, 327 

Chromosome 11，的-72， 385

Cluster bean (Cy且mopsis tetragonoloba) 467-471 

Cold 59 

acclimation 38-44 

Coleoptile 235-236 

extension 236 

Combining ability 325 

general 324-325 

specific 299, 324 

Companion cell 149-151 

Complementary ONA (cDNA) 8， 1。一12， 20-23， 25， 38，

41-44， 47， 52，日， 61， 64，丸， 293

heat shock specific 21-22 

sequence 23 

Computer video imaging 347 

Conductivity 488-490 

Convolvulaceae 65, 160 

Coriander 165 

Com see Maize 

Com cockle (Agrostemm日 githago) 440 
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Cortex 205, 208, 214-215, 217, 232 

hypoxic 233-234 

Cotton (Gossypium hirsutum) 5,10,59,65,97,150,177, 
194, 273, 275, 282 

Cotyledon 305 

expansion 487 

Cowpea (Vigna unguiculata) 271-276, 278-282, 298, 
302, 360-362, 366-368, 370, 467-469, 473-476, 478 

ca句áng 272 

sesiquipedalis 272 

unguiculata 272 

Crop improvement 11，的， 287-288， 322

Crop management 373, 453, 459, 469 

bed 452, 454-457, 461-462 

covering materials 456 

deep planting 508 

density 458, 469, 479, 483-484, 392 

high pot 456 

mulching 452-453, 456-457, 459, 467, 470 

pruning 329, 452, 458 

shading 459 

stand establishment 81, 112, 221, 437-439, 446-447 

strategy 335 

Crop productivity 303, 348, 412, 469 

Cropping system 347 

continuous cropping 427, 432 

intercropping 484 

monoculture 412, 484 

rotation 412 

Cruciferae 160, 165 

Cucumber (Cucumis s日 tivus) 5, 150, 163-164, 166, 414 

Cucumber mosaic virus 331 

Cucurbit 467 

Culm 250 

Cultivar difference 188, 286, 326, 349, 463, 366, 478 

Curly dock (Rumex crispus) 440 

Cuticle 214-215 

Cymodocea 214, 217 

Cytochrome oxidase 66 

Cytokeletal changes 390 
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D 
Dark respiration 5, 136 

Day 凶Y 165 

Daylength 73, 273, 283 

Deacclimation 3個-305

Dehydration 6, 11, 38, 44, 59 

Dehydrogenase 52 

Delonix regia 409, 411 

Denitrification 244, 246-247 

Desiccation 6, 10, 38, 44 

tolerance 11 

Detoxification 415 

Development 303, 326 

Diallel analysis 296, 299-300, 324-325 

Dicotyledoneae 165 

Diffusive resistance see also Drought 140-141, 143-
145, 364, 368-370 

Dioscoreaceae 165 

DNA 13, 20 

sequence 43, 74 

Drainage 457 

Drosophila 9, 20 

Drought 47, 54, 100-102, 104, 152, 156, 335-347, 354-
355, 360, 365, 367-369, 373, 397, 411, 413, 438-439, 
452-473, 501-503 

avoidance 344, 508 

hardening 170 

index 355-357 

resistance 478 

stress 47,52,54,340,343,354,360-362,452-453,468, 
473, 475 

tolerance 48,54,331,335,337-338,340-341,343-345, 
347-350,354,356-358,360,369-370,372-373,383,501 , 
508 

Dry matter see also Assimilate 128,132, 155,208,246, 
402, 480 

accumulation 131, 379, 404, 480-481 

partitioning 148 



520 

Dry weight 245, 309, 327, 343, 384, 399-402, 404-405, 
479 

accumulation 313, 379 

Dusty miller (Senecio cinerari日) 440 

Dwarf 125-126 

gene 289 

E 
Early growth 236 

Ecballium elaterium 235 

Echinochlω oryzoides 231, 236 

Eggplant (Solanum melongena) 100-104, 164, 166,467 
471 

Electrolyte leakage 160-161, 390 

Elongation seealso Waterlogging, Submergence 210, 
221, 232-236 

Elongation/ ability 220 

Elongation/leaf 208 

Elytrigia repens 70-71 

Embryo 116, 276, 448 

Embryo / growth potential 的， 437， 438， 439，但0， 442

Endoderrnis 232 

Endosperm 437-448 

Environmental effect 278 

Environmental factor 223 

Environmental stimu且 59

Environmentalstress 188, 193, 390, 409 

Enzyme 3右， 11， 43， 49-50， 52， 54， 60， 63-66， 74， 104， 226，
233, 326, 448 

Epicuticular wax 496, 500 

Epinasty 232, 237, 239, 239-240, 327 

Escherichia coli 49, 52-53 

Ethanol 60, 64, 224, 226, 440 

Ethephon [Ethrel, 2-chloroethyl (phosphonic acid)] 
81, 84, 86, 194, 196, 233, 236, 439-440, 443, 448 

Ethylene 81,83-84,87,188-189,191,193,196,206,208, 
221-224, 228, 231-237, 239-240, 439-440, 448, 482 

action 193, 196, 236 

biosynthesis 81-82, 85, 191, 327 

evolution 194 

production 81-85, 89, 191, 193-194, 231-232, 234, 
236, 239, 448 

Ethylene forming enzyme 82，鈍， 87-89

Euphorbiaceae 165 

Euploidy 72 

Evapotranspiration 294 

Excess moisture see also Anaerobiosis, Anoxia, 
Flooding, Rain, Submergence, Waterlogging 322, 
327, 399-405, 433, 502 

Extension see Elongation 

Exudation rate 248 

F 
Far red light 273, 271, 275 

Feedback control 49, 54 

Fertilization 274-276, 326, 463 

Fertilizer 467, 471 

Flooding see also Anaerobiosis, Excess moisture, 
Submergenc巴， Waterlogging 206, 215, 221, 228, 
231-232, 237-239, 327, 452-454, 457 

debitmessage 237 

stress 322, 327, 452-453 

tolerance 221, 224, 327 

Floral bud 271, 273, 176, 188, 191, 196, 311 

abortion 281 

development 271, 273-275, 277, 279-281 

initiation 277 

suppression 273 

Flower 188, 196, 199, 201, 271, 274, 311, 319, 463 

abortion 176 

abscission 193, 298 

characteristics 318 

development 189, 271, 298 

initiation 149, 281 

number 319 

ovary 192 

petal 191-192 

production 281 

Flowering 272, 285, 289, 292, 402, 463, 503 

days to 351, 356-358, 368-369 

Fluridone see also Abscisic acid 39 

Freezing 38-44, 397 

Fresh weight 375, 379, 384, 421 
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Frost 38-39, 149 

Fruit 199, 201, 486, 504 

characteristics 318 

deformation 317 

development 276 

fumness 321-322, 328, 330 

growth 149 

injury 196 

number 175, 179, 181-183, 184-185, 193, 196, 464, 
488, 503 

quality 328, 330, 487, 489 

retention 196 

size 175, 179, 182, 185, 196, 317, 321-322, 326, 328 
330, 458-459, 502-504, 506 

weight 175, 179, 183-184, 316, 319 

yield 463, 464, 464, 503, 458 

Fruitset 175-177, 184, 189, 274-276,304, 316-317, 319, 
321,323-326,452,454,457-459,461-463,502-503,506 

Fruitlet 190 

pedicel 188 

Fusarium 412, 428, 432 

G 
GA see Gibberellin 

Garland chrysanthemum 165 

Garlic 162-165 

Gene 5, 8, 10, 20, 47, 49, 52-54, 68, 75, 385, 393 

additive 324 

dominant 271, 277-278, 280, 281, 283, 298 

non-additive 324 

reporter 62 

stress 11-12 

tag 290 

turgor-responsive 10 

Gene expression 3,9,20, 26-27,31,38-40,44,59,62-63 

Gene f臼nily 8 

Gene transfer 3 

Genetic analysis 324 

Genetic dissection 11 

Genetic diversity 194, 196, 281, 337, 438, 467, 256 

Genetic engineering 39, 47, 196 

Genetic improvement 228, 329 

Genetic interaction 325 

Genetic linkage map 3, 13 
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Genetic marker 12, 54, 68, 74-75, 372, 374, 376, 385 

Genetic stock 的

Genome 28, 68, 70, 73 

Genomic DNA 9, 13, 43, 74 

Genotype 255-256, 260, 261-262, 268, 271, 274-276, 
279-281,306,309-312,316-317,338,340,343-345,350, 
355 

Genotype by environment in teractions (GEI) 255也已
260, 337, 357 

Geometric mean productivity 259-261 

Germplasm 316-317, 322, 327, 331,347, 350,468, 501-
503 

collection 335, 338, 345 

evaluation 323 

Gibberellin (GA) 85, 101-103, 122-125, 235-237, 285, 
289, 326, 439, 443 

concentration 125-126, 289 

in sap 237 

metabolism 156 

mutant 289 

synthesis 156, 289-290 

Ginger 165 

Glucose-6-phosphate dehydrogenase 5 

Glucosylglycerol 48 

Glutamate 47-50 

phosphorylation 48 

Glutamic-g-semialdehyde 48-紗， 52

Glutamine 48 

Glyceraldehyde 3-phosphate 60 

Glycine 155 

Glycine betaine 47-48 

Gossypium 273 

Gossypiur月 hirsutum 273 

Gourd (Luffa acutangul日) 468 

Grafting 463-464 

Grain f山ing 354 

Grain yield 347, 349-350, 356-358 

Gramineae 165 

Grass 414 
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Green manure 429 

Grovvth 6-7, 118, 128, 149,153, 156, 223,236, 245, 308, 
413， 419，哇25

analysis 129 

duration 154 

enhancement 420 

habit 184, 317, 329 

rate 128, 154 

Grovvth potential 438-439, 447-449 

Grovvth regulator 148, 156,437,439-440,448,457-458, 
467 

H 
Hardening 160, 163, 166-167, 173, 390 

Harvest index (Hl) 162-163, 165, 167 

Heading 285, 290, 296, 301, 500 

Heat see 日lso High temperature 13, 188,273,277,397 

injury 163, 303-304, 306, 310, 312 

Heat acclimation 304-305， 3間， 310， 313

potential 297, 303-304, 306自308， 310-313

Heat girdling 106, 108-109, 118 

Heat hardening 169-172 

Heat killing temperature 305 

Heat killing t凶le 305-307, 309-310, 313 

Heat resistance 289, 303-304, 312 

Heat shock 8-10， 20，泣， 32-33， 35 詣， 115-118， 149

Heat shock cognate gene 8 

Heat shock protein (HSP) 4， 8， 11 ， 20-22， 25-詣， 31-33，

35, 106, 116, 118, 167, 308, 313 

accumulation 9 

difference 32, 34 

high molecular vveight 8, 21, 31-33 

lovv molecular vveight 8， 20-21， 23， 25-詣， 31， 33， 35

synthesis 31, 308 

Heat stress 3, 6,8-9, 20-21, 107, 112,167, 188-189,191, 
194-196,275-297,300-301,303-304,306,311-312,395 

Heat tolerance 3，呵， 161， 163， 169-173， 271 ， 273， 275，

278-283, 287, 296-307, 312-313, 316, 321-323, 325, 
329-331, 389, 395, 493-494, 500-501, 504 

factor 326 

genetic basis 323-324 

inheritance 277 

Heavy metal 20, 27-28 

Helianthus 缸， 413

Heritab山ty 114, 256, 278-279, 299 

Heritabilityestimate 323-324 

Heterophylly 237 

Hexaploid 5, 70 

High temperature see also Heat 4， 20， 31， 35-36，凹，

83-87, 106-107, 116, 128, 149, 150, 153-154, 156, 160, 
165, 175-176, 184,188-89,194, 196,288,296,272,274c 
275, 285-286, 288, 293, 303, 305, 309-310, 316-317, 
322, 324-327, 395, 433, 437-440, 445-446, 449, 452, 
461-463, 493-494, 496, 500, 502-503, 506 

adaptability 107 

breeding 290 

day 275-276, 297-298, 463 

effect 183, 326 

injury 156, 160, 162, 164, 166 

night 175, 179, 184-185, 271-272,274-276, 279, 297 
298, 300, 463, 496 

soil 106-107, 310, 322 

stress 3-5, 8-9, 161, 288, 322, 437, 440, 452, 457, 506 

tipbum 285, 288 

tolerance 33, 83, 128, 326 

survival 106-119 

viab也ty test 305 

Hordeum 74 

Hormone 21，凹，伍， 189， 231-234， 236-238， 240， 326，

439 

HSP, see Heat shock protein 

Humic acid 414 

Humidity 293, 461 

Hyacinth bean 164, 166 

Hybrid breeding 30, 296, 301,321, 325-326, 330, 379-
380, 507 

Hybridization 22, 41, 316, 341 

Hypertrophy 207 

Hypoxia 61-63，的， 70

Image capture and analysis system (ICAS) 348, 349 

Inbred lines 296 

Indian bean (Dolichos lablab) 467-471 
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Indole acetic acid (IAA) 236, 463 

Inflorescence 189, 194, 319 

Interference 415 

Introgression 372 

Invertase 153, 188, 194, 195 

Ion leakage 305 

lron 222 

Irrigation 373, 467, 471, 479-480, 490 

drip 471 

sprinkler 471 

Iva annua 98 

J erusalem artichoke 50 

K 
Kangkong 162-166 

Kernel 154, 156, 313, 356-357 

Kinetin 81, 86-87, 439-440, 448-449 

Klebsiella pneumoniae 49 

Kohlrabi 164, 166 

L 
Lactate dehydrogenase 60 

Land 問uivalent ratio 479, 483 

Lateral exchange 151 

Leaf 149, 188-189, 200, 305, 317, 390, 392, 496 

growth 117, 126, 232, 235, 237, 285 

weight 399-403 

Leaf area 309,327,354,361,365-366,375,378-379,384, 
399, 401-405 

Leaf 訂ea ratio (LAR) 130, 132, 134, 137 

Leaf blade 210, 217, 250 

Leaf chlorosis 244 

Leaf heterophylly 232 

Leaf number 401, 402 

Leaf petiole 239 

Leaf senescence 237 

Leaf structure 167 

Leaf water potential 140, 142, 146 

Leaflet 201, 203, 212, 231, 237, 247, 305 

Leersia 415 
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Legume 12, 154, 205, 208, 212, 360, 467, 473, 476 

Lemon grass 163-166 

Lenticel 207 

Lettuce (Lactuω5日tiva) 81 ， 82，但-86，閉， 164， 166， 285-

286, 293-294, 424, 427, 432, 437-441, 443 

breeding 287 

flowering 290 

quality 285, 

seed 448 

seed coat 86 

seedling 位4

Leucaena leucocephala 409, 411 

Light 4, 223 

Light intensity 126, 189 

Liliaceae 165 

Lima bean 164, 166 

Linkage group 380 

Lipid 5, 11, 167 

Lipoxygenase 11 

Long melon 470 

Low temperature see also Chilling, Cold, Frost, 
Temperature 40-42, 44, 126, 149-150 

Luffa 164, 166 

Lupin 208 

Lupinus angusliforli日 208

Lycopersicon 327, 331 

的自smanii 501, 503 

chilense 501 

esculenlum see Tomato 

esc的nlum var. cerasiforme 501-502 

glandulosum 501 

hirsulum 501-502 

pennellii 372, 374-379, 382-385, 502 

peruvianum 501 

pimpinellifolium 325, 501-502 

pissisi 501 

vlros且 293
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M 
Macaroni wheat (Triticum durum) 68 

Macrophominia phaseolina 432 

Maize (Zea m月{s) 3， 狗， 162-166, 412 

anaerobiosis 61-64 

chilling 389-396, 
drought 叫2， 204， 354

heat shock 8-12 

protoplast 59 

root 234 

source-sink relations 150 

waterlogging 206-208, 231-235, 244-249 

Malabar spinach 164, 166 

Malate dehydrogenase 5, 50 

Male sterility 274-275 

Manganese 222 

Mannitol 439 

Marine angiosperm 205 

Matric osmotic stress 凹，呵， 97

Matric potential 吭， 92， 94， 442

Matriconditioning 86, 88, 437, 442-447 

Maturity 481, 504 

Mean grain yield 357 

Mean productivity 255, 260-262, 269 

Mechanical restraint 447 

此1edicago sativa 51 

Melon 161, 163 

Membrane 161-160, 208-395 

fluidity 5 

integrity 153 

lipid phase 390 

stability 5-乳白， 35， 161, 163, 167, 321 

transport 344 

Meristem temperature 115-116 

Mesembnta叫lemumnod伊orum 51 

Mesophyll 149-150, 205, 210 

Messenger RNA (mRNA) 8， 10，泣， 20， 26， 28， 38， 42-
44， 52， 60，的， 293

Metabolic tolerance 231 

Metabolite tumover 153 

Millet 107 

Mineral nutrition 148, 413 

Mitochondria 8, 10, 205, 210 

Mobilization 153 

Moist solid carrier 81 

Molecular biology 38, 44 

Molecular signal 156 

Monocot抖edoneae 160, 1的

Mother fern system 128 

mRNA, see Messenger RNA 

Multigenic resistance 337 

Multivariate biplot display 255 

Mungbean (Vigna radiata) 163-164, 166, 473-476, 478 

autotoxicity 427-432 

disease complex 428, 433 

drought s仕ess 360-366, 370 

growth 424-425 

saponin 419-422, 424-位5

stress tolerance 257-269 

Mustard 164, 166 

Myrica gale 212 

N 
NAD 225 

NADH 60, 252 

NADP 391 

Naphthalene acetic acid (NAA) 189-190 

Necrotic leaf margin 285 

Neptuni日 212

Net assimilation rate (NAR) 129, 132-133, 137, 373 

Nicotiana 5, 12, 51-52, 209, 412 

Nightshade 164 

Nitrate 222, 249, 252, 443 

Nitrate reductase 24是-245， 252-253

Nitrite 244, 252 

Nitrogen 208， 212， 245-248， 249-250， 4個

plant 244, 247-250 

soil 244, 247, 414, 479, 483 

Nitrogen fixation 伍， 482
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Nitrogen uptake 244-245 

Nodulation 482 

Nodule 52, 205, 208, 212, 482 

Norbornadiene see also Ethylene 236 

Northern blot analysis 24， 26-27，位， 53

Nucleic acid probe 118 

Nucleus 8, 210 

Nuptunia 205 

Nutrient 413-414 

deficiency 397 

uptake 327 

Nutrient film technique (NFT) 486-487 

。
Octoploid 70 

Oilseed rape 12, 467 

Okra 163-164, 166, 469-470 

Onion 161, 165 

Ornithine see also Proline 47, 50 

Ornithine aminotransferase 49 

。ryza 415 

Osmoconditioning 437, 440, 442-444, 449 

Osmolyte 紗， 54

Osmoregulation 6-7, 11,.47-50, 52 

Osmotic adaptation 156, 144, 145, 149, 335, 338 

Osmotic potential 7，凹， 100-101 ， 140-143， 145-146， 339

Osmotic restraint 81, 437-438 

Osmotic solution 487 

Osmotic stress 38， 47-52，日，泣，悅， 86， 91， 94-95，呵，
437, 439-440, 486, 490 

Osmotic water potential 91 

Osmotica 92 

Osmotin 38, 43-44 

Ovule development 274-275, 326 

Oxygen 64-65, 222-223, 228, 231-232, 236, 244, 411 

deficiency 215, 224, 232, 234, 236, 252, 411 

supply 208, 220, 231-232, 234-235, 244 

tension 59, 65 

Oxygen availab山ty 252 

Oxygen concentration 66, 210, 221, 224, 231-232 

Oxygen consumption 232 

Oxygen diffusion 220-221, 228,244 

barrier 70 

P 
Pai-tsai 165 
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Pangola grass (Digitaria decumbens) 4凹， 413-414

Paprika 190-192 

Parsley (Petroselinum crispum) 440 

Pea (Pi5um sativum) 8-9, 23, 61, 64, 149, 150, 208, 228, 
239, 468, 471 

Peanut (Arachis hypogaea) 50, 164, 166, 384, 473, 474, 
476, 478 

Pearl millet (Pennisetum glauα1m) 106, 112, 114 

Pedicel 190, 192 

Peduncle 150, 235, 277 

temperature 151 

PEG, see Polyethylene glycol 

Pepper (Capsicum annuum) 85, 161-164, 166, 437, 443, 
446 

abscission 188-196 

drought 140廿6

germination 100-104, 

production 196, 452-459, 468 

seed 445 

Pericarp 317 

Petiole 194 

Petunia 8-9 

Phaseolus 298 

Phellem 212 

Phenolic acid 413 

Phloem 149, 152-153, 194, 203, 239 

Phosphoenolpyuvate carboxylase 50 

Phosphofructokinase 60 

Photoperiod 122, 126, 271, 273-275,278, 281, 283, 292 

gene 73 

Photoperiod x temperature interaction 274-275 

Photorespiration 4, 136 

Photosynthate see 日l50 Assimilate 148-149, 151-152, 
204 

partitioning 153, 157 

storage 157 
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Photosynthesis 4-5,7,148-150,156,199,208,215,223-
226, 366, 390, 500 

app訂atus 149, 306 

capacity 7-8, 148 

drought 141, 143 

efficiency 321-322 

rate 7, 140-141, 338 

temperature 132, 136 

Photosystem I 390 

Photosystem II 4-5, 390-392 

Phyllospadix 214-215, 217 

Phytochrome 271, 275, 277, 281 

Phytotoxic compound 409,415,427,430,432-433,439 

Pigeon pea (C可anus cajan) 474, 475, 476, 477, 478 

Plant height 351, 355-357, 400-401, 469, 475 

Plant introduction 335, 338, 342-343, 345 

Plant size 285, 288 

Plant vigor 360, 370 

Plasmalemma injury 306 

Plasmid 20-23, 25-27, 41-43, 52-54 

Plasmodesmatal connection 153-154 

Plumule elongation 96 

Plumule emergence 94-98 

Pod 150， 272， 298，但5， 484

dehiscence 340 

filling 336, 343-344 

length 368-369 

size 177 

vveight 311, 313, 365, 370 

Pod production 177, 275, 297, 299 

Pod set 177, 271-272, 274-275,278- 281, 297, 300, 310-
311, 313, 509 

Pod yield 298, 366, 368, 369, 509 

Pole bean (Ph日seolus vulg，日T的) 508 

Pole sitao (Vigna sesquipedales) 360品2， 366, 368-370 

Pollen 59, 149, 176-177, 275-276, 298, 304, 326, 463 

Pollen viability 6, 271, 274, 297, 463 

Pollination 196, 274, 326, 354-355 

Poly(A)+RNA 40-41 

P吻amine 234, 236, 493-494 

Polyethylene glycol (PEG) 的-84， 91-92， 100， 102， 410，

437-440, 443, 445, 447 

Polygenic trait 323-324 

Polymerase chain reaction (PCR) 的， 75

Polypeptide 28, 117 

Polyploidy 69 

Polysome 7-8 

Porometer 347-349 

Posidonia 214-215, 217 

Positive message 237-239 

Pot日mogeton 236-237 

Potassium ion 48 

Potato 12, 38-39, 156, 161, 169, 176, 304, 313 

Pressure potential 339 

Priming 437 

Proline 48-50, 53, 177, 275, 493 

accumulation 53-54 

biosynthesis 4t-50, 52-53 

gene 47, 49, 52-53 

catabolism 50 

concentration 50, 275 

dehydrogenase 54 

oxidation 54 

production 54 

synthesis 50, 52-54 

transport 275 

Promoter 12， 47， 53，間， 61-63，的

Protease 245, 252 

Protein 3,8, 10-11,20-21,23,39,47,59, 63-65, 118, 172, 
226, 250 

ABA-induced 41 

cold-induced 41 

conformation 5 

content 245, 250 

degradation 252 

denaturation 5, 390 

desicca tion-rela ted 12 

metabolism 39 

NP24 43-44 

pathogenesis-related 43 

pattern 33 

tomato 43-44 

Protein synthesis 4, 7-8, 31, 33, 39, 44, 116, 244 



lndex 

Puccinella natulliana 98 

Pumice 486-487, 489 

Pumpkin 50, 164, 166 

Pyruvate decarboxylase (PDC) 60，品，伍， 226， 233

Pyruvate kinase 60 

Q 
Quantitative trait loci (QTL) 12-13, 75 

Quasi-quantitative trait 321, 324 

R 
Radicle emergence 96-97 

Radish (Raphanus sativus) 10, 162-164, 166, 468-469, 
471 

Rain 

effective 337 

excess 399-402, 453 

shelter 454, 452, 453, 455 

Randomamplified polymorphic DNA (RAPD) 12-13, 
75, 293, 331 

Ranunculus 235-237 

Rape green 10, 165 

Recessive gene 271, 277, 279, 281, 298, 321, 323 

Red light 271, 273, 275 

Relative biomass yield 紗， 349

Relative dry weight 309 

Relative grain yield (RGY) 349-351 

Relative growthrate (RGR) 129, 131-132,135, 137-138 

Relative root dry matter 379 

Relative specific activity 199, 201-203 

Relative water content 339 

Reproductive development 176, 191, 194, 201-202, 
271, 273, 280, 282, 303, 310, 326 

Respiration 137, 153, 223, 326, 390 

anaerobic 64 

Restriction fragment length polymorphism (RFLP) 
12-13, 293, 331, 372, 374, 376 

linkage map 380-382, 385 

marker 375, 384, 385 

Rhizoctoni日 428， 432

Rhizome 214 
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Ribulose bisphosphate carboxylase / oxygenase 
(Rubisco) 4, 326 

Rice (Oryza sativa) 3, 12,38,73,149, 154,389, 395,410, 
415, 480, 483-484 

deepwater 235-236 

drought 347-352 

genotype 85 

germination 81-82, 437-439 

heat stress 9-10, 21-26, 28 

residue 411, 414 

waterlogging 59, 61-62, 205, 207-208,210, 220-224, 
226-228, 231, 233, 

Rice bean 164, 166 

RNA 39, 41-42, 65 

RNA polymerase 63 

RNA synthesis 60 

Root 53, 188,200-201, 203, 207-208, 212, 231, 235, 237, 
246-247, 355, 365, 383, 469 

activity 453 

apex 224, 344 

cortex 206, 210 

development 427 

diameter 205 

distribution 477 

exudate 248-249 

growth 7, 72, 294, 309, 340, 342, 345, 360, 369, 453 

length 102-103, 234, 285, 294, 349-350, 369, 473 

seminal 250-252 

taproot 285, 294 

weight 294， 3凹， 347-352， 399， 402， 405， 477

Root pulling resistance (RPR) 348-352, 

Root structure 294 

Root system 38, 153, 231-232, 239, 252, 335, 340, 344, 
348，但5， 453

Root:shoot ratio 155, 365-366 

Rooting capacity 338 

Rooting depth 71, 232, 508 

Round melon (Praecitnttus戶stulos叫 471

Rumex maritimus 235 

Rye (Secale cereale) 68, 70-71 

Rye grass 412 
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S 
S-adenosylmethiortine (SAM) 82 

5日ggittari且 pygtηae，且 236

Sago pa1m 151 

Salinity 38， 44， 47-鉤，徊， 347-348， 397， 437-438， 440

stress 81 -82，餒， 439-440

Salinization 98 

Salix 126 

Salmonella 48-49 

Salt 47-48, 82, 85, 440 

stress 44, 53, 68, 73, 81, 83, 438 

tolerance see also Chromosome 

5哇， 68， 70， 72， 74

Salvia (Salvia splendens) 440 

Sap 238-239 

Saponins 419-422, 424-425 

Sa tura ted soil cult山e see also Soybean 

479-485 

Scirpus maritimus 231 

Screening 289, 302, 345, 395, 400, 464, 502, 506 

Screerting method 160, 267, 322, 340, 348, 389 

Seagrass 205, 214 

Secale acaule 39, 71, 461-464 

Seed 83， 84， 89， 91， 9吭 100， 154， 354， 437-449， 480

aging 81 

coat 83, 98, 428, 447, 448, 449 

conditiorting 437, 440, 442 

development 276 

number 186, 326, 506 

performance 437 

production 463 

scarifica tion 447 

vigor 84 

weight 365, 368-369, 475, 484 

yield 336, 337, 341, 363, 367, 475 

Seedemergence 437, 439, 441, 443, 446, 449 

Seed germination 273, 425, 508 

ethylene 81-89 

high t包nperature 106, 286, 447-448 

potential 437-441, 445 

rate 98, 102-103 

stress 91-93, 95-97, 100-103 

waterlogging 236 

Seed set 6， 149， 177， 196， 273-2丸， 285， 297-298

Seedling 118, 122,125-126, 128, 132, 169, 171,233,313, 
345, 362, 400, 438, 449 

elongation 81 

emergence 106, 110, 111, 438-439, 445 

establishment 106, 437 

growth 81, 82，嗨， 100， 437

survival 106-107, 112, 114 

Selection 286, 288, 301, 342, 384, 502 

Selection criteria 255-256, 303, 354 

Selection pressure 288 

Senescence 6, 205, 208, 215 

Sesame 164, 166 

Sesbania 205, 212 

Shallot 164-166 

Shoot 208, 224, 231, 237, 244, 246, 250, 285 

extension 102-103, 235 

growth 7, 360, 366, 480 

weight 247, 361, 365 

Sieve element 149-150, 153, 204 

Silene armeria 292 

Silver ion 206, 232-233 

Silver thiosulfate (STS) 188, 193-194, 196 

Slllk 148, 150, 152-154, 156, 188, 199, 204, 275, 457 

storage 151-153 

u叫oading 153 

Snake gourd 165 

Snapbean 85, 164, 166, 177, 273, 275, 276, 282 

Snap melon (Cucumis melo var. momordica) 468, 470 

Sodium 73, 98 

Sodium chloride 凹， 73，但-鈣，嗨， 439

Soil acidity 432-433 

Soil alkalinity 347-348, 430 

Soil matric potential 439 

Soil moisture 6, 247, 331 

Soil sickness 411, 412 

Solanum 38-44, 51, 327, 331, 462 

Somaclonal variation 48 
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Sorghum (Sorghum bicolor) 3， 咒 61 ， 151, 161, 413 

seed germination 91, 96-97 

seedling survival 106-118 

Source 148, 150, 152-153, 156, 203, 204 

Source-sink proximity 150 

Source-sink relations 148, 156-157, 200 

active reloading 152 

active transfer 153 

passive leakage 152 

Southern blot analysis 43, 74 

Soyasaponin 420, 421, 423, 424 

Soybean (Glycine m日x) 155, 161-164,166, 169,304,313 

ano泡a 61, 64 

drought tolerance 335-345 

HSP 8-10, 21, 23 

nodule 50 

production 479 

proline 48, 51-53 

root 50 

saturated soil culture 479-485 

Spikelet 150 

Spinach (Spinacia oleracea) 4, 51, 126, 162-164, 440 

Spinach beet (Beta vulgaris var. bengalensis) 468 

Sponge gourd 470 

Stalk lodging 355 

Stand size 82 

Starch 6, 149, 152, 194, 225, 227-228 

in peduncle 275 

Starch grain 205, 208, 210 

Starch synthase 6 

Stele 217, 232-234 

Stem 200-201, 204, 227, 231, 235-236, 317, 327 

growth 232, 235, 285, 292 

swelling 232, 237 

Stichococcus bacillaris 51 

Stigma receptivity 274 

Stomata 146, 214, 308 

Stomatal aperture 141, 232, 237-239, 308, 383, 327 

Stomatal conductance 375, 378 

Stress 詣， 81， 160， 327， 449， 461

alleviation 82, 85-86, 439 

responsive gene 10， 41-位

Stress environment 255-256 

Stress intensity (SI) 255-261 

Stress rating 364, 368,370 
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Stress susceptibility index (SSI) 255-259,261-262,269 

Stress tolerance 3-4,11-12, 68,74-75,255,256,259-262, 
264, 269, 322 

attribute 262-266 

index (STI) 255-259 

Style 317 

Suada depressa 98 

Submergence see also Anaerobiosis, Anoxia, Excess 
Moisture, Flooding, Waterlogging 伍， 205-206， 208，
210,214-215,220,223-224,227,231-232,235,237,239 

Submergence tolerance 85, 220-228 

Succinate biosynthesis 52 

Sucrose 149, 150, 176, 199, 200, 204 

hydrolysis 154 

transfer 154 

uptake 195 

Sucrose synthase 61-62，祉， 154

Sudanese grass (Sorghum sudanense) 92 

Sugarcane 204 

Sugars 149-151, 486 

in peduncle 275 

Sunflower 9，的， 203， 206， 208， 384， 389， 395， 397

Sweet potato 162, 164, 165, 166, 469 

Symplastic transfer 150 

Syringodium 214, 217 

T 
Taro 165 

Temperature 26, 92-93, 95-97, 132, 136-137, 148, 151-
152, 154, 179, 274, 276 

canopy 354 

critical 91,149 

day 175, 178, 185, 321, 506 

growth 155 

leaf 395 
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night 175, 177, 184-185, 194, 271-273, 275, 297-298, 
300, 321, 506 

optimum 96, 149, 155 

root 156, 308 

supraop也nal 437 

Temperature effect 91 

Temperature reg叮叮 190-192 

Temperature sensitivity 150 

Tempera ture stress see also Chilling, Cold, Frost, Heat, 
High tempera ture, Low tempera ture 285, 389, 501 

Tetraploid 70 

Thalassia 214 

Thalassodendron 214 

Thermal adaptation 161, 304, 389 

Thermoinhibition 缸， 86，閉， 439-441, 443-444, 449 

Thermoprotection 20 

Thermosensitivity 118 

Thermostability 160 

Thermotolerance 8-9， 31， 36，紋， 106-107， 114， 116， 118，
310 

index 1間， 113-114

Thielaviopsis basicola 412 

Thinopyrum 70-72 

Thorough-wax (Bupleurum gr物的ii) 437, 443-444 

Tomato (Lycopersicon 的culentum) 8， 10， 12， 50-52，日，

85, 161, 163-164, 166,189,194,196,206,208,300,304, 
327, 374-379, 382-385 

drought 199-202 

genetic resources 313-317, 323, 501 

heat tolerance 169-171, 175-178, 323, 273, 275, 282, 
326-327, 493, 506-507 

production 452-454,456,458,461-463,468,470-471, 

seedliPg :,stablishment 437-448 

water use 372-381 

waterlogging 231, 238-239 

Tomato fruit 327-328 

color 327, 329, 504 

cracking 317, 321-322, 327-328, 330 

t叮叮mess 504 

flavor 486-487 

locule 319 

puffiness 328 

quality 322, 327-330, 486-490 

size 182 

soluble solid 328-329, 489,503-504 

Tomato linkage map 385 

Tomatotone seealso Chlorophenoxyacetic acid (CPA) 

458, 461-463 

Tragopogon 61 

Transcription 忱的，的

Transformation technology 12, 47, 54 

Translation 22, 40 

Translocation 150-151, 156, 199-201, 203-204, 366 

Transpiration 7, 156, 288, 326, 338, 364, 368-370, 378, 
383, 500 

rate 140-141, 143, 145, 237, 370, 373, 375 

stream 231, 239 

Transport 

pathway 148, 239 

system 150 

Trehalose 48, 50 

Trüodobenzoic acid (百BA) 194 

Triticeae 68, 70, 73-74 

Triticosecale 70 

Tritiωmm日cha 70 

Turgor 6, 10 

potential 140, 144 

pressure 7-8 

U 
Umbelliferae 160, 165 

V 
Vascular system 148-150 

Vegetable production 467-468, 508 

Vein 149, 217 

Vernalization 125-126 

gene 73 

Vi伊a aconitifolia 47-48, 52 

Vigor 85, 285, 369 

Viminaria 205, 212 
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1而l

L有íater ba1ance 500 

Water content 476-478 

L句ater deficit 4, 6-8, 10, 12, 48, 199-200, 203, 238-239, 
366 

to1erance 11-12 

Water ho1ding capacity 442 

Water 10ss 390 

L句ater potentia1 7, 11, 27-28, 38, 83, 91-92, 94, 97, 101, 
140, 142-146, 237, 339, 350, 372, 375-377, 437, 440 

1月vaterstress 4, 6-7, 10-11,49-50, 52, 54, 81, 83,85, 100, 
140-145, 157, 199, 203, 292, 389, 395, 410, 437-438, 
449, 467, 469 

adaptation 43, 54 

protein 10-11 

to1erance 13 

L叫later supp1y 7 

Water uptake 7, 104 

Water use efficiency (WUE) 7-8, 349-351, 361, 365, 
372-375, 379-380, 382, 384-385 

Waterlogging see also Anaerobiosis, Flooding, 
Submergence 59，帥， 70-71， 73， 205-207， 210， 212，
215， 220， 222， 244， 245-253， 452， 456，的O

to1erance see also Anaerobiosis, F1ooding, 
Submergence 帥， 70-73

Waterme10n (Citrullus lanatus) 468-469, 471, 508 

1月vax gourd 164, 166 

Wheat (Triticum aestivum) 3-12, 23, 51, 149-150, 154, 
156, 161, 206-207, 313, 384, 420 

GA 122, 124-126 

germination 81-82，鈣， 91 妞，鈣， 97-98，

seedling surviva1 116, 119 

waterlogging 的-73，

White mustard (Sinapis alba) 232 

Wi1d rice (白'!jza perennis) 415 

Willow (S日lix viminalis) 231, 233 

Wilting 237, 327 

X 
Xylem 208, 231, 239 
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