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Monitoring insecticide resistance and detecting resistant gene
mutations in Spodoptera exigua (Lepidoptera: Noctuidae)
populations in Shanghai
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Abstract [Aim] To clarify the susceptibility of Spodoptera exigua in Shanghai to commonly used insecticides and provide
a scientific basis for its control. [Methods] The diet-overlay method was used to determine the susceptibility of wild
populations of S. exigua in suburban Shanghai (Fengxian, Jinshan, and Jiading districts) to three insecticides (cyantraniliprole,
emamectin benzoate, and spinetoram). PCR technology was used to detect the mutation frequencies of resistance-related gene
loci in these populations, including the ryanodine receptor (RyR), the nicotinic acetylcholine receptor (nAChRa6), and the
cytochrome P450 enzyme (CYP9A186). [Results] The Jinshan population had a high-level of resistance to both

cyantraniliprole and emamectin benzoate, whereas the Fengxian and Jiading populations had moderate resistance to these two
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insecticides. All three populations remained highly susceptible to spinetoram. The frequency of resistant alleles at the 14743M

site of the SeRyR gene ranged from 92.0% to 100.0%. The G4900E mutation was not detected. The frequency of resistant
alleles at the F116V site of the CYP9A186 gene ranged from 75.0% to 96.0%, whereas that at the G275E site of the nAChR 06

gene ranged from 14.0% to 26.0%. [Conclusion] Spodoptera exigua populations in Shanghai have moderate to high

resistance to cyantraniliprole and emamectin benzoate but remain susceptible to spinetoram. Rotating the use of insecticides,

or using non-cross-resistant insecticides, could be crucial for the effective management of S. exigua in this region.

Key words Spodoptera exigua; resistance monitoring; gene mutation

Vi g 4 2R A i ARO 5 L, ESE Ik
Spodoptera exigua EA7 )17 W 7§ FAHYIE 1,
RERE G F AR, B RE SR TR 2
TP TAEY), [ L R TR . ML . RS
HERAEY) (B, 2000) o AR TETR
[l ) A AR BB AR R , JEHAE R il 55 R
WK, T AR A PRI 4y (3
FLHESE, 2014) o HAEY, s Biiaieda e
RIS i FE B, SR, B R 2 R
Ji ], AR 22 RS B 2R HO| 7 A T2
PE, HPTL MRS an, X0 E R BiG A
VEW G2 A e 7ok 1 BRI (ARER XU, 2007
Aeliiz, 2019) .

L A ORGP o] A4 g 2R A
HIRER MR Z AW RE &) 2T Rifg X
RS BB . EoR s — R T 2k
( Ryanodine receptor, RyR ) 3zl 7|, & H Bz
( Cyantraniliprole ) i# & F¢ FHEA/EH TR &
RyRs, 5| 485 T2 B, i LA 45
SEPEIcHE . BRI E 2 58T ( Sparks and Nauen,
2015) o {HREE K& Z M, SRk e x =
AT ORI EE L. 2016 AF, PO)1]Hh XCEE
Ik PZ16. LS16 K ZY 16 FhEXT 5 L i
FPAE 175.3-287.6 A5 HY4IME ( Wang er al., 2018 ) .
PR G T Ak T 2 R TP R SR P 4R i R AT AR, H
VEFBLHIAE T 3H05 2B i 8 Z IR 1 T4 A &
T (Gluel) JBIEF v- 2 TR (GABA) '
BRI, RN A BT RE AL S A E TR
TSR, B R L BN AT R R A5 1 A
B (Sparks and Nauen, 2015) ., WF5EEH, &
FEI VLS5 | VL7 B 1] 45 b P A S 73 et Y 2 35 ]
RHR AR RELC A H i 2hPE (Che eral.,
2013; Wangetal., 2018) . LIZRAWMERZL

REZMATAEY, AR AR J B R A7 2,
e A AZ f& (nAChR ) Ml y-23E T2 ( GABA ) ,
HAEHIBLHI O] 5| g RG24y, 6 3L
JULPAY H B0 St R ) B 4, e Al AR B A 95
JRZ (Sparks and Nauen, 2015) ., 2012 4F [
7 Bt b DX i SE R AR A R o, X £
AREZEPITEC A 185 (Cheeral., 2013)
2020-2021 4E[H], XFREPGER6F- | IR HTT
AL (1 SRR I P () A A Tt A I, I
5 2R EN I Z R W R O 7 AR h K7
bk (EEET, 2023) .

AWFEREE ST, B HGE 3 A AL
WY T2 o 3 P2 M AR AR
HURE NI | R TR AR T . R AR
R VL RAT B ESENLE] (Liu, 20155 {h—
., 2020) o FERCRACAARN, RBOL7 AT
P ) B EZEHL R bR B AT, AR
PR AR LR AR T | &, X R AR S I 554
FHHE S SR R 2 M 45 A RE HBReR , &%
HyrAitr . CAMRERM, RyRs M RAR
S T OGP RUE e 2 2% HURD 7 A ot 1 R B
TR Mk RyR 1 14743M 2875 Fl G4900E 7875 55
WU R ZE A8 AP VIR ( Zuo et al., 2017,
2020 ) o /0 OB 2. E AR AE AZ 74 ( nAChR )
Y E S RO EE, CYEERAI . N Plutella
xylostella %5 °E ) nAChRa6 H) G275E i 5 &4
RANE, SSHHNN O ELZRAHEMERAER™
HPi 2t ( Wang et al., 2020; Zuo et al., 2022 ) .,
FE Y HT I EHSE RO BT 25 Mo, IR e 7 B
SH LR PR 1) AR bR 28 AR, B T4 e B
BUHEALH] 2 SRR 78 B AU dE A
Rauh, O LT E A 5 B DL A 6 R
P450 fiff ( CYP450s ) 1737 %5 JCHEA (0, X LElfRE
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g 388 o S A B I X PR A AN IR AR A it A T
AW (Liu, 2015) o [ A &R AT
FTAEp R R BRI Pt F 2 B MG R
P450 FL[H CYP9A186 ) F116V RAF, %575
b s AR TR T RE , 3 HO0 AR R R B
R bizitE (Zuoetal., 2021) .

AR, i XSRS A, iz
FH [i) A% ORI R it A% 3 2 ial
RH 25708 o F T 24 PE T T80 Bl T e AN 71
T, B TR 2w M Az 40 8 1 I 11— 30 B R
PRI o BTG PRSI RS M BT I R L
B BA 5 L, ARFFELL 2025 FREA -
W5 A LN ZE 0E 3 - 1 DX (1 S 3tk FE i)
HEAXTGE, M T XSRS R e . SR
WRAHREEMCEZRWER 3 FiE AR

HGAEPTHEACE, FHAREI T X Le R SeRyR |
nAChRa6 Fl CYPIA186 LR [1) 5 SAEHIR  WF 5T
S5 S AT Ay b Ml DX SRR B IR 240 Y R
HERL 224K

1 #R5HE

1.1 #HiKEHR

e A e S 35 2 AURR AR A S L i AR M B
Bem N IR TR, RS AAE ] A% R, Ay A
SR I FH TR R 23 0 R AR T BT 5 X 22 B
XAG X, PRARAEE B WR 1. FrA R ETE
= NN TARDBR AR 5= 1 AR, RS R i
RREE (27+1) °C. JGJEI 16L : 8D AHXE
¥ 70% + 5% (Jiaetal., 2009 ) .

F1 LiBMXERREEHEOHEHOREEFR

Table 1 Collection information of field populations of Spodoptera exigua in Shanghai

BEA S
Developmental
stage of samples

ERLY

Host plant

— AT K oL -
Sampled regions Latitude and Collection date
longitude (year-month)
FE X Jiading District  31.38°N, 121.25°E 2025-7
Z& Wt IX Fengxian District 30.87°N, 121.56°E 2025-7
411X Jinshan District ~ 30.84°N, 121.17°E 2025-7

KHMADESE Greenhouse amaranth  2-5 #%¥4)1 #1 2nd-5th larvae
FEHUH 15 Open-field cabbage 2-5 #34)1 1 2nd-5th larvae
# M F K Open-field corn 2-5 & 4h i 2nd-5th larvae

12 #RHH

99% R MR 2 (SEEEEILAH )
91% HH 2 JE BT A4k P 25 O FH g £k Ji 2 (Tb gl A=
WAL TR A BRAT ), 92% 52 AWK R 24
(REMBRITRAA) o

1.3 EHMEFR &

A R AR R 2 553 ( Zuo et al., 2021
Zhang et al., 2025 ) . 43| LA — I EEAK ( DMSO )
TP R s 500, T Vs ke . R 2 B BT 4 1
FEARHIRER N CHZ R R M F 2B . Bl R
H# 0.1%TritonX-100[4= T4 TR ( 1) B
1A BR 2 B 7K R £ BEROE R AL 5 A
WRERRRE . AW E R 24 fLAR (LI
2cem?) , BALFSEMA 1 mL SN THAE,
HAHIEE R S5, 43 BT 0 50 wL AS [R]HR BE A 259,

FEI T AR T, LA 0.1% TritonX-100 7K i i Ab
PRAENZS AN IR . BRFLIEA 1Sk 4 h LR AL B
) 3 WA, RRERE 3 AER, BT ER
12 skah . ¥ 24 FLAURCE T A TR
(GXZ-280B, TUILEEALER) ) iR,
MR E IR (25+1) °C, FXHEE 70% +
5%. JCJE 161 : 8D, AbPE 48 h J5 A Ar 4l HUFE
TEGL, DIRERMIR | RREIE R TR A5
T HE R

1.4 EIRALRRTHN

Bk 3 IR EIER A A B RNA R
RNAiso Puls i & (Invitrogen, JE[E ) $2HL,
IR LT (5E4h, IR0 ) e Haf
JESREE . KA E RNA ] PrimeScript
TM Reagent Kit with gDNA Eraser ( Perfect real
time ) SO SRIAR & (REFAEY ) w4
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A% ¢cDNA. FIH PCR {XXT$2HY DNA #4549
B I 5E HHR AR A 14743M . G4900E . F116V
Ml G275E MZEARRE DL, A FRERAMLIEEL 25
SRR Al B, DBk &) HU cDNA AR A
kK H 2 x Phanta Flash Master Mix ( Dye Plus ) i
A CIEMERE, HE ) #E1T PCR 1. ROV FEF

MR .98 CHIAM: 30s; 98 °CAME 105,55 °C
Bk 5s, 72 CHEM 10s, 235 NMER; ®&5
72 CHIEAEM 1 min, ¥ P-4 1%B A A 5E
JBE FL K ARG 4 R RN IE A 7 7 ik A Al
EREY o F AT IR S . BT B 195 5
2.

K2 BIRRARERNGIMFT

Table 2 Primer sequences for detecting target site mutations

5|4¥) Primers 5¥)F51 (5'-3") Primer sequences (5'-3") Z7% Wik References
Sel4743M-F TGATGATGCATTGGAAGTGGT Zuo et al., 2017, 2020
Sel4743M-R CACGCTTGAAGATGGCTA
SeG4900E-F GCGTTACCAAGTATGGAAGGCG
SeG4900E-R CGTTATGCGTGACGGACTGAAG
SeF116V-F CTCAGAGACTTGGAGCTGGTG
SeF116V-R CCAAAATACGTCTGATGGTGCC
SeG275E-F GGTGTTACAATCCTCCTGTCG Zuo et al., 2021
SeG275E-R GCGGCATCTCATGTATATCTG
15 MIESHR FEAHLL , AR FH ] AR X Y T L p e ™ A v

A Wi sE B P R B POLO Plus 2.0 4Kk 4
( LeOra Software Inc., California, USA ) #f74¢
T, THEBBE R IE (LCso) B 95% & (F
X ] . Bh = bRl . RO PAE. PRk
( RR )4y HI[E] F B LCso -5 BURFHE LCso [ LB
AR ATV bR E NY/T2058-2014, Hit K F-%i)
R . RR<5 MHUH, 5<RR<10 M{EKFPT
PE, 10<RR<100 HFHa5K-FHiPE, RR>100 K
EKSEHPE . B Chromas #4E53Hril R ig 4]
JI VBT 4% 32 DA ST s S 15 R A= 878 o fifi ] Excel
2019 BAOFIC R ARG R LAY, RG4S B
PRI 5 AR, bR 3 R S8 AR B R 442 LA T i
B RARR=[ (PibEali & F RS RO + (BT
PEZ A THUR I 5582 ) 1% 100% ( You et al.,
2021) .

2 HREHSH

2.1 HEYMELR

3 Fofrob A R0 7 3 DX S ¢ gk 1 ) Ao
FERTE I E AR L3R 3, ZRRW], SRR

LR A PE . Hdh AR B B
B, VUMEAEBGRE] 228.89 15 AR5 PR
BLPERIAE T S8R, BUEERTEUT 3R 89.06
i 44.64 fi5 . X T H Z L4 R AT IRLE, &
AN EER B A B, PUMERTECN 168.65
5 72 DR MR BT A B R R, 43 )
h 38.60 Fl1 22.29 fif ., A M H [BIFHHEXT £, 3
L AW E M LCso {H7E 1.017-1.619 pg/mL Z [,

PUPERSEE 2.97-4.72 f5 2 8], #4340 FHUBOK .

2.2 RyR ERERMRTIHRSHT

T X b R R SR Ak RyR F Beat
7 PCR ¥ 3§ FIMF, KM 3 NAEEHELE
14743M i 155878, (HARKME] G4900E v 158
AR GEASIAR AT W, 2R BRI A LR B
ARTE 14743M 7S KB RPTEa G748, Mg
FEFPRE R R DB B R AR, RAHR N
16.0% (% 4) .

2.3 CYPY9A4186 F1 nAChRa6 BEE B FIRTIHE
S

Xt g 3 ANEHEEROR T B A RS CYP9A4186
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FEH F116V A7 S E 7RI, 455 BoR FlleVv i
BBEAAEDTE e A AE, WAFAEpTELl & 2878
AR, 289 . &1 A e FlleV itk
IR B RARII A 50.0% ., 8.0%F 44.0%, i
PG SR 5150 50.0%.92.0%F1 56.0%
(F£5) o Hrp, ZBERE RN F116V 47 5
GRAFRIL NG, 730K 75.0%F1 78.0%; 1M
S INFREER) F116V A a5 it FE PR 28 A8 47 % ik
96.0% (£ 5) o WAh, MELEREEN, 5. &
LRI EFIRER) nAChRa6 H:H G275E v S AUAF
P ARAE, KRBT A RA, Hythk
LA AR AT R 36.0% . 52.0%F1 28.0% (
5) o BAKMIT, 3 AFEERY G275E S8ARAT AR
AR, 08 18.0%. 26.0%F114.0% (£ 5)

3 GipSitie

H T SR X % Gk 25 AR 25 B 5 1Y)
vk, PG R TR xR A% ) R 7 = A
PUME L M EEL, H O SR B A R
ok, Bg 2 HTPHA TR E SRR . /D
SR H o dL, 2013 AELIRT, FERRC T
U e 28 2% ORI Ak T sk 2 rh A5 7K P i ( Che
etal., 2013) . 2016-2018 4F, fFFLIRIBETRIZRK
e Xof XOU R e 288 2% MU 7= A 8 2 000 A5 A s 7K
-4tk (Huang efal., 2021) o UiBHEEERC AT
TRFCREE R BAT P A s b2t Be g, IR rE
FH SRR B 7 3 HR O T UL e S 2R U il
T B E AN R A, gAY

®3 3MERARAF EBHRRHEEEDFHENEN
Table 3 Toxicity of three insecticides to the field populations of Spodoptera exigua in Shanghai

BOEPREE (95%'E (5 XA )

EARE 3

A% B i RERLPRER RIrE AME
N .
Insecticide Population Slope+SE (pg/ mL ) LCs0(95% Ve df Resistance
confidence interval) (ug/mL) ratio
TR Bt R i 2.445+0.307 0.189 (0.153-0.234) 5.340 13 1.00
Cyantraniliprole Susceptible strain
7= P 2.376+0.300 16.834 (13.557-20.913) 9.877 13 89.06
Fengxian population
LR 2.141+0.290 43.263(34.407-55.640) 6.050 13 228.89
Jinshan population
FEMRE 2.641+0.321 8.437(6.732-10.622) 13.481 13 44.64
Jiading population
CHEZAHE  HURFhEE 2.166+0.287 0.343 (0.270-0.431) 7.662 13 1.00
Spinetoram Susceptible strain
7= R 2.150+0.285 1.619 (1.265-2.062) 9.523 13 4.72
Fengxian population
LR 1.629+0.232 1.134 (0.819-1.521) 7.718 13 3.30
Jinshan population
FEETRE 1.974+0.254 1.017 (0.687-1.433) 18.880 13 2.97
Jiading population
G T 4 TR SRR e 2.529+0.316 0.035 (0.028-0.043) 10.493 13 1.00
R Susceptible strain
Emamectin . \ " )
benzoate %ﬁ}ﬁ:}# - 1.445+0.248 1.351 (0.954-1.861) 5.475 13 38.60
Fengxian population
Eailyuiyid 1.644+0.259 5.903 (4.278-7.829) 8.195 13 168.65
Jinshan population
FEETRE 2.457+£0.310 0.780 (0.631-0.963) 8.557 13 22.29

Jiading population
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F4 LBEINHEFEMERE RyYR REHEFB R HTEERTE
Table 4 Genotypes and mutation frequencies of RyR of Spodoptera exigua from three field populations in Shanghai

14743M D5 3EHEF (% )

G4900E i s FERRI( % ) P FERm%

I (k) . %
Pt Number of Genotypes at 14743M PUPEREPIPR (% ) Genotypes at G4900E (%)
Population test insects (%) Resistance gene (%) Resistance
(ind.) frequency (%) gene frequency
: SS RS RR SS RS RR (%)
72 b 25 0 0 100.0 100.0 100.0 0 0 0
Fengxian population
LI AR 25 0 0 100.0 100.0 100.0 0 0 0
Jinshan population
FEFVEE 25 0 16.0  84.0 92.0 100.0 0 0 0

Jiading population

SS: HURT4L A F Susceptible homozygote; RS: #i1H4%A F Resistant heterozygote; RR: Hith4lifF Resistant

homozygote, % 5 [i], The same for Table 5.

x5

i 3 N HEFhEEEHE R CYPIA186 1 nAChRa6 REMEFRB B EFEME

Table 5 Genotypes and mutation frequencies of CYP9A4186 and nAChRa6 of Spodoptera
exigua from three field populations in Shanghai

o () FI16V ALk A( % )

PrtEsEp  GRTSEQLGSEAIN %) HirEEN

FhAE Number of Genotypes at T (%) Genotypes at B (%)
Population test insects F116V (%) Resistance gene G275E (%) Resistance gene
(ind.) SS RS RR frequency (%) SS RS  RR  Frequency (%)

5 1 R 25 0 500 500 75.0 640 360 0 18.0
Fengxian population
L1l Fh 25 0 8.0 92.0 96.0 48.0 52.0 0 26.0
Jinshan population
FEERRE 25 0 44.0 56.0 78.0 720  28.0 0 14.0

Jiading population

S INAEEE 3 b DX X Y5 5 S e e =
M 44.64-228.89 f5HTYE o BRI XS WUE N2 A
MR, 5 HAEPRE H ) T 524K SeRyR
RARARFYIM G, i#if CRISPR/Cas9 H:[H &
FBRAHR £, SeRyR Y 14743M 28748
A SRR e T YRR R IR P BT AR v 25 £

1M G4900E 23748 W G4 Hi kK1 i 2 #2722 336
¥ (Zuo etal., 2017, 2020) . AHFZEXF ¥
[ FPEE SeRyR #EATZEARN s kil , A3l ik AS

RGN 3] 14743M 748, H 34 2R 4  5)

G4900E RAr, X—z5 RS arsrxf i, (h4R

Hi X AR 5T 45 SR AH—30( Zuo et al., 2020; Huang
et al., 2021; Teng et al., 2022) , M, Z&Wt
5 & (ARG T4743M 07 15 B0 M 3 R R 156
F| 100%, FEREE 14743M HUPERL R Ky

92%. fEAFEEMIE, 45 BRI PR TR R
Mk IR A A, UEEH Sel4743M 2%
W5E R 1L A B X YR O = A B 1 AL
il M2, A LR V6L e J e 2 B0
it 200 5 E AR, X —BUEzE S T
Sel4743M 278 fiT 192 25 A5t o H e HE
SeRyR [ 14743M 248 I Ba: LAV EE - A 15
PUrEm EZLH L, AR 0T B A77E A
KRB HPENLE . Wang 25 (2018 ) HF5E45H1,
YA (5K P450 CYP9A21v3 Hid i8] i 5 it
SERCIT BB e 2 R IR it o6 REE R
TR 5T 4R 0 S HO) X e 2 A% s A7 e AR
BT, (0 A A L 75 e HH 8] &SR R
Wil EEAEH, BRI . ARRF5E Rk
I G4900E 4%, M GEVR T FZHE : 55,
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LT e 24 2% U P R R P ) 245 0 6 36 1 ) i
KL FNHE L GA900E v 5 2 AF il A8 s Hk,
AT A5 2 A B SR AT BB EEAE WK A 1Ak A ]
RE FARES B, I 2@ Rral ki sh A
DK A 7 9 AR AR . AT, WUk 2
A& HURAE I T 1 DX P o DRSS 2 4 T i B, A
AREEAG: . L, TERFIRSCEE, N7 R
1E S BRI 25500 A A, DABH B —
A TR 5 e AT E ML A9 A R o X F 42l 55
E B P X, iR T A A AL 52 4
ANFE A

FH 2 i B 4 1 25 R HH T k%o el H 35 A L
AR ARREM. H2, A 2009 4, kg
AF 5% Fi 8 T T S o P 0 35 T 4 7 2R K
PRI AP (AT =%, 2009; Che et al.,
2013) o AWFFREEA R, b Hi DX SRR 0 T
[E) o T P S S BT 4 ) 2RO R AR 2 7 A b
GRSt MR PEALELB N
( www.icama.org.cn ) B 5 B, IR IERE
IR BTG 245700 rp | S BT 4 1 K Y Rk B
SETEF 5 4 L, X — I AR S T AR
K F R LB 2 A R AR R R Tz A,
PR T B SRR BT o B Xt A BT 4 P 2
BRI AL, 3 M BIX R R
2250 SRR mKOEPUE, 7R 05 5 A
AP AE KM XA ST RE T4l B2k
P BRI SR f 3 ™ B, R i, 1R
HER, IR EPGE T & 2T, %
Wt 5 5 2 B o T BESR BT B U bt
PRI, (P ACTE AR AR RO o i
TR X6 HHY S 6 T A4 1) 2R R B R R i bt S T
17 S YLtk CYP9AIS6 KA G, CYP9AISE6
Ry Fl16V 2848 ( R X5 SRST RN
RIRPH AR ) FBUK S A D4R & E
AR | A TR AR Tk A AR AR 0 BT 24 R R A5 DA
RIS , H AR AR R i i A A T
8 f5LA L, BUHEAREUE L 100 £% (Zuo et al.,
2021) o AT RIR, 4 LA RS FH 2 el 4t o
FARHRERRI S, H Fl16V diitk
FERBIRIRE] 96.0%. MHILZ T, 70 55w
T T Y 0 35 o] 2 T 3R R H IR R A T A KBt

P, HPUHEMEGHT, H FlieV (i SditkstH
AT 75.0%F1 78.0%. HIHEN, FH3mk
e X FH 2 B BT 4 TR R R B R Eh b M KO 5
CYP9A186 FEH Y F116V 575257 JE R 4 2% 2 [1]
FELE B OCHEE . e LA e, (U2 2 4
MMEHEHT CYP9A1S86 1Y) F116V 24558748, Hig
AN R Al A PP SE R R BCUE S %R R X A
SERAT 2 A R AR Rk L S S R AL  XF
S I B R BT X, AR W ek 2 B 45 fif R
Yrih RILE R X T4 | e G h AP e
DX, DR ™A 2 A P AR, T I sl B HL 55 X0
BERe S 25 75 SR A, LABT =4 & ik £
J1o [RE, LW CYPIAIS6-F116V Y74
RUATMNZ 250 S & R,

ARG, BRI NT L HE L R R R
WU, WFFER, nAChRa6 SIS 22 R
RIR BN MPLHEAEE, Bk CRISPR/Cas9 Ff
G275E AEM AT M nAChRa6 J&i, FHSAK
I X 22 8B R RN 3 2 28 T R T 4 i B T
230 Fl1 792 /% (Zuo et al., 2022) . jfE/rtrs
B, G275E A8 LUASTE 42 et Jr U AR i SR i i v
ik, (XA G AR R BRTE Bk 2 R R IR
A3 AE (Zuo etal., 2022) o AWFREI, o
Vi Ml X EH S ik nAChRa6 1) G275E 5875 i %
A, E A A 2 AR, X R T oA
Vg FH [RDFRRE i AR X I R R A bitE B F
LHEEZ R EIE HEENEUR 2 1 5 30U 1),
IR R 37 Ry Vi e X S 0 0 o s A 0 25
R RO e o AR, W Ziid sy FE T
G275E 275553 Wa il fry e A TR R 4t A it R
W& b, S5 bEAE AT RN, kS
— i, B 5 VR FAILHIAS 18] 9 5 A g 245 7 B
SRR, DAcR PR B AR 22 Fohi i & e o

A5 Ay b T b DX SR AR ik ) A A B 4
W TORE SRS . R IR EAT 25 AR R, KL
HREZAWEENE R Z — Il R 2 E 5
T LA 5 XFE 7 A v s SR I OUE e 28 % ol
FEI) R Y 0 35 ] e T 2R R H R S it DX 3 it
BRI AR, U HOR e T A B R AR X
U2 A TR R 2538 RS, St 2E A
B ; [ FBF SeRyR-14743M/G4900E . CYP9A186-



- 730 - R B 244k Chinese Journal of Applied Entomology 63 &

F116V [ nAChRa6-G275E 25 K5a 575 15 W i
PNE BT, T ERA Ao 15
fitlh, i X R BT IR PRI G, MRl AE SR
Pirk &R, SRl RRsin .

S &k (References)

Che WN, Shi T, Wu YD, Yang YH, 2013. Insecticide resistance
status of field populations of Spodoptera exigua (Lepidoptera:
Noctuidae) from China. Journal of Economic Entomology, 106(4):
1855-1862.

Huang JM, Zhao YX, Sun H, Ni H, Liu C, Wang X, Gao CF, Wu SF,
2021. Monitoring and mechanisms of insecticide resistance in
Spodoptera exigua (Lepidoptera: Noctuidae), with special reference
to diamides. Pesticide Biochemistry and Physiology, 174: 104831.

Jia BT, Liu YJ, Zhu YC, Liu XG, Gao CF, Shen JL, 2009.
Inheritance, fitness cost and mechanism of resistance to tebufenozide
in Spodoptera exigua (Hiibner) (Lepidoptera: Noctuidae). Pest
Management Science, 65(9): 996-1002.

Lin ZF, Luo LZ, Pan XL, 2007. Insecticide abuse is an important
cause of beet armyworm outbreak. Chinese Bulletin of Entomology,
44(3): 327-332. [MRERR, PALE, WEBEEH, 2007, AU
MRFESEROIR IR AR B R . BN, 44(3): 327-332.]

Liu N, 2015. Insecticide resistance in mosquitoes: Impact,
mechanisms, and research directions. Annual Review of
Entomology, 60: 537-559.

Luo LZ, Cao YZ, Jiang XF, 2000. Characteristics and trends in the
occurrence and damage caused by the Spodoptera exigua.
Journal of Plant Protection, 26(3): 37-39. [B 4L, WHEE, 1T
AR, 2000. A A 16 T i S A SO TR,
26(3): 37-39.]

Si SY, Zhou LL, Wang Y, Liu XM, 2009. Monitoring of insecticide
resistance of Spodoptera exigua field populations in Hubei
Province. Plant Protection, 35(1): 114-117. [FF+=, FFIH,
BB, XU/, 2009. WAL EHSREBE M () R B 24 4
RIBIEED, 35(1): 114-117.]

Sparks TC, Nauen R, 2015. IRAC: Mode of action classification and
insecticide resistance management. Pesticide Biochemistry and
Physiology, 121: 122-128.

Teng HY, Zuo YY, Yuan J, Fabrick JA, Wu YD, Yang YH, 2022.
High frequency of ryanodine receptor and cytochrome P450
CYP9A186 mutations in insecticide-resistant field populations of
Spodoptera exigua from China. Pesticide Biochemistry and
Physiology, 186: 105153.

Wang XG, Chen YQ, Gong CW, Yao XG, Jiang CX, Yang QF,
2018. Molecular identification of four novel cytochrome P450
genes related to the development of resistance of Spodoptera
exigua (Lepidoptera: Noctuidae) to chlorantraniliprole. Pest
Management Science, 74(8): 1938—1952.

Wang XL, Ma YM, Wang FL, Yang YH, Wu SW, Wu YD, 2020.
Disruption of nicotinic acetylcholine receptor a6 mediated by

CRISPR/Cas9 confers resistance to spinosyns in Plutella

xylostella. Pest Management Science, 76(5): 1618-1625.

Wang ZY, 2023. Detection of field resistance gene frequency of
Spodoptera exigua and the study on the function of al and a7
subunits of acetylcholine receptor. Master dissertation. Yangling:
Northwest Agriculture and Forestry University. [F{% 5, 2023.
FHERAR i I ) o R AR S I 2 BRI 2 A ol L a7 S
BEUIREOIIY. L0830 Hv: PEALRMBHR ]

Wen LZ, Wen YC, Zhu FD, Wen YF, Yang ZX, 2014. Large-scale
geographical variation and cause analysis on the frequency of
intermittent outbreak of the beet armyworm, Spodoptera exigua.
Chinese Journal of Applied Entomology, 51(1): 232-247. [3CAL
B, OO, R, SCHERE, Bk, 2014, FRIEFISERO
V) B 2 01 B 0 R U b 3 25 S K LR PR 4. iz S
2FAR, 51(1): 232-247.]

Wu Y], 2020. Advances in insecticide toxicology in China in the last
two decades II: Resistance of insects to insecticides. Chinese
Journal of Applied Entomology, 57(5): 995-1008. [{i—%Z, 2020.
U AR ER S R R A T e (1) —— B SN A S5
RIBCHERIETE. I B 224, 57(5): 995-1008.]

You CM, Shan C, Ma Z, Zhang Y, Zhao R, Gao XW, 2021. The
overexpression and variant of CYP6G4 associated with propoxur
resistance in the housefly, Musca domestica L. Pest Management
Science, 77(10): 4321-4330.

Zhang RM, Zhao D, Zhang M, Zhang JY, Li HZ, Li Y, Pei YK, Hu
ZN, Zuo Y'Y, 2025. Fitness costs and resistance mechanisms to
indoxacarb in a near-isogenic strain of Spodoptera exigua
(Lepidoptera: Noctuidae). Pesticide Biochemistry and Physiology,
214: 106626.

Zuo YY, 2019. Resistance mechanisms to emametim benzoate and
diamide insecticides in Spodoptera exigua (Hibner). Doctor
dissertation. Nanjing: Nanjing Agricultural University. [/ iz,
2019. BB FH AEER RIS A HGAHT DL 5T
W2 Re S, f R R ]

Zuo YY, Wang H, Xu Y, Huang JL, Wu SW, Wu YD, Yang YH,
2017. CRISPR/Cas9 mediated G4946E substitution in the
ryanodine receptor of Spodoptera exigua confers high levels of
resistance to diamide insecticides. Insect Biochemistry and
Molecular Biology, 89: 79-85.

Zuo YY, Ma HH, Lu WJ, Wang XL, Wu SW, Nauen R, Wu YD,
Yang YH, 2020. Identification of the ryanodine receptor
mutation [14743M and its contribution to diamide insecticide
resistance in Spodoptera exigua (Lepidoptera: Noctuidae). Insect
Science, 27(4): 791-800.

Zuo YY, Shi Y, Zhang F, Guan F, Zhang JP, Feyereisen R, Fabrick
JA, Yang YH, Wu YD, 2021. Genome mapping coupled with
CRISPR gene editing reveals a P450 gene confers avermectin
resistance in the beet armyworm. PLoS Genetics, 17(7): €1009628.

Zuo YY, Xue YX, Wang ZY, Ren X, Aioub AAA, Wu YD, Yang
YH, Hu ZN, 2022. Knockin of the G275E mutation of the
nicotinic acetylcholine receptor(nAChR) a6 confers high levels
of resistance to spinosyns in Spodoptera exigua. Insect Science,
29(2): 478-486.



