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Identification and functional analysis of resistance genes of Tyrophagus pu-
trescentiae Schrank to abamectin

QU Shao-xuan, LUO Xin, XU Ping, HOU Zi-qiang, LI Hui-ping, LIN Jin-sheng, HOU Li-juan,
JIANG Ning, MA Lin
(Institute of Vegetable Crops, Jiangsu Academy of Agricultural Sciences, Nanjing 210014, China)

Abstract: To reveal the farmation mechanism of the resistance of Tyrophagus putrescentiae to abamectin, the tran-
scriptome sequence of Tyrophagus putrescentiae under a sublethal dose of abamectin was obtained by RNA-seq technology. A
total of 138 differentially expressed genes were identified and annotated to detoxification metabolism, including four glutathi-
one S transferase genes ( GST) , 12 cytochrome P450 genes ( P450) and three carboxylesterase genes (CarE). After silen-
cing the 11 differentially expressed genes by using RNAi technology, the susceptibility of the transcriptome sequence of Ty-
rophagus puirescentiae to abamectin changed significantly, and the virulence index ranged from 0.65 to 6.05. The results
showed that TPGST7, TPGST45 and TPGST49 in GST family and P450 genes TPCYP3A9, TPCYP3A13 and TPCYP4C3
were involved in the formation of resistance of T. putrescentiae to abamectin. In addition, the glucuronosyliransferase ( GLT)
family gene TPGLT28 was first confirmed to be involved in the formation of abamectin resistance.

Key words: mushroom mite pest; resistance-related gene; RNAi; insecticide resistance
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Koch) 7P [ 4 45 4 L7 Wl sty DX Ay Ao B xo el 24 g
RUE T RACESUrE, P EGE 304~ 1 051, %F
UG O e AL T b A KT
TAFAEEPUPE IR, BT 248 5 2R O BEFF A T X S
DX BER IR B 35 T BTG MR R B R
Ji e A

ST IR K e s 2B P HOR (RNA
AR T R R A 4 E
KRS 45 FAE S e o AU A 22 8 0 30 AR
A, RS AR A T A2 ™ A T BT 4 i 2R e, A
P FEOEA AR AE FiliE (Glutamate-gated
, GluCl) \y-Z 3 TR Z 1K ( Gamma-
aminobutyric acid receptor, GABAR) i y-%%j—ﬁﬁ%
BT % ( GABACIs) 45, i R B I Al 2 IR AL
BE(MFO) A5 BEH K S e R i (GST) 1R R i T
(CarE) 55 o WCAHMRIHIFE FRLES i BOARIE % B B4 22 i
XUINSANE(ID-ICD) 223 TR 5 H i (SP) A2 U H
L(L) #1 P-#EEH (P-GP) S5 5 K005 (T cinnabari-
nus Boiduval ) X BT 24 P 28 BT HE IR BUAHOC >

J65 B 1 355 ( Tyrophagus putrescentiae Schrank ) J2
AP SRR E W — AT, B, 4R,
B B PR it A o) o+ A 285 ™ A =0 T
Jeg | FE LT ) 2 T BB AR A R UR AR
BTG Y ¢ AR ARSI b T A6 5t Ok ™ i
R B FH B AR 8 1 e g Y A
EARH JBRAH HH EIRE A5k I 2
FF LA SR HE T T T AL R I TR, JL I 1) A 7 3 B A
FH G s = Z =1 s il A BN 1
KAE0.4~0. 6 mm, 7] ML 5 458 1 2% R 1Y 171 I 4
Bt 0 s AL B AR b FE AR BT TR 22, WS Y 245541
TCARCK KA N SRR A 06 L, HL Bk = A5 2400 By
FEAEI, S B F A HOAR R g LG & T
FHI A B b e A =t K
Bt AR B A4 1 23 ki R A LIRSS 24
A T A2 R A ST o e 24 1R 2R 1Y
A i aE S HATHERL RIS AE

ABIFE A T i 300 I 3 AR RS T i il 7 o 2
TR P38 T B S 2H R AT B9, 42 9 10 568 i 3206 %k
BT 24 TR 2% A B AR DG R IR, I3l 4k RNAT F R 3 —
AU ST R R U A DG R L R D fg, MR B
i I 247 1 1) 3 BT R 1 v B SR 2 e
fitli

chloride channels

1 ARSIk

L1 iXmedr

111 AR (LU S (T, putrescentiae)
T 2012 R HILORE FHIMFEH B AR 79K |,
B SLEG N, o HEE Ak o 2550, N T AR AR
(25 C+1 C, # XF 12 ¥ 80%=+ 5%) " LA 7 4
( Lentinula edodes 1.) ZZ R i kHa IR 2 4 1R 3%
il Qu &g

1.1.2 £ ZXAME5ME 0% P4 RIFZ H [
IR A R BR 2 7] A 00 A LS RNA 42
WO £ (9767) W B F AW TARE (R A RA T,
— 5 TB Green ® RT-PCR /& & K I it 7 &
(RRO96A) g A F A TR (R ) ARAF, T
A SPX-2501 A T UMAR (L i RS2 A IR
AHE P ) (CFX95 Touch #5598 5 5 B PCR X
(BIO-RAD A#% ) PCR §" 3 { ( BIO-RAD 2
P ) R LUK ASCRIK - H DR (b st s — A3
J7 ) R AROBR R AR AN (3 B 1 R AT IR )
FE) %R %E B {Y ( NanoDrop One, Thermo Fisher
Scientific) ,

1.2 KW xH*E

1.2.1 B H T HEF AR i 4
R EZ (W TR ) 1 ddH, O # B A1 000 mg/L
BEBLE 4 C VKA BLBEDC AR AT . B ddH, O K il 24
W RS 0.5 ng/L, R E Bt REEA TN
T T A S i s | LA R AR ok R 9 W 25 )
o K 0.025 g WU (291 5003k ) A SR HUIRPY , 35
B, R JE BTN T AREA (25 °C AR
75%+5% JoIC ) R 24 h, SRJ5 HT 200 Hid i
PR TR 6, ddH, O T3 3 WK, FHUB AR T-7K 43 J5 i
A LS ml FYELLE T AT 4 h DLE A
-80 CUKAI - A7, A 3 R, X B4, H %
0. 025 g fal FF7E A ki A2 WA o A9 )56 , ddH, O 9953 3
W5, R BREH — 14 7 sCHEA AT i T8 R ORAE
1.2.2 #HF AN FA 2 F o b WG R
HERFEPIA R ] (BRI #E4T 8 RNA 4R 1L F i
S3HT eDNA SCPERYHENT S JF TAE . >R A Hlumina
HiSeq 2500 AT PR unigenes 5 NR
(NCBI non- redundant protein sequences) ,NT ( NCBI
nucleotide sequences ) | Pfam ( Protein family ) , KOG/
COG ( Clusters of orthologous groups of proteins ) .
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Swiss-prot ( A manually annotated and reviewed protein
sequence database ) , KEGG ( Kyoto encyclopedia of-
genes and genomes) .GO( Gene ontology ) %5 #5 J
TTHH TR IR, 8 H] DESeq2 HEAT 22 57 5 I 1
1, % FDR 2% 22 A0 50 i P {EAE 2 BRI 56
KAEAFE] Q 18, R 715 3 & 3% 25 7 Rk i 5L 1A, i
RS ] 22 A% (Fold Change) =2 8{<-2 H (
{E<0. 01, SR 5 38 i 0 22 S FE R AT GO ZhRg R
KEGG B w57
123 MAERHBAAXEBRGEL (i RATS
T R AR G [, DGR IR AR B K S #%
B (GST) | 4l s 5 3 P450 (P450) 1 #2 2 ik ity
(Cark) 5 HEATIH AR, Wi 0 22 A5 EOR T 4 FDR
fi<0.01 H # 3 B 7E Drug metabolism-cytochrome
P450( ko01100 k000983 5% ko00480 %5 ) il [ ¥, Drug
metabolism-other ( ko01100, ko00983
k01049 ko7383 B{ k15743 45) i [ 5{ metabolism of
xenobiotics by cytochrome P450 ( ko00980 I
ko00982) 3@ j# . ARHE NR HYTEREL A KEGG i #%
o3, i U B S L B R IS A e BT
U] T AE 1) i DR e 1A SRy afE— 25 15 ik DR R 14
PR (24 41s]
124 RV MERBMXERG RS B
i siRNA 553 RNA )0 38 3iF % 6 5 R 70 12
P gl o BT A P R PV R BOFE T, siRNA R 510 FH A
28 T H.(http : //biodev.extra.cea.fr/DSIR/DSIR. html )
Bt #LR S0 19 AS88E , 75 RNA 1 3" 3 il dT-
dT R (GIILAR 1)1 o siRNA 35 st S
VR R A 58 1, FH Rnase-free 7K4% siRNA
514 B 100 wmol/L (1.0 pg/pl), 77 F
-80 CUkAA®

ZMSCHR[ 3] ([ 15 ] #A7 AT IRIA KT siRNA
NJEE IR IR N BEFT RNA JUER 0T, 13X B IR AT H
F 4 N 1l 22 R SR B 5 ORI KL, 60 H i
VE T ACHE B i i U (3~ 5 ) SRR T ddH, O ¥
Ve 4 W 250 HZDRSER W T2D R0 FoKy B
2.0 ml YETOAE FYLER 24 ho #4100 Sk 1806 A
25 ml (1933 B, 23 % 1 500 ng/pl 200 ng/pl. 50
ng/ Wl 25 ng/ Wiy siRNA JEF73ERIUCER W7 L35 7
TN 24 h J5, SR AR HURE 5 T RNA SR, Bl S
RT-qPCR A5 108 f4) A 7 Bk A 6 1K K, 23 e
fERY siRNA WMSRI R, A 3 K, DL ddH,0 4bHEY

enzymes

2 LT ] WP 6 ER Sk o B DR B PR 06 B-tublin &
KNS (IR 1) ,— B RT-qPCR F b 55 1F
H S 42 CHRE 5 min, 95 C 10 s &1k ;
PCR ¥"#.95 CHIRE 5 s J7,60 C 20 s, ¥ 40
W AR 2:65~95 °C, 5 15 s FHR 0.3 €., R H
27RO AT AL A M R R

B 4k T % AF W ddH, O H B A 20. 0 mg/L
10. 0 mg/L 2.0 mg/L.1. 0 mg/LF10.5 mg/L 5 I~k
S EEAR LA, SR B R AR A B 0 I VA A
HHBS g ELAARBRAE vk IR B W 45 ik, AbFE
ZHARYE L3R 5 i 1 e AR R i siRNA 43 J3i) 4] 1
JEE T A6 LI 24 b J5 K 100 Sk 1) A AR ) R vk
3£ B 24 B 2R 24700 0 5% ORI , 24 b S5 W0 T8 65 K Ul
FIFET-H , B4 siRNA AbHE & 3 Uk, X R4 A v
IKALER
1.3 HIFEHH

LB AR A BE R F Excel 2010 3EF728 3 . B
R T 2253087 ( one-way ANOVA) F1 Student-New-
man-Keuls (SNK) Fu5f5#17 2 HE LK (P=0.05),
] SPSS 21.0 B 58 B, B 7700 A& Fir 15 B4 1]
Excel #UEHEAT A 5 0 M A EH 307, A5 H AH 56 &R
B BN EIAFFE(Y=ax+b) LC, [l M H 95% A%
X[,

2 R 550

21 BREBEHMERANFER

2RIy B A, 6 ANFE AL 15 3 37,25 Gb %k
P, A1 R TUAR S 15 5162 268 Unigene, 515 |
SEXE 50% contig SKHEE(N50) AKX G+C i
51482 154 640 bp .1 319 bp.2 360 bp F 48.36% .
SRIGHS Unigene LT 216 KT BE AU 122 647 70 B
0y WA 37 332 (NR: 59.95%) . 22 143 ( NT;
35.56%) . 29 589 ( SwissProt: 47.52%) . 28 621
(KOG : 45.96%) .29 636 ( KEGG:47.59%) . 13 224
(GO:21.24%) LA %33 530 ( Pfam: 53. 85%) 1> Uni-
gene 3k 15 T AE {3 BE. {1 Transdecoder #i ] i}
38 791145 H i 4w i ¥ 5] ( Coding sequence, CDS)
fdiFH DESeq2 #E47% HRZH 55 Ak 384 [ 1) 22 5 3R 3k 43
M1, % Fold Change=2 % <-2 HFDR<0.01 £ N
VERRUE, Geit o BT TS 0 22 S SE R, | e i 22
SRR 14 435, Hodp B IA1 1884, MR KA
13 247 A~ ik — 20 0 22 S Rk IR AT R 17,
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Table 1 Information of detoxification-related genes and primers

ElL 7S]
FFs P 1D LR AR EREL Log, FC
gIsars SIYRE SIMFSI(5'—3")
1 Unigene32662_ ALL.  TPGST7  glutathione S-transferase [ EC:2.5.1.18]+ 2.13 GST7I RNA T4 F:GACCUAUACUACAACAUCAUG
ko05418//Drug ~ metabolism-cytochrome R:UGAUGUUGUAGUAUAGGUCGA
P450+ko00480
GST7Q WIEER PCR F:CGACACGAAGAAGCCTGAA
R:ATGGCTCGAGATTCAAAGAGG
2 CL574.Contig3_ALL TPGST8  glutathione S-transferase [ EC:2.5.1.18]+ 3.99 GST8I RNA T4 F:GAUGGAGAAAUUAGGCUAA
ko05418//Drug  metabolism-cytochrome R:UUAGCCUAAUUUCUCCAUC
P450+ko00480

GST8(Q HGER PCR F:GGTTTGCCAGCCAATTTGAA
R:GTACATCCAGGAGTCCACATAAC
3 CL1745.Contig3_ALL TPGST45  glutathione S-transferase [ EC:2.5.1.18]+-3.47 GST45I RNA T4 F:CAGUUGCUGUCCUUGUCAAAC
ko05418//Drug ~ metabolism-cytochrome R:UUGACAAGGACAGCAACUGCU
P450+ko00480
GST45Q  HEER PCR F:CCGAGACACACTATTCCAACAA
R:ACCGGCTCATTTGGGTAAAG
4 CL191.Contigd ALL TPGST49  glutathione S-transferase [ EC:2.5.1.18]+ 3.80 GST491 RNA T4 F:GGUACGAGCGACUGAGCAAGG
ko05418//Drug  metabolism-cytochrome R:UUGCUCAGUCGCUCGUACCAG
P450+ko00480
GST49Q %t PCR F:CGAGTACCTGAAGCTGAACC
R:CGTACTTGTTGGCCAGATACT
5 CL3865.Contigh ALL TPCYP3A9 cytochrome P450 family 3 subfamily A 2.61 CYP3A9I  RNA Tt F:GGUGCAAUUGCUAGUUGAAGC
[ EC: 1.14. 14. 1 ] +ko00140// cytochrome R:UUCAACUAGCAAUUGCACCAA
P450 + ko00982//Drug metabolism-cyto-
chrome P450+ko00983// Drug metabolism-
other enzymes+ko01100
CYP3A9Q %) PCR F:GATCGCCTCGTTGAGCATATAG
R:GCCTCAAGGTAGGGTATCTTTG
6 CLA473.Contig3_ALL TPCYP3A13 cytochrome P450 family 3 subfamily A 3.67 CYP3A13I RNA T3t F:GUCAAGUAGAAACAUCAAUG
[EC:1.14.14.1] +ko00140// Drug metabo- R:UUGAUGUUUCUACUUGACCAG
lism-other enzymes+ko01100
CYP3A13Q ¥t PCR F:AACAGCGACGAGAAGGTAATG
R:AGCGGTCAGCGTTTCATAG
7 CL7489.ContigS_ALL TPCYP3AIS cytochrome P450 family 3 subfamily A 7.35 CYP3AI8I RNA I F:GAUUGUCGAUGCUGAACUAAU
[EC:1.14.14.1 ] +ko00140// Drug metabo- R:UAGUUCAGCAUCGACAAUCGU
lism-other enzymes+ko01100
CYP3A18Q #EER PCR F:CTGTGAGCACATGCATCTTTG
R:CTCTTCAGAATTGGGCTCTAAGT
8 CLI173.Contigl0_ALL TPCYP4C3 cytochrome P450 family 4 subfamily C 7.06 CYP4C3I ~ RNA Tt F:GCAAGUUUCUCAACUCUAAUC
[EC:1.14.14.1] +ko00140// Drug metabo- R:UUAGAGUUGAGAAACUUGCUA
lism-other enzymes+ko01100
CYP4C3Q %R PCR F:GACACTACCGACTCCAATCTC
R:GGCGAGGAATGAAACGAATATC
9 CL1716.Contig3_ALL TPGLT16  glucuronosyltransferase [ EC:2.4.1.17 ]+ 2.40 GLT16l RNA T4 F:GCUGAUCUUCUUCAGUCUAGG
ko00140//Drug ~ metabolism-cytochrome R:UAGACUGAAGAAGAUCAGCUU
P450 + ko00983//Drug metabolism-other
enzymes+ko01100
GLT16Q  F&tiEit PCR F:TGGCTATGAAGCAACAGAAGAG
R:GAGTTCCTTTGGATACCCGTAAA
10 CL2628.Contig2_ALL TPGLT28  glucuronosyltransferase [ EC:2.4.1.17] + 2.70 GLT28I RNA T4 F:GCGCGAAUCGCUCGAGUUAAC
ko00140 //Drug metabolism-cytochrome R:UAACUCGAGCGAUUCGCGCUG
P450 + ko00983//Drug metabolism-other
enzymes+ko01100/
GLT28Q  EER PCR F:ACCGGATCTAGTCCTGATTGA
R:CGGATTTCCGCTGTGTATGA
11 CL6573.Contigd_ALL TPCarE6  carboxylesterase 2 [ EC:3.1.1.1 3.1.1.84 3. 1.98 CarE6I RNA T4k F:GACUAUCUCUACGAUUCUAUC
1.1.56 ] +ko00983// Drug metabolism-other R:UAGAAUCGUAGAGAUAGUCGG
enzymes ; K07378//
CarF6Q  P&¢ER PCR F.TCCTCCTCGTCGAGTAATGT
R:GCAATCTTCGCTTTCGTCTATTT

12 CL2544.Contigl1_All  B-tublin tubulin alpha+ko04145 NA  TP-tub e PCR F:GTTCAGCGTCTCTGAGATTACC
R:GAGAAGACAGCAGGCCATATAC
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Fig.1 Results of KEGG pathway enrichment analysis in the transcriptome of Tyrophagus putrescentiae under sublethal dose of abamectin
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(S P450 (P450) unigene F1 97 /™R R ik il
(CarE) unigene S 2 QAR CIE A 2 pE 4w A
B AN S, FE % 5E B 30 4~ GST unigene , 238
5 Drug metabolism-cytochrome P450 i [ . metabo-

lism of xenobiotics by cytochrome P450 8 A O H E
H LR ORF; %2 # 114 4> P450 unigene , Hir 22
> P450 unigene 5 Drug metabolism-cytochrome P450
T A 2 18 4~ P450 unigene 5 Drug metabolism-
other enzymes i % A 5, 24 1~ P450 unigene 5 me-
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P KOG {ERELEH, X P450 unigene #4702, H
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Fig.2 Results of GO functional enrichment analysis in the transcriptome of T. putrescentiae under sublethal dose of abamectin

CYP5/CYP6/CYP9 subfamilies ( KOG0158 ) ,
unigene J& T Cytochrome P450 CYP4/CYP19/CYP26
subfamilies (KOGO0157) ; %5 % #| 68 > Cark unigene,
HH1 6 4~ CarE unigene 5 Drug metabolism-other en-
zymes  FEA G,

it BEACIAR OGS H v 25 5 B Y P450 SE N ASA
A A i G i IR B 0 0 o 3 e 7 SR D Y 53, 8%
32, 1% 8 2 T 45 e H IR S-H 7% il 5k TR A4 2808
LUK 2 2R A M e B I i R Rl A
W B R LA
2.3 REMBERGEEXEENIIES T

A 3R S 3] 14 e AR DG 35 PR v i i 2 S
FEEUCR T 4 FDR<0.01 H 87 FEAE Drug metabolism-
cytochrome P450 i }% 5{ Drug metabolism-other en-

zymes il B 5% metabolism of xenobiotics by cytochrome

P450 MFENMEN B (35 1) Tt — 25T

13 4~

ST o ol o T 24 T B R

TG £ T 6 o BT 24 A 2 PR A S 11 AN SRR A
154 4~ GST H LN ( TPGST7 . TPGSTS , TPGST45
H1 TPGST49) 4 A~ P450 XI5 FHE R ( TPCYP3A9  TP-
CYP3A13 . TPCYP3AI8 F TPCYP4C3) .1 MR g
3L ( TPCarE6) |2 A WEIE BRI AL 1 ( GLT ) 3
[H TPGLT16 F1 TPGLT28 /3 I siRNA 5914k 24
h J& , AT DTBRALCR E

RT-qPCR Z5 K] A [A] siRNA F) &5 17 5 &
T gl Sl 2 1 A 5 ) 1 R SR R AIK (BT 3) , 500
nmol/L siRNA 7] i = i IR 3 A 25 A 3% 3k 2 1Y
74. 6% , LERBCRIES 1. 7% ~T4. 6% ,200 nmol/ L5 &
TR Ay P Y D0 #R 2L # A 40.6% ~ 58.2%, 50
nmol/ L1 25 nmol/ L) & % ¥ b 5L PR 1) 190 SR Ak e e
f(19.2% ~40.3%) , L, EHE: 500 nmol/ L X}
AOBRIE R IEATUTER
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TPGST7 TPGST8 TPGST45 TPGST49 TPCYP349 TPCYP3413 TPCYP3418 TPCYP4C3 TPCarE6 TPGLTI6 TPGLT28

M siRNA 500 nmol/L; OsiRNA 200 nmol/L, OsiRNA 50 nmol/L; msiRNA 25 nmol/L
3 7F[E siRNA 3|FIE3 11 MESEHERENTERRR

Fig.3 Silencing efficiency of 11 detoxification enzyme genes under different siRNA primer concentrations

RNAi FARTUER 22 7 R0 11 MR CIAH 3¢
FEDR 5 T T gl XoT BT 4 T 2R 7 SR Al i A W
AR (£ 2), GST HKIEIEN TPGST7 , TPGSTS
TPGST45 F1 TPGST49 YUERJ5 , BT 24k B 22 %o J65 £ T il
AIEFE R BE (LC,, ) R T AY 13,43 me/Lix
T3] 2. 81 mg/L, % 14850550 4. 78 .0. 70,
3.64 1 3.77; P450 ZX % F A TPCYP3A9 ., TPC-
YP3A13 . TPCYP3A18 Fl TPCYP4C3 YL ) , Pl 4k 14
FXT I I 1Y LC,, FefIK T R 3 2. 22 mg/L, B 1

F2 MEFEEMEN SIRNA 5|MHERHEHENS S

Table 2 Toxicity of abamectin to 7. putrescentiae fed on siRNA primers

FRE M 4.20 4. 60 1. 52 Fi1 6. 05 ; R R AL K
TPCarE6 VLEKJG W5 J136 50 1. 2452 4> GLT X%
FH TPGLTI6 F TPGLT28 I8R5 (55 145 5043
H90.56 2,11, g5 R K], UUBR 6ST FK Gk H K
TPGST7 .TPGST45 1 TPGST49 ,P450 FK kKK TPC-
YP3A9 . TPCYP3A13 Fl TPCYP4C3 VI M GLT Fjit3k
K TPGLT28 i , JE5 B T 1 XoF o 24 A 2% ) e 1 42
1, UL SO L PRIAR AT BE S 5 1 5 £ s Al X BT 4% 77
RPUHERIE L,

MRS BOUHHREE (LCy)

522 JEIH [l 5 o (/L) 95% (51X [f] P
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