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EMARBRERBRETERRS
HRERRNERAMKGALLB ST

AT BEH g BEEF OGR FRFE
(P RARAR BRI, & NP RIS O TS R0% . A G R SR TSR0 % A, o 510640)

B E [B#M) WEATHEMBEIHEE TR Spodoptera frugiperda i 7% BU57 H 4EEE A iR B HL ]
[ 5Ee ] X aish o0 s ik SRR T I R R 3 W4 dU b A7 5 S e o0 B AR ST AL 22 o0, T
A S RMAEMITIE . [ R ] HRdh el 222 N2 RFGRIER, Hr 76 ANSLE LH, 146
AFEE T (P<0.05 ), Hrp B b 70 AUEE TR R 11 NMRIEHHSC I R A U R T, kR
Fm 2.0 5L, AR EMEIRT SR . L-AAMR. -2 TR, LA . L2t
RS, Horp y- S TR E [ (P<0.05), 25800 247, L-AERDE T (P<0.05), %
SAGECHR 0.69, 7k SCUTAEC G A4 AR, 22 57 3 D A 22 S Ay 32 B 3k [m) ' 4 1 O AR 2
TRER AR B 5 AL . SR -(RNA WA LA RN EARR . KL SRS . AaimRRdhise
HAER 4 AN EFFIAEFE R 3 FIOCHER, URAER G M. 425 TG EA M ZRIRE . Zik
TEER 4 MR, Kb RITAER ., 2-FA RN -2 TR S e R EFWN, L-AERSeR®
FEAR o URRBE TR R AR PR BTG T L AL L-A 2R & 0 20 I i 225 i y-2 3 TR [ 4
] FEREHER T REAE T TR R i S s B PR R IE R . ARWF T g R it — 24
G L1 BT AR A HUF) ) B AL A PR AL TR o
KA B OTROMk; W AEEL; Feskdl; QA fRER

Comparative transcriptome and metabolome analysis of emamectin
benzoate-hyposensitive, and susceptible, strains of Spodoptera
frugiperda (Lepidoptera: Noctuidae)
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(Plant Protection Research Institute, Guangdong Academy of Agricultural Sciences, Key Laboratory of Green Prevention and
Control of Fruits and Vegetables in South China, Ministry of Agriculture and Rural Affairs, Key Laboratory of High
Technology for Plant Protection of Guangdong Province, Guangzhou 510640, China)

Abstract [Objectives] To investigate and clarify the mechanism used by Spodoptera frugiperda to detoxify the insecticide
emamectin benzoate. [Methods] Transcriptome sequencing and metabolomic analysis were performed on 3rd instar S.
frugiperda larvae from an emamectin benzoate-hyposensitive strain (EB-HS) and a sensitive strain (SS). The transcriptome
and metabolome were analyzed jointly. [Results] Two hundred and twenty-two differentially expressed genes (DEGs) were
detected in the transcriptome, of which 76 were up-regulated and 146 down-regulated (P < 0.05). Among these, eleven
metabolism-related genes were more common in the EB-HS than in the SS, and transcript levels were more than 2.0-fold

higher in the EB-HS. Identified differential metabolites include uridine diphosphate glucose, L-glutamic acid, gamma-
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aminobutyric acid, L-threonine and L-cysteine. Gamma-aminobutyric acid was significantly up-regulated with a time
difference of 2.47 and L-glutamic acid was significantly down-regulated with a difference multiple of 0.69. The combined
analysis of the transcriptome and metabolome indicates that DEGs and DMs are mainly enriched in pentose and glucuronate
interconversion, aminoacyl-tRNA biosynthesis, alanine, aspartate and glutamate metabolism, and other pathways. The
glutamate metabolic pathway was enriched to four DEGs encoding three key enzymes, including glutamate synthetase,
4-aminobutyrate aminotransferase and glutamate decarboxylase. Four metabolites were enriched by this pathway, which
significantly increased aspartic acid, 2-oxoglutarate and gamma-aminobutyric acid content, whereas L-glutamic acid content
significantly decreased. Glutamate decarboxylase activity increased in the EB-HS, catalyzing L-glutamate synthesis of the
more inhibitory neurotransmitter gamma-aminobutyric acid. [Conclusion]

The glutamate metabolism pathway may play an

important role in the detoxification of emamectin benzoate by S. frugiperda. These findings provide a basis for further research

+ 1255 -

on the mechanism responsible for insecticide detoxification in this species.

Key words Spodoptera frugiperda; emamectin benzoate; transcriptome; metabolome; detoxification metabolism

T DT I Spodoptera frugiperda J&—F i

T R = < 2 P /S = o
( Sparks, 1979 ), HfaHFF K, KM, fE4E. &
¥R EHHFESA/EY) ( Montezano et al., 2018 ),
I TR M — AP S R A R R KR A, B
A A2 100 24 E K, 2016 4E AR AR,
2018 AR, 2019 4EARIRE, FEnm
HH WKk Mz B ( Goergen et al., 2016;

Sharanabasappa et al, 2018; Feldmann et al., 2019;
F&5F, 2019 ), FHLTTRRIT K BIEFIRE N

ERE S, — FLR AR B A S50 B 45 4
it , AT 22 i A A A AR ol e T K A 7 i ™ B
HIZT R (BB, 2020 ), HE77 FEHRHZE
R A B AR 25 o R R
R, FEMH, o SR R BT 2 1 ) H
A5 PTEE, [ P AR X 50 ik 4 L
FEME | R A SRR A R AE N I Z Rl gk 25 7 1
Potk, ELXEF SR . B s . SR S e A
25 %) 3k B m Pk F ( Yu and McCord, 2007;
Carvalho et al., 2013; 5%, 2019), 4N, 7€
2 [ b 22 B4 TH (] SR 45 3] (1) B0 1l 53 132 3 X 3
XU AP Rk 500 475, HLXHET dUgith 2 B
160 50053t ( Gutiérrez-Moreno et al., 2019 ),
B b 7 1 gk % S LR B R % ( Bolzan et al.,
2019), ZFHZLZAREE (Lira et al., 2020 ), Al
ik ( Nascimento ef al., 2016 ) ZE RIfe 25t 74
THUlE . T AR 54 b X 5 ik P [ b
Xof G LR FE G e RN ER A R G T A 00 ) ik
23.17 F1 14.37 £ (IR 7745, 2020 ),

P BT 4 TR 2O R Eh ( H 4E 4
Emamectin benzoate ), J&—Ff [ B 4E 17 % 5%
A6 G PR R ER N TR A H 7], 5 A P 4R 03
e AL S BT 4E R AR, LA y- 2 5T IR
& ( GABA receptor ) FIF & R[5 & 5 Tl iH

( GluCl) MYER#E 4R ( Madkour ef al., 2021 ),
SR H F O 2 28 BUR A e Kt 32 1
HHT 2 3 2 By v 80 H 5 R A R R U 2
— (Cheetal., 2015 ), BRI, T RGN E 1 fH
W AEdh | 3 5 3 dOer B 2R b i AR i
Xof i H 3 A ) TR S B v T EE R PRAR . R
FE T HH R Hp AR b X B SR R Spodoptera
exigua A FPREXTIZ R A= T m APt
P (Ishtiaq et al., 2014; Su and Sun, 2014; Che
et al., 2015; Ahmad et al., 2018 ), E.A HiE FEL
BV BE R A0 3 5 R [ b DX /) 3 M8 Plutella
xylostella F B FPREXT 4B LR A9 7= 4 T 4-8 45 W PT
P (Biradar et al., 2020 ), PG & 3 57 7% 19 H (1]
TR FH A48 ) SRR EAT BT NI, 77 AR T )i
kgt (Muraro et al., 2022 ), fEJLAR X A4S R
Helicoverpa armigera W #EER BT WL 25 2R 3%
By, Wby B IR e Eh AL AR R
FH )RR AR 0 )y 8.2-40.4 15 .5.8-16.6
75 .5.5-23.4 f%5 1 11.0-36.6 £ (HI£1 545, 2021 ),

Rt 50 AR R R R, ik aTh T A
HFRH B aa T R R R B R R A W T AT .
I e S A BN T DL O SR v R U RE AR
B L, A ORI, SC50 % PRI Y F B
0 3 S0 WAL 5 A5 IR R A BR PR i R 5 UG
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R HEHRIBKPAAE 2SS, K5 CYP3 Fil
CYP6 KGR AN (A2 P450 JEH Fik i 1i#( do
Nascimento ez al., 2023 ) . # L/ #r 5% sELH F
L 58 T b, £ 1A 1 TR O e P ORGSR 4 LY
FERRAEIEL, LAEW 940 28Rk
A, Horp 35 22 R IR T SR A S i EEad BRAROC,
FUHG 24 4> PASO SUIAAREEEIN , 4 DABEH K-S
HAMEEE, 6 MRILEEN, 1| DAL
FEA (do Nascimento et al., 2015 ) .

AR 2 — TR 4R, AT SCEH RN AR )
X PR ARAL, | i 3 A= BRI R8I i P oy
BB (Gao et al., 2022) o IT4Ek, fRBIZHATE
TG A2z N, A BT R
VEFTHEAR, BIFR BTSRRI, R 3 R 2Rt B 4
HORSRBEFIIZEm T (48 205, 2022) o N,
L FATRALBLS SR Drosophila melanogaster
RN A TR Z KRB, IR T A
PR 345 178 E AL 0 SR A TR 1) e A R LA
ZAEH (Brinzer, 2015 ), SR8 H R 30 T 5
A R M ST A Q) A A B AR, B BT
IR PN EE R A . eI PSR g A A
e WA IS AR B2 R 3, X 2 R A R
FH /DG H 2 P e o) R b, B 3 K ) B ( 939
T, 2023 ), PRI, A AT LA SR AR H A AR
WYL, T LS HAbL 2, AFEIEA
W s AR A BT BAE R AR R
U 2H 2 5 5% S 4 03 B A 45 6 A Bl T 58 M 1
PO 5 H—E Wit B AR G A OCHEJE A ( Rinschen
etal.,2019) ,

AHIFE LA 1 5RO ARG & ( Susceptible
strain, SS ) FIFH TR MG F 2 Eh BURERE TR
i % ( Emamectin benzoate-hyposensitive strain,
EB-HS i1 H i, 5% vy 1 420 F( RNA-seq )
X TR A b B 782 0 s R 1 2 S 2L R A T LR A AT
DR 0 R e 5 7R P R PR 2 o RIS, R
- S (LC-MS) #ETACId 2# o4, 5
FEWA i R AR B, X SR A Ay
AT IR 3T, LASZHE 50 b B 10 T D
« ORBE T M O R E B . ASBIFSE S B BT
T2 MR BRAR AL R HOR A

1 MEERE
1.1 gk iR

b 5 R AUR T & ( Susceptible strain,
SS) T 2019 4 5 HRHJARA) Ml F = X 4l
VR (113.38° E, 23.42° N) ARG R
e KA FH , AN HE A AT AT 24550 i) 175 0 T
FNEL SR, ENEFR R O] 4% H
BEVS TR T, o BN T ARDEMA R A0, Bl
F 10%8 3 K AL o 77 1 % OB IR TR A 1R 3 2%
fF: WA (27 £05) °C, B 75% + 5%, )6
JAIL : D=16: 8 (4EBESE, 2019 ),

B BTG R A AR B T RRE R

( Emamectin benzoate-hyposensitive strain ,
EB-HS), DUBUEah R PR, R LCyo W 4ER
= NGRS R TAS , APTHERE KRR Ptk
RREEE, 2 NESEE 20 18, ik a g EE
JIMsE , T LCso, MaIPTLGTEL R HEH,

1.2 #ildm

94% H LT RN W IR ER (H4Edh) i
25 (CAS 5: 155569-91-8 ): FIIE TS A
FRAF; TNER ()M AR, 0 Hral AR ):
I AR 2EAF) 5 B BE( CAS 5 67-56-1, LC-MS
% ). ZJE (CAS 5. 75-05-8, LC-MS %% ). %
Merck A7l; HER (LC-MS 2% ): HA TCI
JNH); Triton X-100 (X-100, S2EaE4% ). K
Amresco 23 ) ; RNA #2HGRAF] ( 15596-026 ): 3%
Invitrogen 73 7] ; cDNA X %% ik #| &
(RRO36A ): TaKaRa A,

1.3 BT Ay B AR 2 i M e U E

R TR R H TR ARURR M 1 S O S
FIRE (H24I148, 2019 ), mgA ks, ftilH
i FH PR B A0 A 1 000 mg- L' R, B
TRBECORAT 25 FH o 2 i s Rk 25 FIHEROH 2 1
g-L™" Triton X-100 7K I0A HORR B0 B 7
JE R o EHUE IR . A FAT ARt 7]
()RR, ERE T, SR IEARZ S om it
Br, 1R PIRM 15 s, T, B TFiAR
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TR AR SR, LS 1 g-L ™" Triton X-100
F14) P TR VB A B I A SR 2 O R B VL 12 h
9 3 W4l Bt (SS A EB-HS ) %% A b3t H
MREFRILA, AR 1 Skah iy, ARAFE 20 k4,
TR 6 WWHEE . FEFRAMEIR 1.1, 13% 48 h
Ja PR SRR = HEREER LCso
/B H ZR 11 LCso

1.4 HFRANFESHH

1.4.1 RNA B JH& TRIzol &7 &5 Bl
B 13k 3 B T SS Al EB-HS 95 RNA,
AN FR 6 1~ E & f# F NanoDrop 2000( Thermo
Fisher Scientific, Wilmington, DE ) {ill & RNA ¥
FERNZiEE . RNA 523 ME{# ] Agilent Bioanalyzer
2100 £4; ( Agilent Technologies, CA, USA ) )
RNA Nano 6000 Assay Kit #4714l . BT FEAR Y
RNA SE#HE(RIN) > 9.7, 4lifkJ5 1) RNA I fE
RNase-free 7KH1, JFORIEAE - 80 °CukAfith, fF
e S5

142 FHFANFREBFEEE RNA TR
At ABEEEYPE A RN A 58,
in-house perl scripts ¥R iAE A Td 08, KBk
R R)T5, A& R EdE ( Clean data ).
143 ERFRRKFEBMERSM K SS
Fl EB-HS 175 o1 f A 5 R b 5k 1 i 2 %
FEHN 2 ( Spodoptera_frugiperda GCF_011064685.

1.genome.fa, https://www.ncbi.nlm.nih.gov/search/
all/?term=GCF_011064685.1.genome.fa ) #17 tb

XF, W SCEERT R . TS, F StringTie
4 %% 3f Ak reads . 3R F KK FPKM
( Fragments per kilobase of transcript per million
fragments mapped ) {55/~ . {4 edgeR 3.8.6
i) DESeq2 #EA1TH A RI8 2 70007, ik 278
ISFEP AYBRE N FDR /T 0.01 H 22 545 %4( Fold
change, FC) KT 2. i TopGO #4177 GO I
B2 Mr, i ClusterProfiler #14fT KEGG i
FEIIHT
1.44 1&EEFER qRT-PCR IIE R qRT-
PCR BCMIEFL AR, mRNA Rk, &
RNA R ] TRIzol iG] & #21 . 7E NCBI 3115 4k
A5 I e 51519 (https:/ /www.ncbi.nlm.

nih.gov/tools/primer-blast/ ), i GAPDH £ N N2
FEH, BEEIEHE ST IR 1. 1.0 pg &
RNA & 1% cDNA, F|H] ABI 7500 Real- time PCR
RYHAT QRT-PCR 4317, qRT-PCR I 27 4n
T: 95 °C, 3min, 95 °C, 30s, 55 °C, 30s,
I 40 MEFR, R 27 AN E AR
K 3 ARy 5 R 3 AR HL R 4T qRT-PCR
53HTo SR SPSS 22.0 X HdE 4T/ HT

#1 HT qRT-PCR HIRIZEEES| %
Table 1 Primers of candidate genes used for qRT-PCR

fi e hk P YIRS (5-3")
Candidate genes Primer sequence (5'-3")
CYP6B6 F: ATGTGGTGATTCCCCTGCAA
R: CCAGGCGAAGCCCTATACAA
CYP4CI F: GCTTGTAGTGTTACTCTGTGCTTT

R: GACGATAAAAACTATTGCTTTGCTT
GSTI F: ACTATACACGACAGCCACGC
R: GGAACATGACAGCTGCATTGAA

ABCG23 F: GGTATCTGCGGCATGTGCTA
R: GAGGCCATAGGATACCACACA
CarE6 F: ACCAACACAGCCTACTATTTCGT
R: CCTGTTGTTTCAAATCCCAAATGC
CarEFE4  F: ACTTTGCTAAATTTGGAAACCCG
R: TGTGAGCGTATTCAAGAATGTCC
1.5 RBHHEFSH

151 RigAFEROKERMFIE WERHER
&k SS A1 EB-HS 3 #4413k, - 80 °C
BRI o FRECLL EAESY 50 mg T EP &, Jn
AT NI L2-5 &KW & R ( 2-Chloro-L-
phenylalanine ) F$EHGE 1 000 pL ( HEE @ ZJF
AKAEBU=2:2 1, WFRIREE 20mg- L"), i
A/NVNERIRTE 30 s, 45 Hz HFEHLALFE 10 min,
VKOKIRHE A HEE 10 min, - 20 °CHFFE 1 h J5Xf
FESHHEATEL (4 °C, 12000 r/min ) 15 min, HX
500 L 3T EP A, 7EILas vkdn 45 h T4
W, 1w RS A 160 pL $2B0K ( 2Kk
T 1 1) B, WHE 30 s, 7KK 10 min,
£ 4 °C'F, 12000 r/min &> 15 min, H 120 pL
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VT 2 mL #ERE, BEAKHC10 pL RS
A% QC FEA LA , REAMbEE 6 NE

1.5.2 UPLC-Q-TOF MS #&4#r  FEiR A
R R AR 8 R S8 ( Waters acquity I-class
plus ) Flf 43 BER G ( Waters Xevo G2-XS
QTOF ) 43#7, fai%H: 4 Acquity UPLC HSS T3
34 (100 mm x 2.1 mm, 1.8 pm), 0.1%H &
AYFEA 0.1% IR LM (B) ML B I shAH -
0-2% (v/v) B 5L 15 s, 2%-98% (v/v) B 454k
9 min 45 s, 98% B £F4E 3 min, 2%-98% (v/v) B
s 6 s, 2% B 42 1 min 54 s, Wil 400
uL-min~'o SRAHHEMIERE (ESI) IE., BT
B A 43 B, I I SR 42 3K F ( MassLynx
V4.2, Waters ) ¥ T 1925 8 BB (MSe )
PTG . R RE R A

153 RiWEESH  fIIH MassLynx V4.2
KRR IR T Progenesis QI X {F g 2
I, XSS B AL B A, SET Progenesis QI
RS METLIN B0 M A% A 2T
Y58, RN HEAT B EE AR ON, BB T AU R
2100 pgg . WA B FHREURE 50 ug-g! L
W o SREZE AR P {EF1 OPLS-DA 7 [ 75
wEHREEE (VIP, variable importance in the
projection ) {65 ¢ K 40 AHZE G 11 5 2 i i 22 SR
W, kbR FC > 1.P<0.05 Fl VIP> 1,
154 vEETRSERBSIBRMREEYE
T BT y- S TR B B I S SR P v SO
AH {75 ( System 515; Waters Technologies Co. Ltd.,
USA) A7l (BRASE, 2014 ), YRAEHEHE TT 1%
1% SS Fl EB-HS 3 #4145 10 3k, hn A
B 6% HK IR 10 mL, KIBWHE, 4 °CF
12 000 r/min &5.0> 10 min, B FHEWZ 0.22 pm
DB B3 AR e ASOUBORE A SR 3 AR

B3N EARELR,

Rl TR R A T O R R A I T ik
W . B oA ik SS Al EB-HS 3 #% FP 4l 4%
10 3k, fLA 4 °CHI& ) PBS (0.05 mol-L™', pH
7.0 )2 mL, VKIGWHEESIH , B 1 mL 23 F 4 °C,
10 000 r/min B> 10 min, M EIHWE 0.22 pm
UENE, WU 4 CCPRAAF. T e R S
btk , DA ERR IR, 6%EZEARM S 5.2%
UGN R B 055, I AT B IS I B IRCE 630 nm
AIE OD fE, THEA A RRIBR N L% ). B
F e s e R % D G-250 15 (R4S,
2014 ), FRA 3 AN AEYEE R 3 MEARER
1.55 RiFAMBERAXBEST  Rdl 5%
SR SRR A A &l JE T A 2% BMKCloud

( www.biocloud.net ) H Z W R FIEITHY, M
PRA SIS 10 25 AR e A 2R, G55 e kel 22
SEIER BT A, A R o i 2 SRR R S 25 R
PRl s 3] KEGG R K |, 815
I FET B R A M ((Pearson ) T BT
A LR G 22 8] AR S , e AR S P
F 2 (87807 R AT B R AL B, AR J5 42 JEAH G
&% ( Correlation coefficient, CC) FIAHIM:
(1) P-value #EATHfHE, 7 B {E R|CC| > 0.80 H.
CCP < 0.05,

2 #RE5HH

21 EMFRIEERE THGARNBERAE
Btk

B 5 A IR AR A LCso A 0.08 mg-L,
BRI R E N ESET e 20 10, 7551 F 2 Eh AU
JEFFESZR, HLCso 4 0.34 mg- L™, HurEfs%
B 4255 (£2),

F2 EMEARE 2 @A REROERE

Table 2 The sensitivity of two strains of Spodoptera frugiperda to emamectin benzoate

Egil e LCsp (mg/L) R ChRiER ) A EL
Insecticide Strains (95% {5 X [A]) (95%FL) Slope (SE) Resistance ratio
FH 2 b UK & SS 0.08 (0.03-0.82) 0.74 (0.25) 1.00
Emamectin benzoate U %5 &2 EB-HS 0.34 (0.18-0.53) 1.33(0.32) 425

SS: HUh fT R Mk AUR S &R Susceptible strain; EB-HS: HZEEh 8% T [% i 2 Emamectin benzoate-hyposensitive strain.
TEMTEF. The same as the following tables and figures below.
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22 EMEEERRAFSR

2.2.1 RNA-Seq MFELR FHbOTR Mk SS Al
EB-HS 9.5 RNA FEAR G SRALNY , RIS
At i TR K 6.04 Gb, Q30 BB 43 HuAE
94.22%V) I, SS il EB-HS W& R 5iE 55 %
LD ZH (0 LR CRAE 77.69%-81.56%, F-¥ GC
TN 47.72%, FESRABIRE R (£ 3),
B F AR, FPKM (HEE 078 1-10 78
FilN, FPKM > 10 s fiflhdcZs , wiWiml iy B
KRS, BERFRIXFE R ; FPKM > 5 14k
IRFRLFN, R U0 A R R N R A E Y
222 ERFEEEINGESZE H T SS A
EB-HS 5% #kHEH ( Differentially expressed
genes, DEGs ) MAYI=IIRe, Xf2ERFIRFEH
AT T GO 7hr. 22 m R IR R o =25 “ A
Yt 27 ( Biological process ). 4l g i 43”7
( Cellular component ) fil “43FIJfig” ( Molecular
40r mum R Up
M » W Down

FE R Number of genes

Biological process

Cellular component

function ) (& 1), AWt B R aEA 72
( Metabolic process, GO: 0008152), HAHHLAK
2 ( Single-organism process, GO:0044699 ),
i F2 ( Cellular process, GO:0009987 ),
Y5 ( Biological regulation, GO:0065007 ).
J 5 ( Response to stimulus, GO:0050896 ).,

F3 BWAXEHR RNA-seq MFHTBEHHER
Table 3 Output data of RNA-seq reads in
two libraries by RNA sequencing

GC &
.o
=) > > (%)
u”/.% Clean reads Clean bases Q20 =Q30 GC
Strains %) (%)
content
(%)
A ZR 21079914 6315068 094 99.26 95.05 48.26
SS 20161 967 6038938 236 99.31 95.38 47.73

20383 070 6105343 058 99.31 95.39 48.02
R )E R 20407390 6 112 005 846 99.22 94.92 47.10
pefhz 21000363 6288928 642 99.33 95.60 47.87
EB-HS 21439691 6418276016 99.11 94.22 47.45

Molecular function

B1 EMZEEARRERREERE GO FFE
Fig. 1 Gene ontology (GO) classification of differentially expressed genes (DEGs) in two Spodoptera frugiperda strains
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f& 5 ( Signaling , GO:0023052 ) . f# ik SS Fil EB-HS 2 7 £ A% KEGG i

( Detoxification, GO:0098754 ), LK 54410
WA o FE o 7E AL I A
Y (Cell, GO:0005623 ). ZHAfLES ( Cell part,
GO0:0044464 ), i ffd /P X 38, ( Extracellular region,
GO:0005576 ) Z¢k#E . SN . il Az
iAH M S RIS ERBHEA “FUne”, &
FEAALIRME (Catalytic activity, GO:0003824 ), #%
1275 PE ( Transporter activity, GO:0005215 ), F45%
&35 ( Signal transducer activity, GO:0004871 )
A AL T PE( Antioxidant activity, GO:0016209 ),

223 ERBRZEEEKEGG BREENH

YA Lysosome

HUFIN T 553 Antigen processing and presentation

HEMR. LEARMIHFEMRICH Glycine, serine and threonine metabolism
RER ., REEMRMAE MRS Alanine, aspartate and glutamate metabolism
2594 -HAth A Drug metabolism-other enzymes

LR AL ZER A4 914 i Ubiquinone and other terpenoid-quinone biosynthesis

SRR YA R E RSB A RS
Glycosphingolipid biosynthesis - globo and isoglobo series
R BES#% Glycosaminoglycan degradation

RIS Galactose metabolismECM
ECM-3%{A%¢ 5. ECM-receptor interaction

H BRI Glycerolipid metabolism
MEREY SR Arginine biosynthesis
B4R 14 ) Terpenoid backbone biosynthesis

i# % Pathway

VIR W0 65 SR -BUR A B FRBRRR B R |

Glycosaminoglycan biosynthesis-chondroitin sulfate , dermatan sulfate
PIERELR 5} Propanoate metabolism

AR beta-Alanine metabolism

T4 YEEA Peroxisome

H{lBEMRES L Glycerophospholipid metabolism
ZENE RIS Phenylalanine metabolism
#hi2€ 4 Axon guidance

B E R FER A ( Lysosome ), UM T 54
1#$154% ( Antigen processing and presentation ), H’
AR . 222 TR IR &R A% ( Glycine, serine
and threonine metabolism ), NZ R . KA Z IR
& IR I8 42( Alanine, aspartate and glutamate
metabolism ), LK ZjH Q- H A& ( Drug
metabolism-other enzymes ) 55 (& 2), HHr, 7
A~ KEGG M & w4, Aifiai . vl T
HEBER. HEmR. 22dRMoramis. W
MR . KRR AR . 251G Ath i
K3z BN AL R A P15 B (P <0.05 ),

K
B v
B o
B A
I
B [ ]
B v
B v
. V. q 18 g-value  %& Count
- @ 0.074 o5
. ® ® 10
L v 0.297
v 0.521
T @
r @ v i Down
N .A A [H Up
B v e & T Up & down
B vl 1 1 1
5 10 15 20
=4 X F Rich factor

B2 EMRAEAIMRERREZEEN KEGG BEEES
Fig. 2 KEGG pathway enrichment analysis of the DEGs in two Spodoptera frugiperda strains

224 ERREEELTE NTHEREHIK
% EB-HS JEHFEAMAENL, Xflog (FC) = 1
FIFDR < 0.01 AEHEPEFT T 8T, fE IR
% EB-HS 1 SS Fifg 222 P22 R ERAEEN, H
BB 76 A4S, NIRBYEER 146 (K 3 ).
£ NCBI WSS IR T i diig e P450
(CYPs)., #AMEHAK SR/ (GSTs ). JR1F—
Wi W A (UGTs ). ATP-45 &5 & E N
(ABC) FIRBRFGHEE ( CarEs) FrAHLMEAEH)
ZRFGRHRA (F4), SEHTHRIK SS ML,
EB-HS HILH 3 ML E P450 2 LiF, 2
MABEH K S-HEAREEH B, 2 ASRE R

15}
e [ Up: 76
glO | ©® i Down: 146
) @ K754k Unchange: 12 082
%
2
I 5F '

1 LI | |

4 8

0
log,(FC)

B3 EMRREAMmARERREEERSITSHF
Fig. 3 Statistical analysis of DEGs in Spodoptera
frugiperda between two strains
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x4 BEBNERZEHESRIEZERSHT
Table 4 Analysis of detoxification enzyme and target receptor in DEGs
F SJE dos R TR 2% S 2
R log,FC ﬂi’i. (f**. NCBI Blast R RS
Gene ID Regulation Annotation GenBank no.
41 M B 2 P450 118274094 472 EJUp CYP6B6 CYP6B6-like [Spodoptera frugiperda] XM_035591457.2
CYp 118275193 3.01 [y Up CYP4DI CYPA4Cl-like [Spodoptera frugiperda] XM _035593063.1
118270862 518 Ry Up CYP4Cl CYPACI [Spodoptera frugiperda] XM _050697917.1
S H K S-#: 440 118282243 415 [y Uup GSTI-like GSTI-like [Spodoptera frugiperda] XM_035603228.1
GST 118261929 378  Ei# Up GSTI GST1 [Spodoptera frugiperdal XM 035572977.2

JRAF MRS 118279190 332 |y Up UGTI-7-like UGT1-7-like [Spodoptera fiugiperda] XM_035598750.1

UGT 118277904 444  pyq Up
ATP-45 4 Gitia k118270767

i1 ABC

WRERIGHG CarE 118275668 _ 399 i Down CarE6

118276231 4.66 -7 Up

y-RIET IR 118266945  _ 1 78 Tl Down
B 7183 GABACI

NRTRI R i 118279848 227 i Up

GAD 118279909 247 i Up Gadl
4-F I T IRE R B 118266957 327 E#M Up gabT
gabT

UGT5-like UGTS5-like

CarEFE4 Juvenile hormone esterase-like

GABAI

XM_035596917.2

346 Fi Down ABCG23 ABCG23-like[Spodoptera frugiperda] XM _035586537.1

Carboxylesterase-6 [Spodoptera
frugiperdal

XM _035593721.2

XM_050707430.1
[Spodoptera frugiperdal
GABA receptor subunit delta
[Spodoptera frugiperda)

XM_050702992.1

Gadl-like GADI-like [Spodoptera frugiperda] XM _035599667.1

GADI [Spodoptera frugiperda] XM_050702297.1

4-aminobutyrate aminotransferase, XM _035580626.2
mitochondrial-like [Spodoptera

frugiperdal

AL R, 1 ATP-454 &k ia B AN
T, RREREEEE DA AL 14 S5,
EB-HS H' y-Z 5 TR 145505 Fi#iE ( GABACI)
A 1 ADERRIBER , wi A 2RI R GAD)
HE GADI M GADI-like .3 R, 4 4-
FE T R AR LR gabT B35 LR,

2.2.5 HMEHEEEE mRNA REWIF oy
POIRHTMEA 25 S L ki il 4( A ). Hir,
Y2 P450 LN CYP4CI IR BERE
(5.18 1), HkJE CYP6B6. CarbE FE4 Fi
UGTS5-like 5350 4 4.72 . 4.66 11 4.44 15, Bl
PEEL 6 2= F IR, FIH qRT-PCR FiER
SERABE TN, SRR, ERIENLE
qRT-PCR 455 555 A 45 % oA MR ) ik
(K 4. B-G), AL RTHT F—20H.

23 EMHEEEAHAFS
231 KRigEES RIS E 7

B HT R HL B Mk SS F1 EB-HS, LA##fi EB-HS
YA (B 5 HrRl— i R AR S R A —
H, Uil SS A EB-HS #f 5 I EH & s, miA
[F] it FRRE A AR DL B, BA SS i EB-HS 4
WEFAE 2R, Hidr, PCL7E x Bl A STERIE M
76.51%,PC2 7E y 4l LAY BTHRIA M 15.07% (& 5.
A), UiH] SS 1 EB-HS S aE A 2000 55,
OPLS-DA 7 #r K 27~ SS Fl EB-HS BT/
KifF (E 5. B), 5 PCA srirahR—3.
2.3.2 ERRKREMW  FHL SRS R
BT R AT A 22 AR 1 814 Fh
(946 >34, 868 1~ i )( VIP>1 1 P <0.05),
B T i R AR T e 22 AR 2 501
B (12214 3, 1280 NFiE) (VIP>1 F1 P
<0.05 ). ZEAHHL TR K SS A1 EB-HS IE .
TR EE R, kR s n 2 2RI s -
A HE W (L-Glutamic acid ). L-7n& 8 (L-
Threonine ) 1 L-fiZ B2 ( L-Proline ) ZF 2 318 &
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CYP4D1-XM_035593063.1
GST1-like-XM_035603228.1 ¢
GST1-XM_035572977.2
UGT1-7-like-XM_035598750.1 I—4-5
UGTS-like-XM_035596917.2 W 4
CarE6-XM_035593721.2

ABC G23-XM _035586537.1
GABA1-XM_050702992.1
CYP4C1-XM_050697917.1

A CYP6B6-XM_035591457.2 9 9.0
r CarE FE4-XM_050707430.1 l is

SS-1 SS-2 8S-3 EB-HS-1 EB-HS2  EB-HS-3
- 1160 - -
~'OTB mmgPCR  CyPoBs » 1150 g ~8[c mqcr  cYPeci 10
3 --+-RNA-seq j140 3 3 -+ -RNA-seq R 2
o 8 f’ 1302 §a ' 183
3 - L 3 < 61 >
LE . 11208 135 ,
=7 of jlo & =2 p 16 &
.& % /,/ ;:100 @ ng O 4+ &
RE 4 83 &8 g 'E
= o vl = o % 5
Xz # =& Rz o2t
€8 27 {4 = EZ g P E
< L mminm 0 < L 0
[ URTTES HUREE TR Bk R HUREE TR R
6- S8 EB-HS 20 SS EB-HS 20
£ °[D mm gPCR GSTI g [ gPCR  ABCG23 )
g\i -+-RNA-seq P 116 _% g\é -+ -RNA-seq 116 2
; T:/ " > P >
S2 47 ’ 1122 b 12 5
R - e s 1 B
M ; = dE -
g ;. 18 @ RS 8 &
227 s E& S
£35 14 = £3 4 B
o - & S
~ 2
0 0 0 = 0
U THES TUREE T R R VTS HURE TR R
SS EB-HS SS EB-HS
2. 128 - .
£ °[F =W qPCR  CarE6 ~ 107G mmqPCR  CarEFE4 . 24 .
g\i -+-RNA-seq 124 38 ~3 gl ~* RNA-seq 120 5
I log S 3d s
a8 * 20 é &8 16 3
2 N 116 i 2
mg 21t a3 12 &
S 112 i Hﬁﬁ & o
o
B2 . ls 3 = 2
*3 la & EB 4 &
& &
0 0 0
U R BUREE T FEm R HURG R HURE T RS R
SS EB-HS SS EB-HS

4 EMREHAMAXEREERIEER RNA-Seq T HEE RT-PCR WiE
Fig. 4 Expression profiles of the resistance-related genes from Spodoptera frugiperda,
and qRT-PCR validation of RNA-Seq changes
A, B BRI AURR R FR N T AR SRR R R R DU AR G 2 S AR R R IR s B B BRI AR
CYP6B6 JENKIK; C. CYP4CT FEINRYZRIE; D. GSTI #ENRYZRIE; E. ABCG23 FEINAYRIK;
F. CarE6 #:H W FRiK; G CarEFE4 FEF MR

A. Expression profiles of the resistance-related genes between SS and EB-HS of S. frugiperda; B. The expression of CYP6B6
gene in two trains of S. frugiperda; C. The expression of CYP4C1 gene; D. The expression of GST! gene; E. The expression
of ABCG23 gene; F. The expression of CarE6 gene; G. The expression of CarEFE4 gene.
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Fig.5 Principal component analysis score plot (A) and orthogonal partial least squares discriminant

analysis score plot (B) of metabolites in SS and EB-HS of Spodoptera frugiperda

HAAY), 2 ( Pantothenic acid ) FlyZ i
( Pantothenol ) “FH MG, BElGME £ BEfK
(14 : 0/24 : 1(15Z) ) (PE(14 : 0/24 : 1(152)))
A B R ERAEGR (16 : 1(9Z)/0 : 0) ( LysoPC
(16 1 1(92)/0 = 0)) EHBEAE, VI EZF

Ry (£ 5), H, L-AEAR. y-2IE TR .
R 1T A& S TR N PR 1 1 ) 2 R 2 S A5 8040 i)
9 0.69, 2.47. 1.39 F1 3.58 1. 45REH, 5
SS ML, EB-HS 1 L-AA &R & R IFK, y-25&
TR, RINARZRMRAT B E & 2T &

x5 EihE % SS f1 EB-HS = R R4
Table 5 Summary of differential metabolites between SS and EB-HS of Spodoptera frugiperda

o T A B
R ZFR Metabolite name log,FC diiﬁ?@gﬁ;g; e Trend ;irgﬁi/l?
(R)-1Zf# R LY (R)-pantoate - 0.71 0.61 & Down 1.21
1Z 1% Pantothenic acid 0.31 1.24 3 Up 1.17
1Z ¥ Pantothenol 0.38 1.30 3 Up 1.12
Z R S 2 Pantetheine - 2.49 0.18 T4 Down 1.19
JRE 5'- —BETR A ZPEENR  Uridine 5'-diphosphoglucuronic acid ~ 0.70 1.62 ¥ Up 1.12
PRAT — B2 % B Uridine diphosphate glucose 1.84 3.58 14 Up 1.18
o-fifl % — 2 Oxoglutaric acid 0.51 1.43 3 Up 1.14
AR Pyruvic acid - 1.04 0.49 T4 Down 1.17
L-#& MR L-Glutamic acid - 0.53 0.69 T Down 1.15
KITL AR Aspartic acid 0.47 1.39 % Up 1.20
y-ZHETH Gamma-Aminobutyric acid 1.31 2.47 ¥ Up 1.22
MR RBEFAMR Adenylosuccinate 0.38 1.30 14 Up 1.13
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£53R 5 (Table 5 continued)

R4 TR Metabolite name log,FC %;%%;E& Times of ## Trend EREY
difference (EB-HS/SS) B VIP

5% Ornithine 1.67 3.17 3 Up 1.16
L-fli% 2 L-Proline 0.53 1.44 34 Up 1.16
A4-FH AR 4-Oxoproline 0.49 1.40 18 Up 1.15
L-A5 &R L-Arginine 0.56 1.47 98 Up 1.18
N-A W Z R Linatine 0.97 1.96 38 Up 1.17
L-%& R L-Valine 0.24 1.18 3 Up 1.21
L-754® L-Leucine - 1.84 0.28 T Down 1.15
L-#% R L-Threonine 0.67 1.59 34 Up 1.20
FeRERR Citraconic acid 3.93 15.21 98 Up 1.18
L-ZXN% 2 L-Phenylalanine 0.35 1.27 38 Up 1.21
L-#1%& 2 L-Histidine 0.47 1.39 98 Up 1.16
L% A 2 L-Pyrrolysine -2.77 0.15 T Down 1.15
L- KAkl L-Asparagine -0.13 0.91 T4 Down 1.05
L-A & Wt L-Glutamine 0.56 1.48 34 Up 1.18
2-7K % 2-Phenylethanol - 0.71 0.61 T4 Down 1.16
Mﬁ-(?ﬁ%-l%)-l&ff E:&%%-IQ-:@? cis-3-(Carboxy- 0.70 162 i Up 119
ethyl)-3,5-cyclo-hexadiene-1,2-diol

2-F23E-3-Z8 IR TEE 2-Hydroxy-3-phenylpropenoate - 0.41 0.75 T4 Down 1.10
KPR Phenylacetic acid - 1.25 0.42 T4 Down 1.18
2-FFLAHERR 2-Hydroxycinnamic acid - 1.30 0.41 T4 Down 1.18
B AEHEIEBR(16 © 1(9Z)/0 : 0) LysoPC(16 : 1(9Z)/0 : 0) - 0.93 0.53 34 Down 1.22
TEIMBEIETEIETR(8 : 3(6Z,9Z,122)) LysoPC(18 : 3(6Z,9Z,12Z)) - 0.47 0.72 N Down 1.20
WENemk .Mz (14 £ 0/24 = 1(152)) PE(14 : 0/24 : 1(15Z))  0.42 1.34 9 Up 1.13
= WM Triethanolamine - 025 0.84 F# Down 1.08
L2k &R L-Cysteine 0.84 1.79 i Up 1.05
L-3E% R L-Methionine 0.67 1.59 98 Up 1.20
S-IRH-L-= M &M S-Adenosyl-L-homocysteine 0.70 1.63 9 Up 1.16
B-TNE M2 beta-Alanine 0.92 1.89 98 Up 1.16
2K Phenol -0.26 0.84 T Down 1.08
2-HIETHRH R 2-Methylbutyrate 3.55 11.70 i Up 1.17
5% Indole 0.43 1.35 18 Up 1.11
WREE Piperidine 0.18 1.14 L Up 1.14

233 yvRETHRSERASHMBFKEEES M489 ug, EB-HS y-2E TR EET I, & SS
M R AR R y R TR A= ) 2.66 15 , B HE ST Ik SS FI EB-HS 194 & Rl
MESER (F 6. A) s, FHFwk SS f REHE H140 %14 1.25 A1 5.39 pmol'min ''mg ',

EB-HS W y-ZE T &R0 N B4 1.84  EB-HS AR IRINREEE /12 SS 1 4.13 f5( &
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Fig. 6 Analysis of differences in GABA content and GAD activity in SS and EB-HS of Spodoptera frugiperda
* TR R BB U R FBURE PR R ER B E (P<0.05),
* indicates that there is a significant difference between SS and EB-HS of S. frugiperda (P < 0.05).

6: B ), RUIFH TR M EB-HS AN & RBIR
s S y @R TR YR E ST SS, Wik
TACH A o A 4 R n e T .
234 ERREY KEGG BEAH  xtZRMN
WYHETT KEGG fRHEE /0T, 22 50
AR 10 FE BN - IZ RGN A AEW)E R
( Pantothenate and CoA biosynthesis ), M 1%
% TR ER A B 751k ( Pentose and glucuronate
interconversions ), IWZ R . K T4 ZARA 2R
R ( Alanine, aspartate and glutamate metabolism ).,
H 2 iR I B0 & 42 ( Arginine and proline
metabolism ). 2R . AR R @R EY
& % & 44 ( Valine, leucine and isoleucine
biosynthesis ). 4 it & -tRNA A= W) & Wl ik 12
( Aminoacyl-tRNA biosynthesis ), KN 2 R
%1% ( Phenylalanine metabolism ). Hyl#E R/t
( Glycerophospholipid metabolism ). 2t 2R FI £
R ( Cysteine and methionine metabolism ) £/

A BHALIL ( Protein digestion and absorption )
(% 6)

IR A VG ORI 2 PR
M BRI 2R R AR AR
AR B E R (P<0.05), Hi, (R)-ZFR
#HER ((R)-pantoate ). iZ ik ( Pantothenic acid ).
iz B% ( Pantothenol ) . ¥z Wit i & & M

( Pantetheine ) %22 S 2 512 1R A%l il
A WG BGEEE . RIT 5'- TR A A R I R
( Uridine 5'-diphosphoglucuronic acid ). JK 1 —.
WEBR % % M ( Uridine diphosphate glucose ). a-
fili ;% — 1% ( Oxoglutaric acid ) FIPS i ig ( Pyruvic
acid ) 55 22 AR 2 5 SO0 RN A % 15 B2 R 1Y
HES R, L-AEM ( L-Glutamic acid ),
KITA AR ( L-Aspartic acid ), y-&A KT MR
( Gamma-Aminobutyric acid ) %2 S Qi
ZH5WNAEMR . KIS Z TR %
(£ 6),

®o6 ERNREWRELN 10 & KEGG B
Table 6 The top ten enriched KEGG pathways of differential metabolites

KEGG i KEGG pathway 22 Y Differential metabolites PR
P-value
ZIRAGEE A YA R)-ZfRERENEL, 2R, 2, ZBmE N 0.012

Pantothenate and CoA biosynthesis

TS AN 4 Bl R A A B e

Pentose and glucuronate interconversions

(R)-pantoate, Pantothenic acid, Pantothenol, Pantetheine

PRAF 5~ BERAATIRERR, SR BTN, oML R, PINARR 0.041
Uridine 5'-diphosphoglucuronic acid, Uridine diphosphate glucose,

Oxoglutaric acid, Pyruvic acid

AR . RITA G RN Z RS

L-BEMR, RITXER, -2 TR, WRHRIEHMR

0.047

Alanine, aspartate and glutamate metabolism L-Glutamic acid, Aspartic acid, Gamma-Aminobutyric acid, Adenylosuccinate
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£53R 6 (Table 6 continued)

KEGG % KEGG pathway

22 Y Differential metabolites

P1H

P-value

K E B A 2 PR A

Arginine and proline metabolism

WA . SeBRM ST B REY & W

S8, L-MEmR, 4-A%MEam, LHEAR, N-ABmEmR 0066

Ornithine, L-Proline, 4-Oxoproline, L-Arginine, Linatine

L-WAM, L-eadM,

L-&R, 7R 0.078

Valine, leucine and isoleucine biosynthesis L-Valine, L-Leucine, L-Threonine, Citraconic acid

S HE-RNA A4 45 1
Aminoacyl-tRNA biosynthesis
L-Valine,

HAM, LKA,

L-AEIR, Losd@R, L-ANER, L&, LR, Lt 0.132
L-RAWEM:, L-15 2Btk

L-Leucine,

L-Phenylalanine, L-Proline, L-Histidine,

L-Pyrrolysine, L-Arginine, L-Asparagine, L-Glutamine

EES i)

Phenylalanine metabolism

L-Phenylalanine,

L-RFE N R ,
B, 2-FHE-3-IRIFMGIRAR, KO, 2-FIEAHEIR
2-Phenylethanol,

2- R T,

M- (R HE- 2 H6)-3,5-FF & i dk-1,2-— 0.132

cis-3-(Carboxy-ethyl)-3,5-cyclo-

hexadiene-1,2-diol, 2-Hydroxy-3-phenylpropenoate, Phenylacetic acid,
2-Hydroxycinnamic acid

FERTif7A AL
Glycerophospholipid metabolism

M BEARIEAL (16 -
WEIEME Z B2 (14 ¢ 0/24 : 1(15Z)),

1(9Z)/0:0), A IMBEAEHEAENH(18 : 3(6Z,9Z,12Z)), 0.168
= R

LysoPC(16 : 1(92)/0 : 0), LysoPC(18 : 3(6Z,9Z,127)), PE(14 : 0/24 :
1(152)), Triethanolamine

e I A R AN A 2R A
Cysteine and methionine metabolism
B AL

Protein digestion and absorption

L-PReaie, L-EaMR, S-Hir-L-m ke aiR 0.206
L-Cysteine, L-Methionine, S-Adenosyl-L-homocysteine

B-NEMR, AWy, 2-HIETRRWEE, L-RAMM, v, IRIE 0.271
beta-Alanine, Phenol, 2-Methylbutyrate, L-Asparagine, Indole, Piperidine

24 ERASRBAXEKSS

X2 S A S 25 R AR SR A kAT
KEGG &£k —H A w4 (K 7),
AI{EREHERA T 10 8 £ 3% A SO R 26 4 1R
M EEAL | EIERR-RNA WA TN ER |
KITEA AR EARRICH . ABC sk, &k
MR . A2 P4SO X AMBIE 2 B AT E
. HEfR ., s &RMrs@REYa . BE
iR R R G . 29 CI- 4 M L 28 P450 I
FEWEFAZ T WA QI

WER . KITEAARMA 2R E £33
Fhemtin i . 7% =02 & i ( BEC 1.4.1.13, 4.13 £ ).,
A-F LT MREE A (EC 2.6.1.19, 2.47 %) FI&¥
RAIRBIRME (EC 4.1.1.15, 4271%), Z&rdt
il 2 4 22500, B LA, Ha
R ¥#e EB-HS h & &, Z50s
ZSRRRFEF AR R R T B EKFE

(K8 ).

3 g

el B M 0T A HUR A PR AL ) 32 B A

AR TR BT ( Herrera-Mayorga et al.,
2018 ), HEFRIRAIE A EBUAPERY RN Z —,
14790M 122 JefaZ A (RyR ) #5848 S50 b
TR MO AR R P A= 41251 ( Boaventura et
al., 2020 ), BR THEARPIVESD, T Hh 550 Mk fifp 27 1l
AR PRI N, K A% R A e Bl 4R
R 7 1) 02 b SR BT PR O — A G R
(Gui eral., 2020 ), E&HUH % RE B A5 4010 (0 %
P450 fili & ( Cytochrome P450, CYP450). 2kt
HRK-S- 42 0 ( Glutathione transferases, GST )
FIFR IR RS ( Carboxylesterase, CarE) %5, it
X RHEURE I RT3 S R SR 21 43 Bt
FEIL, it i 2 A OC B S LR 5K, At 8 R
P450 . FRIR TR NI D H AK-S-5E R Bl SR 35K
i H AR R 2 G WA ) B 358 ( Cheng
et al., 2017 )o e My BTG M8 FH 5] bR 10 A 25 Pl 0 A
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Fig. 7 The KEGG pathways jointly enriched from DEGs and DMs
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Fig. 8 The correlation heatmap of the DMs and DEGs enriched in alanine,
aspartate and glutamate metabolism pathway

S5 TR, I R T Ak () R R
FIE)) TSP AT e Z A ALHI L [R5 R, G
WA Z e A LB R (MFO), 2B H Bk-S-H %
fii ( GSTs) FIEERGF ( AChE ) X 2% HUf 254 H
AY3EsR (Yu, 1992), 5 HAhEEH HAHLG, FLHL 5T
I ff FAH B L R &3 (Gouin et al.,
2017), BEAREMIEERIERE (Chen er al.,
2022 ), fEAHESEHY, FHLTTACHE SS A1 EB-HS

e SR 2 P S B 43 i B R DG 1Y) 25 R e Ak Sk
Bl kAT H%E B, W CYP6B6. CYP4DI .
CYP4CI . GSTI-like. GSTI . UGTI-7-like . UGTS5-
like. CarE FE4,

P 2 3 3 44 i R e e 8 5 A 2 R
y-RBETHR (GABA) WIMER, Ml K55
THE AN, [HAhRek, ELmsts
T (PRI, 2021 ). ARG LB, Hoh 071 Mk
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EB-HS R &AM A & i o & 4 m, &
Iy BEER L HAT Y S B W, S L5
AR L-AEIR . AT EB-HS 1AM
L- AR & & N REE R oy ARy - &R
AL B R R GABA M HIIHAE, T L&
WAEHRATERES S T WA A MG

( Christoffers et al., 2002 ), &R BRNE N s WA N
HEWE IR AL —, TER HF 2 4E
PR SR 8 T AR, A R SRR
I PER 2238 T GABA 5 R A2yt & A %
IR (Atifet al., 2020 ). GABA fE Ry il 228 5t
2L, RS S R AL, BT
P B AR B S0 A5 (Nakao er al.,
2015). 5KIC5F (2016) WFFEAHL, 58 EhR
ICIHUNE 5 KM Musca domestica GABA SZIKTE
ANHATE G I, KK GABA %
AR S R LA R e 8 S R, ) S U T
1 GABA 321K 3 R & T B0 UG 6 R
PR E RN, Zha % (2010) AR
B GABA & & B JF & Al BE S R W0 M
Tetranychus cinnabarinus % B 4E i 2 7= A= Hr 25
) —FETLH . AR BURE ( GAD ) 2tk
AR, GABA ME—if, B AGES A&
7 GAD T SR GABA F5 i, MU 5 3L
E YA B Bl o A7 W58 P ] 24 TR 2% A0 B /)N
SR Bactrocera dorsalis, KILEARPN BAGADI
FRAKF BT, 5HE GAD §f 38 hnfe i s i &
B HE R GABA, HEDN 75 R M R T T Al
GABA 751 Th i 2 At /N 2 Xk By 24 1 28 7™ A Bt
PR E RN (BLASE, 2014 ), ABFSEE 6
S5 B SCI o3 A & B A 2 R A3 % v
WS 4 NEER GRS 3 FOCHERS , ISR ARG
U 4T TR A A R DOR NG . %%
REER 4 MY, HPRITAEmR . 2-
AR IR y- 2 TR & 2 /E EB-HS i 3%
B, L-A 5 WA 2R A
ARG R 2- 8L R LA 2R,
A 2R R Wl T LK A5 B -8 IR 1L h
V-ZAE TR o A R S SS R EB-HS
DR FEEEM y-JE TR &, KU

EB-HS A& MRMORIHG MR v- 2L TR &Y
BERTSS, XS5 EMERAYIA .
AHIFGE e BT M 5T R BRURR B T B R
() 11 ARSI R fURR T R TF T, SRk
F-Thi 2.0 5L L, Horp A 2 ANt A s R
R R . AR 55 SR B A T &
M, 4 FEFARWY (y-2IRTR. L-AER .
RITE R 2-F A0 R ) Fl 3 Fh Gk (4
LR UG . 4-2 5L T TR A I A Z R i AR
fitf ) 258 THER . REEmAS AR HHE
. BHL R IE EB-HS /3 R AR Tl g
g E A ERBRENG T, i LA A R
MR MBI -2 TR, BHIE S %
S, GREVGRYVER o I 20 O R ST
I EB-HS X 4 £ ff e e AP 2 2 A % o

S %k (References)

Ahmad M, Farid A, Saeed M, 2018. Resistance to new insecticides
and their synergism in Spodoptera exigua (Lepidoptera:
Noctuidae) from Pakistan. Crop Protection, 107: 79-86.

Atif M, Lynch JW, Keramidas A, 2020. The effects of insecticides
on two splice variants of the glutamate-gated chloride channel
receptor of the major malaria vector, Anopheles gambiae. British
Journal of Pharmacology, 177(1): 175-187.

Biradar R, Naik N, Kandpal K, Bheemanna M, Naik N, 2020.
Emamectin benzoate resistance in diamondback moth in different
locations of Karnataka. Journal of Entomology and Zoology
Studies, 8(1): 712-714.

Boaventura D, Bolzan A, Padovez FEO, Okum DM, Omoto C,
Nauen R, 2020. Detection of a ryanodine receptor target-site
mutation in diamide insecticide resistant fall armyworm,
Spodoptera frugiperda. Pest Management Science, 76(1): 47-54.

Bolzan A, Padovez FE, Nascimento AR, Kaiser IS, Lira EC, Amaral
FS, Kanno RH, Malaquias JB, Omoto C, 2019. Selection and
characterization of the inheritance of resistance of Spodoptera
frugiperda (Lepidoptera: Noctuidae) to chlorantraniliprole and
cross-resistance to other diamide insecticides. Pest Management
Science, 75(10): 2682-2689.

Brinzer RA, 2015. Drosophila, metabolomics and insecticide action.
Doctoral dissertation. Glasgow: University of Glasgow.

Carvalho RA, Omoto C, Field LM, Williamson MS, Bass C, 2013.
Investigating the molecular mechanisms of organophosphate and
pyrethroid resistance in the fall armyworm Spodoptera frugiperda.
PLoS ONE, 8(4): €62268.

Che W, Huang J, Guan F, Wu Y, Yang Y, 2015. Cross-resistance



434 SR T A M T AP A R RS A AR S SRR A R (SR AL AN QL e

+ 1269 -

and inheritance of resistance to emamectin benzoate in
Spodoptera exigua (Lepidoptera: Noctuidae). Journal of Economic
Entomology, 108(4): 2015-2020.

Chen H, Xie M, Lin L, Zhong YZ, Zhang F, Su WH, 2022.
Transcriptome analysis of detoxification-related genes in
Spodoptera frugiperda (Lepidoptera: Noctuidae). Journal of
Insect Science, 22(1): 11.

Cheng T, Wu J, Wu Y, Chilukuri RV, Huang L, Yamamoto K, Feng L,
Li W, Chen Z, Guo H, Liu J, Li S, Wang X, Peng L, Liu D, Guo
Y, Fu B, Li Z, Liu C, Chen Y, Tomar A, Hilliou F, Montagné N,
Jacquin-Joly E, d' Alenon E, Seth RK, Bhatnagar RK, Jouraku A,
Shiotsuki T, Kadono-Okuda K, Promboon A, Smagghe G
Arunkumar KP, Kishino H, Goldsmith MR, Feng Q, Xia Q, Mita
K, 2017. Genomic adaptation to polyphagy and insecticides in a
major East Asian noctuid pest. Nature Ecology and Evolution,
1(11): 1747-1756.

Christoffers MJ, Berg ML, Messersmith CG, 2002. An isoleucine to
leucine mutation in acetyl-CoA carboxylase confers herbicide
resistance in wild oat. Genome, 45(6): 1049—1056.

Cui YL, Yu XP, Li DT, 2022. Current progress and prospects for
future research on the rice pest metabolomes. Chinese Journal of
Applied Entomology, 59(5): 950-959. [# 21k, ATBEF, 257}
#2022, KAEE BT EOIUOL SR . TR R,
59(5): 950-959.]

do Nascimento ARB, Fresia P, Coénsoli FL, Omoto C, 2015.
Comparative transcriptome analysis of lufenuron-resistant and
susceptible strains of Spodoptera frugiperda (Lepidoptera:
Noctuidae). BMC Genomics, 16(1): 985.

do Nascimento ARB, Rodrigues JG, Kanno RH, de Amaral FSAE,
Malaquias JB, Silva-Branddo KL, Consoli FL, Omoto C, 2023.
Susceptibility monitoring and comparative gene expression of
susceptible and resistant strains of Spodoptera frugiperda to
lambda-cyhalothrin and chlorpyrifos. Pest Management Science,
79(6): 2206-2219.

Feldmann F, Rieckmann U, Winter S, 2019. The spread of the fall
armyworm Spodoptera frugiperda in Africa: What should be
done next?. Journal of Plant Diseases and Protection, 126(5):
97-101.

Gao QY, Yang SY, Zhang BB, 2021. Toxicities and field control
efficacy of the mixtures of emamectin benzoate and
tetrachlorantraniliprole to Spodoptera frugiperda. Agrochemicals,
60(4): 306-309. [FPIE, A, FKILIL, 2021, HZEEE 50
I T e 2 T X b SRR Y 2 P AR W M S TR . AR
24, 60(4): 306-309.]

Gao Z, Batool R, Xie W, Huang X, Wang Z, 2022. Transcriptome
and metabolome analysis reveals the importance of amino-acid
metabolism in Spodoptera frugiperda exposed to spinetoram.
Insects, 13(9): 852.

Goergen G, Kumar PL, Sankung SB, Togola A, Tamo M, Luthe DS,

2016. First report of outbreaks of the fall armyworm Spodoptera
frugiperda (J.E Smith) (Lepidoptera, Noctuidae), a new alien
invasive pest in west and central Africa. PLoS ONE, 11(10):
€0165632.

Gouin A, Bretaudeau A, Nam K, Gimenez S, Aury JM, Duvic B,
Hilliou F, Durand N, Montagne N, Darboux I, 2017. Two
genomes of highly polyphagous Lepidopteran pests (Spodoptera
frugiperda, Noctuidae) with different host-plant ranges. Scientific
Report, 7(1): 11816.

Gui FR, Lan TM, Zhao Y, Guo W, Dong Y, Fang DM, Liu H, Li HM,
Wang HL, Hao RS, 2020. Genomic and transcriptomic analysis
unveils population evolution and development of pesticide
resistance in fall armyworm Spodoptera frugiperda. Protein Cell,
13(7): 513-531.

Gutiérrez-Moreno R, Mota-Sanchez D, Blanco CA, Whalon ME,
Teran-Santofimio H, Rodriguez-Maciel JC, DiFonzo C, 2019.
Field-evolved resistance of the fall armyworm (Lepidoptera:
Noctuidae) to synthetic insecticides in Puerto Rico and Mexico.
Journal of Economic Entomology, 112(2): 792-802.

Herrera-Mayorga EV, Bello-Ruiz DG, Paredes-Sanchez FA,
Segovia-Tagle V, Garcia-Aguirre KK, Lara-Ramirez EE, Rivera
G, 2018. Identification of SNP’s in the ace-1 gene of Spodoptera
frugiperda associated with resistance to organophosphorus
insecticide. Southwestern Entomologist, 43(4): 855-865.

Hu HY, Ren XL, Ma XY, Ma YJ, Song XP, Wang D, Li HH, Ma Y,
2021. Resistance monitoring of cotton bollworm Helicoverpa
armigera to three insecticides in northern China. Journal of
Plant Protection, 48(4): 900-906. [WHZLA, HEAHSE, Th/M,
AP, ARG, EFF, 250K, D, AEJuAm DR Hoxt =
T AR AR W, R DR AP 2740, 48(4): 900-906.]

Ishtiag M, Razaq M, Saleem MA, Anjum F, Ane MN, Raza AM,
Wright DJ, 2014. Stability, cross-resistance and fitness costs of
resistance to emamectin benzoate in a re-selected field population
of the beet armyworm, Spodoptera exigua (Lepidoptera: Noctuidae).
Crop Protection, 65: 227-231.

Jiang XC, Shen YD, Sun JC, Li XX, Huang Y, Dong YC, Cao HQ,
2019. Effect of chlorantraniliprole and emamectin benzoate on
toxicity and detoxification enzymes activity in Spodoptera
frugiperda larva. Journal of Environmental Entomology, 41(5):
782-788. [ 24N, TREESY, FhEEE, AEFE, WH, HK
B, BRIERE, 2019, G 2R I A0 R 2 £ X0 B 5T 6 0
4y MR BE 7 B ik 2 GG R RS . AR R B, 41(5):
782-788.]

Li CY, Zhang YP, Huang SH, Liu WL, Su XN, Pan ZP, 2019. A

—

study on artificial rearing technique of Spodoptera frugiperda (J.
E. Smith) in the laboratory. Journal of Environmental Entomology,
41(5): 986-991. [ZEfEHE, FEESE, B, XIFERE, JMT,
WM, 2019, B ETAOMRE N TARFREORIOITS. FRhER
H244, 41(5): 986-991.]



- 1270 -

R HEE 2R Chinese Journal of Applied Entomology 60 %

Lira EC, Bolzan A, Nascimento AR, Amaral FS, Kanno RH, Kaiser
IS, Omoto C, 2020. Resistance of Spodoptera frugiperda
(Lepidoptera: Noctuidae) to spinetoram: Inheritance and cross-
resistance to spinosad. Pest Management Science, 76(8): 2674—
2680.

Madkour DA, Ahmed MM, Orabi SH, Sayed SM, Korany RMS,
Khalifa HK, 2021. Nigella sativa oil protects against emamectin
benzoate-Induced neurotoxicity in rats. Environmental Toxicology,
374(1767): 1-15.

Montezano DG, Specht A, Sosa-Gémez DR, Roque-Specht VF, Hunt
T, 2018. Host plants of Spodoptera frugiperda (Lepidoptera:
Noctuidae) in the Americas. African Entomology, 26(2): 286—
301.

Muraro DS, Salmeron E, Cruz JVS, Amaral FSA, Guidolin AS,
Nascimento ARB, Malaquias JB, Bernardi O, Omoto C, 2022.
Evidence of field-evolved resistance in Spodoptera frugiperda
(Lepidoptera: Noctuidae) to emamectin benzoate in Brazil. Crop
Protection, 162: 106071.

Nakao T, Banba S, Hirase K, 2015. Comparison between the modes
of action of novel meta-diamide and macrocyclic lactone
insecticides on the RDL GABA receptor. Pesticide Biochemistry
and Physiology, 120: 101-108.

Nascimento AR, Farias JR, Bernardi D, Horikoshi RJ, Omoto C,
2016. Genetic basis of Spodoptera frugiperda (Lepidoptera:
Noctuidae) resistance to the chitin synthesis inhibitor lufenuron.
Pest Management Science, 72(4): 810-815.

Rinschen MM, Ivanisevic J, Giera M, Siuzdak G, 2019. Identification
of bioactive metabolites using activity metabolomics. Nature
Reviews Molecular Cell Biology, 20: 353-367.

Sharanabasappa D, Kalleshwaraswamy CM, Asokan R, Mahadeva
Swamy HM, Goergen G, 2018. Frist report of the fall armyworm,
Spodoptera frugiperrda (J. E Smith) (Lepidoptera: Noctuidae),
an alien invasive pest on maize in India. Pest Management in
Horticultural Ecosystems, 24(1): 23-29.

Sparks A, 1979. A review of the Biology of the fall armyworm.
Florid Entomologist, 62(2): 82-87.

Su XN, Li CY, Huang SH, Liao ZX, Liu WL, Zhang YP, 2023.
Metabolome analysis of Spodoptera frugiperda (J. E. Smith)
larvae under chlorantraniliprole stress. Journal of Southern
Agriculture, 54(1): 1-12. [T, ZMEEL, w048, BEREAT,
X, BRI, 2023, SURR TR I0 T o A A
530, BTN 2R, 54(1): 1-12.]

Su XN, Liao ZX, Li CY, Huang SH, Li FB, Li WL, Zhang YP, 2020.
Research on two commonly used pesticides resistance of fall
armyworm, Spodopterafirugiperda of Guangdong and the effects
of auxiliaries or synergist on toxicityto pesticides. Journal of

Southern Agriculture, 51(6): 12741281, [#llT, BEEF, 248

Bt H/ME, AR, XM, B3, 2020, ARG
TMERF 2 Fifviy FHAC 24 BB 25 P K IR RIS REGRI X 4 2472 7 1Y
. w4 AER, 51(6): 1274-1281.]

Su J, Sun XX, 2014. High level of metaflumizone resistance and
multiple insecticide resistance in field populations of Spodoptera
exigua (Lepidoptera: Noctuidae) in Guangdong province, China.
Crop Protection, 61: 58—63.

Wang DJ, Ren MQ, Jiang JH, Bi SJ, Wu SY, 2020. Research
progress on green control technology for management of
Spodoptera fiugiperda. Plant Protection, 46(1): 1-9. [,
TEBEER, LT, Wik, RETT, 2020, R STRCIKER (1)
FEHARBTCH R, PP, 46(1): 1-9.]

Wang L, Chen KW, Zhong GH, Xian JD, He XF, Lu YY, 2019.
Progress for occurrence and management and the strategy of the
fall armyworm Spodoptera frugiperda (Smith). Journal of
Environmental Entomology, 41(3): 479-487. [ X%, BrEME, 4
e, BRAkAR, MBS, BiKER, 2019. TRARE HUREHEY
WA A SEFE . DO e R B A RS . B R e
%, 41(3): 479-487.]

Wei D, Wang T, Dou W, 2014. Biochemical and molecular
characteristics of glutamic decarboxylase from Bactrocera
dorsalis. Scientia Agricultura Sinica, 47(16): 3184-3194. [F4,
F¥, S, EREE, 2014, /NSRS SR BURBERY A1 K
SRt P EROENE, 47(16): 3184-3194.]

Wu C, Zhang L, Liao CY, Wu KM, Xiao YT, 2019. Research
progress of resistance mechanism and management techniques of
fall armyworm Spodoptera frugiperda to insecticides and Bt
crops. Journal of Plant Protection, 46(3): 503-513. [%i##, k%,
BEET, RALW, R, 2019, R STRACRNT Tk 250 Bt
P B BT AL S A BEEOR B FE 2 B AW PR 2 4T,
46(3): 503-513.]

Yu SJ, 1992. Detection and biochemical characterization of
insecticide resistance in fall armyworm (Lepidoptera: Noctuidae).
Journal of Economic Entomology, 85(3): 675—682.

Yu SJ, Mccord JRE, 2007. Lack of cross-resistance to indoxacarb in
insecticide-resistant Spodoptera frugiperda (Lepidoptera: Noctuidae)
and Plutella xylostella (Lepidoptera: Yponomeutidae). Pest
Management Science, 63(1): 63—67.

Zhang Y, Zhang B, Ren TR, 2016. Interactions between the fipronil
and the insect y-aminobutyric acid receptor. Chinese Journal of
Pesticide Science, 18(1): 49-56. [3kJT, ki, 1LKH, 2016.
G SR p-ZIE T RZ A EAEIWITE. RG240,
18(1): 49-56.]

Zhu XJ, Lu WC, Feng YN, He L, 2010. High y-aminobutyric acid
content, a novel component associated with resistance to
abamectin in Tetranychus cinnabarinus (Boisduval). Journal of

Insect Physiology, 56(12): 1895-1900.



