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Transcriptome analysis reveals the molecular mechanisms of detoxification
metabolism of red wheat blossom midge Sitodiplosis mosellana
in response to wheat defensive compounds
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Northwest A&F University, Yangling 712100, Shaanxi Province, China)

Abstract: To identify key genes involved in the detoxification metabolism of wheat defensive second-
ary metabolites in red wheat blossom midge Sitodiplosis mosellana, larvae feeding on a highly resistant
wheat cultivar Jinmai 47 and a highly susceptible wheat cultivar (Xinong 822), which differ signifi-
cantly in the contents of defensive secondary compounds (e.g. ferulic acid), were subjected to compara-
tive transcriptome sequencing using the BGISEQ 500 platform. Differentially expressed genes (DEGs)
were identified and analyzed by Gene Ontology classification and Kyoto Encyclopedia of Genes and

Genomes pathway enrichment to screen genes potentially involved in detoxification metabolism. In
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addition, the expression levels of selected DEGs were validated by real-time quantitative PCR (RT-
gPCR). A total of 42 505 unigenes were obtained from the combined transcriptomes, among which
3 566 genes were differentially expressed. Compared with larvae fed on the susceptible wheat cultivar,
2 188 DEGs were significantly upregulated in larvae fed on the resistant cultivar. Most of these genes
were associated with cellular and metabolic processes and were enriched in functions related to binding,
catalytic activity, and transport, with significant enrichment in pathways involved in the degradation and
metabolism of toxic substances. A total of 26 detoxification enzyme genes were significantly up-
regulated in larvae fed on resistant wheat, including six glutathione S-transferases (GSTs), seven cyto-
chrome P450 monooxygenases (CYP450s), four UDP-glycosyltransferases (UGTs) and nine ATP-
binding cassette (ABC) transporter genes. RT-qPCR analysis of 13 randomly selected DEGs showed
expression patterns largely consistent with the transcriptome sequencing results. These findings suggest
that the identified GST, CYP450, UGT, and ABC transporter genes may play pivotal roles in the detoxi-
fication metabolism of wheat defensive secondary metabolites and in the adaptation of S. mosellana to
resistant host plants.

Key words: Sitodiplosis mosellana; plant secondary metabolite; transcriptome; detoxification metabo-

lism; defense-related gene

F LW W Sitodiplosis mosellana &=t EER /N
A b e B 3 2 — (Shrestha & Reddy,2019;
Li et al.,2023) , iR T/ SRESUI A 577 B, 41
IR AR I W TR FERE SR /N AP RT3 1 T
S S, TP E IR 309%0~50% , £ 2 MUk
it (Wang et al.,2022) . SZEAEIIFARHT HUNE 7245
HillE B i & 4 2 FR ARt , SR H RTA:
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HEP HEERRBART —E0Ed AR
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2024) . & Bt H K -S- ¥ % [ (glutathione S-
transferase, GST) (Yang et al., 2017; Chen et al.,
2025) . ¥R 2 Tig i (carboxylesterase , CarE) (Johan et
al., 2021) | R 1 — B AR Ml 55 5% #% i (UDP-glycosyl
transferase, UGT) Fl ATP 4% 4 & (ATP-binding cas-
sette, ABC) %12 [1 (Zhang GJ et al., 2022 ) 7 N )
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(I ARSBETE ) A 456 7 WM HE (2R RRE S, 2022
Wang HD et al.,2024) . J2E4F | 5C T B H fif a2
DK 2 55 A O A ) B e AR A 38 1 1 A9 T
KL, Hlun, —ALEE Chilo suppressalis 15 K % 2
T 28 M Zizania latifolia FRESENAK E , SIE FE
A FKFEA L, BB F 5 HAR N 61~ GST. 164
P450 .13 4~ CarE .1~ UTG Fll 1 /> ABC %12 5 14 3%
[l 2635 78 (Zhong et al., 2017 ) ; FyA5 5 Mt Kz %
Ab BT DL S A0 48 K SE W8 Bactrocera minax 1K
ABC #4355 3£ N # ik |18 (Zhang L et al.,2022) ;
BtGSTs5 1 M0 ¥ B\ Bemisia tabaci ¥+ FALFHEY) £
SERA W A A3 1 A
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IRRESR I/ N R PR AR D) BT RS T o R S
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HEC R L R S N2 R AR b S 1 45
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oh e AN it AT ART A 24, /INZ2 7 () 3 SR8 e
TR/ NZEVES AT, R AR R A i R SR AR 3 | R
BFIA/INZZ SRR A 22 2T 2 W 4 H 2 W4 4 AR
P RN BN Y RIS F A JCHIKT (Gagné &
Doane, 1999) ; KWt 4E A9 4l HUAE 40 Sk F 14~2 mL
BAPED AN EYEER 8 FRA T ETR,
T80 CHRAFF I, b PR Z /D E AT 3R

ik 77 F AL #§ ¢ Trizol i 77 | PrimeScript™ RT
Reagent Kit with gDNA Eraser JZ #4518 7 & .SYBR
Premix EX Tag™ I 5B 2800 ik f &, 490 T
T OR#) AR . NanoDrop 2000 34366 BE
T, PEBR KR BHE A PR ] ; Agilent 2100 447347
AL, TR AT B 7] Gel Doc XRHEEIR R 51T
F45 1Q5 S B PCRAY, 55 Bio-Rad Al .
1.2 Ak
1.2.1 A48 3§ & %) & RNA #9425 5 ) 5

B3t A 42 BE Trizol 35K 7] 6 B 5 2 B AL B
RNA, fff i 0 6B A e I AU 1.5% Bt
I B FS ARSI e 85 B 1, 1.8 <OD 350,/ OD g5 <
2.0 H RNA T2 #AH>7.0 (O FE f A 3 cDNA SCPE . A
JH BGISEQ-500 M J¥*F- & X SCHEFEATIN Y o SCIHEHY
FERIN Y ZEFC IR R I R A FRA FIEAT
AMEHRE S 3R, B EE AT 40 KK
1.2.2  EZ 4 kAN B HIEWEE R I8

FIFH SOAPnuke FRA X5 I 145 21 14 I b Bicdie 1k
Frad g, 2Bk 81 AT A B £ 8 , 3R A%
o SO RN, T UEA B R 4B o I Trinity

2.15.1 A4 X clean read 47 e 3 PR S5 4H %%, R H
Tgicl 2.1 M AT R 2K LIUR G R B AW
unigene Ji£, DL E<107 4 BI{H , ] BLASTX #1444
3R 75 i) unigene 5 NR, Pfam, KEGG ., Swiss-Prot
KOG . GO HI NT & K 48 [ # 17 bb xF 15 3 2 fig
R M B P/ N2 R () 22 2T MR U S 2
Z IR 25 3 R HE I, R H] Bowtie2 2.5.3 844 61
FEA 775 2 1Y clean read 45 unigene J% L X, 1 FH
RSEM 1.3.3 34 3 550 4 A A X iz 2 A ) FPKM
(fragments per kilobase of transcript per million frag-
ments mapped ) {H . W DESeq2 1.46.0 {4 X} FE A
Feih i T 25 5 W E M T B FPKM {8 25 554K
(fold change, FC)=2 1§, FC<0.5 H. P<0.001 () 5& [ &
SR 2R FRIRFEN A FIRFRIN S NI RIA R &
PRI, IR T GO DIBE /2 KEGG i [ 7 4
I3HT
123 ELBH Rk £ F Fk M A B R R o Tk S
GST.CarE.CYP450 . UGT F1 ABC %%z 5 H &
L OB ) U A W o e e A A RN 2 G 0 h K H
B2 AEH (Wang ZY et al., 2024 ; Feng et al., 2025) .
P, 5T 122 h 2 R RIA R DI Re i B4 AL, A
W55 5 543 H7 GST.CYP450 , CarE , UGT il ABC #%
iz B AH DG JE R Y 22 S Rk O, JF 38 & NCBI
BLASTX Lt X BB JE D 57
1.2.4 % &k A8 K B 69 RT-qPCR 3
BU1.2.1 U /INAZ Sl ) 2 2T R R
. RNA, Z & PrimeScript™ RT Reagent Kit with
gDNA Eraser J % st i & 1 455 1 cDNA, 7E -
BEMR o DN s ZH 000 P rh BE L PR B 13 4> 22 S Rk
B TR B LY, o 4 GSTHEEH (Unigene5995 All,
CL89. Contigd_All, CL1917. Contig4_All FI CL501.
Contig5 Al .4 1~ ABC % iz & 1 3% [ (CL2975.
Contigd All.CL3984. Contigl2 All.CL2725. Contig3
AURICL1344. Contig24_All) .21~ CarE 3&[H (CL473.
Contigl4_All FICL2556.Contig2 All) 27 CYP4503
(Unigenel4034_All 1 Unigenel3912 All) Fl 1 4~
UGT 3£ X (CL2808. Contigl All) , i i Primer Pre-
mier 6.0 FAF BT HERGIY(F 1), DIZ LRI
1 GAPDH(GenBank %5754 KR733066 ) 4 N 2 5
L FE LT 9Ot € i PCRAX |, #% B SYBR Premix
EX Tag™ 10K 1 & 15 B 45 ¥ 17 RT-gPCR 43 7 -
20 pL PCR WA 2 : cDNA B4z 1.6 pL . 10 pmol/L
FE R 5194 0.8 uL . SYBR Premix EX Tag™ 11
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10 pL, ddH,0 #M % 20 pL. PCR V2 : 95 C il
30 5595 CAEME 10 s, 60°CIB K 30 s, 40 UK ;
a4 o . SR 27221 (Livak &

Schmittgen, 2001) 1753 13 /™ fiff 25 filf L 5] A9 AH XT3 3K
i, W 0 S SR A BE TR  13 A iR
1 log,FC #47 I .

x1 ARERTAMSIY
Table 1 Primers used in this study

HEHID B A5 =3") TS5 -3")

Gene ID Gene type Forward primer(5'-3") Reverse primer(5'-3")
Unigenel4034_All CYP450 GTCATTGCCTCCGTTGC GCCGCAAGAAGGACATCAG
Unigenel3912 All CYP450 ACGATCTGACCTATATTTGGG CCATATACTCGGCTCACTGGT
CL473.Contigll All CarE GCCACCAATCAACGATC CATGACTGGCAGTTTTGTC
CL2556.Contig2 All CarE ATGGGAAGGTGAATTTTACGC CTATCGAACGAATGTGGTGC
Unigene5995 All GST CGGCTTGGGATATTCTGGAACG TTTAGGGTGTTTGGCTGGGTCC
CL89.Contig4_All GST CTTGACTTGGACCTTGAAATC TAGCAAAGCCATCGGTATC
CL1917.Contig4 All GST AACGCGCTCAAGTGGATTCT ACGATCCTCAGGCATTTCGG
CL501.Contig9 All GST CGACGATGGATTTGCTCTTTGG TCTGGATTTGCTGGAGCTTTGG

CL2808.Contigl_All  UGT

TTGCTGAAGACGGTAATGAAGTGAC

TCCCAGGAATGCTCAAGAAACACT

CL2975.Contig4_All ABC GCTGGTGGCATTCAGTTTGG ACGTTTTGAATGACACGCCG
CL3984.Contigl2 All ABC GCAAGTCTCAGTGGTGGTCA TGCACTCAAAGGGTCGTCAA
CL2725.Contig3_All ABC TACGGGGAAAATGTCGGTCG CGGTTCACCAGCCACATAGT
CL1344.Contig24_All ABC TGTGCACCAACATCATTCAC GTGACCAAATCGAGCAATG
GAPDH GADPH  CCATCAAAGCAAGCAAGA CAGCACGGAGCACAAGAC

1.3 HUES R ¥ 25 B Sk IR 1 PP A1, 6 S AEAS 1Y clean

I FH SPSS 22.0 A FHA I B AT G #T
K AR X ¢ K06 X A e PR ek KA T 22 5
FEAEG

2 RS
2.1 ELORHE ML RERANFMALLER
S SBRCERIA/INAE Pl 22 20 S M e 34

FEAR A S0 P R B © F A ZEE R AE R
Ty GSA PG 1 (855 CRA027809) o R A%

read 48 1) 66.85 Mb, A %08 GC & e ¥ it
38.00% , Q20 fisi & L. 1511341 12 98.00% , Q30 Hid 5 L 5]
AMET91.00% ; F| H Trinty Fl Tgicl HAF X345 (14 75
J t: read AT A AL AN U4 5 261551 42 505 %
unigene, unigene AY-F-344 B4 1 985 bp, NS0 K&
3744 bp(322) . [AIBS 2 HIHLCE PN /NZZ i b ) 22
ST K 2 B 3 AR AR (8] A MR AT, BRI
B L A A v 5 nT T — 22

F2 RO B4 R RARIES T 5 H7 70 unigene HIL LR

Table 2 Statistical summary of transcriptome sequencing data and unigene assembly for Sitodiplosis mosellana larvae

b3 BEAS  Clean reads/ GCl% Q20/% Q30/% unigene?ﬂ(i unigene S NS0 K&
Treatment Sample Mb No. ofunigenes Mean unigene length/bp  N50 length/bp
BUE A 47 940 R 1 66.85 3849 98.13 91.83 31 805 1 449 2771
Larvae feeding on 2 71.72 38.46 98.09 91.70 33618 1 448 2 885
Jinmai 47 3 69.72 3844 9811 91.79 32265 1478 2883
BUE gk 822 (4l A 1 69.68 38.52 98.14 91.92 30 556 1451 2728
Larvae feeding on 2 69.71 3848 98.03 91.57 31588 1517 2855
Xinong 822 3 67.52 3858 98.14 91.87 30458 1501 2851
&1 Total - - - 42 505 1985 3744

Q20: T (E>20 FYTRAE AT i L 5] 5 Q30 Jit it (=30 HUBRALFI (4 HL ] s NS0 : A/INTF B 50% RYPFHERE RAKE . Q20: Pro-
portion of bases with a quality score >20; Q30: proportion of bases with a quality score =30; N50: the length at which the cumulative

length of assembled unigenes reaches at least 50% of the total assembly length.

22 ZAMFRYRERRIEEFDRETRE
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PR /N B 22 1M 0 iy o ARG I 1) 3 566 12

SEFIREEN, Hrp 2 188NN ML, 1 378 3
R L (- D) . 55 R8I E 7 e X, 18
3566 2= RIBFEH P 3 102 0 ERE, LA
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86.99% , H:rp R BE EI] NR B 42 i SR B e 22, 300 -y e
2893 4, 1% [ W 117 81.13%, Pfam  KEGG . Swiss- ol Sl LA
Prot KOG GO Al NT Hitha 2 1 B 21 i SE B0 53 51 ST LR No difference
F12 691.2505.2 487 .2 418 .1 381 Fi1 1 2734, 200 ° s
23 EARE AL HERFKEEEGO MBI 2 50l
EAY SRS et RN R BT s
IR 11 30 DR SRR 2 1 43 o A M A 100F -y
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Fig. 1 Number of differentially expressed genes in Sitodiplosis

mosellana larvae feeding on resistant and susceptible wheat
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Fig. 2 GO functional annotation of differentially expressed genes in Sitodiplosis mosellana larvae

feeding on resistant and susceptible wheat
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Fig. 3 KEGG pathway enrichment analysis of differentially expressed genes in Sitodiplosis mosellana larvae

feeding on resistant and susceptible wheat (top 30 pathways)

25 EARRAFERAFESHERANERRIE
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CYP450.36 1~ ABC # [1 .26 /> GST.20 > UGT #I
201> CarE JE A, Hirp 40 L RIZEHUCE PN/ INAE it
A2 LI b 4y o rp 22 S 3R 58 4345 101 CYP450,
15/~ ABC.7 1 GST.4 /> UGT 144> CarE 3£ A, H
25 AL RZE U BT E /N A2 1R gl i rp i
= JH, 169~ CYP450.9 4~ ABC.6 > GST £14 />
UGT M (%3) . UIRETHE R4S S NCBI BLASTX [t

XP AT R W, FE R T /N J5 2 20 3R A &y darh
IR R 64~ CYP450 2L 2N @ F CYP3 .34
J&T CYP4 FI 1 AN J&E FLKAAR CYP WK% ; 7E 61~ I
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UGTL,27 @ T UGT2 Al 1 1~ & T UGT3 WK% ; 1
94~ IR A ABC HH H 3N &E F ABCA 34>
J& F ABCC. 1~ J& T ABCF #1121 J& T ABCG %
W5 5 425 FF TR Y CarE Y 7E U Bt /N2 S il i)



204 IR/ S 14 53%
FLWCK R dirp & T, H¥)E TORY1MERE H§ (juvenile hormone esterase , JHE) ($23).
x3 MRMABNENZORE R HFERAEERRIENFSHER
Table 3 Differentially expressed detoxification enzymes genes between transcriptomes of Sitodiplosis mosellana larvae
feeding on resistant and susceptible wheat
T L E——— SRR s
Classification Clade  Transcriptome ID 2 Gene annotation S
similarity/%
M52 P450 CYP3  Unigenel4034_All 9.093 H ¥ HI Contarinia nasturtii probable CYP450 6d5 71.54
CYP450 (XP_031634047.1)
CL3109.Contig3 All 3.152 HiEBIW C. nasturtii probable CYP450 6d5 (XP_031625354.1)  68.50
CL1371.Contigl ~1.187 HWEBLL C. nasturtii probable CYP450 912 (XP_031624496.1)  76.55
CL1569.Contig7 -1.364 HWBMLC. nasturtiiprobable CYP45028d1 (XP_031636400.1)  76.27
CYP4 CL3817.Contig2 All  1.029 H BB C. nasturtii CYP450 4C1-like (XP_031639341.1) 86.90
CL481.Contigl _All 1.778 HWEBL C. nasturtii CYP450 4V2-like (XP_031635316.1) 64.27
Unigenel3912 All 1.813  HWEHEL C. nasturtii CYP450 4V2-like (XP_031635316.1) 79.64
Unigene5814_All -1.893 HWEY Bradysia coprophila CYP450 4¢3 (XP_037051038.1) 66.36
Mito  CL1608.Contigl0_All ~ 7.076 HHEEWL C. nasturtii CYP450 12A2-like (XP_031617812.1) 71.88
CL1095.Contig5_All  —1.825 H WML C. nasturtii CYP450 315al, mitochondrial 70.33
(XP_031629833.1)
PRI TR JHE  Unigenel4050_All  -1.098 JR/KAZEL Anopheles aquasalis JHE (XP_050088425.1) 50.00
CarE CL2556.Contig2 All  -1.051 th#UL Pseudolycoriella hygida JHE, partial (KAJ6636804.1)  64.59
Unigene740 _All -1.009 EIJEAUE Plodia interpunctella JHE (XP_053602680.1) 32.35
CL473.Contigl4_All  -2.927 JEHHEICHI Anopheles coustani JHE-like (XP_058121864.1)  50.52
SBEHRE-S-  GSTe  Unigenel4206_All 2.640 HEE C. nasturtii GST E10 (NP_611324.1) 62.56
et Unigene5995 All 1.758 SRR Drosophilamelanogaster GSTEI12(NP_001246500.1)  58.45
GST CL89.Contigd Al 1083 HIERC. nasturtii GSTel5 (QZZ63300.1) 68.42
GSTd CL501.Contig5_All 7709 HWEHIL C. nasturtii GSTel3 (XP_031625775.1) 93.17
Unigene927 All 2.297 SHWILHL% Microplitis demolitor GST D1 (XP_008554402.1)  67.44
CL1917.Contigd All ~ 1.937 HAFRHELL Mayetiola destructor delta GST (ABG56084.1) 83.00
CL2145.Contigl All  -1.038 4R A& Phlebotomus argentipes GST delta class 53.70
(AVD30033.3)
PRAFZHEfR  UGT1 CL820.Contigd_All 1.034 H 5B C. nasturtii UGT 1-3-like (XP_031639028.1) 68.02
PHIEHREME  UGT2 Unigenel3674 All 1.020 HEEIL C. nasturtii UGT 2B7-like (XP_031638675.1) 65.57
uGT Unigenel3401 All 1229 HEHIC C. nasturtii UGT 2B1-like (XP_031639549.1) 49.81
UGT3 CL2808.Contigl_All 1175 B C. nasturtii UGT 3A2-like (XP_031634156.1) 76.63
ABCHEZTE ABCA CL943.Contig3 All 2.228 HEEIL C. nasturtii ABCA3 (XP_031626961.1) 81.86
ABC CL2975.Contigd_All  1.517 HIEHML C. nasturtii ABCA12 (XP_031627903.1) 78.89
transporter Unigenel3493_All 1.068 H BN C. nasturtii ABCA3 like (XP_031638209.1) 57.66
ABCC Unigenel8134_All 7.824 (NI P hygida ABCC4 (KAJ6642099.1) 63.68
Unigene2148_All 1.643 DNl P hygida ABCC4 (KAJ6642099.1) 56.75
CL3984.Contigl2 All  1.498 {HEEL P. hygida ABCC4 (KAJ6642099.1) 55.20
CL1670.Contigl_All  -2.075 fHEEILP hygida ABCC4(KAJ6642099.1) 59.08
CL458.Contig7_All -~ -1.186 fHEEIL P hygida ABCC4(KAJ6642099.1) 49.88
Unigenel6570 Al —1.783 {HHILP. hygida ABCC4H(KAJ6642099.1) 55.35
ABCD CL2227.Contig2 All -1.298 H#BIM C. nasturtii ABCD (XP_031628539.1) 91.91
ABCF CLI344.Contig24 All 1713 H BB C. nasturtii ABCF2 (XP_031626578.1) 93.97
ABCG CL4159.Contigl All ~ 1.175 H#BEL C. nasturtii ABCG20 (XP_031631158.1) 91.23
CL2725.Contig3 All ~ 1.113 H WL C. nasturtii ABCG4 (XP_031638739.1) 85.52
CL367.Contigl7 All  -1.172 HHEHLL C. nasturtii ABCG23 (XP_031629128.1) 85.24
CL1631.Contig2 All -2.357 H B C. nasturtii ABCG4 (XP_031623092.1) 87.10
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Gene annotation: The best

BLASTX hit with clearly defined subfamily information among homologous sequences from other species based on the ORF

sequence.
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2.6 ERRIEBSHEREN RT-qPCRIGIE
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Fig. 4 RT-qPCR validation of differentially expressed detoxification enzyme genes between transcriptomes of Sitodiplosis mosellana

larvae feeding on resistant and susceptible wheat
P R R P R B DR o %, o 0 1) B e S 2 I 25 53 RT-qPCR 5 5 AR BE X o A 3 v A 30 25 St 1 3 (P<0.05 or
P<0.01), ns £/R TR FE 25, Data are presented as mean+SE. *, ** indicates significant differences between RNA-seq and RT-

qPCR results according to an unpaired ¢ test at P<0.05 and P<0.01, respectively. ns indicates no significant difference.
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Wang et al., 2022) , 17 ¢ T & 1w IR 40 P 27 3 By 10
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TE M B PTRK 19 K 2 Aphis glycines (Bansal et
al., 2014) | B U IEEE 32 1 & 2% BLBE M Tetanops
myopaeformis (Li & Smigocki, 2018) Fl1 B & Pt J&EAE
YA K A& 1 Sitobion avenae(Huang et al.,2019) H
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v AT AP
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CYP2,CYP3,CYP4 Fl & AL f& CYP U /> I K ik
(Wang ZY et al.,2024) . HUEHLMEAF 318 Arte-
misia frigida J& WM /N 4208 Oedaleus asiaticus &
CYP450 F& [H ik i i % 7 (Huang et al.,2017) ;
Bij W5 1k Depressaria pastinacella FIA3F Aphis gos-
sypii VRIA CYP3 JEDN BE /M Qi E kI & R
FIAR 1 (Calla et al., 2020; Gao et al., 2022) ; AR {4+
W Tribolium castaneum 1 P 3 1~ CYP4 3 K 7 % H
2 E T A 0 N R A5 CHEVE ] (Zhang YL
etal.,2022) ., AT L IMPEDT R/ NE 52 LMWK
AR 24 CYP3 I3 A4S CYPAFE Kk B 2 |
], 2R B I S 5 DR A G N ot /N2 B A v R AR
HEAVEH] . CarE ANXREACIGS 25 A ik S0 19 frie B 110
ARG, AR AR AU TR RS
Jifig (Johan et al.,2021) . ABFFEIHHE SR 425 5
23K CarE K: [N 40 JHE, HAERUCEPT R /NZ J5 HZR
IR, HEME /K SE B THE 7] BEAE SE 4 U & & f
WU M (I i A Foai vy b R A AR

GST J2 B AU I A 7 il 1) J 2220 00, g o 7Y
GST 437 6 A58 05 , Hir delta Fil epsilon WE 285 A
10N B HURRA (Xia et al.,2022) , il H7E R A HIY)
UAEY BUACHI AN 27 38 N b R R R mEAE . B
an, BB Mayetiola destructor BE7E 15 i 28 K A=
Yl S B m bt /N Inis FREMA T, X5
B 5 HARN MdGST-1 5[4 (delta W< ) 19 LR 3R
XA & (Mittapalli et al., 2007) ; & 20K 1k Spodop-
tera littoralis PN GSTel Fk R X f AR 46 2 47 o
B AL BE 1 (Zou et al., 2016) ; #F 7 1 Lymantria
dispar VRN GSTe4 FERXS KA AT T A 5 AR RE
71 (Ma et al., 2021) ; # K E\ Nilaparvata lugens 7K
NIGSTel \NIGSTd2 FI NIGSTI-1 %& X} 7K g vk A AT
PRI A A PR 3 AR # A dsNIGSTI-1
Ja /KRR € RS9 (Yang et al.,2021a,b)
UGT it b K v a4 585 03 545 G R B i HoK s
HEMRHICANHE . N, R STk S. frugiperda 1A
W SFUGT33F32 H N 8 5 £ K T 1ii 45 & JF it ¥
(Wang HD et al., 2024 ) ; #1428 H Helicoverpa armig-
era PR P BEFEHE B i UGT41B3 FI1UGT40D1 EKE A
Py bt BE AL, A2 PE AN HE (Krempl et al.,2016) . AAff
Y IR BT B R BT A A ) B e AT
INFE TG A LW A UK N 6 > GST KA (34>
delta Fi1 3 /> epsilon ) 1 4 4~ UGT 3& A (14~ UGTI ,
2 UGT2 M1 14~ UGT3) 257308 , 3Rk S6 3 ] ]
RETE 22 21 b e s ) o A R A A 32 1o Hh e 5

HEH

ABC 18 85 2 IZ 18 TR AE W IR N 1)
— R E S A 1, LR ATP K i ™ A= 1 fig &t
NS 7/ N e e - N1 £ X (|
(Strauss et al.,2013; Wu et al.,2019) ., ABC #5157
PR R A e G I, AN 3 B2 (Rosner &
Merzendorfer, 2021 ; Guan et al.,2022) 4 &, W 5 R
MG RE U AR ) B )T A2 P AR M DA DG . 451
n, S B Chrysochus auratus /XN CaABCBI-3
L F PR FRR S , O A #E A -0 S 1Y
Z P (Kowalski et al., 2020) ; 4 K45 F Sitobion
avenae X K FZ 1138 W ME 5 BUE J5 HAR N SadBCAS |
SaABCB7.SaABCGI Fl SaABCG4 3£ [H i) I 18 % ik
47 % (Huang et al.,2019) . AAF5E 8= BUEHTHUN
A2 I A2 LT ) BRI 34> ABCA 34> ABCC,
11> ABCF F1 24> ABCG ik /K & 3, W]
AT RETEXT2F AR ) CHRE B A o it 2 i A b R 5
PAEH.

25 E TR AR LU sk A AR b T
BB BB INAZ (1 42 20 WK 4y B AR 25 S 3Rk J
e T IR NE I 2 R ESRIR A R B
g R e ek Az RS AT AR
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