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Abstract: In order to develop a reliable method for monitoring insecticide resistance based on RNA-
Seq data, and to confirm the genotypes associated with resistance to organophosphates and carbamates
in three important insect pests, Musca domestica, Aedes albopictus and Plutella xylostella, the RNA-
Seq data from eight resistant/sensitive populations of these three insects were analyzed using a previously
reported program, ACE, to detect the target resistant mutations in acetylcholinesterase (ace), and by
Bowtie 2 and R package DESeq2 to detect the expression changes of detoxification genes. The results
showed that a resistance-related mutation G227A in ace? was detected in two resistant M. domestica
populations KS8S3 and ALHF with the ratios of 0.318 and 1.000, respectively; the expression of a resis-
tance-related detoxification gene CCEae3a in a resistant 4. albopictus population Tem-GR was 7.175
fold higher than that in the sensitive population Par-GR, and two resistance-related mutations A201S
and G227A in acel were detected in resistant ZZ population of P. xylostella with the ratios of 0.656 and

0.692, respectively. The resistance estimated in different pest populations based on the frequencies of
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detected mutations and the expression change of detected detoxification genes were well consistent with

the previous reports of these populations. These results indicated that the estimation of the resistance

level by combining the mutation frequency and the expression change of detoxification genes based on

RAN-Seq data was feasible, providing a new omics-based resistance monitoring method.
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1992;Khaliq et al.,2007) , F- 20 T X % AU 551 H
() B 36 ORI B . o 1 R LB 24 P 1 1)
R S IR Rl I 5, R TR O
IR TR A T N R AR SR I
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PCR (PCR amplification of specific alleles, PASA) .
Bifi HIL 4™ 31 Z 25 4 DNA (random amplified polymor-
phic DNA,RAPD) %545 AR (i 45,2013 5 5 R 1545
2017) s KD e e i A R ek 1 Y BOR 84 0
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RNA-Seq £ A I LU 5 BRI A o Bir A7 A
AR 2 SR = W R A T e B LI, 77 A ) 2 SR A K

HRAL T T RN g X R 2 AR (E BRI N 1 Rk
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etal.,2017) . @i ACE 8 /3% 3 R i1 S 21
BT 3 HT , BE % M oA I 4 2 #EFR 1 AChE
PIPLEIMEREAR . BRILZ AN, R i St A1 s A BE A%
X T2 A DG fifp A Qg G P45 0 BT 42Ut |
2 e H BK S-%% #% it ( glutathione S-transferase, GST)
FN2 2 B % (carboxylesterase , CCE ) ft) & PR 3¢ 14 1=
BEAT K (Mamidala et al., 2012 ; David et al., 2014;
You et al.,2015) .

F W Musca domestica F1 WU L Aedes albop-
ictus SN I3 B REAS AL RE Z A IR, i A2 i
553 69 00 N7 A NS T s o o e ol s )
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PrHEMLEI 3 B MAR ace2 FEH & A2 T VISOL,
G227A. G227V, F290Y Fil G328A %% 7% (Baskurt et
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[G] B, #F VectorBase 44 /& ( Giraldo-Calderon et al.,
2015) 1 R 2k QU EL 2 E R 30 4k CCE LR
G118 ] Bowtie 2 /A R #J7f11 DESeq2 X (4 8L
e 2 ANFRHERY CCE JE R SRk AT, X 2 4 Fh
#F CCE BEH Y 22 Rk #4753 M. 18 5% 1 Bow-
tie 2 AR 11 SO IS S B8 0458 I ) readss b
XTE] 30 45 CCE FL T4 I, Geit a4 s a8
A CCE FIH I X E] i reads 54 H , ¥4 reads %1
H 4, i R 15 5 27 £ DESeq2 X reads £ H A
MR T 208, 4531 304> CCE FE R 1 USRI Par-GR
IR Tem-GR 8] 1Y log, (Fik LA Kt
BB A R ek AR AR RS AT 00T
1.2.3 /K3 AP BRI Mo T ALE AR ]
INSEIAL B 21 AChE 2K acel Fllace2, Hor
acel F R 2 AT HILBE A 42 3 PR TG 2 % SR A0 1
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(Tang et al.,2014) HF R #/Neik © % 1 224 GST
LA, i ] Bowtie 2 311 R #2743 DESeq2 X /N3¢
U 3 ASFREERY GST kR e 3k it EA TR, - 1A 78
JECFPIRE CHR 0 Fh 1 27 5 450U R 7% CHS ] 1Y
GSTHER 2 R0, A HA A kA 1.2.2.
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/N3 gk CHR 2 BUSFP B (B T 1.23
ACE 271 25 5 A HivE 5878 B AEAE , g ik
ACE &P A A R PE , X /N ik CHR Y acel
LR PEAT SR . 7E CHR RPHRE rh R 30 Sk /NS gk
4% 4 B, i FH QuickExtract™ DNA Extraction Solu-
tion 17 & HEA T 53K U A S PR 2 DNA S H, HLAk
RAEAL PR B0 &P B4 T . M GenBank T %%
INFHK ace ] FEH ) DNA JF51) (B 55 : JQ085428.1),
BT 2T S5 5 1 ) 298-F (5'-GCCTCTA-
CATCAACATCGTG-3") F1298-R (5'-ACGACCCGT-
CTATTATTGGA-3") K4 1 %A A201S \G227A 5872
() acel A Beo 5140 M RENL A R (dE
AR A A M. 25 uL PCR K2 WA %« KL 20
DNA 5 pL. - FHEG1# 45 1 puL . 2xTag Master Mix
12.5 uL,ddH,0O #ME E 25 uL, PCR Y HEFEFTF . 94°C
TiAS M 3 min; 94°C7AEME 30 s, 55°CiE 'k 30 s, 72°C 4E
150 s, 35 MIEIR; 5 72°CLEH 10 min, 7E45 E1
PCR P29 WS L FH 1.0% B8 e e k47 o Tk kG
W H (207, 3G =Wk A T AW TR (i) ey
A RRA R AT . FEURFNEE CHR 19 30 MEA
Wy BT 45 )7 81 5 GenBank 1 214 /NS Bk acel JE

DNA JFFIHEAT LT, HEH 548 (o7 s b PR Bi 56 Bl 35
IR IR AR L | A7 S SR A B AR A Rk R el
T A7 R A7 e B A RN S A RUEN 24 5 F 4 R
AR RIRN APl A T, ARG T T 98 AR S 7 3k
DA . bk 58748 S5 A0 32 RO R = (2x Pk 4l 5 F
B2 G FEO /(AR BB x100%

2 BER55H

2.1 FREEIANFHEMAMES FHHKRNER

KU HAT 14> AChE 3K ace2., f#iH ACE 72
JF X5 G0 3 AN FhRE ace2 FEIR L BT 25 T S AR 5 ik
FFRI | & PR GURR RN BE aabys (1 ace2 B PH R & A $i
PR | U IR v R & AR AR (B AEDT P
FhHE KS8S3 11 3 A4~ HE sk 2 B4 vh K I 3 arce2 FE
RIE 1) G227 A BL g R AR , SR AE R 5351 A 0.667
0.143 F110.143 , V- B 52 A8 41 %2 4y 0.318 5 TE BT PEFPHE
ALHF 19 2 45 gl 85 vh 2460 2] ace2 LR 1 AY
G22TAHLLMETAR , 5783535714 1.000 F11.000,
S GEART R A 1.000 (F 1) o FBAZMEHTIEFPRE
KS8S3 Al ALHF & & A ¥ An bt , HFh ¥ ALHF
(BT K A Rl B KS8S3 T /&, iX 5 = Wi il
A A i 2 235 SR AR A

F1 FEINFEER ace2 BLE ER E G227A RERSNE

Table 1 The mutation frequencies of G227A in ace2 gene in three Musca domestica populations

g SRA 575 Pirfkreadsie B reads B S e
Population SRA accession no. N'umber of Nu,n,l ber of Mutation frequency Mean
resistant reads sensitive reads
HUEFP I aabys SRR5906803 0 4 0.000 0.000
Sensitive population SRR5906794 0 12 0.000
aabys SRR5906793 0 4 0.000
PUPEFPHEKSSS3 SRR5906800 6 3 0.667 0.318
Resistant population SRR5906799 2 12 0.143
KS8S3 SRR5906804 1 6 0.143
UPEFPTE ALHF SRR521288 13 0 1.000 1.000
Resistant population SRR521289 8 0 1.000
ALHF

a: ErPitEEA R 1Y reads B b S USRS B 1Y reads £, a: Number of reads containing resistant allele; b: number of

reads containing sensitive allele.

22 BYFRE2ANMERAES FHHRNLER
fifi FH ACE 2 J3 XF 118U I 2 A4S Bl acel FEDH
BTG S AR S ARG, K IR T Par-
GR AL AP HE Tem-GR 1 acel FER IR K Hi 2
PEGEAE . X CCE &8 415 1 30 > K& K AE 2 S Fh B
IR A TR A0 #T , R EAT 84 CCE B M 7%
2 FPE (] e a8 AR AR B0 T 2 4, A 3ANHE
P B Tem-GR W9 k5 I, 4050 i T

2.990 1% . 2.244 f5 1 2.014 15 , Ho Ay S A EPUEFh T
Tem-GR H (1 3k 7 B, 2051 B E T 7.175 /%
6.407 £ .6.256 i \3.463 {1 2.141 £, F MU
AL ID S XM 019670441.1, 7E NCBI Hh i) H
TR, R PLOZIE R 28 56 5 Bt 25 A G Y
CCEae3aFEHN (F22) . RSS2 MRS A &
AR AS AP RN EE Tem-GR O RIGH# 22 A8
AN = T 1430 i Y 9 la B O Dl OF VS I=I 2
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Table 2 The differential expressed CCE genes between Aedes albopictus resistant population Tem-GR

and susceptible population Par-GR

Fikat LR/ TR D Pk AR log, (Fikw AL ED) P
Up/down regulation Gene ID Fold change log, fold change

Feikit L XM _019670441.1 7.175 2.843 8.93e-56

Up-regulation XM _019671910.1 6.407 2.680 1.61e-53
XM _019670345.1 6.256 2.645 5.95¢-47
XM_019672477.1 3.463 1.792 1.02¢-08
XM_019679510.1 2.141 1.099 2.47e-20

FIRH T XM_019704752.1 2.990 1.580 7.28¢-11

Down-regulation XM _019679686.1 2.244 1.166 434e-11
XM_019676123.1 2.014 1.010 3.01e-11

2.3 NSRRI FHEER A S FHLR AL R
fifi ] ACE 72 )3 X /N3 ik 3 S FhiEE ace 1A
AR A3 BT, ZERURANEE CHS Wk & B acel LM I
BAGILIERAR ARAERUEFIE CHR 1) acel S I
K2 T A201S Fll G227 A B2y PESAR | AR R Sy
SR 0.324 F10.334 s TEPUHEFIEE ZZ 1 acel FEPH LAl
R E) T A201S Fl G22TASLZGPER S , TRASHAR
F240.656 F10.692(#3) o Xif /N 3 ) 224

GSTH F ik s A TR A , 2 IR BURFP i CHR
SHutk ZZ R U CHS 8] (1) GST R 3Rk
AR EOIIR T 245, R 2] 22 7RIk W) GST
N R IHBBURANEE CHS 1o & AR SAR P, (HA
P RE CHR FIL AP R ZZ ¥ B R AR T bR,
HAVHE ZZ SR PP i CHR B 55 . GSTHY
2SRRGB MG BN, 3 FRELEIC I KOE F
BRZER X455 Z iR AT

3 N3 ANFIEE acel BE L& £ A201S F1 G227A I RTTIAZR
Table 3 The mutation frequency of A201S and G227A in acel gene in three Plutella xylostella populations

Pk reads £

¥ reads 51 ° GEAFRTAR

AEPRIEAR Pl SRA #3%5 ! Ty
Target mutation Population SRA accession no. N'umber of Nu.n.1 ber of Mutation Mean
resistant reads sensitive reads frequency
acel-A201S  HEFIHE CHS SRR5171274 0 78 0.000 0.000
Sensitive SRR5171275 0 118 0.000
population CHS ~ SRR5171277 0 83 0.000
HUBFPEE CHR SRR5171278 85 79 0.518 0.324
Sensitive SRR5171279 91 110 0.453
population CHR ~ SRR5171453 0 132 0.000
YUkt 22 SRR5171455 232 120 0.659 0.656
Resistant SRR5171456 301 146 0.673
population ZZ SRR5171457 207 119 0.635
acel-G227A  HUEFIEE CHS SRR5171274 0 84 0.000 0.000
Sensitive SRR5171275 0 111 0.000
population CHS ~ SRR5171277 0 85 0.000
HUBFPEE CHR SRR5171278 85 84 0.503 0.334
Sensitive SRR5171279 91 91 0.500
population CHR ~ SRR5171453 0 102 0.000
Pkt 2z SRR5171455 237 107 0.689 0.692
Resistant SRR5171456 324 137 0.703
population ZZ SRR5171457 197 107 0.648

a: ST L ) reads B ; b S RUREEAT FLH 1Y) reads £, a: Number of reads containing resistant allele; b: number of

reads containing sensitive allele.

2.4 NG EFREE CHR acel EFE FHRITLWIE
CHR XS A7 HIL B 2 A1 22 Ak Y R T 2 3% e
BRI (R LA S 2 R AT A DM N 2 BRAE ace ] 2

A &4 T Prgitk7s . PCRY M F45 5] 30 4
FEAH DNA FBYRe 4], FEXT & IRAE A201S 8753 15
EBURAE T IREARECN 199, 246 T IIREARECH
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AT HIREARZCN 201, 24 B FIFEARECR 94 41
PEAE G T I REARECR 141, &0 A201S A1 G227A
BUEGIEGEAR (AR R4 M 0,183, FWA/N3E ik CHR

A2018
GAGAATCGIGCC|[GG TG CA

BURAi AT
Sensitive
homozygote

z\[‘&/\/ﬂ\fﬂ\/\/\w /\A/\M

JEP LR SEAFAE acel F2[A | ) A201S 1 G227A $i
PR 5AS (1) B RARRA G, I L Z T A A9
5 v ARG B B

GCAATCT|GG A|GCCGCAT

MY W

GAGAATCG|ITCC|IGG TG CA

RET

A

GCAATCT|IGCA|IGC CGCAT

ﬂﬁﬂ&AA/AﬁﬁAAAAAAA

GAGAATCG|ITCC|IGGTGCA

homozygote Heterozygote

bika&T
Resistant

GCAATCT|GCAIGC CGCAT

e T

E 1 /32 CHR FhEErh A201S F1 G227A 2T HI & it
Fig. 1 Sequence chromatograms of mutations A201S and G227A in CHR population of Plutella xylostella

3 it

s BT 2P G S ZEALH , AR 5T R
e ST 2 8 R A R A4 24 5 2L R i 25 il R K]
FEIR R LE A T 5 AR RGBT R
FHBTZG PR L A1) 3 s i 8 AP e (1) 7 S 4 4K
PR VEAT S SRR I o 455 R , 5 U AP I
aabys A B 47 25 5428 e vE A KS8S3 Al
ALHF H 34460 31 G227 A $EARPL 251 28748 AR SR bt
2l P DR R e BB 25 PR 17 150 B4 T 45 SR 5 2 R
Li et al.(2013) 1 Reid et al. (2019) FYFREF AT . M
I PR SE A 2 A4 Al R SR 5 R A T ) R AR e 24 1 58
A5 ABZEHTPERIEE Tem-GR A6 3] 7 AR X T Rl
Fiff Par-GR 35 & 1 3 I 54~ CCESEA |, Hor
G 14O AP0 UES SO IO A AL SR H
YUlEA o) CCEae3a JEH , HRHEAT 24 14 35 R AU 15 )
B9 PC 25 PEIE AR 5 2 B Grigoraki et al. (2015) 4
TEARST o /N 3 ANFRRE A ARG I 21 3R 38 F A8 Ak
T 25 A B R ) GST B AEP LR 22 s
DR 7 S R YRR AR P25 PE 78 A201S(0.656) Fil
G227A(0.692) , 7EHUZFPHE CHS I8 A Kl 2| #E AR
U ZRAR | i AERRURFR R CHR Hh (ARG 2R As
(AR PT 25 P58 A8 , MR BT 24 1 35 PR AU T b 24
PEIEBLIR S 2Z R Zhu et al. (2017) BYFRE ST . F W
AHIETE E ST 1) TG S AR 1 BT 2R A
W73, 38 5 [ A X ARG AL A A BT AL I

PEATAREIN , AT LAAR 47 b iz e 35 o RRE AY e 2h R
o ARSI E AT T & 1Y ACE 2 7 AU # bR b 2
P AZPEA TR (Guo et al.,2017) , FREUEAY 3 Fi
HO o, PRGN AR T 24 1 5 722 sl e i Tl 11 4
FRISOAT BB R BRI AT . T b2k
BLHIAE 2% , P2t B i 2 2255 i =ML, ks
T D) T LS T] B 4 1 2 R A FR AL

— FBE A A ORI N 12 AT B I P 2 MR
5 ABAERN PG sl AR AT ARG DU I, 2 R BB At
CHR EAHEARYTLATESRAE o T S0 uEAS I 235 SR )
P, X AU CHR 2l AT T 35 PR e B A )5
SR, A AT I 2 S 2 5 A T A 24 1k 5 A
I HERAPE | (B[R] Ip 0, B0, 01 P 2 S 2 50 A S A
111271 i NGRS B~ VS a5 ol RIS RS TS S 2
e W TE R P I IRORE A 30 3k, A6 3 11 28
AR BTR Ry 0.183 5 11 AE 5% 55 2H 50 ¥ H HE X 9 B reads
M 102~201 1>, Kl 21 (4 28 A8 4 3 0.324~0.334
A 0] 401 b 5 72 A1 4R P BURE B30 N e Sl 2 B i A
BR BCFR 25 AR AT Rk A A AR S, BRI
v T E— AR

S SR A B AT LU T3 ROME L2 M A
W, BT UL FHe 25 EALE] 9 AF5E . A Zhao et al.
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