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Lodging Resistance of Crops with a Focus on Solanaceous Vegetables: A Review

Hoah Lee*, Joowon Lee*, Se-Hyoung Lee*, Woomoon Lee**, Hyobong Jeong**, Narl Yu**,
Hye-Eun Lee**, Ji-Hye Moon**, Kyung-Hwan Yeo**’ , and Seonghoe Jang*
*World Vegetable Center Korea Office, Wanju-gun 55365, Korea
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Administration, Wanju-gun 55365, Korea

ABSTRACT: The term ‘lodging’ in agriculture is usually used when the crops fall from their upright
position before harvesting. Various factors may be responsible, including inherent weaknesses in the
stem, resulting from low lignin content or small root systems. Weather, such as strong winds or rains, will
also likely increase lodging. Insect or disease damage can also weaken the plants, and cultural practices,
such as fertilization, irrigation, and cultivation techniques, may increase the risk. Most of the research
studies on lodging have been undertaken on cereal crops, but this is also an issue with many vegetable
crops, and especially those that require mechanized harvesting. In this review, the issue of lodging in
solanaceous vegetable crops is discussed, with an emphasis on the key risk factors and potential areas for
future research that can identify damage mitigation strategies.
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a7t 59 Aol AAEAY 3t 27100 dsE A A
G sl AAT 5 3lo] AN &S S AHT =

A7k Basht,
A AP AZE F, 2000358 20219714 7F o] At

e ZHEQl BEvlEe] AakaRe 19 8,9005 =02, MA A
2 AR 16% W9 S 53] A8 tk(Fig. 1).

EnfEs 3o} o] thEAQ 7 ARFERA A Al
Al ArkEe] 63.0%) Pl Aike] ofrJoR oAl o] Fo
AL ATkFig. 2).

20229 FEEHE T8 B AR mEH 3] Huy
AE e 37761 EFZ (ha)ol 3L 261,1328(H)0] A oH,
EnlgEe] Sy AuiEze 6,010 k2 0] 369,383E0] YAt
= ATHMAFRA, 2022). HluFEe] 2421 Gl gt =&
AFE Al Tt &JVHHHOW o @ol yehdth 53] A
o A, Al =AAue F AA2 27,132 FEREo|H
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Fig. 1. World production of top vegetables, and shares of top
vegetables in world production. Source: FAO (2000-2021).
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Aol o, ARl AFE Y 2 =58 1SS W
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FH fRlE, 7IAIE o83 drf 75 APl F Al E
ZEfgict. oldg EAH O R Qlsf, =EAo] 7
F5 /el Aegae s
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Fig. 2. Production share of representative solanaceous vegetable crops by the region. Source: FAOSTAT (2021).
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oj

o] 913 (Crook and
Ennos, 1993; Berry et al, 2003b; Wu et al., 2019; Jing
et al, 2020; Wu et al, 2022), Z+=2] Fejz £ =%,
=714l 9 AF, d7be] Zojot AF T2 =59 F=et
UgstA #E=o] thKong et al, 2013; Berry and
Berry, 2015; Yadav et al, 2017). Al EAE3Z #5ol|x 2]
2 B2 A (Plant growth regulation; PGRs)= AJA U] &
2 A o)F B ARIHAE 2dsk] WAlshs 3225
o] A3 FARE 3= WAY, = doAkgstod 2
o] A whsol] g Frh oOXd, EdAbgeld
(Trinexapac-ethyl}> 27 SJA|180 2 A== AAZHA|=Z
R e A o, AFEK s2EQ A
(Gibberellin)®] /3-8 Azlste] A7Hald-e AL &4
o] 718 @31 27] 7 7 59 71 2HE S8 =5
9] YE=E W= 4 Jth(Park, 2006; Hong and Tae,
2009; Tae et al., 2010, Gonzalez-Curbelo et al, 2012;
MFDS, 2013; Jang et al, 2015). P& f2ie HAE<
W aHZ A Y (Mevalocidiny® 738} ErfEdA ZAls} BAS
A& A RA Qg 5 AL APEE st
= B2 a3 7 ¢ S o] E=RAle] T2 s
Uepd = ok FKKim et al., 2020).

upeba mEL Am A, A3 7)AIFge] o] A=
o] FEE& Algkshs Tast ajloH, EE Y AE F
77 ¥1E F shelthBerry et al., 2004; Kamran et
al, 2018; Berry, 2019; Li et al, 2022). T3, 2343} 3
P Ao Bl E AslietHA Drf Rkt FHol A AQ

1w
GFE F, 78 F DAF ol weE 2EHe s

A5 Wu et al., 2022).

A
ol 7Rl vh 5ol Aeol A o

1S S7MZ 7 AL, A= gkl 80% ol g
ATHBerry and Spink, 2006; Foulkes et al., 2011; Shah et
al,, 2019; Luo et al, 2022; Wu et al., 2022). B&o], 7%
2 QIgH ZHE A A 7 A B8] S
A sl =AAEA olzigh $A a1ES <l
o] EA|5l7] o] thFaris and De Pauw, 1980; Niu et al,
2012; Niu et al., 2016; Weng et al., 2017, Luo et al., 2019;
Teng et al,, 2021; Li et al, 2022; Luo et al., 2023).

HEol, ul7t & 58 Wrsl e w2 84 =

=

e T 13 AL A9, AFE A EY P27
WYE 3 Ak BEOR 48] Ma] 5Fo] Astuol, 42
o] A& Fast T wE s 44t ob7|dth(Kang et
al, 2021). 34, =2 IS 3 AAL=E =ol= Al
WHE B8 A dlo] & F glen, o] A7 A&
Astol] whe 2=o] ok A olojx|7|o] AEG A
= 370X A7} S L3tk Cheng et al., 2020).

ARk o AEo] w2 7 AJEjellA E717F Aol A
A e 71553 AW g el E7)xtel7) Fe
A AP E2f E4R10] AHEo] YAl HEERoeR
UE 4 Q2™ (Pinthus, 1974; Liu et al., 2013; Chauhan
et al., 2019; Wang et al., 2022), i3] AE E7]|x=Ho0]
FEERT = Ak o & d3FS Fral A o
(Pu et al, 2000; Berry et al., 2004; Li et al., 2022). 7]
o EEAGYe 2719 FuE, s 543 249 A
o] slom, Z=e] Fash FH% FHOIth(Li et al, 2022).
2zo] 27]e Al AR B i e 7F 9T
dsl=sl(Du et al, 2016), =71 A&, FAL A=E x5
3k 2719 FHle =59 8 975 d<lo] "rk(Kong et
al, 2013; Wu et al, 2019). 7}A3} 2] whzg)7le} Ewl
Eo] 7 IIE, =71, e, e 8 A7)0l wet
SsRbee] Eafgke] gefAH, ole 2l e £7] 52
Ao AE WSt 55 S8 A Al IS nzlt
(Heuvelink, 1995; Heuvelink and Buiskool, 1995; Heuvelink,
1997; Lee and Cha, 2009). 52| 7Z¢- 23l we} &
7] Aol WslE=], A2 slollA 271 F4% 3=
7358} o)} g 2 M E A x3 ASAIETE vERE
+ Ao (Kang et al, 2010; Heo et al, 2013; Park et
al., 2014; Song et al., 2015; Jang et al., 2018), ©]&{3F &
ol mE &7] A e By ollg wi A3 AE
#Ho] AthLiu et al, 2023).

e =52 ofgk 24, Hele] &4, EWIEE T4 ks
A5 =719 dEgle] dolxle A& ST (Lindsey et al,
2021). BEF FAIFOIA Bee] e Ao 544 o5 4
AE7lel, ey 2 e e SEAIA s A
o] i & 4= Utk(Ennos, 1991). ¥a] =H-o] o7 <
T A, 73S nigs B2 v7E ke 71dd o] Ao
v Eeje] ARTE FollM whue s Aer ARt A
g =Eo = Qg 3k hahe KA 28E Al F
=31 59 Aol J oM (Lindsey et al, 2021), 37
220l e 2ol =EEAS W et AEE 24 e
T AUe Fo] 25% 8= s Hof He] ko] Frigitt
7 o)

i
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Fig. 3. Relationships between different lodging related traits and their contribution to biomass production and yield. Blue arrows; positive
contribution, red arrows; negative contribution (Niu et al., 2022).

FA7), Zol, AU, AEG B 2 VIS ALS)
5 o) =% AL =Y & ArkFig 3)

7HX|2 ®Mao| =8 U ESXEMo| Fy

AN Al Al ZEAPELE 2] whg 2 A WS
Hdo] lom, HFe| Az o8l dE + Arh(Luo
et al, 2023). 2=9] =EAE UAHQ 314 EAHE
Bk ohet A Ay F S Q1B dEiM =
g2 WEtH(Kashiwagi and Ishimaru, 2004; Ookawa et
al., 2014). N2z Au) Al =82 FA7]] AYPaES
A&A171H (Seo et al., 2001), E&o] WAT 2HE-o FIA 7}
FE olFe] AL, o= Mt R A B T S 731
S oA e ek FH9 AstRE olofxith. o
W o2 olfg E5O Wl EHAVV METS, B59
74wt 295 FEHXITL 44 JATHRDA, 2020).

7 ZAEEe] ERIEIE BRI 8l o] = F
M E B =FES BeE dhe fAMlE & 9ot
ARE AFU9t 152 71 7] Ae 2HEkE &
otk At =l & s skl 3 20221300 oF
2169802, Adde] oF 49 9o oz ZRAGITHKOSIS,
2022). o813t B AT TaE VAR 52 8 597
Agle] oS 77N, e A= s 119
%3 AKChoi et al, 2010; Kim et al, 2019). £3], 7Ix]3}
AN T 25 71AFEe] Bl = e tEs
2 T shol, BErlEs 2ES AAIS] 83 o] T
Aol 7¥FssHl dhe A7t R3Sl thFig. 4).

AFE HIE AFERA AR A9 3 FAE STt

Fig. 4. Mechanical field

harvesting of peppers in the
(Chungcheongnam-do Agricultural Research & Extension,
https://cnnongup.chungnam.go.kr/) and tomatoes in a
greenhouse (Korea Institute of Machinery & Materials,
http://www.kimm.re.kr/).

3, 2] o7 A=e] £HT} 20 e WelE el 4
gEo S FH TS 71 F AUATHGou et al,
2011; Cui et al, 2014; Sun et al, 2019; Sun et al.,
2022; Wei et al, 2023). Ev[ES] A 7AZ 8%
H9) A, wele) B HE, 2710 P Aol 4
FA7], ek B A Fol 8% aQER Aggtt
(Trubilin et al., 2014; Ablikov et al., 2019). X8, EnlE7}
LEEo] o] A golHd 79 Wol| dd gEol
Eth= AME B I E 0K (Chaurasia et al., 2013).

S|
EEARAAE g =ol, vHl, 27IAEH 22 #=2
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Agronomic
practices

l Gibberellin
Improved stem components (i.e., cellulose, lignin, hemicellulose) and strength
or lower plant height

4

Lodging resistance

‘e

Fig. 5. Cultivation practices affect the stem components to resist
lodging (Li et al., 2022).

oks SAES 48] 22 3 AZY PR Sl Az

89lel| 98 JeFS WH=TKBrulé et al, 2016). T3}, 3

ATH(Niu et al, 2012; Niu et al, 2016; Weng
et al.,, 2017; Li et al., 2022).

EEAFPHL 2= AxE W glad, AEZ .9 2~ (Cellulose)
2 S udE=E 9 2 (Hemicellulose) 3 o8k AAaAIE
Yehe 2oz 484 Jom(Luo et al, 2023), 2l2d, A
R0 FUAER AT £7]8 Aslal Wi whEo
FE g UKL et al., 2022). AEZAE Fuloa 4=
Z 7He] D-EEY GAIEC] p(14) SEEA|E ARoR
AAE EA FHAoM, MER QX FHo| EHH0T 4
ke s oERel dndERe s, T8 AER S,
Hel i STO= o]Fozl MEd Alole] FIHES 2
e ALA He il gad seol 719 F2A %
TIA E71 Flojd, R B BEES AATe
FCH(Pauly et al, 2013; Li et al., 2022). w&br] 2F
gad, AEE s uAER QA Fo| FHgo] 1HAEW
e E719 At AAb eFeiA L 8] Hgo] ol
=], olefdt A Z=Ap) Al ek Aa AE|e] A
A= veht =59 dS STHYIE Zer dHA vt
(Li et al., 2022). 22 A{oM el 4 hile 27] =
Hol| JaS FE= F23 YESE Q42 (Wei et al., 2008;
Ren et al, 2018; Li et al, 2022; Li et al, 2023), =<
diE A dhke mRe] tidk WS HAAITH(Wei et
al,, 2010). 2| 5= F2 £7]9] =] ¢S vAH, &
7] 823k (Lignificationyd =, F2AAHE WE, 7] 4
L AZH FAE FATe AR ZEe] mEo| JFS
7121tk (Zhang et al., 2017; Li et al., 2022). ©]&{3F & A
SEANA v} AT AHe AR Bad,
AERRE UAER 2] FXE o ZE EEA
< S7MIRISKFig. 5).
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Anatomical traits Morphological traits

- Cell wall thickness / - Plant height

- Width of culm wall - Head weight and length

- Sclerenchyma tissue - Culm diameter

- Large vascular bundle - Stem length

- Sheet and diameter of - Internode length and diameter

small vascular bundle - Number of tillers

Lodging resistant plant

N NS

Factors of lodging reduction

Fig. 6. Major traits associated with the reduction of lodging in
wheat and rice. Factors associated with lodging resistance
are indicated by arrows (Shah et al., 2019).

B3l AEe) Yejord 2 Aeiskely Suust = e
2 EEAFPANS AT A3 B AHPeng et al.,
2014; Chen et al., 2018, Kamran et al., 2018, Wu et al.,
2019).

TP e, W e e AREEY Ay, BR S E
o]7] 913 HFe §F =R EC] AF7H] 28] 9=
I Atk FEo] oA (Semi-dwarf trait)=-S =4
B ol Won, ol EEAYES FTMIA FF
A& A TN T2 Allolt). 2ol &5 AYYE vEt
U= 94825442 (Quantitative trait locus, QTLYE Fl|
Al 2] WA Bl RHARD Rh-BIb(Rht 1)} Rht-
DIb(Rh2y= AHEY S22 Aedds A&HA0 2 e
afo] zhzo] RS feskedl, ¥ §5 TR @
g Z8HI v 2=l §F5 ZeaY A7 ASEHUA
AR EE S A E719] AwFTel Az

rlo

|

g

=
S
=

(Niu et al., 2022). IWHH o2 =8 Az} &
B4 2, 2719 A 9 A, s A Ax, 71
Az T, 7] AEHe] gad 3 AER 020 S5
o] SItkFig. 6).

wHe, 9, Wb 2 FEe A AAE S A

|

FE Uepllon, ol AR Al ddet 2715 Ad
FE0] =2 S T AleR AdE7|E Fth(Ennos,
1991; Crook and Ennos, 1993; Berry et al., 2003a).

7R ZEo e 23] XYLP1(Xylogen-like arabinogalactan
protein])@} XYLP2 ©hdo] &7 wraelA gad S
R dEA glomn, o] Thlds vles frxe o
et 7R FEE] & BEFO QIth(Zhang et al, 2022;
Fig. 7).
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Fig. 7. The contents of lignin increase during pepper stem development. (a) Pepper plant and stem from 2 weeks after germination 2W to
12W: (i) The whole plant morphology of pepper. Bar = 4 cm. (ii) Magnified images of pepper stems. Bar = 3 mm. (iii) Vertical
cutting of pepper stems under a stereomicroscope. Red arrows indicate the position of the xylem. Bar = 1 mm. (iv) Cross cutting of
pepper stems under a stereomicroscope. Red arrowheads indicate the position of the xylem. Bar = 1 mm. (b) Klason lignin contents

in pepper stems from 2W to 12W (Zhang et al., 2022).

O v F4o FHS AT 5 Jdon, 535 78 Ent
59] 7IA7E 288 =Rt A3t HArE 0t Cavasin et

, 2021). T2 d=Z, tIFolA= MicroRNARl GmmiR156
er‘:}‘ﬂ@_g B3l o Fal B 7] S FEFOEA
STl tigh Aol UERRAL ol ALk SVEE olojsith
(Sun et al., 2019).

XHuHERs it

21ge] A 9 BPPHE ERAZHS) Y
Be FF, AP, AN, SR L geE B
Aufridol wal WA= SHoH(Lim et al 1992; Jeong et
. 2006). 7] WEE ol BINEE Y £
S 2] 2019] AR Sk el o] SAE

Aol ST &4 Utk(Pinthus, 1974; Kashlwagl
and Ishimaru, 2004; Quang Duy et al., 2004; Sposaro et
al., 2008; Zhang et al., 2016).

35 Afel sle], AFThrE glal dad

h:f‘—_
=1

EDIEIERN

opZIAItkaL g A dtk(Poudyal et al., 2023). IZz]7}1e]
735, B9, A, SARE 71Ee® U A ZAERE )
st w3 R o] Foleth A2 Zort Zojd4s
e e F55 Hgle] A9e] W RER Aol
B ASol A9 FES vt White, 1937; Vavrina et
al., 1994). T3k, 7R3} 2H2-8 8-S AMgskes WHo] Unt
shEA 4§ ‘ﬂ&vnh‘g HsdE 5 B HIlE & & A
= 7 B Ee oW 4 A SlETHChung et
al., 1997, Barrett et al., 2012, Lee and Kim, 2017).
He| g, B Ao met 2o Ezé%*é, 9]
/\11:]01]1,:_ Oﬂ%% FRoH EEZETL ASrE I
FTh(Jeong et al., 2006). =04 HE AMPE 75, Y
ZHHH7 | AR RO =2 =EA S e (Lee and De
Datta, 1989), B=2HAE A7| #Ese] =5 WAe] &
#E H7]% S}(Lee and De Datta, 1990). 13%01, A

rJ
o
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2 A 23] HeE Wela g
2 9 AEAEES] EEAY FE o] o]FoA|AL ¢
THSon et al., 2018, Han et al., 2021).

Apf7)eo] WEshHA Fehge] Frbskal AUATE, el
Me AR E s Ede R s 8 Al 7|4 o]&-o]
AR Frtslal lom Es §17k 71AIsH©] 20004
THE sduitt 10% S7kske FAloltt. 53], g+ v
Z2hgo] BlE)| =5 FYArlzke] @ol 7IARE-S] E3rF =A
=old Mwo]tHKREL 2021). @il E5S HE £07
galA|gr 130 kS 52)7] flEiMe 71 o] A
old, 714 & LolatA sh7] g TN === Ay
o that A7} BZ o|tk(Somos, 1984). A, 15 ZHEA|
o] 243 A #A 9] fA7F =275 1A o] Lol
e BHile, 7A] pEel A a3 FE NS s &
FERE AASIL AtH(Joukhadar et al., 2018). T} 714
I A ZZo] 77| Fgel golshaX =& IsiE 43t
g Ae RHAE A% txe] ArE Ha g wjolt)

¥ o2

delzhze] Aol =RAFYL AFAR ) A &7FsT
3 ot A=l =EA
/o] FoAAL AT =
Hellds BlE Alelsid =84 A7 Zolir] etk
o] PRt T gl =EAES Hadtste] 7]
Al ot FgelM meEE A ¢ e e =5A
e A FF 540 A7 il 3 AEE &8E
V& Aoz 7|hit

L AAAHR] 715 0stel] whe 7132 sl delzh=e]
a7} Z7rstAA Fh91e g m&o] tiFE I ) Sulo]
A e ghze] S AR sk 7 Aastee A
o] mj-¢- EARF RO gk ZAIREe] ofEe ¥
T7F 8ol 753 ddolr
2. HellFEollr =5 djle® A ek, 4k
5, AR, B ) Al @ HeEw s, B, EUA,
WallE )ol o, A mhvjsis sow 43 $4
Ast, 714 el glo] AAA] Adesrt d Ao

3. el A tie] 73 deRE(GLF, ErkE, 71,
Hze)7h 5y ERIEE WA 8 M B =
THE a7she AAANNE Sl glom, A AFhe}
AE2 w7l 714 2ol Ads Zdske F2.a1)
o] H7lell, =EAEL mf-¢- Fad Aol FHolrh

4. =52 apsiAd =5 vjso Haslke sl AEdE
o2 SAS MR gt At JgE A sk 53], %
=2 7)o gad, AE2e s Y qudERe s RS

& AE Y 2] 724 s FINA A =5AY

3
¢

of

ZM7)E 4B Sk Teime 2EA) i A

20
[e=1 R

FABIA 28 HAUZ sl 93 F71E A7v} B
Q

a

5. B ERold A ATARIES FHOR, T A%
o BEAPY ERYLS A3 FTAT9h A Apgol B
) e e 5 Aol ol
RIS sdel 71elg 97 7leje
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