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Foreword

The global importance of diamondback moth is reflected in estimates that its control could
cost approximately US$1 b annually. This insect attacks crucifers, particularly cabbages, broccoli,
and cauliflower. The world production of these crops is over 42.2 million tons.

The resistance of diamondback moth to chemical sprays, and the growing concern about
risks to farmers, consumers and the environment prompted AVRDC to initiate this important
international meeting.

The conference, which attracted 200 scientists from about 30 countries, concentrated on
advances in research to control this insect pest through integrated pest management techniques
that rely less on chemicals and more on cultural improvements, host-plant resistance and biological
control. This report constitutes a unique collection of material on worldwide efforts to control
important insect pests of cruciferous crops.

AVRDC is pleased to have played a role in organizing this conference, and I want to thank
our joint sponsors, the Council of Agriculture of the Republic of China, and the Food and Fertilizer
Technology Center for the Asian and Pacific Region, and all those listed in the Acknowledgments,
for their vital support.

Emil Q. Javier
Director General, AVRDC
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Effects of Natural Enemies, Rainfall, Temperature and
Host Plants on Survival and Reproduction of the
- Diamondback Moth

Shigekazu Wakisaka, Ritsuko Tsukuda' and Fusao Nakasuji!

Otsuka Chemical Co., Ltd., Naruto Research Center, Naruto Tokushima 772, Japan.
and !Laboratory of Applied Entomology, Faculty of Agriculture, Okayama
University, Tsushimanaka, Okayama 700, Japan.

Abstract

Life tables of the diamondback moth Plutella xylostella (L.) were developed in June,
September and October 1989 in a broccoli field in Okayama, Japan. Four plots were
set up to evaluate the role of natural enemies and the effect of precipitation on survival.
One-third to one-half of the eggs and young larvae disappeared in the control plot from
unknown causes. The mortality rate was lower in the plots without rainfall. The wash-
off of eggs and larvae due to the direct impact of rain, and the drowning of young larvae
after rains, were considered to be the major causes of mortality. A water sprinkling
also washed off eggs and larvae on broccoli leaves. The percentage of wash-off of egg
was higher on the leaves with a thicker layer of stearic acid. The percentage parsitism
by Cotesia plutellae, Diadromus subtilicornis and Tetrastichus sokolowskii was high in
the summer. Temperatures higher than 30°C delayed the development and reduced
the survival of immature stages and fecundity of females. Diamondback moth fed on
a wild crucifer Capsella bursa-pastoris had lower reproductive ability than those fed
on cultivated crucifers.

Introduction

Life tables of the diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera:
Yponomeutidae), have been reported by several authors (Harcourt 1963; Iga 1985; Sivapragasam
et al., 1988). They reported that most DBM larvae were killed in immature stages. However,
the main mortality factor was different in each of the studies. Iga (1985) reported that seasonal
fluctuation depended mainly on the action of natural enemies. However, Harcourt (1963),
Nakagome and Kato (1975), Koshihara et al. (1982), and Sivapragasam et al. (1988) reported
that precipitation severely affected survival of young stages. The wax bloom on leaf surface
of host plants is removed by precipitation (Kimura 1987), and eggs laid on leaves may be washed
off easily together with the wax bloom. Removal of wax bloom on the leaf surface promoted
the oviposition by DBM (Eckenbrode et al. 1986). The marked decline in DBM population occurs
annually in the summer season in Japan because of high temperatures (Yamada and Umeya 1972;
Nakagome and Kato 1975).

In this study, we developed life tables of DBM by using the biological check method to
evaluate the role of natural enemies in the field. In addition, in order to evaluate the effects
of precipitation, temperature and nutrition of host plants on the survival of immature stages
and reproduction of adults, experiments were also conducted under indoor conditions (Wakisaka
et al. 1991).

15



16 Wakisaka, Tsukuda and Nakasuji

Life table of DBM

Broccoli (Brassica oleracea var italica) was planted in a field (10 X 12 m) at Okayama
University in western Japan (April-November 1989). Four plots, each 2 X 5 m, were set up
and 4-week-old plants were transplanted at intervals of 1.0 X 0.5 m on 25 April, 6 August,
and 4 September. No insect control measure was used except for the exclusion of natural enemies
as mentioned below. Other cultural practices were those practised by local farmers. The kinds
of plots were as follows: (1) Six plants in the first plot were caged individually by fine-meshed
nylon gauze (30 cm in diam and 50 cm in height) to exclude all natural enemies and the entire
plot was covered by plastic film 1 m above the host plants to prevent the effects of precipita-
tion (Plot C). (2) The second plot was covered by plastic film 2 m above the plants to prevent
the effects of precipitation (Plot R). Twenty plants were planted. (3) The third plot was enclosed
by a plastic plate, 30 cm high, which was coated with tangle-foot to prevent the invasion of
ground fauna by natural enemies. Twenty plants were planted (Plot G). (4) The fourth plot was
maintained as an untreated check. Sixty plants were planted (Plot A).

In order to exclude natural enemies in plots C and G, methomyl was sprayed 1 week before
the start of the experiment. At the start of the experiment, each plant was caged by nylon gauze
after removing all insects from the plant, and two pairs of adults which had just emerged were
released in the cage. Females were allowed to lay eggs for 3 days and the nylon gauze and
adults were removed. The plants were observed every 2 or 3 days in June and September, and
every 3 or 4 days in October. The eggs observed were marked individually on the leaf surface
to check their fate. The number and life stages of individuals were recorded, as well as dead
or parasitized ones. The larval stage of DBM was divided into 1st to 2nd instar and 3rd to 4th
instars. When eggs and pupae did not develop within 1 week, they were collected and examined
in the laboratory. Larvae and pupae which showed symptoms of granulosis virus (Asayama and
Ozaki 1966) were regarded as diseased, and the individuals that had disappeared were attributed
to unknown causes.

During the study period, the precipitation at egg stage was 51.5, 77.0 and 16.5 mm, and
at early instars of larvae was 5.0, 7.0, and 10.5 mm in June, September, and October,
respectively. The mean temperature was 25.3, 23.0 and 13. 9°C in the respective season.

The life tables in the early summer, summer and autumn are given in Tables 1-3.

Egg

The major mortality factor was from unknown causes in all seasons. The percentage
parasitism by Trichogramma chilonis was highest in June, followed by September and October.
Parasitism was lowest in plot R despite the fact that natural enemies could invade the plot.
Predation by Chrysopidae and mites was observed, however the frequency was low. The rate
of physiological death, i.e. unhatched, was as high as 15.8% in plot C in the summer.

First to second instar larvae

The mortality rate from unknown causes was highest irrespective of plots and seasons. The
rate in plot C in June was as high as 29.9%. Predation of young larvae by four species of spiders,
Gnathonarium exsiccatum Linyphiidae, Theridiidae and Tetragnathidae was observed, but it
was rare. A few of the drowning young larvae were observed.

Third to fourth instar larvae

The percentage parasitism by Cotesia plutellae was as high as 50% in October. The old
larvae were also attacked by Dolichusha lensis. Mortality from disease was low. The major
mortality factor in June and October was attributed to unknown causes, although parasitism was
highest in September. When we placed the sticky trap (10 X 10 cm) under the plants outside
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Mortality Factors in DBM
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of the plot, six pupae were found on the trap. This suggested that some old larvae dispersed
from host plants before pupation. Therefore, the unknown mortality may include dispersal of
mature larvae.

Pupa

Parasitism by Tetrastichus sokolowskii and Diadromus subtilicornis was observed. Parasitism
was highest, 74-95% in June, and lowest, 16-35%, in October. A ground beetle Amara obscuripes
ate pupae. Most of the unknown disappearance of pupae may be due to bird predation (Iga 1985)
because pigeons and sparrows often visited this field. Many pupae were infected with disease
in plot C in the autumn.

Total mortality rate

The total mortality rate from egg to emergence of adults was higher in September than in
June or October (plot A).

Effects of water sprinkling on the survival of DBM

In order to investigate the preference of egg-laying for the parts of host plants by female
adults, 20 pairs of adults were released in the cage (36 X 26 X 33 cm) with one potted broccoli
plant. After 24 hours, the numbers of eggs laid on the upper and under surfaces of leaves and
on the stem were recorded. The female adults laid 36.1, 45.2 and 18.7% of eggs on the upper
and under surfaces of leaf, and stem, respectively. The water sprinkling (about 60 mm/min
precipitation) was done for 1 min from 1 m above broccoli plants on which eggs of DBM were
laid. Three sprinklings, 1, 2 and 3 times each day on 1, 2 and 3 days, respectively, were done
and the number of eggs on the plants was recorded before and after sprinkling. The rate of
wash-off of eggs under the water sprinkling is given in Table 4. On average, 29.6% of eggs
were washed off during one sprinkling. The percentage of wash-off was highest (47.4%) on
the upper surface of the leaf followed by 25.8 % on the under surface. The percentage of wash-
off increased with the number of sprinklings. After three sprinklings, 72.4% of the eggs on
the upper surface were washed off. However, 20% of the eggs also fell after 3 days even without
the sprinkling. This suggests that the eggs of DBM are laid innately in an easily detachable manner.
Therefore, even a slight shock by rainfall may cause the eggs to fall.

The water sprinkling was also conducted on eight plants on which 30 DBM larvae of different
stages were inoculated. The effects of water sprinkling on wash-off of larvae and pupated
individuals were observed. The percentage of wash-off was 24.0, 24.2, 20.7, 11.6 and 5.6 in
the 1st, 2nd, 3rd, 4th instar and pupae, respectively.

Table 4. The wash-off of eggs of DBM by water sprinkling (Wakisaka et al., 1991).

. e
Water Pirt iof it Eggs (%) washed off at sprinkling
sprinkling® Ist 2nd 3rd
Treated Upper surface 474 67.6 72.4
Under surface 25.8 374 50.8
Stem 4.5 3.5 12.1
Number of eggs 29.6 41.0 52.0
Untreated Upper surface 22.6 7.9 22.7
Under surface 97 12.9 17.9
Stem 19.1 16.0 20.0
Number of eggs 16.5 1.4 19.9

®The amount of water was equivalent to 60 mm percipitation.
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Effects of Stearic Acid Leaf on Egg Wash-off

Kimura (1987) reported that the amount of wax bloom on the leaf of cabbage was 36
pg/cm?. We considered that the amount of wax bloom on broccoli is not so different from that
of cabbage. Stearic acid was used as an alternative material to the wax. Seven kinds of leafdisks
(2 cm in diam) of broccoli were prepared as follows: Untreated leafdisk (TCO), 0.025 ml of
acetone were applied on the intact leafdisk (TAl). The leafdisk was washed with absorbent cotton
containing acetone (TA2), 0.05, 0.1, 0.2 and 0.3 g of stearic acid were diluted with 26 ml of
acetone and 0.025 ml of this solution was applied on the leafdisks (T0.5, T1, T2 and T3). Thirty
pairs of adults were introduced into the cage containing five leafdisks of each treatment placed
in a petri dish and were made to lay eggs on the disks for 24 hours. The leafdisks were then
placed on the round plate (9 cm diam.), and 150 ml of water was sprinkled from a height of
30 cm for 1 min while slowly rotating the plate. The number of eggs on the leafdisk was recorded
before and after the water sprinkling.

The relationship between the amount of stearic acid layer on the leafdisk and the percentage
of egg falling under the water sprinkling is given in Table 5. The percentage of egg washed
off was lowest on TA2 and highest on T3. The difference was significant between TCO and
all other treatments except for T1 (x*-test). However, the increase in the amount of stearic acid
of more than a half of the natural amount of wax layer did not increase the percentage of eggs
wash-off.

Table 5. Relationship between the amount of stearic acid on broccoli leafdisk and percentage
of wash-off of eggs by water sprinkling.

Wash-off of eggsb

Treatment® No. eggs
No. %
TCO 1115 287 25.7
TAI 344 35 10.2**€
TA2 879 49 5.6**
T0.5 762 238 31.2*
TI 1040 306 29.4n.s.
T2 1197 362 30.2*
T3 1275 399 31.3**
2TCO, untreated leafdisk; TAI, only acetone; TA2, washed wax with acetone; T0.5-T3, stearic acid (0.5-3 times of
amount of natural wax). The amount of water was equivalent to 20 mm precipitation CFigures with asterisks

differ significantly from TCO at 5% level (*), 1% level (**) and not significant (n.s.) by x"-test.

Temperature and Host Plant Effect on Survival and Reproduction

Immature stages of DBM were reared individually at 25.0, 27.0, 28.5, 30.5, and 33.0°C
under 16L:8D and 90% RH. Larvae were fed 4-week-old broccoli leaf. A pair of adults were
caged and provided with 10% honey solution and the pieces of cabbage leaves. The developmental
period of immature stages, and longevity and fecundity of adults were measured by daily
observation.

Influence of host plants on the development of larvae and the performance of adults was
investigated under laboratory conditions. Four crops were used: broccoli (cv. Ryokurei), young
and mature cabbage (B. oleracea var. capitata cv. Green ball) and Chinese cabbage (B. campestris
ssp pekinensis, cv. Seikai), and one wild crucifer, Capsella bursa-pastoris. All host plants were
grown in the greenhouse. Larvae were reared individually and adults were paired at 25°C under
16L:8D and 90% RH.

The percentage of egg hatching was 85-92 % at all temperatures. The developmental period
from egg to emergence of adults was 15.2, 14.9, 13.8, 12.8, and 14.8 days at 25.0, 27.0, 28.5,
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30.5 and 33.0°C, respectively. The developmental period shortened with increased temperature,
however it was delayed for all stages at 33°C. The percentage of adult emergence was 90.3,
75.8, 62.9, 87.5, and 19.2 in the increasing order of temperatures up to 33°C.

The developmental period from egg to emergence of adults was 15.2, 16.8, 18.7, 15.8,
and 16.5 days and the adult emergence was 90.3, 65.7, 59.4, 69.4, and 22.4% when larvae
fed on broccoli, young cabbage, matured cabbage, Chinese cabbage, and C. bursa-pastoris at
25.0°C, respectively.

The longevity of adults, preovipositional period and fecundity of females are shown in
Table 6. The longevity of females is shortened with increasing temperature. The preovipositional
period was also shortened with increasing temperature, however it was delayed at 33°C. The
fecundity was highest, 241 eggs/female, at 25°C, followed by 27.0, 30.5, 28.5, and 33.0°C
in decreasing order. It was lowest, 52 eggs/female, at 33°C.

Both sexes of DBM lived longest when fed on young cabbage leaves. The preovipositional
period of DBM fed on broccoli was shortest, while DBM that fed on the weed C. bursa-pastoris
it was longest. The fecundity of DBM fed on broccoli, Chinese cabbage and young cabbage
was significantly higher than those fed on mature leaves of cabbage and C. bursa-pastoris
(P<0.05).

Table 6. Biotic performances of adults at different temperatures and host plant conditions.

Longevity® Preovipositional Fecundity
Sex (days) period (days) (No. eggs/female)
X+SE X=SE X+SE

Temperature(°C)
25.0 Male 12.21+1.13b - =

Female 11.08+0.54c 0.33+0.1%9a 241.08+19.57b
27.0 Male 8.70+ 1.48ab - =

Female 8.75+0.72¢ 0.40+0.16a 200.90+17.28b
28.5 Male 11.50+3.76b - -

Female 9.07+0.97c 0.00+0.00a 192.40+37.35b
30.5 Male 9.58+0.15ab - -

Female 9.38+0.60c 0.08+0.08a 202.92+19.32b
33.0 Male 5.17+1.0la - -

Female 6.33+0.33c 2.00+1.15b 52.00+4.51a
Host plants
Broccoli Male 12.21+1.13a - -

Female 11.08+0.54d 0.33+0.1%9a 241.08+19.57b
Cabbage:

young leaves Male 29.50+2.53c = =

Female 20.10+1.62e 0.57+0.27a 257.80+20.22b

Cabbage:
mature leaves Male 14.33+1.67a - -

Female 11.75+1.16d 1.33+0.33b 146.83+17.06a
Chinese cabbage Male 12.00+0.96a - -

Female 11.96+0.53d 0.71+£0.21ab 246.71 +14.58b
Wild crucifer®  Male 21.29+1.43b - -

Female 17.90+1.19% 2.83+0.54c 138.00+13.56a

a, T Py .
Statistical test was done among the temperature and host plant conditions. For longevity, the test was done for each
sex. The same letter means not significantly different at 5% level by Duncan’s multiple range test.

bursa-pastoris.

Capsella
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The demographic parameter values were estimated using the data of the hatching percentage,
the developmental period from egg to adult emergence, the survival rate (1x), and daily fecundity
(mx) of females under different temperatures and different host plants. The sex ratio was assumed
to be 1:1. The estimated values are shown in Table 7. The net reproductive rate (R,) was highest
at 25°C and lowest at 33°C. The generation time (G) was shortest at 30.5°C. The intrinsic
rate of increase (rm) increased as temperatures rose, however it was lowest at 33°C.

The net reproductive rate (R,) was highest for DBM which fed on broccoli; it was lowest
when DBM fed on the weed. The decreasing order in the crops was young cabbage, Chinese
cabbage and mature cabbage. The generation time (G) was about 19 days on broccoli and Chinese
cabbage, 23 days on mature leaves of cabbage, 25 days on young leaves of cabbage, and 24
days on C. bursa-pastoris. The value of rm was highest on broccoli and lowest on C.
bursa-pastoris.

Table 7. Demographic parameters under different temperatures and host plant conditions.

Net reproductive Generation time Intrinsic rate of
rate (Ro) (G) (days) increase (rm)

Temperatuare (°C)

25.0 197.03 19.02 0.2778

27.0 140.23 17.80 0.2777

28.5 98.98 16.35 0.2810

30.5 158.99 15.51 0.3268

33.0 4.88 18.62 0.0851

Host plant

Broccoli 197.03 19.02 0.2778

Cabbage:

young leaves 154.71 21.93 0.2298

Cabbage:

matuare leaves 80.18 2491 0.1760

Chinese cabbage 153.65 19.43 0.2592

Wild crucifer? 27.52 24.35 0.1362
3Capsella bursa-pastoris.

Discussion

Life tables of DBM have been reported by Harcourt (1963), Iga (1985) and Sivapragasam
et al. (1988). In the present study, the mortality rate of eggs and young larvae was high and
the main mortality factor was disappearance from unknown causes. The natural enemies were
an important factor in mortality of the old larvae and pupae in summer and autumn. Sivapragasam
et al. (1988) reported that 38 % of egg and larval mortality was due to wash-off of eggs through
direct impact of rainfall. Harcourt (1963) and Nakagome and Kato (1974) also remarked on
the effect of rains on young larvae. Talekar et al. (1986) reduced the infestation of DBM using
overhead sprinkler irrigation, because this system affects adult activity and oviposition. In the
present study, when the experimental plots in the field were shielded from precipitation (Plot
C and R), the survival rates of eggs and young larvae were higher than those in the plots (plots
G and A) where the effect of precipitation was not excluded (Table 1-3).

The eggs of DBM on host plants, especially on leaves, were washed off easily under the
water sprinkling (Table 4). Most DBM eggs are not laid on the stem but on the surface of leaves.
Larvae also were washed off by the sprinkling. The results suggest that the direct impact of
rainfall is an important factor in the disappearance of eggs and larvae.

The washing-off of eggs is considered to be influenced by the wax bloom on leaves. The
experiment using stearic acid as an alternative material to wax, showed that the proportion of
egg fallings was low when the leafdisk was not coated with stearic acid. Eckenrode et al. (1986)
reported that alteration of wax condition by ether dips or brushing increased the oviposition
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of DBM. Uematsu and Sakanoshita (1989) also reported similar results. The wax layer on the
leaf surface is thought to suppress oviposition. The mortality rate of young larvae is related
to the amount of rainfall (Harcourt 1986). In our study larvae were also washed off by sprinkling.
When larvae were reared under high humidity (about 100%), the mortality rate of larvae was
70% , whereas it was 30% under less than 90% RH (Wakisaka, unpublished data). High humidity
also affects the survival of larvae.

Koshihara (1986) suggested that the seasonal fluctuations of DBM populations are similar
in varied locations in Japan. His suggestion is supported by Yamashita (1963), Nakagome and
Kato (1974), Yamada (1977), Iga (1985) and Iwata (1986). These studies showed DBM
populations usually peak around May, and drastically decrease in summer. Population densities
increase again in the autumn. Our life tables show that survival rates in the early and mid summer
are extremely low. On the other hand, the rates in autumn become high. Low survival rate in
the summer is probably due to high temperatures and fewer and lower quality host plants.

Umeya and Yamada (1973a, b), Nakagome and Kato (1975), Yamada and Kawasaki (1983)
and Sarnthoy et al. (1989) reported that high temperatures adversely affected the development
of DBM. The rearing experiment in our study also shows that the developed period delays and
emergence rate become low at 33°C. Furthermore the fecundity of females was low at 33°C
(Table 6). High temperatures may suppress the behavior of oviposition and copulation (Yanagida
and Sakanoshita 1974).

The decrease in the acreage of vegetable cultivation may also affect the population abundance
of DBM in the summer. Under such conditions, DBM must depend on cruciferous weeds. Our
results show that C. bursa-pastoris is considerably less suitable for DBM (Table 7), although
wild hosts are not always less suitable (Yamada 1983).

The DBM which does not have diapause can develop slowly even in the winter season.
The delayed developmental period in the winter causes high mortality (Wakisaka, unpublished
data), and population density does not increase. In spring, development becomes faster, and
cultivation area of cruciferous crops increases gradually. The major parasites are still not active,
therefore the population density increases rapidly in the spring. In the rainy season of the early
summer, mortalities from wash-off of eggs and the drowning of young larvae become high.
In mid ~ummer, upland ground surface temperature becomes considerably higher than the average
temperature, and adverse physiological effects suppress the population. The parasites also become
active in this season. Furthermore the area of cruciferous crops decreases and the habitat of
DBM is limited. It is considered that most DBM must feed on wild cruciferous weeds which
are generally less suitable for host plants than cruciferous crops. All these factors tend to decrease
the population density in summer. In autumn, the area of cruciferous crops increases again,
and the activity of parasites becomes low. Therefore, the survival and reproduction rates become
high. This is a possible explanation for the seasonal prevalence of DBM in Japan.
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Abstract

Mortality of the diamondback moth, Plutella xylostella was assessed in field plots
of collards using exclusion cages and a pyrethroid insecticide.Numbers of insects in
untreated plots were kept below economically damaging levels by indigenc:'s arthropod
predators and the parasitoid Diadegma insulare (Cress.). Parasitism of DBM by D.
insulare reached 95% in plots without the pyrethroid treatment. Predators accounted
for up to 72% of larval mortality. The pyrethroid treatment caused diamondback moth
resurgence due to reduction in natural enemy densities. Major predators were identified
and laboratory studies showed that the spider Pardosa milvina (Hentz) consumed about
one larva/day. This predator was the most active ground-dwelling species as determined
by pitfall trapping, and its numbers were significantly reduced by pyrethroid insecticide
applications. Simulated and natural rainfall did not cause significant diamondback moth
larval mortality under our test conditions.

Introduction

The diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera:Yponomeutidae),
remains the most serious insect problem on crucifers worldwide. In some areas of tropical Asia
cocktail mixtures of insecticides are applied every other day for this pest without satisfactory
control (M. Shepard, personal observations, Philippines). It is clear that the misuse of insecticides
has exacerbated problems with DBM (Ooi and Sudderuddin 1978) and development of more
ecologically-based management strategies has been slow in coming and difficult to implement
on a large scale.Ullyett (1947) demonstrated that insecticides caused DBM populations to increase,
and emphasized the negative effects of chemicals on natural biological control agents. In addition
to chemical applications, many farmers now incorporate Bacillus thuringiensis Berliner into their
control programs. Recent reports of DBM resistance to B. thuringiensis (Tabashnik et al. 1990)
underlines the importance of developing management systems that employ a multifaceted approach
with biological control as the core (Ooi 1990).

There are many examples of suppression of DBM populations using imported parasitoids
(Goodwin 1979; Ooi 1990; Ooi and Lim 1989; Cock 1983; Sastrosiswojo and Sastrodihardjo
1986). Waterhouse and Norris (1987) selected DBM as one of several species as a likely candidate
for successful classical biological control. Their major reason for suggesting this species was
that biological control has already been achieved in several parts of the world with parasitoids.
The major species used in these efforts in Asia include Diadegma semiclausum Horstmann,
Diadromus collaris Gravenhorst, and Cotesia plutellae Kurdjumov.

Diadegma insulare (Cress.) is the most important parasitoid of DBM in North America
(Latheef and Irwin 1983; Pimentel 1961; Oatman and Platner 1969; Harcourt 1960, 1963, 1986;
Lasota and Kok 1986; Horn 1987). A few other parasitoid species (Microplitis plutellae Muesbeck,
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Tetrastichus sokolowskii Kurdjumov, Cotesia plutellae Kurdjumov, and Spilochalcis albifrons)
have been reported to contribute to a lesser extent to DBM mortality (Parker 1971; Horn 1987,
Ru and Workman 1979).

Surprisingly little attention has been given to assessing the role of predators in DBM
management. Oatman and Platner (1969) listed syrphid larvae, coccinellids, Geocoris, Orius,
nabids, and chrysopids as possible predators of DBM but quantitative assessments of their impact
were not made. Likewise, a number of predatory arthropods were reported as important sources
of DBM mortality in South Africa (Ullyett 1947). These included staphylinids, wasps of the
genus Polistes, syrphids, chrysopids, hemerobiids, and anthocorids. Of these, syrphids and
anthocorids were thought to be most important. Many of these predators were attracted initially
to aphids and switched to DBM as aphid populations declined. Ullyett (1947) followed DBM
populations through several periods and recorded total mortality between 83 and 92 %. Of this,
23% was attributed to predation.

Suppression of DBM by field application of a granulosis virus has been reported (Wang
and Rose 1978) and epizootics of the fungal pathogen Zooptera radicans (Brefeld) (=
Entomophthora sphaerosperma) are considered important in some areas, e.g. South Africa (Ullyett
1947), Malaysia (Ooi 1979, 1981), New Zealand (Kelsey 1965), in North Carolina (K. Sorenson,
North Carolina State University, personal communication) and Florida (G. Leibee, University
of Florida, personal communication) but control by indigenous fungal pathogens has been sporadic
and largely dependent upon rainfall (high humidity).Rainfall also has contributed directly to
DBM mortality in the field by dislodging and drowning young DBM larvae (Hardy 1938; Harcourt
1963; Talekar et al. 1986).However, Ullyett (1947) did not consider the direct impact of rainfall
as a significant mortality factor.

The objective of our study was to identify major sources of mortality of DBM eggs and
larvae in collards in coastal South Carolina.

Materials and Methods

Seasonal abundance of DBM and incidence of parasitism

A 0.73 ha collard field on the Coastal Research and Education Center farm, Charleston,
South Carolina, was planted to ‘Vates’ variety collards on 27 February 1990, and thinned to
46 cm plant spacings on 17 April 1990. The field was divided into 12 plots, 0.025 ha each,
and weekly sampling was carried out by inspecting 25 plants from each plot. DBM larvae, pupae
and D. insulare pupae were counted. Plots were treated with either Javelin (B. thuringiensis
kurstaki) at 0.56 kg/ha or the pyrethroid Asana-XL at 0.04 kg ai/ha. Control plots were left
untreated. There were four replications. Treatments were applied on 25 April, 2 May, 23 May,
30 May, 6 June and 13 June 1990.

In addition to in-field counts, weekly collections of DBM larvae were made from five separate
plants in each plot from 24 April to 18 June 1990.Larvae were placed on artificial diet and held
in a rearing room at 26°C, 70+10% RH and a photoperiod of LD 12:12. Numbers of adult
DBM and parasitoids that emerged were recorded.

Activity of ground-dwelling predators

Ground-dwelling predators were collected weekly using two pitfall traps in each plot from
11 May to 19 June 1990. Traps consisted of plastic DG8 Solo cups (11 cm diam x 4 cm depth)
with tin covers (20 x 22 cm) suspended 2 cm above the cups to keep out rain. Ethylene glycol
was placed in each trap to a depth of 1 cm to kill and preserve the arthropods.

Laboratory and field cage studies

Predation by Pardosa milvina in laboratory cages. Predation by Pardosa milvina (Hentz)
on DBM larvae was determined in the laboratory using spiders collected from collard fields
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at the Coastal Research and Education Center farm, Charleston, South Carolina. Cage tests were
carried out at Clemson University, Clemson, South Carolina.

Four-week-old collard plants were potted and caged individually using cylindrical plastic
cages (9 cm diam X 19 cm high). First and second instar DBM were categorized as small and
third and fourth instars were considered large. Small and large larvae were introduced into cages
at density levels of 1, 2, 4 and 8 larvae/cage. Larvae were allowed to settle on the plants for
about 2 hours before spiders were introduced. Spiders were starved for 5 days before the test
began. Numbers of larvae consumed were recorded daily for 7 days. Larval density per cage
was maintained by daily replacement. Also, larvae that molted to third instars in the small larvae
treatments and those that pupated in the large larvae treatments were replaced. Partially consumed
or dead larvae were counted as consumed. Each treatment was replicated six times except for
controls (cages with no spiders) which were replicated three times. ANOVA followed by Duncan’s
multiple range test (P <0.05) was used to analyze data.

Predation on eggs. Egg predation studies were initiated by placing 4-6 colony-reared male
and female DBM adults into small clip cages (DeBach and Huffaker 1971) on randomly selected
pairs of plants in untreated control plots. These were left overnight and the clip cages were
removed and eggs counted the next day. Clip cage location was marked on the plant in waterproof
black ink to facilitate finding the eggs. Nylon mesh cages were then placed over one plant. The
other plant was exposed to predators for 1 day and missing eggs were recorded. Two sets of
tests were conducted: one using five pairs of cages (10-11 July) and the other using eleven pairs
(20-21 July).

Larval predation. Field cage studies of predation on second to third instars were carried
out in the untreated control plots on 40 randomly selected pairs of plants. Predators were removed
from each plant and 10 or 15 DBM larvae were placed on both plants. A nylon mesh cage was
then placed over one plant. Each cage was approximately 36 cm wide X 50 cm high supported
by bent wires with ends pushed into the soil. The base of the nylon mesh cage cover was sealed
on all sides with soil to prevent the entry of predators. Larvae were counted from all plants
after 4 days.Two separate tests were carried out: one on 26-30 June 1990 and the other 6-10
July 1990.Control mortality (missing larvae) from the caged plants was accounted for using
Abbott’s formula (Abbott 1925).

influence of rainfall on DBM mortality

Actual rainfall. Ten pairs of collard plants were selected from untreated control plots prior
to expected thunderstorms and carefully cleaned of all arthropods. Second and third instar colony-
reared larvae were placed on the plants and allowed to settle in before rainfall occurred. Just
prior to the thunderstorm, a plastic bag was placed over one plant of the pair while the other
plant was left exposed. The plastic cover was supported by wires described earlier for the larval
predation study. At the end of the thunderstorm, covers were removed and larvae were counted.
Rainfall was measured with a standard rain gauge. Student’s t-test was used to compare means
(P<0.05).

Simulated rainfall. ‘Vates’ variety collards were established in 1-1 containers in the greenhouse
with temperatures ranging from 18 to 27°C. Tanglefoot was applied to each container to exclude
predators. Eight field-collected second to fourth instar DBM were placed on each plant for a
minimum of 18 hours before simulated rainfall was applied. Most of the larvae moved to the
undersides of the leaves and began feeding.

Simulated rainfall was achieved using a Spraying Systems Fulljet 1/4 HH 14.5 square cone
spray nozzle at 0.55 kg/cm®. The nozzle was placed 2.44 m above the top of the plants to allow
water droplets to achieve terminal velocity (Shelton et al. 1985). The nozzle produced a drop
size of 1140-4300 p which is about the same size as that produced in a normal thunderstorm



30 Muckenfuss, Shepard and Ferrer

in South Carolina. Rainfall rate was 16.8 cm/hour and treatments consisted of simulated rainfall
for 0, 20, 40, and 60 min.

Nine collard plants about 30 cm wide and 25 cm high were spaced at 30 cm intervals beneath
the nozzle. Three replications were carried out and data were analyzed using ANOVA followed
by Duncan’s multiple range test (P<0.05).

Results
Seasonal abundance of DBM and incidence of parasitism

In general, natural enemies kept DBM populations below economically important levels
throughout the growing season. Mean numbers of DBM larvae and pupae per plant are shown
in Fig. 1 and 2, respectively. DBM population levels in B. thuringiensis-treated plots were
approximately the same as those from untreated ones, but DBM numbers increased in pyrethroid-
treated plots after 5 weeks and reached a peak of about 2 larvae/plant before declining. Parasitism
by D. insulare reached a peak of over 90% in untreated plots. It is likely that resurgence in
DBM numbers in the pyrethroid-treated plots was due to destruction of natural enemies by this
chemical. Highest numbers of D. insulare pupae were found in the untreated plots (Fig. 3),
and because of the upsurge in larval density in the pyrethroid-treated plots, the parasitoid moved
into these plots and higher numbers of D. insulare pupae were subsequently found there during
the last two sampling periods. It is likely that action by the parasitoid and not the chemical caused
DBM populations to decline in these plots (Fig. 1 and 2, respectively).

Season-long collections of 1192 DBM larvae reared on artificial diet revealed that parasitoids
emerged from 41%, DBM adults from 5%, and 54% died from unknown causes. More than
95% of all parasitoid species were D. insulare. High mortality of DBM in field collections was
due to handling during collection and problems with rearing.
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Fig. 1. Seasonal abundance of DBM larvae from untreated collard plots and those treated
with a pyrethroid and Bacillus thuringiensis. Charleston, South Carolina, 1990.
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Fig. 2. Seasonal abundance of DBM pupae from untreated collard plots and those treated
with a pyrethroid and Bacillus thuringiensis. Charleston, South Carolina, 1990.
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Fig. 3. Seasonal abundance of Diadegma insulare pupae per plant in untreated collard plots
and those treated with a pyrethroid and Bacillus thuringiensis. Charleston, South
Carolina, 1990.

Activity of ground-dwelling predators
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By far the most numerous ground-dwelling predator determined by pitfall trap collections
was the lycosid Pardosa milvina. The seasonal activity of this spider is shown in Fig. 4. Mean
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numbers of P. milvina from the B. thuringiensis-treated, untreated and pyrethroid-treated plots
were 8, 7, and 3 spiders/trap, respectively. Numbers of spiders were significantly (P <0.05)
lower in the pyrethroid-treated plots. The P. milvina population peaked on 21 May 1990 and
gradually declined throughout the remainder of the season although there was a gradual increase
during the last 2 weeks in the untreated plots. Other major predators that were commonly
encountered in the collard plots are listed in Table 1.
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Fig. 4. Numbers of Pardosa milvina per trap in untreated collard plots and those treated
with a pyrethroid and Bacillus thuringiensis. Charleston, South Carolina, 1990.

Table I. Common predators in South Carolina collard fields.

ARACHNIDA

Lycosidae Erigonidae
Pardosa milvina (Hentz) Eperigone fradeorum (Berland)
Pardosa pauxilla Montgomery Linyphiidae

Pardosa delicatula Gertsch & Wallace (New Record)

INSECTA

Formicidae
Solenopsis invicta
Unidentified spp.

Coccinellidae
Coccinella septempunctata L.
Hippodamia convergens Guerin-Meneville
Coleomegilla maculata (DeGeer)
Scymnus spp.

Syrphidae
Unidentified sp;°

Carabidae
Calosoma sayi

Florinda coccinea (Hentz)

Lygaeidae
Geocoris punctipes (Say)
Geocoris uliginosus (Say)
Pentatomidae
Podisus maculiventris (Say)
Nabidae
Nabis americoferus Carayon
Vespidae
Polistes spp.
Hemerobiidae
Chrysopidae
Labiduridae
Reduviidae
Anthocoridae
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Laboratory and field cage studies

Predation by P. milvina in laboratory cages. Numbers of small and large DBM larvae
consumed by P. milvina in laboratory cages are shown in Fig. 5A and 5B, respectively. At
all density levels, consumption increased with time and prey density. There was no significant
difference between consumption of small and large larvae. In general, each P. milvina consumed
about 0.5-1 larva/day at the highest host density (eight).

It is not possible to extrapolate these results to the field. However, high activity levels of
P. milvina in the collard plots as detected by pitfall traps and results from the field cage studies
which showed up to 72% mortality of DBM larvae by indigenous predators, provide strong
evidence that this spider species may be an important source of DBM mortality.

Predation on eggs. Numbers of eggs removed by predators were highly variable. This may
be due to the artificially clumped food source. None of the eggs were missing after 1 day from
the tests using five pairs of clip cages. On the other hand, percent missing eggs ranged from
0to 100% (X = 42%) in the second test (n = 11). The implications here are unclear and further
testing is necessary using the appropriate egg distribution pattern.

Predation on larvae in the field. Average percent DBM larvae missing from uncaged plants
(n = 40) in test one was 60% after correcting for missing larvae in cages. In test two (n =
40), 72% of the larvae were missing from the uncaged plants due to the action of indigenous
predators.

Larval mortality due to actual rainfall

Influence of rainfall on DBM mortality. Second and third instar DBM larvae were exposed
to normal afternoon thunderstorm activity producing 0.89 cm of rain in test one and 3.13 cm
of rain in test two. However, there was no evidence to suggest that rainfall washed small DBM
larvae from plants (e.g., counts of larvae on covered plants were not significantly different from
those on exposed plants).

Field observations by the authors during heavy rainfall revealed that larvae were not affected
by natural rainfall under conditions of our test.

Simulated rainfall. There was no significant difference in numbers of larvae from control
plants and those subjected to simulated rainfall. These results are inconsistent with reports of
loss or mortality of DBM larvae due to rainfall (Hardy 1938; Harcourt 1963; Talekar et al.
1986). However, these experiments were conducted on collard plants under controlled conditions
with no wind and at optimum temperature. This does not rule out the possibility of reduction
of DBM populations due to a combination of environmental factors or the disruption of adult
flight, mating, or ovipositing (Talekar et al. 1986). In addition, collard plant hosts may have
provided more protection from being dislodged by rainfall than would cabbage or some other
cruciferous crop.

Discussion

The population density of DBM rarely reached levels that would be considered economically
important except in plots treated with the pyrethroid insecticide.Our preliminary evidence shows
the parasitoid D. insulare and indigenous communities of arthropod predators are the major
mortality factors impacting mainly on DBM larvae. Indigenous pathogens were not important.
Data from laboratory studies of predation by P. milvina suggest that this spider is an important
member of the predator complex, and its populations were most active according to pitfall trap
sampling. Nemoto (1986) used a precipitin test to show that lycosid spiders were an important
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Fig. 5. Cumulative numbers of ‘small’ (A) and ‘large’ (B) DBM larvae consumed by Pardosa milvina in laboratory
cages over collard plants. Clemson, South Carolina, 1990.

source of mortality for third and fourth instar DBM. Under conditions of our tests, neither natural
nor simulated rainfall caused significant DBM mortality.

It is clear that in some areas of the world, the rich complex of natural enemies (either
introduced or indigenous) keep DBM populations in check unless chemical insecticides are
applied. We believe that this is the case for coastal South Carolina.

Further research is needed to quantify the impact of arthropod natural enemies more clearly
and to develop a management program for DBM that incorporates this information into IPM
decisions.
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Effects of Age and Body Size on the Mating Success
of Diamondback Moth

Hideo Uematsu
Faculty of Agriculture, Miyazaki University, Miyazaki 889-21, Japan

Abstract

When female diamondback moth, Plutella xylostella (L.), were individually placed
with a male in a glass tube, some (20-35%) laid only unfertilized eggs. To study this
phenomenon, and in order to clarify the effect of age on mating, each of the 0-8-day-
old females was placed with each of the 0-8-day-old males in a glass tube for 2 days.
Successful copulation was determined by checking the embryonic development of the
eggs the female laid. The number of females laying eggs increased from 65% in the
0O-day-old age-group to 93.5% in the 8-day-old group. However, the number of females
laying fertile eggs was unchanged at about 50%. The proportion of mating success
was also independent of the age of the male. The effect of body size on mating success
was also examined. Each of the females (3-8 mg) was placed with a male (size varied).
When the difference in body weight between the paired insects was 2 mg or less,
79.8-88.1% of the females successfully mated. When the difference was 3 mg or more,
the mating success was reduced to 63.5%. This suggests that large intersexual
differences in body weight has some ill-effects on the mating behavior of the pair.

Introduction

In the course of studies on the fecundity of diamondback moth (DBM), Plutella xylostella
(L.) (Lepidoptera: Yponomeutidae), the author found that some females laid only unfertilized
eggs. Yamada and Umeya (1972) also observed this phenomenon, and found that some females
laid only unfertilized eggs even when two males were placed with the female in a container.
Many workers (Sakanoshita and Yanagita 1972; Ohira 1979; Maa et al. 1985) have studied mating
behavior of DBM, but the effects of age and body size on mating success are still unknown.
This paper describes the results of laboratory experiments on this aspect of DBM mating.

Materials and Methods
Effects of Age on Mating Success

A large number of pupae were continuously collected from cabbage fields in Miyazaki,
in the southern part of Japan, between January and March 1990. They were individually placed
in a glass tube (15 X 150 mm) and reared at 20°C, 14L:10D until the day of testing. After
emergence adults were provided with water. Each of the 0-, 2-, 4-, 6-, and 8-day-old females
was paired with 0-, 2-, 4-, 6-, and 8-day-old males in a glass tube (30 X 200 mm). A piece
of Japanese radish leaf was placed in the glass tube because DBM laid eggs on it more frequently
than on other cruciferous plants such as cabbage or broccoli (Uematsu and Sakanoshita 1989).
The glass tubes were placed in the chamber for a period of 2 days. Successful copulation was
determined by checking the embryonic development of the eggs laid. Forty pairs were examined
in each of the combinations.

37
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Effects of Body Size on Mating Success

DBM pupae were collected in a cabbage field in Miyazaki in May 1989. The progenies
were reared on the Japanese radish leaves at 15-25°C to obtain insects of various sizes. Before
pupae were individually placed in the glass tubes, they were weighed and separated into five
size groups of 3.0-3.9, 4.0-4.9, 5.0-5.9, 6.0-6.9, and 7.0-7.9 mg. Pupal weight was used as
an indicator of the adult size. Until the day of test, they were reared under the conditions above.
Each of the females of five groups was paired with various-sized males for a period of 2 days.
Although the ages of moths were not strictly arranged, they ranged from O to 5 days. I examined
855 pairs (Table 1). Successful copulation was determined by checking the embryonic
development of the eggs laid.

Table |. Size class of DBM and number of pairs tested in each of the combinations.

Size class of Size class of male (mg)

female (mg) 3.03.9 4.0-4.9 5.0-5.9 6.0-6.9 Total
3.0-3.9 20 36 16 5 7
4.0-4.9 78 79 80 11 248
5.0-5.9 64 80 80 21 245
6.0-6.9 15 80 79 32 206
7.0-7.9 6 35 21 17 79
Total 183 310 276 86 855

Results and Discussion
Effects of Age on Mating Success

The number of pairs that laid eggs varied from 22 to 40, averaging 32.5 (Table 2). This
was not correlated to the age of the male, but was significantly correlated to that of the female
(P<0.01). This indicates that older females lay eggs more easily than younger females when
they are paired with males. Since virgin DBM females also lay eggs (Uematsu, unpublished
data), the values in Table 2 do not mean the number of successful matings. Of course, in the
cases where females laid no eggs, it was impossible to determine whether they had mated or
not. Therefore, the data on female egg-laying were used to analyze the effect of age on mating.
The proportion of females laying fertile eggs to females laying eggs irrespective of their fertility
is given in Table 3. The proportion was independent of the age of the male, but dependent on
that of the female (P<0.05). The youngest age-group of females shows the highest value of
mean, 0.800, though the other age-groups show no difference in the mean values. Two
combinations, 2-day-old-female:6-day-old-male and 6-day-old-female:0-day-old-male, gave very
small values. The reason for this is unknown. However, these values were not responsible for
the significance, because reanalysis of the data excluding these combinations also showed highly
significant differences (P <0.001). Therefore, it is concluded that the eggs laid by younger females
have a higher possibility of being fertile than those laid by older ones. However, it does not
always follow that the younger females are more easily fertilized than the older ones, because
the number of females laying fertile eggs was independent of the age of the females (P >0.05).
Therefore, it can be concluded that every individual within 8 days after emergence has an equal
ability to mate. The differences shown in Table 3 probably are caused by the abnormal egg
deposition of older virgin females, since it is probable that their urge to lay eggs increases with
age in spite of their virginity.

Harcourt (1957) found that mating began at dusk on the day of emergence. Sakanoshita
and Yanagita (1972) also found that female DBM copulated at night on the day of emergence.
Sarnthoy et al. (1989) reported that the preovipositional period was short and less than 1 day
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Table 2. Number of DBM females that laid eggs irrespective of their fertility. Forty pairs were
tested in each of the combinations.

Female age Male age (days)

(days) 0 2 4 6 8 Tl %
0 24 29 28 22 27 130 65.0
2 31 29 35 24 30 149 74.5
4 39 37 29 36 29 170 85.0
6 32 35 40 35 35 177 88.5
8 37 38 37 38 37 187 93.5

Total 163 168 169 155 158 813
% 81.5 84.0 84.5 77.5 79.0 81.3

Table 3. Proportion of DBM females that laid fertile eggs.

Female age Male age (days)
(days) 0 3 4 6 8 Mesan
0 .667 .862 .893 727 .852 .800
2 677 .690 .657 292 667 .597
4 462 .852 .655 556 724 .650
6 .250 514 .600 .743 571 .536
8 .459 710 .649 .553 .459 .566
Mean .503 726 691 574 .655 .630

when they were reared at 23.3°C. These studies clearly indicate that a female DBM mates at
an early adult stage. The early mating and oviposition appear to contribute to their high
reproductive rate. Both sexes maintain the physiological conditions possible to mate for a long
period even if they fail in early mating.

Ohira (1979) studied the relationship between mating ability and degree of the development
of ovarian eggs, and estimated the proportions of the individuals having mating ability. According
to his estimation, 54 % of 1-day-old, 40% of 2-day-old, 68 % of 3-day-old and 98% of 4-day-old
individuals mated. These figures show that the mating abilities of virgin females change with
age, and differ from the results of this study. This disagreement probably stems from the simple
assumption on mating ability which is determined by a single factor: degree of development
of ovarian eggs.

Effect of Body Size on Mating Success

Of the 855 pairs tested, 100 pairs laid no eggs. Those pairs that failed to lay eggs were
more frequently small females, i.e. 27.3% in the case of the smallest females, 5.1% in the case
of the largest females, and about 10% in the case of females of intermediate size. This suggests
that large females easily lay eggs.

The proportions of females laying fertile eggs to total number of females laying eggs
irrespective of their fertility is shown in Table 4. Although they varied from 0.50 to 1.00, they
were independent of the size of both sexes (P>0.05). This suggests that the females have an
equal chance to mate regardless of their body size.

The relationship between the degree of the size difference of paired insects and their mating
success is shown in Table 5. When the difference was 2 mg or less, most of the females succeeded
in mating and laid fertile eggs. When the difference was 3 mg or more, the probability of mating
success was reduced to 63.5%. This suggests that large intersexual differences in body size
has some ill effects on mating behavior of the pair. However, this factor seems unable to work
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Table 4. Proportion of DBM females that laid fertile eggs.

Size class Size class male (mg) Mean
female (mg) 3.0-3.9 4.0-4.9 5.0-5.9 6.0-6.9

3.0-3.9 .895 .808 (1.00y (.667) .843
4.0-4.9 817 .877 .788 (1.00) .874
5.0-5.9 .845 .750 .847 706 .787
6.0-6.9 (.500) .800 .843 .966 777
7.0-7.9 (.667) 677 .857 (.824) 756
Mean 747 .782 .867 .833 .807

Values in parentheses indicate data from small samples less than 20.

Table 5. Effects of size difference between both sexes in DBM on mating success.

Difference between No. of No. of pairs laying eggs

female and male pairs - - A/(A+B) x 100

Fertile (A) Unfertile (B)
(mg) tested

0 211 170 23 88.1 (83.4-92.7)
| 391 273 69 79.8 (75.4-84.2)
2 192 142 26 84.5 (79.2-89.9)
3 or more 61 33 19 63.5 (50.0-76.9)

?Ranges for 95% confidence limit.

in natural populations, as the mean difference in weight between both sexes was less than 2
mg throughout the year (Uematsu et al., unpublished data).

In the present study, proportions of the females laying fertile eggs were considerably lower
in contrast to those of previous studies (Uematsu, unpublished data). The reason for this seems
to be in the methods used. If most of the females began to lay eggs the night after the day of
mating (Sakanoshita and Yanagita 1972), females in the present study would not have had enough
time for mating and oviposition. Because a period of 2 days was fixed for the experiment, if
the females copulated during the night of the second day, they would not have had a chance
to lay fertile eggs. They might then be recorded as ones not laying eggs, or ones laying unfertilized
eggs if oviposition occurred at the first night. This is probably the reason for a small number
of females laying fertile eggs in the present study.

Unfortunately, the reason why some females failed to lay fertile eggs was not determined
in this study. Maa et al. (1985) reported that humidity is an important factor in inducing male
response to the synthetic sex pheromone. Other physical factors, such as size of container, may
also influence the process. Investigation of these factors needs to be done.
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Hibernation and Migration of Diamondback Moth in
Northern Japan
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Abstract

It was assumed that one of the most important factors preventing the hibernation
of the diamondback moth, Plutella xylostella (L.), in northern Japan is the low
temperatures, 0°C or below, and snow cover during the winter. To test this hypothesis,
individuals of each developmental stage of diamondback moth were reared at 15°C
in the laboratory and kept at 0°C for varying periods of time and returned to 15°C.
The mortality of chilled insects increased with the duration of chilling. All larvae and
pupae died after chilling for more than 60 days. Although 7.5 — 10% of adults survived
after chilling, none of their eggs could hatch normally. These results indicate that
hibernation of diamondback moth in fields is impossible in areas where continuous snow
cover lasts longer than 60 days. This condition exists in Hokkaido and a large part of
Tohoku and Hokuriku districts of Honshu. Since Morioka city is located in the northern
part of Honshu lIsland (39°42'N), diamondback moth hibernation in this area is
impossible. A large number of adults, however, were caught by pheromone traps from
April to November in Morioka. The first oviposition was observed in the latter part of
May and adults which grew from these eggs began to emerge in mid June. Therefore,
diamondback moth adults trapped from April to May could not be considered to have
hibernated and emerged in Morioka City. This strongly suggests that these moths were
migrants from the southern part of Japan.

Introduction

The diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Yponomeutidae), is
a worldwide pest of crucifers, and it is found in most parts of Japan, from Okinawa to Hokkaido.
The northern limit of its hibernation area in Japan was reported as the plains of Miyagi Prefecture
(38-39°N) in Honshu (Maeda and Takano 1984). It was therefore assumed that the hibernation
of DBM would be difficult in the northern part of Honshu and Hokkaido where the temperatures
during the winter are lower than in Miyagi Prefecture (Honda and Miyahara 1987; Kimura et
al. 1987).

The super cooling points for DBM larvae and pupae were reported as -14.3°C and -19.2°C,
respectively (Hayakawa et al. 1988). In the northern part of Honshu Island, however, most of
the agricultural fields are covered with snow during the winter, and it is unusual for the ground
temperature to go below -15°C. Therefore, it is not likely that DBM larvae and pupae are killed
by freezing during the winter in this area. Honda and Miyahara (1987) felt that one of the most
important factors preventing the hibernation of DBM is the continuous cold, below 0°C, caused
by the snow cover. They believed that DBM is not able to hibernate in areas where continuous
snow cover exceeds 2 months.

Morioka City is located in Iwate Prefecture, in the northern part of Honshu Island where
hibernation of DBM is supposed to be impossible. Nevertheless, a large number of DBM are
caught by pheromone traps from spring to autumn, and many larvae and pupae are found on
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various cruciferous plants. Since it is unlikely these DBM hibernated in the area, they must
have been produced by adults which migrated from the southern part of Japan.

My objectives in this paper are the following: First, to examine the effects of continuous
coldness (0°C) on the survival of different stages of DBM. Second, to determine the
nonhibernating area of DBM in Japan. Third, to investigate DBM survival on overwintering
cruciferous plants, the seasonal changes of DBM densities caught by the pheromone traps or
observed on cabbage (Brassica oleracea var. capitata) in Morioka City, and the spring migration
of DBM in northern Japan.

Effects of Continuous Coldness on Survival

DBM larvae and pupae were collected from cabbage fields and reared on cabbage leaves
at 15°C, 12 hours light and 12 hours dark, for two or three generations in the laboratory. Eggs,
second or third instar larvae, fourth instar larvae, pupae and adults of reared populations were
kept at 0°C for different periods of time. The insects were returned to 15°C conditions after
the chilling, and the number of survivors determined. The rearing temperature was first lowered
to 10°C for 2 days. The temperature was then lowered to 5°C for another 2 days. And finally,
the temperature was lowered to 0°C. This process was reversed when the insects were restored
to 15°C conditions. The number of individuals used for each experiment was 50 for eggs to
pupae and 20 for adults, and all experiments were repeated three times.

Eggs that could hatch after the chilling were regarded as survivors. Larvae and pupae were
reared at 15°C after the chilling, and individuals that could successfully grow to adults were
regarded as survivors. Some larvae and pupae which were alive just after the chilling failed
to survive. Adults that could walk after the chilling were counted as survivors. The adult male
and female survivors were put together in petri dishes with small cabbage leaves and a piece
of cotton soaked in 0.1 % sucrose solution, and the number of oviposited eggs and their hatchability
were examined.

The mortality of chilled insects increased with the duration of chilling (Fig. 1). All eggs
died when they were chilled over 50 days. All second to fourth instar larvae died when they
were chilled over 40 days. Survival rates of pupae were higher than those of eggs and larvae,
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Fig. 1. Relationship between the duration of chilling and survival rates of the different

developmental stages of DBM (Honda, unpublished data).
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but all of them died when they were chilled over 60 days. Survival rates of adults were the
highest of all developmental stages, and 7.5% of males and 10.0% of females were alive after
they were chilled for 60 days. ,

Percentages of females which could oviposit after chilling were low, and the number of
oviposited females became zero when they were chilled over 50 days. The number of females
whose eggs could hatch was lower than the number of oviposited ones, and it also became zero
when they were chilled over 50 days. Therefore, it is considered that all immature stages and
adults of DBM cannot survive or oviposit when they are chilled at 0°C for more than 60 days.

Nonhibernating Area of DBM in Japan

The results suggest that DBM cannot survive or reproduce in places where the temperatures
are 0°C, or below, continuously for 60 days. The temperature of cabbage leaves under the snow
was nearly 0°C and it was constant in spite of the fluctuations of the temperature measured
at 1 m above the ground (Fig. 2). In northern Japan, snowfall is common in winter and the
ground is usually covered with snow for long periods. The duration of continuous snow cover
is therefore considered a useful index to estimate the nonhibernating areas of DBM in Japan.

The area where the duration of continuous snow cover is longer than 60 days is shown
in Fig. 3, including Hokkaido and a large part of Tohoku and Hokuriku districts of Honshu.
The hibernation of DBM is supposed to be impossible in these areas, making the northern limit
of DBM hibernation the plain area of Miyagi Prefecture.

There are some places where the duration of continuous snow cover is shorter than 60 days,
for example in the seaside areas of the northern part of Honshu. Small populations of DBM
may hibernate in these areas. For example, DBM hibernation was reported in the seaside area
of Yamagata Prefecture (38°54°N) (Ishigaki et al. 1990).

cm 60
Snow Depth Disappeared

Temperature

-20 T
FEB. MAR.
—®— Maximum temp. of cabbage under the snow —0— Maximum temp. at 1m above the ground
—0oO— Minimum temp. of cabbage under the snow —8— Minimum temp. at 1m above the ground

Fig. 2. Daily maximum and minimum temperatures of a cabbage plant under the snow,
compared with temperatures measured at | m above the ground. Temperatures
were measured with copper-constantan thermocouples which were covered
with white filter paper and located both in the center of the cabbage and above
the ground (Honda, unpublished data).
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Fig. 3.

Nonhibernating area of DBM in

Japan suggested by the results of

chilling experiments. The dark

B Nonhibernating area of area is the area where the
Vi DBM duration of continuous snow

°© cover is longer than 60 days.

Field Surveys of DBM Hibernation in Morioka City

The average duration of continuous snow cover is 79.8 days in Morioka City, making DBM
hibernation impossible. To test this theory, surveys were carried out in 1985-86 on two fields
(each 0.1 ha) of rape (Brassica napus subsp. oleifera) and on one 0.01 ha field of Chinese cabbage
(Brassica campestris pekinensis) where 200 plants were cultivated. The fields are located in
the Tohoku National Agricultural Experiment Station, Morioka City. These fields were sown
or planted in September 1985 and cultivated until April 1986. Fifteen to twenty plants were
sampled from the Chinese cabbage field in November March and April and they were dissected
to find DBM. Densities of DBM in 0.25 m* quadrats (50 X 50 cm) were checked on two rape
fields in October, November, March and April, where 10 quadrats were randomly placed per
field.

Live third or fourth instar larvae and pupae were found at densities of 5.3 and 3.3
individuals/ 10 plants, respectively, from the Chinese cabbage sampled on 22 November. Living
individuals, however, could not be found from the plants sampled on 15-20 March, when these
plants were under the snow, and on 10 April 1986. Live third or fourth instar larvae and pupae
were found also in the rape in October and November at densities of 12.0 and 5.0
individuals/m? on 21 October, and 7.2 and 4.6 individuals/m?* on 20 November, in two fields,
respectively. In the spring, however, live DBM individuals could not be found in the same fields
on 28 March, 18 and 28 April. These results support the contention that hibernation of DBM
is impossible in Morioka City because of the duration of snow cover.

Seasonal Changes of DBM Density Around Morioka City

Seasonal changes in the number of DBM adults caught by the pheromone traps in Morioka
are shown in Fig. 4. These traps were located in a white clover (Trifolium repens) field (A)
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Fig. 4. Seasonal changes in the number of DBM adults caught by the
pheromone traps in Morioka City and Takizawa Village. Values
of the number of DBM adults are the average of 5 years (1983-87)
in A, 4 years (1984-87) in B and 2 years (1986-87) in C. (The
data were collected by the Laboratory of Entomology in Tohoku
National Agricultural Experiment Station.)

and a cabbage field (B) in the Tohoku National Agricultural Experiment Station. The values
in vertical axis are the totals of DBM adults caught in 5 days and these are the means of 4 or
5 years. The pheromone trap was a water pan-type (36 cm diam and 12 cm deep). A lure of
DBM pheromone was a rubber septum on which Z-11-hexadecenal, Z-11-hexadecenyl acetate
and Z-11-hexadecenol were coated in the ratio of 5:5:0.1 (0.1 mg/septum) (Koshihara et al.
1978), which was made by Takeda Chemical Industries, Ltd. The rubber septum was renewed
every month. In the cabbage field (about 0.01 ha), 200 cabbage plants were continuously cultivated
from May to October.

DBM adults were caught by the traps from April to November in Morioka each year. The
number of adults increased during May-July and there were two peaks in the number of adults
in May (I) and July (II) as shown in Fig. 4. The number of DBM adults at these two peaks
was about equal to those in the white clover field. In the cabbage field, however, the number
of adults at the peak in July (II) was much larger than that for May (I). This increase of DBM
in the cabbage field in July can be explained by the reproduction of this insect on cabbage plants.
Similar seasonal changes in the number of DBM adults were also observed in Takizawa village,
10 km west of Morioka, where the trap was placed in orchard grass (Dactylis glomerata). The
number of DBM adults increased in May (I) and July (II) (Fig. 4-C).

The seasonal changes in the densities of immature stages of DBM and newly emerged adults
at the cabbage field are compared with the number of adults caught by the pheromone trap in
Fig. 5. This cabbage field was planted at the beginning of May 1986. Oviposition of DBM started
in the latter part of May and the density of eggs increased at the beginning of June. The density
of larvae increased in mid June and that of pupae increased in the latter part of June. Emergence
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Fig. 5. Seasonal changes in DBM densities in a cabbage field, compared with
the number of adults caught by the pheromone trap. Shaded parts show
that the increase of eggs or new adults on the cabbage plants occurred
at the same time as the increase of adults caught by the trap. (The data
were collected by the Laboratory of Entomology in the Tohoku
Agricultural Experiment Station.)

of new adults, which was estimated by the occurrence of empty pupal cases, started in mid June
and the number increased at the end of June and early July.

The beginning of oviposition and the increase in eggs in the cabbage field occurred at the
same time as the first increase of adults (I) caught by the trap. The increase of newly emerged
adults in the cabbage field also occurred at the same time as the second increase of adults (II)
caught by the trap. These results suggest that DBM adults that appeared in May oviposited in
the cabbage field, and the emergence of the next generation of adults that grew on the cabbage
plants caused the second increase in adults caught by the trap.

Discussion

Investigations of the seasonal changes of DBM densities showed that adults that emerged
from the end of June in Morioka were derived from offspring of the adults that appeared in
May. Therefore, DBM adults caught in July can be regarded as the newly emerged adults that
grew on various cruciferous crops or wild plants around Morioka. On the other hand, according
to the results of our 1985-86 field surveys, DBM adults that appear in the spring cannot be
regarded as ones that hibernated or emerged there. It is likely, therefore, that those adults found
in April-May in Morioka are migrants from the southern part of Japan.

The notable increase of DBM adults in May, which was considered to be caused by migrating
individuals, was observed in both Morioka and Takizawa village. This suggests that there is
a large-scale DBM migration in the spring covering a wide area.
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In Europe, it has been established that DBM migrate for long distances, often 1000 km
or more, with a storm caused by low atmospheric pressure (French and White 1960; Shaw 1962;
Lokki et al. 1978). Harcourt (1957) and Smith and Sears (1982) showed that DBM cannot
hibernate in Ontario, Canada, and a spring migration from southern United States likely occurs.

In Japan, the following examples show the extent of DBM migration: adults were caught
at the top of a 1200 m mountain (Yamashita 1964); adults were caught on meteorological
observation ships at sea (Asahina and Turuoka 1970); there was a sudden increase in adults
following a typhoon (Miyahara 1986).

However, there have been few studies on the seasonal migration of DBM in Japan. The
spring migration of DBM probably occurs not only around Morioka but also in the whole area
of northern Japan. More intensive investigation of DBM seasonal migrations in this area are
necessary, however.

The mechanisms of DBM migration and the source areas of migrants are not yet clear.
One possible mechanism which can carry DBM migrants is a strong south wind caused by low
atmospheric pressure systems. In the spring and early summer, there are many low pressure
systems from northeastern China and the Korean peninsula to northern Japan. DBM adults could
migrate with the strong south winds caused by these low pressure systems from the southern
part of Japan, where DBM density increases in the spring.

In addition to the strong south wind, other factors probably contribute to DBM migration:
the density of source population in the area of hibernation; the meteorological conditions when
adults take off; the physiological condition of migrants; and the temperature of the upper air
in which they migrate. The relationships between these factors and DBM migration need further
study.
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Abstract

The seasonal variation in populations of insects causing product contamination in
broccoli and cauliflower was measured in the central plateau of Mexico using black-
light traps, pheromone traps, and plant surveys. The major species that are found in
heads of broccoli and cauliflower are diamondback moth Plutella xylostella (L.), and
cabbage looper Trichoplusia ni (Hubner). Pheromone traps collected both species all
year, whereas the black-light trap only collected diamondback moth during the spring,
In pheromone traps and plant surveys, diamondback moth was found in significant
numbers from April through October. Populations of cabbage looper showed extended
peaks in spring and autumn when measured by pheromone traps. Plant surveys showed
cabbage looper larvae to be highest from May through September. Artogeia rapae and
Leptophobia aripa populations increased beginning in September. They laid more eggs
and produced more larvae on broccoli than on cauliflower.

Introduction

For many agronomic and economic reasons the central plateau of Mexico has become a
major center of broccoli and cauliflower production to supply the increasing demand for these
products from the United States. The plateau area is located at a latitude of approximately 20°N
and an altitude of 1700-2000 m. The climate is temperate and relatively free of seasonal variation.

Insect control was not considered a major problem until 1986-87. At that time, control of
the diamondback moth (DBM) Plutella xylostella (L.) (Lepidoptera: Yponomeutidae) became
the major preoccupation of the farmers and processors in the region. To effectively implement
Integrated Pest Management (IPM) programs, it is first necessary to monitor the seasonal
variations in pest populations. In this paper, we are reporting the activity of adult populations
of the principal insect pests as monitored by black-light and pheromone traps and the
corresponding egg, larval and pupal contaminants found in field surveys. Parasitism of the two
major species is reported along with data on other important species encountered during the
vegetative growth phase of the plant.

Procedure
The data reported here were collected on two separate ranches, El Copal near Irapuato and
Villa Verde near Salamanca in the state of Guanajuato. The ranches are located about 30 km

apart. El Copal is the research farm managed by the University of Guanjuato. On Villa Verde,
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Gigante Verde maintains an experimental farm of 6 ha. Both farms are located in intensive
agricultural areas where wheat, sorghum, garlic, sweet corn, broccoli, cauliflower and other
vegetables are grown. Monthly plantings of broccoli (Brassica oleracea var. italica cv. Green
Valliant) or cauliflower (Brassica oleracea var botrytis cv. Imperial 10-6) were made for the
evaluation of pest populations. At Irapuato both crops were maintained to measure insect
preferences. In Salamanca broccoli was planted in the winter and spring and cauliflower in the
summer and fall (corresponding to normal cropping practices). These plantings were established
using one application of malathion or endosulfan at transplanting. No other insecticides or
fungicides were applied. Surveys were made in these plots for the principal insect pests. Normally
25 random plants were inspected for each sample. At Salamanca two dates of transplanting were
surveyed each week, and the data presented are of the two oldest plantings.

Black-light trap data are recorded from a trap located at the El Copal ranch. The trap consists
of two F15T8 General Electric fluorescent tubes and are mounted on a sheet metal frame with
a container mounted below containing a dichlorvos strip for insect killing.

Pheromone data are from traps located on the Villa Verde ranch. Pheromones and Pherocon
1C sticky traps were purchased from the Trece Company, Salinas, California, USA. Two traps
for each species were used for data collection. Pheromones for DBM were changed every 4
weeks, but on offsetting 2-week periods to reduce the problems of declining pheromone
effectiveness. Trap height was adjusted to just above the height of the plants. Pheromones for
cabbage looper (CL), Trichoplusia ni (Hubner) (Lepidoptera:Noctuidae), were changed every
2 weeks. New pheromones were placed in the traps on alternating weeks. Pherocon 1C cardboard
sticky traps were used for DBM while large-mesh cone traps, usually used for Heliothis, are
used for CL.

Results

Black-light trap — Irapuato

Black-light collections were started in April of 1989. Data from April 1989 to 15 October
1990 are presented in Fig. 1. The black-light collections of DBM show a very strong peak during
May 1989. The black-light collections in 1990 showed a peak during the week of 25 March,
and then substantial peaks in the last 2 weeks in May, similiar to the 1989 peaks. Essentially
no DBM was collected in the black-light trap after 1 August in either year. More DBM males
than females were collected in the black-light trap (357 to 165 in 1989, and 448 to 188 in 1990).
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Fig. 1. Diamondback moth black-light trap collections, Irapuato, Mexico.
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Of particular interest is the fact that this black light trap seldom collected CL, although
CL eggs and larvae were found in the adjacent crucifer plantings. McCully (unpublished data)
collected many CL moths in Maryland between 1965 and 1975 using a black-light trap. Chapman
and Lienk (1981) reported collecting over 500 moths in July - November 1975 in western New
York State. We have no explanation for the failure to collect CL adults.

The principal noctuid collected in the black-light trap was Spodoptera frugiperda (Hiibner)
(Lepidoptera: Noctuidae). From 1 April to 15 October 1989 and 1990, total collections of S.
frugiperda were 3056 and 2870, respectively. This insect is seldom a pest or contaminant on
broccoli or cauliflower.

Pheromone trap collections — Salamanca

Pheromone trap collections of DBM were started in October 1987. DBM moths have been
collected every week, except one, since 1987. For discussion purposes, we will use an average
of over 10 moths/night/trap as being a peak. Experience in production plantings would indicate
that more than this number is likely to produce measurable field populations of DBM. The peaks
are not definitive, lasting from 1 to 5 weeks as shown in Fig. 2. The data show six peaks in
1988, nine in 1989, and six in 1990. Data collected on other ranches showed peaks at times
other than those shown here. This indicates that the DBM is responding to local conditions,
most likely the crop stage. Therefore, to use pheromone traps to predict populations of DBM,
the traps will have to be located on the grower’s ranch.

CL trapping was started in January 1989 and the moths were found in the pheromone traps
every week except one in 1989 (Fig. 3). In both years, two spring flights were recorded. In
1989, three peaks were noted in the fall. In both years, the lowest activity was reported in June.

Field collections

The major species recovered were DBM, CL, imported cabbage worm (ICW) Artogeia rapae
(L.) (Lepidoptera:Pieridae), and Leptophobia aripa (Boisduval) (Lepidoptera:Pieridae). The
strong preference of CL for laying eggs on cauliflower is shown in Table 1. ICW and especially
L. aripa laid many more eggs on broccoli. Numbers of larvae and pupae recovered were different
from the egg counts. CL and ICW were found in equal numbers on both broccoli and cauliflower.
L. aripa eggs and larvae were found predominantly on broccoli (Table 2).
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Fig. 3. Trichoplusia ni pheromone trapping results, Salamanca, Mexico.

Table |. Influence of crop on the incidence of cruciferous pest eggs in 3 years, Irapuato, Mexico,

1990.
Eggs/plant/sample
Broccoli Cauliflower
1988 1989 1990 1988 1989 1990
T. ni 0.06 0.16 0.23 0.11 2.80 0.44
A. rapae 1.04 0.15 0.20 0.21 0.25 0.17
L. aripa 1.16 0.80 0.12 0.02 1.14 0.14

Table 2. Influence of crop on the incidence of cruciferous pest larvae and pupae in 3 years
(larvae and pupae/plant/sample). Irapuato, Gto., Mexico. 1990.

Broccoli Cauliflower
1988 1989 1990 1988 1989 1990
DBM 0.07 0.17 0.31 0.08 0.41 0.54
CL 0.15 0.27 0.49 0.19 0.26 0.39
ICW 0.34 0.17 0.14 0.02 0.29 0.10
L. aripa 0.77 0.55 0.26 0.26 0.25 0.31

Monthly averages of larvae and pupae per plant, from Irapuato, are shown in Fig. 4,
demonstrating the seasonality of the four most common species. DBM was found in significant
numbers from April through September. At Salamanca we recorded over one larva per plant
10 weeks in 1988, 6 weeks in 1989 and 9 weeks in 1990. The concentrations were in September
and October 1988, March-May 1989, and April-June and September 1990. CL lagged a month,
being found mostly during May-August. In Salamanca, CL larvae were above one per plant
in August and September 1988, May-June 1989, and June-July 1990.

In Irapuato, ICW larva showed two peak populations, June-September and November-
December. In Salamanca, high larval populations were recorded only in 1988.
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Leptophobia aripa larvae were found during September-December. In Salamanca, L. aripa
were found rarely. Production experience indicates L. aripa is very easy to control in commercial
plantings and is not considered a major pest. We encountered larvae in the heads of broccoli
for the first time in an insecticide trial in October 1990. This contrasts with reports by Havranek
(1981) in San Cristobal, Venezuela, where L. aripa was reported as the major pest in cabbage.
Salinas and Briceno (1981) also report that L. aripa is a major pest of all cruciferous crops
above 1,000 m in many countries of South America.

The most common parasites encountered were Diadegma insulare (Cresson) (Hymenoptera:
Ichneumonidae), and Voria ruralis (Fallen) (Diptera: Tachinidae). Parasitism percentages are
shown in Table 3. DBM parasitism by D. insulare was about equal in both broccoli and
cauliflower. In contrast, CL parasitism by V. ruralis was higher in broccoli in 1988 and 1990,
and higher in cauliflower in 1989. Except in the case of broccoli in 1990, D. insulare parasitized
a higher percentage of DBM than Voria ruralis of CL.
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Fig. 4. Monthly averages of larvae and pupae/plant, Irapuato, Mexico (crops and years
combined).

Table 3. Parasitism of DBM by D. insulare and CL by V. rurdlis, Irapuato, Mexico, 1990.

DBM CL
1988 1989 1990 1988 1989 1990
Broccoli 62.5 36.0 30.2 14.7 6.7 38.8
Cauliflower 56.7 30.9 32.3 0.0 15.5 15.4

Various other insects have been collected from the heads of broccoli and cauliflower. To
date, they have been serious only in isolated fields and for short periods of time. These include:
Copitarsia sp. (Lepidoptera: Noctuidae), Peridroma sp. (Lepidoptera: Noctuidae), S. frugiperda,
S. ornithogalli, and S. exigua (Lepidoptera: Noctuidae). The cabbage aphid Brevicoryne rapae
(L.) (Homoptera: Aphidae) is a serious contaminant of broccoli heads. When the population
of this aphid is high, larvae of Allagrapta sp. (Diptera: Syrphidae) are also found in the broccoli
heads.

Lygus lineolaris (Palisot de Beauvois)(Hemiptera: Miridae) was found as an occasional pest
of cauliflower. The nymphs are not found, but the adults feed on the cauliflower heads causing
discoloration over large parts of the head, making these heads unusable.
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Hernandez and Alvarado (unpublished data), of Campbells Soup Company in Villagran,
Guanjuato, Mexico, reported on the aphid species attacking broccoli, their abundance, preference
for leaf age, and parasitism. They report highest populations in winter plantings. This makes
the cycle of pests complete. On a calendar year basis, the aphids appear first, followed by DBM
in April, CL in May, and the Pieridae in August and September.
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Abstract

The glossy cauliflower P 234599 has been used in breeding programs as a source
of resistance to diamondback moth, Plutella xylostella (L.), and other lepidopterous
larvae, but the relationship between insect resistance and glossiness has not been clear.
One way to clarify this relationship is to find glossy lines carrying different genes for
glossiness and test their resistance to insects. In the process, additional sources of
resistance may be identified. Ten glossy lines of broccoli, cauliflower, kale, and collards
with at least four different genes for glossiness (three recessive nonallelic genes and
at least one dominant gene) were tested in the field under natural infestation for
resistance. The insect species studied were imported cabbageworm (Pieris rapae (L.)),
diamondback moth (Plutella xylostella (L.)), cabbage aphid (Brevicoryne brassicae (L.)),
and flea beetles (mainly Phyllotreta cruciferae (Goeze), but also Phyllotreta striolata
(F.)). All glossy lines were resistant to cabbage aphid and all except one was consistently
resistant to imported cabbageworm. They were susceptible to filea beetles, although
less susceptible in the fall than in spring. Their resistance to diamondback moth varied
greatly among plantings, probably because of the low insect population in Connecticut.
In order for these additional glossy lines to become useful sources of resistance to
diamondback moth, they need to be tested and bred where this insect is a serious
problem, instead of under low natural populations or artificial infestations in the
northeastern USA.

Introduction

The first International Workshop on Diamondback Moth Management included two papers
on resistance to diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Y ponomeutidae),
and to two other lepidopterous pests, the imported cabbageworm (ICW), Pieris rapae (L.),
(Lepidoptera:Pieridae) and the cabbage looper (CL), Trichoplusia ni (Hubner)
(Lepidoptera: Noctuidae), in the glossy cauliflower PI 234599 (Eckenrode et al. 1986, Dickson
et al. 1986). It was clear from the breeding work of Dickson et al. (1986) that strong vertical
resistance to these Lepidoptera could not be easily separated from the glossy character, but it
was unclear whether resistance and glossiness were due to closely linked genes or whether
glossiness itself was a factor in resistance.

In other studies, glossiness has been associated with lower populations of the cabbage aphid
Brevicoryne brassicae (L.) (Thompson 1963; Way and Murdie 1965), and higher than normal
populations of flea beetles, although no systematic measurements were made (Anstey and Moore
1954; Way and Murdie 1965; Dickson and Eckenrode 1980). In these papers it was also not
clear whether the effects on insect populations were associated with glossiness in general or
with other genes in a specific glossy genetic line.
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Glossy plants appear dark green and shiny, compared to the bluish-white haze on the surface
of plants with normal leaf wax. The glossy appearance is due to a change in the microscopic
structure of wax on the leaf surface, with flat plates or sparsely distributed short rods or globules
of wax, rather than the dense mat of vertical tubes characteristic of normal wax. These changes
in wax structure are usually associated with a decrease in the quantity of wax per unit area,
a change in chemical composition of the wax, or both (Baker 1974; Jeffree et al. 1976). At
least eight different genes for glossiness have been found in Brassica oleracea, and substantial
differences in the chemistry and wax morphology among these glossy lines have been described
(Anstey and Moore 1954; North and Priestley 1962; Macey and Barber 1969, 1970; Denna
1970; Netting et al. 1972; Baker 1974; Jeffree et al. 1976).

The first step toward establishing the relationship between glossiness and resistance was
to collect plants with several different genes for glossiness and test them for resistance. I tested
them in the field under natural infestations of several insect pests. There would be three possible
outcomes of this test with respect to any of the pest species to which PI 234599 was resistant:
(1) only PI 234599 (called here Caull) would be resistant and none of the other lines with other
genes for glossiness would be; (2) all glossy lines would be resistant; or (3) some but not all
of the lines with different genes for glossiness would be resistant. Any of these outcomes would
help to narrow the search for the mechanism of resistance, and either of the last two would
suggest additional glossy lines that could be used in breeding as sources of resistance.

Materials and Methods

Seed from the specific genetic lines described from 15 to 35 years ago was not available
in most cases, but I did find seed of glossy lines from several sources in different crop morphotypes
within B. oleracea (Table 1). I have at least four nonallelic genes for glossiness (three recessive
and one dominant), and possibly more, since I have not yet determined allelism for the dominant

Table |. Glossy lines tested for resistance to insects in 1988 and 1989.

No. of Genetics of glossiness . |
plantings Dominance Allelism ouree
Broccoli
Broc3 7 dominant ? Borchers
Broc4 6 dominant ? Borchers
Broc5 4 recessive not allelic Sampson
Cauliflower
Caull 7 recessive to KCR4, NERPIS
Gl.Vates (Pl 234599)
Glossy Andes 4 recessive not allelic discovered in
cv. Andes
Collards
Green Glaze 7 partial dominant ! Christianson
S.C. Glaze 7 partial dominant ! Borchers
White's Gr. Glaze 7 partial dominant Y Borchers
Kale
KCR4 7 recessive to Caull, Borchers
Gl. Vates 7 recessive to Caull KCR4 Christianson

'Sources: Borchers = E. A. Borchers of the Hampton Roads Agricultural Experiment Station, Virginia Beach, VA, USA;
Sampson = D. R. Sampson, Plant Research Centre, Ottawa, Ontario, Canada; NERPIS = Northeast Regional Plant
Introduction Station, USDA-ARS Germplasm Resources Unit, NYSAES, Geneva, NY, USA; Christianson = Alf. Christianson
Seed Company, Mount Vernon, WA, USA.
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genes. As noted in Table 1, I have observed the insect populations under natural infestations
on these genetic lines in 4-7 plantings for each line in 1988 and 1989. These observations were
made at Lockwood Farm in Hamden, CT, or the Valley Laboratory in Windsor, CT. The glossy
lines and normal standards were transplanted in early May for harvest in July-early August (spring
planting), and in late July for harvest in late September-October (fall planting). All plantings
were made in a nested randomized block design with three blocks and one row of each genetic
line within each block. Observations were made on two plants from the interior of each row.

Figures 1-4 have been produced from selected data sets from 1988. The data from that year
have been published in full (Stoner 1990). Reference will also be made to data from 1989. The
glossy lines Broc5 and Glossy Andes were first tested in the field that year. These data have
been analyzed, but are not yet published.

Results

ICW

The resistance of glossy lines to ICW is shown in Fig. 1. In the seven plantings in 1988
and 1989, all glossy lines of broccoli, cauliflower and collards and the glossy kale Glazed Vates
consistently had lower numbers of ICW larvae than the lines with normal wax. The only exception
to this pattern was one line with highly variable resistance, the glossy kale KCR4, which had
numbers of ICW equal to those on some normal lines, including normal kales, in three out of
seven plantings.

Glazed Vates

KCR 4

S. C. Glaze

White's Gr. Gla

Gr. Glaze

Caull

Broc 4

Broc 3

Gr. Curled Sc.

Vates Kale

Vates Collard

Polar Express

White Knight b-d

Andes bc

Packman b

Cruiser | . ,

0 10 20

ICW Larvae per Plant

—>»< Glossy —»

< Normal

Fig. 1. ICW per plant in repeated sampling over the growing period. Bars followed by the
same letter are not significantly different (P = 0.05; protected LSD test). Crop
morphotypes of glossy lines are listed in Table |. Crop morphotypes of normal lines
are: Gr. Curled Sc. and Vates Kale--kale; Vates Collard--collard; Polar Express, White
Knight and Andes--cauliflower; Packman and Cruiser--broccoli. Lockwood, fall 1988.
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DBM, unlike ICW, occurred in substantial numbers only sporadically in my plots, and,
in fact, did not occur in numbers large enough for comparison of different lines in any planting
in 1989. As illustrated in Fig. 2, glossy lines as a group appear slightly more resistant than
normal lines, but DBM numbers varied widely within both groups. The relative resistance of
glossy lines also varied between plantings (Stoner 1990). Thus, the natural population level of
DBM in Connecticut, as in New York (Eckenrode et al. 1986), is insufficient either in numbers
or in uniformity of infestation for accurate screening for resistance.

Sanford Eigenbrode (University of California Riverside, pers. comm.) has tested many of
the same glossy lines in the field in New York State using artificial infestation with DBM eggs
and found that all the glossy genotypes studied except KCR4 had lower larval mining and survival
than normal varieties of the same crop morphotype. He also found that levels of resistance were
correlated with a low quantity of wax per unit leaf area and low density of crystalline structures
per unit area under scanning electron microscopy.

Glazed Vates
KCR 4

S. C. Glaze
White's Gr. Gla
Gr. Glaze
Caull

Broc 4

Broc 3

Gr. Curled Sc.
Vates Kale
Vates Collard
Polar Express

< Normal »<€ Glossy —»

White Knight
Andes
Packman a
Cruiser } . . . . . e - _a
0 2 4 6 8 10

DBM Larvae

Fig. 2. DBM larvae per plant in repeated sampling over the growing period. Bars followed
by the same letter are not significantly different (P = 0.05; protected LSD test).
For identification of the lines, see Table | and caption of Fig . |. Lockwood, fall 1988.

Brevicoryne brassicae

The data for B. brassicae are limited to three plantings, because these aphids occurred in
substantial numbers in only one of the two locations, and not in all plantings at that location.
But the pattern of low numbers of apterous B. brassicae on all glossy lines is consistent both
within plantings (as illustrated in Fig. 3) and between plantings. When transformed back into
antilogarithms, the mean numbers of aphids per plant were 100-313 for the more susceptible
normal lines in this planting (Green Curled Scotch, Vates Kale, Packman and Cruiser), as
compared to a maximum of 5.4 aphids/plant for the most susceptible glossy line KCR4.
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Fig. 3. Apterous cabbage aphids Brevicoryne brassicae per plant in repeated sampling over
the growing period. Bars followed by the same letter are not significantly different
(P = 0.05; protected LSD test). For identification of the lines, see Table | and cap-
tion of Fig. |. Lookwood, fall 1988.

Phyllotreta cruciferae

As shown in Fig. 4, glossy plants had higher numbers of the flea beetle P. cruciferae than
normal plants in some plantings. These data are from a spring planting in 1988; in the fall planting
in 1988 at the same location, the trend of the data was reversed, and most normal lines had
higher numbers than glossy lines, although the differences were not statistically significant. In
1989, glossy lines tended to have more P. cruciferae in both spring and fall, but the differences
were not always statistically significant, particularly in the fall. Another species of flea beetle
Phyllotreta striolata has a pattern similar to that of P. cruciferae.

Discussion

Most glossy lines were more resistant to ICW, B. brassicae, and DBM, and more susceptible
to the flea beetles P. cruciferae and P. striolata than lines with normal leaf wax. However,
the kale KCR4 was more variable in its resistance to ICW than the other glossy lines and has
not shown any resistance to DBM. It was surprising that the level of resistance of KCR4 was
so different from that of Caull because genetic tests indicated that these two lines (and also
the kale Glazed Vates) have allelic genes for glossiness. This means that there are either modifying
genes elsewhere in the genome that interact with glossiness genes (and possibly environmental
factors) to affect resistance, or the genes for glossiness in these lines, although allelic, are not
identical in their action, and these differences in action affect resistance. The difference in
resistance between KCR4 and Caull and how it relates to differences in wax structure and
chemistry in crosses and segregating populations between these two lines is currently under
investigation.
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Fig. 4. Adult crucifer flea beetles Phyllotreta cruciferae per plant in repeated sampling over
the growing period. Bars followed by the same letter are not significantly different

(P = 0.05; protected LSD test). For identification of the lines, see Table | and cap-
tion of Fig. |. Lookwood, spring |1988.

Aside from KCR4, the other glossy lines can be used as sources of resistance to ICW, B.
brassicae, and DBM, and may present advantages to plant breeders, such as dominance,
availability in other crop morphotypes, or avoidance of a single narrow genetic base, over the
breeding material produced by Dickson derived from PI 234599 (or Caull). In order for these
lines to become useful sources of resistance to DBM, however, they need to be tested and bred
under realistic conditions in regions of the world where DBM is a serious problem, instead of
under low natural populations or artificial infestations in the northeastern USA.

Glossiness changes much more than just resistance to a few species of lepidopterous larvae.
It increases resistance to the aphid B. brassicae (but there was no observed effect on the other
common aphid species Myzus persicae (Sulzer)). As shown here, it may increase susceptibility
to flea beetles. If, as Stork (1980) has proposed, glossiness affects the ability of all insects using
adhesive setae to walk on the plant, glossiness may affect the movement of many predators and
parasites (as observed by Way and Murdie (1965) for coccinellid and anthocorid predators) as
well as pests. Water sticks to the surface of glossy leaves, instead of rolling off as it does on
a normal waxy surface, a factor that could change the dynamics of plant and insect pathogens,
the effectiveness of pesticides, and the effect of rain on many small insects. In my experience,
glossy broccoli and cauliflower plants often produce heads later than normal plants, although
this could relate to inbreeding or lack of local adaptation rather than the glossy trait itself.

In short, glossiness alters the entire ecology of the plant. In order to know if glossiness
would fit into an integrated pest management system as a way of controlling DBM, all these
changes in plant ecology must be observed under the conditions where the plant will ultimately
be used.
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Abstract

Resistance to diamondback moth, Plutella xylostella (L.), has been a major criterion
for selection in the crucifer breeding program at the New York State Agricultural
Experiment Station. Two types of resistance have been identified and studied. Larval
survival on normal wax genotypes (with the typical whitish bloom of cultivated Brassica)
is about 50 % of survival on susceptibles. Polar extracts of the resistant plants reduce
larval survival when added to an artificial diet, but the active compounds have not yet
been identified. Larval survival on glossy wax genotypes (lacking the normal bloom)
is reduced to as low as 1%, compared with standard cultivars. Glossy resistance is
associated with reduced wax and reduced density of wax crystalline structures
(crystallites) on leaf surfaces. Leaf wax load and crystallite density explain 69 % of the
variation in survival on a collection of 18 glossy and normal bloom genotypes of Brassica
oleracea, based on regression analysis. Glossy leaf waxes apparently elicit
nonacceptance behaviors in neonate larvae which result in their failure to successfully
establish on these plants. Knowledge of resistance mechanisms will facilitate the
development of B. oleracea cultivars resistant to diamondback moth.

Introduction

Genetic resistance to Lepidoptera is well documented in crucifers (Pimentel 1961; Radcliff
and Chapman 1966; Brett and Sullivan 1974; Ellis et al. 1986; Shelton et al. 1988). However,
the breeding program of M. H. Dickson at the New York State Agricultural Experiment Station
has been the only long-term effort to develop crucifer breeding lines with economically significant
levels of resistance to these insects. In collaboration with entomologists, Dickson has identified
several sources of resistance to Lepidoptera, including the diamondback moth, Plutella xylostella
(L.) (DBM) (Lepidoptera: Yponomeutidae) (Dickson and Eckenrode 1975, 1980). He has
subsequently determined the inheritance of this resistance, and enhanced its expression in breeding
lines (Dickson and Eckenrode 1980; Lin et al. 1983, 1984; Dickson et al. 1984, 1990). This
work was the subject of two papers at the First International Workshop on Management of the
Diamondback Moth (Dickson et al. 1986; Eckenrode et al. 1936).

In recent years progress in this breeding effort has been accelerated due to the development
of higher resolution screening methods based on infesting plants with large, known numbers
of insect eggs (Shelton and Dickson, unpublished data). The emergence of DBM as a major
international pest has also led to more concerted efforts to select specifically for resistance to
this insect.

Two types of resistance have been developed in Dickson’s program. Descendants of PI
234599 having shiny (glossy) leaves (as compared with the whitish appearance of standard
cultivated crucifers [normal bloom]), are highly resistant to DBM and other Lepidoptera. The
glossy trait from PI 234599 is inherited as a simple recessive Mendelian gene (Dickson and
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Eckenrode 1980). The other type of resistance occurs in breeding lines having normal bloom.
Inheritance of resistance in normal bloom families is quantitative, and the degree of resistance
is not as great as in glossy genotypes.

We determined that progress could be further accelerated if the specific mechanisms of each
of these types of resistance were understood. This knowledge would lead to the development
of more precise criteria for selecting and maintaining resistance. In the case of polygenically
inherited resistance, a knowledge of mechanisms might lead to resolution of the resistance into
several phenotypic components. Knowledge of specific mechanisms would also permit more
efficient incorporation of resistant traits into genotypes with other desirable agronomic
characteristics.

In this report we will discuss our investigations of the mechanisms of the two types of
resistance in the New York program, and their implications for the development of cultivars
resistant to DBM.

Resistance in Normal Bloom Genotypes

Our first concern was to establish the importance of antibiosis (Painter 1951) in normal
bloom resistance. To study this, we measured the percentage of DBM larvae surviving to fourth
instar in the field on three normal bloom resistant breeding lines of cabbage: NY 2506, NY
2503, and NY 2535. For comparison we also included a susceptible cabbage cultivar ‘Round-
Up,’ and a highly resistant glossy genotype, NY 2518. We measured survival by infesting whole
plants, or 4 cm diameter cages attached to the plants, with known numbers of DBM eggs. To
determine the possible effects of the resistance on early instars, we also counted the number
of mines on infested plants. Mines are only formed by feeding first instar insects (Salinas 1984).

Survival of DBM was reduced significantly on two of the three normal bloom genotypes,
NY 2503 and NY 2535 (Table 1). Survival on NY 2506 was not different from the susceptible
‘Round-Up.” As expected, survival on glossy NY 2518 was extremely low. These results
corresponded well with a ranking of the five genotypes based on damage ratings in previous
unpublished field trials (‘Round-Up’>NY 2506 >NY 2503 >NY 2535>NY 2518, from most
to least damaged), except that NY 2506 was not significantly different from ‘Round-Up’ in our
survival tests. We concluded that antibiosis was most important in producing the observed
resistance in NY 2503 and NY 2535. The excellent correspondence between mine counts and
survival (Table 1) also indicated that the resistance strongly affected the first instar larvae in
all the lines.

Table 1. Survival of DBM larvae to fourth instar and mining by first instars on five cabbage

genotypes.
Normal bloom Glossy Normal bloom test lines

Test control

‘ ) NY 2518 NY 2506 NY 2503 NY 2535

Round-Up

Percentage surviving

Whole
plant® 603 x I1.6a 02 +02c 61.6 £ 36a 429 + 6.1ab 302 + 366D
Leaf
cageb 350 + 78a 0.8 + 09c 366 + 99a 133 +45b 16.6 = 6.4b

Number of mines®
466 + 6.0a 0.0 £ 00c 59.8 + 6.7 a 156 + 47 b 13.0 = 3.9 bc

Means (+SE) in each row with the same letter are not significantly different (P < 0.05; Fisher’s Protected LSD).
aANOVA (F = 13.63; df = 4, 37; P = 0.0001). bANOVA (F = 6.13; df = 4, 84, P = 0.0002). cANOVA
(F = 22.73; df = 4, 32; P = 0.0001).
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To determine the importance of plant chemistry in producing the resistance, we prepared
plant extracts from each of the five genotypes and tested these against DBM in artificial diet.
We prepared the extracts by boiling plant material in ethanol. We dried this extract and
sequentially eluted the residue with hexane and water to obtain polar and nonpolar fractions.
This method of extraction was intended to obtain a broad spectrum of potentially active
compounds. The extracts would include glucosinolates, long associated with insect-plant
interactions in Cruciferae (Verschaffelt 1910; Gupta and Thorsteinson 1960; Nayar and
Thorsteinson 1963; David and Gardiner 1966; Hicks 1974; Stadler 1978; Renwick and Radke
1983, 1987; Renwick et al. 1989; Reed et al. 1989; and others), and cardenolides, recently
shown to be important in mediating oviposition for some crucifer specialist insects (Renwick
et al. 1989). We added the fractions to diet at a concentration of 4 g leaf equivalents/g of diet.
As in field experiments, we determined DBM survival to fourth instar on these diets.

Percentage survival of DBM is reported relative to survival on a control diet containing
no plant extracts (Table 2). Survival was significantly less on diets with polar extracts of NY
2503 and NY 2535, than on the diet with extract of susceptible ‘Round-Up.’ Survival on diet
with extract of NY 2506 was more similar to that on ‘Round-Up.’ This suggested to us that
a polar extractable component of the leaves of the resistant genotypes was toxic to the larvae,
accounting, at least in part, for the observed antibiosis on whole plants. Surprisingly, extract
of the highly resistant glossy genotype, NY 2518, was not toxic to larvae. Thus glossy types
do not depend on this type of extractable toxin for resistance. Nonpolar extracts of all genotypes
were inactive and, in fact, enhanced survival of DBM.

Subsequent efforts to isolate the specific polar compounds responsible for activity in diet
have been unsuccessful. This may be because the compounds are unstable, or because several
compounds present in the whole extract must act together to substantially reduce larval survival.

In summary, we have established that resistance in normal bloom types is a type of antibiosis,
as in the glossy types, and that this resistance affects mining by first instars (Eigenbrode et al.
1990). Resistance in the normal bloom types depends, in part, on the presence of extractable
polar toxins, which have yet to be identified. Glossy plants do not depend on this type of toxin
for the high levels of antibiosis exhibited in these plants.

Table 2. Percentage of P. xylostella larvae surviving on artificial diet treated with polar and non-
polar extracts of five cabbage genotypes.

Normal bloom

—— Glossy Normal bloom test lines
‘Round-Up’ NY 2518 NY 2506 NY 2503 NY 2535
Polar
extract® 942 + 42a 93.1 £ 4] ab 846 + 5.6abc 763 + 40c 80.2 + 4.4 bc
Nonpolar
extract” 106.6 + 45a 1063 + 45a 1006 + 5.1 a 1173 =92a 1015+ 57a

Means (+SE) in the same row with the same letter are no% S|gn|f|cantly different (P<0.05; Fisher's Protected
LSD).  °TN = 388 (F = 3.32; df = 4, 377; P = 0.01) = 276 (F =1.13; df = 4, 265; P = 0.344)

Resistance in Glossy Genotypes

Mutations which cause leaves to appear glossy are common in crucifers (Macey and Barber
1970; Netting et al. 1972; Baker 1974; Jeffree 1986). The recessive gene conferring this trait
in P1234599 is only one of these. Glossy genotypes of Brassica oleracea (L.), apparently unrelated
to PI 234599, have also been reported to differ from normal bloom types in their susceptibility
to insects (Anstey and Moore 1954; Thompson 1963; Way and Murdie 1965; Stoner 1990).
It was already known that resistance in PI 234599 was a result of reduced DBM survival
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(Lin et al. 1983), but the effect of genetically different glossy types on this insect was unknown.
We therefore studied the effects of a genetically diverse collection of glossy B. oleracea genotypes
on larval survival. Our goals were to look for new sources of resistance to DBM, and provide
insight into the mechanisms of resistance based on glossy leaf.

We selected 18 genotypes for a test (Eigenbrode et al. 1991a). Seven of these were obtained
from the collection of K. A. Stoner at the Connecticut Agricultural Experiment Station and had
been assessed by her for field resistance to DBM (Stoner 1990, and chapter 6 in this volume).
Ten were glossy genotypes from four horticultural types: two cabbage, two broccoli, two
cauliflower, two collards, and two kales. Eight were normal bloom genotypes included for
comparison: three cabbage, one broccoli, two cauliflower, one collard, and one kale. We infested
the plants with DBM eggs and evaluated survival as above.

With one exception (KCR4 kale), survival on glossy genotypes was lower than on normal
bloom types (Table 3). This difference in survival on the two leaf types was significant (P =
0.0001) among all the test lines and within crop types, except for kale. Inheritance studies
demonstrated that at least three and probably more genes were represented in our test lines (Stoner
1990 and unpublished data; M. H. Dickson unpublished data). We concluded that, regardless
of genetic source, the glossy leaf trait conferred some level of resistance to DBM, and that this
was due to reduction in survival of the larvae.

Two questions remained: (1) What characteristics of glossy plants confer resistance to DBM?
(2) How do these characteristics reduce survival of DBM larvae? These questions are interesting
from a theoretical and applied point of view. Several experiments were conducted to answer
them.

The most conspicuous feature of glossy plants is the unique appearance of the leaf surface,
and we considered it possible that this was directly related to the resistance. Glossy mutants
of B. oleracea previously characterized have less surface wax, fewer waxy crystalline structures
on the leaf surface, wax structures of different morphology, and shifts in wax composition, relative
to normal bloom types (Macey and Barber 1970; Netting et al. 1972; Baker 1974; Jeffree 1986).
We measured leaf wax characteristics of our lines (Eigenbrode et al. 1991a) (Table 4). There
was considerable variation in amount of wax (wax load) and density of crystalline structures
(crystallite density) on the test lines. Glossy types had significantly reduced wax loads and
crystallite densities compared to normal bloom types.

These differences suggest that specific wax characteristics may condition the resistance to
DBM in glossy lines. Multiple regression analysis determined that wax load and crystallite density
explained 69 % of the variation in DBM survival, considering all 18 test lines, 31% of the variation
in glossy lines only, and 78 % of the variation in glossy lines if KCR4, the unusual susceptible
glossy genotype, is excluded from the analysis (Table 5). We concluded that resistance depends
to a large extent on these specific characteristics of the leaf waxes.

As an additional test we performed experiments in which the wax load and crystallite density
on normal bloom genotypes was reduced by chemically disrupting the wax biosynthesis in the
plants. This results in plants which closely resemble genetic glossy plants (Eigenbrode 1990).
Plants so treated have wax loads and crystallite densities that are about one-half of those on
treated plants. When these plants are infested in the field, survival of DBM is significantly reduced
(average survival on controls 40.3% and on treated plants 23.1%).

To gain insight into the biology of the resistance, we conducted behavioral observations
of the insects on resistant plants. Since the most vulnerable stage of the insect is the first instar,
we developed methods to facilitate detailed observation of the behavior of this vulnerable stage
of DBM on the plant surface (Eigenbrode and Shelton 1990; Eigenbrode et al. 1989). We found
that neonate larvae move much more rapidly on resistant types than on susceptible types (Table
3) in our test lines. Based on regression analysis, movement rate of neonates explains 48 % of
the variation in survival on the test lines (P = 0.0001 for the model, and P = 0.040 for the
b coefficient):

Percentage surviving = 27.71 — 31.58 [rate].
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Table 4. Physical characteristics of waxes on Brassica oleracea genotypes.

Leaf type® #33:12 OC Béslt?mtnisz Crystallite type

Genotype

Andes normal 57.5 1135.1 rods and filaments

Market Prize normal 51.2 1044.5 rods and filaments

Round-Up normal 52.8 922.5 rods and filaments

Ballhead normal 58.9 831.3 rods and filaments

Waltham normal 75.4 788.8 rods and filaments

Vates Collard normal 60.7 628.3 rods and filaments

Vates Kale normal 75.0 602.5 rods and filaments

Imperial 10-6 normal 58.9 587.4 rods and filaments

Broc3 glossy 20.4 203.8 short rods and
polygons

Broc5 glossy 67.0 160.6 angular plates

Pl 261597 glossy 59.4 112.5 irregular plates

KCR4 glossy 21.9 97.2 short rods and
polygons

Glazed Vates glossy 45.5 89.3 short rods and
polygons

Pl 234599 glossy 12.0 85.3 globules

Glossy Andes glossy 13.9 65.8 polygons

NY 8329 glossy 1.0 31.4 globules

NY 3891 glossy 10.9 253 globules

Green Glaze glossy 10.5 20.7 globules

Wax type

normal wax normal 61.3 + 2.2 817.6+50.0

glossy wax glossy 27.5 = 5.07 88.8+13.6"

®normal = normal wax, glossy = glossy wax *Student’s t-test P = 0.000

Table 5. ANOVA tables for linear regression of DBM [L)ercent survival on amount of wax
(p,g/cmz) and wax crystallite density (0.001/mm®).

All genotypes

Source 5
DF MS F Prob>F R
Regression 2 0.0463 17.12 0.0001 .69
Wax 1 0.0069 2.55 0.1310
CD | 0.0264 9.76 0.0070
Error ) 0.0027
Source Glossy genotypes
DF MS F Prob>F d
Regression 2 0.0060 1.59 0.2692 31
Wax | 0.0012 0.33 0.5862
CD I 0.0046 1.24 0.3027
Error 7 0.0037
Source Glossy genotypes (excluding KCR4)
DF MS F Prob>F R

Regression 2 0.0061 10.4 0.0112 .78
Wax | 0.0030 5.07 0.0654

CD I 0.0026 4.34 0.0823
Error 7 0.0020
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We proposed (Eigenbrode and Shelton 1990) that this higher movement rate on resistant
types had biological significance. Specifically, we suggested that the higher movement rate
indicated that neonates do not accept glossy plants as readily as normal bloom plants; they therefore
spend more time walking and less time in gustatory exploration of the leaf surface, e. g. biting
or feeding.

To establish a link between leaf waxes and larval behavior, we removed leaf waxes from
resistant glossy NY 8329, and susceptible ‘Round-Up,’ with dichloromethane dips (30 sec)
(Eigenbrode and Shelton 1990). After this treatment, neonate larvae moved slower on resistant
types (2.7 vs 5.1 mm/min) and faster on susceptible types (2.6 vs 1.3 mm/min) so that the
movement rates were statistically identical. If leaf wax crystalline structure was disrupted
mechanically (by polishing with sterile cotton), neonate larvae moved no faster on NY 8329,
but moved faster on ‘Round-Up’ (4.9 vs 2.9 mm/min) so that the rates were again statistically
identical on treated plants of both genotypes. These studies indicated that leaf waxes, both quantity
and crystalline structure, influenced larval behavior, as well as survival.

The 20-30% of variability in DBM survival not explained by wax load and crystallite density
may be partly due to differences in wax crystallite morphology or chemistry. Wax crystallites
on the most resistant lines, including PI 234599, which has an intermediate crystallite density,
are in the form of globules. The wax crystallites of KCR4, ‘Glazed Vates,’ and Broc3 include
short rods which resemble those found on normal bloom plants. These three genotypes are more
susceptible than expected, based on their rank in crystallite density (Tables 1 and 3). The waxes
also differ substantially in chemical composition, based on a comparison of their thin layer
chromatographic patterns (Eigenbrode et al. 1991a, 1991b). Pure waxes from resistant and
susceptible genotypes also elicit different behaviors from neonate larvae (Eigenbrode et al. 1991b).
It seems probable that additional genetic variation for these characteristics of leaf waxes may
be exploited to enhance resistance to DBM in crucifers.

In summary, all the above studies strongly suggest a causal link between wax characteristics
and survival of larvae on the plants. Reduced survival is associated with larval nonacceptance
of plants with glossy leaf wax characteristics. Incorporation of any gene conferring glossy wax
traits should increase resistance to DBM. Our results also suggest that maximal expression of
resistance will result from the lowest possible leaf wax loads and crystallite densities. It appears
that these traits may be modified by minor gencs, as well as the principle genes which condition
the glossy trait. For example, during the enhancement of resistance to DBM, Dickson has also
produced genotypes with wax loads and crystallite densities that are less than those of the original
PI 234599 (Tables 3 and 4).

Potential for Development of Resistant Cultivars
Glossy Cultivars

The potential for the eventual release of glossy cabbage cultivars with resistance to DBM
and other Lepidoptera is great. The extremely high levels of resistance obtained in some breeding
lines (for example NY 2518, NY 8329, and NY 3891, Tables 1 and 3), and the simple inheritance
of the glossy trait will favor this. In tests performed so far, glossy resistant lines, or hybrids
derived from them, have performed well in advanced trials and production trials. Glossy lines
from Dickson’s program perform extremely well under pressure from high populations of
insecticide-resistant DBM in Honduras (Dickson et al. 1990), where insect populations on glossy
plants in Honduras were only about 2 % of those on susceptible controls. In production simulation
trials in New York, glossy-leafed hybrid cabbages produced marketable crops without the aid of
chemical sprays. In these same trials, the normal bloom susceptible cultivar ‘Round-Up’ required
an average of 4.5 sprays with permethrin to produce a marketable crop (unpublished data).

Although the potential of glossy resistant lines is great, some difficulties have slowed cultivar
development. First, although almost all glossy genotypes have some level of resistance
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(Table 3), economically useful levels can only be maintained, and cultivars developed, by
continued screening using insect infestations. Second, the dark green glossy foliage of resistant
types is considered by many a horticultural, cosmetic defect. Third, a reduction in plant vigor
is associated with the glossy trait. In F, populations segregating for the glossy trait derived from
PI 234599, glossy plants are significantly smaller than normal bloom siblings 30 days after
transplant (0.26+0.01 kg vs 0.72+0.4 kg; P = 0.0001). As a result, although glossy cabbage
lines were released for use by breeders in 1984 (Dickson et al. 1984), DBM-resistant cultivars
have not yet been produced. )

We think these problems can be overcome. First, an alternative to the labor-intensive
requirement to screen glossy plant populations using insects is now feasible. Based on our findings,
screening for reduced waxes and reduced crystallite density could be used to maintain high levels
of resistance in glossy lines. Second, the tremendous need for cultivars resistant to DBM may
outweigh cosmetic considerations. This is especially true in areas where insecticide resistance
in DBM is widespread. In addition, when stripped of the outer leaves for market, as is done
in many tropical areas, glossy cabbages appear very similar to standard types. Third, although
glossy plants are less vigorous which may affect yield, this too may be outweighed by the need
for resistant cultivars, as reduced yield is preferable to none. For some markets, smaller cabbages
are even desirable. It is also possible that the lack of vigor associated with gloss may be at least
partially eliminated through additional breeding efforts.

Normal Bloom Cultivars

The normal bloom types only provide partial protection against DBM (Table 1). The incentive
to develop partially resistant cultivars is lower than for highly resistant ones. Unless subsequent
work can further enhance DBM resistance in the normal-bloom lines, it appears that the
development of cultivars based on these lines will not occur soon. Nevertheless, in production
trials, hybrids developed from normal bloom-resistant cultivars required only 3.0 sprays with
permethrin to produce a marketable crop, as compared with 4.5 on susceptibles (unpublished
data). This could translate into large savings in production costs in tropical areas where insecticide
requirements are much greater than in New York.

Conclusions

DBM threatens crucifer production worldwide. The problem has been well documented
(Talekar and Griggs 1986). The economic incentive for the development of DBM-resistant
cultivars of cabbage and other Brassica crops by private seed companies is growing. As we
report here, most of the biological problems with incorporating resistance to DBM have or can
be overcome. We are hopeful that DBM-resistant Brassica cultivars will be released in the future.
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Abstract

The cabbage webworm, Hellula undalis (F.) is a major pest of cruciferous vegetables
in the lowlands of Malaysia. The common host plants include cabbage, radish,
cauliflower, Chinese kale, Chinese mustard and the Cleome weed spp. Damage by
cabbage webworm is particularly serious on cabbage because damage on the shoot
by a single larva can cause either death of the plant or production of unmarketable
multiple heads. The critical period of damage is usually from transplantation to the
heading stage of cabbage. Generally, higher populations of CWW on cabbage coincided
with the drier periods of the year, and low populations during the wetter ones. Within
a single season, peak population generally occurred around 40 days after transplanting.
Under laboratory conditions, the total developmental period from egg eclosion to adult
emergence was about 26 days. Incubation period was about 3 days and the larval period
about 14 days. There were usually five instars. The pupal period iasted 8.5 days. Adult
longevity was about 7 days for both sexes and the shape of the survivorship curve was
a Slobodkin’s Type 1. The mean number of eggs laid per female was 175 and the mean
egg per day per female was 27. Cabbage webworm was effectively controlled by
shoot-tip treatment using Bacillus thuringiensis applied once a week until head
formation. So far, two species of parasitoids have been recorded but their incidence
was low.

Introduction

Many insect pests attack cruciferous vegetables in Malaysia (Yunus and Ho 1980). Among
those of growing concern is the cabbage webworm (CWW), Hellula undalis (F.)
(Lepidoptera:Pyralidae). CWW was first recorded in Malaysia in 1922 (Ooi 1979), but little
research was done on this pest until the early 1980s. However, with the introduction of the
heat-tolerant hybrid lowland cabbage varieties in 1973, CWW emerged as a major pest that
warranted serious attention (Lim et al. 1990). Currently, CWW is an important pest on crucifers
in almost all lowland areas in Malaysia, including Sarawak and Sabah. Ooi (1979) reported
its occurrence as a minor pest in the Cameron Highlands (altitude 1525 m) where the temperatures
are relatively cooler. However, there has been no confirmation on this in subsequent studies.
Sachan and Gangawar (1980) suggested that a decrease in importance of CWW in India was
related to the increase in altitude at which crucifers are increasingly being grown.

Ooi (1979) suggested that CWW could probably have been introduced into Malaysia through
commercial activities because it lacked a good complement of natural enemies and crucifers
are its natural hosts. This was the case for the diamondback moth (Tan and Lim 1985). Our
observations on harvested cabbage heads, where we found live CWW larvae even into the 18th
folded cabbage leaf, tended to lend some support to this suggestion.
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Nature of Damage and Host Plants

The importance of CWW on crucifers, particularly cabbage, is underlined by the fact that
a single larva, by virtue of its boring in the shoot, could either cause death to the young plant
or the formation of unmarketable multiple heads on relatively older plants. This means that it
is not possible to advocate specific chemical control measures for CWW, and that the control
should be, by and large, preventive. In the field, a low population of larvae could cause significant
losses, and in untreated cabbage, losses could go as high as 99% . Although the larva is present
throughout the crop, it is severe only during the period between transplanting and the heading
stage of cabbage.

In Malaysia, besides cabbage (Brassica oleracea var. capitata), CWW infests other crucifers
such as cauliflower (B. oleracea var. botrytis), radish (Raphanus sativus), Chinese kale (B.
alboglabra) and Chinese mustard (B. juncea) (Yunus and Ho 1980). Noncruciferous weeds such
as Cleome spp. and Hygrofolia salicifolia were also found to be natural hosts for this insect.
Our studies in the glasshouse showed that CWW prefers Chinese mustard over cabbage and
radish. In terms of oviposition, the caged moth laid more readily on Chinese mustard and radish
compared to cabbage.

Biology and Ecology

The egg of CWW is oval, about 0.44 mm in length and 0.32 mm in diameter. It is white
when freshly laid but later turns slightly pinkish and then brownish-red just before hatching.
Eggs are laid either singly or in rows of 2 or 3. The developmental durations of the various
stages of CWW on cabbage are summarized in Table 1. The egg incubation period was about
3 days and mean egg viability was 60%. There were generally five instars on cabbage. The
first instar, which usually mined the leaf, lasted about 3 days. The second instar ranged from
1 to 3 days, third instar from 2 to 5 days, fourth instar from 2 to 3 days and fifth instar from
3 to 5 days. There was a short prepupal period of about 1 day. Pupation normally occurred
in the soil within a pupal case or in leaf debris. In the laboratory, pupation occurred at the sides
of the breeding cage or the sides of the glassware where it is bred. The mean pupal period was
8.5 days. The total developmental period was about 26 days when bred on cabbage. The sex
ratio of adults that emerged from field-collected larvae bred in the laboratory was 0.57.

The adult is a grey moth measuring 6-7 mm in length with a wing span of 14-15 mm. The
forewing has wavy markings with a distinct kidney-shaped spot at about one-third the length
from the apex. In the newly emerged female, these markings were relatively darker than the
male. Further, in the female, the terminal segment of the abdomen is long and pointed whereas
in the male it is relatively blunt. Adult longevity was about 7 days for both sexes and the shape
of the survivorship curve was a Slobodkin’s Type 1 (Fig. 1). In most adults, oviposition generally

Table 1. Development of CWW on cabbage under laboratory conditions (28 +2°C, 70-90% RH).

Days

S (mean£SD)
Egg 2.89+0.41
Larva
Instar | 3.00+0.00
Instar 2 2.20+0.75
Instar 3 3.20+0.98
Instar 4 2.00+0.63
Instar 5 4.00+0.89
Pupa (+ prepupa) 8.50+0.58

Total developmental period (egg to adult emergence) 26.00+1.15
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commenced within 24 hours and might last from 3 to 10 days. The mean number of eggs laid
per female was 175 and the mean eggs per day per female was 27. The peak oviposition time
was on the second day after emergence (Fig. 1).

Field studies on cabbage cultivated continuously did not reveal any obvious yearly trends.
However, peak populations generally coincided with the drier periods of the year, i.e from
February to April and June to July whereas the population was low during the wetter periods
from September to December. In the field, on a single cabbage crop, the peak population of
CWW normally occurred around 40 days after transplanting. The distribution of the larvae per
plant is shown in Fig. 2. The mean larval population was normally one per plant with a maximum
of nine. Aziz noted that before heading, most of the larvae (88.5%) were found on the peripheral
leaves whilst 11.5% were found on the shoot region of cabbage.
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Control Measures

Insecticides

This is currently the only effective method of control for CWW in the field. Ng (1980)
evaluated eight insecticides against CWW on cauliflower and found that sprays of trichlorfon
95 (0.02 % ai) and sulprofos (0.10 % ai) gave 100% control at 1 and 6 days after initial spraying.
There was no significant difference between the different rates tested. Following this MARDI
(1981) reported that Bacillus thuringiensis Berliner, B. thuringiensis + granulosis virus and
decamethrin-treated cabbage plots had significantly lower populations and higher marketable
heads than in the untreated check plots. However, in the same trial, the virus and dimethoate-
treated plots had relatively high populations of CWW (Table 2) vis-a-vis the control plot. In
a later trial (MARDI 1986), nine insecticides were evaluated. It was found that CWW can be
effectively controlled by shoot treatment carried out at the early stage of plant growth (1-1.5
months after transplanting). The effective insecticides were permethrin, abamectin, teflubenzuron,
chlorfluazuron, triflumuron, phenthoate, exthofenprox and I-cyhalothrin. Further screening was
done in 1987 using eight insecticides (MARDI 1987), which included abamectin, profenofos,
cypermethrin, triazophos, etrimfos, benzoylurea and permethrin. Abamectin was more effective
than the other insecticides. In abamectin-treated plots only 2% of the plants were damaged
compared to 42.2 % and 65.0% in the two control plots. Permethrin which was effective in 1987,
however, registered the highest percent damage (15.7%) and the lowest yield (18.6 kg/plot)
amongst the insecticide-treated plots (Table 3). Besides permethrin, the use of the other insecticides

Table 2. Efficacy of insecticides and two microbials against CWW in cabbage plots at Jalan Kebun,
Selangor, Malaysia.

No. heads % marketable
Treatment No. insects” per plot heads
(mean)
Granulosis virus (GV) 256 ¢ 78b 0.0b
B. thuringiensis (Bt) 65d 15.3 a 51.3a
GV + Bt 71 d 14.5 ab 62.5a
Deltametrin 84 d 16.8 a 65.0 a
Dimethoate 419 a 8.0b 0.0b
Untreated control 330 b 10.3 ab 6.3b

Population mean for all sampling dates. Numbers followed by the same letter, for a given column, are not significantly
different according to DMRT (P = 0.05). Source: MARDI 1981.

Table 3: Evaluation of insecticides for the control of CWW on lowland cabbage based on shoot-
tip treatment.

Weight of

No. Larvae % d p ketabl

S — per 10 plants 6 damage marketable
plant/plot heads

(mean)

(kg/plot)
Abamectin 0.0l ¢ 20c 28.2 a
Profencfos 0.0l ¢ 8.4 c 220b
Cypermethrin 0.02 ¢ 11.0 c 21.6 b
Triazophos 0.02 ¢ 12.5 ¢ 21.5b
Etrimfos 0.03 ¢ 12.7 ¢ 20.5b
Benzoylurea 0.03 ¢ 15.0 c 20.1 b
Permethrin 0.03 ¢ 15.7 ¢ 18.6 b
Control A 0.15b 42.2 b 12.1 ¢
Control B 0.27 a’ 65.0 a 5.1d

Source: MARDI 1987.
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such as triazophos, profenofos, fenthion, methamidophos, the IGRs and cypermethrin currently
seemed to be fraught with difficulties as they do not provide adequate control of CWW. This
suggested that there could be resistance development by this insect to these insecticides. However,
this is yet to be confirmed in the laboratory. Fortunately, B. thuringiensis is still very effective
against this pest. In a recent trial (MARDI 1989), it was found that Thuricide (B. thuringiensis,
16,000 IU/mg) and Florbac (B. thuringiensis, 8500 IU/mg) shoot-tip treatment gave very good
control against CWW. Insecticide application is done weekly starting from 3 to 5 days after
transplanting to at least the first 4 weeks until heading. In severe cases, twice weekly applications
are done.

Biological control

In Malaysia, there is little information on the natural enemies of this pest. Tan (pers. comm.)
recorded an ichneumonid Trathala flavoorbitalis as a larval/pupal parasitoid. In field trials, we
found a braconid Bassus sp. (indet.) emerging from the larva. However, its incidence in the
field based on percentage parasitism is low (less than 15%). Lim (1982) reported that Cotesia
plutellae parasitized CWW under laboratory conditions and attained successful pupation.
However, no adult emergence was noted. In the laboratory, we observed a protozoan disease
affecting the larval population, especially when the larval food substrate (cabbage leaves) was
too moist. Unfortunately, not much is known about this disease.
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Abstract

The diamondback moth, Plutella xylostella (L.), is the most important pest of
crucifers in Indonesia. In most highland vegetable areas, this pest has been effectively
controlled by the ichneumonid parasitoid, Diadegma semiclausum Hellen. However, the
cabbagehead caterpillar (Crocidolomia binotalis Zeller) which is the secondary pest of
cabbage, may become a serious problem, particularly during the dry season. Results
of laboratory and field studies of C. binotalis during the last 10 years are reviewed and
discussed in this paper. Under laboratory conditions (26-33°C and 54-87% RH), the
life cycle lasted about 28 days (26-32 days). This period increased from 30 to 41 days
at lower temperatures (16-22°C). The egg incubation period lasted for 4 days (3-6 days).
There are five larval instars with the mean duration of 14 days (11-17 days). The
pupation period took about 10 days (9-13 days). A female moth may lay on an average
300 eggs (68-590 eggs) in its lifetime; 92% (69-100%) of the eggs will hatch. Two
larval parasitoids were tentatively identified as Inareolata argenteopilosa Cam.
(lchneumonidae) and Sturmia inconspicuoides Bar. (Tachinidae). Rates of parasitization
were low throughout the sampling period. Larval population increased starting from
2 weeks after planting, peaked at 8-10 weeks after planting and declined thereafter
up to harvest time. Abundance of C. binotalis larvae was negatively correlated with
rainfall. Counts of the immature stages of C. binotalis showed that the distribution of
larval populations followed a negative binomial pattern. Studies have also been
conducted to evaluate efficacy of insecticides on C. binotalis larvae and their effect
on the fecundity of female moths. In line with the development and implementation
of integrated control of C. binotalis, control threshold level needs to be determined.
Research along this line is still underway.

Introduction

Since 1973, it has been known that the diamondback moth (DBM), Plutella xylostella (L.)
(Lepidoptera: Yponomeutidae), and cabbagehead caterpillar (CHC), Crocidolomia binotalis Zeller
(Lepidoptera: Pyralidae), are harmful and economically important caterpillars on cabbage in
Indonesia. If suitable control is not undertaken, especially in the dry season, the yield loss caused
by both insect pests together may be up to 100% (Sudarwohadi 1975). Since that time,
considerable research has been done on bioecology and control of DBM, while less attention
was given to CHC. The success of biological control program of DBM by the introduced parasitoid
Diadegma semiclausum Hellen (Hymenoptera: Ichneumonidae), does not mean that the pest
problem on cabbage cultivation has been completely solved (Sastrosiswojo and Sastrodihardjo
1986). In some cases, CHC may become an even more serious problem, particularly during
the dry season and in the areas where insecticide use is less. In spite of the economic importance
of CHC on cabbage in Indonesia, very little is known of its life history, population ecology
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and proper control strategy. This paper reviews the research work carried out on CHC since 1981.

Biology
Host Range

CHC infests wild and cultivated crucifers, including cabbage (Brassica oleracea var. capitata
L.), cauliflower (B. oleracea var. botrytis L.) and Chinese cabbage (B. campestris spp.
pekinensis). CHC occurs to a lesser extent on turnip (B. rapa var. rapa L.), sprouting broccoli
(B. oleracea var. botrytis L. subvar. cymosa Lam.) and radish (Raphanus sativus var. hortensis)
(Gunn 1925, Kalshoven 1981). It has also been reported that mustard (B. juncea Coss.), watercress
(Nasturtium officinale) and an ornamental crop Clerodendron fragranspeniflorum Vent. are host
plants of CHC (Thayib 1983).

CHC exhibits a marked preference for ovipositing on turnip rape (B. campestris ssp. oleifera
Metzg. Sinisk) and pak choy (B. chinensis) (Setiawati 1989).

Life History

The biology of CHC has been studied in the laboratory, including its life cycle and behavior
(van den Oever 1973; Othman 1982; Thayib 1983; Setiawati 1989).

Egg stage: The eggs are light green and usually oviposited on the underside of cabbage leaves.
Before hatching, the color of the eggs changes to orange, yellowish-brown and dark-brown.
The eggs are laid in overlapping masses of 9-120 eggs with an average of 48. The size of egg
clusters ranges from 1.0 X 2.0 mm to 3.5 X 6.0 mm with an average of 2.6 X 4.3 mm.

The incubation period for eggs was 4 days (range 3-6 days) at 26.0-33.2°C. The percentage
of hatching is 92.4% (range 69.2-100%) (Othman 1982).

Larval stage: The newly hatched larvae are gregarious with black heads and light green body
and dark spots. The larvae are characterized by whitish longitudinal stripes, three dorsally and
one on each lateral side. The fully grown larvae are 15-21 mm in length.

There are five larval instars. The duration of each successive instar was 2.6 days (range
2-4 days), 2.4 days (range 1-3 days), 2 days (range 1-3 days), 2.3 days (range 1-5 days) and
4.7 days (range 3-7 days), respectively. The total larval period extends to 14 days (range 11-17
days) at 26.0-33.2°C and 54.1-87.8% RH (Othman 1982). However, van den Oever (1973)
reported that the larval period varied from 10-14 days at 16-22.5°C and 60-85% RH (Table 1).

The damage caused by CHC on cabbage can be a serious problem because the caterpillars
prefer the young leaves and growing point which are succulent, and often devour it completely.
This trend is clearer when the larvae enter the third instar stage. If the caterpillars attack cabbage
plants during the head formation stage, they will penetrate into the head, make tunnels and the
crop will rot.

Pupal stage: Usually pupation takes place on the soil surface. The pupa is yellowish brown
and later becomes dark-brown. The size of pupa is about 3 mm wide and 10 mm long. The
pupal stage ranged from 9 to 13 days with an average of 10 days at 26.0-33.2°C and 54.1-87.8%
RH (Othman 1982). Van den Oever (1973) reported that the pupal period was 13-18 days at
16-22.5°C and 60-85% RH.

Adults: The female moths emerge about 1 day before the males (van den Oever 1973). The
adults have black thorax and reddish-brown abdomen. The females bear a curved ovipositor
and are generally larger than the males. The moths are nocturnal, but are not attracted by artificial
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Table I. Life cycle of CHC in Indonesia.
i 26.0 - 33.2°C; 16.0 - 22.4°C;
54.1 - 87.8% RH? 60.0 - 85.0% RH?

Oviposition period (days) 8.5 (3-19) several days
Egg incubation period (days) 4 (3-6) (4-5)
Egg viability (%) 92.4 (69-100) almost 100%
Larval period (days):
Ist instar 2.6 (2-4) (3-4)
2nd instar 2.4 (1-3) (2-3)
3rd instar 2.0 (1-3) (2-3)
4th instar 2.3 (1-5) (3 4)
Sth instar 4.7 (3-7)
Total 14.0 (11-17) (IO-I4)
Pupal period (days) 10.3 (9-13) (13-18)
Adult longevity (days)

Mated male 15.9 (6-30) -

Mated female 15.2 (8-26) -
Life cycle (days) 28.3 (26-32) (30-41)
Sex ratio (male: female) 0.9:1.0 1.0:1.0

®Numbers in parentheses indicate range. Adapted from van den Oever (1973), Othman (1982) and Thayib (1983).

light. During the day they hide under the cabbage leaves and when disturbed they will fly briefly.
The color pattern of the male forewings is sharper than the females. The males can be easily
recognized by a tuft of dark hairs at the anterior margin on both of the forewings. The males
have longer body (11.4 mm) than the females (9.6 mm). Visually, the females have larger
abdomen than the males.

Mating, oviposition, and fecundity: Thayib (1983) reported that the sex ratio of CHC was
male:female, 1:1. The moths mate after 2-3 days from emergence. In the field, mating always
happens around midnight until early morning. In the laboratory, mating may occur during the
day in dark places after about an hour’s darkness. Oviposition usually takes place at night, and
at least starting from 1 day after copulation for 2-4 days.

Othman (1982) reported that the females are able to deposit 2-21 egg clusters containing
a total of 60-598 eggs when fed with honey and 1-13 egg clusters containing 11-294 eggs when
no honey was given. The oviposition period was 3-10 days when honey was given and 1-7 days
when not supplied with honey. The life span of mated males and females lasts for 6-30 days
and 8-26 days when honey was given, and 3-23 days and 3-14 days when not provided with
honey. Thus, the role of diluted honey (honey:distilled water = 1 : 1) is very important in mass-
rearing of CHC.

Under laboratory conditions (16-22.5°C and 60-85% RH), van der Oever (1973) reported
that the total life cycle of CHC ranged from 30-41 days. However, Othman (1982) mentioned
that at 26.0-33.2°C and 54.1-87% RH, the duration of one generation CHC ranged from 26
to 32 days (average 28 days) (Table 1).

Natural Enemies

Parasitoids: Some parastioids of CHC larvae collected from Sindanglaya (Segunung areas)
from 1927 to 1931 and preserved in the museum of the Central Research Institute For Agriculture
(now Bogor Research Institute For Food Crops) are: Sturmia inconspicuoides Bar.
(Diptera: Tachinidae), Inareolata argenteopilosa Cam. (Hymenoptera:Ichneumonidae),
Mesochorus sp., Atrometus sp. and Chelonus tabonus (Sonan). According to van den Oever
(1973), L. argenteopilosa attacks the second or third instar larvae, while S. inconspicuoides attacks
the third or fourth instar larvae. The rate of parasitism of both species was low, viz. 1.6% for
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1. argenteopilosa and 4.4 % for S. inconspicuoides. Othman (1982) reported that I. argenteopilosa
was more predominant than S. inconspicuoides. From field-collected larvae, she found that the
percentage of parasitism of the I argenteopilosa ranged from 1.1 to 7.2%, whereas the S.
inconspicuoides ranged from O to 4.1%. Under laboratory conditions, I. argenteopilosa could
parasitize the first to the third larval instars. However, it seemed that the parasitoid preferred
the 2-day-old larvae as they had softer and thinner skin than older larvae.

The percentage of parasitism decreased with age of larvae. It seemed that the percentage
of parasitism also decreased as the host population increased. The highest rate of parasitism
was 31.3% when the parasitoid-host ratio was 1:10. The duration of the life cycle of I
argenteopilosa under laboratory conditions (26.0 - 33.2°C and 54.1 - 87.8% RH) was 16-21 days
(Table 2). Adult longevity for both mated male and female was 3-17 days.

Table 2. The development periods of I. argenteopilosa on 4 - 5-day-old CHC larvae.

Stage Mean (range) duration (days)
Egg and larva period, on: 4-day-old host larvae 10.3 (8-13)
5-day-old host larvae 8.3 (7-9)
Pupal period 8.0 (7-9)
Total life cycle, on: 4-day-old host larvae 18.2 (18-21)
5-day-old host larvae 16.7 (16-17)

Source: Othman (1982)

Predators: Van den Oever (1973) reported that by observations in the field, only predation
by a black beetle larva (Coleoptera: Carabidae) was noticed. The predation capacity was unknown.

Pathogens: During a 2-year study on the bionomics of CHC, Thayib (1983) collected diseased
larvae affected by bacteria and fungi. Results from isolation and microscopic examination indicated
that the dead specimens were infected with Proteus spp., Achromobacter sp. and Bacillus sp.
(bacteria), and fungi from the genera Aspergillus, Fusarium and Penicillium. Reinfection trials
showed that the pathogen virulence was not consistent, especially when the relative humidity
was not high.

Ecology

Geographical distribution

CHC is a common pest of cruciferous crops with a worldwide distgibution in tropical and
temperate regions. Its area of distribution is reported as South and Southeast Asia, Australia,
South Africa, Tanzania and the Pacific Islands (Dammerman 1929; Kalshoven 1981).

Seasonal ineidence

Seasonal incidence of CHC on cabbage has been studied in Indonesia at Segunung (altitude
1100 m) (van der Oever 1973; Sudarwohadi 1975; Thayib 1983). The oviposition peaks in
February, May and July-August. High buildup of larval populations was in March, June and
August (Fig. 1). This coincided with the drier part of the year at Segunung. This also indicates
that there is a negative correlation between the CHC populations with rainfall; higher rainfall
increases insect mortality.

Although it was not very clear, it may be assumed that there are two oviposition peaks
during one growing season (Fig. 1). This means that at least there are two generations of CHC
during one growing season. In general, the study indicated that within 90 days of cabbage growing
period, the population of CHC larvae tends to increase starting from 2 weeks after planting,
peaks at 6-8 weeks later and declines thereafter up to harvest time.
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Population distribution pattern

The pattern of population distribution of CHC larvae on cabbage was recently investigated
at Lembang by Tohidin (1990). CHC larvae tend to aggregate on cabbage plants. Their spatial
distribution on cabbage has the characteristic of being contiguous and follow the negative binomial
distribution. The optimal sample size for CHC larvae was 54 plants with one quadrant of sample
unit per plant.

Chemical Control

Since up to the present there is no other alternative control for CHC, chemical control is
the most common method. Various chemical and microbial insecticides have been recommended
for the control of CHC on cruciferous crops.

Commercial preparations of Bacillus thuringiensis Berliner (Dipel WP, Bactospeine WP
and Thuricide HP) at 1.0 - 2.0 kg formulated product per hectare were reported effective against
CHC (Sudarwohadi et al. 1973; Sastrosiswojo 1987; Setiawati and Sastrosiswojo 1989).
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Chlorfluazuron and teflubenzuron (insect growth regulators) were effective against CHC
at 40 g Al/ha (Sastrosiswojo 1987; Soeriaatmadja and Duskarna 1990). Based on the laboratory
study, it was found that B. thuringiensis (Dipel WP) and chlorfluazuron were more effective
against early instar than late instar larvae of CHC (Setiawati and Sastrosiswojo 1991, in press).
The LCso values against second instar larvae of CHC were 42 ppm for B. thuringiensis and
424 ppm for chlorfluazuron, whereas against fourth instar larvae they were 755 and 1068 ppm
respectively. Chemical insecticides reported to be effective against CHC were permethrin,
cypermethrin, decamethrin, profenofos, prothiophos and acephate (Sastrosiswojo 1987;
Soeriaatmadja and Duskarno 1990). However, laboratory studies proved that acephate and
permethrin may cause a resurgence of C. binotalis. Acephate and permethrin induced increases
of fecundity of adults by 98 and 93 %, respectively (Setiawati 1990). The reasons and mechanism
of this resurgence are not fully understood.

Integrated Pest Management Approach

The development and implementation of integrated control of CHC cannot be separated
from a DBM program. At present, D. semiclausum is an important biological control agent
of DBM in Indonesia, especially in areas where it is well established (Sastrosiswojo and
Sastrodihardjo 1986). Integration between biological control and the use of selective insecticides
based on the control threshold of DBM (0.5 larva/plant) will reduce the amount of insecticde
usage by 40-60% (Sastrosiswojo 1987). Thus, the population of CHC may increase, since so
far there is no effective biological control agent for CHC. Some alternative control stra-tegies
that might be implemented are as follows:

(1) The most rational and primary step is to develop control threshold of CHC. Monitoring
may be based on the population of CHC eggs or second-third instar larvae, or visual
damage threshold as suggested by Srinivasan (1984 cited by Chelliah and Srinivasan
1986). Research along this line is still being undertaken at LEHRI, Lembang.

(2) Superimposition of damage threshold on the intercrop combination of one row of
cabbage and one row of tomato is also advocated as an effective alternative approach
to reducing cabbage yields significantly (Chelliah and Srinivasan 1986).

(3) The encouragement of biological control in any IPM program is also important.
Although the larval parasitoid I. argenteopilosa occurs in Indonesia, the level of
parasitism is low. Therefore exotic parasitoids should be introduced to complement
the existing ones. Another possibility is the use of pathogens such as entomogenous
fungi or viruses. These pathogens should be explored in the country or if possible
introduced into Indonesia.

(4) There is doubt that chemical control is still an important key component in an IPM
approach. As far as CHC is concerned, the use of insecticides that do not harm or
are less toxic to D. semiclausum but effective against DBM and CHC is strongly
recommended.

(5) Other factors to be considered in the IPM program are monitoring system, sampling
technique and sample size. The use of sex pheromone might be important, both for
monitoring or mass trapping.
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Abstract

The effect of delayed mating on the reproductive potential of the diamondback
moth, Plutella xylostella (L.), population was evaluated in the laboratory. The insecticide-
resistant diamondback moth could be controlled by synthetic sex pheromones which
are not harmful to beneficial species. However, the pheromones had no effect on other
pests like aphids and common cabbageworm. Predators crawling on the ground, like
lycosid spiders, played an important role as a biotic mortality agent of immature stages
of diamondback moth. The chitin synthesis inhibitors that are selective insecticides
were very effective on caterpillars like the common cabbageworm. Pheromone and chitin
synthesis inhibitors which are harmless to beneficial arthropods are regarded as main
chemicals acceptable in management of crucifer pests.

Introduction

The main drawbacks in insecticidal control of diamondback moth (DBM), Plutella xylostella
(L.) (Lepidoptera: Yponomeutidae), are: (1) development of insecticide resistance; (2) resurgence
of the insect after applications of insecticide; (3) nonselective killing of harmless and beneficial
species (Nemoto 1986).

Synthetic sex pheromones have been utilized to suppress insect pest populations through
either disruption of communication between the sexes or mass trapping of adult males. The
efficacy of the pheromone is frequently measured by making comparisons between the percentage
of tethered virgin females that mate in treated and control plots (Nemoto et al. 1985). In this
paper, we present a converted Kiritani and Kanoh’s equation (ER) and attempt to evaluate the
effect of delayed mating on the reproductive potential of the DBM population by laboratory
experiment. A disruption experiment was conducted in a commercial grower’s field to evaluate
efficacy of synthetic sex pheromones in controlling DBM.

Nemoto (1986) reported that according to immunological tests lycosid spiders are important
as biotic mortality agents of DBM. The role of predator or parasite in this experiment was
evaluated by artificially excluding them from the estimation of DBM mortality.

The control of only one species of pest is meaningless for crucifers that require simultaneous
protection from other pests. The effect of insecticides on these pests was evaluated.

Evaluation of delayed mating DBM population

The possible role of a pheromone-induced delay in mating on the reproduction of the oriental
tea tortrix, Homona magnanima Diakonoff, has been examined by Kiritani and Kanoh (1984),
who considered that the delayed mating or fertilization on the part of females might reduce their
fecundity through shortening their reproductive period and aging. They proposed an equation
for the expected reproduction (ER) of a r-day-old female.

91
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A high percentage of mating inhibition, for example 90% /night, however, does not result
in the same degree of suppression of the target population if the mean longevity of the adults
exceeds 1 day. If the virgin females lived for only 1 day, a 90% matin, (% inhibition/night wouid
result in 10% of the females being mated, while up to 65% (1 — 0.9'% = 0.65) of the females
would eventually be fertilized if they lived for 10 days. On the other hand, the delay in mating
reduces total fecundity through shortening the female reproductive period. Yamada (1979)
observed that most of the newly emerged females mated on the first night of their emergence
and began to lay eggs on the following night. Unmated females lay a few eggs. The effect of
delayed mating on various reproductive traits is presented in Table 1. Fecundity, viability of
eggs and oviposition period all decreased with an increase in number of days elapsing before
pairing after emergence.

Table |. Effect of delayed mating on the reproductive traits of DBM.

Days after No. No. (and %) No. of eggs Nl & Expected
emergence of of pairs laid/ ovipositing fertlhz.ed reproduction
and F)efore pairs mated female ég.gs/owpo- (RER)
pairing siting female
0 20 17(85) 108.1 £8.8a 102.9+28.9¢ 87(95)
2 19 18(95) 100.9+10.92b 97.1+10.9¢ 92(100)
4 20 14(70) 79.6+10.0bc 77.9+10.lef 41(44)
6 15 10(67) 71.8x11.8¢c 60.3+13.9f 21(23)
8 . i 8(73) 61.8+15.3c 51.1=15.6f 15(16)
I 14 8(57) 73.9+15.0bc 52.4+16.8f 14(15)
Unmated control 28 - 13.6 + 243 d = 0(0)

The expected reproduction (the total number of viable eggs that could be laid during the
female lifespan) of a -day-old female which mated first on the tth day after emergence can be
expressed by the following equation (Kiritani and Kanoh 1984):

Expected reproduction Percentage Survival Total no. of
of a r-day-old = successful X rate until X  viable eggs
female (ER) mating tth-day deposited

This may be converted to the following equation:

Percentage the age-specific age-specific
ER = successful X X survival rate of X fecundity
mating female adults

Successful mating refers to mated females that lay fertilized eggs. All mated females laid
fertilized eggs in the present experiment. The relative expected reproduction (RER) of the female
mated ¢ days after emergence is then calculated (Table 1). The effect of delayed mating on ER
becomes highly significant when the delay exceeds 6 days. This effect would be intensified under
natural conditions, where adult survival would be influenced by weather, predators and other
factors.

Utilization of synthetic sex pheromones for DBM control aims to reduce the number of
fertilized females in a given area. The effect of pheromone on the pest population therefore
depends on the extent to which the pheromone application inhibits mating of virgin females.
The realized RER (see the 4th column in Table 2) of the treated population at various levels
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of inhibition was calculated to evaluate the effect of this inhibition on the reproduction of the
DBM population.

The cumulative percentage of mated females and the realized RER of populations subjected
to various levels of mating inhibition are shown in Table 3. If it is assumed that the life span
of females is invariably 12 days, then mating inhibition as high as 72 % will have little influence
on the population size of the following generation. Ninety percent inhibition is expected to reduce
the target population to 41 % of the untreated population, assuming no immigration from outside
of the plot. A similar conclusion has been reached by Kiritani and Kanoh (1984) for H. magnanima
and Nakasuji and Fujita (1980) for Spodoptera litura (F.) populations by means of computer
simulations.

Comparison between the cumulative mating percentage and the realized RER shows that
the initial reduction of RER occurs at a lower level of daily mating inhibition than the cumulative
mating percentage (Table 3). This is because realized RER involves the effect of delayed mating
on reproduction. Delayed mating also leads to a delay in oviposition or lengthening of the
preoviposition period. Although this factor has not been considered in the present discussion,
it may play an important role in slowing down the population growth of insects under certain
conditions. From the practical point of view, the optimum level of mating inhibition will depend
on the cost: benefit aspects of the relationship between the number of pheromone sources required
and the necessary level of mating inhibition. The latter is also a function of pest density and
the reproductive traits of the species.

It can be concluded that the effect of sex pheromone on the target DBM population depends
not only on the direct effect of mating inhibition, but also on the indirect effects of delayed
mating which reduces ER. A high level of mating inhibition (more than 90%) and/or other
mortality agents would be required for a substantial reduction of DBM populations.

Table 2. Cumulative percentage of mating females and the realized relative expected reproduction
(RER) for the population when mating of females is inhibited.

Pivotal age RER Daily rate of Realized RER

of female (A) virgin females (B) (C) = (A).(B)
0.5 95 0.10 9.5
1.5 98 0.09 8.8
2.5 100 0.08 8.1
3.5 79 0.07 5.8
4.5 44 0.07 2.9
5.5 30 0.06 1.8
6.5 23 0.05 1.2
7:5 18 0.05 0.9
8.5 16 0.04 0.7
9.5 16 0.04 0.6
10.5 15 0.03 0.5
1.5 15 0.03 0.5

Lonegvity of females and the level of daily mating inhibition are assumed to be 12 days and 90%, respectively.

Table 3. Cumulative percentage of mated females and the realized RER in a hypothetical popula-
tion where all females live for 12 days under various levels of mating inhibition.

Daily level of

inhibition (%) 99 98 97 96 95 94 90 80 70 60 40 20 0
Cumulative %

of mated females i 22 31 39 46 52 72 93 99 100 100 100 100
Realized RER of

the population 5 10 17 19 24 28 41 65 79 87 94 95 100

210.99)' 2 = 0.11.
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Pheromonal Control of DBM in the Field

A disruption experiment was conducted in a 5-ha field in Kawagoe, Saitama Prefecture,
in 1989. Brassica greens (pakchoy), radish, taro and other vegetables were cultivated. In this
area DBM has developed resistance to synthetic pyrethroids and other chemicals. Brassica greens
were covered with netting to prevent physical invasion by flying adult pests. Twenty meters
per 0.1 ha of KONAGA-CON (a rope-type dispenser containing synthesized sex pheromone
for DBM in a 1:1 mixture of Z11-16Ald and Z11-16Ac (25 g AI/100m), and made by Shin-
Etsu Chemical Co. Ltd.) were extended on the poles 40 cm high in the radish fields and on
the netting tunnels in the brassica greens fields. The rope-type dispensers were arranged in a
mosaic pattern in the 5-ha experimental fields. Throughout the season (June to October), the
number of DBM males captured in the yellow sticky traps which were set as monitors in both
the pheromone and pheromone+chemical (EPN) treatment fields was always lower than the
traps in the control or only chemical (pyrethroid) treatment fields. The reduction of DBM larval
density on radish leaves in both the pheromone and pheromone + chemical treatment fields was
also apparent when compared with the density in the control or chemical (pyrethroids) treatment
field (Fig. 1). The daily percentage mating inhibition using tethered virgin DBM females in
the pheromone-treated field ranged from 50 to 100% (average 70%). Seventy percent inhibition
is expected to reduce the target population to only 79 % of the untreated population (see Table 3).

Sco L -
> .'.. ‘.

2

=] Insecticide

240 |

a8 treatment —

= 30 F s

©

o

Q

TEJ 20 |+

= . .

g 10 e \

Y e

- 7/ /_—~~F———Pheromone \>\\\
2 0 [z =" . . .

v".’

3 Insecticide treatment — ="

Control

b=

=2

o

Sy

[

2

=

(=19

2 2 5

g N

) Pheromone + insecticides———,+’-’-/ N

g ,r"‘. //’ \\\ \

g ' N

= Pheromone

S

2 O T e - T \s\ll, T T T
9/11 9/21 9/28 10/9 10/19 10730

Sampling dates

Fig. 1. Effects of pheromone treatments on the DBM populations in radish fields in
1989 at Kawagoe, Saitama, Japan.
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But DBM could be controlled in the radish and brassica greens fields through the application
of the synthetic sex pheromone which was harmless to beneficial arthropods. In this experiment,
the pheromone treatment, however, had the most effect on DBM. We, therefore, thought that
natural enemies played a more important role in the control of DBM in pheromone-treated fields.

Evaluation of Natural Enemies

The role of predator and parasite was evaluated by artificially excluding them from the
estimation of DBM mortality. The brassica greens on which DBM eggs were laid in the laboratory
within 24 hours were planted in cages in the cabbage field at Saitama Horticultural Experiment
Station (SHES) during 1989-90. Cages (90 X 90 X 90 cm) were covered with mesh netting
(0.2, 1.0, 1.4, 6.0 and 13.0 mm). Another cage (90 X 90 X 30 cm) was covered with vinyl
film except the top and treated with a sticky substance on the upper edges of the vinyl film
to exclude ground-crawling predators but to allow flying predators to invade the cage. The
0.2-mm-mesh cage excluded all predators and parasites. The 1.0- and 1.4-mm-mesh cages
excluded predators but no parasites. The 6- and 13-mm-mesh cages excluded birds and/or
predatory wasps but not ground-crawling predators. The larvae within the cages covered with
6 and 13 mm mesh and in the control plots decreased more rapidly than in the other cages
(Fig. 2). This showed the importance of all natural enemies in reducing DBM population.

Nemoto (1986) reported the lycosid spiders were reduced through the application of
methomyl, and were important biotic mortality agents of DBM based on immunological tests.
These results suggest that ground-crawling predators like lycosid spiders play an important role
as biotic mortality agents of immature stages of DBM.
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Fig. 2. Survivorship curves of immature stages of DBM (out of a thousand originally
born) within the different mesh cage.

Effectiveness of different chemicals

The major pests of crucifers in Japan are DBM, common cabbageworm, Pieris rapae
crucivora Boisduval, beet semi-looper, Autographa nigrisigna Walker, green peach aphid, Myzus
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persicae Sulzer, and cabbage aphid, Brevicoryne brassicae L. The control of only one species
of pest is meaningless for crucifers that also require simultaneous protection from other pests.
The pheromone was able to control DBM, but didn’t control other pests. If chemical insecticides
were not sprayed, crucifer production was seriously affected by the common cabbageworm and
cabbage aphid.

The effects of the chemicals with different modes of action on pests of crucifer vegetables
are shown in Fig. 3. Thiocyclam was effective on caterpillars and aphids. This insecticide had
good initial action against the pests, but its residual effect was weak. DBM and aphid populations
increased again 20 days after spraying. Cypermethrin was effective against aphids and caterpillars,
but not DBM. Chlorfluazuron and other chitin synthesis inhibitors, which are selective insecticides
and are harmless to beneficial arthropods, performed well against caterpillars, but were ineffective
for aphids.
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Fig. 3. Insect population densities after application of chemical at SHES in 1989.

Discussion

Insecticide resistance is most acute in DBM. The frequency of resistance in pest population
is in large part a result of selection pressure from pesticide use (Georghiou 1980). Insect pests
which were resistant to insecticides could be controlled by pheromones. The pheromone reduced
the frequency of application of insecticides to control DBM, but the pheromones cannot control
other pests. It is difficult for farmers not to spray chemical insecticides, because of the lack
of economical alternative pest control methods for the other pests, except S. litura. Mass trapping
of S. litura by synthetic sex pheromones was demonstrated successfully in 1978 in the area where
the disruption experiment for DBM control was conducted (Nemoto et al. 1980). SINPV also
shows potential in the control S. litura (Nemoto and Okada 1990). These are alternative pest
control measures for S. litura.

However, we do not have nonchemical control methods for aphids and common
cabbageworm. Ground-crawling predators such as lycosid spiders played an important role as
a biotic mortality agent of immature stages of DBM. Pest management in crucifers requires
the nonchemical control method and application of selective insecticides. The chitin synthesis
inhibitors, which are selective, were highly effective on caterpillars like common cabbageworm.
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Pheromone and chitin synthesis inhibitors are regarded to be the best means of pest
management in crucifers.
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Abstract

The sex pheromone of diamondback moth, Plutella xylostella (L.), consists of two
compounds, (Z)-11 hexadecenal and (Z)-11 hexadecenyl acetate. Mass trapping of male
moths by this pheromone in the field failed because of very limited active space of
this pheromone. We then attempted communication disruption by using a commercial
product ‘Konaga-con’ which is a polyethylene rope containing pheromone mixture, 25
g/100 m. The pheromone evaporates through the surface of polyethylene constantly
for 3-4 months. Most results of open field experiments in Japan between 1984 and
1989 are successful. Maintenance at uniform high concentration of sex pheromone
in the air throughout the season is critical. Major problems in achieving this are as
follows: small fields, fields on steep slopes and strong winds. The results of green-house,
vinyl house or plastic tunnel experiments were generally good. Under airtight conditions,
almost complete inhibition in diamondback moth reproduction could be obtained. In
ventilated areas the insect control was poor. Sex pheromone has no insecticidal action.
Therefore, if the insect population density increases during the application of sex
pheromone, use of insecticides may be necessary. Use of sex pheromone can reduce
the need for insecticide application to less than a half.

Introduction

The diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Yponomeutidae), is
a notorious pest of cruciferous vegetables in many parts of the world. In Japan, since 1965 it
has become the most serious pest of cabbage, Japanese radish (daikon) and Chinese cabbage.
To control DBM, large amounts of insecticides have been applied. However DBM has recently
developed resistance to many insecticides and only a few remain that can control this insect.
We have therefore been trying to use synthetic sex pheromones since the early 1980s to control
this pest.

Sex pheromones to control harmful insects have been studied for the past 15 years. For
some insects, application methods had already been established and are being used commercially.
However newer techniques are being developed constantly that are easier to apply and less costly
and more effective than insecticides.

The structure of the female sex pheromone of DBM has been determined by Tamaki et
al. (1977). It consists of two compounds: (Z)-11 hexadecenal and (Z)-11 hexadecenyl acetate.
First we tried a mass trapping technique to catch entire male moth population in the field, but
this did not work. This is because of a very narrow active space of this pheromone. We then
used the communication disruption. The results of that test are described here.
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Materials and Methods

Pheromone: We used Konaga-con (Shin-Etsu Chemical Co., Ltd.), which is a polyethylene
tube with an aluminum wire and containing 1:1 mixture of two sex pheromone components,
together at 25 g AI/100 m tube. The pheromone evaporates through the surface of the polyethylene
constantly for about 3-4 months.

Application methods of Konaga-con in open field: Tie the end of the rope at the top
of a stake, which should be 40-50 cm high. Stretch the rope tightly between stakes placed at
approximately 10-m intervals. Keep the rope tight stretching it along rows at intervals of 8-9
m. This amounts to the application rate of 100 m/0.1 ha.

Communication disruption effect: To examine the effect of communication disruption,
we used the female sex pheromone trap. If the male DBM were confused with the pheromone
from the tube, they could not approach the trap, even when the population density of mature
moths was at a high level.

Mating inhibition effect: We used the tethered female method to examine the effect of mating
inhibition. We tied the forewing of virgin female moths with fine thread and released it on the
crop before normal mating time. We collected the females the next morning and checked the
hatching of eggs. By comparing the mating ratio of pheromone-treated with the nontreated field,
we can calculate the mating inhibition ratio.

Results

Effects of Konaga-con in open vegetable fields: In 1985, we applied Konaga-con on
5 ha of open radish field. Initial density of moths was low, and remained low throughout the
experiment (Fig.1). Attraction of the male moth to the monitoring trap was evidently inhibited,
and the population level was lower than in the nontreated field without chemicals. The good
control of DBM on summer cabbage cultivation in a high altitude field is shown in Fig. 2. In
this case, the population density of moth was high. The pheromone treatment was done on a
10-ha field where wind velocity was less. The control of DBM at this higher altitude sloped
field was not satisfactory. Results of an experiment on a windy field located on a cliff are given
in Fig. 3. The DBM population density on the treated field was not suppressed even when the
attractive inhibition was evident.
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Fig. |. Effect of Konaga-con in open radish field, Miura. 5.4 ha, 1985.
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The results of the open field experiment in various parts of Japan from 1985 to 1988 are
given in Table 1. The problems of pheromone application in getting consistent DBM control
are shown by the results. For example, field No. 2 was a windy field on a cliff. It had high
DBM population (Fig. 3); No. 4 showed good effects until mid May when the population of
surrounding fields increased. Number 5 was a very complicated situation, with cabbage in an
ornamental field and Japanese radish under plastic tunnel. The Konaga-con was therefore applied
mainly on the cabbage and radish fields, but the radishes were harvested early, and the farmer
removed the pheromone tube from the field. Number 9 was a small field that showed good control
at the center, but inferior near the edge (Fig. 4). The results of the experiment at Gumma
Prefecture in 1988 are shown in Fig. 5. Two chemical applications in addition to pheromone
ensured DBM control.

Application methods of Konaga-con under structure: The results of greenhouse, vinyl
house or plastic tunnel experiments are given in Table 2. To determine why some of the results
were good and others poor, we tested the mating inhibition effect by modifying ventilation in
plastic houses or methods of setting the pheromone tubes. (Table 3). If the house was under
airtight conditions, an almost complete inhibition effect could be obtained. However, when the
house was ventilated, the effect was reduced. The pheromone tube was more effective when
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Table |I. Control effect of communication disruption method in open field in various parts of Japan.

Exp. No 2 Period of Attractive Mating Population density
p. INo. ; AN Fo e ’
experiment inhibition inhibition reduction
| 10.16-12.20 93.9% 100.0% (11.20) 95.5%(11.27)
2 9.30-12.23 89.3 74.6 (11.17) 49.5 (11.25)
3 10.13-12.22 88.7 88.4 (11.28) 85.7 (11.10)
4 3.27-5.28 94.7 97.1 (5.1) 51.5(5.28)
5 3.26-6.12 83.0 56.8 (5.13) 9.7 (6.12)
6 9.30-12.23 92.4 90.6 (11.7) 86.1 (11.11)
7 7.1-8.27 95.2 100.0 (7.23) 94.2 (7.23)
8 7.5-8.19 90.3 100.0 (8.16) 82.4 (8.19)
9 7.5-8.19 87.6 100.0 (8.16) 99.6 (8.19)
9b 57.2 (8.16) 47.0 (7.25)
2. Miura, Kanagawa 1985 5.4 ha, radish field
2. Miura, Kanagawa 1987 2.7 cabbage field
3. Miura, Kanagawa 1988 3.2 cabbage
4. Yokohama, Kanagawa 1986 3.1 cabbage
5. Yokohama, Kanagawa 1987 7.0 cabbage
6. Choshi, Chiba 1988 14.4 cabbage
7. Tsumagoi, Gumma 1987 9.8 cabbage
8. Tsumagoi, Gumma 1988 10.0 cabbage
9. Tsumagoi, Gumma 1988 0.8 cabbage
B9 Same as above field but data were obtained from edge of field.

Source: Ohbayashi et al. 1989.

250 MW Center | Treatment S 250
B Edge field } Population density § o
2200+ N Control field (larvae + pupae) § o005
= ®---® Cenfer) rreqtment Mal s 4 4 \ 8
= -8 Edge field ale moths trappe ‘ § e
£ |50 | 0—0 Control field § § 150
£ o
E \ N\ a
\ N S
@ § § 2
R \ \ 100 +
‘ \ \ 3
2 \ \ S
\ N 5
50 § § 50 5
N \ 3

\ N

30/6 5/7 /7 15/7 20/7 25/7 1/8 5/8 11/8 15/8 19/8 24/8
Fig. 4. Effect of Konaga-con in open cabbage field, Gumma 0.8 ha.

placed on the ceiling than on the top of cabbages. These results indicate that the active ingredients
of sex pheromone must be kept high so that the pheromone will uniformly cover the crop where
the mating takes place. It is therefore necessary to keep the house tightly shut in the evening
and night when the DBM are mating. Comparison of concentrations of pheromone indicated
that 200 m rope/0.1 ha stabilized the effect, and the scattered placement of pheromone tubes
was better than concentrated application. Kawana and Shimizu (1990) have also shown that 400
m rope was superior to 100-200 m rope/0.1 ha.
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Table 2. Control effect of communication disruption method in greenhouse, vinyl house or plastic

tunnel.
Exp. No.? Period of Mating inhibition” Population densityb
p. No. ; -
experiment (%) reduction (%)
| 10.12-12.10 100.0 (10.16) 90.3 (11.27)
2 3.23-5.12 48.6 (5.12) 84.2 (4.30)
3 9.27-11.22 83.3 (11.22) 43.0 (11.22)
3 9.27-11.22 38.2 (11.22) 39 5 (11.22)
4 12.7-3.13 100.0 (3.13) 9.1 (3.13)
5 10.28-1.7 100.0 (12.15) 2.1 (12.4)
6 10.28-1.7 93.6 (12.15) 9(|24)
21. Miura, Kanagawa 1984 greenhouse 325m/0.1ha  Cabbage
2. Miura, Kanagawa 1987 greenhouse 300m/0.1ha  Radish
3. Miura, Kanagawa 1989 vinyl-house 100m/0.1ha  Cabbage
3. Miura, Kanagawa vinyl-house 300m/0.lha
4. Choshi, Chiba 1985 plastic tunnel 50m/0.lha  Radish
5. Choshi, Chiba 1987 plastic tunnel 50m/0.lha  Radish
6. Choshi, Chiba 1987 plastic tunnel 100m/0.1ha  Radish

bFlgures in parentheses are observation dates.
Source: Ohbayashi et al. 1989.

Table 3. Influence of ventilation and position of placement of sex pheromone (25 g/0.1 ha) on

the mating inhibition in plastic house.

Ventilation Setting place of Mating inhibition
method pheromone rate (%)

Bottom on the ceiling 1.8

over head of cabbage 7.1
Shoulder on the ceiling 72.9

over head of cabbage 40.9
No ventilation on the ceiling 100.0
(airtight) over head of cabbage 78.8

Ohbayashi et al. 1989.
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Discussion

Most female lepidopterous insects emit the sex pheromone to lure males of the same species.
Males find the females by following the smell of the sex pheromone and then they mate. When
the field is covered with sex pheromone, the communication for mating is confused. The mode
of action of the pheromone is such as to affect the mating of DBM resulting in a reduction of
the population. The communication disruption technique using DBM sex pheromone (Konaga-
con) is quite useful in reducing the population density when applied on a field (> 3 ha). The
results show that it is most important to keep the sex pheromone ingredient in the air constantly.
This is difficult, of course, in small fields, steeply sloping fields, fields on a cliff, or fields in
strong wind areas. It is also necessary to apply the pheromone at the beginning of emergence
of moths, and to avoid applying on windy and sloping fields. Besides being species specific,
the sex pheromone has no insecticidal function, so it is necessary to apply an insecticide if the
population density of DBM itself or the other insect increases during the application of sex
pheromone. The use of sex pheromone can usually reduce the need of chemical application to
less than one half. We are continuing our research on the application of Konaga-con to small
open fields and to greenhouse, vinyl house and plastic tunnels.
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Abstract

Five mg and 50 mg of sex pheromone (Z-11-16:Ald, Z-11-16:Ac and Z-11-16:0H),
5 mg and 10 mg of Z-9-14:Ac and 1 mg and 10 mg of Z-11-16:0H were tested to show
the disruption effect on diamondback moth, Plutella xylostella (L.), in a field. When the
distance between the sticky trap and tested chemical was zero or 2.8 m, the chemicals
did not show the disruption effect. However, when the distance increased to 6.3 or
8.4 m, all tested chemicals,except 1 mg of Z-11-16:0H, showed the disruption effect.
In control traps more males were attracted to the long distance (6.3 and 8.4 m) than
to the short one (0 and 2.8 m). The data obtained from this observation suggest that
the active space of DBM in the field is possibly between 0 and 6.3 m.

Introduction

Diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Y ponomeutidae), is one
of the serious pests of cruciferous vegetables in Taiwan. Its sex pheromone has been identified
as a mixture of (Z)-11-hexadecenal (Z-11-16:Ald) and (Z)-11 hexadecenyl acetate (Z-11-16:Ac)
(Tamaki et al. 1977). (Z)-11-hexadecen-1-ol (Z-11-16:0H) and (Z)-9-tetradecenyl acetate
(Z-9-14:Ac) were thought to be parts of the DBM’s pheromone system (Ando et al. 1979;
Koshihara and Yamada 1981; Chisholm et al. 1983). The ratio and dosages of the components
of DBM pheromone were important factors that affect the pheromone activity (Chow et al. 1977;
Koshihara et al. 1978; Koshihara and Yamada 1980; Chisholm et al. 1979; Lin et al. 1982).
The optimal dosage of the sex pheromone of DBM in the field was 50-100 pg of the mixture
Z-11-16:Ald, Z-11-16:Ac and Z-11-16:0H in the ratio of 5:5:0.1 in rubber septa (Koshihara
and Yamada 1980); in Canada the optimal dosage was Z-11-16:Ald (70 pg), Z-11-16:Ac (30
ng), Z-11-16:0H (1 ug) and Z-9-14:Ac (0.01 pg) (Chisholm et al. 1983).

The use of high dosages of synthetic compounds similar or related to the true sex pheromone
to confuse the communication between insects to prevent mating is called the disruption method
(Hirano 1979; Nakasuji 1979). This control method has been successfully conducted on gypsy
moth (Lymantria dispar), and Spodoptera litura in the field (Cameron et al. 1975; Shorey et
al. 1974; Nakasuji 1979; Hirano 1979). However, in DBM, only mating inhibition has been
demonstrated in the laboratory by its main components or minor Z-11-16:0H (Fujiyoshi et al.
1979; Lin and Chow 1982). In the present study, the disruption effects of synthetic sex pheromone
on DBM were evaluated in the field in Hsin Chu County in Taiwan.

Materials and Methods
Two separate experiments were carried out in a cabbage field. Five mg and 50 mg of sex
pheromone (Z-11-16:Ald, Z-11-16:Ac and Z-11-16:0H in the ratio of 5:5:0.1), 5 mg and 10
mg of Z-9-14:Ac, and 1 mg and 10 mg of Z-11-16:OH were tested as disruption chemicals.
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The sticky traps baited with 50 ug of the sex pheromone in the ratio 5:5:0.1 in polyethylene
microtubes were used as a monitoring trap (Lin et al. 1982). The height of the trap was set
the same height as the cabbages. Field design for location and distance of sticky trap and tested
chemicals is shown in Fig. 1.

The number of male moths attracted was recorded every 3 or 4 days. The data obtained
were analyzed with analysis of variance and Duncan’s multiple range test to show the disruption
effect of the tested chemicals on DBM.

—4m—9S S S

8,4m

S S S S

Fig. 1. Field design for location and distance of sticky trap and tested
chemicals (S: sticky trap with 50 ug of sex pheromone, O: original
disruption point with 50 mg of sex pheromone, and other tested
chemicals or no chemicals.

Results

The results are presented in Table 1. The average number of attracted males per trap in
the control traps was not significantly different from that in other treatments when the distance
between sticky trap and tested chemical was zero or 2.8 m. When the distance between sticky
trap and chemical increased to 6.3 m or 8.4 m, the results of the control and Z-11-16:0H (1
mg) traps were significantly different from those of the others. Therefore, 5 and 50 mg of sex
pheromones, 5 and 10 mg of Z-9-14:Ac and 10 mg of Z-11-16:0H showed disruption effects,
i.e. DBM males could not locate the female partners effectively. One mg of Z-11-16:0H did
not show the disruption effect. On the other hand, except for 1 mg of Z-11-16:0OH, the mean
catch of control (10.8 males) was higher than other treatments (5.6-7.8 males). So a disruption
effect did exist in these observations.

Discussion

Koshihara and Yamada (1980) used 0.01, 0.1, 1 and 10 mg of Z-11-16:Ald, Z-11-16:Ac
and Z-11-16:0H (5:5:0.1) to test the attraction of DBM and found that 0.01-1 mg were optimal
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dosages and few if any males were attracted by the 10 mg dosage. Our results confirmed these
data that higher dosages (5-10 mg) of sex pheromone could show the disruption effect. Koshihara
and Yamada (1980) also used the mixtures of Z-11-16:Ald and Z-11-16:0H in the ratio of 5:5
at the 0.01 mg level, to which Z-11-16:0H was added in different ratios (0, 0.01, 0.1, 1 and
10 ug), and found that 10 pg of Z-11-16:OH had the least effect in attracting the male moths.
Our results indirectly support their data that the higher dosage (10 mg) of Z-11-16:0H has the
best disruption effect (last column in Table 1). Chisholm et al. (1983) evaluated the attractiveness
of Z-11-16:Ald (70 pg), Z-11-16:Ac (30 ug), Z-11-16:0H (1 pg) and Z-9-14:Ac (0.01 to 10
rg) and found that when higher dosage of Z-9-14:Ac was used, a lower number of male moths
were attracted. Our findings also support these results.

The average number of males per trap in the control was not significantly different from
other experimental treatments in the shorter distance (0 m). However, in longer ones (6.3 and
8.4 m), the control and 1 mg of Z-11-16:0H were significantly different. In the control, more
males were attracted in the long distance (6.3 and 8.4 m) than in the short one (0 and 2.8 m).
Therefore, it seemed that there was a disruption effect among monitoring traps in the short distance
but little or no effect in the long one. In the middle range (2.8 m), the different effects of
Z-9-14:AC and Z-11-16:0OH were obtained in the experimental treatment but not in the control.
The reason for this may be the different thresholds of the male for the female sex pheromone.
Under the influence of disruptive chemicals, the males respond with a higher threshold. Therefore,
the hypothesis that the active space of sex pheromone of DBM is 4-5 m as proposed by Ohbayashi
et al. (1989) is reasonably true. The factors affecting the pheromone activity such as wind speed,
temperature, population density, etc., varied widely under field conditions. The data obtained
in this study suggest that the active space of sex pheromone of DBM in the field is greater than
1 m, possibly up to 6.3 m.

Table |. Trapping of DBM males 3 or 4 days for different tested chemicals and different distances.

No. males trapped per plot set at distance

Treatment between tested chemicals and sticky trap of

0m 2.8 m 6.3 m 84 m mean
Sex Pheromone 5 mg 5.0a 6.1 bc 82b 84b 6.9
Sex Pheromone 50 mg 33a 5.9 be 9.5b 125 b 7.8
Z-9-14:Ac 5 mg 34a 8.6 a 9.0 b 9.8 b 7.7
Z-9-14:Ac 10 mg 28a 8.2a 9.1b 9.3 b 7.3
Z-11-16:0OH I mg 49 a 7.4 ab 12.8 a 18.6 a 10.9
Z-11-16:0H 10 mg 30a 49c 7.3b 7.3b 5.6
Control 55a 6.8 abc 12.5a 18.7 a 10.8
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Using Synthetic Sex Pheromone to Suppress
Diamondback Moth Infestations
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Abstract

Field tests were conducted in 1987 and 1988 to evaluate the communication
disruption method for the control of diamondback moth, Plutella xylostella (L.), on
cabbage using a synthetic sex pheromone dispenser (SSPD) containing
(Z2)-11-hexadecenal: (Z)-11-hexadecenyl acetate (36:41). Fields for the SSPD setting
were flat with strong winds in the Atsumi Peninsula and undulating mountainous area
in Sitara, the northern district of Atsumi. The cabbage-growing season in Atsumi is from
September to March, and in Sitara from June to October. The SSPD was set on the
cabbage field when temperature was decreasing in Atsumi, and increasing in Sitara.
The DBM adult population density in the field with SSPD treatment decreased by 92
to 97% in Atsumi and 95% in Sitara compared to that in the field without SSPD
treatment. The mating rate in the SSPD-treated field in Atsumi was only 5.4 and 3.3%
at 13 and 41 days after the SSPD setting, respectively, while that in untreated field
was 50.9 and 30.4%. In Sitara, the former was only O and 5.3% at 20 and 63 days
after the SSPD treatment, while the latter was 24.4 and 74.5%. In both of these SSPD-
treated areas the larval population remained low. Total dose of the synthetic sex
pheromone released from the dispenser was higher in summer than in winter. These
results indicate that efficacy of DBM control by the communication disruption method
using SSPD is not affected by meteorological or topographical conditions.

Introduction

Insecticide resistance of the diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera:
Yponomeutidae), caused by frequent field application of chemical insecticides has been a serious
problem in the Atsumi Peninsula of Japan (Nishiwaki et al. 1988). We therefore tried to introduce
the synthetic female sex pheromone as a DBM control agent.

Tamaki et al. (1977) reported (Z)-11-hexadecenal and (Z)-11-hexadecenyl acetate as the
sex pheromone of the DBM, and showed that the male was attracted by 1:1 or 4:6 mixtures
of these components. Fujiyosi et al. (1979) showed mating disruption of DBM using the 1:1
mixture in laboratory experiments. The purpose of our study was to evaluate synthetic sex
pheromone to control DBM infestation in cabbage fields of the Atsumi Peninsula and Sitara.

Materials and Methods
Experimental fields

Cabbage fields in Atsumi and Sitara where the crop is cultivated successively were
selected. These areas differed in cabbage transplanting time, temperatures during the growing
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season and topography. Atsumi is situated in Atsumi Peninsula in the central district of the
Japanese Archipelago. The cabbage field in Atsumi was a flat area near the sea with strong
winds. Cabbages are transplanted in early autumn and harvested in late winter to spring. The
temperature decreases as the season progresses. The Sitara cabbage field is in a mountainous
region about 100 km north of Atsumi. The cabbage field is about 1000 m above sea level. Cabbage
is cultivated in a sloping field, and are transplanted in early summer and harvested in mid summer
to autumn. Here the temperature increases as the season progresses.

Synthetic sex pheromone dispenser

The synthetic sex pheromone dispenser (SSPD) used in the present study contained 36:41
mixture of (Z)-11-hexadecenal and (Z)-11-hexadecenyl acetate sealed in polyethylene tubes (Shin
"Etsu Chem. Co. Ltd). Ten thousand meters of SSPD (250 g Al/ha) was suspended over 0.1
ha cabbage field. SSPD was set on 17 September 1987 in Atsumi, and on 8 June 1988 in Sitara,
30-40 cm above the ground at 10-m intervals after the cabbage transplanting, and was maintained
until cabbage harvest time.

Monitoring sex pheromone trap for adult population estimation

Sticky type of monitoring sex pheromone traps (Zoecon Corp.) were set 1 m above the
ground in order to evaluate the effect on communication disruption. Each trap was baited with
a rubber septum with a mixture of synthetic (Z)-11-hexadecenal. (Z)-11-hexadecenyl acetate
and (Z)-11-hexadecenol (5:5:0.1) at a total dose of 0.1 mg (Takeda Chem. Ind. Ltd.). The
pheromone traps were set in six plots in the SSPD-treated field and in two plots in the untreated
field 7 days before SSPD treatment. Each trap was checked every week for 12 weeks from 17
September to 15 December 1987 in Atsumi, and 13 times in Sitara from 8 June to 31 August 1988.

Mating rate estimation

Estimation of mating rate was done using tethered female moths. In Atsumi, the estimation
was conducted 13 days and 41 days after the SSPD setting. It employed 10 tethered female moths
in six plots in the SSPD-treated field, and 30 tethered female moths in two plots in the untreated
field. In Sitara, a similar procedure was followed at 20 and 60 days after the SSPD setting.
Twenty tethered female moths were employed in three plots in the SSPD-treated field and 30
tethered female moths in two plots in the untreated field.

The procedure for mating rate estimation is as follows: Freshly emerged virgin female moths
were collected. The forewing of each moth was tied with fine nylon thread 20 cm in length
in the plastic tube (1 cm in diameter and 5 cm in depth). In the evening, the tethered female
moths in the plastic tube is put randomly on the cabbage in the experimental field. They were
recovered the next morning and transferred to the laboratory, and the eggs laid in the plastic
tube were examined for hatchability.

Larval population density of the DBM

Larval population in the cabbage fields was counted once a week for 11 weeks from 17
September to 3 December 1987 in Atsumi, and for 12 weeks from 8 June to 31 August 1988
in Sitara. The number of larvae/20 cabbages at each plot were counted in six plots in the SSPD-
treated field and at two plots in the untreated field.

Estimation of the evaporated dose of the synthetic sex pheromone

The dose of the synthetic sex pheromone that evaporated was estimated at Aichi-ken
Agricultural Research Center located at Nagakute and Sitara. SSPD of 100 m (250 mg Al/m)
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long was set 1 m from the ground in sunshine and shade. The weight was measured 12 times
once a week from 18 September to 18 December 1987 at Nagakute and 11 times once a week
from 22 June to 31 August 1988 at Nagakute and Sitara under only sunshine conditions.

Results and Discussion
1. Effect of SSPD at Atsumi

Occurrence and abundance of DBM adult population. Occurrence and abundance of
captured DBM male adults by the monitoring sex pheromone trap between the SSPD-treated
cabbage field and the untreated field in Atsumi are shown in Fig. 1. The male adult population
density in the field with SSPD treatment decreased to 92 to 97% of that in the field without
SSPD treatment during late October to mid November when adult population density peaks.
During the experimental period, the total number of adult moths captured by the monitoring
sex pheromone trap was 4538 adults/trap in the check field, and 213 adults/trap in the SSPD-
treated field. These results showed that communication disruption of adult DBM certainly
continued throughout SSPD treatment in the cabbage field.
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Fig. 1. Occurrence and abundance of captured DBM male adults by the
monitoring sex pheromone trap between SSPD-treated and untreated
cabbage fields in Atsumi.

Mating rate. The mating rates (number of females mated/number of females recovered alive)
of the tethered female moths in the SSPD-treated field were 5.4% (3/56) and 3.3% (2/60) at
13 and 41 days after the SSPD setting, respectively, while those in the untreated field were
50.9% (27/53) and 30.4% (17/56), respectively (Table 1). It seems that these low levels of
mating in SSPD-treated fields are the result of mating inhibiticn caused by the pheromone
dispenser treatment.

Occurrence and abundance of DBM larval population. Suppression effects of SSPD
treatment against DBM larval populations in the cabbage field in Atsumi are shown in Fig. 2.
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Table |. Mating rates of the tethered DBM female adults in SSPD-treated and control field.

Atsumi 1987 Sitara 1988
SSPD Mating rate (%) after Mating rate (%) after
13 days 41 days 20 days 63 days
Treated 5.4 3.3 0 5.3
Untreated 50.9 30.4 24.4 74.5
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Fig. 2. Suppression effect of SSPD against DBM larval population in cabbage
field in Atsumi.

The peak larval population was observed in late October and mid November when 66.5 and
98.1 larvae were found per cabbage plant in the SSPD-treated and check field, respectively.
This decrease of DBM larval population resulted from the communication disruption, and mating
inhibition of adult moths continued at an extremely low level throughout the period of the SSPD
treatment.

Evaporation of the synthetic sex pheromone in SSPD. The dose of the synthetic sex
pheromone that evaporated from SSPD in two different circumstances, sunshine and shade, were
2.91 and 2.77 mg/m/day, respectively, just after SSPD setting in mid September, and 0.63
and 0.45 mg/m/day, respectively, at 80 days after the SSPD setting (early December). These
results indicated that the release rate of the synthetic sex pheromone from SSPD decreased with
decreasing temperature. Total dose of the synthetic sex pheromone evaporated from SSPD was
107.5 mg/m under sunshine conditions, showing that 43.0% of active ingredient was evaporated
during 91 days from September to December. There was no difference between sunshine and
shade conditions in the dose evaporated.

2. Effect of SSPD at Sitara

Occurrence and abundance of DBM adult population. Occurrence and abundance of
captured DBM male adults by the monitoring sex pheromone trap between SSPD treated cabbage
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field and untreated field in Sitara are shown in Fig. 3. The male adult population density in
the field with SSPD treatment decreased to 95 to 96 % of that in the field without SSPD treatment,
during mid July to early August when adult population density peaked. During the experimental
period, the total number of adult moths captured by the sex pheromone monitoring trap was
789 adults/trap in the check field, and 72 adults/trap in the SSPD-treated field. These results
showed that communication disruption of adult DBM certainly continued throughout SSPD
treatment in the cabbage field.
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Fig. 3. Occurrence and abundance of captured DBM male adults by the sex
pheromone monitoring trap between SSPD-treated and untreated
cabbage field in Sitara.

Mating rate. The mating rates of the tethered female moths in the SSPD-treated field were
0% (0/46) and 5.3% (3/57) at 20 and 60 days after the SSPD setting, respectively, whereas
those in the untreated field were 24.4% (10/41) and 74.5% (41/55), respectively (Table 1).
These data showed that mating inhibition caused by the SSPD treatment was found also in the
mountainous region.

Occurrence and abundance of DBM larval population. Suppression effect of SSPD
treatment against DBM larval populations at two different cabbage fields in Sitara is shown in
Fig. 4. In the first experiment the field where cabbages were harvested in late July (top figure),
in the check field the peak larval population was found in late June and mid July when 8 and
33 larvae/cabbage were found. In the second experiment where cabbages were harvested in
late August (bottom figure), the peak of larval population was observed in late July and early
August. In this experiment 24.9 and 52.7 larvae were found in a cabbage in the check field.
In both cabbage fields, the larval population remained at a negligible level throughout SSPD
treatment.

Evaporation of the synthetic sex pheromone in SSPD. The dose of the synthetic sex
pheromone lost in Sitara and Nagakute was 1.43 and 2.63 mg/m/day, respectively, immediately
after SSPD setting in late June. In mid July the peaks of the evaporated dose (2.5 and 3.14
mg/m/day) were seen in Sitara and Nagakute. The release rate of the synthetic sex pheromone
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then decreased gradually, reaching a minimum of 1.07 mg/m/day in Sitara, and 1 mg/m/day
in Nagakute at 77 days after SSPD setting (late August). Total dose of the synthetic sex pheromone
evaporated was 115.1 mg/m, accounting for 46% of total active ingredient in Sitara, and 151.7
mg/m or 60.7% in Nagakute. It seems likely that higher evaporation of the synthetic sex
pheromone in Nagakute is due to the higher average temperature (+3.1°C) as compared with
that in Sitara.

These results indicate that efficacy of communication disruption with synthetic sex pheromone
dispenser against DBM was not affected by meteorological or topographical conditions.
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Fig. 4. Suppression effect of SSPD against DBM larval population in cabbage
cultivation area in Sitara.
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Abstract

The feasibility of synthetic sex pheromone as a communication disruption agent
for the control of the beet armyworm, Spodoptera exigua (Hiibner), was tested using
a 7:3 mixture of (Z,E)-9,12-tetradecadienyl acetate and (Z)-9-tetradecen-1-ol. When
dispersed into a 155-ha field, attraction of male moths to sex pheromone traps was
completely inhibited and densities of egg masses and young larvae were reduced to
6 and 1%, respectively, relative to those in an untreated field about 9 km away. Follow-
up studies enabled us to estimate that rate of mating inhibition in the treated field
was about 97%. Pheromone treatment shows potential for reducing the population
density in open fields. Evaluation techniques of the effects of sex pheromone treatment
will be discussed.

Introduction

The beet armyworm (BAW), Spodoptera exigua (Hiibner), (Lepidoptera: Pyralidae), is a
serious pest of cabbage in Southeast Asia, especially in Thailand. This insect has also attacked
Welsh onion (Allium fistulosum L.) fields in Kochi and Kagoshima Prefectures in Japan since
the early 1980s (Horikiri 1986; Takai 1988a, 1989). The effectiveness of most of the insecticides
used (including methomyl and EPN) has declined. Insecticides were certainly effective in the
early 1980s (Takai 1988b), but this species appears to have the potential to rapidly acquire
resistance (Takai 1988b; Meinke and Ware 1978). The development of a new technique other
than insecticide spraying was necessary to control this insect. This prompted us to study the
feasibility of disrupting communication using synthetic sex pheromone.

Brady and Ganyard (1972) identified one of the sex pheromone components of BAW as
(Z,E)-9,12-tetradecadienyl acetate (Z9E12-14:Ac). Mitchell and Doolittle (1976), however,
showed that this component had no attractant activity by itself. Tumlinson et al. (1981)
reinvestigated the sex pheromone components, identified 11 compounds from virgin female
secretions, and revealed that (Z)-9-tetradecen-1-ol (Z9-14:OH) was also an essential component
for male attraction. Mitchell et al. (1983) reported an effective formulation: a mixture of 0.1
mg of Z9E12-14:Ac and 0.01 mg of Z9-14:0H on a rubber septum. In Japan and Taiwan, this
formulation was demonstrated to be effective for male attraction (Wakamura 1987; Cheng et
al. 1985), and to be useful for monitoring seasonal occurrence.

Communication Disruption in Open Fields

Experiments were conducted in two areas, Nii and Kitahara, Tosa City, Kochi Prefecture,
Japan, in 1987. The treated area (Nii) was about 155 ha, of which Welsh onion plots comprised
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about 24 ha (Wakamura et al. 1989, 1990b). This area was regarded as isolated from other
agricultural areas; the west side of this area faces forest and the northwest side faces a river
bordered by forest. To the south of the field is a small residential area bordered by the ocean.
The untreated area (Kitahara) was 9 km from the treated one.

Since no information was available on the dispersal distance of adult BAW, we assumed
that it has flight potential equalling that of adult S. litura. S. litura males are able to fly more
than 5 km during one night (Oyama and Wakamura 1976; Wakamura et al. 1990a). Females
have equal flight potential (Noda and Kamano 1988). Sex pheromone permeation of a field
certainly inhibited mating behavior, but often resulted only in a slight reduction of larval
population, possibly because of immigration of fertilized females from outside the treated area
(Oyama et al. 1978; Kitamura et al. 1985; Kitamura and Kobayashi 1985). We attempted to
permeate as large an area as possible with the largest possible amount of synthetic sex pheromone.

The dispensers of synthetic sex pheromone were supplied by Shin’Etsu Chem. Co. Ltd.;
a sealed polyethylene tube 20 cm long and containing 80 mg of a 7:3 mixture of Z9E12-14:Ac
and Z9-14:0H and an aluminum wire. Twenty-four thousand dispensers were set evenly in the
Welsh onion fields at the rate of 1000 dispensers/ha. In other parts of the treated area (about
130 ha) such as rice fields, greenhouses, orchards, home gardens and forests, about 42,000
dispensers were set at the rate of 320 dispensers/ha. In the open Welsh onion or rice fields,
each release point had three dispensers attached to the top of a 60-cm plastic stick with vinyl
adhesive tape. Trees and greenhouses had dispensers directly attached, at 1-1.5 m above the
ground. The total number of dispensers was 66,000, and the total amount of sex pheromone
used was about 5.3 kg.

In 1986, a large peak of trap catches of adult S. exigua was observed in September in sex
pheromone and light traps. This peak was preceded by an increase in severe crop damage by
larvae (Takai 1988a). In the present experiment, sex pheromone dispensers were set on 16-17
July 1987 to investigate the effect on the larval population from late August to early September;
it was removed on 17 and 18 September to examine whether the population density would increase
after the removal.

Effects of communication disruption

Water-pan type of sex pheromone traps (30 X 24 X 15 cm, Takeda Chem. Ind. Ltd.) were
set 1 m above the ground at four locations in the treated area, and at two locations in the untreated
area to evaluate the effect of communication disruption. Each trap was baited with a rubber
septum impregnated with a 7:3 mixture of ZOE12-14:Ac and Z914:0H (Wakamura 1987). Each
trap in the treated area was accompanied by an empty trap 10 m away to offset chance male
catches (i.e. catches not by attraction). A light trap (lamp: FL-6) was set at the center of the
treated area. Each trap was checked daily and captured BAW moths were stored in 70% ethanol.
Females were dissected to investigate the spermatophore in the bursa copulatrix.

Two-day-old females were tethered and placed on tops of sticks arranged in the onion fields
in treated and untreated areas as in Oyama (1974). On the evening of 27 August, 20 females
were tethered in each of the two plots in the treated area, and 25 females in the untreated area.
They were recovered the next morning and investigated for spermatophore.

BAW adults were captured with a light trap throughout the treatment period (Fig. 1). This
indicates that adults were in the treated area throughout the experimental period. Conversely,
mean trap catch of sex pheromone traps was as low as that of empty traps during the treatment
period. These results showed that the effect of communication disruption certainly continued
throughout the period.

The mating rate of the females caught with the light trap increased during the treatment
period (Table 1): 40-60% in late July and early August, 70-80% in mid and late August, and
70-90% in early and mid September. After removal of the dispensers, the mating rate exceeded
90% . The mating rates of the tethered females were 0% [0/18 = (no. of females mated)/(no.
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Fig. |. Catches of BAW with sex pheromone traps (SP) and light trap
(L) in the area treated with synthetic sex pheromone (1987,

Nii).
Table I. Catches of adult BAW with light trap in the treated area with synthetic sex pheromone
(1987, Nii).
No. of individuals caught Mating Sex
Date Female Male Unknown? ratio® ratio©
Mated Virgin (%) (%)
7/24-7/30 16 24 134 9 40 23
7/31-8/6 59 43 97 8 58 51
8/7-8/13 28 7 79 2 80 69
8/14-8/20 21 7 77 2 75 27
8/21-8/27 35 15 33 2 70 60
8/29-9/3 93 36 121 7 72 52
-9/4-9/10 35 5 62 3 88 39
9/11-9/17 27 I 47 6 71 45
------ removal of pheromone dispenser------
9/18-9/24 42 4 31 5 91 60
9/25-10/1 58 0 45 9 100 56
3destruction of abdomen. b(no. of females mated)/(no. of females caught) x 100. C(no. of females caught)/(no.

of females) + (no. of males) x 100.

of females recovered alive)] and 17% (3/18) in the treated area, and 92 % (23/25) in the untreated
area. Therefore, some females were thought to be able to mate even in the treated area.

Effects on density of BAW eggs and larvae

Onions were planted on about 1 m wide ridges in the plots (0.05-0.1 ha) which were scattered
in the experimental areas. Larval field density was surveyed in every 5 or 6 plots in the central
and marginal parts of the treated area, and in the untreated area once a week from 3 weeks
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before the placement of dispensers (26 June) to 6 weeks after removal (30 October). Plot and
ridge were arbitrarily selected where onion plants were 30-60 cm high.

Surveys were conducted on all of the 400 to 500 hills on 10 m of ridge of each plot. Most
larvae were inside hollow leaves. Damaged leaves were collected and dissected to recognize
the instar and to count the number of larvae. When the density became higher, fewer hills were
sampled to save time and labor. Farmers sprayed insecticides such as methomyl, EPN, permethrin
and fenvalerate-dimethoate against BAW, both in the treated and untreated areas, independently
from the experiment. However, these insecticides were ineffective (Takai 1988b) and thus
considered to have no effect on population density.

The mean densities of egg masses, 1st and 2nd instar larvae, and 4th and 5th instar larvae
are shown in Fig. 2. In the treated area, the egg mass density was less than 0.5/100 hills,
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Fig. 2. Population densities of BAW egg masses and larvae in areas treated
and not treated with synthetic sex pheromone in 1987. Broken and
dotted lines indicate the densities in two survey areas. Solid line
indicates densities in the untreated area.
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both in the middle and peripheral plots throughout the period. Conversely, in the untreated area,
mean egg mass density peaked twice. These peaks were followed by peaks of the 1st and 2nd
instar larvae both in treated and untreated areas. They appeared 1 week after those of egg masses.
In the treated area, the maximal density was about 10 individuals/ 100 hills compared with more
than 900 individuals/100 hills in untreated areas. Egg mass density was considered to have been
reduced in the treated area. However, all of the egg masses collected in both treated and untreated
areas were observed to hatch normally. This suggests that hatchability was not reduced in the
treated area. It is therefore apparent that the chance for the females to mate was reduced by
the large amount of sex pheromone dispersed into the test area, which resulted in a decrease
of density of egg masses and 4th and 5th instar larvae.

Communication disruption experiments were successful against several fruit tree and tea
pests in Japan (Ohtaishi 1986; Furuno 1986; Sato 1986). Subsequently, some pest control agents
have been commercially available. However, communication disruption experiments which aimed
to control noctuid species have been reported for S. litura (Kitamura et al. 1985; Oyama et
al. 1978), S. littoralis (Kehat et al. 1983, 1986), and Heliothis virescens (Tingle and Mitchell
1982). In these cases, even though the mating rate was certainly reduced, field density and crop
damage was not significantly decreased. The present study, in which the field population of
BAW was remarkably suppressed, is the first case of successful control of noctuid species using
sex pheromone.

Effects of Z9E12-14:Ac on S. litura population

Spodoptera litura is also a severe pest on the Welsh onion. The major component of BAW
sex pheromone, Z9E1214:Ac, is a minor but important component of S. /itura sex pheromone
(Tamaki et al. 1973). Although the mating of S. /ifura has been inhibited by the evaporation
of Z9E12-14:Ac (Yushima et al. 1975; Oyama 1977), its effect on the field population was not
clear (Oyama et al. 1978).

For the evaluation of the effect of the treatment against S. /itura, two dry pheromone traps
(box type, Takeda Chem. Ind., Ltd. Sato et al. 1978) were set in both treated and untreated
areas. An empty trap with no lure was also set 10 m from each trap in the treated area. In order
to evaluate the effect on the field population of S. litura, the number of egg masses and larvae
of S. litura were also recorded during BAW field population surveys.

In the treated area, trap catches of S. litura males were apparently less than those in the
untreated area: 1-15% from late July to early August and 13-30% from mid August to mid
September. The field density of the larvae in the treated area seemed to be suppressed in late
July and early August (Fig. 3). This suppression was possibly caused by the intensive spray
of insecticide against BAW in the treated area. The field density of larvae in the treated area
was not remarkably decreased in comparison with that of the untreated area. In the present
experiment, the effect of communication disruption with Z9E12-14:Ac, a minor component of
S. litura sex pheromone, is thought to have been insufficient for reduction of the S. litura field
population.

Follow-up experiments in 1988

In 1988, we conducted follow-up experiments in which sex pheromone was released at higher
rates into smaller areas than in 1987 to reconfirm the population suppression effect. Treated
area was about 50 ha of which Welsh onion plots comprised about 24 ha. This area was the
northern one-third of the experiment area in 1987. Untreated area was about 9 km from the
treated area. Dispensers were set evenly in Welsh onion plots and other cultivated plots at the
rate of 1500 and 600 tubes/ha, respectively. Sex pheromone dispensers were set in the plots
on 6-8 July and removed on 30 September 1988.

Larval density was surveyed in every six plots in two survey areas in the treated area and
in five plots in the untreated area. Surveys were conducted once a week from 13 July through
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Fig. 3. Densities of Spodoptera litura larvae in Welsh onion fields. Broken
and dotted lines indicate the densities in the curve areas A and B,
respectively. The solid line indicates density in the untreated areas.

27 September. In each plot, the survey was stopped when the number of infested hills reached
25 or when the total number of hills surveyed reached 500.

In the untreated area, densities of egg masses and larvae increased gradually until late August,
and rapidly increased in early September (Fig. 4); maximum density of 1st and 2nd instar larvae
was more than 400 individuals/100 hills. The mean infestation rate of hills was more than 50%
in mid September; in some plots, every hill was observed to be infested by the larvae.

Conversely, population density was low throughout the treatment period in the treated area.
No egg mass was found during the treatment period. First instar larvae were found in one survey
area on 20 September (0.9 larva/100 hills). No young larvae was found in the second survey
area. Few 4th and 5th instar larvae (less than 0.2 individual/100 hills; Fig. 4) were found in
both the first (mid-July and late August) and the second survey areas (early September). Infestation
rate of hills was less than 0.2% throughout the treatment period.

In 1987, Welsh onion fields were treated with 990 dispensers/ha, and rice fields, greenhouses,
orchards, home gardens, and forests were also treated with 320 dispensers/ha. In 1988, 50 ha
fields were treated with larger amounts of dispensers than in 1987. The initial density in the
treated area was considered to be much lower in 1988 than in 1987, which was indicated by
the population survey (Fig. 2, 4) and the capture data with light trap; only a few males were
captured throughout the experiment in 1988. Both increased concentration of synthetic sex
pheromone and low initial density were thought to have resulted in approximately zero population
during the test period. Low initial density was a possible effect of the sex pheromone treatment
of the previous year.

It was confirmed again that permeation of the synthetic sex pheromone reduced the egg
mass density and consequently reduced the field population of BAW larvae.

Influences Of Delayed Mating

In the open field experiment in 1987, we observed 50-80% of mating ratio in the females
caught with the monitoring light trap in spite of drastic reduction in field population density
(Table 1). Since the capturing efficiency of virgin females was about one-quarter of that
for mated females (Wakamura and Takai 1990), the real mating rate in field population
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Fig. 4.

Population densities of BAW egg
masses and larvae in areas treated
and not treated with synthetic sex
pheromone in 1988. Broken and
dotted lines indicate the densities
in two survey areas. Solid line
indicates densities in the untreated
area. Arrows show the times of
setting and removing pheromone
dispensers.

was tentatively estimated to be 20-50%. This estimated ratio seems too high to explain the
reduction of field population density.

Wakamura et al. (1975) and Barrer (1976) suggested that delay in mating would result in
reduction of fecundity in Cadra cautella. Kiritani and Kanoh (1984) simulated the expected effect
by communication disruption in Homona magnanima, based on the reduction caused by delay
in mating. In order to understand the effect of mating inhibition, effect of mating delay was
investigated in the laboratory (Wakamura 1990).
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Delay in mating and reproduction of BAW

One to 10-day-old BAW females were allowed to mate with 2-day-old males. Each pair
was placed in a glass pot (9 cm diameter 6 cm high) with a piece of wet cotton. Eggs laid were
collected and counted every 3 days and the number of eggs hatched were investigated 4 days
after the collection. The insects used were of the 3rd and 4th generations collected from the
fields. They were reared on an artificial diet in the laboratory (Wakamura 1988).

The numbers of eggs laid and hatched are shown in Table 2. Three-day-old or younger
females laid more than 900 eggs and more than 85% of the eggs hatched. Females older than
4 days laid fewer eggs and their hatchability decreased markedly. The number of unfertilized
eggs laid before pairing was increased in 4-day-old and older females. Mating ratios decreased
in 8-day-old or older females. The longevity of unmated females was 9.9 days after emergence
in a separate investigation.

Delayed mating apparently resulted in decreased reproduction of BAW. Similar phenomena
were observed in Cadra cautella (Wakamura et al. 1975: Barrer 1976), Adoxophyes sp. (Noguchi
1981), Homona magnanima (Kiritani and Kanoh 1984) and Pectinophora gossypiella (Lingren
et al. 1988).

Simulation of reproduction under mating disruption

According to Kiritani and Kanoh (1984), cumulative percentage of mated females and realized
expected reproduction (RER) were calculated assuming 90% of mating inhibition. Similar
simulation was conducted assuming different percentages of mating inhibition (Table 3). These
results suggested that cumulative mating rate and realized expected reproduction would reduce
5 and 30% or less, respectively, when daily mating inhibition were less than 70%. More than
90% reduction of daily mating inhibition is necessary to expect more than 70% reduction of
reproduction.

Table 2. Influence of delayed mating on reproduction of BAW female (mean + SD).

Age Mating ratio No. of eggs No. of eggs o Relative
(days) (N) laid hatched Hachability fecundity

I 100(10) 991323 899+372 0.910 92

2 90(10) 1165+248 981 £433 0.850 100

3 100(10) 992+271 873+354 0.856 89

4 100(10) 655+217 465+258 0.714 47

6 90(10) 549+204 227274 0.341 23

8 60(10) 342+1252 97 = 167 0.171 10
10 30(10) 105+ 148 3+9 0.019 0

Each female of different age was paired with a 2-day-old male.

Table 3. Cumulative ratio of mated females and realized relative expected reproduction in a
hypothetical population of BAW.

Daily mating : Cumulative ratio Cumulative realized
inhibition of mated females expected reproduction
0.00 , 1.00 92
0.20 1.00 93
0.40 1.00 90
0.60 0.99 80
0.70 0.95 71
0.80 0.85 56
0.90 0.59 33
0.95 0.33 18
0.98 0.15 8

0.99 0.08 4
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In the 1987 experiment, although a marked reduction of BAW was observed, the mating
ratio of females captured with a light trap was 50% or more. Real mating rate was estimated
to be 20-50% considering the difference in the trapping efficiency between mated and virgin
females (Wakamura and Takai 1990). Applying these estimates to the simulation shown in Table
6, daily inhibition of mating would have been more than 90% throughout the experiment period.
In this simulation, removal of females caused by death or dispersal are not considered, which
would result in overestimations for both daily inhibition and realized expected reproduction.
We can estimate that mating of BAW should have been inhibited 95% or more in the 1987
experiment.

It is therefore concluded that the effect of communication disruption on field populations
is the reduction of fecundity caused by mating delay resulting from the reduction of daily mating
rate.
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MVP, a Novel Bioinsecticide for the Control of
Diamondback Moth
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Mycogen Corporation, 5451 Oberlin Drive, San Diego, California 92121 USA

Abstract

MVP bioinsecticide is the first in a new class of biopesticide products based on
Mycogen Corporation’s novel CellCap bioencapsulation technology. MVP contains a
selected é-endotoxin of Bacillus thuringiensis variety kurstaki that is highly active against
diamondback moth (DBM), Plutella xylostella (L.). Using the CellCap system, this toxin
is encapsulated and stabilized within dead bacterial cells that are killed and fixed in
the fermentor before harvest using proprietary physical and chemical processes. The
effect of the CellCap bioencapsulation process in protecting the §-endotoxin from
environmental degradation was evaluated by applying MVP, and two other B.
thuringiensis products, Javelin and Dipel 4L to small plots of cabbage and broccoli.
Residual activity was estimated using a leaf disc bioassay. These tests demonstrated
that MVP provided residual activity that was 2 to 3 times greater than the two other
products containing unprotected toxin crystals. Laboratory tests evaluating the effects
of ultraviolet radiation on activity of MVP, and other commercial B. thuringiensis
products such as Dipel, Toarrow-CT and Bacilex demonstrated that persistence of MVP
was 5 to 36 times greater than that of other products. Efficacy of MVP was evaluated
in small plot tests as well as in large-scale grower trials. In these tests MVP provided
consistently superior levels of control of diamondback moth, providing greater efficacy
than Javelin, Dipel 4L and Cutlass and levels of control equivalent or superior to those
achieved with standard chemicals.

Introduction

Insecticide resistance has become a worldwide problem in the control of diamondback moth
(DBM), Plutella xylostella (L) (Lepidoptera: Y ponomeutidae) (Sun et al. 1978; Liu et al. 1981,
1982; Miyata et al. 1982; Chen and Sun 1982; Tabashnik et al. 1987; Magaro and Edelson
1990), and represents a serious threat to the effective management of this important crucifer
defoliator. The high degree of efficacy, rapid kill and ease of use of broad-spectrum chemical
compounds like the pyrethroids have been a strong incentive to growers to use them exclusively
and as preventive measures to control pest populations. The resulting reliance on this single
approach to pest control has led to ever-increasing application rates, decreasing effectiveness
and eventual breakdown of control.

In general terms there are other problems associated with the dominant use of broad-spectrum
chemical insecticides. In addition to insecticide resistance, the effect of these compounds on
beneficial insect populations frequently results in secondary pest outbreaks and pest resurgence,
and is increasingly recognized as adversely affecting our ability to manage pest populations in
general. In many different crop situations in the United States, pesticide residues, groundwater

*MVP and CellCap are trademarks of Mycogen Corporation, San Diego, California, U.S.A.
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contamination, worker safety, and waste disposal are other pesticide-related issues of growing
concern to the agricultural community and the general public alike.

The need for alternative strategies to mitigate these side effects of dependence on broad-
spectrum insecticides has been noted many times, and led to the concept of integrated pest
management (IPM) (Smith and Reynolds 1966; Smith and van den Bosch 1967). The development
of economic injury levels and action thresholds and at least the first stages of progress toward
implementing IPM programs has now occurred in many different crop situations, including
crucifers.

However, the development of efficacious, selective alternative control methods and products
to use in IPM programs is essential for these programs to be successful. Among the most
promising of these alternatives are products based on insect pathogens and naturally occurring
insect toxins. These products, commonly called bioinsecticides or microbial insecticides, are
effective and specific for target pests, offering a great deal of promise in resolving some of
the problems commonly associated with dependence on broad-spectrum insecticides. In addition,
by offering a completely different mode of action from conventional neurotoxic chemical
insecticides they can be very useful in managing resistance to these chemicals.

Bacillus thuringiensis bioinsecticides

The most successful of the bioinsecticide products developed to date are those based on
Bacillus thuringiensis Berliner (B.t.), a spore-forming bacteria that produces a selectively toxic
protein in the form of an inclusion or crystal within the cell. This protein inclusion is the active
component in B.t. products and consists of the protoxin form of one or more «-endotoxins.
When this inclusion is ingested by a susceptible insect host, it is solubilized and the protoxin
processed to the active é-endotoxin form. This active toxin then binds to and destroys the midgut
epithelium, causing a rapid gut paralysis and cessation of feeding in less than an hour after
ingestion in the most sensitive species. Death generally occurs within 1-3 days.

Limitations of B.t. bioinsecticides

Effective commercial B.z. products for the control of caterpillars have been available for
over 20 years and have been used against caterpillar pests of cruciferous crops for many years.
However, conventional B.z. products have some serious limitations. One of the most significant
of these is the short residual activity under field conditions. This lack of foliar persistence is
a key factor in the inconsistent performance of conventional B.z. insecticides. This factor coupled
with low efficacy on certain key target pest species is largely responsible for B.z. products not
being more widely used.

These products are all manufactured using standard fermentation techniques. During the
fermentation of B.z. cells, spores and toxin crystals are produced and released into the medium
when cell walls lyse at the conclusion of the fermentation cycle. It is these spores and crystals
which constitute the active ingredient in conventional B.z. products. When growers apply a
conventional B.z. insecticide to their crop, they are applying these spores and naked crystals
of B.t. It is these unprotected toxin crystals that are so susceptible to degradation (Fig. 1A).
Ultraviolet radiation (UV) has been shown to rapidly degrade the activity of B.r. products (Ignoffo
et al. 1977; Morris 1983; Sneh and Schuster 1981). In a given crop, the bulk of activity can
be lost within 2-3 days. The insecticidal half-life of B.z. products exposed to direct sunlight
has been estimated to be 1.5-2 days on cotton foliage (Beegle et al. 1981) and 2 days on white
spruce (Morris and Moore 1975). This means a lethal dose is present for only a relatively short
time, decreasing efficacy and making frequent applications necessary.

CellCap delivery system

The CellCap bioencapsulation and delivery system is Mycogen’s proprietary technology
for enhancing the field persistence and efficacy of B.z. toxins. The development of a new
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biopesticide product based on this CellCap process actually begins when a B.t. isolate with the
desired host range and level of potency is identified in a focused screening and bioassay effort
against a particular target pest. The gene(s) coding for the desired 6-endotoxin(s) is then isolated
and transferred into a Pseudomonas fluorescens host isolated from the phylloplane. In the
manufacture of a CellCap product the transformed P. fluorescens cells are cultured in large-
scale fermentors. Unlike B.z. cells which lyse at the end of the fermentation cycle, the P.
fluorescens cell walls remain intact. The P. fluorescens cells are then killed in the fermentor
before harvest using a proprietary physical and chemical process. This process also fixes the
cell wall by cross-linking cell wall components, creating a stable, dead cell biocapsule which
encapsulates and protects the toxin crystal. Thus, the active component of any CellCap product
contains no living cells, but rather consists of a selected toxin (or toxins) encapsulated within
a dead cell biocapsule (Fig. 1B).

MVP is the first of the CellCap products, and has been developed for the control of
lepidopterous pest larvae. A 4-endotoxin from B.t. variety kurstaki with high activity against
DBM and a number of other key caterpillar pests in vegetable crops, was selected for this product.
The studies reported here were conducted to evaluate MVP and assess the effect of the CellCap
bioencapsulation technology on the efficacy and foliar persistence of B.t. toxins.

Fig. 1. Comparison of different delivery systems for B.t. §-endotoxins as they would appear
after being applied to foliage: A) a toxin crystal produced in the natural B.t. in a
conventional B.t. product; B) toxin crystals produced in the CellCap product, MVP,
encapsulated within dead cells of Pseudomonas fluorescens.

Materials and Methods

MVP persistence studies

Foliar persistence tests. Foliar persistence of MVP was evaluated in small plot tests
in 1988 and 1989 in the states of Florida, California, Wisconsin and North Carolina. A total of
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20 studies were conducted. The experiments were conducted in small plots of broccoli or cabbage
treated with MVP and two representative registered B.z. products, Javelin (Sandoz Crop Protection
Corp.) and Dipel 4L (Abbott Laboratories). Applications were made at label rates of each product
or 20 BIU (billion international potency units)/ha. Toxin equivalence was estimated for each
product using a gel scan quantification technique. Test materials were applied either with a CO,
backpack sprayer or tractor-mounted boom sprayer, using one overhead and two drop hollow
cone nozzles (Spraying Systems TXUSS). Leaf disc samples (200 discs per treatment) were
collected at several post-treatment intervals beginning with the day of treatment and ending at
12 days. These leaf discs were brought back to the lab and bioassayed placing a single third
instar DBM larvae on each disc and evaluating mortality 4 days after infestation. The method
developed for these tests has proven to be a highly sensitive technique for quantifying residual
B.t. activity.

UV degradation experiments. The effect of UV on the activity of MVP, and the
conventional B.z. products Dipel, Toarrow-CT (Toagosei Chemical Co.) and Bacilex (Shionogi
Pharmaceutical Co.) was also examined. In these tests, 10 ml aqueous supensions of each of
the test products were placed in open petri dishes on a flask shaker. These dishes were then
gently agitated while being exposed to 315 nm UV lamps and 350 nm UV black-light lamps
simultaneously inside a wooden box fitted over the shaker. UV exposure was estimated at 0.6
mw/cm?, or a rate approximately six times that of sunlight. Suspensions were agitated slowly
during exposure and samples were collected at 0, 1, 2, 3, and 6 hours. Control samples were
covered with foil. All samples were bioassayed against third instar DBM using a diet incorporation
method. Five separate experiments were conducted and LCso values calculated for each of the
samples.

MVP Field Efficacy Evaluations

Small plot tests. MVP was widely tested in 1988, 1989 and 1990 against DBM in the
United States. Small plot tests on cabbage, broccoli and other crucifers were conducted in areas
where DBM resistance to pyrethroids is widespread as well as areas where resistance is less
of a problem. Test locations included sites in the Rio Grande Valley of Texas, Florida, California,
North Carolina and parts of the midwestern and northeastern United States. All tests included
competitive B.t. products, such as Javelin and Dipel 4L, as well as at least one standard chemical
treatment generally utilized by growers in the particular region. Applications were made every
4-7 days throughout the crop cycle. Label rates of registered products and equivalent BIU rates
of MVP were applied and toxin equivalence estimated as in the persistence studies. Plants from
each plot were destructively sampled every 5-7 days and complete larval counts made. Yield
evaluations were also made at harvest.

In 1989, 18 small plot tests were conducted on cruciferous crops in 11 states. In 1990,
40 small plot tests were conducted in 16 states.

On farm tests (EUP trials). In 1990 the United States Environmental Protection Agency
(EPA) granted Mycogen an Experimental Use Permit (EUP) for MVP, allowing large-scale
on-farm tests to take place in key locations throughout the United States. These grower trials
were conducted on cruciferous crops on 80 farms in 10 states on a total of 880 ha. Growers
used MVP and their standard insecticide treatments in side-by-side comparisons. Cooperating
growers were surveyed after the trials and were asked to evaluate the performance of MVP
compared with their standard insecticides.

Results
MVP Persistence Studies

Foliar persistence tests. The CellCap system was found to consistently enhance foliar
persistence of B.z. §-endotoxin when compared to other B.z. products. Generally, within the
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first 2 days after application, insecticidal activity of Dipel and Javelin had dropped below 80 %
of the original activity. In contrast, when an equivalent rate of é-endotoxin was delivered in
MVP, insecticidal activity remained close to 100% of the original level after 4 days. By 7 days
residual activity of MVP was still above 70% , while both Javelin and Dipel had dropped below
50%. In 20 studies conducted in four different geographic regions, MVP consistently provided
high levels of residual activity 2-3 times greater than those recorded for Javelin and Dipel 7
days after treatment. The results of 2 years of foliar persistence studies are summarized in Table
1. The results of two specific trials, one conducted in southern California under hot, dry conditions
and the second conducted in the hot, humid climate of central Florida are given in Fig. 2. In
both locations MVP showed substantially enhanced persistence that was respectively 2 and 3
times greater than that of Dipel and Javelin in California and 2 and 9 times greater in Florida.

Table |. Summary of foliar persistence studies of MVP and other B.t. products, Javelin and Dipel
4L; residual activity determined 7 days after treatment using bioassay on DBM third
instar larvae.

Rate® % DBM Mortality® Persistence® Index
Product .
(g toxin/ha) 1988 1989 1988 1989
MVP 45 75 76 100 100
Dipel 45 48 40 64 52
Javelin 74 37 27 49 35
?based on gel scan of product. bAverage % mortality at 10 study locations per year.

G . % DBM mortality in treatment
Persistence index =

x 100
% DBM mortality in MVP treatment
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Fig. 2. Comparison of foliar residual activity of MVP and two commercial B.t. products,
Dipel 4L and Javelin, at two climatically different regional locations; applications made
at equivalent 45 g 6-endotoxin/ha. Left, Irvine, California, on broccoli. Right, Sanford,
Florida, on cabbage. Residual activity assessed using bioassay of leaf discs removed
and fed to third instar DBM at several post-treatment intervals, with mortality
determined 4 days after infestation.
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UV Degradation Experiments. Activity decreased in all treatments receiving the
combined 315 nm and 350 nm UV over the 6 hour time course of these experiments (Fig. 3).
However, MVP had virtually no loss in activity after 3 hours, and after 6 hours had still retained
61.4 + 12.2% of its original activity. Dipel and Toarrow-CT decreased steadily in activity over
the first hours and had only 12.2 4+ 4.0% and 12.8 4+ 10.2% of the original activity remaining
at 6 hours. Bacilex showed the greatest sensitivity to degradation under these conditions with
only 1.7 + 1.3% retained after the same period of exposure.

The results of these experiments showed that a combination of 315 nm and 350 nm UV
can cause rapid degradation of B.t. activity and that the CellCap delivery system used in MVP
protects the 6-endotoxin from degradation by these wavelengths of UV radiation, providing far
greater persistence of the activity when compared with other commercial B.z. products. These
results corroborated the field foliar persistence results.

120

1004

80—

Bacillex

Fig. 3.

Persistence of MVP and
three other conventional B.t.
products determined in
laboratory experiments.
Product suspensions were
exposed to 315 nm and 350
nm UV radiation for 6 hours
and bioassayed against third
instar DBM at several
intervals after treatment.
0 1 2 3 4 5 6 Potency loss expressd as

Hours exposure increase in the LC50.

LC50 (ug product/g diet)
(o))
o
|

MVP Field Efficacy

Small plot trials. MVP provided excellent control of DBM in small plot tests conducted
between 1988 and 1990. Typically MVP outperformed all other B.z. products and provided
consistently superior levels of control of DBM (Table 2). These results demonstrated that for
control of DBM, the unique CellCap bioencapsulation and delivery system provided greater
efficacy than any other biopesticide product tested, as well as levels of control equivalent to
or superior to those achieved with standard chemical treatments (Tables 2).

On-farm tests (EUP trials). Control of DBM in these trials was excellent, with MVP
consistently outperforming a range of other insecticide products. The most vivid and impressive
measure of these results was the response of cooperating growers. Of the growers surveyed,
85% said that MVP provided excellent control of DBM that surpassed the performance of their
standard insecticides. A full registration and market introduction of MVP in the United States
is expected in 1991.
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Table 2. Efficacy of MVP and two other B.t. products for control of DBM larvae on cabbage.
Texas, USA 1990.

Treatment Rate product/ha Average® DBM larvae/5 plantsb
MVP 5.01 15.0a
Javelin 1.5 kg 1155 ¢
Cutlass 2.3 kg 50.0 b
Untreated - 190.3 d

?Means flanked by the same letter are not significantly different (DMRT, P = 0.05)
Average number of larvae determined from total counts on 5 plants / replicate (20 total/treatment) destructively sampled
7 days after a single treatment.

Discussion

The results obtained in the studies reported here have demonstrated that the CellCap
bioencapsulation and delivery system can be used to produce very efficacious, longer residual
bioinsecticides. The increased residual activity of MVP, coupled with its selected toxin with
high activity against DBM, has proven to be a highly effective combination. MVP performance
against DBM has consistently surpassed conventional B.z. products, and has proven to be as
good or better than the standard synthetic chemical treatments used in cruciferous crops. This
increased efficacy is due to the use of selected toxin(s) and increased foliar persistence over
conventional B.z. products, made possible by the bioencapsulation delivery system used in MVP
which protects and stabilizes B.r. toxins. In addition because MVP is based on a dead cell
encapsulated toxin and not on living cells, many self-life stabilization problems are avoided.
In the production of MVP, the CellCap process creates a highly stable active ingredient.

The concept of IPM stresses the need to understand and build on existing ecological processes
and key interspecific relationships that are present in particular agroecosystems and utilizing
these to maximum advantage in regulating and managing pest populations. This construction
of pest management systems from the bottom up, building on this foundation of existing ecological
factors, is still a long way from being the primary approach in pest management, and in most
crop systems we are at best still in the very earliest stages of IPM development. It is clear that
as these more sophisticated and presumably more successful IPM systems are developed, the
availability and use of selective control tactics will become increasingly important as management
tools that are effective and yet also compatible with existing natural enemies and other ecological
factors that contribute to regulation of pest populations. B.r. §-endotoxin-based products like
MVP are among the most effective of the selective insecticides that are currently available, and
among the least disruptive to the existing natural enemy complex, therefore minimizing the
potential for pest resurgence and secondary pest outbreaks. In this regard they can fill a key
niche in many IPM programs by offering effective yet selective action, a benefit which is not
offered by many other products.

In cruciferous crops the successful use of B.z. in the control of lepidopterous larvae without
disruption of the natural enemy complex was first demonstrated over 10 years ago (Kennedy
and Oatman 1976; Wyman and Oatman 1977 ). In a 3-year study in cabbage in Wisconsin,
Quick and Wyman (in preparation) examined the effect of broad-spectrum compounds (fenvalerate
and metamidophos) and B.z. (Dipel 4L) on control of DBM, imported cabbageworm, Pieris
rapae L., and cabbage looper, Trichoplusia ni (Hubner) and the effect on parasitism. They found
that the B.t. treatment regime provided acceptable levels of control while having little or no
effect on levels of parasitism, which did not generally differ significantly from levels observed
in untreated plots. The broad-spectrum insecticide treatments showed direct toxicity to parasites
and levels of parasitism that were significantly lower in general. Sudarwohadi et al. (1977) and
Sastrodihardjo (1986) noted that B.z. applications in Indonesia effectively controlled DBM without
harm to the ichneumonid Diadegma eucerophaga Horstm. Lim et al. (1986) used chemical
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exclusion techniques in small plot tests against DBM on cabbage to show the relative impact
of different pesticide compounds on Apanteles plutellae. In these tests sevithion (carbaryl +
malathion), which was toxic to the parasitoid but not DBM, reduced A. plutellae populations
to levels well below those of control and Dipel-treated plots. At the same time DBM populations
resurged to levels over five times those of the control plots. In the Dipel treatment much higher
levels of A. plutellae were recorded than in any other treatment.

MVP is unique in providing substantial improvements in efficacy against DBM, with
performance equivalent or superior to that offered by broad-spectrum insecticides, while providing
the benefits of selective activity that can minimize disruptions and preserve natural control systems
essential to the long term management of DBM populations.
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Microbial and Other Insecticides to Control
Lepidopterous Pests of Cole Crops in Georgia

Richard B. Chalfant

Georgia Coastal Plain Experiment Station, University of Georgia, PO Box 748, Tifton,
GA 31793

Abstract

Synthetic and microbial insecticides were evaluated from 1988 to 1990 to control
an insecticide-resistant population of diamondback moth, Plutella xylostella (L.), and
the cabbage looper, Trichoplusia ni (Hibner), on cabbage and collard. The pyrethroid
insecticides tested including permethrin and esfenvalerate were generally incapable
of controlling the diamondback moth although high rates produced more than 95%
marketable heads in some tests. Permethrin was synergized with piperonyl butoxide.
The organophosphorus insecticide mevinphos, which has been used in the area for more
than 25 years, still contolled P. xylostella. Microbial insecticide (Bacillus thuringiensis
Berliner) products Dipel, Javelin, Cutlass, and MVP were moderately effective against
both pests but needed short (4-5 days) application intervals during severe pest pressure
and environmental conditions as occur during the summer season in Georgia. Two
molting inhibitors, teflubenzuron and flucycloxuron, were effective against the
diamondback moth but less so against the cabbage looper.

Introduction

Cole crops in Georgia are infested with a complex of lepidopterous defoliators. Most serious
are the cabbage looper (CL), Trichoplusia ni (Hiibner) (Lepidoptera: Noctuidae) and the
diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Yponomeutidae). Until 1987
the insecticides of choice for controlling these pests in Georgia were the pyrethroids, esfenvalerate
and permethrin. Resistance in the DBM to these materials in Georgia was first recognized in
1987 and an 80-fold resistance to permethrin was later corroborated by Wyman (personal
communication in Adams et al. 1990). The following report is a result of 3 years evaluation
of potential replacement insecticides for management of these pests in cabbage (Brassica oleracea
var. capitata) and collards (B. oleracea var. acephela). Except for the formation of a head by
cabbage, both crops are similar and have identical pests.

Methods and Results
General methods

Insecticides were applied with a two-row tractor-mounted boom sprayer equipped with three
Spraying Systems No.T-18 hollow cone nozzles per row directed above and along both sides
of the plants. Delivery was 467 1/ha at a pressure of 3.52 kg/ cm? (50 psi). Plot size was two
rows, 0.3 m wide, and 15-23 m long. Treatments were replicated four times in randomized
complete blocks. Three to four days after insecticidal application, living larvae were recorded
on five plants per plot. When plants were ready to harvest, 10 plants per plot were scored for
damage using a 0-5 scale in which 0 to 2 = no, light or moderate damage to the outer leaves;
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3 to 5 = light, moderate, and severe damage, respectively, to the head of cabbage or central
portion of collards. Plants were divided into two market-quality categories based on variable
market standards. Best were those with scores of 0 to 2. Fair were those with scores of 0-3.
Plants with scores of 3 would not be marketable under surplus conditions. Cultivars were ‘Rio
Verde’ cabbage and ‘Vates’ collards.

Data were subjected to ANOVA (SAS 1985) and significant difference (P = 0.05) between
means is the LSD as determined by Waller-Duncan K-Ratio T-Test (Waller and Duncan 1969).

Test 1, 1988

Cabbage transplanted 6 April 1988 was treated on 10, 17, and 25 May and 9 June. On
15 June, plants were scored for damage and living larvae were recorded (Table 1). Only DBM
were in significant numbers. On cabbage only treatments with Dipel ES (Bacillus thuringiensis,
var. kurstaki 17,600 IU/mg, Abbott Laboratories) had larval counts significantly lower than
the untreated check. Damage scores and market quality (% fair heads) for these treatments and
permethrin (0.11 kg Al/ha) were also significantly better than the check. Fenoxycarb, a molting
inhibitor, significantly increased the effectiveness of Dipel. Larval counts for the other
insecticides, including the pyrethroids bifenthrin, esfenvalerate and cyhalothrin were not
significantly different from the check. Counts for cyhalothrin (0.011 kg Al/ha) and thiodicarb
(0.84 kg Al/ha), a carbamate, were significantly higher than the check. Damage scores for
bifenthrin, cyhalothrin, esfenvalerate and thiodicarb were equal or poorer than the check.

Table |. Feeding damage and DBM larval infestation of cabbage treated® with insecticides. Test
|. Tifton, Georgia, 1988.

L or Damage No. DBM/ 9%Marketable®

Treatment kg/ha score® 5 plants Best Fair
Dipel ES 1.2 2.7 0.3 40.0 95.0
Dipel ES 0.6 3.0 2.0 35.0 65.0
Dipel ES + fenoxycarb 25WP 1.2+.14 2.2 1.3 60.0 100.0
Dipel ES + fenoxycarb 25WP 0.6+.14 1.7 1.0 95.0 100.0
Bifenthrin 10 WP 0.11 3.1 6.8 20.0 75.0
Bifenthrin 10 WP 0.056 4.4 14.0 0.0 0.0
Cyhalothrin 1EC 0.022 319 26.3 0.0 20.0
Cyhalothrin 1EC 0.011 3.9 33.5 0.0 20.0
Esfenvalerate 0.66 EC 0.07 3.4 22.8 0.0 65.0
Esfenvalerate 0.66 EC 0.03 3.5 19.3 5.0 50.0
Permethrin 3.2 EC 0.11 2.5 8.5 55.0 100.0
Thiodicarb 3.2 EC 1.68 3.6 15.5 0.0 40.0
Thiodicarb 3.2 EC 0.84 3.9 30.3 0.0 10.0
Dipel ES + esfenvalerate 1.2+.07 2.6 4.0 20.0 100.0
Dipel ES + esfenvalerate 1.2+.03 2.3 4.3 70.0 100.0
Dipel ES + mevinphos 4 EC 1.2+ 1.1 1.9 0.3 75.0 100.0
Dipel ES + methomyl 2.4LV 1.2+1 2.1 4.0 70.0 100.0
Dipel ES + naled 8 EC 1.2+2.2 2.6 2.8 35.0 100.0
Methamidophos 4 EC prehead, I.1 followed by
Dipel ES + mevinphos post head  1.2+0.6 2.8 0.3 20.0 100.0
Untreated check 3.6 16.0 0.0 45.0
LSD (p=0.05) 0.7 11.8 36.9 31.5
*Treated 10, 17, 25 May and 9 June, evaluated |5 June. bScore, 0-5 damage scale: 0 = no, |-2 = light to moderate
to outer leaves, 3-5 = light to severe to head and wrapper leaves. “Marketable:Best = heads with scores 0 to 2,

fair =heads with scores 3 or less.
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Test 2, 1989

Cabbage was transplanted on 5 April. An adjuvant, Bond (Loveland Industries, Inc), was
used with all treatments at a concentration of 0.25%. Treatments were applied 4, 12, 18, and
26 May and 1 June. Insects were recorded on five plants/plot on 8, 15, and 22 May, and 7
June. The CL was the most prevalent caterpillar and reached a population peak on 15 May.
DBM occurred in much smaller numbers. Larval counts (average of four dates) for the CL and
DBM, damage scores and market quality are shown in Table 2. Fewest larvae were recorded
in plots treated with esfenvalerate (0.06 kg Al/ha), Cutlass OF (Bacillus thuringiensis Ecogen,
Inc., Langhorne, PA) (4.67 1/ha), all rates or Cutlass WP, and all rates of AC30360 (American
Cyanamid Co., Princeton, N.J.). Feeding damage scores were lowest and percent marketable
heads were highest in plots treated with AC30360 (0.36 kg Al/ha). Other treatments producing
more than the 80 % marketable heads (fair grade) included Cutlass OF (4.67 1/ha), Cutlass WP
(1.12 and 2.24 kg/ha), Dipel WP (1.12 kg/ha) and flucycloxuron (Uniroyal Corp) (0.14 kg
Al/ha). Note that in this test the WP formulations of Cutlass and Dipel gave more marketable
heads than the comparable liquid formulations. The experimental field received 12 irrigations
and rainfalls for a total of 340 mm.

Table 2. DBM, CL and market quality of cabbage treated® with insecticides, Tifton, Georgia, Test 2,

1989.
Liters/ No./5 Plants® Damage % Marketable®

R kg Al/ha DBM cL score* Best Fair
Cutlass OF 4.67 0.3 2.1 2.4 60.0 92.5
Cutlass OF 2.34 0.5 3.7 3.3 5.0 62.5
Cutlass OF .17 1.0 4.3 4.0 0.0 12.5
Cutlass WP 2.24 0.3 2.1 2.4 60.0 92.5
Cutlass WP .12 0.6 2.1 2.6 52.0 85.0
Cutlass WP 0.56 0.6 1.8 3.1 12.5 72.5
Dipel 2X WP 0.56 0.8 2.3 2.6 37.5 92.5
Dipel ES .17 0.4 2.5 3.1 15.0 72.5
Esfenvalerate 0.66E 0.06 0.3 I.5 2.6 50.0 90.0
AC303630 IEC 0.12 0.1 1.4 3.1 30.0 65.0
AC303630 IEC 0.24 0.1 0.6 2.1 75.0 95.0
AC303630 IEC 0.36 0.4 0.6 .6 90.0 100.0
Flucycloxuron 2L 0.14 0.3 2.3 2.7 37.5 87.5
Diflubenzuron 25W 0.14 0.9 5.9 4.9 0.0 0.0
Untreated Check 3.1 7.6 5. 0.0 0.0
LSD (P = 0.05) 0.2 Il 0.6 335 213

Treated 4, 12, 18, 26 May and | June. bAverage of 8, 15, 22 May and 2 June counts. Score, 0-5 damage scale:
0 = no, I-2 = light to moderate to outer leaves, 3-5 = light to severe to head and wrapper leaves. Best = heads

with scores 0 to 2, Fair = heads with scores 3 or less.

Test 3, 1989

Collard was transplanted on 5 May. Bond was used with all materials as above. The treatment
interval beginning 26 May was about 7 days except for MVP (encapsulated delta endotoxin of
B. thuringiensis var. kurstaki, Mycogen, Corp. San Diego, CA.) and Javelin (B.thuringiensis
var. kurstaki, Sandoz Corp. Des Plains, IL) which were compared in 4-, 7- and 10-day schedules.
Insects were recorded on five plants/plot on 31 May, 8, 15, 22 and 29 June, and 27 July.

The principal defoliating caterpillar was the CL. Populations of both CL and DBM were
highest on 8 and 29 June. Larval numbers averaged across six dates are given in Table 3. Fewest
total larvae (1.75) were recorded in plots treated with Cutlass OF (4.67 1/ha) applied at 7-day
intervals. This treatment was not significantly different from MVP (2.34 or 4.67 1/ha), applied
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at 4-day intervals, or Javelin (2.34 1/ha) applied at 4-, 7- or 10-day intervals, Cutlass WP (2.24
kg/ha), Dipel ES (2.24 1/ha), Dipel 2X (1.12 kg/ha), and permethrin (0.11 kg/ha) all applied
at 7-day intervals.

Average damage scores and percent marketability (plants with scores <3) are shown in
Table 3. Lowest scores and most marketable plants are in plots treated with permethrin (0.22
kg Al/ha) or flucycloxuron followed by permethrin (0.22 kg Al/ha) or esfenvalerate (0.034
kg Al/ha), and Javelin (4.67 1/ha, 4-day interval). Addition of Ridomil/Bravo (81% metalaxyl
+ chlorothalonil, CIBA-GEIGY Corp) to or removal of Bond sticker from MVP treatment had
no significant effect on damage and marketability.

Table 3. DBM, CL, damage and market quality of collard treated with insecticides. Tifton, GA.

Test 3 1989
b d
Treatment L or kg/:\a/ No./5 Plants Score % Marketable®
Schedule DBM CL 7/9

MVP 4.67/4 0.6 4.8 3.6 37.5
MVP 4.67/7 0.4 5.8 4.0 2.5
MVP 4.67/10 0.7 5.4 4.6 5.0
MVP 2.34/4 0.3 3.6 3.9 15.0
MVP 2.34/7 1.3 9.0 4.0 7.5
MVP 2.34/10 0.8 5.3 4.8 7.5
MVP + Ridomil/Bravo 4.67+2/7 1.1 6.3 4.0 20.0
MVP, without Bond 4.67/7 0.7 5.6 3.7 25.0
Javelin 4.67/4 0.5 3.5 3.3 67.5
Javelin 4.67/7 0.8 3.7 4.0 12.5
Javelin 4.67/10 0.7 4.5 4.2 2.5
Esfenvalerate .66 EC 0.03/7 1.8 4.5 3.2 55.0
Cutlass OF 4.67/7 0.4 1.3 3.5 45.0
Cutlass WP 2.24/7 0.7 2.8 3.8 17.0
Dipel ES 2.34/7 0.4 2.5 3.7 25.0
Dipel 2X WP 1.12/7 1.2 3.9 3.9 20.0
Permethrin 3.2 EC 0.11/7 2.0 3.4 3.4 60.0
Permethrin 3.2 EC 0.226 - - 2.9 90.0
Flucycloxuron 2L/¢ 0.14

Esfenvalerate 0.03/7 1.5 6.3 2.7 100.0
Flucycloxuron 2L/¢ 0.14

Permethrin 0.22/7 2.0 4.6 2.5 97.5
Diflubenzuron 25 WP 0.28/7 2.9 4.3 4.2 25.0
Untreated Check 3.6 12.0 4.2 17.5
LSD (P = 0.05) 1.4 3.2 0.6 36.7

24 day: 26, 29 May , 2, 5, 12, 16, 19, 23, 26, 30 June, 3 July. 7 day: 26 May, 2, 12, |19, 27June , 3 July. 10 day:
26 May , 5, 16, 26 June , 3julz. Average of 3| May, 8, 15, 22, 29 June , 7 July counts. Flucycloxuron applied
I'st two applications only. Score, 0-5 damage scale: 0 = no, |-2 = light to moderate to outer leaves, 3-5 = flight
to severe to head and wrapper leaves. Plants with damage scores of 0 to 3.6 Treated 12, 19, 27 June, 3 July.

Test 4, 1989

Cabbage was transplanted on 6 September 1989. Insecticides were applied on 20 and 27
September, 4 and 16 October, 2 and 10 November. Insects were recorded on five plants/plot
on 2 and 10 October, and 11 November. Plants were scored for damage on 13 November. The
CL was predominant on 3 October (data not shown). DBM and CL reached moderate numbers
on 13 November (Table 4). All treatments except esfenvalerate, 0.03 kg Al/ha, significantly
reduced larval numbers below the check. Damage scores made 17 November are shown in Table
4. Highest percentages of best plants (scores of 2 or less) were obtained with permethrin
(0.11 kg Al/ha) synergized by piperonyl butoxide (PBO) at 0.6 kg Al/ha; MVP 4.67 1/ha,
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Table 4. DBM, CL, damage and market quality on cabbage treated® with insecticides, Tifton,
Georgia. Test 4, 1989.

L or No./5 Plants® Damage % Marketable?
Vo kgha  DBM  CL score® " Best  Fair
Permethrin 2 EC 0.11 1.8 0.0 3.3 10.0 65.0
Permethrin 2 EC + PBO 8E 0.1+0.6 0.0 0.0 2.0 78.0 98.0
MVP ' 4.67 0.5 0.0 2.1 78.0 100.0
Cutlass OF 4.67 0.3 0.0 2.1 60.0 100.0
Javelin WG .12 0.5 0.3 2.7 35.0 98.0
Dipel 2X WP .12 0.8 0.3 3.2 5.0 48.0
Esfenvalerate 0.66 EC 0.03 4.5 0.0 2.8 28.0 85.0
Chlorpyrifos 50 WP 0.56 0.5 1.3 4.0 0.0 8.0
Chlorpyrifos 50 WP .12 3.5 6.8 5.0 0.0 2.0
Chlorpyrifos + Javelin WG 0.6 + 0.6 0.5 0.5 3.6 5.0 38.0
Chlorpyrifos + Javelin WG 0.6 + 1.1 0.5 1.8 3.0 25.0 80.0
Chlorpyrifos + Javelin WG I.I+ 1.1 08 1.0 2.6 40.0 90.0
Chlorpyrifos + Dipel 2X 1.1 + .6 1.0 1.0 3.4 10.0 45.0
Chlorpyrifos + Javelin L+ 1
+ Mancozeb 80 WP 1.8 0.8 0.8 2.4 52.0 85.0
Chlorpyrifos + Javelin WG b+ 1
+ Ridomil/Bravo 81 WP 1.8 0.5 2.5 3.3 2.5 68.0
Untreated Check 12.5 14.5 5.0 0.0 0.0
LSD (P = 0.05) 5.2 5.3 0.5 26.5 21.3

Treated 20, 27 September, 4, 16 October, 10 November. b| | November. cScore, 0-5 dag1age scale: 0 = no,
I-2 = light to moderate to outer leaves, 3-5 = light to severe to head and wrapper leaves. Best = heads with
scores 0 to 2, Fair = heads with scores 3 or less.

and Cutlass 4.67 1/ha. Eight treatments produced more than 79 % good plants (scores 3 or less).
Addition of mancozeb or Ridomil-Bravo to a chlorpyrifos Javelin mixture did not cause
phytotoxicity; however, Ridomil-Bravo reduced the efficacy of the mixture from 40 to 2.5%
best plants and from 90 to 68% good plants.

Test 5, 1990

Cabbage was transplanted 27 March 1990. Insecticides were applied 23 April, 1, 10, 16
and 23 May 23. Bond was used with all materials (except the oil combination) at a concentration
0f 0.25% for the first two applications. Because Bond tended to clog the nozzles, 0.25% Valent
X-77 (Valent Corp.) spreader was used for the final applications. Rainfall and irrigation during
the test period totaled 116 mm. '

The DBM was the only significant insect pest on the cabbage. Averages for counts made
30 April, 7, 14 and 27 May are shown in Table 5. Fewest larvae, lowest damage scores and
most marketable plants were in plots treated with all rates of AC303630 and MVP (4.67 and
5.8 1/ha). The effectiveness of the thiodicarb + mevinphos mixture was due to mevinphos.
The highest rate of MVP, 8.2 1/ha, was less effective than lower rates.

Test 6, 1990

Collard was transplanted on 24 May 1990. Initial experimental design was a strip-plot. Main
plots were treatments split in strips of two 15-m long subplots. Subplots were 4-5 and 7-day
spray schedules. Insecticides for the 7-day schedules were applied 11 and 18 June. Those for
the 4-5-day schedules were applied 11, 15, 21, and 26 June and 2 July. Beginning 21 June the
7-day schedule was discontinued due to poor performance of most of the materials. Experimental
design thereafter was a randomized complete block. Safer Insecticidal Concentrate (Safer Inc.,
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Newton, MA) was added to Javelin in an attempt to improve performance. Valent X-77 spreader-
sticker was used with all materials (except the oil combinations) at a concentration of 0.25%.
Rainfall and irrigation during the test period totaled 90 mm.

The DBM and the CL were the principal insect pests on 5 July (Table 6). Fewest DBM,
lowest damage scores and most marketable plants were in plots treated with MVP (4.47 1/ha
with and without Safer Ultrafine oil and 2% Safers Concentrate) and teflubenzuron (.045 kg
Al/ha), Javelin (1.12 kg/ha with 1% Safer Concentrate), Cutlass E S (4.67 1/ha) and Cutlass

Table 5. DBM damage scores and marketability of cabbages treated® with insecticides. Test 5,

1990.
Liters or Avg® Damage® % Marketable®
Treatment kg Al/ha DBM score
Cutlass WP 2.12 15.4 3.02 10.0
Javelin WG .12 12.1 2.35 42.5
Javelin WG 0.8 12.2 2.82 20.0
Esfenvalerate 0.66 EC 0.06 343 3.50 7.5
Thiodicarb 3.2 E 0.7 32.6 3.65 0.0
Thiodicarb 3.2 E 0.9 28.2 3.65 5.0
Thiod. + Dipel 2X W 0.7+1.12 21.2 2.90 35.0
Larv. + Javelin WG 0.7+1.12 17.4 2.88 32.5
Thiod. +mevinphosd 0.7+1.12 5.2 1.92 100.0
AC303630 SC 0.07 4.4 2.40 75.0
AC303630 SC 0.11 0.3 2.10 95.0
AC303630 SC 0.22 1.5 1.75 100.0
AC303630 SC 0.34 1.2 2.15 95.0
MVP 3.5 4.4 2.70 72.5
MVP + Ultrafine oil 3.5+4.7 6.4 2.22 72.5
MVP 4.67 4.7 2.42 75.0
MVP 5.8 2.5 2.15 85.0
MVP 7.0 3.9 2.58 67.5
MVP 8.2 3.4 2.30 37.5
Untreated check 34.4 5.00 0.0
LSD (P = 0.05) 7.6 0.56 24.0

*Treated 23 April, I, 10, 16, 23 May. °30 April, 7, 14, 27 May.

to outer leaves; 3-5 = light to severe to head.

CScore, 0-5 scale: 0 = no, I-2 = light to moderate
Marketable = heads with 0-2 scores.

Table 6. DBM and CL feeding damage and market quality on collards treated® with insecticides.

Tifton, Georgia, Test 6, 1990.

A Liters or No./5 Plants Damage % Marketable
kg/ha DBM CL score
MVP + 1% Safer Conc. 4.47 7.0 16.2 1.9 82.5
MVP +2% Safer Conc. 4.47 2.2 10.0 1.9 92.5
MVP + | % Safer UF Oil 4.47 1.0 5.2 1.9 92.5
MVP+0.5% Safer UF Oil 4.47 3.2 9.2 1.7 92.5
MVP 4.47 3.0 4.8 2.2 77.5
Javelin WG + 1% Safer Conc. .12 7.2 13.2 2.4 52.5
Cutlass WP 2.24 6.5 9.2 3.1 32.5
Teflubenzuron 5E¢ 0.045 4.2 16.0 1.9 85.0
AC303630 IEC 0.22 0.5 0.2 0.8 100.0
Untreated check 12.2 45.0 5.0 0.0
LSD (P = 0.05) 4.6 9.8 0.5 23.0
*Treated |1, 15, 18, 26 June and 2 July. bScore, 0-5 damage scale: 0 = no, I-2 = light to moderate to outer leaves,
3-5 = light to severe to head and wrapper leaves. “Plants with scores of 0 to 3. Applied |1 and I8 June at

.015 kg Al/ha, 26 June and 2 July at 0.045 kg Al/ha. No application on |5 June.
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WP (2.2 kg/ha) were not significantly different from the check. All treatments gave significant
reduction of the CL.

Discussion

The pyrethroid insecticides, esfenvalerate, bifenthrin and cyhalothrin were generally
incapable of maintaining marketable cabbages when the DBM was one of the principal defoliators
(Tables 1, 3 and 5) and resistance to insecticides was apparent. Application of permethrin,
although producing mostly marketable heads in 1988, was ineffective without a synergist in
1989 (Table 4). Where the DBM was not a major factor (Table 3), permethrin was effective
at twice the recommended rate (0.22 kg Al/ha). Esfenvalerate was also effective but at a high
rate (0.06 kg Al/ha, Table 2). In Texas, Magoro and Edelson (1990) also reported pyrethroid
resistance in the DBM but that full-recommended rates of pyrethroids were still effective. With
continued use of these pyrethroids, it is unlikely that even high rates will be effective against
the DBM. Mevinphos was effective as a component in a mixture with thiodicarb or Dipel against
the DBM (Tables 1, 5) and would have been as effective without thiodicarb. It is used by many
Georgia growers.

The four microbial insecticides Dipel, Javelin, Cutlass and MVP gave somewhat inconsistent
results. In Tests 1 and 2 (Tables 1, 2) weekly applications of 1.2 1/ha of Dipel ES, 0.56 kg/ha
of Dipel 2X WP, and high rates of Cutlass WP and Cutlass OF were capable of producing greater
than 95% marketability, based on less strict standards. No one of these treatments gave more
than 60% of damage-free best heads (scores of 2 or less). Combinations of Dipel with mevinphos,
esfenvalerate, methomyl and fenoxycarb gave some improvement. Effective protection by
microbials against CL and imported cabbage worm in the northern states and Canada was reported
by Shelton et al. (1982), Sears et al. (1983), Tompkins et al. (1986) and Jaques (1988). These
tests and Georgia Tests 1 and 2 were performed when temperatures were moderate and pest
pressure was not excessive. During mid summer in 1989 on collards (Test 3, Table 3),
temperatures were hot, pest pressure was high and rainfall was excessive (318 mm rainfall in
June alone). None of the four B. thuringiensis formulations gave sufficient protection. Similarly,
in 1990 on collard, weekly applications of all materials had to be discontinued in favor of a
4-5 day schedule. During late 1989 (Table 4) these same materials gave adequate protection
with infrequent applications.

The molting inhibitor, flucycloxuron, was moderately effective against the DBM in 1988
(Table 1). In 1989 (Table 3), when used during the initial two applications when the DBM was
the principal pest, it was necessary to substitute esfenvalerate or permethrin (Table 3) when
the CL population began to increase in these treatment plots. Another class of molting inhibitor,
teflubenzuron, similarly gave better control of the DBM than the CL on collard, although damage
scores were among the lowest of all materials tested. Jansson and Lecrone (1988) also obtained
excellent control against resistant DBM in southern Florida. A new compound, AC303630, was
effective against both species (Tables 2 and 5) and shows promise for use in a resistance
management program.

Before 1987, in Georgia and elsewhere when the pyrethroid insecticides were effective and
the CL was the key pest of cole crops, insecticidal applications on cabbage could be delayed
until heads began to form, and thereafter thresholds were 0.5 CL equivalents for New York
(Shelton et al. 1982), 1-2 holes/plant (Chalfant et al. 1979) , 0.1-0.3 larvae/plant (Chalfant
1979). Shelton et al.(1982), Sears et al. (1983) concluded that action thresholds for the microbials
would have to be lower than those used by the chemical pesticides. Applications will also have
to be more frequent because of rapid degradation of the microbials and greater reproductive
potential of the DBM. Frequent applications of insecticides is a recipe for development of
resistance of insecticides (Georghiou 1983) including B. thuringiensis (Tabashnik 1990) and
resistance management strategies must be in place.
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Resistance management is complicated by simultaneous occurrence of multiple species which
may require insecticidal mixtures. Bacillus thuringiensis was generally more effective against
the DBM than the CL in the Georgia experiments. Permethrin and esfenvalerate were most
effective against the CL. Although piperonyl butoxide increased efficacy of permethrin against
the DBM in 1989 (Table 4), the DBM is capable of developing resistance to this synergist (Chen
and Sun 1986). Furthermore, pyrethroids are much less responsive to synergism once the DBM
has already developed pyrethroid resistance (Sun et al. 1986).
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Integration of an Insect Growth Regulator and
Bacillus thuringiensis for Control of
Diamondback Moth
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Abstract

Studies conducted between 1987 and 1990 evaluated the effectiveness of a
benzoyl phenyl urea-based insect growth regulator, teflubenzuron, Bacillus thuringiensis
var. kurstaki, and a combination of these approaches at managing diamondback moth
(DBM) (Plutella xylostella (L.)) populations on cabbage in southern Florida. Between 3
and 10 applications of teflubenzuron were effective in reducing DBM populations and
protecting heads from damage during the first 2 years. A strategy that limited the
number of teflubenzuron applications to <6 and involved weekly applications until
heading and biweekly applications thereafter was most effective at reducing DBM
populations. Efficacy improved when this approach was integrated with B. thuringiensis.
Results from the 4 years, however, showed that the efficacy of teflubenzuron decreased
over time. Concomitant failure of B. thuringiensis-based products applied at weekly
intervals was also observed during the last year. These results suggest that DBM
populations in southern Florida might be developing resistance to these nonconventional
insecticides.

Introduction

Cabbage, Brassica oleracea var. capitata L., is an important vegetable crop in Florida and
the Caribbean. In 1984-85, over 7000 acres (2880 ha) valued at over US$50 million was planted
in Florida (Anon. 1986). The diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera:
Yponomeutidae), is a cosmopolitan insect pest of brassica crops, and the most important pest
of cabbage and other crucifers worldwide (Talekar and Griggs 1986). It is the most important
insect pest of cabbage in Florida (Jansson and Lecrone 1988) and most of the Caribbean (Salinas
1986). Talekar et al. (1985) listed over 1000 publications on this pest through 1984. This pest
has developed resistance to most conventional chemical insecticides in most parts of the world
(Sudderuddin and Kok 1978; Sun et al. 1978; Liu et al. 1981, 1982; Georghiou 1981; Cheng
1986; Miyata et al. 1982, 1986; Chen and Sun 1986; Sun et al. 1986; Tabashnik et al. 1987;
Tabashnik and Cushing 1989; Kao et al. 1989; Magaro and Edelson 1990; Wyman and Shelton,
in press) and some nonconventional insecticides such as Bacillus thuringiensis (Tabashnik et
al. 1990; Wyman and Shelton, in press). Insecticide-resistant DBM populations are also found
in central (G. L. Leibee, University of Florida, unpublished data) and southern Florida (R. K.
Jansson, University of Florida, unpublished data). A recent study showed that considerable
variation in insecticide resistance was found among 40 populations of DBM in the U.S. (Wyman
and Shelton, in press). A polygenic basis for resistance has been suggested (Liu et al. 1981;
Tabashnik and Cushing 1989). Tabashnik et al. (1987) showed that considerable intraisland
variation in resistance occurred among populations in Hawaii; however, interisland resistance
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levels did not differ. Conditions that enhance the development of insecticide resistance, such
as high temperatures, long growing season, multiple insect generations, and intense insecticide
pressure (Sun et al. 1978), are present in each of these areas where resistance has developed.

The benzoyl phenyl urea chitinase compounds (e.g. teflubenzuron) have potential for
managing DBM populations (Jansson and Lecrone 1988). This group of compounds has been
evaluated for its potential at managing insecticide-resistant DBM populations (Becker 1986;
Kohyama 1986; Lim and Khoo 1986; Sagenmueller and Rose 1986; Perng and Sun 1987; Jansson
and Lecrone 1988); however, certain populations of DBM in Southeast Asia have developed
resistance to teflubenzuron (Perng et al. 1988). The present studies were conducted to evaluate
the potential of teflubenzuron for controlling DBM and to develop a resistance-management
program for this compound in southern Florida by integrating this compound with conventional
and genetically improved B. rthuringiensis products.

Materials and Methods

Experiments were conducted between 1987 and 1990. All experiments were conducted in
a Rockdale soil that was fumigated with Terr-O-Gas (75 % methyl bromide, 25% chloropicrin;
242 kg/ha) and covered with black (1987), blue (1988), or white on black (1989 and 1990)
plastic mulch about 2 weeks before planting. Mulch was perforated 1-5 days before planting.
Certified seeds of ‘Rio Verde’ cabbage were incorporated into a germination mix (Pro-Mix)
direct-seeded, and spaced 0.3 m apart within each of two rows per bed that were 0.76 m apart
on 1.83-m center beds. All experiments followed standard production practices for cabbage in
Florida (see Jansson and Lecrone 1988). In 1987 and 1988, plants were sprinkler-irrigated twice
a week (4.7-6.3 cm/ha/irrigation). In 1989 and 1990, plants were irrigated 4 hours/day using
a turbo T-tape drip irrigation system (model 40) (5.0 1/m/hour).

Experiments were arranged as randomized complete block designs with four replications.
In 1987, treatment plots were 2 rows (1 bed) wide by 10.7 m long. A 1.5 m buffer of nontreated
plants separated treatment plots. In the remaining 3 years, treatment plots were 4 rows (2 beds)
wide by 12.2 m long. A 3 m buffer of nontreated plants separated each replicate and one non-
treated bed separated treatment plots within replicates.

Efficacy and residual activity of teflubenzuron

In the first 2 years, the efficacy and residual activity (efficacy) of teflubenzuron was
determined. Complete details of these studies have been reported previously (Jansson and Lecrone
1988). In 1987, six treatments were evaluated for their efficacy against DBM: weekly applications
of teflubenzuron (0.022 and 0.044 kg Al/ha); methomyl (0.5 kg Al/ha) in combination with
conventional B. thuringiensis var. kurstaki (Dipel 1X; 0.28 kg/ha); methamidophos (0.56 kg
Al/ha); fenvalerate (0.11 kg Al/ha); and a nontreated check. In 1988, different application
intervals of teflubenzuron were evaluated and compared to conventional management approaches.
Treatments included applications of teflubenzuron (0.033 kg Al/ha) at 1-, 2-, and 3-week
intervals, weekly applications of fenvalerate (0.11 kg Al/ha), weekly applications of methomyl
(0.5 kg Al/ha) in combination with B. thuringiensis var. kurstaki (Dipel 2X; 0.28 kg/ha), and
a nontreated check. Treatments were applied with a tractor-mounted single bed boom sprayer
with two disc cone nozzles (D-4, no. 24) on each side of the bed and one nozzle over the center
of each bed. The sprayer delivered 934.6 1/ha at 4.8 km/hour.

Development of an application strategy for teflubenzuron
Various application strategies of teflubenzuron were compared during the following 2 years

to develop a program for teflubenzuron that would maximize insect management and minimize
the number of teflubenzuron applications (=< 6 per season). Three treatment strategies were
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compared in 1989: weekly applications of teflubenzuron (0.033 kg Al/ha) until heading and
then at 2-week intervals (biweekly) thereafter; applications made biweekly until heading and
then judiciously thereafter; and applications made before heading, at heading, and 3 weeks after
heading. These treatments were compared with applications of teflubenzuron (0.033 kg Al/ha)
in combination with a conventional B. thuringiensis var. kurstaki (Dipel 2X) (0.56 kg/ha) made
biweekly until heading and then judiciously thereafter, weekly applications of methomyl (1.0
kg Al/ha) in combination with Dipel 2X (0.56 kg/ha), and nontreated plants. Spraying was
done as described previously.

In 1990, two application strategies of teflubenzuron (0.033 kg Al/ha) were compared:
applications made weekly until heading and biweekly thereafter; and those made biweekly until
heading and judiciously thereafter. Each of these strategies was evaluated alone and in combination
with a transconjugated strain of B. thuringiensis var. kurstaki (Cutlass WP) (2.24 kg Al/ha).
These four treatments were compared with biweekly applications of teflubenzuron, weekly
applications of mevinphos (0.56 kg Al/ha) in combination with Dipel 2X (0.56 kg/ha), and
nontreated plants. Mevinphos was chosen as the chemical standard in this experiment because
methomyl was no longer effective at managing DBM populations.

Integration of teflubenzuron with B. thuringiensis

An additional study was conducted in 1990 to determine the effects of various combinations
and alternating application strategies for teflubenzuron and B. thuringiensis on population
reduction and field plant protection. The conventional B. thuringiensis product, Dipel 2X, was
compared with Cutlass, for crop protection when integrated with teflubenzuron. Nine treatments
were evaluated: teflubenzuron (0.033 kg Al/ha) in combination with Dipel 2X (0.56 kg/ha)
or Cutlass WP (2.24 kg Al/ha) rotated on alternate weeks with the corresponding B. thuringiensis
product alone; combinations of teflubenzuron and B. thuringiensis applied biweekly without
alternate week rotations; weekly applications of Cutlass WP (2.24 kg Al/ha); weekly applications
of Dipel 2X (0.56 kg/ha); biweekly applications of teflubenzuron (0.033 kg Al/ha); weekly
applications of mevinphos (0.56 kg Al/ha) in combination with Dipel 2X (0.56 kg/ha); and
a nontreated check.

Sampling and data analysis

In all experiments, the numbers of small, medium, and large DBM larvae and pupae were
counted on 8 plants per treatment plot, 32 plants per treatment per sample date. With few
exceptions, the fields were monitored at weekly intervals throughout each season. In 1987, data
were collected from the center 6 m of each treatment plot; in the remaining 3 years, only the
center 9 m of the two middle rows of each treatment plot were sampled. Foliar damage was
rated visually on 24 plants per treatment plot at harvest using a scale from 1 to 6 as follows:
1, no apparent insect feeding; 2, minor insect feeding on wrapper and outer leaves, 0 to 1%
leaf area eaten; 3, moderate insect feeding on wrapper or outer leaves with no head damage,
2 to 5% leaf area eaten; 4, moderate insect feeding on wrapper or outer leaves with minor feeding
on head, 6-10% leaf area eaten; 5, moderate to heavy feeding on wrapper and head leaves and
a moderate number of feeding scars on head, 11-30% leaf area eaten; and 6, considerable insect
feeding on wrapper and head leaves with head having numerous feeding scars, over 30% of
leaf area eaten (Greene et al. 1969). The percentage of marketable heads was determined by
calculating the percentage of heads with ratings < 3.

Data were analyzed using least squares analysis of variance (Neter and Wasserman 1974).
Numbers of DBM per plant and percentage of marketable heads were transformed to /n (X +
1) and to the arcsine, respectively, to stabilize error variance. The Waller-Duncan K-ratio 7-test
was used to separate treatment means (Waller and Duncan 1969).
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Results and Discussion
Efficacy and residual activity of teflubenzuron

Abundance of DBM on cabbage did not differ among most treatments early in the growing
season in 1987; however, differences in efficacy were more apparent as the season progressed
(Table 1). By the latter part of the season, results showed that teflubenzuron was consistently
most efficacious (although not consistently significant) at reducing DBM populations. Similar
results were found at harvest. Plants treated with teflubenzuron (either 0.022 or 0.044 kg Al/ha)
produced greater percentages of marketable heads than all other treatments (Table 1). Because
the two rates of teflubenzuron resulted in comparable levels of control and field plant protection,
an intermediate rate of teflubenzuron (0.033 kg Al/ha) was used in subsequent experiments.

In 1988, fewer numbers of DBM larvae were found on plants treated with teflubenzuron
than on plants treated with other insecticides and on nontreated plants (Table 1). On most dates,
abundance of DBM larvae did not differ among plants treated with teflubenzuron at 1-, 2-, and
3-week intervals. Adequate control of DBM was achieved with as few as three and five
applications of teflubenzuron. Less than adequate control was obtained on plants treated with
10 applications of methomyl in combination with Dipel 2X and those treated with 10 applications
of fenvalerate. Results were similar when each size category of larvae and pupae was analyzed
separately (see Jansson and Lecrone 1988). Similar results were found at harvest. The greatest
percentage of marketable heads was found on plants treated with weekly applications of
teflubenzuron followed in decreasing order by plants treated with teflubenzuron at 2- and 3-week
intervals, weekly applications of methomyl in combination with Dipel 2X, weekly applications
of fenvalerate, and nontreated plants (Table 1).

Development of an application strategy for teflubenzuron

In 1989 and 1990, population pressure of DBM was considerably higher than in the two
previous years. This might have been due, in part, to the use of drip irrigation in the latter two
years, overhead irrigation was used in the former 2 years. Several authors showed that overhead
irrigation reduced population density of DBM (Nakahara et al. 1986; Talekar et al. 1986;
Tabashnik and Mau 1986).

Abundance of DBM on cabbage plants was affected by the application strategy of
teflubenzuron use. DBM larvae were least abundant on plants treated with teflubenzuron weekly
until heading and then biweekly thereafter (Table 2). Comparable levels of control were achieved
on most dates when teflubenzuron was applied alone at 2-week intervals until heading and then
judiciously thereafter and when the same strategy was applied in combination with Dipel 2X.
Unlike the previous year, three applications of teflubenzuron (one before heading, one at heading,
and one 3 weeks after heading) resulted in poor control of DBM.

Plants treated with teflubenzuron in combination with Dipel 2X at biweekly intervals until
heading and then judiciously thereafter produced the highest percentage of marketable heads
(Table 2). Comparable percentages of marketable heads were produced by plants treated with
weekly applications of teflubenzuron until heading and biweekly applications thereafter, and
those treated with weekly applications of methomyl in combination with conventional B.
thuringiensis (Dipel 2X). Percentages of marketable heads on the most efficacious teflubenzuron
treatment, however, were considerably lower in 1989 (41.2%) than in 1987 and 1988 (97.9%
in both years).

In 1990, DBM larvae were least abundant (although not consistently significant) on plants
treated with teflubenzuron in combination with Cutlass, weekly until heading and then biweekly
thereafter (Table 2). Applications of teflubenzuron, with or without Cutlass, made biweekly
until heading and made judiciously thereafter were less efficacious (although not consistently
significant) at reducing DBM populations. In general, biweekly applications of teflubenzuron
alone were less efficacious than the other teflubenzuron-based treatments.
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The percentages of marketable heads did not differ among the treatments (Table 2). As
found in 1989, percentages of marketable heads decreased considerably from the previous year
suggesting that DBM populations in southern Florida might have developed resistance to
teflubenzuron.

Integration of teflubenzuron with B. thuringiensis

Fewer (although not significantly) DBM larvae were consistently found when plants were
treated with teflubenzuron in combination with Cutlass and rotated on alternate weeks with Cutlass
(Table 3). In general, rotating the combinations on alternate weeks with B. thuringiensis (Cutlass
or Dipel 2X) did not significantly improve control of DBM when compared with biweekly
applications of each combination. Plants treated with Cutlass (in combinations, in rotations, or
alone) had fewer (although not consistently significant) DBM larvae than those treated with Dipel
2X. Also, better overall control was achieved when teflubenzuron was integrated with B.
thuringiensis than when weekly applications of B. thuringiensis were made alone. An intermediate
level of control was achieved when plants were treated with biweekly applications of
teflubenzuron. These data suggest that a greater percentage of the population reduction was
attributable to teflubenzuron than to B. thuringiensis. Although the same B. thuringiensis-based
products were effective at managing DBM populations in southern Florida in 1989 when applied
at weekly intervals (Jansson et al. 1990 a,b; Leibee et al., in review), a failure of four different
B. thuringiensis products (Dipel 2X, Cutlass, Javelin, and MVP) was observed in another
experiment in 1990 in which these products were applied at weekly intervals (Jansson and Lecrone
1990). Field resistance to one B. thuringiensis product, Dipel, has been reported in Hawaii
(Tabashnik et al., 1990). The high damage ratings and low percentages of marketable heads
produced in all treatments suggested that the efficacy of teflubenzuron and B. thuringiensis had
decreased from the previous year.

Conclusions

Applications of a benzoyl phenyl urea compound, teflubenzuron, provided excellent control
of DBM populations during the first 2 years of field testing. Studies designed to develop a
resistance management strategy for this material showed that weekly applications of teflubenzuron
until heading and biweekly applications thereafter provided the best control of DBM; however,
efficacy of teflubenzuron decreased in each of the following 2 years. Integration of teflubenzuron
with B. thuringiensis improved control of DBM; however, most of the control was attributable
to teflubenzuron, albeit at reduced levels. Decreasing efficacy of teflubenzuron over 4 years
and a universal failure of B. thuringiensis-based products in 1990 suggested that populations
of DBM in southern Florida might be developing resistance to these two nonconventional
insecticides. Work is currently underway to confirm this belief.
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Effectiveness of Dead-Spore Bacillus thuringiensis
Formulation Against Diamondback Moth

Hironori Mori

New Products Research Lab., Toagosei Chemical Industry Co. Ltd., 1-1, Funami-cho,
Minato-ku, Nagoya 455, Japan

Abstract

We developed a process of producing a dead-spore Bacillus thuringiensis Berliner
var. kurstaki HD-1 formulation, Toarow CT, and studied several aspects to improve the
productivity of crystal toxin and the insecticidal potency after sterilization to kill spores.
The production of cell mass or crystal toxin was highly influenced by aeration and
agitation of the culture. The culture broth, within 24 hours after the release of 90%
of spores from sporangia, was suitable for formulation into commercial product. We
tested a live-spore (Toarow) and a dead-spore (Toarow CT) formulations, both having
the similar insecticidal potency, against silkworm. Both formulations were equally
effective against diamondback moth, Plutella xylostella (L.) when tested by a leaf dip
method. Also no differences in mortality and control ratio were observed in a field test
either. The dead-spore formulation was thus satisfactory for the control of diamondback
moth.

Introduction

Various strains of Bacillus thuringiensis Berliner (Bf) produce crystal toxins comprised of
bipyramidal, cuboidal and irregular proteins. Some of the crystal toxins show selective toxicity
to larvae of moths and butterflies and others show insecticidal activity against larvae of flies
and mosquitos or show selective toxicity only to beetles represented by Colorado potato beetle
(Himeno 1989). Bt strains have been classified according to flagellar antigens in addition to
pathogenicity (De Barjac and Frachon 1990). Bt produces spores almost simultaneously with
formation of crystal toxins. Therefore, Br formulations contain both crystal toxins (active
ingredient) and spores. The crystal toxins have a highly selective insecticidal effect against the
target insect(s), while being harmless to humans, animals, birds and fish. On the other hand,
spores are known to have no insecticidal effect (Angus 1954). We developed a technology to
sterilize vegetative cells and spores of Bt with minimum loss of insecticidal activity of crystal
toxins, and created a novel Bt insecticide, dead-spore Bt formulation (Japanese Pat. No. 831099).
The formulation under the name of Toarow CT wettable powder was approved for use in insect
control in 1981 (Reg. No. 14459) by the Ministry of Agriculture, Forestry and Fisheries of
Japan. In this paper, we will present a number of findings in developing the process to manufacture
the dead-spore Bt formulation and its effects against diamondback moth (DBM), Plutella xylostella
(L.) (Lepidoptera: Yponomeutidae).

Materials and Methods
Manufacturing process

The process of manufacturing a dead-spore Bt formulation (Toarow CT) is shown
schematically in Fig. 1. The strain used is B. thuringiensis var. kurstaki HD-1, donated
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Preparation of Medium

Sterilization of Medium and Transfer to a Fermentor

Preparation of Seed Culture

Main Fermentation Crystal Toxin and Live Spores
Sterilization of Spores Crystal Toxin and Dead Spores
Concentration Muddy Liquid

I

Mixing of Concentrate with Adjuvants Slurry

I

Drying Powder

Packing Product

i‘ig. 1. Flow diagram of manufacturing process of Toarow CT wettable powder
(a dead-spore Bt formulation).

by Dulmage (Dulmage 1970; De Barjac and Le Mille 1970). This strain has both bipyramidal
insecticidal crystal protein (ICP) with high toxicity for lepidopteran larvae and cuboidal ICP
with high toxicity for dipteran larvae (lizuka 1990).

This microbe was cultivated in a conventional submerged fermentor (medium composition:
glucose 3%, corn steap liquor 6% and tap water; pH = 7.0 £+ 0.1; temp. = 30 + 1°C). Prior
to pilot-scale fermentation, we investigated some factor(s) influencing ICP production by using
a 20 1 jar-fermentor (Marubishi Co., Type MSJ-205). Agitation speed (rpm) of impeller, flow
rate of air (vvm) and working volume were varied. Culture broth was drawn from a jar-fermentor
and the precipitate obtained by centrifugation (4°C, 20000g, 10 min) was repeatedly dried in
oven and cooled in desiccator until constant weight was obtained. With this value, we calculated
a dry cell weight (g/1) of culture broth. The final culture broth was also employed in a bioassay
with silkworm (Bombyx mori L.). We determined a proper harvesting time by microscopical
examination of the culture broth at various stages. The ratios of free spores released from
sporangia to total number of spores under five views were employed and the average values
of these data were used as the index to judge an end-point of cultivation.

Sterilization of culture broth containing crystal toxins was carried out with a combination
of physical treatmeni (heating, sonication, etc.) and chemical treatment (sterilizers, etc.) (Japanese
Patent Publication (Kokoku) No. 51-5047). In industrial scale, sterilization was carried out
continuously as follows: the mixture of culture broth and sterilizer was continuously introduced
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into the inner part of a double-walled tube, while hot water flowed in reverse through the outer
part of it. The number of viable spores and cells was estimated as follows: 1 ml of sample (the
sterilized solution or the suspension of product in water, 0.5 g/10 ml) was placed in 10 ml of
sterile saline. The number of viable spores (and cells) was determined by counting serial dilutions
plated on nutrient agar medium (Difco).

Concentration, mixing of concentrate with adjuvants, drying and packing are carried out
successively (Fig. 1) like a conventional insecticide formulation process.

Evaluation of insecticidal potency against silkworm

We adopted a bioassay with silkworm to evaluate ICP’s productivity in culture and the two
formulations; live spores and dead spores. The bioassay was carried out with third instar larvae
of silkworm. A series of 5-6 dilutions of the sample or standard (U.S. standard HD-1-s-1971
of 18000 IU/mg) was added to 10 g of artificial diet (VitaSilk, Kyodo Shiryo), and the mixture
was kneaded homogeneously and spread in a petri dish. Twenty silkworm larvae reared on
artificial diet were placed on it. The number of dead larvae in each dilution was counted after
3 days of incubation at 28°C. LCso was determined according to Probit Analysis (Finney 1974).

The insecticidal potency (IU/mg) of the sample was calculated as follows:

Potency for sample (IU/mg) = Potency for standard X Ly Tor staniand (pp)

(= 18000 IU/mg)

LCso for sample (ppm)

The potency of the sample was determined as a mean value from three assays on separate days.
Evaluation of insecticidal potency against DBM

Prior to field trials of Toarow CT against DBM, we carried out several tests in the laboratory.
The bioassay was made with first, second and third-instar larvae of DBM in accordance with
specific purpose. We used the DBM OSS strain (Virapong et al. 1983) reared in laboratory
(16L: 8D and 70-75% RH at 25 + 1°C). The first, second and third instar larvae corresponded
to 4-6, 6-7 and 7-8 days after egg hatch, respectively. A series of 5-7 dilutions of the sample
with distilled water containing 0.03% of Triton X-100 was prepared. A cabbage leaf disk (5
X 5 cm) was dipped into 50 ml of each dilution and immediately pulled out and dried in the
air at room temperature. Control leaves were dipped in Triton X-100 0.03% only. The dipped
leaflet was inserted into a plastic container, at the bottom of which an absorbent paper (Whatman
40) was placed to absorb moisture, and on the top of which a perforated plastic cover was placed
for ventilation. Twenty larvae of DBM reared on radish ( Raphanus sativus var. Osaka 40 nich)
seedlings were inserted into each container. The larval mortality was checked after 3 days (1
or 2 days in some cases) of incubation at 25°C. LCsp was determined in a manner similar to
silkworm.

Field trials were carried out in Obu, Aichi, on cabbage, in which the efficacy of Toarow
CT preparation (with dead spores) was compared with that of Toarow preparation (with live
spores), under the identical insecticidal potency against silkworm, 10000 IU/mg. Treatments
were arranged in a randomized complete block design with two replications using larval density
before treatments as the control criterion. The plot was 5 X 15 m and consisted of 100 cabbage
plants (at 7-8 weeks after transplanting) in four rows. The formulations were applied as aqueous
suspensions at the concentrations of 0.05 and 0.1% with 0.033 % of Tokuase (as spreader-sticker,
Sankyo Co.). A single application of each preparation was made. One liter was applied for 20
plants per treatment with a manually operated, compressed-air sprayer. An untreated plot was
prepared as a control plot. The number of DBM larvae per cabbage plant in each plot were
counted before and 3 and 7 days after spray. Mortality and corrected population index based
on the change in larval densities were calculated as follows:
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Mortality (%) = (1 (Ta/Tp)) X 100
Corrected population index (%) = ((Ta X Cp)/(Tp X Ca)) X 100

where ‘T’ and ‘C’ show the number of DBM larvae under treatment and control, respectively,
and ‘b’ and ‘a’ show before and after spray, respectively. These data were also analyzed by
analysis of variance. The degree of leaf damage was estimated at 3 or 7 days after the spray.

Evaluation of the effect of UV irradiation on insecticidal potency

Two kinds of experiments were conducted to examine the effect of UV irradiation on the
efficacy of Bt preparations in the laboratory.

In the first experiment a thin layer of Toarow CT (Lot. 2060P; 10600 + 670 IU/mg) was
exposed to UV irradiation (UV lamp: 15 W). The irradiation time and the distance between
a lamp and the sample were varied. One gram of the formulation was mixed with 10 ml of
distilled water and 1 ml of the preparation was poured on a petri dish. The sample was dried
at room temperature and 5 ml of distilled water was poured into each petri dish after exposure
to UV and the insecticidal potency against silkworm was measured by the above method. The
residual ratios of potency were obtained.

The second experiment was conducted on cabbage leaves (5 X 5 cm) dipped in the solutions

- of Bt preparation and held under UV irradiation. Samples were the same as those used in the
field trials (equivalent to Toarow and Toarow CT). The concentrations of Bt solutions were
0 (control), 0.001 and 0.1% all with 0.03% of Triton X-100. The dried cabbage leaves after
dipping were placed under the UV lamp at distances of 11 and 22 cm, respectively. After exposure
to UV, the leaves were fed on the third-instar larvae of DBM and mortalities were recorded
after 3 days.

Results and Discussion

We have developed several processes as shown in Fig. 1 to manufacture a dead-spore Bt
formulation. Bt is an aerobic spore-forming bacteria that can be used to produce cell mass and
crystal toxin depending on the media composition in culture (Mummigatti and Raghunathan 1990).
We used a simple medium composed of glucose as a carbon source and corn steap liquor as
a source of amino acids, minerals and vitamins. The medium was suitable for culturing Br. We
therefore investigated the effect of other conditions such as aeration and agitation on the
productivity of cell mass and crystal toxin from this microbe.

As shown in Fig. 2, cell mass and insecticidal activity (proportional to the content of ICP)
of culture broth increased with the increase of air flow rate and agitation speed, while insecticidal
activity of culture broth became maximal at 12 1 of working volume. This is supposedly due
to inhibitory effect of excessive antifoamer (W = 14 1) in culture and the shortage of volumetric
oxygen transfer coefficient, kra (W = 10 1). Moreover, we scaled up fermentation stepwise
to pilot-scale fermentation.

Determination of the endpoint of culture is important to achieve the maximal productivity
of crystal toxin. From the trial and error experiments, it was descovered that culture broth within
24 hours after the release of 90% of spores from sporangia is suitable for this purpose.

We compared the efficacy of Bt preparation containing dead and live spores (equivalent
to Toarow CT and Toarow, respectively) against DBM, both having the same insecticidal potency
against silkworm, indoors and in a field. No significant differences in LCsp were observed
between both preparations when we used cabbage leaf dipping method (P = 0.01) (Table 1).
No significant differences were observed in mortality and corrected population index under the
same dilutions in a field test (P = 0.05) (Table 2). In addition, no differences were observed
in the degrees of leaf damage between the treatments by two Bt preparations.
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Fig. 2. Effects of aeration, agitation and working volume on productivities of cell mass and
ICP in culture of Bacillus thuringiensis var kurstaki HD-1. Culture conditions are
described in text. F, R and W show the flow rate of air (vwvm), the agitation speed
(rpm) of impeller and working volume (1), respectively. X and P show the maximal
value of dry cell weight (g/l) in logarthmic growth phase and insecticidal potency
against silkworm (KIU/ml) in finally harvested culture broth, respectively.

Table |. Comparison of insecticidal potency against DBM between Toarow CT preparation and
Toarow preparation with the same insecticidal potency against silkworm in a laboratory

test.
Insecticidal potency (LCsp, ppm) against DBM?
Treatment
Exp. | Exp. 2 Exp. 3 Mean (+SD)
Toarow CT 19 15 16 17x1.7
(dead spore)
Toarow 18 16 18 17+£0.9

(live spore)

Third-instar larvae of DBM were used and LCg0 was obtained from the mortality after 3 days. The insecticidal activity
of Toarow CT and Toarow against silkworm was adjusted to 10000 IU/mg by the addition of adjuvants.

These results indicate that there is no difference in insecticidal potency against DBM between
a dead and a live-spore Bt formulation. Similarly, Takaki (1975) reported that both Toarow
and Toarow Br (equal to Toarow CT) are effective against mugwort looper (Ascotis selenaria
Denis et Schiffermiiler), which is a pest of tea in Japan.
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Table 2. Efficacy of Bt preparations containing dead or live spores against DBM in a field test.

Corrected population

No. No. larvae of DBM Mortality (%) index (%)
Treatment  cabbage pefore 3 days 7 days 3 days 7 days 3 days 7 days
plants spray after after after after after after
spray spray spray spray spray spray
Control 20 63 269 729 - = ~ -
Toarow CT 20 53 8 24 85 55 3.5 3.9
(x 1000)
Toarow 20 53 7 28 87 47 3.1 4.6
(x 1000)
Toarow CT 20 55 29 138 47 -151 12.3 21.7
(x 2000)
Toarow 20 54 43 159 20 -194 18.6 25.4
(x 2000)

Mortality ( %) and corrected population index (%) were calculated in the same manner as described in text. The mean
larval density before spray among the treatments did not vary significantly. The field test was conducted in May 1990,
and there was no rainfall during the test.

A gradual decrease of insecticidal activity in the field, due to inactivation of ICP by UV
irradiation, is common in all Bt formulations. We, therefore, investigated the effect of UV
irradiation on the efficacy of Bt formulations containing dead or live spores in laboratory tests.
First, the relative potency of Toarow CT exposed to UV light under several conditions against
silkworm was measured. Table 3 shows that the degree of insecticidal potency diminishes as
the distance (‘d’) between a UV lamp and the sample increases. The half-life of potency was
estimated at 9-10 hours at d = 46 cm. Second, we compared the relative potency of a dead-
spore Bt preparation (Toarow CT) and a live-spore Bt preparation (Toarow) against DBM by
using the cabbage leaves dipped in the preparations and exposed to UV. As shown in Table 4,
the drastic decrease of potency was observed when the irradiation time (‘t”) was 2 hours. Also,
the rate of decrease in insecticidal potency of Toarow CT seems to be less than the one of Toarow.

Ishiguro and Miyazono (1982) demonstrated the fate of viable Bt spores on cabbage leaves
and a decrease in the pathogenicity to the silkworm in a glasshouse under different exposure
conditions. Though the relationship between exposure to UV under the laboratory and the field
in our experiment was not confirmed, the relative potency at t = 5 hours and at t = 10 hours
(d = 46 cm) in our experiment correspond to the relative potency at t = 3 days and t = 7
days under exposure to UV light in their experiments, respectively. The exposure of cabbage
leaves to UV light in our experiment was shortened to suppress chlorosis (t<2 hours,

Table 3. Effect of UV irradiation® on efficacy of Toarow CT against silkworm in Iaboratory tests.

Distance Relative ratio (%) of residual insecticidal potency against silkworm after hours
(em) 0 [ 3 5 7 10 24 48 72
32 100 87 77 72 79 - - - -
46 100 95 85 75 70 56 48 31 38
53 100 92 8l 79 8l - = = =

: N " b
UV irradiation was conducted as shown in text. Distance between UV lamp and sample (cm).
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d=22 cm). Our results on the mortality of DBM fed on the cabbage leaves dipped in Bt
preparations and exposed to UV might suggest that the decrease in the number of spores due
to UV irradiation relates to the mortality of DBM in the case of a live-spore Bt preparation.
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Occurrence of Resistance to Bacillus thuringiensis in
Diamondback Moth, and Results of Trials for
Integrated Control in a Watercress Greenhouse

Hiroshi Tanaka

Osaka Prefectural Agricultural and Forestry Research Center, 442, Shakudo,
Habikino, Osaka 583, Japan

Abstract

High levels of resistance to Bacillus thuringiensis Berliner in diamondback moth
Plutella xylostella (L.), (LCso more than 280 ppm) was observed in a watercress
greenhouse in Osaka Prefecture in 1988. Populations of egg, larva, pupa and adult of
diamondback moth were monitored weekly throughout 1988. Population of the larva
fluctuated from nearly O to 1,300,000. Three control methods were attempted: Insect
Killer (high voltage electric shocker with luring purple color lamps), Konagakon (a sex
pheromone dispenser), and the vacuum cleaner to suck adult moths. The percentage
of moths killed by 24 sets of Insect Killer in the greenhouse was estimated at less than
15% of the emerged adults even in summer. The percentage of mating reduction by
Konagakon depended on moth density (more than 90% of mating reduction if 1
moth/m2; less than 50% if 3 moths/mz). The vacuum cleaner reduced moth population
by 50% in every operation. It is therefore possible to reduce the moth density where
Konagakon is effective through five or six operations of vacuum sucker.

Introduction

Diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Yponomeutidae) has
developed resistance to most organophosphorus and carbamate insecticides used in Japan since
1971. It has also developed resistance to synthetic pyrethroids only 1 or 2 years after these
insecticides were marketed in 1983 (Hama 1987). A Bacillus thuringiensis Berliner (Br)
formulation was also introduced in 1983 in Japan, and its effectiveness on DBM did not decrease
for some time, although Morishita and Azuma (1987) reported a population with slightly higher
LCso in Wakayama Prefecture. McGaughey (1985) found resistance to Bt formulation in Plodia
interpuctella (Hiibner), and so far it is the only report concerning high levels of Bz resistance
in any lepidopteran insect.

However, a Bt formulation (Toarow CT, 7% Bt toxin) became less effective in controlling
DBM in watercress grown in greenhouses in Osaka Prefecture in 1987. This decrease in
susceptibility was confirmed by leaf-dipping method in 1988.

In the present work, the progress of DBM resistance to Bt in the greenhouse is reviewed,
and the effectiveness of three other control methods discussed.

Cultivation

Watercress was grown in two steel-frame plastic houses (20 m X 50 m X 3 m high), located
in a small valley in Kishiwada City in Osaka Prefecture. Hydroponic cultivation of watercress
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was started in 1975, and now three people collect and sell 8,000 to 40,000 shoots/day. Watercress
is grown throughout the year, and the houses are heated with kerosene heaters from November
to March, and the side vinyl of the houses are kept open from April to October. The houses
are surrounded by forest and a pond, and the nearest vegetable garden planted to crucifers is
at least 300 m from the houses, so immigration of DBM adult moths is assumed to be minimal.
DBM is the only insect pest on the watercress, and diseases are not important economically.

Materials and Methods
Resistance to Bt formulation

Six tests were done from May 1988 to November 1989. Adult females (30-100 individuals)
were collected from the greenhouses on 18 May, 4 and 21 October, 15 November and 13
December 1988 and 16 November 1989, and were given cabbage leaves for oviposition. Hatched
larvae were reared on cabbage leaves and the third instar larvae were used for the tests.
Susceptibility of Toarow CT was determined by leaf-dipping, i.e. cabbage leaves were dipped
in the Bt solution for 30 sec, dried in the air and placed into a plastic case (4 cm long, 10 cm
diameter). Ten to fifteen larvae were released in each of 2-6 cases, each case being one replicate
and dead larvae were counted 3 days later (except in November 1989, 2 days later). Each test
consisted of 5-11 concentrations of the Bt solution including 70 ppm, and LCso was calculated.
All the tests were carried out at 25°C and 12 L:12 D photoperiod except for a test in May 1988
when Bt concentration of only 70 ppm was used and the test was carried out at normal room
temperature and photoperiod.

Population dynamics

Weekly population densities of egg, larva, pupa and adult were investigated in the greenhouses
from January (egg was from March) to December 1988. Forty-eight shoots of watercress longer
than 15 cm were systematically chosen in each of the houses, and the numbers of eggs, larvae
and pupae on each shoot were counted. Larvae were counted separately as 1st-2nd, 3rd, and
4th instar. Adult density was expressed as the flying number of moths/m? by the line transect
method, i.e. number of flying moths counted on both sides of 1 m line along a fixed route of
300 m (area 600 m?) in each of the houses.

Killing moths by electric shocker

Twenty-four sets of high voltage electric shockers with purple color lamps as lures were
hung systematically in one of the houses where they were operated from 9 June to 30 September
1988 to kill adult moths. Eight of them were Model YF11990 of Insect Killer (Matsushita Electric
Works, Ltd.) and another 16 sets were Model SL-055 (Sun Co. Ltd.). The number of moths
killed by each of the electric shockers was counted weekly. Yamada and Kawasaki (1983) showed
that the developmental period of larvae and pupae was 9.2 and 3.8 days at 25°C, and the 4th
instar larva is assumed to emerge in 6 or 7 days. The number of emerged adults was calculated
using the total population of the 4th instar larvae and pupae in the greenhouse, estimated by
weekly observations as described earlier, assuming that they (4th instar larva and pupa) emerged
in 1 week without any deaths. Killing efficiency (Ex) is then calculated as:

Ex(%) = 100 X Ng/Ne
(Nx: Number of moths killed in a given period)
(Ne: Number of moths emerged in a given period)
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Communication disruption by sex pheromone

Sex pheromone of DBM was applied in a pheromone dispenser (Konagakon, Shin’Etsu
Chemical Co. Ltd.) for communication disruption of moths in both greenhouses throughout 1988,
and its effect was estimated. The 250 m long dispensers covered 0.1 ha in each of the houses,
and were replaced every 3 months. Tests for estimating communication disruption were carried
out 15 times from May to October 1988, in which 8-30 female adults were collected from the
houses and each female placed in a plastic case with cabbage leaves for oviposition. This was
done for specific air temperatures and adult flying density (number of flying moths/m?, as
described in the section on population dynamics). If the female laid eggs and the eggs hatched,
the female was regarded as mated. If the laid eggs did not hatch, or if the female survived 3
days without laying any eggs, the female was regarded unmated (all tests were carried out at
25°C). The percentage of mating reduction (Rn) was calculated as:

Rm(%) = 100 X Nu/(Ny + Np)
(Np: Number of mated females)
(Nu: Number of unmated females)

Elimination of moths by vacuum sucker

Sucking of moths by vacuum cleaner was attempted, and its effect in controlling DBM was
estimated. The vacuum pump was an electrlc single-phase induction motor (Model No. 3 APM
of Ebara Co. Ltd., 500 W, capacity: 55 m’/min) and an accordion-like flexible metal conduit
(80 cm long and 20 cm dlameter) was attached to it. All the moths sucked by the machine were
torn to pieces by the fins of the motor fan.

The vacuum cleaner was operated five times in one-fourth of a greenhouse (250 m ) on
18 June 1990. The number of moths sucked by the machine was counted, and flying moth density
(number of flying moths/m?) was recorded before every operatlon and after the last one by
line transect method. Weather at the test site was clear and the air temperature was 32°C.

Results and Discussions
Resistance to Bt formulation

All cabbage leaves in the tests were extensively eaten, and the percentage of dead larvae
at 70 ppm concentration was higher than 50% in two tests (87.5% on 18 May and 53.9% on
21 October 1988), and lower than 50% in the other four tests (Fig. 1) (Tanaka and Kimura
1991). In the latter five tests, LCso was 44 ppm on 21 October 1988, and more than 280 ppm
in others. On the other hand, the percentage of dead individuals in two other populations on
cabbage in April 1988 in Osaka Prefecture was 100% and cabbage leaves had no feeding holes
at the 70 ppm concentration. Morishita and Azuma (1987) reported that LCso of Toarow CT
to DBM on cabbage in Wakayama Prefecture was 0.2-0.9 ppm in five populations, and slightly
higher (3.9-17.6 ppm) in one population. Therefore, LCso of DBM on watercress in Kishiwada
was 20-1000 times higher than that observed by Morishita and Azuma (1987).

Toarow CT was sprayed 15-20 times a year since June 1986 in the houses, and the spraying
did not cease even after losing most of its effectiveness, because DBM has developed resistance
to all organophosphorus, carbamate, pyrethroid and cartap insecticides. This frequent spraying
of Toarow CT, associated with slight immigration of DBM adults, is assumed to cause the
resistance in the greenhouses earlier than any other areas.
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Fig. 1. Susceptibility of 3rd instar larvae of DBM on watercress to Bt
formulation (Toarow CT) by leaf-dipping method using cabbage
leaf. Collection dates of adult moths are shown. (Tanaka and
Kimura 1991)

Population dynamics

Population dynamics was quite similar in both houses throughout the year, and the results
of a house with a generally higher population are shown in Fig. 2 (Tanaka and Kimura, in press).
Population peaks of the flying moth were observed in late March, early May and mid June (10.8
moths/m?) in the year. The interval between peaks is thought to be the period of one life cycle.
Six vague peaks were observed: early July, late July, mid August, early September, late September
and early November. Peaks of the eggs, larvae and pupae succeeded those of adults, though
they were not so clear from July onwards.

Susceptibility of DBM to Toarow CT decreased markedly in 1987 and 1988 and this
formulation is not thought to have been a major factor in suppressing the population in the
greenhouses in 1988. Predator and parasitoid wasps of DBM were rarely observed throughout
the investigation, possibly because of the occasional spraying of cartap and other pesticides.
Disease or other factors may suppress DBM density, though we have not studied this in detail.

Spatial distribution patterns of the eggs and larvae of DBM in the greenhouses were analyzed
with Iwao’s th regression method, and they were both contiguous, i.e., « =1.62 and 6 = 1.59
in egg, and o« = 0.07 and 8 = 1.60 in larva (Tanaka and Takahara 1989). The total number
of watercress shoots longer than 15 cm was estimated as 680,000 in each of the greenhouses.
Short shoots were not suitable for estimating the egg and larval densities, because these stages
concentrate on canopy of watercress (Tanaka, unpublished data). Thus the total population of
eggs in the greenhouse was estimated to fluctuate from 0 to 6,600,000 + 1,800,000 (mean +
SD), and that of the larva from 0 to 1,300,000 4+ 400,000. Zero in the estimation means
undetectable, when the total population was estimated to be under 10,000 in a greenhouse.
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Fig. 2. Population fluctuation of DBM on watercress in 1988;
investigation of the egg started in March (Tanaka and
Kimura, in press).

Electric shocker

The number of moths emerged, killed, and the killing efficiency are shown in Fig. 3 (Tanaka
et al. 1989). The number of emerged adults was 390,000 in July (24 June-24 July), 210,000
in August (25 July-29 Aug.) and 220,000 in September (29 Aug.-30 Sept.), and the killing
efficiency was 8.6, 13.6 and 3.7 % in the respective months. The total number of emerged adults
in 3 months (24 June-30 Sept.) was 820,000 and the average killing efficiency during the period
was 8.6 %. If the percentage of deaths were 30 or 40%, the estimated values of killing efficiency
would increase 43% or 67%. The developmental period of larva and pupa at 20 and 30°C
increases by 45% and decreases by 15% respectively, compared with that of 25°C (Yamada
and Kawasaki 1983), and killing efficiency decreases by 31% at 20°C and increases by 18%
at 30°C compared with 25°C. So the killing efficiency is not high enough to suppress the moth
density.
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During this test, neither the larval density nor the damage to watercress was suppressed
by 24 sets of electric shockers. Moreover, high killing efficiency cannot be expected from October
to May, because of low flying activity of moths at night. These results suggest that control of
moths with the electric shocker is not practical in the greenhouses.
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(6/24-7/28) (7/25-8/28) (8/29-9/30) (Tanaka et al. 1989).

Communication disruption by sex pheromone

The relation between the flying moth density and the percentage of mating reduction varied
depending upon the air temperature (Fig. 4) (Tanaka and Kimura 1990). At temperatures above
20°C, the mating reduction was 100% when the flying moth density (number of flying
moths/m?) was less than 0.1, 50% when the flying moth density was 0.3-0.4 and as low as
10% when the flying moth density was more than 1.0. At temperatures below 20°C, the
percentage of mating reduction was less than 30% when the flying moth density was about 0.1,
and 0% when the flying moth density was more than 0.2. Estimated mating reduction at each
temperature could be drawn as shown by lines in the figure.

Mating reduction achieved in the houses in 1988 can be estimated from the lines in Fig. 4,
in association with the fluctuation of the flying moth density as shown in Fig. 2 and the temperature
data. The estimated percentage of mating reduction was nearly 100% from January to early
March except for mid January (50%), less than 20% from late March to early April, more than
90% in mid and late April, and nearly 0% at the peak of the moth density in May and June.
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DBM is not uniformly distributed in the houses, and high adult density is often found at the
fringe of the houses, where rather high rates of mating is assumed to occur, even if average
adult density in each of the houses is very low.
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No.flying moths/ nd (Tanaka and Kimura 1990).

Yacuum suction

The flying moth density before the start of the test was 1.78/m? and it decreased to 0.91/m?
after the first operation which sucked 11.07 individuals/m? (Fig. 5). The density reduced by
about one-half in each operation. The peak of the flying moth density in the houses in summer
was 1.0-10.0/m? (Fig. 2) and 4-7 operations can reduce the density to less than 0.1/m?, the
level at which the pheromone dispenser effectively reduces the rate of mating.

Since it took 15 min for one operation in one-quarter of a greenhouse in this test, it would
take 4-7 hours in a house to reduce the moth density to a level at which the pheromone dispenser
is effective. The vacuum cleaner itself was too heavy to be carried on the back for long periods.
If the vacuum cleaner is mounted on a rail, for example, and if it takes 20 min for every operation
in a house (one-third of the time now required for it), control of DBM using the vacuum cleaner
might be practical.

The relation between the accumulated number of eliminated moths (Ne) and the flying moth
density (Ng: number of flying moths/m?) is expressed as a regression line.

Nf = -0.083N. + 1.792 (r = -0.9995).

The X-intercept of the regression line means the point at which all of the moths are eliminated
by the vacuum cleaner, its value (= 21.59) also means the actual number of moths/ m? at the
start of the test. The ratio of the X-intercept to the Y-intercept is 12.05. This is the ratio of
the actual moths density to the flying moth density at the start of the test. So the relation between
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the flying moth density and the percentage of mating reduction as shown in Fig. 4 can be
substituted by another relation, using the actual moth density. A high percentage (more than
90%) of mating reduction then occurs in the actual moth density of less than 1.0/m?.
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LN Fig. 5.
.’.\ Relationship between cumulative
0 L : * * number of DBM moths sucked by
0 5 10 15 0 % vacuum cleaner and density of
Cumulative of sucked moths /m? flying moths on watercress.
Conclusions

Growing cruciferous vegetables throughout the year in greenhouses with only chemical
control is assumed to create resistance to all insecticides in DBM. So we must seek to develop
some physical, biological and cultural control methods, as well as chemical ones, and to estimate
the efficiency of each. I investigated the population dynamics and the spatial distribution of DBM
in greenhouses of watercress, and estimated the efficiency of three kinds of control methods.
The control efficiency of the methods was not satisfactory, though the pheromone dispenser
proved to be most effective in situations of low moth density and the vacuum cleaner in situations
of high moth density. It is therefore most promising to combine the pheromone dispenser and
vacuum cleaner. There is certainly room for improvement in the efficiency of the vacuum cleaner,
and the combination may overcome the DBM problem in the greenhouses in the near future.
It is important to consider the cost of the control methods. The dispenser-sucker combination
is not too costly in the cultivation of watercress, so it could possibly be adopted. Nakahara et
al. (1986) reported that DBM in watercress in Hawaii was controlled by use of an intermittent
overhead sprinkler system, which disturbed the mating and egg-laying activities of the moths.
However the system was not adopted for watercress in Osaka because the sprinkler spraying
would dilute the nutrient concentration in hyrdoponics.
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Abstract

Resistance to the microbial insecticide Bacillus thuringiensis Berliner has evolved
in field populations of diamondback moth, Plutella xylostella (L.), in Hawaii. Three field
populations that had been treated repeatedly with commercial formulations of the spore-
crystal protein complex of B. thuringiensis subsp. kurstaki developed significant
resistance to it. The LCs0 of the most resistant population was 25-36 times greater
than the LCsos of susceptible laboratory strains and 41 times greater than the LCso
of the most susceptible field population. Laboratory selection of three strains
established from the most resistant field population caused 15-30-fold increases in
LCs0 in nine generations, resulting in 430-820-fold resistance compared with a
susceptible laboratory strain. Resistance declined slowly in the absence of treatments.
Development of resistance to a commercial formulation containing a mixture of B.
thuringiensis toxins by field populations of DBM casts doubt on the ability of mixtures
to retard evolution of resistance. Slow restoration of susceptibility in the absence of
treatments suggests that rotations may not be especially effective for retarding
resistance development. We urge judicious use of B. thuringiensis to conserve its
efficacy.

Introduction

Throughout the world, pests are becoming resistant to pesticides at an alarming rate (NRC
1986; Roush and Tabashnik 1990). The success of conventional pesticides is also threatened
by increasing awareness of their toxicity to natural enemies (Johnson and Tabashnik 1991) and
their harmful effects on the environment. Microbial insecticides are a promising alternative.
The most widely used microbial insecticide, Bacillus thuringiensis Berliner (Bf), is highly toxic
to certain pests, yet it has little or no adverse effect on most nontarget organisms, including
humans (Flexner et al. 1986; Wilcox et al. 1986).

Bt is especially useful for control of diamondback moth (DBM), Plutella xylostella (L.)
(Lepidoptera: Yponomeutidae), a worldwide pest of cruciferous vegetables. Bt does not harm
the hymenopterous parasitoids of DBM (Brunner and Stevens 1986), but it is highly effective
against DBM that are resistant to conventional insecticides (Sun et al. 1986). In two independent
laboratory experiments, selection with Bt for 10 and 30 generations did not increase resistance
to Bt (Devriendt and Martouret 1976; Krieg and Langenbruch 1981). These laboratory results
and the lack of well-documented cases of resistance from field populations led some scientists
to conclude that DBM was unlikely to develop resistance to Bf under field conditions (e.g., see
p. 238 in Talekar and Griggs 1986). However, at the First International Workshop on
Diamondback Moth in 1985, C. N. Sun suggested that ‘if Bt were used on a scale comparable
to that of the synthetic insecticides, DBM might become just as resistant’ (p. 398 in Talekar
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and Griggs 1986). Kirsch and Schmutterer (1988) reported low efficacy of Bt against DBM
that was suggestive of resistance, but they could not exclude alternative explanations.

As part of a long-term study of insecticide resistance in DBM (Tabashnik 1986; Tabashnik
et al. 1987; Tabashnik and Cushing 1989), we measured susceptibility to Bt in 1986-87 and
1989-90 for several populations in Hawaii. Based on these surveys, we documented, for the
first time, evolution of resistance to Bt in open field populations (Tabashnik et al. 1990). In
this paper, we review the results of our field studies and subsequent experiments that characterized
the response of resistant populations to continuation and relaxation of selection (Tabashnik et
al. 1991).

Methods

Field surveys: During 1986-87 we sampled 50-300 individuals from each of six field
populations in Hawaii (Fig. 1) (Tabashnik et al. 1990). During 1989-90, we resampled four
of the same field populations. Two of the populations were treated repeatedly with Bt between
the first and second sampling (SO on Oahu and KH on the island of Hawaii). These heavily
treated sites were compared with sites that received little or no Bt between the first and second
sampling (WO on Oahu and LH on Hawaii). A watercress farm (NO on Oahu) that had been
treated with Bt approximately 50-400 times was sampled in 1989 only (Fig. 1).

Larvae were reared on cabbage in the laboratory and Fi-F3 offspring of field-collected
DBM were tested for susceptibility to Dipel, a commercial formulation of Bt, using leaf residue
bioassays. Larvae from two untreated laboratory colonies, LAB-P and LAB-L, were also tested
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Fig. 1. Study sites (see Tabashnik et al. 1987, 1990 for detailed background information
on study sites).
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for susceptibility to Bt during 1986-87 and 1989-90. Mortality was recorded after 48 hours.
All tests were replicated 4-16 times (see Tabashnik et al. 1990 for additional details).

Response to continuation and relaxation of selection: To assess the response of the resistant
NO population to continuation and relaxation of selection in the laboratory, we first tested Fi
offspring of field-collected individuals using leaf residue bioassays (Tabashnik et al. 1991). The
Fi-F3 generations were reared without exposure to Bt. F4 offspring were split into three selected
subcolonies (NO-P, NO-Q, and NO-R) and one unselected subcolony (NO-U). For each
generation of selection, approximately 200 larvae from each subcolony were fed leaf disks dipped
in Dipel 2X at 25.6-512 mg active ingredient (AI) per liter which caused approximately 39-94 %
mortality. Larvae from NO-P, NO-Q, and NO-R were selected for five generations and tested
by bioassay. Larvae from NO-P and NO-Q were selected for an additional four generations
and then tested by bioassay again. The unselected subcolony (NO-U) was tested by bioassay
at the 4th, 6th, 9th and 15th generations.

We also used bioassays to measure the response of the resistant SO population to relaxation
of selection in the laboratory and field and to continuation of selection in the field. We collected
DBM from SO on 18 May, 30 June, and 15 September 1989. We reared colonies initiated from
the field samples of 30 June and 15 September without exposure to Bt for three and two
generations, respectively, to determine their response to relaxation of selection in the laboratory.
The SO field population was not treated with Bt between 30 June and 15 September. Response
to relaxation of selection in the field was measured by comparing the suceptibility of larvae
that were offsprings of individuals collected 30 June versus 15 September. The SO field population
was treated with Bt five times between 18 May and 30 June. To measure the response to this
additional selection, we compared the susceptibility of larvae obtained from individuals collected
on 18 May versus 30 June.

Analysis. Median lethal concentrations (LCsos) were estimated using probit analysis (PROC
PROBIT, SAS 1985). Two LCsos were considered significantly different if their 95% fiducial
limits did not overlap (see Tabashnik et al. 1990 and 1991 for additional details).

Results

Field development of resistance. Our results showed that repeated treatments with Bt
increased resistance to Bt in field populations of DBM (Fig. 2). The initial survey of field
populations during 1986-87 showed that the SO population, which had been treated with Bt
approximately 50-100 times from 1978 to 1982, was significantly more resistant to Bt than either
of the susceptible laboratory strains (LAB-P and LAB-L). The LCsp of the SO population was
about six times greater than the LCsos of the LAB-P strain and the most susceptible field
population, KM, a minimally treated population from Maui (Fig. 2). However, the LCsp of
the SO population was not significantly greater than the LCso of the two minimally treated
populations on Oahu (WO and PO).

Between our initial survey and subsequent sampling during 1989-90, the SO population was
treated with Bt 15 times and the KH population was treated repeatedly (number of treatments
not known). Resistance to Bt in both of these populations increased significantly. The LCso for
SO doubled and the LCso for KH quadrupled (Fig. 2). In contrast, during the same period,
resistance to Bt did not increase significantly in two minimally treated field populations (WO
and LH) nor in the two untreated laboratory populations (LAB-P and LAB-L). Results from
1989-90 showed that resistance in SO and KH, the two heavily treated populations, was
significantly greater than resistance in WO and LH, the minimally treated populations.

The heavily treated NO population, which was sampled only in 1989, was highly resistant
to Bt (Fig. 2). The LCsp for NO was 28 times greater than the average LCso of the two
laboratory colonies and 41 times greater than the LCso of the most susceptible field population
(KM).
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Fig. 2. Susceptibility of DBM larvae to Bt (Dipel). PO and KM were sampled
only during 1986-87. NO was sampled only during 1989. KH
received few Bt treatments before 1986, but was treated repeatedly
between 1987 and 1990. The average slope of the concentration-
mortality lines was |.45 (range: 1.08 + 0.2] SE to 2.66 + 0.52
SE) (expanded from Tabashnik et al. 1990).

Response to continuation of selection. Laboratory selection with Br rapidly increased
resistance to Br in each of the selected subcolonies (NO-P, NO-Q, and NO-R) (Fig. 3). Five
generations of selection caused 5-7-fold increases in LCsp; nine generations of selection
increased LCsps by 15-30-fold. After nine generations of selection, LCsgos were 430-820 times
greater than the LCsp of the susceptible LAB-P colony. Mortality at the field rate of Bt (25.6
mg (AI)/1) was less than 2% for the selected subcolonies compared with 90-100% for susceptible
laboratory colonies.

In contrast to the rapid response to laboratory selection, five treatments of Bt applied to
the SO field population caused no detectable increase in LCso. The LCso estimated from the
18 May field collection (before treatments) was 24 mg Al/1; the 30 June LCso (after treatments)
was 11 mg AI/l.

Response to relaxation of selection. Field-selected resistance to Bt declined slowly when
treatment with Bt was stopped. In the laboratory, the LCsos of the unselected subcolony initiated
from NO (NO-U) were 64, 29, 18, 38, and 9.5 mg AI/l at the Fi, F4, F¢, Fo, and Fis
generations, respectively (Fig. 4). LCsos for the Fs and Fis were significantly lower than the
initial LCso. LCsps for the F4 and Fog did not differ significantly from the original estimate.
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For the colony initiated from the 18 May collection from SO, the LCsos (all expressed in
mg Al/l) were 48 for the Fi, 18 for the F, and 23 for the F3. The LCso for the 15 September
collection from SO declined from 32 in the first generation to 17 in the second generation. None
of the differences among laboratory-reared generations of SO colonies were significant.

Between 30 June and 15 September the SO field population was not treated with Bt. However,
the LCsg for 15 September (24 mg AI/l) was not lower than the LCso for 30 June (11 mg AI/I).

Discussion

Microbial pesticides, particularly Bt, are likely to become increasingly important as pest
resistance and environmental concerns reduce the usefulness of conventional insecticides.
Although laboratory selection has increased resistance to Bt in several species of insects
(McGaughey 1985; McGaughey and Beeman 1988; Stone et al. 1989; Miller et al. 1990), the
lack of documented cases of resistance to Bt in open field populations led to the assumption
that such resistance was unlikely (Briese 1981; Wilcox et al. 1986; Wilding 1986; de Barjac 1987).

Our results show, however, that at least three field populations of DBM in Hawaii have
evolved resistance to Bt. Each of these populations has been treated repeatedly with Bt. Indeed,
the frequency of use of Bt to control these populations may have been comparable to excessive
use of conventional pesticides. Thus, our results support Sun’s prediction that if Br is used like
‘a conventional insecticide, then development of resistance to Bt can be expected (p. 398 in Talekar
and Griggs 1986).

One field population (NO) with a history of frequent Bt treatments was highly resistant to
Bt compared with other populations. We also documented substantial and statistically significant
increases in resistance to Bt in two other field populations (SO and KH) in response to numerous
treatments with Bt that were made between 1986-87 and 1989-90. Our data show that nearby
field populations that were not treated repeatedly with Bt and two untreated laboratory colonies
showed no comparable increase in resistance to Bz during the same period. In conjunction with
growers’ reports of reduced efficacy, our results provide strong evidence that field populations
of DBM have developed resistance to Bt that is sufficiently high to thwart control.

Our finding of resistance to Bt in DBM populations occurring on two different islands (Oahu
and Hawaii) and two different crops (watercress and cabbage) strongly suggests that resistance
to Bt evolved independently at least twice in Hawaii. If so, we would anticipate that genes for
resistance to Bt are also present in DBM populations outside of Hawaii. Thus, we would expect
resistance to Bt to develop in other field populations of DBM that are treated repeatedly with
Bt. Indeed, we are aware of suspected resistance to Bt in DBM from Asia and North America.

The rapid response to laboratory selection in our experiments showed that the resistant NO
population contained genetic variation for resistance to Bf. We hypothesize that susceptible
laboratory populations did not evolve resistance to Bt in previous selection experiments (Devriendt
and Martouret 1976; Krieg and Langenbruch 1981) because they were relatively small and
genetically homogeneous.

In our selection experiments, five generations of selection caused 5-7-fold increases in
LCsos. After nine generations of selection, LCsos were 40-70 times greater than the
recommended field rate of Bz. These results show that DBM has the potential to attain much
higher levels of resistance than those previously found in the field.

In contrast to our laboratory results, we found that five treatments with Bt in the field did
not cause a detectable increase in resistance to Br. We hypothesize that the selection intensity
imposed by five field treatments was weaker than that imposed by five generations of laboratory
selection because more larvae escaped treatment in the field and concentrations of Br used in
the laboratory were higher than field rates. Other potential differences that might have affected
the results include immigration and emigration in the field, and differences in initial genetic
variation between populations.

In conclusion, resistance of DBM to Bt provides warnings about intensive use of microbial
insecticides. First, DBM can evolve resistance to mixtures of Bt toxins. Field populations of
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DBM developed resistance to Dipel, which contains a mixture of Bt toxins (Hofte and Whiteley
1989). We do not know if DBM resistance to Dipel is primarily or entirely due to resistance
to one of the toxins in Dipel. Nonetheless, the ability of DBM to resist Dipel shows that mixtures
of Bt toxins are not impervious to resistance development. Experiments are needed to determine
if resistance to single toxins evolves more slowly than resistance to mixtures of toxins. Limited
experimental evidence from conventional insecticides suggests that mixtures do not always retard
resistance development (Tabashnik 1989; Immaraju et al. 1990).

Second, rotations or other management strategies that assume rapid restoration of
susceptibility when Br treatments are stopped may not be particularly useful. Our results show
that field-selected resistance declined slowly and inconsistently when exposure to Bt was
discontinued. Our data suggest that leaving several generations untreated may not always reduce
resistance. Approximately 1 year of rearing the NO-U subcolony without exposure to insecticide
caused a significant and substantial decline in its LCso to Bt. Survival at the field rate of Bt
decreased from 66 to 43 %, but this was still much higher than the 0-10% survival of susceptible
populations treated with the field rate. This decline in resistance would be too slow to markedly
enhance the success of rotations.

Third, intensive use of Bt against resistant populations can cause rapid development of
extremely high levels of resistance. The NO population, which had reached approximately 30-fold
resistance in the field, quickly attained greater than 400-fold resistance when selected with high
concentrations of Bt in the laboratory. These results suggest that attempts to overwhelm moderately
resistant populations with high concentrations of Bt are likely to backfire. After resistance to
Bt has increased to detectable levels, alleles for resistance to Bt are likely to be common enough
to give the ‘high dose’ strategy little chance of suppressing resistance (Tabashnik and Croft
1982).

In summary, as in most cases, the best opportunity to manage resistance to Bt in DBM
is to take action before resistance occurs. Bt should be used judiciously to conserve its efficacy
against DBM. Management programs that emphasize biological and cultural controls can integrate
Bt and other insecticides sparingly, thereby prolonging their usefulness.

We do not know if results from DBM can be extrapolated to provide insight into the potential
for resistance to Bt in other pests. The most detailed knowledge of resistance to Bt currently
available is derived from laboratory-selected strains of other insects, particularly Plodia
interpunctella (Hiibner), the Indian meal moth (McGaughey 1985; Johnson et al. 1990; van Rie
et al. 1990). Because field- and laboratory-selected resistances can differ markedly, studies of
field-selected resistance in DBM may be particularly valuable for understanding and managing
resistance to Bt. ;

The remarkable success of insects in overcoming virtually every type of insecticide suggests
that we would be wise to assume that the threat of resistance to Br is imminent (Gould 1988a,
1988b; Raffa 1989). Underestimating our enemy could be costly; proceeding with caution may
help to conserve the effectiveness of an extraordinarily specific and environmentally safe
insecticide.
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Abstract

Restriction endonuclease (REN) analysis of viral DNA was used to characterize the
diamondback moth, Plutella xylostella (L.), granulosis virus (PxGV), and to confirm cross-
transmission of Galleria mellonella nuclear polyhedrosis virus (GmMNPV) to both
diamondback moth and Crocidolomia binotalis (Zell.) and Autographa californica nuclear
polyhedrosis virus (AcMNPV) to diamondback moth. Pathogenicity studies using neonate
larvae showed PxGV to be most pathogenic to diamondback moth (LDso 2-5 occlusion
bodies (OB) per larva), followed by GmMNPV (LDso 21-24 OB/larva) and AcMNPV (LDso
26 OB/larva). GmMNPV was also pathogenic to C. binotalis (LDso 3-10 OB/larva). LTso
data show that GmMNPV Kkills faster (LTso 3.4 days) — followed by PxGV (LTs0 5.0
days) and AcMNPV (LTs0 5.1 days) — Glasshouse trials showed that PxGV sprayed at
the rate of 8.9 x 10!3 OB/ha gave good control of a synchronized population of
diamondback moth. In trials in which molasses was included in PxGV sprays there was
evidence of better population suppression and reduction in damage. The population
suppression achieved with PxGV-molasses spray was better than a 10-fold higher PxGV
dose, without molasses. The potential of each of the viruses for use in IPM programs
is discussed.

Introduction

The control of pests of crucifers is heavily dependent on chemical pesticides. Continued
dependence and usage over the years has resulted in problems of key pests such as diamondback
moth (DBM), Plutella xylostella (L.) (Lepidoptera: Yponomeutidae), becoming resistant to nearly
all the chemical pesticides being used. Use of increasing dosages as the chemicals used become
less effective has given rise to problems of poisoning to farmers and residues on the crop produced.
Increasing concern for the quality of the environment and the increasing costs of developing
new compounds as older ones become less effective has encouraged research and investment
in safer alternatives that can reduce pesticides usage to safe levels.

In Malaysia, parasitoids have been identified or introduced for the control of DBM (Lim
and Ko 1975; Lim 1982). These parasitoids now play a central role in the current IPM program.

Fungal pathogens (Zoophthora radicans) have been recorded in the Cameron Highlands
of Malaysia (Ooi 1981). However, no further work has been done to manipulate the fungus
for controlling DBM.

Recently use of Bacillus thuringiensis Berliner (Bf) for DBM control on cabbages increased,
mainly because nearly all the chemical pesticides being used for DBM control are no longer
effective. Recent IPM trials carried out in the Cameron Highlands and the lowlands in Jalan
Kebun in Malaysia have also shown that pesticide usage could be reduced drastically. In the
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IPM packages tried, for most of the time there was only need to spray Bt (Syed et al. 1990),
which did not have a direct adverse effect on parasitoids such as Cotesia plutellae and Diadegma
semiclausum.

Several baculoviruses have been reported to be infective to DBM. Granulosis virus (GV)
infecting DBM was first reported by Asayama and Osaki (1969). Since then several workers
have reported that the GV shows promise as a control agent for DBM (Kao and Rose 1976;
Wang and Rose 1978; and Nakahara et al. 1986). Viruses with a wider host range have also
been reported to infect DBM. The Autographa californica MNPV (AcMNPV) is infective to
DBM (Vail et al. 1972). Zeya (1968) reported on a nuclearpolyhedrosis virus that was isolated
from DBM. The virus was also infective to several species of Lepidoptera. In a recent study,
the virus was shown by using restriction endonuclease (REN) analysis to resemble Galleria
mellonella NPV (GmMNPV) (Abdul Kadir and Payne 1989).

Although several viruses have been reported infective to DBM, the cross-transmission of
the virus has not been confirmed using REN analysis of viral DNA. Some of these viruses have
been reported to have potential for the control of DBM but data on the relative pathogenicity
of these viruses to DBM is still lacking. This paper reports on the evaluation of several
baculoviruses for the control of DBM and one of the viruses for control of Crocidolomia binotalis
(Zell.). In Malaysia, C. binotalis occurs together with DBM on cabbages and can be important
at certain times of the year (Sivapragasam 1981). It would therefore be an advantage to have
a control measure that includes pests that occur together on the same crop.

Materials and methods

Virus characterization and cross-transmission. The viruses used in the present study
were characterized using REN analysis of viral DNA. REN recognizes a specific nucleotide
sequence in double-stranded DNA and cleaves them at or near the. recognition sites (Nathan
and Smith 1975). Thus one enzyme will consistently produce specific fragments from a specific
DNA molecule. Virus cross-transmission to different hosts was also confirmed using the above
technique.

Pathogenicity of viruses to DBM. Three viruses were used in the present study: PxGV,
Galleria mellonella MNPV (GmMNPV) and Autographa californica MNPV (AcMNPV).
Pathogenicity of the viruses to DBM was determined by using the droplet feeding method (Hughes
and Wood 1981). To reduce variation in the test insects, neonate larvae were used. Larvae that
hatched within a 2-hour period were further starved for another 3-4 hours before being offered
virus suspensions at concentrations differing by 1/2 log. A red dye (Phenol red) was added
to the virus suspension to identify larvae that had ingested the virus suspension. For each dose
25 test larvae were used. The volume of virus suspension taken up by test larvae needed to
calculate the virus dose was determined using a fluorescent dye (Van Beek and Hughes 1986).

Data analysis was carried out using the maximum likelihood program (MLP program 308,
NAG Ltd. Oxford). All data were probit transformed and estimates of median lethal concentration
(LCsp) and 95% fiducial limits obtained. The volume ingested was used to calculate median
lethal dosage (LDso). Reproducibility of the assay procedure was examined using the test for
parallel assays and the same program. Median lethal dosages (LDsos), which allow more useful
comparison of pathogenicity to be made, were used to compare pathogenicity of the viruses
in the study.

Comparative susceptibility of DBM and C. binotalis to GmNPV. Susceptibility of both
insect species to the GmNPV was compared using the assay procedure described above. Neonate
larvae of both species were used as test insects. Median lethal dosage was used to compare the
susceptibility of the two species to GmNPV.
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Speed of kill of viruses. In addition to LDso, speed of kill is another useful criterion for
evaluating the potential of a virus. During the study, daily records of mortality due to viruses
were kept for all bioassays. The median lethal time (LTso) for all doses, based only on numbers
of larvae responding to virus infection (Allaway and Payne 1984) was estimated from graphic
plots of the time-mortality responses. Comparisons of LTso for infections of the viruses in DBM
were made.

Glasshouse trials using the PxGV to control DBM

The performance of PXGV for control of DBM on cabbages was investigated in two
glasshouse trials. In the first trial, three PxGV dose rates were tested to determine dose rates
that would give adequate control of DBM. The dose rates tested were 8.9 X 10'%, 8.9 x 102
and 8.9 X 10" GV occlusion bodies (OBs) per hectare. Cabbages (cv. Golden Acre) were
infested with DBM by placing 10 eggs on each plant when they were 42 and 56 days old. Each
test plot consisted of a 7 X 3 array of potted cabbages spaced 40 cm apart and replicated three
times. In the second trial the effect of including molasses in PxGV sprays was investigated.
In this trial cabbages were infested by placing 30 eggs on each plant when they were 40 days
old. Three dose rates were tested in this trial: 9 x 10'!, 9 x 10'? and 9 x 10> OB/ha (GV
11, GV 12 and GV 13 respectively) The second highest dose rate (9 X 10'? OB/ha) was used
to test the effect of molasses. Each test plot in this trial consisted of an array of 2 X 8 cabbages
spaced 40 cm apart. Each treatment was replicated three times.

Results
Characterization and cross-transmission

Characterization of inoculum and progeny viral DNA using REN analysis confirmed the
cross-transmission of PxGV to DBM of the GmNPV to DBM and C. binotalis and of AcNPV
to DBM. DNA profiles of the inoculum and progeny viruses are identical with respect to major
bands.

Pathogenicity of viruses to DBM and C. binotalis

Pathogenicity of PXxGV, GmNPV and AcNPV to DBM was expressed in terms of median
lethal dosages (LDsos). The results for the assay using the PxGV show LDso values ranging
from 1.9 to 5 occlusion bodies (OB) per larva (Table 1). For GmMNPYV in neonate DBM the
values ranged from 21.1 to 24 OB/larva, while the value was 26.2 OB/larva for AcCMNPV
(Table 2). The results based on LDso values thus show that PxGV was most pathogenic to
‘DBM. GmMNPYV and AcMNPV do not differ significantly in their pathogenicity to DBM.

LDsp values for GmMNPYV in neonate C. binotalis larvae ranges from 3.4 to 9.8 OB/larva.
The mean value is about 6 OB/larva. C. binotalis is thus comparatively more susceptible to
GmMNPV than DBM (LDso values 21-24 OB /larva).

On the basis of the LTsos, however, GmMNPV kills quicker than PxGV. For GmMNPV
LTso values were dose-dependent and ranges from 2.5 days for the highest dose to 4.3 days
for the lowest dose (Table 3). For the PxGV, LTso values ranged from 4.9 days for the highest
dose and 5.4 for the lowest dose, and does not seem to be dose-dependent (Table 3). With the
AcMNPV, LTso value ranged from 3.8 days for the highest dose to 6.3 days for the lowest
dose, and seems to be dose-dependent. The LTso for GmMNPYV infection in C. binotalis ranged
from 3.8 days for the highest dose to 4.2 days for the lowest dose. Here again GmMNPV shows
a faster speed of kill. The LTso values were dose-dependent.

Results thus show that although based on LDsp, PxGV is most pathogenic to DBM, in terms
of LTs0, GmMNPYV Kkills faster.
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Table |. Mean median lethal dosages (LDsos) for PxGV in neonate DBM larvae.

Assay " Fiducial limits g SE of Chi .
no. reup LDso Lower Upper ope slope square

1-8 | 1.9 1.6 2.3 1.37 0.069 79.530 50

4-12 2 3.0 2.5 3.6 1.46 0.086 69.369 54
10-14 3 5.0 3.9 6.5 1.44 0.131 36.150 29

Table 2. Mean median lethal dosages (LDsos) of GmMNPYV and AcMNPYV in neonate DBM larvae.

Pssay LDso Fiducial limits Siope SE of Chi -
no. Lower Upper slope square
GmMNPY
17 201 17.6 25.5 151 0.0876  57.586 46
2.8 24.0 19.7 29.1 151 0.0883  67.384 46
AcMNPV
1-3 26.2 18.1 37.2 211 0276 33.976 I5

Table 3. Mean median lethal times (LTsos) for PxGV and GmNPV infections in neonate DBM

larvae.

Log. conc. LTso (95% confidence interval) Days

OB/ml GmNPV PxGV
5.0 5.4 (5.2-5.6)
5.5 4.3 (3.8-4.9) 5.0 (4.8-5.2)
6.0 3.7 (3.4-4.0) 4.9 (4.7-5.1)
6.5 3.6 (3.5-3.7) 5:1 (4.9-5.3)
7.0 3.4 (3.3-3.5) 4.8 (4.7-4.9)
7.5 3.1 (3.0-3.2) 4.9 (4.6-5.2)
8.0 2.5 (2.4-2.6)

Efficacy for control of DBM

The first trial was carried out to determine effective dosage levels of the virus for control
of DBM. The variates recorded were larval and pupal counts, number of virus-infected larvae
and damage. Analysis of the data showed in many instances the effectiveness of the two higher
virus concentrations tested in the control of DBM. In many instances also a significant linear
response to virus dosages used in the trial was shown by the statistical analysis. In general,
the data clearly showed the effect due to virus and the effectiveness of the two higher virus
dosages in controlling a synchronized DBM population (Fig. 1 and 2).

In the second trial the effect of including molasses in virus sprays was tested. The effective
lower dose rate (9 X 10'2 OB/ha) shown in the first trial was selected to examine the effect
of molasses on the efficacy of the virus for controlling DBM. Trial results revealed some
interesting trends. The first sampling carried out, when virus infection can be observed, does
not show significant differences between treatments, although the damage recorded was lower
in plots sprayed with PxGV together with molasses (Fig. 3). Larval number was also lower
(but not significantly lower) than other treatments. Numbers of virus-infected larvae recorded
were highest in plots sprayed with PxGV together with molasses; higher even than plots sprayed
with a 10-fold higher dosage of the PxGV (Fig. 3). The analysis of variance also showed a
significant linear regression between virus infection and virus dosages used. The second sampling
was carried out when pupation was observed. Damage recorded was again lowest in PxGV plots
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Fig. 1. Effect of PxGV dosages on DBM larval infestation and pupal survival on cabbages.
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Fig. 2. Effect of PxGV dosages on a) virus infection and b) damage to cabbage leaves.

sprayed with molasses, with a significant linear effect of dose also shown (Fig. 3). Significantly
lower damage in PxGV molasses plots compared to the control was recorded whereas differences
were not significant between the other treatments and the control (Fig. 3). Virus infection had
dropped significantly in PxGV-molasses plots, while for the other PxGV virus infection recorded
was still high (Fig. 3). A significant linear effect of dose was also shown. The low virus infection
was most likely attributable to larvae becoming infected, when very small, in PxGV-molasses
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plots, and thus most of them had died by the time the second sample was taken. Further evidence
to support this is the low damage recorded in PxGV-molasses plots (Fig. 3); larvae that become
infected when very small (during the first instar) die small before they can inflict significant
damage. The results suggest that molasses probably induced larvae to feed on droplets containing
virus, and thus caused earlier and higher virus infection rates. Results of larval and pupal counts
were consistent with damage and virus infection results. Larval counts were lowest in PxGV-
molasses plots, whereas for the other PxGV-sprayed plots a significant linear response to virus
dosages used was recorded. Similar trends were shown by the pupal counts.

[

5 Bar=95% LSD
% Control ?A GV 11 Gv 12 i
G e 4
GV 13 @ GV 12+Moiasses B.t.
4 /

No. Virus infected larvae
Percent damage

Fig. 3. Effect of PxGV dosages and molasses on virus infection and damage.

Discussion

Insect viruses have until recently been named after the host from which they were isolated.
REN analysis of viral DNA has made it possible to accurately describe insect viruses. The
technique is sensitive enough to enable different strains to be differentiated. It has also provided
a means of unequivocally confirming true cross-transmission of a virus to alternate hosts. The
GmMNPYV was earlier described as NPV of DBM (Zeya 1968). Using REN the virus was shown
to be an isolate of GmMNPV (Abdul Kadir and Payne 1989). The importance of accurate
identification of insect viruses cannot be overemphasized. REN analysis of viral DNA is invaluable
in the search for insect viruses or strains of the virus potentially useful for insect control. The
technique is also useful in confirming true cross-transmission as opposed to the activation of
a latent virus infection (McKinley et al. 1981). In host range studies the technique is invaluable;
in the present study confirmation of cross transmission of GmMNPV to DBM and C. binotalis
was shown. The in vivo bioassay is a fundamental tool in research on the use of microbial agents
for pest control (Burges and Thompson 1971). The nature of virus infection is such that after
ingestion by susceptible species, cessation of feeding does not occur. Feeding continues quite
normally and damage continues to be inflicted. Younger larvae are also consistently more
susceptible than older larvae (Payne 1982). As such, for the evaluation of insect viruses using
the in vivo bioa:say it is most appropriate to use neonate larvae. The information on dose mortality
obtained would also be relevant to dosage requirements in the field.

Reproducibility of results is vital to prove their reliability. In the present study, results based
on the parallel assay test showed that the bioassay technique is adequately reproducible. LTso
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values provide additional information. A virus that kills quickly will help reduce damage due
to pests.

Several factors can influence the efficacy of viruses as control agents, including spray
coverage, timing of spray, formulation and ultraviolet (UV) radiation. The most important is
probably UV inactivation. The problem of virus inactivation by UV may be reduced in several
ways. Addition of activated carbon or India ink in sprays has been shown to reduce inactivation
by UV (Kao and Rose 1976). Results of the present study seem to indicate that molasses probably
acted as a phagostimulant. Quicker uptake of virus perhaps could compensate for the fast
inactivation of viruses by UV light. The value of molasses as a feeding stimulant has also been
reported by Entwistle and Evans (1985).

From the present study it is recognized that the trial carried out in the glasshouse does not
totally reflect conditions in the field in terms of exposure to UV, the presence of an unsynchronized
population and also the complex of pest present. More work obviously needs to be carried out
to test the virus in the field, especially the role viruses can play in IPM programs.

Most of the limitations that reduce the efficacy of viruses for pest control could probably
be overcome with research. Other workers are also of the opinion that PxGV has potential for
controlling DBM (Kao and Rose 1976; Wang and Rose 1976; and Nakahara et al. 1986). In
reality the full potential of viruses as control agents has a better chance of being realized with
the active participation of government agencies. Participation by the private sector will be
determined by market size. Viruses with broader host range, such as ACMNPV, are attracting
a lot of interest because of their better market potential. For GmMNPYV, work will be continued
to determine its host range for the complex of pests on brassicas such as DBM, Hellula undalis
and C. binotalis, with the objective of determining its effectiveness for controlling a range of
important pests that occur on brassicas. The most recent work has shown that GmMNPV is
infective to H. undalis. Further laboratory and field work is needed to determine efficacy of
the GmMNPV and AcMNPV for control of DBM, H. undalis and C. binotalis in the field in
an IPM program. Host range and pathogenicity which affects its marketability will greatly
influence the development for use in IPM programs.

The merits of a specific control agent such as a virus in IPM programs are well known.
Viruses are compatible with beneficial organisms as well as chemical pesticides and thus ideal
in IPM programs. It is therefore important for government to play a more active role in research
involving microbial agents to ensure that the full potential of viruses in IPM programs is realized.
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Abstract

Entomophthoralean fungi cause natural epizootics in populations of the
diamondback moth, Plutella xylostella (L.), in the Philippines. Natural epizootics of
Pandora (Erynia) blunckii (Lakon ex Zimm.) Humber and Zoophthora radicans (Bref.)
Batko were observed. The fungi can infect over 95% of the larvae and over 70% of
the pupae on cabbage (Brassica oleracea); on petchai (B. campestris) the DBM density
and the fungus infection levels were lower, i.e. only 20% of the larvae and 30% of the
pupae were infected. There was no correlation between climatic data, i.e. relative
humidity, rainfall, and temperature and the occurrence of the epizootics. The epizootics
occurred after the DBM populations had reached their highest numbers. Insect density
is probably an important factor for the initiation of the fungal epizootics in Philippine
DBM populations.

Introduction

Insect fungi

Entomopathogenic fungi are specific natural enemies of insects and mites. The fungi are
predominantly found in the Hyphomycetes (Deuteromycotina, with teleomorphs in the
Ascomycotina) and the Entomophthoraceae (Zygomycotina). They infect their hosts by penetration
through the cuticle and growth of hyphae in the host cavity. The fungi occur worldwide on crop
pests such as those of soybeans (Ignoffo 1981) and citrus (McCoy 1981), on insects of medical
importance such as mosquito larvae (Jaronski 1990) and on insects in forests, particularly in
tropical rain forests (Evans 1982; Rombach and Roberts 1989).

Insect fungi can cause epizootics (epidemics) that decimate insect populations. They often
control pest populations when: (a) the environmental conditions, in particular relative humidity
and temperature, favor fungal development, and (b) the insect host is present in sufficient numbers
to sustain such an epizootic. Lately increased efforts are being made to use fungi for the control
of various insect and mite pests such as the citrus rust mite in Florida (McCoy 1981), vine weevils
(Otiorhynchus sulcatus L.) on ornamentals in Europe (Zimmermann 1984) and the brown
planthopper (Nilaparvata lugens (Stahl)) on rice in Asia (Rombach et al. 1987).

Novel mass production methods, such as the marcescent process (Soper and Ward 1981)
and improved growth media (Trinci et al. 1990), were developed to produce large amounts of
relatively inexpensive fungus inoculum to be used in field trials.
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Fungi on DBM

Entomophthoralean fungi were collected from diamondback moth (DBM), Plutella xylostella
(L.) (Lepidoptera: Yponomeutidae), around the world (Wilding 1986). Velasco (1983) found
Zoophthora radicans (Bref.) Batko (Entomophthoraceae: Zygomycotina) on larvae of DBM in
the Philippines.

Recently we collected Pandora blunckii (Lakon ex Zimm.) Humber (Entomophthoraceae:
Zygomycotina) (Riethmacher and Kranz 1991), Z. radicans and a hitherto undescribed
Conidiobolus species (Entomophthoraceae: Zygomycotina) from DBM larvae and pupae in the
Philippines (Riethmacher et al. 1990). The development of epizootics of entomophthoralean fungi
in DBM populations as well as fungus mass production and field trials were investigated. Results
of the epizootiology studies are partly reported here.

Materials and Methods
Survey methods

Field sites. Surveys were carried out on (a) cabbage plants, Brassica oleracea L. (cv.
‘Scorpio’) as well as on (b) a local nonheading cabbage (‘Petchai’; B. campestris L.). The survey
fields (about 150 each) were adjacent and on the grounds of the Benguet State University (BSU),
La Trinidad, Baguio City. The fields received normal maintenance (i.e. weeding, low level
fertilization, adequate irrigation), but were not treated with insecticides or fungicides. The surveys
were made during the dry season (November 1989-January 1990).

Survey techniques. Sixty randomly selected cabbage plants and 240 petchai plants were
marked at the start of the surveys. On these plants the living and infected DBM larvae and pupae
were counted weekly (but not collected). A total of 10 surveys on cabbage and five surveys
on petchai were made. The numbers of living and infected larvae and pupae were added separately.
The petchai field survey data were recalculated to represent numbers per 60 plants to be able
to compare insect populations on petchai with the populations on cabbage.

Collection and incubation

Field site. The field was situated adjacent to the fields used for the surveys. It was transplanted
to cabbage at the same time as the survey fields and received the same maintenance treatment.
The collections were carried out during the same period as the surveys.

Collection. The collection fields were visited weekly. Each week 15 plants were selected
randomly and 15 DBM larvae (second and third instar) were collected from these plants and
transferred to separate plastic containers.

Incubation. In the laboratory the larvae were transferred to small *Bellaplast’ containers (9
cm diam) on a cabbage leaf disc. The leaf discs were washed before the incubation to prevent
possible infection of the larvae by fungi present on the leaves. A wet cotton plug was added
to the container to ensure maximum relative humidity. The temperature remained at about 20°C
for the incubation period.

Evaluation. The larvae were examined daily for the development of fungus diseases. Larvae
which developed a fungus disease were removed and the fungus was identified. A percentage
infection of the 225 larvae collected per sampling date was calculated.
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Weather data

The weather data were provided by the PAGASA weather station (Benguet State University);
the station is situated directly at the border of the experimental fields. Only data on temperature,
rainfall, and relative humidity are presented here.

Results

Survey results

Cabbage. At the first counting date (11 November 1989) only a very few DBM larvae (about
100 larvae/60 plants) were present (Fig. 1). The population increased to about 4000 larvae/60
plants after 7 weeks, but close to harvesting (10 weeks after transplanting) the larval population
decreased dramatically. The pupal population peaked at 7 weeks after transplanting at about
250 pupae/60 plants (Fig. 2). ,

Fungus infections first occurred at 6 weeks in the larval and at 7 weeks in the pupal
population. Infection levels increased up to 95 % in the larva population (Fig. 1) and up to 70%
in the population of pupae (Fig. 2).

Petchai. DBM infestations on the petchai were considerably lower compared with the cabbage
(Fig. 3 and 4). In the petchai field larvae and pupae were found after 3 weeks. The population
increased to approximately 220 larvae/60 plants (Fig. 3) and 12 pupae/60 plants (Fig. 4). Seven
weeks after transplanting, fungus infections had increased to about 20% in the larval population
and 30% in the pupal population.
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Fig. 1. Numbers of healthy and fungus-infected DBM larvae on cabbage at different observation
dates.
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Weather data

The average maximum temperature was about 23°C, and the average minimum temperature
was 12°C (Fig. 5). No apparent trends in temperatures were present. Only one strong rain-

shower occurred during the studies.
The average relative humidity was high, and never below 65%; average nightly relative

humidity mostly exceeded 85 %. No apparent trends in relative humidity were present during
the studies.

Collection and incubation

Pandora blunckii and Z. radicans were the only fungi identified from the field-collected
and incubated larvae (Table 1). Infections with P. blunckii increased from 1 to 22 % during the
sampling period. Z. radicans occurred in the last collection, but only on 4% of the larvae.

Table |. Infestation of field-collected DBM larvae by Pandora blunckii and Zoophthora radicans
after incubation in the laboratory.

Larvae (%) infected with

i
Sl et P. blunckii Z. radicans

13 November 1989 | 0

27 November 1989 5 0

Il December 1989 12 0

8 Janurary 1990 12 0

19 January 1990 22 4

Conclusions

Entomophthoralean fungi clearly are important natural enemies of DBM on cabbage and
petchai in the Philippines. P. blunckii is the dominant fungus in these surveys and collection
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fields; Z. radicans was collected on 19 January 1990 (the last sampling date) and only infected
4% of the larvae. In all, the fungi infected up to 95% of the larvae on cabbage, and up to 20%
of the larvae on petchai in the surveys.

The lower infection rates on the petchai plants might be caused by the lower insect density
on the petchai (Fig. 3 and 4). The lower insect infestation probably reflects a preference for
cabbage of the DBM adult, since the fields were adjacent and adults could easily move between
them. Also, petchai plants are considerably smaller compared to cabbage, which affects population
growth rates.

The fungi only occurred at a fairly late stage in the plant development, i.e. shortly before
harvest and before the DBM populations decreased. However, from this survey we cannot
determine whether the decline of the populations was due to the fungus infections or to other
factors.

It might well be that high DBM populations have to be present to initiate the fungus epizootics.
This is unfortunate because the damage often occurs before these epizootics. It should be
investigated whether artificial dissemination of fungus material at lower insect densities can cause
the epizootics to occur at an earlier stage of the DBM population development. Kelsey (1965)
achieved infections of DBM larvae in New Zealand by field application of cadavers infected
with Z. radicans.

Field trials to test the efficacy of mass-produced Entomophthoraceae to control DBM
populations on cabbage are now being conducted in the Philippines. Mass-produced material
of these fungi might well become a new tool for DBM management, but only if epizootics can
be induced at lower DBM infestation levels.
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Role of Parasitoid Complex in Limiting the Population
of Diamondback Moth in Moldavia, Romania

G. Mustata
University ‘AL.l. Cuza’ Jassy, Romania

Abstract

The complex of parasitoid and hyperparasitoid species which is associated with
diamondback moth (Plutella xylostella (L.)), a destructive pest of cabbage in Romania,
is presented. Over 25 species of Ichneumonidae and Braconidae are identified, which
act as primary and secondary parasitoids. For each species, abundance, constancy,
dominance, the biocenotic affinity and the contribution of each species in limiting the
population of diamondback moth is analyzed. The dynamics of these species over time,
from one crop to another and from one area to another are discussed. Also discussed
are those species which play a role in biological control of this pest, and those which
could be used in biocontrol.

Introduction

Diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Yponomeutidae) is one
of the most serious pests of cabbage in Romania. In Moldavia this species completes two or
three generations in one crop season ( Peiu et al. 1971, 1973). The greatest damage occurs when
the infestation takes place in young plants. In older plants the larvae develop mainly on the outer
leaves. Such damage is of little economic significance. Larvae from the first and second
generations cause the greatest damage in Moldavia.

Our research was aimed at clarifying the complex of parasitoids that limited the population
of DBM.

Materials and Methods

The research was conducted in three stages: 1967-72, 1979-82 and 1990. In the first stage,
we emphasized identification of the parasitoid species and their interrelationship. In the second
and third stages, the importance of each species within the biocenotic complex and the contribution
of each species in limiting populations of DBM was considered.

Based on the material collected from over 40 localities in Moldavia during the study period,
we found that DBM was controlled by a complex of parasitoid species that reduced the populations
of this pest by 80-90% or even more.

We collected 16,961 mature larvae and pupae of DBM. They were reared in the laboratory
for adult parasitoid emergence, identification and synecological studies.

Results and Discussion

Of the 16,981 larval specimens collected from 1967 to 1972 (Table 1), 1514 larvae and
pupae (8.9%) died due to diseases and insecticides. A total of 4777 pupae emerged into DBM
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adults (28.2%). The balance of the collection, 10,670 specimens, emerged into parasite adults.
They belonged to 28 species, as follows.

Table |. The synecological analysis of the parasitoid species in the populations of DBM.

Species Abundance Dominance Constancy !ndex. Of_
ecological significance

Diadegma fenestralis 3,182 18.76 D5 88 C4 16.50 W5
Diadegma armillata 1,773 10.45 D5 79 C4 8.25 W4
Diadegma chrysosticta 1,749 10.31 D5 76 C4 7.83 W4
Diadegma vestigialis 754 4.44 D3 52 C3 2.30 W3
Diadromus subtilicornis 623 3.67 D3 45 C2 1.65 W3
Diadegma cerophaga 560 3.30 D3 62 C3 2.04 W3
Diadromus collaris 364 2.14 D3 42 C2 0.89 W2
Diadromus ustulatus 347 2.04 D3 38 C2 0.77 W2
Diadegma tibialis 251 1.47 D2 44 C2 0.64 W2
Diadegma trochanterata 227 1.33 D2 43 C2 0.57 W2
Apanteles fuliginosus 215 1.26 D2 39 C2 0.49 W2
Diadegma gracilis 8l 0.47 DI 20 CI 0.09 WI
Diadegma gibbula 54 0.31 DI 15 ClI 0.04 WI
Diadegma holopyga 41 0.24 DI 26 C2 0.06 WI
Diadegma interrupta 39 0.22 DI 16 CI 0.03 WI
Itoplectis alternans 36 0.21 DI 27 C2 0.05 WI
Phaeogenes ischiomelinus 36 0.21 DI 16 Cl 0.03 WI
Dicaelotus parvulus 32 0.18 DI 19 ClI 0.03 WI
Itoplectis viduata 25 0.14 DI 18 CI 0.02 WI
Itoplectis tunetanus 24 0.14 DI I Cl 0.01 Wi
Diadegma monospila 22 0.12 DI 14 CI 0.01 WI
Hyposoter ebeninus 8 0.04 DI 7 Cl 0.002 WI
Apanteles ruficrus 8 0.04 DI 8 ClI 0.003 WI
Apanteles rubecula 4 0.02 DI 4 Ci 0.0008 WI
Nepiera moldavica 3 0.01 DI 1 ClI 0.0001 WI

Primary parasitoids

A. Family Ichneumonidae: 1. Ifoplectis viduata Grav., 2. I. tunetanus Schm., 3. . alternans
Grav., 4. Nepiera moldavica Const. and Must., 5. Diadegma armillata Grav., 6. D. cerophaga
Grav., 7. D. chrysosticta Gmel, 8. D. fenestralis Holmgr., 9. D. gibbula Brsch., 10. D. gracilis
Grav., 11. D. holopyga Thoms., 12. D. interrupta Holmgr., 13. D. monospila Thoms., 14.
D. tibialis Grav. 15. D. trochanterata Thoms., 16. D. vestigialis Rtzbg., 17. Hyposoter ebeninus
Grav., 18. Dicaelotus parvulus Grav., 19. Diadromus subtilicornis Grav., 20. D. ustulatus
Holmgr., 21. Thyraeella collaris Grev., 22. Phaeogenes ischiomelinus Grav.

B. Family Braconidae: 1. Apanateles fuliginosus Wesm., 2. A. rubecula Marsh., 3. A.
ruficrus (Hal.).

C. Family Pteromalidae: Dibrachys cavus (Walk.). D. Family Eulophidae: 1. Tetrastichus
sp., 2. Geniocerus sp.

Secondary parasitoids

A. Family Ichneumonidae: Mesochorus vittator Zett., of Diadegma armillata Grav.; Lysibia
varitarsus of Apanteles fuliginosus (Wesm.).

B. Family Eulophidae: Pleurotropis sp. of Diadegma armillata and Apanteles fuliginosus;
C. Family Pteromalidae: Eupteromalus sp. of Diadegma armillata.

The action of the secondary parasitoids limits the efficiency of the primary parasitoids in
controlling DBM populations. However, their presence is negligible and has no significant
economic impact.
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The interrelations between the species of this biocenotic complex are shown in Fig. 1.

Studies of parasitoid species identified in this complex (Table 1) indicate that there is
considerable variation in these parasite species. Their high numbers and the high rate of parasitism
puts D. fenestralis (18.8%) in the first place, followed by D. armillata, D. chrysosticta, D.
vestigialis, Diadromus subtilicornis. Other species play a minor role in reducing host populations.

The relation between the parasitoid species varies from sample to sample in the same locality,
from time to time during the year, from year to year and from area to area.

The large number of species that seem to parasitize DBM raises a legitimate question: Is
each species closely associated with this host, or have some species reached this parasite complex
more or less accidentally? To answer this question we carried out a synecological analysis of
the populations of parasitoids within the biocenotic complex. Table 1 lists abundance, dominance,
constancy and the index of ecological significance for each species.

The species are listed according to their abundance. The highest value is assigned to D.
fenestralis with 3182 individuals, followed by D. armillata with 1773 individuals and D.
chrysosticta with 1749 individuals. The lowest values were assigned to A. rubecula and Nepiera
moldavica with only three individuals each.

To judge the importance of the presence of parasitoid species within this complex, we
carefully analyzed their constancy as a structural indicator because this indicates the contribution
of a species participating in the realization of the structure of the biocenosis.

From the ecological parameters we can deduce that species D. fenestralis, D. armillata
and D. chrysosticta act as euconstant parasitoids, whereas D. vestigialis and D. cerophaga act
as constant parasitoids. This means that all these species can be found in all the cabbage fields
from Moldavia, wherever DBM attacks cabbage. Eight species act as accessory parasitoids and
the other species can be considered as accidentally present in this complex.
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Fig. 1. The complex of parasitoids which limits the population of DBM in Moldavia, Romania.
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Dominancy shows the number relationship of the individuals of a given species in contrast
to the number of individuals of the other species they associate with. It indicates the relative
abundance. The dominance parameter illustrates the participating degree of each species to the
realization of biomass production in biocenosis. The species D. fenestralis, D. armillata and
D. chrysosticta are endominant; D. vestigialis is dominant; Diadromus subtilicornis, D. ustulatus,
Diadegma cerophaga and Diadromus collaris are subdominant, followed by three recedent species
and all the others subrecedent.

The index of ecological significance (W) represents the relationship between the structural
and productive indicators. This shows more eloquently the position of each species in the complex.
In this respect, the highest value is that of D. fenestralis, followed by D. armillata and D.
chrysosticta with W4 and by D. vestigialis, D. cerophaga and Diadromus subtilicornis with W3,
after which there follows five species with W», the others having reduced values.

Synecological analysis of the data obtained from our research indicates that only a few species
make a major contribution in limiting populations of DBM to over 80%. This fact has important
practical significance.

In order to convince ourselves that this complex of parasitoid species limits the populations
of DBM, we continued our research (Mustata 1979, 1987; Mustata and Tudor 1973; Mustata
and Lacatusu 1973).

Our initial survey from 1967 to 1979 identified all the parasite species that interact with
the populations of this pest (Table 2). These parasitoid species considerably reduce the populations
of DBM. The degree of parasitism varied between 13.9% in Ciurea, on 21 July 1971 and 95.6%
in Ungureni on 21 August 1972. In most of the samples the percentage of parasitism is quite
high, averaging 60.9%.

The value of the ecological parameters resulting from the analysis of the data obtained from
1979 to 1982 is shown in Table 3.

The data from the last study period (1990) are summarized in Table 4. Here, too, the same
parasitoid species manifest themselves as being euconstant or constant, eudominant or dominant,
and have a high index of ecological significance although there is reversal in the order and value
of the ecological parameters.

We also analyzed the index of biocenotic affinity, the value which confirms the affinity
between the main species derived from results obtained in the first stage.

The role of the main parasitoid species in limiting the populations of DBM in Adjudu Vechi
and their dynamics in time and space are shown in Fig. 2. The number of DBM adults that
emerged was very low. During 1969-71, the DBM emergence was close to 30%, whereas in
1972, 1979, 1980 and 1981 it was 4%. In 1972, it reached 69.5% and in 1990 it declined to
17.9%.

Diadegma armillata, D. fenestralis, and D. chrysosticta seem to be the major parasitoids
limiting the populations of DBM. Other species of primary parasitoids with a clean competition
between them also limit the populations of DBM.

Our results on the dynamics of the main parasite species at various locations in Moldavia
during 1969 are summarized in Fig. 3, and for 1990 in Fig. 4. The localities shown in Fig.
4 are listed according to their geographical position from the south (Homocea) to the north
(Mestecanis) of Moldavia. There is no relationship between the geographic location and
populations of DBM or its major parasites.

On the basis of our research we could deduce that populations of DBM in Moldavia are
limited by an important complex of natural enemies, their efficiency being very high (about
63%). Some of the parasitoid species are constant or euconstant in populations of DBM. The
more important species are D. fenestralis, D. armillata, D. chrysosticta , D. vestigialis, D.
cerophaga, and Diadromus subtilicornis. The combined parasitism of these major species and
certain minor ones play an important part in DBM control in Moldavia. However, we often
found that chemical insecticides were used despite levels of parasitism of almost 90%. In July
1972 in Adjudu Vechi and July 1970 in Scheia, farmers used chemicals to combat DBM although
the samples taken only 8-10 days earlier showed only 4-5.5% DBM adult emergence. The balance,



207

Parasitoid Complex in Romania

ST omoagnsy  ITm $0000 102  1dzoo ¢
T 0 voravprow "N I €0000 TDT A€o0 ¢
€TV 0 snaofnf'y Im 9000 TDT11 Ta 900 9
7TST 0 0 smuruaga H TM €000 106 T 900 9
128 0 0 €I snmaavd 'q I €000 1D¥C lAvio v1
0z0 0 0I S 8 opdsouow q TM 100 IO 11 lA+vio 1
610 0 ST S €T ST smupaworyost ¢ IM 1000 1D €1 TaLro 91
8T 1 O0IL 0I9 9 II oompiar I zoo IO 11 Tdiro 91
LTO 0 ST ST 9 I Il II smuopuny ' IM 400 1D 91 lAvyzo €T
910 S ST L 9T v €I SE T omqqi8 ‘g Imvoo 1081 laLzo 9¢
ST0 ¥I0 TII9T 919 9 9 +#I suowiano ] Tm 800 C0o0E 1A LzO 9T
10 0 9 $I 1T 91T €1 II 91 ¢ 8 o 'q I g00 Toel lasco LT
€10 0 9 vI6CT S €I II 91 91 TI 8€ vikdojoy "q 1M 900 D7z ldaogo 67
ZIL L 11 0TST O S % 126 SI § 0T suopoo g Im L0000 Tove lazeo oe
IT0O 09 L TTZ IT € 81 S 8 LI EIST ¥ syova8 g TMTI0 TO8T TdzLo 89
019 0 €C S LL ¥ O OC ¥€ 61 8 0 ¥ 91 €I snsomSynf 'y T 970 CD8C A $60 68
6 ¥ v 8 81TT L TC SL ¥T vT 9 T 8T ¥C ST S soqn g TM6S0 TO6E TATST EY
8 0 € 6 OI¥I 91 LI 61 81 81 9¢ 0T 8I LI 8I 0€ OF owwuoyon'q €M 00T €07 CA V6l T8I
L 6 ¥ TI TIOE 11 91 O 8I ¥I 8I 1II TC 6C 6€ TI V€ SE smomsn-q €EM €T O 1v fA Toe €87
9 8 0 91 TI91 L 9C 8 TE OT LI II LI 8T LI 1€ 6C Iv 9€ smaonmgns *q €M 85T O ey €A 89E SYE
S T T TL L €1 ST €1 LI LT OC 8€ 81 67 1T 0T €C ¥€ IS 1€ =¥ vioydoizo'q €M 69T €069 €A 16€ 99¢
¥ ¥ 0 %1 6 €T ¥I ¥I 61 €I SI €€ 6 SI ST +T 1T 67 8€ Sv T 9§ ppysosuyo *q €M 8Ly YO LL YA 179 78S
€ € S 6 91 LT ST TI ST II LI 0T SI LI TC¢ LI 81 +T Iv €€ T€ 8¢ 79 sym8usaa g €M 08¢ €095 YA 089 LE9
T T T ¥L 9 0T 91 ¥I 1T 81 81 1€ ¥I 9T 8 8I IT v€ 95 9€ 8¢ 79 09 IS opuup '@ VM €L°6 YO LL SA ¥9°TT €811
I v T 01 01 TC v1C1 91 TI 91 O I1 TT LT 91 €C 9€ O OF 6€ 99 IL €L 99 syoysauaf q SM ETYT YD 06 SA ILST OLY'T
> 2 > N U0 VS SUSUDUOU >UUDUOUUOUDUDU U g @, 0 o >
wmm«amlm.wa@zwm,.,.m.!,m,.!m..m,.m.,.!x & 2 S 5 &
& F 2 S 8 R 8§ & ¥ 3 & & § R 3 ] EE R R E X & B g
S8 28§39 %2 2 2F 29 F § S L3S FOFNIYTGSCY 89 B E g
m 3 m § F 8 2 T = 3 L g & momo 5§ 3 K W m g8 8 & 3 mﬂ. 8 m g
- = s - =3 [}
PR PY BRI iReirEiieliioqg i
g 5 & & & $ 8 § £ 8 I § %k § & 5 & § 8 L.
& S 8 3 8
§ & @
&

Aunje onpoueoorg

ZL-1961 pouad oyl ur sarxads projisered o) JO SISATeUR [BIIF0[0IUAS YT, 7 9[qeL



208

Mustata

Table 3. The synecological analysis of the parasitoid species in the period 1979-82.

Species Abundance Dominance Constancy !ndex' o.f.
ecological significance

Diadegma chrysosticta 792 17.11 D5 88 C4 15.05 W5
Diadegma fenestralis 723 15.62 D5 92 C4 14.37 W5
Diadegma armillata 267 2.77 D4 96 C4 5.53 W4
Diadromus collaris 192 4.15 D3 80 C4 3.32 W3
Diadromus cerophaga 149 3.22 D3 68 C3 2.15 W3
Diadegma subtilicornis 98 2.12 D3 52 C3 1.10 W3
Diadegma tibialis 87 1.88 D2 60 C3 1.12 W3
Apanteles fuliginosus 74 1.60 D2 68 C3 1.08 W3
Diadegma vestigialis 67 1.45 D2 48 C2 0.69 W2
Diadromus ustulatus 52 1.52 D2 40 C2 0.44 W2
Diadegma trochanterata 36 0.78 D2 36 C2 0.28 W2
Diadegma gibbula 24 0.52 DI 8 ClI 0.04 WI
Phaeogenes ischiomelinus 20 0.43 DI 40 C2 0.17 W2
Dicaelotus parvulus 18 0.39 DI 28 C2 0.10 W2
Diadegma interrupta 10 0.22 DI 28 C2 0.06 WI
Diadegma gracilis 9 0.19 DI 16 ClI 0.03 WI
Itoplectis alternans 8 0.70 DI 28 C2 0.19 W2
Itoplectis viduata 7 0.15 DI 28 C2 0.04 WI
Diadegma holopyga 7 0.15 DI 24 ClI 0.03 WI
Diadegma monospila 6 0.13 DI 20 CI 0.02 WI
Hyposoter ebeninus 2 0.04 DI 8 Cl 0.003 WI
Itoplectis tunetanus | 0.02 DI 4 ClI 0.0008 WI
Apanteles ruficrus | 0.02 DI 4 ClI 0.0008 W
Apanteles rubecula | 0.02 DI 4 CI 0.0008 WI

Table 4. The synecological analysis of the parasitoid species in the year 1990.

Species Abundance Dominance Constancy !ndex. o.f.
ecological significance
Diadegma fenestralis 979 32.89 D5 100 C4 32.89 W5
Diadegma chrysosticta 375 12.60 D5 71 C3 8.94 W4
Diadegma armillata 323 10.85 D5 78 C4 8.96 W4
Diadromus subtilicornis 180 6.04 D4 57 C3 3.44 W3
Diadromus collaris 142 4.77 D3 57 C3 2.71 W3
Diadegma vestigialis 50 1.68 D2 57 C3 0.95 W2
Diadegma cerophaga 45 1.57 D2 42 C2 0.65 W2
Apanteles fuliginosus 43 1.44 D2 42 C2 0.60 W2
Diadegma tibialis 21 0.70 DI 50 C2 0.35 W2
Diadromus ustulatus 12 0.40 DI 35 C2 0.14 W2
Diadegma trochanterata 9 0.30 DI 35 C2 0.10 w2
Diadegma holopyga 5 0.16 DI 28 C2 0.04 WI
Diadegma gibbula 4 0.12 DI 21 ClI 0.02 WI
Diadegma gracilis 4 0.12 DI 21 CI 0.02 WI
Itoplectis viduata 2 0.06 DI 14 ClI 0.008 WI
Itoplectis alternans 2 0.06 DI 14 ClI 0.008 WI
Diadegma monospila 2 0.06 DI 14 ClI 0.008 WI
Diadegma interrupta 2 0.06 DI 14 CI 0.008 Wi
Apanteles ruficrus I 0.03 DI 7ClI 0.002 WI
Apanteles rubecula | 0.03 DI 7 ClI 0.002 WI
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Fig. 4. Population dynamics of DBM and its major parasitoids at various locations
during 1990.

over 95%, were parasitized. In these circumstances, treatment with insecticides is not justified,
and adversely affects beneficial fauna with unpredictable consequences.

To combat pests we must know precisely the activity of the parasitoid and predatory species
which limit pest populations. It is important that our interventions in natural ecosystems be done
on the basis of thorough biocenotic data. Our intervention must be made in such a way that
it does not affect the beneficial fauna. Otherwise we can provoke unpredictable disturbances
in the biological equilibrium.
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Biological Control of Diamondback Moth in the
Pacific
D.F. Waterhouse

Australian Centre for International Agricultural Research, GPO Box 1571, Canberra
ACT 2601, Australia

Abstract

The diamondback moth Plutella xylostella (L.) is the major pest of brassicas in the
oceanic Pacific, where it is often associated with the cabbage cluster caterpillar
Crocidolomia pavonana (F.) and, iess frequently, with the cabbage webworms Hellula
undalis (F.) and H. rogatalis Hulst. Cotesia plutellae Kurdjumov (and, at most, no more
than one other major parasitoid in any one country) is present in the Pacific, but only
in 4 of the 20 or so countries. Diadegma semiclausum Hellen, possibly the most effective
parasitoid of diamondback moth elsewhere, is not yet established in the Pacific,
although there are current introductions to Cook Islands and Fiji. There are good reasons
for believing that wider dispersal of those parasitoids present and the establishment
of additional species would confer important benefits. The biological control of all
important members of the brassica pest complex deserves early attention in order to
minimize the need to apply insecticides, with their generally adverse effects on natural
enemies.

Introduction

By far the most important insect pest of cabbages and other brassicas in the oceanic Pacific
is the diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Yponomeutidae).
Although extremely widespread, it is still apparently absent from Kiribati, Tokelau, Tuvalu,
Wallis and Futuna (Waterhouse 1985), the Federated States of Micronesia (Esguerra et al. 1990)
and also from the Marshall and Caroline Islands.

Cabbage is the most important brassica grown in the Pacific. The cabbage cluster caterpillar
Crocidolomia pavonana (F) (= C. binotalis) is also a widespread pest of brassicas, but is less
important than DBM. Somewhat less important still are the two cabbage webworm species Hellula
rogatalis Hulst (in Micronesia) and H. undalis (F.) (throughout most of the Pacific).

Most of the other insects associated with cabbage only attain pest status locally and
occasionally except, perhaps, for highly polyphagous species such as the corn earworm
Helicoverpa armigera (Hiibner), cutworms of the genus Agrotis and, less frequently, the
armyworm Spodoptera litura (F) (Waterhouse and Norris 1987). The significance to the biological
control of DBM of other insects attacking brassicas lies of course in the fact that, if insecticides
need to be employed against them, these insecticides, unless selective, are likely to have serious
adverse effects on the natural enemies of DBM.

The Present Position
The distribution and importance ratings assigned by country experts to the more damaging

pests of cabbage in the Pacific are shown in Table 1. The damage ratings are largely subjective
and different authorities from the same country do not always agree. Nevertheless, the ratings
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Table |. Distribution and importance of brassica pests in the oceanic Pacific.

Major pests Occasional Pests
DBM Crocidolomia Hellula Helicoverpa  Agrotis sp.
pavonana undalis rogatalis armigera
Cook Islands +++" ++ ++ ? ++
Fiji +++" ++ + + + + +
French Polynesia ++* + P + +
Federated States of
Micronesia + + 4+
Guam +* +++ +++ +++"
Hawaii ++ + ++
Kiribati + P
Marshall Islands
New Caledonia +++" + + +4++* +
Niue +++" +++" +++" P
Northern Mariana +++* ++ ++ + ++ +
Islands
Palau +++* +++* +++* o *
Papua New Guinea  ++ +* +++" ++ + + +
American Samoa +4+ 4+ ++ P
Western Samoa +4++* + o
Solomon lIslands + + + + + ++* & b
Tokelau
Tonga +++" +++" P +++* +
Tuvalu P P
Vanuatu + + + + + 4+

Wallis and Futuna

*One of the country’s top 10 insect pests; + + + widespread, causing important damage every year; + + less widespread,
but of great importance; + important locally; P present, but unimportant.

do provide the best available guide to the relative importance of the pests. The same conventions
have been used as in ‘Biological Control: Pacific Prospects’ (Waterhouse and Norris 1987).
New data have been provided from a 1990 survey carried out by B.M. Thistleton, Biological
Control Officer, South Pacific Commission, and from my recent correspondence with Pacific
officials.

A workshop on biological control in the Pacific, held in Tonga in 1985 and attended by
representatives of 15 Pacific nations, unanimously placed DBM at the top of the priority list
of pests causing serious problems and deserving of an attempt at biological control. No
improvement in pest status has taken place over the past 5 years, as shown in Table 1, that
would alter this priority. Indeed, with the exception of a modest, continuing program in Fiji
and a very recent introduction to Cook Islands (see later), there have been no active biological
control projects involving DBM in this period. This situation may well change, however, since,
at an SPC/GTZ Biological Control Planning Meeting in Fiji in July 1989, DBM was tentatively
selected as the priority target for a major new initiative in the Pacific to commence during August
1990. It is thus timely to review what is known about the natural enemies of DBM in the Pacific,
the history of past introductions of agents to the region and also to consider what the prospects
are for successful biological control.
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Since both Australia and New Zealand have benefited significantly from biological control
of DBM, brief overviews are first presented to assist in setting the scene for consideration of
the position in the oceanic Pacific.

Australia

DBM became a troublesome pest in Australia soon after it was first reported in 1893. It
has since been the target of a number of attempts at biological control and three major parasitoids
have been established (Table 2). It is also attacked by a number of native parasitoids (Waterhouse
and Norris 1987). As a result, there has been a marked reduction in damage in many areas
and particularly in the Australian Capital Territory and South Australia, where DBM now seldom
needs to be treated with pesticides. Elsewhere, and particularly in Queensland, damage to crops
for human consumption may require treatment but, for forage crops, less frequently than before.
However, even if DBM were to become no problem, much the same regime of insecticide
treatments would still be required against other brassica pests, including Pieris rapae (L.), C.
pavonana, Helicoverpa armigera, Hellula hydralis Guene and Brevicoryne brassicae (L.). It
is probable that the current insecticide regime exercises a significant adverse effect on the
abundance of DBM parasitoids. Therefore, any renewed attempts at biological control should
also involve the introduction of agents for all important members of the pest complex.

Even at the time of greatest pest pressure it is generally only necessary to spray brassicas
at 7-14-day intervals and sometimes, as in winter, even less frequently. There has been an increase
in Bacillus thuringiensis Berliner usage, but no growers appear to be relying on it entirely.

Table 2. Major parasitoids of DBM estabished in Oceania, Australia and New Zealand.

Cotesia Diadegma Diadegma Diadromus Oomyzus
plutellae insulare semiciausum collaris sokolowskii
Cook Islands + +
Fiji + +
Hawaii + + +
Papua New Guinea +
Australia + + +
New Zealand + +

New Zealand

In spite of the fact that they are attacked by hyperparasitoids, the introduction and
establishment of Diadegma semiclausum (= D. eucerophaga) and Diadromus collaris (Table 2)
has provided adequate control of DBM in North Island brassica crops, but insecticide applications
are still sometimes necessary in the South Island. The fungus Zoophthora radicans Brefeld (=
Entomophthora sphaerosperma) also exerts important control when weather conditions in autumn
are suitable and moth populations high. In neither island do parasitoids keep damage at an
acceptably low level in brassicas (especially cabbages) for human consumption. The major
insecticide groups are still effective and the commercial use of B. thuringiensis preparations
is rare. The establishment of additional parasitoids is under consideration (Thomas and Ferguson
1989).

Cook Islands

The two lepidopterous pests of cabbage in Cook Islands are DBM and Crocidolomia
pavonana, the latter being of lesser importance. Diadegma semiclausum, Diadromus collaris
and Trichogramma sp. were introduced in 1974-75 from New Zealand but, in 1978, only D.
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collaris could be recovered (Table 3) (Walker and Deitz 1979). Diadegma semiclausum was
again introduced from New Zealand in 1990, but there is no information yet on its establishment
(G. Hill pers. comm. 1990).

Although it has not been intentionally introduced to Cook Islands C. plutellae was found
on Raratonga (and possibly Mauke) in 1988 and, together with D. collaris, was responsible
for moderate to low levels of parasitization. In addition, a male of Apanteles sp. (ultor group)
was found in association with cabbages on Raratonga (G. Hill pers. comm. 1988). An Apanteles
sp. of the same group has been reported from C. pavonana in Pakistan (CIBC 1981, 1982).

Resistance to organophosphorus insecticides emerged in the late 1970s and to synthetic
pyrethroids in the mid 1980s. Trials with insect growth regulators have given good results, but
these materials are not yet available. Bacillus thuringiensis has given variable results and more
effective formulations are required (1990 Report of the Totokoitu Research Station).

Fiji

DBM continues to be a major pest in Fiji, where it is resistant to all insecticides that have
been used against it for any length of time. Current recommendations are to spray with B.
thuringiensis and chlorfluazuron (S.N. Lal pers. comm. 1990).

Diadromus collaris was introduced from New Zealand in 1943 (Lever 1943), but there is
no record of its establishment (Table 2) (Rao 1971). Similarly, releases in 1971 of C. plutellae,
Macromalon orientale and D. collaris from India failed to achieve establishment (Kamath 1979).
Releases in 1984 of Cotesia plutellae and Oomyzus (= Tetrastichus) sokolowskii (which acts
both as a parasitoid and a hyperparasitoid) have led to both species becoming established. Mass
rearing and release of C. plutellae continued from 1984 until 1989, but was then discontinued
to make way for the importation of D. semiclausum from Taiwan.

Although there are no survey data to establish percentage parasitization in the field due
to C. plutellae and O. sokolowskii, both are well established and have spread to other cabbage-
growing areas from their release sites (S.N. Lal pers. comm. 1990). In an unsprayed cabbage
plot at Koronivia Research Station, 60-70% of DBM larvae were parasitized by C. plutellae
(Kvmar et al. 1987).

Guam

Between 1971 and 1975 four parasitoids (Table 3) were introduced either from India or
Hawaii (C. plutellae, Diadegma insulare, Diadromus collaris and O. sokolowskii), but none
of these established (R. Muniappan pers. comm. 1990). The braconid Chelonus blackburni
Cameron, known also from Hawaii, has been reported attacking DBM (Nafus and Schreiner
1989). Since 1987, even where pesticides have not been used on experimental plots, DBM has
occurred as a pest only very sporadically and only during dry seasons (R. Muniappan pers.
comm. 1990).

It appears that H. rogatalis does not occur on Guam nor the Northern Marianas, but S.
litura is a serious problem on cabbage on both, and also on Yap (R. Muniappan pers. comm.
1990).

Hawaii

DBM has been present in Hawaii at least since 1892 (Mitchell 1985) and continues to be
an important pest of cabbage and other brassicas, except where densities remain below 0.5
larva/plant for the entire growing season. Many producers routinely apply insecticides to control
this and other ca._bage pests, but few compounds are now effective. Natural enemies provide
valuable control at times when relatively high levels of damage can be tolerated, such as prior
to formation of the cabbage head (Johnson et al. 1988; Tabashnik 1986).
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Table 3. Introductions for the biological control of DBM in the oceanic Pacific.

Liberated From Reference
Cook Islands
Diadegma semiclausum
(Hellen) 1974-75 New Zealand Walker and Deitz 1979
1990 New Zealand G.Hill pers. comm. 1990
Diadromus collaris
(Gravenhorst) 1974-75 New Zealand Walker and Deitz 1979
Trichogramma spp. 1974-75 New Zealand Walker and Deitz 1990
Fiji
Diadegma semiclausum 1945 New Zealand Lever 1944, Oatman 1978 a
1990 Taiwan S.N. Lal pers. comm. 1990
Diadromus collaris 1943 New Zealand Lever 1946, Oatman 1978
Rao 1971
1971 India Kamath 1979
Cotesia plutellae 1971 India Kamath 1979
Kurdjumov 1972 Trinidad Cock 1985
1984 Trinidad Anon 1986, Cock 1985
Macromalon orientale 1971 India Kamath 1979
Kerrich
Oomyzus sokolowskii 1984 Trinidad Anon. 1986
Papua New Guinea
Diadegma semiclausum ? Australia Simmonds 1971
Cotesia plutellae 1983 Hawaii Lim 1986a
1983 Malaysia Lim 1986a
Tonga
Diadromus collaris 1943 New Zealand Oatman 1978, O’Connor
via 1949, Simmonds 1971
Fiji
Guam
Diadromus collaris 1975 India R. Muniappan, unpub.
Diadegma insulare 1975 Hawaii R. Muniappan, unpub.
Cotesia plutellae 1971-72 India R. Muniappan, unpub.
Oomyzus sokolowskii 1973 India R. Muniappan, unpub.
Hawaii
Cotesia plutellae 1972 Taiwan Davis 1972, 1974, Lai et al.
1982
Funasaki et al. 1988b
1971-73 Trinidad Mitchell 1985
1980 Trinidad Lai et al.1982, Mitchell 1985
1983 Taiwan Lai and Funasaki 1986
Brachymeria boranensis
Masi 1953 Kenya Weber 1954
Diadegma insulare
(Cresson) 1953 Kenya Johnson et al. 1988.
Mitchell 1985
Diadegma semiclausum 1985 Pakistan Funasaki et al. 1988a
Diadromus collaris 1972 Trinidad Mitchell 1985
1983 Pakistan Lai and Funasaki 1986
Oomyzus sokolowskii 1953 Kenya Mitchell 1985
Trichogramma chilonis
Ishii 1984 Taiwan Lai and Funasaki 1986
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The first parasitoid reported to attack DBM was D. insulare (identified at the time as
Limnerium polynesiale) (Swezey 1915). However this important parasitoid of DBM in North
America, which had appeared unaided, did not maintain pest density at subeconomic levels in
Hawaii. Nor did the two other parasitoids more recently reported (Johnson et al. 1988), namely
Chelonus blackburni and Pristomerus hawaiiensis Ashmead, which also appeared unaided and
were recorded from a number of lepidopterous larvae as early as 1915 (Swezey 1915). They
also attack H. undalis in Hawaii (Awai 1958). A race of Diadegma insulare from Kenya was
released in 1953, but this did not achieve control. Two other species, Brachymeria boranensis
and Tetrastichus nr sokolowskii (Table 3) were also introduced at the same time, but failed to
become established (Mitchell 1985).

Cotesia (= Apanteles) plutellae was introduced on several occasions from 1972 onwards,
but establishment was not achieved until 1982 (Lai and Funasaki 1985). This species is now
widespread. Unsuccessful attempts have been made to establish D. collaris from Trinidad
and Pakistan, Diadegma semiclausum from Pakistan and Trichogramma chilonis from Taiwan
(Table 3).

Field studies on Maui in 1984 and 1985 (where DBM was the major cabbage pest) showed
that combined parasitization of larvae by C. plutellae and D. insulare could rise as high as 59%.
In spring, D. insulare was the major parasitoid, with C. plutellae playing a very minor role,
whereas in summer and autumn their relative importance was reversed. In 1986 and 1987,
sampling on Oahu, Maui and Hawaii showed that total parasitization could range up to 73.2%,
although D. insulare was found only at sites higher than 780 m (Johnson et al. 1988).

It is interesting that DBM was effectively controlled on a watercress farm in Oahu through
the use of an intermittent overhead water sprinkler, combined with the establishment of
C. plutellae. Other pests were controlled by timely applications of diazinon (Nakahara et al.
1986).

Kiribati

Although Chinese cabbage, cabbage and other Brassicaceae have been widely grown in recent
years, DBM does not occur in Kiribati. However, living larvae have been intercepted by strict
quarantine inspections on imported cabbage (G.S. Sandhu pers. comm. 1990).

New Caledonia

There have apparently been no attempts at biological control. However, a pupal parasitoid
Brachymeria sp. (Chalcididae) and a fungus (Zoophthora ? radicans) have been recorded attacking
DBM which is the major pest of Brassicaceae (Delobel 1978).

Papua New Guinea

In unsprayed cabbage plots at Wau, which sustained an unacceptable level of damage, Gagne
(1979) reported a Brachymeria sp. and another chalcidid wasp as pupal parasitoids and the vespid
wasp Ropalidia bambusae Richards and larvae of syrphid flies as predators. Pupae were attacked
by an unidentified fungus. Six wasp parasitoids [Eriborus sp., Diadegma sp. and? Itoplectis
sp. (Ichneumonidae), Agathis sp. (Braconidae), Brachymeria phya (Walker) (Chalcididae) and
an unidentified wasp] and a tachinid fly (Compsilura sp.) were reported at Mt Hagen (B.M.
Thistleton pers. comm. 1985).

The only record of introductions is of C. plutellae from Hawaii and Malaysia prior to 1983.
In 1984 rates of parasitization were still low and the level of biological control inadequate (Lim
1986a), a conclusion reiterated in 1987 (Thistleton 1987).
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Tokelau

DBM does not occur in Tokelau where there are strict quarantine measures to exclude it
and other pests (L. Naseri pers. comm. 1990).

Tonga

Sampling of DBM larvae on Tongatapu did not reveal any parasitoids. Crocidolomia larvae
would still require treatment even if DBM were effectively controlled, but Hellula is only a
minor pest. Bacillus thuringiensis is recommended, but is too expensive for farmers to use.
Following the development of resistance to permethrin, fenvalerate and methamidophos are
recommended, together with interplanting with onions, carrots, garlic, etc. (O. Fakalata pers.
comm. 1990).

Tuvalu

Although Chinese cabbage is grown widely DBM does not occur (S. Seluka pers. comm.
1990).

Vanuatu
No natural enemies of DBM have been recorded (R. Weller pers. comm. 1985).

Western Samoa

An unidentified wasp occasionally attacks DBM larvae (T.V. Bourke pers. comm. 1986)
but no surveys for parasitoids or predators have been carried out (I. Aloalii pers. comm. 1990).

Discussion

The biological control of DBM in the Pacific is complicated by the fact that, in many locations,
it is only one of a group of introduced brassica pests, most of which need to be controlled.
This means that, even if DBM came to be heavily attacked by natural enemies, to the extent
that it was no longer a problem, insecticides would still have to be applied to the crop. It follows,
therefore, that consideration should be given to one or more of three approaches:

(i) to embark, preferably simultaneously, upon the biological control of at least the most
important pests associated with DBM, and in particular of C. pavonana and Hellula spp.
(Table 1);

(ii) toencourage the use of sprays that are effective against the brassica-attacking Lepidoptera,
but relatively harmless to parasitoids (e.g. B. thuringiensis preparations or neem); and

(iii) to select, or otherwise develop, strains of parasitoids resistant to the harsher insecticides
that it is desired to use. However, although some field resistance in parasitoids is reported
(e.g. Iman et al. 1986) this approach is likely to prove of limited value because of the
capacity of DBM to develop resistance rapidly to harsh insecticides used for any length
of time.

In relation to the biological control of C. pavonana, its natural enemies in the oceanic Pacific
are listed in Table 4. It is interesting that C. pavonana occurs, but is regarded as only occasionally
important, in Western Samoa, New Caledonia and French Polynesia (Table 1). The reasons
for its relatively low status in these regions are worthy of investigation: no records of parasitoids
from these countries are available. Crocidolomia larvae were rare and DBM larvae absent from
cabbage during a visit to Tau Island (American Samoa) in 1986. An Apanteles sp. was abundant,
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Table 4. Natural enemies of Crocidolomia pavonana in the Pacific.

Country and natural enemy Family Stage attacked Reference
Cook Islands

none found o) Simmonds 1971
Fiji

Apanteles sp. Braconidae larva Lever 1944

Chelonus sp. Braconidae larva Lever 1944

Papua New Guinea

Exochus sp. Braconidae Greve & Ismay 1983
Apanteles sp. Braconidae larva Gagne 1979
a braconid larva Gagne 1979
Brachymeria sp. Chalcididae pupa Gagne 1979
Diadegma sp. Ichneumonidae Greve & Ismay 1983
! Xanthopimpla sp. Ichneumonidae pupa Gagne 1979
Ropalidia bambusae Vespidae larva Gagne 1979
Richards (predator)
tachinid fly Tachinidae larva Thistleton 1979
Palexorista solennis Walker Tachinidae larva Greve and Ismay 1983
P. inconspicuoides (Baronov) Tachinidae larva Baranov 1934
Palexorista sp. Tachinidae larva Gagne 1979

American Samoa

Apanteles sp. Braconidae ? P. Maddison pers. comm.
Tonga
an ichneumonid Ichneumonidae ? SPC 1979, Crooker
1979

presumably a parasite of Crocidolomia, which was causing very little damage (P.A. Maddison
pers. comm. 1986).

There do not appear to have been any attempts at biological control of C. pavonana, a native
of Africa and Asia. More than 20 larval parasitoids are known, most from the Indian subcontinent
(Waterhouse and Norris 1987). A 5 year search was initiated in 1978 for agents in Pakistan,
resulting in reports of an Apanteles sp. (ultor group) (CIBC 1981) and an unidentified braconid
wasp and a tachinid fly (CIBC 1982). Since C. pavonana is reported to be a widespread and,
from time to time, particularly where pesticides are used, an important pest in its native range,
the prospects for finding effective biological control agents do not appear to be good. However,
existing knowledge is rather limited and it is possible that, if freed from their hyperparasitoids,
its parasitoids might be far more effective in a new country. Furthermore it is said that the current
use of pesticides greatly diminishes the effectiveness of the parasitoids that are present. The
species is certainly worthy of more detailed investigation.

Information on the possibilities for biological control of the cabbage pests H. undalis and
H. rogatalis is summarized by Waterhouse and Norris (1989) and for H. armigera and S. litura
by Waterhouse and Norris (1987).

DBM is attacked by more than 90 parasitoids (Goodwin 1979). Unfortunately, many of
these appear to cause only low levels of mortality. In their native range some are heavily attacked
by hyperparasitoids. It is beyond the scope of this paper to attempt to evaluate the relative
importance of the parasitoids dealt with by a number of authors, including Lim (1986a), Lloyd
(1940) and Chua and Ooi (1986).

In general, egg parasitoids (belonging it seems exclusively to the genera Trichogramma
and Trichogrammatoidea) appear to contribute little. Larval parasitoids have the greatest control
potential, especially those belonging to the genera Diadegma, Cotesia and Apanteles. Of these,
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D. semiclausum, D. insulare and C. plutellae appear to be the most promising for the oceanic
Pacific. Recent work suggests that C. plutellae may be a complex of at least two species and
that DBM is attacked by at least six ‘biological’ species of Diadegma, some of which are almost
impossible to separate using traditional morphological characters (M.G. Fitton and A.K. Walker
pers. comm. 1990). This may explain why varying results have been reported by different
workers. It may also explain unsuccessful attempts to establish, in warm lowland areas with
temperatures approaching 30°C, the ‘strain’ of D. semiclausum that is effective in the cool
highland areas of Malaysia and Taiwan (N.S. Talekar pers. comm. 1990). Of the pupal
parasitoids, D. collaris and O. sokolowskii should not be overlooked. Also, if inoculated widely
into the brassica environment, it is possible that the fungus Zoophthora radicans would continue
to cause heavy mortality when weather conditions were suitable.

Of the parasitoids, laboratory experiments suggest that D. semiclausum should be superior
to D. collaris, with C. plutellae in third position. However, in the field, C. plutellae performed
best (Lim 1986a; Chua and Ooi 1986). Furthermore, C. plutellae is reported to attack larvae
of C. pavonana, H. undalis and Agrotis ipsilon, although the level of attack was very low in
the field (Lim 1982, 1986b).

It is clear from the very sparse distribution in Oceania of introduced parasitoids (Table 2)
that much scope still exists for increasing overall levels of parasitization in all countries, including
both Australia and New Zealand. Even if they were unable to reduce DBM to the status of a
minor pest under all circumstances, the impact of a complex of parasitoids is likely to be of
great benefit, particularly to the relatively insecticide-free environment of traditional farmers,
and certainly merits exploitation.

It is clear that any success with biological control of DBM (and other cabbage pests) is
most appropriately viewed as a major step towards an integrated pest management package,
which should also involve, as appropriate, other measures such as selection of sprays that are
minimally harmful to parasitoids, plant resistance, overhead water sprays, provision of flowering
plants to supply nectar to boost parasitoid reproduction, and the use of trap crops. There have
been many reports in recent years of interplanting or trap cropping. (e.g. Waterhouse and Norris
1987), but none as promising as those recently of Srinivasan and Krishna Moorthy and also
of Muniappan and Marutani (this workshop). They found that a trap crop of earlier-planted
mustard or radish diverted most or all Crocidolomia and Hellula, from head cabbage.

In much of the oceanic Pacific (and particularly in traditional agriculture) where insecticide
use is still far lower than in many other regions, and where the ultimate in unblemished appearance
of a consumer product is not demanded, biological control of DBM, and hopefully of associated
pests, holds considerable promise. Great care should be taken with any introductions to avoid
hyperparasitoids (of which there are many) and indeed any organisms other than the intended
agents.
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Hymenopterous Parasitoids Associated with
Diamondback Moth: the Taxonomic Dilemma
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Abstract

Attempts to control diamondback moth Plutella xylostella (L.) using insect
parasitoids have not been entirely successful. Parasitoids which have been utilized
include Diadegma species and Cotesia plutellae. A better understanding of the
systematics of these Hymenoptera could lead to their more effective exploitation in
biological control. Diadegma is a very large and difficult genus of Ichneumonidae. There
are no completely satisfactory taxonomic treatments, and from the limited work that
has been done we know that some distinct biological species are almost impossible
to separate using traditional, morphological characters. Nine putative species of
Diadegma attack diamondback moth. So far no studies have adequately considered
the taxonomic questions which are important in relation to their parasitism of this
widespread pest. The microgastrine braconid Cotesia plutellae has been used with
limited success in controlling diamondback moth, but recent field studies have raised
suspicions that it is a complex of two or more species. We present a review of our
knowledge of Diadegma and Cotesia and other microgastrines associated with
diamondback moth, and attempt to outline a strategy for solving the taxonomic
problems, leading to a better understanding of relationships with this host. The other
parasitoids which we consider reliably recorded from diamondback moth are also noted.

Introduction

This paper concentrates on Diadegma and Cotesia, but briefly touches on other
hymenopterous parasitoids of diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera;
Yponomeutidae). In each of these three sections, the current taxonomic situation, related questions
of biology, and strategies for the future are considered.

Diadegma
Aspects of Diadegma Taxonomy

Basic morphotaxonomy. The 200 valid, described species of Diadegma, probably make
up less than half the real total of this large, worldwide genus. Its taxonomy is fraught with
difficulties and there are very many misidentifications in the literature. No completely satisfactory
treatments (with keys, descriptions and summaries of biologies and distributions) exist, even
for limited faunas. In Europe, where over 120 species are recognized, many additional, ’cryptic’
species undoubtedly await detection. For example, the morphospecies known as D. chrysostictos
has been shown by Horstmann and Shaw (1984) to comprise two species which attack different
hosts in different habitats, but which are both so similar and so variable as to make impossible
the reliable identification of many individual specimens.
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The species associated with DBM. As far as the Diadegma species associated with DBM
are concerned, the situation is particularly confused because poor communication, and
nomenclatural and identification problems have added to the taxonomic difficulties. For example,
as recently as 1974 and 1988 new species of Diadegma parasitizing DBM were described with
no reference to D. semiclausum, of which they could well turn out to be synonyms.

Although there arc some published data, for example, in Venkatraman (1964), no studies
convincingly link distinguishing morphological characters to demonstrably separate biological
species. Even in Europe, where two species, D. semiclausum and D. fenestrale, have been
recognized as parasitizing DBM, many questions remain unanswered. As long ago as 1938,
Hardy reported the successful production of hybrids in the laboratory and suggested that
interbreeding between these species might explain the occurrence in the field in England of ‘all
stages of intermediate forms.’

The host, DBM, is cosmopolitan, its geographical origin is uncertain and it could be attacked
by ‘local’ Diadegma species as well as those which have had a long association with it. In both
New Zealand (Muggeridge 1930) and South Africa (Ullyett 1947) supposedly native species
of Diadegma were reported as parasitizing DBM before the introduction of Diadegma species
from Europe.

Traditional taxonomic studies have been hampered partly because numbers of specimens
in collections are low. Voucher series relating to many of the transfers, introductions and
laboratory studies are inadequate or even nonexistent. Much more material is needed for proper
investigations.

The present confused taxonomic situation. No-one has made a special study of the
Diadegma species associated with DBM. The annotated list below summarizes the present
situation: it is for guidance only and it is not meant to imply that there are nine separate biological
species of Diadegma attacking DBM. The species are in alphabetical order and the currently
accepted synonymy (indented) follows the valid species name.

Diadegma fenestrale (Holmgren, 1860)
gracilis (Gravenhorst, 1829)

This European species probably has Cnephasia stephensiana (a tortricid which feeds on
a variety of herbaceous plants) as its main host, but is able to move on to DBM in suitable
situations. Available information suggests that it may not be able to sustain populations on DBM
in the absence of its usual host. Lloyd (1942), for instance, found it difficult to get females
to oviposit in DBM larvae. It may interbreed with D. semiclausum (Hardy 1938).

Diadegma insulare (Cresson, 1865)
polynesialis (Cameron, 1883)
hellulae (Viereck, 1912)
plutellae (Viereck, 1912)
pygmaeus (Viereck, 1925)
congregator (Walley, 1926)

This New World species (Carlson 1979) is recorded from southern Canada south to Venezuela
and west to Hawaii, and from the pyralid Hellula undalis and Plutella armoricae as well as
DBM. Most of the synonymy shown above seems to be the result only of examination of dry
pinned material. It needs to be critically reassessed. The wide geographical distribution and
the early dates of description of some the synonymized species begs the question of the real
number of species involved. Even if there is only one, potential for use in biological control
may vary considerably between populations. D. plutellae has sometimes been recognized as
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a distinct species (for example, by Gupta 1987) but without any justification or characters for
its separation being given. There have been few attempts to introduce D. insulare to new areas
to control DBM.

Diadegma leontiniae (Bréthes, 1923)

This species was described from specimens reared from DBM in Argentina and has
subsequently been recorded (also from reared material) from Uruguay. It may be the Diadegma
species reported from DBM in Chile (Rojas, 1965). It may also be a synonym of insulare but
(see discussion above) no-one seems to have considered that possibility.

Diadegma rapi (Cameron, 1912)

D. rapi from Australia is recognized easily because it lacks one small cross-vein in the
forewing. There seems to be reproductive isolation of this species (Venkatraman 1964). There
are no records of hosts other than P. xylostella, although no effort appears to have been made
to find any. It has been moved within Australia to help control P. xylostella (Wilson 1960),
but was outperformed by D. semiclausum.

Diadegma semiclausum (Hellén, 1949)
eucerophaga Horstmann, 1969
cerophaga — misidentification
tibialis — misidentification

This is the best-known of the Diadegma which parasitize DBM. After 1969 the name
eucerophaga quickly came into general use, but in 1980 Horstmann synonymized it with
semiclausum (a species described from the Azores) and unfortunately this name change has taken
a long time to get into the literature relating to DBM. D. semiclausum seems originally to have
had a Eurasian distribution but it has been widely introduced for biological control. However,
the identity of material used for introductions requires further investigation (see below).

Diadegma varuna Gupta, 1974

Described from India, compared in the original description to fenestrale, but not semiclausum.
It may be a synonym of semiclausum.

Diadegma xylostellae Kusigemati, 1988

Described from a single male from Nepal. Said to be very close to D. varuna.
Diadegma sp. indet. A.

lateralis — misidentification

This is the species, supposedly native, which was found attacking DBM in New Zealand
before the introduction of Diadegma species from England (Muggeridge 1930).

Diadegma sp. indet. B.

This is the species, supposedly native, which was found attacking DBM in South Africa
before the introduction of Diadegma semiclausum from Europe (Ullyett 1947). Ullyett reported
that the two species interbred.

Biology of Diadegma

Some aspects of the biology of Diadegma deserve attention because they are important in
relation to both taxonomy and biological control. Their significance has been overlooked because
of the confused taxonomic situation.
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Host range. Data in the literature suggest that many Diadegma species have wide host ranges.
For example, Hardy (1938) apparently accepted that D. fenestrale attacked 24 species of
Lepidoptera and one coleopteran, describing it as ‘very polyphagous’. Although such lists do
include accurate records, many of the records need verification and they are potentially extremely
misleading (see, for example, Shaw 1981). Critical appraisal of what is now known of the patterns
of host associations and the mechanisms involved (see, for example, Dijkerman 1990) leads
us to conclude that most species of Diadegma are relatively host-specific. The usual hosts are
microlepidoptera. For example, D. fabricianae is essentially restricted to Anthophila fabriciana,
a choreutid moth which feeds on nettles (Horstmann and Shaw 1984). Diadegma species which
undoubtedly have more than one host in nature often have some common factor linking them.
D. chrysostictos is such a species, parasitizing a small number of pyralid moths which live in
a narrowly defined niche, in this case basic human foodstuffs (Horstmann and Shaw 1984).
The host ranges of D. fenestrale and some other species recorded attacking DBM are undoubtedly,
similarly circumscribed. One species of Diadegma is suspected to alternate between a micro
and a macro-lepidopteran feeding on the same plant, but so far the evidence for this is
circumstantial (Fitton and Shaw, unpublished data).

Annual cycles and ‘migration.’ It is not known how the Diadegma species associated with
DBM overwinter in temperate zones. The most common method of overwintering in ichneumonids
is as a diapausing, full-grown larva within its own cocoon (which may be within some host
remains, such as a pupa). In multivoltine species sometimes only a proportion of late summer
generations enter diapause, the remainder survive or perish depending on weather conditions.
In many crop situations Diadegma cocoons might be destroyed during winter plowing but other
crucifers could possibly harbor a large enough overwintering population to explain the sometimes
high rate of parasitism of the spring generations of DBM. A better knowledge of the overwintering
mechanism of the Diadegma is essential in relation to biological control.

It is well known that DBM is migratory. No-one seems to have considered that some of
its parasitoids might also be migratory. One small piece of evidence supporting the idea of annual
reinvasion of parts of the host’s range by Diadegma is Putnam’s (1978) conclusion that D. insulare
does not survive over winter in Saskatchewan, where it is one of the two major parasitoids of
DBM. Because the moth overwinters as an adult some workers have jumped to the conclusion
that Diadegma must overwinter in association with alternate host species.

Habitats. Little attention has been paid to the habitat requirements of adult Diadegma. Adults
of the subfamily Campopleginae, to which Diadegma belongs, have been observed feeding from
flowers (Fitton and Jervis, unpublished data) and the availability of suitable flowers in and around
crops could influence levels of parasitoid activity in the crop itself.

Biosystematics and Biological Control

Biological differences between populations (whatever the taxonomic status of the populations)
can be of crucial significance in biological control and need to be explored thoroughly if maximum
benefits are to be expected from attempts to control DBM using Diadegma. In the case of
Diadegma overreliance on identifications and taxonomic decisions made by museum workers
has probably restricted the approach of biological control researchers.

How many species? Reports in the literature of copulation between some of the different
‘species’ of Diadegma associated with DBM; successful rearing of offspring of both sexes from
such pairings; and of morphological intermediates should all lead to questioning of the species
defined by taxonomists working only with limited museum material. Field biologists are usually
in a far better position to make observations which will lead to recognition of real biological
species by taxonomists. Properly integrated studies on Diadegma, involving museum taxonomists
and field workers, should give a far clearer picture and better understanding, from which can
flow better-directed investigations of populations for utilization in biological control.
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The major questions relate to:

(1)  The relationships of the Diadegma ‘species’ attacking DBM. Can morphological characters
be found? Do they all belong to one species-group? Is there biological variation within
‘morphospecies’?

(2) The extent of interbreeding. Has it occurred and what have been the consequences? Could
interbreeding be exploited for biological control?

(3) Hosts other than DBM. What are the host ranges in nature, and how are they circumscribed?

Founder effect and changes in introduced populations. The subject of what happens
to founder populations is currently attracting attention. Population geneticists have theorized
extensively on changes in species after they have been introduced into new areas but few hard
data are available. The possibilities of obtaining information are increasing with the introduction
of ‘DNA-methods’ and the refinement of serological techniques. Biological control provides
some ideal systems, and Diadegma-DBM is one, for investigation.

Genetic change in organisms is of particular interest to the practice of biological control.
Much effort is spent in carefully matching hosts and climates and phenologies in the selection
of populations of agents for introduction in control programs and in maintaining diversity in
cultures. A project based on Diadegma populations associated with DBM could bring results
of practical and academic value.

The material of Diadegma introduced from England to New Zealand in 1936 undoubtedly
included semiclausum and fenestrale. As New Zealand has been the source of much of the so-
called D. semiclausum used elsewhere, how does the population in New Zealand differ from
the present one in Europe? Did any fenestrale survive? Did any hybrids between the two species
have an effect on the gene pool of the newly established population? Did the newly introduced
Diadegma interbreed with the supposedly native species already parasitizing DBM?

Future studies. A first priority must be to establish the kind, range, and geographical
distribution of variation. The project should involve investigation of morphological, enzymatic
and genetic characters.

(1) Detailed morphological studies and morphometric analyses could be undertaken on more-
or-less all the populations involved. Material, particularly reared specimens, in series of
100+, of both sexes, preserved in 95% alcohol (for preference), as well as pre- and post-
release samples with full data would be essential. This should enable some of the basic
taxonomic questions to be answered and others to be formulated more precisely.

(2) Analysis of enzyme systems using electrophoresis on selected populations would allow
a wider range of initial comparisons than the DNA investigation suggested below and should
help solve some of the more difficult taxonomic problems. Cultures could be obtained
from different parts of the world, and maintained in quarantine, to provide the necessary
fresh material.

(3) Selected DNA investigations. Analyses of isoenzymes and DNA sequence variations could
provide means for characterizing cryptic species. Comparison of Diadegma ‘semiclausum’
from New Zealand and England would probably produce the most informative results first.

(4) The laboratory cultures could be used to obtain data, e.g. on temperature tolerance, which
would help match populations to climatic and environmental conditions.

(5) Experimental interbreeding of different populations would yield information on the degree
of reproductive isolation between populations and ‘species.’

(6) Field investigations would be needed to determine modes of overwintering and host ranges
in nature.
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Cotesia

Cotesia plutellae (formerly Apanteles plutellae) does not have a complicated taxonomic
history. It belongs to the very large braconid subfamily Microgastrinae. The species was originally
described in 1912 by Kurdjumov from material reared from DBM. However, until Wilkinson
(1939) redescribed the species in detail and pointed out differences from, and its closeness to,
the well-known cosmopolitan species C. ruficrus, it was not properly recognized. Very recently
it has been suggested that pluzellae may be a junior synonym of vestalis Haliday, but this requires
further investigation. Another slight complication is that many new genera have recently been
recognized in the subfamily Microgastrinae, with the result that many species previously in
Apanteles have new generic assignments. However, the new classification has not gained universal
acceptance and continuing use of Apanteles sensu lato by some workers is causing confusion.

Eighteen related species of microgastrine braconids are recorded from DBM in the literature.
Many of these are probably misidentifications of Cotesia plutellae but all relevant material needs
to be reexamined and investigated furtheér. The North American species Microplitis plutellae
is already verified and considered as reliably recorded from DBM. It has been found destroying
around 10% of host larvae in the final instar (Harcourt 1963). Apanteles ippeus, widely distributed
in eastern Australia (Yarrow 1970; Hamilton 1979), is only recorded from DBM, but its biological
control potential seems to have been overlooked. Apanteles ippeus is not closely allied to Cotesia
plutellae; it belongs to Apanteles sensu stricto.

Cotesia plutellae has been introduced into many countries and helps control DBM. Until
recently no-one questioned its taxonomic status. However, Andreas Poelking (pers. comm.),
working in the Philippines, discovered that there is a better survival rate in a Taiwan strain
than a Philippines strain and suspects that there are two different species involved. One of us
(AKW) has examined his material of both ‘strains’ but can find no consistent morphological
differences of the kind currently used for separation and recognition of microgastrine species.
However, further morphometric analysis (Poelking, unpublished data) has revealed differences
which await further study.

Another aspect of C. plutellae which deserves critical appraisal is its host-specificity. Contrary
to popular assumption it may not be host-specific. It is recorded from 20 species of Lepidoptera,
the majority of the records relating to north-west Europe. Several questions need to be asked
immediately. Are other ‘cryptic’ species of Cotesia confused with C. plutellae? How reliable
are the records? What bias is there in the records. What is the real host range of C. plutellae
and what are the consequences for biological control of DBM?

Other parasitoids of DBM

Some consideration of the other parasitoids is worthwhile. About 50 species are recorded
by Thompson (1946) as attacking DBM. Such compilations are prone to error (Shaw 1981) and
the real total of regular parasitoids is probably a fraction of this number. Recent reviews (such
as those of Lim 1986) lack a critical taxonomic component.

Ichneumonidae other than Diadegma. The ichneumonine Diadromus collaris (formerly
in Thryraeella) attacks the pupae of DBM and has been widely introduced in biological control
attempts. Other ichneumonid primary parasitoids include a second species of Diadromus belonging
to another species-group, D. subtilicornis, and the metopiine Macromalon orientale. There appear
to be no taxonomic problems associated with the foregoing. However, the identification and
role of ichneumonid hyperparasitoids has been more confused. Mesochorines (identified as
Mesochorus) are obligate, internal, larval hyperparasitoids of braconids and other ichneumonids.
In Asia a phygadeuontine, Diatora species (often misidentified under various names including
Hemiteles), is a pseudohyperparasitoid which lays its eggs in the cocoons of Cotesia plutellae
(and possibly also of Diadegma species). A member of a related genus (so far unidentified)
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with a similar biology occurs in the West Indies. Species of Itoplectis (subfamily Pimplinae)
may be primary, or facultative or obligate hyperparasitoids.

Braconidae other than Microgastrinae. Five other braconids, belonging to the genera
Meteorus, Bracon and Chelonus, have been recorded from DBM, but until they are investigated
further the records should be treated as doubtfully correct.

Chalcidoidea. About 30 species of Chalcidoidea have been recorded in the literature as primary
or hyperparasitoids of DBM. However, many of these records are from rather dubious, single
casual rearings and require verification from additional rearing to be considered as reliable.

The eulophid Oomyzus sokolowskii (formerly in Tetrastichus) is a primary and facultative
hyperparasitoid and it is the only chalcidoid to have shown any real potential for biological control
of DBM, and it has been introduced into many countries. Rates of parasitism have been recorded
as high as 89-100% for DBM (Cock, 1985), and levels of hyperparasitism through Cotesia
plutellae as high as 10%. Although it can act as a hyperparasitoid, Waterhouse and Norris (1987)
expressed the opinion that it might still prove to be effective in biological control, pointing out
May and Hassell’s (1981) work which indicated that facultative hyperparasitoids could be thought
to interact in the same way as two competing primary parasites and not adversely affect the system.

Tetrastichus howardi (also known as T. ayyari and T. israeli) is a common parasitoid of
a variety of Lepidoptera in Southeast Asia, including DBM. However, it has not been shown
to be an effective biological control agent against any of them. Several species of Trichogramma
have been mentioned but their taxonomy is fraught with difficulties and species names need
to be regarded with caution. Effective control by Trichogramma species is rarely achieved except
through extensive inundative release programs. Several species of Spilochalcis and Brachymeria
have been reared, but none appear to show promise as control agents and some may even be
acting as facultative or obligate hyperparasitoids. Other species of chalcidoids mentioned as
primary parasites need verification. Species in the genera Trichomalopsis (= Eupteromalus),
Elasmus and Mokrzeckia which have been mentioned may well be hyperparasitoids.

It appears that detailed taxonomic studies of Chalcidoidea will not be worth pursuing on
a cost-effective basis in looking for biological control agents for DBM At some point it may
be worth studying the whole complex of hyperparasitoids, but they should not be considered
to be high on any list of priorities at the present time.

Other superfamilies. The genus Ceraphron of the superfamily Ceraphronoidea is mentioned
in the literature in association with DBM. Cock (1985) records Aphanogmus fijiensis (formerly
in Ceraphron) as a hyperparasitoid of Cotesia plutellae in Barbados, with rates as high as 13%.
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Diamondback Moth and its Natural Enemies in
Jamaica and Some Other Caribbean Islands

M. M. Alam
CARDI, University ‘of the West Indies, Mona Campus, Kingston 7, Jamaica, W.I.

Abstract

~ Diamondback moth (Plutella xylostella (L.)) is widely distributed in the Caribbean.
In Jamaica, amongst 14 pest species feeding on cabbage, cauliflower and cther
crucifers, diamondback moth, cabbage white butterfly and armyworms inflict the highest
damage. The combined crop damage from these pests ranges from 74 to 100%,
averaging 79%. Of these, diamondback moth alone represents over 75% of the pest
populations, causing up to 90% crop loss. The highest (February 1989) and lowest
(August 1989) populations per plant were 43 and 1 larvae in Douglas Castle and 63
and 2 larvae, respectively, in Castle Kelly areas. In Jamaica, five parasite species, viz.
Trichogramma sp., Diadegma insulare, Cotesia (= Apanteles) sp. (Slomeratus group),
Oomyzus (= Tetrastichus) sokolowskii and Trichospilus diatracae were found
parasitizing different developmental stages of the pest. Additionally, Coleomegilla
maculata, Cycloneda sanguinea, Toxomerus dispar, Toxomerus watsoni and Pseudodorus
clavatus; Ceraeochrysa claveri, and Belonuchus gagates were preying upon them. The
fungi Beauveria bassiana, Hirsutella sp. and Paecylomyces sp. were found infecting
larvae and pupae in the plains and sub-mountain areas. During March 1989, a larval
parasite Cotesia plutellae was introduced from Barbados. Soon after its release at the
University of the West Indies Mona Campus and Bodles Agricultural Experimental
Station, it was recovered. Between March 1989 and July 1990, the levels of parasitism
at Bodles, ranged from 5.4 to 88.7% (average 51%). As a result of high mortality caused
by C. plutellae, the diamondback moth populations were reduced significantly. Since
the establishment of C. plutellae in Jamaica, four species of hyperparasites,
Aphanogmus (= Ceraphron) fijiensis, Horismenus sp. (a new species), Catolaccus sp.
(a new species) and Spilochalcis sp. (a new species) were found attacking the cocoons.
Spilochalcis sp. also attacks the cocoons of D. insulare.

Introduction

Cabbage (Brassica oleracea var. capitata) , cauliflower (Brassica oleracea var. botrytis)
and other cruciferous crops are important in the diet of Caribbean people. Cabbage is the most
widely grown in Jamaica, fetching high market prices (US$0.22-0.68/kg). Between 1973 and
1986 cabbage production increased significantly (from 6985 to 15,150 tons) (Ministry of
Agriculture, unpublished reports for 1973 to 1986). The potential for these crops is, however,
limited because of insect pests.

Out of 14 insect species feeding on crucifers, the diamondback moth (DBM), Plutella
xylostella (L.) (Lepidoptera: Yponomeutidae), is the most important. In Jamaica as well as other
parts of the world, when insecticides are not used, crop losses caused by DBM may reach 50-100 %
(Calderan and Hare 1986 and Sagenmuller and Rose 1986). Because of its high reproductive
capability and its ability to develop pesticide resistance quickly, it has become less susceptible
to conventional insecticides (Ankersmit 1953, Calderon and Hare 1986, Lim and Khoo 1986;
Miyata et al. 1986, Morallo-Rejesus 1986; and Suah and Ellis 1974).

233
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In Jamaica, insecticides recommended since 1968, and now ineffective, include malathion,
galecron, gardona, dipterex, diazinon, carbaryl, surecide, DDT, belmark and deltamethrin (Suah
and Ellis 1974), whilst Thuricide, Biotrol, permethrin, methomyl and profenofos are of
questionable reliability.

The general pest management and environmental, occupational and consumer health problems
created by insecticides have forced the field entomologists to put greater reliance on biological
control. In the Caribbean, the Ministry of Agriculture Barbados and the Commonwealth Institute
of Biological Control (CIBC) (now International Institute of Biological Control (IIBC)) Trinidad,
West Indies, initiated research on the biological control of DBM in the 1970s and was later
extended to the eastern Caribbean islands by the Caribbean Agricultural Research and
Development Institute (CARDI) (Alam 1974, 1982; Bennett and Yaseen 1972). This report deals
with research done in Jamaica with brief mention of the status of natural enemies in other
Caribbean islands.

Methodology

The evaluation of the insect pests and their natural enemies was done monthly. Field visits
were made to a number of farm sites in different parishes in Jamaica. For more regular
observations, fields were selected in three ecological zones; Castle Kelly (plains: elevation 457
m), Douglas Castle (610m) and Blue Mountain (hills : 1219 m) (Fig. 1). Besides their ecological
differences, these are major cabbage-growing areas. Trial plots were also established at Bodles
Agricultural Experimental Station.

The following sampling technique was adapted: From a 0.04 ha field five cabbage plants
were taken at random and brought to the laboratory for detailed examination. The plants were
weighed, every leaf examined and all stages of the pest(s) recorded. Eggs, larvae and pupae
of the pests were isolated in glass vials and kept to rear out their natural enemies or the adult
stage.

Data on the amount of damage caused to each cabbage head by various insect pests, and
their relative abundance, were measured on a rated scale. The parasites reared from immature
stages of the pests (i.e. eggs, larvae and pupae) were recorded and their levels of parasitism
calculated. Adults and immature stages of predatory insects and pathogens collected in the field
were also recorded. Information on hyperparasites attacking primary parasites was gathered.
The biology of important parasites was studied in the laboratory.
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Results

Fourteen species of insect pests and three species of slugs were found feeding on cabbage,
cauliflowers and other crucifers. The most important of these were the DBM, cabbage looper
(CL) (Trichoplusia ni Hubner), armyworms (Spodoptera frugiperda (J. E. Smith) and Spodoptera
latifascia (Walker), (Lepidoptera: Noctuidae), cabbage white-butterfly [Ascia monuste (L.),
Lepidoptera: Pieridae] and cabbage aphid [Brevicoryne brassicae (L), Hemiptera: Homoptera:
Aphididae]. In the Blue Mountain areas, besides these pests, a pyralid [Evergestis rimosalis
(Guenee), Lepidoptera:Pyralidae] was found damaging the crop. In Douglas Castle three species
of slugs Leidyula portoricensis, Leidyula sp. and Sarasinula plebeia (Veronicellidae) caused
heavy crop losses.

Pest Status

Alam (1982) reported that in the Caribbean where crucifers are grown throughout the year,
and conditions exist for continuous breeding of DBM which causes serious crop losses to farmers,
the application of insecticides at short intervals (two or three applications/week) resulted in the
development of insect resistance to some chemicals (Alam 1974).

In Jamaica, the combined crop damage caused by various defoliators ranges from 74 to
100%. Of these, DBM represents over 75% of the pest population, causing up to 90% of the
crop damage. When the DBM population is reduced, it gives way to the build-up of other
defoliators, particularly CL.

Distribution and population ievels of DBM in Jamaica

Between March 1988 to July 1990, irrespective of the ecological variations, DBM was equally
important in the plains, sub-mountains and hilly areas. Peak population varied for each area.In
Castle Kelly the highest number of DBM was recorded in February 1988, June 1989 and February
1990, in Douglas Castle in April and July 1988, February, May and December 1989 and January
and February 1990 and in Blue Mountains in May and September 1989 with a moderate peak
in July 1989.

Generally the population tended to be low in August and October in all observation sites.
In Castle Kelly, the lowest number of DBM was recorded in March, May, August and November
1988, May and July to December 1989, and May 1990. In Douglas Castle it was in August
1988 and August to October 1989, and in Blue Mountains in June, August and October 1989.
Larval population per plant also varied. The maximum number of DBM larvae per plant recorded
in Castle Kelly and Douglas Castle was 63 and 43 respectively in February 1989, and the minimum
of two larvae/plant from the former and one larva/plant from the latter locality in August 1989.
In Blue Mountains 38 larvae/plant were collected in May and 23 larvae/plant in June 1989.
At Bodles Agricultural Experimental Station the sample populations from each field investigation
varied from 34 to 518 larvae per month, with an average of 229 larvae/month for the period
April 1989 to March 1990.

Natural enemies

In spite of heavy use of chemical insecticides against DBM and other defoliators on cabbage
and cauliflowers in the Caribbean, a number of natural enemies remain active in the fields,
providing significant control.

Alam (1974, 1982) reported Trichogramma sp. (Hymenoptera: Trichogrammatidae), Cotesia
(= Apanteles) sp. (ater group) (Hymenoptera: Braconidae:Cotesiini) and Spilochalcis hirtifemora
(Ashmead) (Hymenoptera:Chalcididae) attacking eggs, larvae and pupae of DBM, respectively,
in Barbados. Besides these, three species of coccinellids, seven of ground beetles
(Carabidae), two of ‘Jack Spaniard” wasps (Vespidae), three of ants (Formicidae), two of lacewing
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bugs (Chrysopidae) and one each of earwig (Carcinophoridae) and centipede (Scolopendridae)
were found preying upon the pest(s). Yaseen (1974) reported Cotesia sp. (ater group) and S.
hirtifemora from Trinidad. A similar complex of natural enemies was also found in the eastern

Caribbean islands (Alam, CARDI’s unpublished annual and visit reports, 1977 to 1990;
Table 1).

Pest/parasite relationship

The variability of the populations of pest and parasite is shown in Fig. 2. The data for each
insect have been standardized to have zero mean and unit variance. This was done because the
pest data are of much higher values than the parasite data, so to plot both on the same graph
is not helpful. It is these standardized observations that have been plotted against the cumulative
frequency distribution and against time. The cumulative frequency distributions (Fig. 2) attempt
to show how similar the populations of the pests and parasites are. Although they cannot be
regarded as being statistically similar (Kolmogarov test, P>0.05), there does seem to be a strong
degree of similarity which is hard to ignore. Kendal’s rank correlation coefficient, which makes
no assumption as to the underlying distribution of the data, is significant (P <0.001) for each

pair of pest and parasite illustrated, from which one would infer that the two variables are
associated from the populations sampled.
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Indigenous parasites
Diadegma insulare (Cresson)

Distribution and nature of parasitism: Diadegma insulare is the most common larval
parasite of DBM in Jamaica, and remains active throughout the year. The female oviposits in
2nd and 3rd instar larvae. The parasite larva feeds internally without killing the host, until the
host larva spins a thin silken cocoon for pupation. At this stage the parasite (Diadegma) grub
consumes the host (DBM) larva completely and spins an oval shaped cocoon of its own for
pupation.

Levels of parasitism: The populations of D. insulare fluctuate with the density of DBM
(Fig. 2). In Douglas Castle area, the levels of parasitism ranged from 12 to 28.5%, between
April and December 1988, 6.1-75.8% from February to December 1989 and 7.9-46.4% from
January to July 1990. The cocoons of D. insulare were attacked by a hyperparasite Spilochalcis
sp., parasitizing 0 - 67.3% in 1988 and 0 - 50% in 1989.

In Castle Kelly (Fig. 2) during March, May, August and November 1988, the levels of
parasitism ranged from 9.4 to 45.5%, from February to December 1989 0 - 41.8%, and from
January to July 1990 O - 45.5%. Spilochalcis sp. attacked 8.3-68.6% cocoons of D. insulare
in 1988, and 0-25% in 1989.

In Blue Mountains, the levels of parasitism by D. insulare ranged from 1.1 to 57.4%, average
13.8%, between April and November 1989. Spilochalcis sp. was recorded only in August and
September 1989, attacking 83.3 and 1.6% of the cocoons of Diadegma, respectively.

At Bodles Agricultural Experimental Station (Fig. 2), D. insulare was rare. Only 2.6%
parasitism was recorded in July 1989 and 2% in March 1990. Forbes and Mansingh (1990)
reported 21.5-62 % parasitism by D. insulare in Douglas Castle, except in August and October
1987. At Sandy River the levels of parasitism recorded were 8.3 % in May to 55.9 % in September
1986.

Oomyzus (= Tetrastichus) sokolowskii (Kurdjumov)

Distribution and nature of parasitism: This gregarious larval-pupal parasite of DBM is
indigenous to Windward and Leeward islands of the Caribbean. In Barbados it was introduced
from India and Montserrat (Leeward island) during 1970-71, and from St. Vincent (Windward
island) and Montserrat during 1977-80 (Alam 1982). The parasite is indigenous to Jamaica,
and is well distributed in the cabbage growing areas. It has a density-independent relation to
pest populations.

Mating behavior: In the laboratory, the newly emerged males and females were placed
together in glass vials, fed on 10% honey solution and observed. The male mounts the female
from behind to insert the aedeagus. Mating lasts from 15-20 seconds and multiple matings occur.

Mode of parasitism: Some 24 hours after mating, the parasites are provided with full-grown
larvae of DBM in glass jars or glass tubes, in the ratio of three females to one host larva for
48 hours. The female usually mounts the caterpillar from its lateral side and gently inserts the
ovipositor into the cuticle to deposit eggs subcutaneously. After the exposure period, the larvae
were isolated in 7 X 2 cm glass vials and provided with pieces of cabbage leaves for food until
pupation. In Jamaica at ambient temperature, the total development period (egg laying to adult
emergence) lasts for 15-26 days. In Barbados the life-cycle was completed in 12-13 days (Alam
1982). The number of parasite adults raised from a single pupa ranged from 3 to 40. In the
laboratory, 43.3-96.6% DBM larvae were successfully parasitized.

Levels of parasitism: The field parasitism ranged from O to 4.7% from April to
December 1988, and 0 - 2.6% from February to December 1989 in Douglas Castle; 0 - 19.5%
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during March, May, August and November 1988 and 0 - 15.9% from February to December
1989 in Castle Kelly; 0.5 - 12.8% from April to December 1989, and 2.4 % in January and
7.8% in March 1990 at Bodles Agricultural Experimental Station; and O - 2.9% in Blue
Mountains.

Following release in Barbados the parasite was recovered from many cabbage fields. The
levels of parasitism recorded were 67.7 - 100% in 1976 and 26 % in March and 12.5% in April
1980. Probably due to persistent use of chemical pesticides against DBM and other cruciferous
pests, the parasite failed to maintain high levels of parasitism in the fields (Alam 1982). Forbes
and Mansingh (1990) reported O - 7.1% parasitism in 1986 and 0 - 10.4% in 1987 in Jamaica.

Cotesia (= Apanteles) sp. (Slomeratus group)

This indigenous larval parasite of DBM was recorded in all observation sites. The parasite
prefers 2nd and 3rd instar larvae, but under laboratory conditions it also attacks full-grown
caterpillars. Generally the field parasitism was erratic and very low. During 1988 the levels
of parasitism recorded were 4.5% in May and 5% in August in Castle Kelly, 1.5% in June
in Douglas Castle, and 3.7% in June in Blue Mountains. The parasite was not recorded during
1989 and 1990.

Trichospilus diatraeae Cherian and Margabandhu

This pupal parasite of lepidopterous insects is of Indian origin. It was recorded only once
from a DBM pupa collected in Douglas Castle in April 1989.

In Barbados the parasite was introduced from India in 1972 (Alam and Gibbs 1984) against
lepidopterous pests including S. frugiperda and was reared from field-collected pupae of CL,
Pseudoplusia includens Walker, Diaphania hyalinata (L.) and Stemorrhages flegia (Cramer)
(Bennett and Alam 1985). After the parasite was introduced into the other Caribbean islands
(Alam 1978; Alam and Gibbs 1984), recoveries were made from the field-collected pupae of
D. hyalinata and DBM in St. Vincent (Alam, 1986, CARDI’s unpublished visit reports).

In 1984, M. Yaseen reared 7. diatraeae from a noctuid pupa (possibly S. frugiperda) collected
among rice stubbles at Caroni, Trinidad. On 3 May 1985, H. Glenn collected 48 pupae of Epimecis
detexta (Walker), a geometrid pest of avocado from a commercial grove in Dade County, Florida,
USA, and two of these yielded adults of 7. diatraeae (Bennett et al. 1987).

Since Bennett et al. (1987) postulated that 7. diatraeae was established in Trinidad as the
result of escapes while the species was undergoing host-range tests, this should not account for
its presence in Florida. Its appearance in North Florida (Gainesville) as well as in South Florida
(Homestead) indicates that it is probably widespread in Florida. Whether it arrived there as an
accidental immigrant direct from Asia or from Barbados cannot be ascertained. Similarly, the
source of T. diatraeae in Jamaica is not clear. Probably it arrived here with the planting materials
brought from the eastern Caribbean islands or carried by hurricane winds.

Predators

The most common groups of predators found in cabbage fields were coccinellids, chrysopids,
syrphids and staphylinids (Table 1). Although their exact contribution in regulating the pest
populations has not been evaluated, it is expected that these play an important role in the overall
mortality of DBM and other cruciferous pests in the field. There is a need to conserve the
populations to enhance their effectiveness, by reducing the indiscriminate use of pesticides.

Fungi

Three species of fungi (Beauveria bassiana, Hirsutella sp. and Paecilomyces sp.) were found
infecting the larvae and pupae of DBM at Douglas Castle and Castle Kelly. The fungi were
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Table |I. A complex of parasites, predators and fungi attacking various stages of DBM in Jamaica.

Name

Status

Parasites

Hymenoptera
Trichogrammatidae
Trichogramma sp.

Ichneumonidae
Diadegma insulare (Cresson)

Braconidae:Cotesiini
Cotesia (= Apanteles ) sp. (glomeratus group)

Pteromalidae
Oomyzus (= Tetrastichus) sokolowskii (Kurdjumov)

Eulophidae
Trichospilus diatraeae Cherian and Margabandhu

Hyperparasites
Ceraphronidae
Aphanogmus (= Ceraphron) fijiensis (Ferriere)

Eulophidae
Horismenus sp.

Pteromalidae
Catolaccus sp. (species new to science)

Chalcididae
Spilochalcis sp. (species new to science)

Predators

Coleoptera

Coccinellidae

Coleomegilla maculata (DeGeer)
Cycloneda sanguinea L.
Hippodamia convergens

Staphylinidae
Belonuchus gagates Erichson

Diptera

Syrphidae

Toxomerus dispar (Fab.)
Toxomerus watsoni (Curran)
Pseudodoros clavatus (Fab.)

Neuroptera

Chrysopidae

Ceraeochrysa claveri Navas
Fungi

Beauveria bassiana
Hirsutella sp.
Paecilomyces sp.

Egg-parasite

Larval parasite
Larval parasite
Larval-pupal parasite

Pupal parasite

Pupae of Cotesia species
Pupae of Cotesia species
Pupae of Cotesia species

Pupae of Diadegma insulare and
Cotesia spp.

Eggs and young larvae
Eggs and young larvae
Eggs and young larvae

Prob. larvae and pupae
Young larvae

Young larvae
Young larvae

Larvae

Larvae and pupae
Larvae
Pupae

found mainly during the wet season, attacking some 5 - 10% of the larvae and pupae in the
field. They were identified by Dr Chris Prior, Insect Pathologist, CAB-IIBC, Silwood Park,
London. He cultured B. bassiana at Silwood Park and brought it to Jamaica for field trial.
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Field Application: On 16 July 1990, the Beauveria formulation was sprayed in one cabbage
field at Bodles. Observations on the larval mortality were carried out from 18 to 30 July 1990.
Details are provided in Table 2.

The results showed that the field application of B. bassiana against DBM larvae caused
high mortality, ranging from 12.5 to 54.5% in treated plots compared to 10.7 to 46.9% in the
untreated plot. In the latter case the mortality was probably due to fungal spores drifting during
the time of application, when the wind was fairly high. However this small experiment, using
an indigenous pathogen against DBM has opened a new area for future research and development
of this and other available pathogens (both indigenous and exotic) for the biological control of
DBM and other cabbage pests.

Table 2. DBM Larval mortality caused by Beauveria bassiana, in sprayed and unsprayed plots, at
Bodles Agricultural Experimental Station, Jamaica.

Date larvae No. larvae No. larvae Percentage
collected collected infected infection

Sprayed plot 18 July 1990 69 30 43.5

20 July 1990 112 14 12.5

21 July 1990 112 6l 54.5

30 July 1990 112 47 41.9
Unsprayed plot 20 July 1990 56 6 10.7

2| July 1990 160 75 46.9

30 July 1990 112 39 34.8

Exotic parasites

Although a number of indigenous natural enemies attacking DBM have been reported from
the eastern Caribbean islands, these have not provided sufficient control of the pest. It was,
therefore, decided to introduce some well-known parasites from India, Pakistan and the eastern
Caribbean islands to supplement the existing mortality levels of DBM. Alam (1974) reported
the introduction of five parasite species into Barbados against DBM. Of those Cotesia plutellae
(Kurdj.) from India, and Oomyzus (= Tetrastichus) sokolowskii (Kurdj.) from India, Montserrat
and St. Vincent, became established (Alam 1982). Cotesia plutellae was successfully introduced
into Barbados in 1969, and between 1971 and 1985 the annual average parasitism ranged from
17.9 to 52.5% (Alam 1982, 1986). It was also introduced into the eastern Caribbean islands
with similar success (Alam 1986).

In Jamaica earlier introductions of C. plutellae and O. sokolowskii were not successful.
They were again introduced from Barbados in March 1989 and soon after, C. plutellae was
recovered from release sites at Mona Campus, University of the West Indies and Bodles
Agricultural Experimental Station. At Bodles, from March 1989 to July 1990, the levels of
parasitism ranged from 5.4 to 88.7%. The parasite is highly density-dependent. The level of
parasitism increased with the increase of pest population and the converse was also true (Fig.
2). The parasite was also recovered from Douglas Castle, Castle Kelly and Blue Mountains,
but the levels of parasitism were low. In the former locality it parasitized fewer than 1% larvae
in 1989 and in Castle Kelly 2.8% larvae were parasitized in February 1989, while in Blue
Mountain area it parasitized 3.8% larvae in June, 2.7% in July and 0.7% in September 1989.
The reasons for failure of the parasite in Douglas Castle and Castle Kelly areas are not yet clear.

Hyperparasites

Two species of hyperparasites (A. fijiensis and S. hirtifemora) were found attacking the
cocoons of C. plutellae in Barbados. Of these the former parasite was more abundant, attacking
up to 13% of the cocoons during the rainy season. The hyperparasite A. fijiensis was also recorded
from St. Vincent, attacking C. plutellae and other Cotesia spp. and Apanteles spp. (Alam 1982).
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In St. Kitts A. fijiensis, S. hirtifemora and Catolaccus sp. were found attacking the cocoons
of C. plutellae. Of these S. hirtifemora was the most abundant, attacking up to 50% parasite
cocoons in the field. However, in spite of heavy damage to the Cotesia pupae, C. plutellae
remained fairly abundant, parasitizing over 75% of the DBM population in the field (Alam 1980
to 1990, CARDI’s unpublished visit reports).

After the establishment of C. plutellae at Bodles and at UWI Mona Campus in Jamaica,
the parasite cocoons were attacked by four hyperparasites: A. fijiensis, Catolaccus sp., Horismenus
sp. and Spilochalcis sp. The levels of parasitism by the former species ranged from 0 to 1.6 %,
Horismenus sp. 0 - 13.3% and Catolaccus sp. 0 - 6.3 %. The more persistent hyperparasite was
Spilochalcis sp. which was recorded throughout 1989 and 1990. The range of parasitism was
3.3 - 28.9%. However, the damage from these hyperparasites did not affect the efficiency of
the primary parasite significantly.

Discussion

DBM is a cosmopolitan pest which thrives under extremely varied climatic conditions
(Paramonov 1953). Although a temperature range of 17-25°C is considered optimum for the
pest (Atwal 1955), DBM is the most serious pest of crucifers in the Polar regions of the USSR
(Kutsenin 1977). Under tropical conditions, particularly in the Caribbean region, where the
temperature fluctuates between 28-31°C throughout the year, the pest breeds continuously and
completes its development in 14-24 days, suggesting up to 20 generations a year (Alam 1982).

In the Caribbean and particularly in Jamaica, highest populations of DBM were recorded
during dry hot weather (January to June), and reduced to the minimum in the rainy season (July
to December). Talekar et al. (1986) supported these observations in Taiwan, where during the
dry period when the crop was irrigated with overhead sprinklers, the pest population was reduced
significantly. Yaseen (1974) also reported that in Trinidad the pest populations were highest
during periods of low rainfall.

A larval parasite C. plutellae and a larval-pupal parasite O. sokolowskii were successfully
introduced into Barbados in the early 1970s, and the average annual larval parasitism by the
former species ranged from 18 to 52.5% (Alam 1982 and 1986). Cotesia plutellae was later
introduced into the eastern Caribbean islands where it became readily established, and along
with O. sokolowskii, provided significant control of DBM. Soon after the release of C. plutellae
in the fields in St. Kitts, it became established. The buildup of the parasite was phenomenal,
where in spite of one to three applications of insecticide cocktails per week, an average 75%
DBM larvae were parasitized. During field visits, it was generally observed that in unsprayed
fields, a large number of Cotesia adults were hovering over cabbabge heads and many were
actively searching for DBM larvae under cabbage leaves. In sprayed fields, although a number
of parasite cocoons were found on cabbage leaves, the adults were virtually absent. In spite
of repeated applications of different insecticides, many farmers failed to control the pest. When
these fields were left unattended, the parasites moved in, built up large populations and spread
to the newly planted fields nearby. The situation in Barbados and the other Caribbean islands
is similar to that of St. Kitts, where the vegetable growers keep spraying their crops at regular
intervals, with little or no control of DBM.

In Jamaica, where the complex of indigenous natural enemies is slightly different from that
in the eastern Caribbean islands, the presence of D. insulare was considered an asset and the
introduction of another larval parasite, particularly C. plutellae, could add to the larval mortality
and reduce DBM populations. After the introduction of C. plutellae in April 1989, the parasite
was released at Mona Campus, UWI, and Bodles Agricultural Experimental Station. It has shown
some promise at Bodles, but in other areas although it has been recovered repeatedly, the
populations remained low. Attempts to increase the parasite populations in all cabbage-growing
areas by continuous releases of laboratory-reared adults are in progress.

The probable reason for the failure of C. plutellae to build up high populations, particularly
in Castle Kelly, Douglas Castle and Blue Mountain areas, is the excessive use of pesticides and
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the presence of a number of hyperparasites, viz. Spilochalcis sp., A. fijiensis, Horismenus sp.
and Catolaccus. The former species is widely distributed in Jamaica, attacking large populations
of D. insulare and now C. plutellae, whereas the other three species are more prevalent at Bodles
and Mona, attacking mainly the cocoons of C. plutellae. In spite of these serious limiting factors,
the primary parasite still maintains reasonably high populations in the fields providing significant
control of DBM.

In St. Kitts, the cocoons of C. plutellae were attacked by another chalcid Spilochalcis
hirtifemora, attacking up to 56% of the cocoons in the field. Occasionally small populations
of A. fijiensis and Catolaccus sp. were also found attacking Cotesia cocoons. 'Although these
hyperparasites limited the viability of C. plutellae populations, they did not prevent the rapid
buildup of the primary parasite and its effect on DBM.

Our observations are almost similar to those of Sastrosiswojo and Sastrodihardjo (1986)
in Indonesia, who reported that the establishment of Diadegma semiclausum in Indonesia provided
up to 80% larval mortality in different parts of the country where DBM still remains the most
important pest of crucifers.

Since the reintroduction of C. plutellae is very recent in Jamaica, the parasite has not yet
been established in all the ecological zones of the country. It is hoped that the parasite will quickly
get acclimatized to Jamaican conditions to increase its populations as in other Caribbean islands,
and along with other indigenous natural enemies, provide better control of DBM. The addition
of local fungi particularly B. bassiana and Hirsutella sp. may help achieve permanent control
of DBM.
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Abstract

The accurate measurement of parasitoid impact on diamondback moth, Plutella
xylostella (L.) populations is important to both the evaluation of exotic parasitoids for
introduction, and to the integration of parasitoids with other cropping practices,
particularly pesticides. Parasitoid impact is usually measured by samples for percent
parasitism. Problems with the accuracy of this approach, and its application in tropical
conditions, are discussed. Two other approaches, the recruitment and graphical
methods, are outlined, and some data on preliminary trials with these methods are
presented.

s

Introduction

The use of natural enemies in the management of diamondback moth (DBM), Plutella
xylostella (L.) (Lepidoptera: Yponomeutidae), can be viewed as a two-step process. Because
DBM is exotic over much of its range, the first step is to establish effective and specific natural
enemies from its area of origin. The second step is to maximize the contribution of these natural
enemies by manipulating cropping practices, particularly pesticide use. At present, pesticide
use may be excluding the key natural enemies of DBM in many areas.

The ultimate aim must be to maximize the contribution of natural enemies, which may be
free to the farmer, and to minimize the use of pesticides thereby achieving a sustainable and
cost-effective integrated pest management strategy.

In some cases, it is clear that introducing one or more parasitoids of DBM may eliminate
the need for chemical pesticides altogether (e.g. Cape Verde Islands). In other cases, particularly
in lowland tropical areas, there may be a continuing need for pesticide application on the basis
of a spray threshold. This threshold should incorporate the potential of both the pest and the
natural enemies in the crop system.

Activities of IIBC in Biocontrol of DBM

The International Institute of Biological Control (IIBC) has been involved for many years
in the effort to find and distribute effective natural enemies of DBM. As early as 1928, IIBC
scientists began exploration for parasitoids of DBM in Europe, and in 1936 made the first ever
shipment of DBM parasitoids to New Zealand (Thomas and Ferguson 1989). Since then, from
its stations around the tropical world, IIBC has carried out studies on the biology of DBM
parasitoids and provided these species to countries in Asia, Africa and Latin America. Current
work focuses on Central America and West Africa.
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From its early exploratory work, IIBC is acutely aware that the range of parasitoids used
in the biological control of DBM is only a fraction of those available. Most exploration in Europe
has so far concentrated in cooler regions, whereas the principal problems with DBM today occur
in the hot tropics. Therefore, we see a clear need for renewed exploration for tropically adapted
strains of parasitoids in the suspected European region of origin of the pest.

In recent years, IIBC research has begun to focus as well on the second step in the biological
control of DBM, its integration with chemical control. Our research has been directed at the
development of laboratory bioassays for pesticide effects on parasitoids, and the selection of
pesticide-resistant strains (Ke et al. 1991).

In this paper, however, we wish to discuss another current area of interest which we feel
is crucial to both steps in biological control, namely the accurate and quantitative assessment
of the impact of parasitoids on DBM in the field.

The need for an accurate assessment of parasitoid impact is obvious to any scientist working
with IPM of DBM. Without it we cannot understand the contribution of introduced parasitoids,
we cannot determine which parasitoids species are more effective, and we cannot calculate how
pesticides or other cropping practices affect their contribution.

Measurements Based on Percent Parasitism of Hosts

In principle, the impact of parasitoids on DBM can be measured in a number of ways. Lim
et al. (1986), for instance, have used the insecticide check method to remove parasitoids, and
other exclusion methods are possible (Luck et al. 1988). But in most instances, parasitoid impact
has been measured by percent parasitism. The accuracy of this method depends on the way in
which samples are made. A popular method, the comparison of parasitoid cocoons to healthy
larvae, for instance, has so many sources of error that an accurate assessment is very unlikely.
Such measures may, however, be of qualitative value, for instance, to compare two extreme
treatments in nearby plots.

A more precise measure of percent parasitism comes from sampling host larvae and rearing
(or dissecting) parasitoids from them. Even with this simple method, problems can arise. Three
problems are particularly common.

Firstly, percent parasitism may be measured with no reference to the density of the host
population on which it is acting. Such a measurement is of little practical use: there is a very
substantial difference between 20% parasitism of a population of 1 insect/plant, and 20%
parasitism of a population of 20/plant.

Secondly, the incorrect host stage is sometimes used for calculating percent parasitism, that
is, the denominator contains hosts too young or too old to be attacked. Only stages attacked
by the parasitoid should be sampled. Further, the greatest accuracy is obtained by sampling
a host stage between that which is attacked by the parasitoid and that from which the parasitoid
emerges (Van Driesche 1983; Van Driesche et al. 1991). If we sample earlier stages, we may
be removing hosts from the field before they have been fully exposed to parasitism, hence we
may underestimate parasitism.

Finally, parasitoids affect the development of their hosts, and this can lead to biases. Thus,
a developing parasitoid may keep a host in one stage long after healthy hosts have moved to
a later stage which is not sampled. This will lead to an overestimation of parasitism.

Some of these problems arise with parasitoids of DBM. Diadegma semiclausum Hellen will
parasitize all larval instars, although it prefers the second and third (Lloyd 1940; Velasco 1982).
Fourth instar larvae or prepupae may be the best stage to sample, but sampling fourths may
remove them from some parasitism which would have occurred later. Further, host larvae
parasitized in later instars spend longer in the fourth and prepupal stage (before producing a
parasitoid) than healthy larvae (before producing a moth pupa) (Mallya 1980). Samples of
prepupae, therefore, might overestimate parasitism.
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For pupal parasitoids, like Diadromus collaris Gravenhorst and egg parasitoids, like
Trichogramma spp., parasitized hosts remain as pupae and eggs for some period after healthy
hosts of the same age have become adult moths or larvae, respectively.

For Cotesia plutellae Kurdjumov, samples of early fourth instars will give the most accurate
estimate, as parasitism is concentrated on the second and third instar and emergence is from
the fourth. However this parasitoid does affect the rate of host development, such that errors
are possible (P.A.C. Ooi, IBC, pers. comm.). There is little published information on the effects
of Tetrastichus sokolowskii Kurdjumov on host development, but it has been observed that
parasitism actually accelerates host cocoon formation (Cherian and Basheer 1939) and delays
relative to healthy hosts. Both effects would tend to overestimate parasitism from pupal collections.

Problems with Measuring Parasitism by Host Samples

Let us assume that our measure of percent parasitism from samples of DBM is the most
appropriate one to avoid the possible errors just mentioned.How do we use samples to get a
meaningful measure of the impact of a parasitoid on this pest? The interval over which we
commonly attempt to measure percent parasitism is the host generation. This generational
mortality is a kind of common currency in studies of biological control. A measure of generational
mortality tells us that parasitoid X reduced the probability of pest Y to survive and reproduce
by a certain percentage. This measure can be compared between different pest densities, cropping
practices or sites, to determine what factors promote or limit biological control.

By contrast, one or a few samples of pests from which parasitism is estimated represent
little more than snapshots of this process and, depending on when they are taken and the local
phenology of pests and parasitoids, they may vary greatly in its estimate of generational mortality.

Sometimes, however, a few samples of percent parasitism can give us an accurate measure
of generational mortality from a parasitoid. This occurs when DBM has discrete generations
and reasonably discrete life stages within these, such that a sample of the appropriate stage is
really a sample of an entire single generation as it passes through that stage. In temperate regions,
such distinct generations do occur, and have permitted Harcourt (1963), for instance, to estimate
generational parasitism by Diadegma insulare (Cresson) in Canada by sampling the appropriate
DBM life stages in a single generation.

Alternatively, if DBM has completely overlapping generations, and mortalities due to
parasitoids and other factors are not changing over time, then any sample of the appropriate
stage at any time will give a good measure of generational parasitism. This method is described
in Southwood (1978).

Unfortunately, the population biology of DBM in many tropical countries usually falls
between these two extremes. Typically, when a brassica crop is transplanted to the field, adult
moths lay eggs and produce an initial generation, which may be fairly discrete. But as the
population grows, generations begin to overlap, until at the time of harvest, perhaps six generations
later, all life stages are present at all times.

A typical pattern for a DBM population in a cabbage field in Honduras is illustrated in Fig. 1.
These data come from the fourth cabbage crop on a field where cabbage was cropped continuously,
in an overlapped manner, as is common in Honduras and other tropical regions. In this situation,
it is clear that waves of young larvae are entering the population, but it is not possible to identify
clearly a single generation.

In Fig. 2, percent parasitism of fourth instar larvae and prepupae by D. insulare is shown
from the quantitative samples of larvae and prepupae shown in Fig. 1. These samples were held
in the laboratory for moth or parasitoid emergence. Like the host populations, parasitism typically
shows dramatic fluctuations over time, between 0 and about 50%.

Most data on parasitism of tropical DBM populations are presented in the form shown in
Fig. 2. It gives a qualitative impression of the relationship between parasitism and pest density,
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which may be compared with patterns from other times, sites and treatments. But it does not
permit a quantitative measure of mortality such as generational parasitism, because discrete
generations cannot be distinguished.
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Fig. I. An example of age structure in a tropical DBM population, which is clearly intermediate
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Fig. 2. An example of DBM populations and levels of parasitism by D. insulare, from same

samples as for Figure I, to illustrate typical fluctuations (see text).

A Possible Approach to Quantifying Parasitoid Impact

Measuring the impact of parasitoids on DBM poses two problems: measures of percent

parasitism are subj-ct to error, and tropical populations of DBM rarely have sufficiently discrete
generations such that measurements of percent parasitism can estimate generational parasitism.

A possible solution to these problems comes from the recent exploration of alternative

methods to estimate generational mortality due to parasitism (Van Driesche et al. in press). Two
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of these methods, which we shall call the ‘recruitment’ and ‘graphical’ methods, involve sampling
the number of susceptible hosts in a population over time and, later, the number of parasitoids
actually produced from these. The recruitment method (Van Driesche and Bellows 1988) measures
the rate at which hosts entered susceptible stages and were parasitized, while the much older
graphical method (Southwood and Jepson 1962) estimates the total density of susceptible larvae
and parasitoids produced over the selected interval.

These methods measure mortality over a selected interval, and are not constrained to a single
generation. Since identifying discrete generations is difficult for tropical DBM populations, we
suggest that they, and other methods for estimating impact, are best calculated over the interval
of the brassica crop. In tropical brassica production, the crop period identifies a discrete unit
of pest population growth, plant damage and crop yield. The damage caused to a tropical crop
by five to ten successive DBM generations between transplanting and harvest is, to some extent,
cumulative in its effect on yield. Similarly, parasitoid action has a cumulative effect on the
growth of pest populations, and hence on damage and yield. For this reason, the crop period
seems an appropriate interval over which to quantify the contribution of parasitoids to DBM
management.

Below we report some preliminary efforts to apply the recruitment and graphical methods
to the measurement of parasitism of DBM over a crop period. Studies were made in Honduras
on cabbage fields in collaboration with staff of the Escuela Agricola Panamericana, El Zamorano.
We report results from one site and crop, by means of illustrating the two methods. An expanded,
more detailed account will be published elsewhere by the junior author (A. Cherry, IIBC,
unpublished data).

Recruitment method. This method has been described by van Driesche and Bellows (1988)
for another pest of brassicas, Pieris brassicae. It estimates the rate at which host larvae recruited
into the stage susceptible to parasitism (i.e. from an earlier stage) over a particular period, and
the rate at which parasitoids are recruited into the adult parasitoid population from these larvae
at a later time. Over an interval, the ratio of these rates gives a measure of the proportion of
susceptible larvae in the population which ultimately died from parasitism.

A single cabbage crop was sampled from transplanting to harvest at intervals of 3-7 (average
4.3) days. On each sampling date, 10 plants were chosen at random from the crop and marked
with stakes. With the exception of first instars, all larvae, prepupae, pupae and parasitoid pupae
were removed from each plant. Second and third instar larvae were discarded, and fourth larval
and prepupal stages retained on fresh leaves in the laboratory at ambient conditions of temperature
and light. After 48 hours the same 20 plants were inspected and a larval count made. During
the period between sampling and inspection, eggs and first instar larvae left on the plant had
developed into the susceptible stage. Thus, assuming that there was no immigration from other
plants and that the plant was perfectly cleared during sampling, all larvae present at inspection
represented recruitment to the susceptible host population during the given period. A plant once
sampled was not selected again. Figures were adjusted to give an estimate of recruitment over
a 24-hour period.

Recruitment to the D. insulare parasitized host population was estimated from the original
sample of fourth instar larvae and prepupae. As with host recruitment, samples were recorded
for parasitoid cocoon production over 48 hours, and estimates derived for recruitment over 24
hours. The possibility that parasitized hosts developed more slowly, and hence were over-
represented in samples of fourth instar larvae and prepupae (as mentioned above for D.
semiclausum), is a source of error which would overestimate parasitism.

This method for measuring parasitoid recruitment varies from that of van Driesche and
Bellows (1988) who measured recruitment at the parasitoid egg stage, by dissection of field-
collected larvae. Our method incorporates the possible error that, between parasitism and
parasitoid emergence, parasitized hosts suffer different mortality than unparasitized ones. Further,
during this period, parasitized hosts will die from other causes, such that our measure is more
one of ’irreplaceable mortality’ (Southwood 1978) due to parasitism.
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The rates of recruitment arising from this method are plotted as daily rates relative to sampling
dates (Fig. 3). The points are joined up and the area under the curves estimates the total recruitment
of hosts and parasitoids.

Graphical method. In this method, the numbers of larvae of each stage sampled on each
date are plotted on a graph (Fig. 4). At the end of the sampling period, the points are joined
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up and the area under the line is determined. This total is then divided by the mean development
time under field conditions to give an estimate of the total numbers in that stage during the interval.
Development times for the second-third instar period were estimated at 5.5 days, based on
laboratory and literature data and temperature measurements in the field.

In this way, the total number of susceptible larvae in the second and third instar during
the cropping period was calculated. Total numbers of parasitoids produced in the crop period
were calculated in a similar manner by plotting the density of intact (e.g. unemerged) parasitoid
cocoons at each sampling date, measuring the area under this curve, and dividing by the mean
development time for parasitoid pupae (estimated at 6.5 days; Carballo and Quezada 1987).

As with the recruitment method, this method is subject to errors due to differential mortality
of parasitized and healthy hosts between parasitism and parasitoid emergence, and it does not
count parasitism of hosts which die of some other cause in the interim. The graphical method
also makes other assumptions which weaken its accuracy, and is sensitive to errors in development
times and effects of parasitoids on host development (Bellows et al. 1989; Groden et al. 1990).

Results and Discussion

The recruitment method is taken in this study as giving the most accurate measure of real
levels of mortality due to D. insulare over the cropping period, despite the sources of error
identified above. It produced an estimate of parasitoid-induced mortality over the crop period
of 44.4%. The same estimate from the graphical method produced was 30.5%. Without
replication, i.e., over consecutive crops or different treatments, the results of these two methods
cannot be properly compared, but their similarity in this preliminary trial is encouraging. By
contrast, independent estimates of percent parasitism from fourth instars and prepupae sampled
on particular dates during the same crop ranged from 7 to 72 % parasitism (A. Cherry, IIBC,
unpublished data).

For scientists familiar with the sampling of hosts and scoring of parasitism by rearing or
dissection, the recruitment and graphical methods may appear rather complex. The recruitment
method, in particular, requires that measurements of recruitment be made in the field, as well
as estimation of parasitism rates from collected samples.

By contrast, the graphical method appears very simple requiring only population samples
which might be made in the course of a study of the pest population alone. This desirable
simplicity, however, is offset by biases created when its assumptions are not met (Bellows et
al. 1989; Groden et al. 1990).

Conclusions

This paper has sought only to identify problems with estimating parasitoid impact on DBM
and to suggest some possible solutions. Considerably more work is necessary to test quantitative
methods for assessing impact, in order to determine which methods best combine accuracy with
ease of implementation. In the course of this, other approaches should be tried as well, such
as the so-called ‘death rate analysis’ (Van Driesche et al. 1990), which has only recently been
developed.

Although we have identified problems with present methods for measuring percent parasitism
and representing it as seasonal trends, we do not urge abandonment of this approach at this
time. It does provide information on trends in parasitism, qualitative information for comparing
sites and treatments and, at present, it has few proven alternatives.

Nonetheless, the need to develop better quantification can be argued in the context of possible
future trends in DBM management. We identify four such trends. First, we suggest that there
will be an increased interest in the comparison of different parasitoid species and strains in
combinations, particularly in lowland tropical areas.
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Secondly, there will be an increasing use of selective pesticides (e.g. IGRs and microbials).
It is easy to think that such a trend will mean that we need not worry about pesticide effects
on parasitoids, but this is not true. Whatever pesticides we use against DBM, we invariably
kill parasitoids, either as larvae inside dying hosts, or as adults, or both. Further, parasitoids
are not only affected by direct lethal effects, but by sublethal effects and by ‘indirect’ effects,
such as the effect of pesticides on lowering pest density, which may influence the searching
efficiency of the parasitoids (Waage 1989). From a practical viewpoint, we will need methods
to compare different selective products which may differ more subtly in their effect on parasitoids
than has been apparent in the broad-spectrum vs selective pesticide comparisons of recent years
(e.g. Lim et al. 1986).

Thirdly, we will need to incorporate parasitoid action into decisions for spraying. This will
require a means to quantify parasitoid impact over a short time-scale.

Finally, we will need in future to manage pesticide resistance, even to microbials. While
it is not yet clear how this will best be done, rotation of pesticide use is one option. Biological
control is itself a powerful tool for pesticide resistance management, because it can reduce the
need for application and hence the rate of development of resistance to a new pesticide.

Managing pesticide use in the long term will also mean we need to manage biological control
over similar periods, beyond the short-term decisions of whether or not to spray. As we change
pesticide use, perhaps shifting from one to another, for resistance management, we will require
a quantitative measure to monitor changes in natural enemy impact as well.

For all these future trends, threshold spraying and resistance management, a more quantitative
approach to measuring the impact of parasitoids and other natural enemies will not only be
desirable from a scientific standpoint, but necessary from a practical standpoint if we are to
incorporate biological control effectively in IPM systems.
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Role of Parasitoids in Managing Diamondback Moth
in the Cameron Highlands, Malaysia
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Abstract

Three major primary parasitoids of the diamondback moth, Plutella xylostella (L.),
are found in the Cameron Highlands, Malaysia. Cotesia plutellae (Kurdjumov) was
discovered in the early 1970s, Diadegma semiclausum (Hellén) and Diadromus collaris
(Gravenhorst) were introduced in the mid 1970s from New Zealand and Australia. Field
studies in the early 1980s showed that C. plutellae was the dominant parasitoid. This
was contrary to laboratory studies which showed that D. semiclausum was an
intrinsically superior parasitoid. In the Cameron Highlands, farmers sprayed insecticides
frequently, often at concentrations far exceeding recommended dosages. In 1987,
Singapore imposed restrictions on excessive levels of pesticide residues in crucifers.
This together with high levels of insecticide resistance in the DBM resulted in farmers
switching to the use of Bacillus thuringiensis, resulting in an unprecedented development
for the management of diamondback moth. Even with reduced usage of chemical
insecticides farmers were able to harvest good crops. Reduction in use of chemical
insecticides allowed the primary parasitoids to realize their potential. The impact of
biological control is manifested in: a) lower population of DBM despite less usage of
insecticides; b) D. semiclausum became the dominant parasitoid; c) farmers realized
that they need not be dependent on insecticides. Hence after more than 10 years, the
impact of D. semiclausum, which was masked by excessive insecticide usage, was
realized. Other parasitoids, predators and microbial agents probably act in consonance
to suppress the DBM population. The experience in the Cameron Highlands emphasized
the central role of parasitoids in managing diamondback moth. The strategy in managing
this pest is to build up a core of effective parasitoids and supplement the action of
parasitoids with use of B. thuringiensis when necessary.

Introduction

It was evident from reports of insecticide resistance in diamondback moth (DBM), Plutella
xylostella (L.) (Lepidoptera: Yponomeutidae) (Henderson 1957; Lim 1972; Ooi and Sudderuddin
1978; Sudderudin and Kok 1978), that the approach adopted by cabbage farmers in the Cameron
Highlands had to change. As the pest is an exotic insect, a likely approach was to import natural
enemies of the DBM from its native home. This approach was attempted in New Zealand
(Muggeridge 1930; Hardy 1938) and resulted in significant decline in DBM populations there
(Todd 1959). Similarly, parasitoids of DBM were introduced into Australia and contributed to
a useful level of control (Wilson 1960). Nearer home, an ichneumonid was introduced from
New Zealand to Indonesia in 1950 and was an important parasitoid of DBM (Vos 1953;
Sastrosiswojo and Sastrodihardjo 1986). These records suggested that biological control of DBM
is feasible.

With that in mind, a biological control program for DBM was initiated in 1975. This paper
reviews the status of the biological control program for DBM in Malaysia with a view to
establishing a strategy for the role of parasitoids in the overall management of DBM.

255
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Materials and Methods

To facilitate a review of the biological control of DBM, field data from ecological studies
carried out in 1976-78 (prior to release of the major parasitoids) (Ooi 1979a) were compared
with data collected from 1988-90 from a similar site in the Cameron Highlands. The site was
the MARDI Research Station at Tanah Rata. In the studies, cabbage was grown in overlapping
crops to ensure continuous sampling. No insecticide was used in the study. Twenty to thirty
cabbages were removed every fortnight to examine for DBM and major parasitoids. Data from
both studies were graphed to show population trends of DBM (larvae and pupae) and the number
of cocoons of the major parasitoids observed. The population data were also analyzed using
the method of Kuno and Dyck (1985), where a cabbage crop was divided into four crop periods.
Each period corresponded to 27 days, being the average length of the DBM life cycle in the
Cameron Highlands (Ho 1965). This analysis will indicate seasonal changes in the DBM
population and allow comparison between two different sets of data. A similar analysis was
reported in Ooi et al. (1990) for smaller but similar sets of data. Period I lasts from day 4 to
30, period II from 31 to 57, period III from 58 to 84 and period IV lasts from day 85 to harvest.
Data from nine crops grown continuously between 1976 and 1978 were grouped into the respective
crop periods, transformed using log (x+ 1) and averaged. Data from 11 continuous erops grown
between 1988 and 1990 were similarly treated. The results were plotted to show the population
trend. The regression between number of parasitoid cocoons collected and the respective DBM
population was determined using a Lotus spreadsheet.

Biological Control of DBM in Malaysia

Before the 1970s, little was known of the ecology of DBM in Malaysia. The only control
measure available to farmers was application of insecticides and this unilateral approach
encouraged development of extensive insecticide resistance in the DBM (Ooi 1986; Ooi and
Sudderuddin 1978; Sudderuddin and Kok 1978). Use of chemicals contributed to 30% or more
of the total cost of production (Lim 1972). A biological control approach was simultaneously
initiated by the Malaysian Agricultural Research and Development Institute (MARDI) and the
Crop Protection Branch of the Department of Agriculture.

Studies by Lim and Ko (1975) resulted in the discovery of Cotesia plutellae (Kurdjumov)
(Hymenoptera: Braconidae) in the Cameron Highlands. It is unlikely that C. plutellae is native
and could have arrived fortuitously towards the late 1960s. Levels of parasitism averaged 29.6
to 35.8% (Lim 1982) and in another study ranged between 12.3 and 19.1% (Ooi 1979a). The
level of parasitism suggested that C. plutellae was not a very effective parasitoid. This contrasted
with recent studies from Sabah where parasitism averaged 59.3 and 66.6% from two study sites
(Tay et al. in preparation). C. plutellae was introduced into Sabah from India between 1971 and
1974. Initially, this parasitoid did not have any impact on the DBM population in the Kundasang
Highlands and was thought to have failed to establish. However, studies in 1987 showed that this
parasitoid was very common and appeared to keep the DBM in check in cabbage farms at Kundasang.

The levels of parasitism by C. plutellae in the Cameron Highlands appeared to be similar
to that recorded in India (Bhalla and Dubey 1986; Joshi and Sharma 1974), Japan (Uematsu
et al. 1987), Philippines (Velasco 1983) and Taiwan (Fan and Ho 1971).

Despite the low incidence of C. plutellae in Cameron Highlands, Lim (1986) suggested
that this parasitoid is important in the development of an integrated pest management program
(IPM) for DBM. This suggestion was tested by Lim et al. (1986) in an insecticide-check
experiment. From the results obtained, it could be extrapolated that an IPM program would
be better if there were more species of parasitoids acting on DBM at the different immature stages.

Four species >f parasitoids were introduced into the Cameron Highlands from India, New
Zealand, Australia and Indonesia (Ooi and Lim 1989). Of these, only two established, namely,
Diadegma semiclausum Hellén (Hymenoptera: Ichneumonidae) and Diadromus collaris
(Gravenhorst) (Hymenoptera: Ichneumonidae). The third ichneumonid Macromalon orientale
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Kerrich (Hymenoptera: Ichneumonidae)was not released as it failed to breed in the laboratory.
The fourth imported parasitoid Tetrastichus sokolowskii Kurdjumov (Hymenoptera: Eulophidae)
was introduced into the Cameron Highlands and Kundasang but in both places failed to establish.

Like C. plutellae, D. semiclausum, M. orientale and T. sokolowskii attacked DBM larvae.
D. collaris is a pupal parasitoid which attacks fresh DBM pupae within their cocoons. Details
of the biology of D. eucerophaga and T. sokolowskii under Malaysian conditions are provided

by Ooi (1980, 1988).

Status of parasitoids of DBM

Following the release of three parasitoids in the Cameron Highlands (Ooi and Lim 1989),
only D. semiclausum and D. collaris established. For more than a decade, the impact of both
parasitoids was not realized and in the minds of many, the introduction was unsuccessful. In
1987, complaints and rejections of vegetables with high levels of pesticide residues from an
importing country encouraged farmers to reduce the usage of insecticides. By 1989, cabbage
farmers in most of the Cameron Highlands noted with satisfaction that even with less usage
of insecticides, the DBM problem was not serious. A study of the data from 1977 and 1989
showed that the DBM population in 1989 was reduced by about eight times or more as compared
with that in 1977 (Fig. 1 and 2). Although the data were from an ecological study site, they
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Fig. 1. Populations of DBM and C. plutellae (cocoons only) sampled at the MARDI
Research Station, Tanah Rata in 1977.
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Fig. 2. Populations of DBM and two major parasitoids (cocoons only) sampled
at the MARDI Research Station, Tanah Rata in 1989.

suggested that the overall DBM problem was very much reduced following the change in pest
management practices. Farmers reported the use of Bacillus thuringiensis Berliner to replace
chemical insecticides, and this had fewer adverse effects on the parasitoids, particularly the pupal
parasitoid.

The differences in populations of DBM became more apparent when the seasonal changes
for both periods were compared (Fig. 3). Besides being lower for 1988-90, the graph suggested
that the DBM population did not grow as fast as in 1976-78 and also declined sharply after
crop period II. A very effective mortality factor is suspected to act on the DBM population in
the period 1988-90. As the crop was free of insecticides, the only explanation was the impact
of parasitoids.

In 1976-78, the key parasitoid was C. plutellae and as noted in Fig. 1 did not appear to
suppress the pest population. In the data of 1988-90, the dominant parasitoid was D. semiclausum
and C. plutellae actually became rather rare (Fig. 2). This changeover supported the laboratory
studies of both parasitoids reported by Chua and Ooi (1986) and Ooi (1980). D. semiclausum
was superior in terms of its area of discovery and killing power (Table 1). In 1984, the dominant
parasitoid was still C. plutellae and Chua and Ooi (1986) were puzzled by the field results.
However, following the reduction in use of chemical insecticides, D. semiclausum exerted its
dominance (Fig. 2). This dominance will continue as long as farmers refrain from unnecessary
use of chemical insecticides.
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Table |. Biological/ecological attributes of two major DBM parasitoids in Malaysia (modified
from Chua and Ooi 1986).

Species Liff Host Field parasitism
P - Hage & K Country Incidence (%) References
(days) attacked
Cotesia 11-14 larval 0.18 0.09 India 31 Bhalla and Dubey (1986)
plutellae India 36.6 Joshi and Sharma (1974)
Japan 20-60 Uematsu et"al. (1987)
Malaysia 29.6-35.8  Lim (1982)
Malaysia 12.3-19.1  Ooi (1979a)
Philippines 1.9-16.4  Velasco (1983)
Taiwan 19.6 Fan and Ho (1971)
Diadegma 12-19 larval 0.38 0.87 Australia 29 Yarrow (1970)
semiclausum Indonesia 5.7-88.9  Sastrosiswojo and

Sastrodihardjo (1986)

a = area of discovery (searching efficiency). K = Killing power.

A study of the relationship between C. plutellae and D. semiclausum and the DBM population
suggested that both parasitoids were numerically responsive to increasing populations of DBM.
Data from 1976 to 1978 showed that the relationship was represented by the linear graph Y
= 0.07X - 0.29 (R?* = 0.54; df = 41) for C. plutellae. In the data set of 1988-90, the
relationship was represented by Y = 0.06X + 0.11 (R> = 0.21; df = 43). For D.
semiclausum, the relationship with DBM was represented by Y = 0.33X + 0.12 (R?* = 0.41;
df = 43). Although C. plutellae was numerically responsive to increasing DBM populations,
its a and K values (Table 1) suggested that it could not keep the pest population down. This
is supported by results from studies in other countries which showed that levels of parasitism
rarely exceeded 60%. Results from Sabah suggested that further detailed studies (including
taxonomy of the insect) are necessary in Sabah to understand the impact of this braconid. D.
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semiclausum possessed a significant positive numerical response and has good searching and
killing power which would explain why it became the dominant parasitoid. The impressive impact
of D. semiclausum on DBM was also reported by Sastrosiswojo and Sastrodlhardjo (1986) in
Indonesia and by Talekar in Taiwan (pers. comm.).

Biological Control as Core in DBM Management

The outstanding impact of parasitoids in the management of DBM in the Cameron Highlands
has confirmed Lim’s (1986) views. The need for key parasitoids should feature strongly in all
integrated pest management programs. With a biological control core, it is then possible to
integrate with other methods of control including judicious use of insecticides. However,
experience in the Cameron Highlands suggests that B. thuringiensis should be preferred over
chemical insecticides.

More research is necessary to prove if a single key parasitoid is sufficient to manage the
DBM. In the Cameron Highlands, a complex of natural enemies is now linked to DBM (Fig.
4). The two major parasitoids, D. semiclausum and C. plutellae, attack the larval stages of the
DBM. Should the larvae escape from the larval parasitoids, there are two pupal parasitoids that
may act on the pupae. It is very likely that all the parasitoids work together towards achieving
the level of natural biological control observed and no one parasitoid could sustain this impact.
Conservation of parasitoids will invariably conserve predators and perhaps sustain the effect
of microbial control. Little is known of the impact of predators, and there should be further
study into how this mortality factor operates.

While biological control of DBM exists in the highlands, management of the DBM in warmer
areas should receive further attention. Following the above strategy, the first step is to develop
a complex of parasitoids and other natural enemies of DBM. As such, a program to explore
for parasitoids in the warmer parts of its native range (e.g. Mediterranean) should be initiated.

Occasional Adult

natura! enemies Key natural enemies

1st instar larva

Syrphids Cotesia plutellae

2nd instar larva

Unidentified l

chalcid Diadegma semiclgusum

3rd instar larva

Zoophthora radicans

Vespid wasps and l
other predators 4th instar larva
Tetrastichus ayyari | Pupa | Diadromus collaris
Adult

Fig. 4. Diagrammatic representation of linkages between DBM and its natural
enemies in Malaysia (adapted from Lim 1982; Ooi 1979b; Ooi et al. 1990).
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Introduction of Diadegma semiclausum to control
diamondback moth in Taiwan

N. S. Talekar, J. C. Yang and S. T. Lee
Asian Vegetable Research and Development Center, Shanhua, Tainan, Taiwan, ROC

Abstract

Diamondback moth, Piutella xylosteila (L.), is the most destructive pest of
cruciferous vegetables in Taiwan. As elsewhere in Asia, this insect in Taiwan has
developed resistance to all chemical insecticides used for its control. Failing to find
any suitable and sustainable control measure, Diadegma semiclausum Hellen — a larval
parasite — was introduced to combat diamondback moth in Taiwan. Despite repeated
releases, this parasite did not establish in lowlands probably because of higher
temperatures coupled with indiscriminate use of chemical insecticides by the farmers.
However, a single release in the highlands resulted in the establishment of this parasite,
probably because of cooler temperatures and relatively less intensive use of chemicals.
This has resulted in reduction in the population of diamondback moth in the highlands.
In laboratory studies, D. semiclausum parasitism was high at 15 to 25°C. Parasitism
is reduced at temperatures above 25°C. This parasite is also extremely susceptible
to broad-spectrum chemical insecticides, especially synthetic pyrethroids. Diadegma
semiclausum alone may not be adequate to give complete control of diamondback moth
even in the highlands, because when temperatures exceed 30°C, the diamondback moth
population increases, presumably due to the mortality of D. semiclausum adults. Under
such circumstances, a few applications of Bacillus thuringiensis Berliner are essential
to supplement the control achieved by the parasite.

Introduction

Vegetables have been an important part of Chinese diet for centuries. Twenty-eight major
plant species are consumed as vegetables in Taiwan. Among the major plant species, crucifers
are by far the most predominant group grown over 25% of the total hectarage planted to vegetables
(PDAF 1988). These economically important vegetables are also the hosts of a large number
of destructive insect pests such as diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera:
Yponomeutidae), imported cabbageworm (Pieris rapae Boisduval) (Lepidoptera: Pieridae)),
striped fleabeetle (Phyllotreta striolata F. (Coleoptera: Chrysomelidae)), cabbage looper
(Trichoplusia ni Hubner (Lepidoptera: Noctuidae)), cabbage webworm (Hellula undalis F.
(Lepidoptera: Pyralidae)), and aphids (Myzus persicae Sulzer, Lipaphis erysimi Davis, and
Brevicoryne brassicae L. (Homoptera: Aphididae). DBM is by far the most destructive pest
of crucifers in Taiwan and elsewhere in Southeast Asia.

DBM Problem in Taiwan
DBM was reported as a pest of crucifers in Taiwan over 80 years ago (Hori and Shiraki
1910). It was also mentioned as a pest of crucifers three decades later by Sonan (1942) and

was considered potentially important in 1960, although its damage was quite low (Chang 1960;

263



264 Talekar, Yang and Lee

Tao et al. 1960). In the mid 1960s, this insect was ranked the second most important, following
pyralids on summer radish (Chen and Su 1986). Extensive insecticide screenings conducted in
late 1960s indicates that DBM was already a serious problem (Ho and Liu 1969; Lee 1968,
1969; Tang 1967). From the initial two insecticides recommended for DBM control in Taiwan
in 1965, the number of chemicals registered for this purpose rose to 8 in 1970, 17 in 1975,
25 in 1980, 31 in 1984 and 35 in 1989 (PDAF 1990). Practically every year, new chemicals
are added, but the ineffective old ones are rarely dropped from the recommendation list.

Availability of the host-plant throughout the year, rapid turnover of generations under
favorable tropical to subtropical conditions and intensive use of insecticides to combat this pest
have resulted in DBM in Taiwan developing resistance to all chemical insecticides presently
being used. As a result, the damage by this pest continues unabated. In some areas DBM threat
has forced farmers to switch to other vegetable crops.

In view of the seriousness of the DBM problem in Taiwan and elsewhere in Southeast Asia,
research at the Asian Vegetable Research and Development Center (AVRDC) has been focused
on finding practical control measures to reduce dependence on chemical insecticides. The
alternative controls that AVRDC explored are: (1) finding crucifer cultivars resistant to DBM
(AVRDC 1981a, b), (2) cultural practices such as intercropping and overhead sprinkler irrigation
that will reduce DBM infestation (AVRDC 1985, 1987), and (3) use of insect viruses and Bacillus
thuringiensis Berliner (AVRDC 1975, 1976). These control measures, however, proved to have
limited utility for the control of DBM on a sustainable basis. From 1985 onwards, therefore,
AVRDC'’s research has focused on the introduction of parasites of DBM to help control this
pest in Taiwan and, if successful, make similar attempts in countries in the region.

Parasite import and rearing

Diadegma semiclausum Hellen (Hymenoptera: Ichneumonidae), a larval parasite of DBM,
is widespread in Europe (Hardy 1938; Voukassovitch 1927; Rusinov 1977; Mustata 1987) and
is believed to be one of the parasites that is keeping DBM population under control in that
continent. This parasite has been introduced into South Africa (Evans 1939), New Zealand
(Robertson 1948), Australia (Waterhouse and Norris 1989), and Indonesia (Vos 1953) to control
DBM. It has become established in certain areas of these countries. AVRDC imported D.
semiclausum in 1985 from Indonesia (Talekar 1988) where it was introduced from New Zealand
in the early 1950s (Vos 1953), and where it is now well established in the highlands (Sastrosiswojo
and Sastrodihardjo 1986).

This parasite was reared on second instar DBM larvae raised on common cabbage seedlings
maintained at 26 + 2°C. The parasite pupae or adults from the routine rearing were utilized
for research and field releases.

Parasitism study

Soon after importation, we conducted one field trial where common cabbage was planted
in three 40 X 15 m parcels of land. Each parcel was enclosed on four sides and the top by
fine mesh nylon net. Three weeks after cabbage transplanting, 250 DBM cocoons were introduced
in the first two parcels and the third was maintained as a DBM-free check. Starting 1 week
after DBM release, D. semiclausum adults were introduced periodically in one of the two cages
where DBM was also introduced. Parasitism of DBM larvae was monitored periodically and
cabbage yield was recorded at harvest.

Diadegma semiclausum readily infested DBM larvae. The average parasitism, which was
only 13.1% about a month after the initiation of parasite release, reached 65.4% 6 weeks later
just before harvest. Consequently cabbage yield increased significantly (Table 1). In fact, the
yield was double that of control plot where only DBM was introduced. However, this yield
was still significantly lower than in the DBM-free check. Obviously, the parasitism was not
high and early enough to give complete control of DBM. Nonetheless, the experiment indicated
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that D. semiclausum can infest DBM under Taiwan field conditions and thus has potential in
DBM control on farmers’ fields.

Table 1. Yield response of cabbage subjected to infestation by DBM with and without parasite.?

DBM status Yield (t/ha)
Only DBM released 7.67 ¢
DBM + parasite 14.83 b
No insect release 3093 a

2Planting date: 16 Jan. 1985, DBM released: 7 Feb. 1985, D. semiclausum released: |14 Feb. 1985 to 4 March 1985.
Harvest date: 4 April 1985. Means followed by the same letters are not significantly different at 5% level according
to Duncan’s multiple range test.

Parasite release

Based on the results of the above experiment, attempts were made to introduce the parasite
at three distinct agroecological areas of Taiwan where crucifers are grown. The first location,
Luchu township, is only 10 m above sea level in Kaohsiung county (Fig. 1). The second location,
Yangmingshan in suburban Taipei, is 700 m above sea level. The third area, Wuling near Lishan
hill station, is in the central mountain range 1700 m above sea level. At Luchu, crucifers, mainly
cauliflower and broccoli, are grown in the relatively cool dry season from October to April,
and rice or other crops during the hot wet season from May to September. At Yangmingshan
and Wuling, crucifers — mainly cabbage — are grown in summer, from May to September,
and the land remains mostly fallow throughout the rest of the year. At the latter two locations,
temperatures during December-January often dip to below freezing. At all three locations, DBM
is endemic and has developed resistance to practically all insecticides presently being used in
its control. At all three locations parasite release was supplemented by application of Bacillus
thuringiensis Berliner.

At Luchu 35,166 D. semiclausum cocoons (emergence 75-80%) were released between
October 1985 and April 1986 over a 15-ha area. Despite apparent suspension of chemical
insecticide, D. semiclausum failed to parasitize DBM larvae and no adults were visible in the
field. The native parasite Cotesia plutellae Kurdjumov (Hymenoptera: Braconidae) was present
and its parasitism reached 27 %.

At Yangmingshan 35,600 D. semiclausum cocoons were released over a 10-ha area. During
a weekly monitoring survey, only on three occasions was D. semiclausum found parasitizing
DBM larvae; the parasitism ranged from 4.5 to 7.6%. Cotesia plutellae, however, parasitized
35-40% of DBM larvae.

At Wuling, about 35,000 D. semiclausum cocoons were released on a 17-ha area 2 weeks
after cabbage transplanting in April 1986. Within 1 month, DBM parasitism reached 75% . After
this, the DBM population was reduced so drastically that no further observations could be
performed. There was no difference in the yield obtained during 1986 and the previous year,
but the cost of insecticide used was reduced from NT$42,000 to 17,000/ha in 1986 (1 US$
= 36 NT$) and frequency of spraying from once a week to once every 9-10 days (Talekar 1990).

Parasite establishment

Among the three locations where D. semiclausum was released, Wuling is the only site
where the parasite has become established (Fig. 1). A survey in 1988, 2 years after the introduction
of D. semiclausum, revealed that 57% of the DBM population was parasitized by both parasites.
Diadegma semiclausum parasitism accounted for 46% and C. plutellae 11%. In Lishan, which
is 1600-2000 m above sea level and 20 km south of Wuling, D. semiclausum was present but
the DBM pupulation was too low to determine the extent of parasitism. In Chingchin, 1600-2000
m above sea level and 60 km south of Wuling, 68 % of the DBM population was parasitized.
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Fig. 1. Map of Taiwan showing D. semiclausum release and establish-
ment sites.

Diadegma semiclausum accounted for 47 % of the parasitism and C. plutellae 21%. In Tienhsiang,
1000 m above sea level and 30 km east of Wuling, D. semiclausum was present but the DBM
population was too low to reliably determine the extent of parasitism. In Nanshan, 1100 m above
sea level and 50 km north of Wuling, D. semiclausum was present. However, the DBM population
was too low to reliably judge the extent of parasitism. In 1989 and 1990, D. semiclausum was
present at all the above locations.

Diadegma semiclausum has now been established in crucifer-growing areas in the highlands
of central Taiwan. All farmers in this area report considerably less DBM damage and consequently
there is very little need for insecticide use. Cotesia plutellae occurred in the area in the past,
but D. semiclausum was introduced in 1986 and has become well established and is spreading.
The parasite can overwinter and has alternate hosts elsewhere (Hardy 1938). It is possible that
D. semiclausum has alternate hosts in Taiwan, but no attempt was made to study them.

In our survey of parasitism in 1990, we also found Diadromus collaris Gravenhorst at all
locations. Diadromus collaris was found in 1966 parasitizing DBM at Taipei in lowland Taiwan
(Wu 1968). No further information on its parasitism in Taiwan is available. This is the first
time D. collaris was found established in the highlands of Taiwan.
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More than 1000 ha are grown to two crops of cabbage in the highlands every year. No
reliable estimate of insecticide cost to control DBM before the introduction of D. semiclausum
is available. However, based on Yangmingshan farmers’ expenditure of NT$5,500/ha per crop,
the parasite introduction represents savings of over NT$10 million (US$370,000) per year in
insecticide cost alone. In addition, the reduced insecticide use lessened the amount of toxicant
being washed off from the highlands into water streams and polluting the river water and coastal
areas around Taiwan. Unfortunately, these benefits cannot be realized immediately because the
vegetable farmers in Taiwan are habitual pesticide users and routinely apply prophylactic chemical
sprays before the pest insect becomes sufficiently abundant to justify such treatment. This
treatment kills the parasites, which increases the DBM population and subsequent damage.

Successful establishment of D. semiclausum in the highlands and failure in the lowlands
indicates that temperature differences could be responsible. A laboratory study was therefore
conducted to investigate optimum temperature for the parasitism of DBM by D. semiclausum.
Second instar DBM larvae feeding on cabbage seedlings were exposed to D. semiclausum
oviposition at 15, 20, 25, 30 or 35°C for 24 hours. All larvae were then maintained at 26 +2°C
until pupation, at which time the number of D. semiclausum and DBM pupae were recorded.
Parasitism by D. semiclausum increased sharply with increasing temperature from 10 to 25°C
(Fig. 2). It declined thereafter and at 35°C, the rate was lower than at 10°C. A temperature
range of 15-25°C appears to be suitable for D. semiclausum parasitism of DBM larvae. Although
the mean temperature is about 20°C during the peak crucifer-growing season in all three areas
of Taiwan when DBM is more likely to cause damage, the range of temperature at Wuling
(10-27°C) is much more favorable than the one at Yangmingshan (13-30°C) or Luchu (15-32°C)
for the parasitism of DBM by D. semiclausum. We observed that D. semiclausum adults are
highly sensitive to temperature beyond 28°C and die if held above 30°C.
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