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Monitoring and Proteomic Analysis of Acaricide-Resistance in the

Two-Spotted Spider Mite, Tetranychus urticae (Acari: Tetranychidae)
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Abstract The two-spotted spider mite, Tetranychus urticae Koch, is a significant agricultural pest that has
developed resistance to many pesticides. This study evaluated pesticide resistance levels by comparing the
susceptibility of 7. wrticae eggs and adults collected from seven fields with that of a laboratory-susceptible
(S) strain. Eggs from all field populations showed high resistance ratios (RRs) to etoxazole, fenpropathrin,
pyflubumide, and pyridaben. RRs for each pesticide ranged from 32.5 to 371.4 (abamectin), 1.7 to >2,313
(bifenazate), and 561.5 to >1,818.2 (pyflubumide) in adults, indicating substantial variation among populations. To
analyze protein synthesis profiles in 7. urticae, a proteomic approach combining two-dimensional polyacrylamide
gel electrophoresis (2D-PAGE) with matrix-assisted laser desorption/ionization time-of-flight/time-of-flight
mass spectrometry (MALDI-TOF/TOF) was used. This study identified forty-five differentially expressed
protein spots between the S strain and field populations. As compared to the S strain, several proteins,
including aldose reductase, heat shock protein 30D, endoplasmic reticulum chaperone BiP, and natterin-3,
were overexpressed in field populations. In conclusion, the findings of this study provide new insights into

the molecular mechanisms underlying acaricide resistance in the two-spotted spider mite.
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N 2

3ol 3 Tetranychidae family)ell= 1,3005 ©]/do] L&A
AL, 2T oF 10052 A= 7Hlshs siFolH 53] oF
1052 8 #1522 7HHtH(Migeon and Dorkeld, 2021).
E3] o3l (Tetranychus urticae Kochye 2 M A&
2RIk 72 3% T SR 11005 o1 s
SR etk Fdutelgole] A e IS ol
e 9542 5 WE=S AFe o FHel gk 8 v
& WET B3 AHES ANER B IS s, &
S NTE T YUFE 2 YRR 2 AAA &4
< oF7]gtth(Lee et al., 2004; Lee et al., 2003; Migeon et
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al., 2010; Van Leeuwen et al., 2013). ©]2]g+ Fulo]-3-off vt
AE faiX e F2 k4 WEE ARSHaL o (Ilias et
al., 2014; Van Nieuwenhuyse et al., 2009), SA7}A] 4
Ao FEHO] Qe AL EE AHA Y tigh Agido]
digdnlo] Qe Ao HIEATHKim et al., 2019; Lee et
al., 2010). Futo]-Soll= B 7|7ko] Fof A7 LM S
7F E3L, o] FAo] Aol Al ogt EEje] 7137} B

SRZRE A JHA Yol HorzE tE dFEol
vl AatA wdo] wEA Jebdti(llias et al, 2017;

Khalighi et al., 2016; Riga et al., 2017). 523+ Hu}o]-3olj =
WA Y HRE ope} A aH o] Edste] A AlAIA
o7 #AI7F =3 Uth(Hollingworth and Dong, 2008;
Khajehali et al., 2011; Sparks and Nauen, 2015; Stumpf et
al., 2001; Van Leeuwen and Dermauw, 2016; Van Leeuwen
et al., 2013).
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ZetolSoHe|

AbamectinZ WAFR Streptomyces avermitilisS] &
EHoA G ARoE ZFEe A, A5 B AE 24
S 7FA AL QITHClark et al., 1995). o= thakst 2of
2 23] g WAAR SFE] AUTHKCPA, 2019).
Bifenazate= F]EZ=2]o} cytochrome b (cyth)2] complex
IS A8t AEe || o] &L Waldhs 712 71
3 3)tK(Sparks and Nauen, 2015; Van Leeuwen et al.,
2010). ¥ A5 2o a3 ol Fldls 28l Akt
S, Auto|Solf, XpmR] Sof, xFSofol] tiat WAH
E5]o] JUTHKCPA, 2019). EtoxazoleZ 198010y H}Oﬂ
7N4HE oxazoline”l S}EHEZE 7RIS G4 1(chitin synthase
1, CHSIPl &3l Al 2 gudA4 25 Lo
ek g3hs AN Aol deixe dngo] miEjsit)
il oAl AR whdo] wie- whE oFAlR UdTA 2
(Kobayashi et al., 2001; Lee et al., 2003; Sparks and Nauen,
2015; Tomlin, 2000). Fenpropathrin |g|~&0|=4] )5}
2N s 24S 7RI Ry et al, 1996),
voltage-gated sodium channels (vgsc)dll 2H-8-3l= A2 &
A 2Uth(Sparks and Nauen, 2015). Pyflubumide= V| EF
=2 o} complex 19 HAAADE Al ete] AR &35 e}
W™ (Sparks and Nauen, 2015), =tjoll= &89, Alzk-gol,
utol-goflo] tgh WAAZ TE% o] UTHKCPA, 2019).
Pyridaben pyridazine SF3HE =2 coenzyme site Q1A vl
EF=g]o} respiratory chain®] complex Il Zgste] 2}
A Al & &3 Al 94 58S 711 A o] th(Hirata
et al., 1988; Hollingworth and Ahammadsahib, 1995;
Liimmen, 2007; Sparks and Nauen, 2015). =U]oll= ol 7
2 7FFol Rl thgh MAAR FEE ] UTHKCPA, 2019).
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A & (Proteomicsye 22 7171995 (2D-PAGE, two-
dimensional polyacrylamide gel electrophoresis)?} MALDI-
TOF/TOF (matrix-assisted laser desorption/ionization-time-
of-flight/time-of-flight mass spectrometry)S gt 417
&2 BRA £Foxe] ghuld -] W3l vwsied &
2314 1tk (Kundu et al., 2013; Nicholson et al., 2012).
o] 9] FA18H(Genomics)= oW FHAAE EAG=AE
w3l sHEo]3, HAMA & (Transcriptomicsy= A2 TS

AlzolA FAAE e @4dstE o] JdeXE Atshe
ghrolt}, o]gidt 7| e oAl A FHEE FHAk
o] WAS 7HEskehe ] AA| 71APA T FH-g T A €]
Asletd B34S wele dolle dHIZE Stk AE7HA
proteomics”| &S ©|8-¢t dF2 kAl A Heke] Hnk
A eid A HEs A Ao vus e B

A otk H2ell -8 A1 E2¥ (phosphine, PH;) &
SA S Hole
/g AnptuoA Tl dS FEte] T 2E7F 9d 3
A5 Y ch(Koo et al., 2021b).

B AedlAe 7 okl A GefA] A g Hutolgof &

5ol i3l o712 SHAIE AHEste A R

o) gi 7(-11:11—0] °H /\Lu]xﬂ x{s}/ﬂ zlr)r;q, 7}1;%4 }%
2D-PA GEQ} MALDI-TOF/TOFE 4A|sto] Thld 314 )
S =
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Table 1. Detailed information of 7. urticae collected at seven locations in Korea

Flel(.j Date (.)f Region Host Locations
populations collection
Chilgok,
CG 2020.12 Gyeongsangbuk-do Rose
Gyeongju,
GJ 2020.12 Gyeongsangbuk-do Strawberry — o
Hongseong,
HS 2020.12 Chungcheongnam-do Strawberry
Hongseong Chilgok
Seongjua Gyeongju
SJ 2020.12 Gyeongsangbuk-do Strawberry S veongj
Okcheon, Seongju
oC 2020.12 Chungcheongbuk-do Strawberry ,
PTI 202003 Pyeongtack, Rose <
Gyeonggi-do
PT2 2020.12 Pyeongtack,

Gyeonggi-do

Rose @




222 o1

e

NI=5 1
O

oF 20199-7E oAl A2 flo] i AR AS ARSI
ok 7N A9 E, CG; A, GI; 873, HS; 3, SI; S31,
OC; W91, PT1; %H2, PT2)olA] A3 5duto]-gof Hek
< AellA 2F o] o] 717HE AL AREE § Al A}
L3519 tH(Table 1). AW AREZRALS £ 25-27°C, FF7]
16L:8D, A= 40~60%2] ZASZ 714 (Phaseolus
vulgaris L) FHE Ho|2 ¥t ARSI

AE oA

Agof] ALg-E AHA|Q] abamectin (1.8% EC), bifenazate
(13.5% SC), etoxazole (10% SC), fenpropathrin (5% EC),
pyflubumide (10% SC), ZL2]3L pyridaben (20% WP) A]
SolA YA, FaAE 2 AP FHFEE Table
29} 7} ARl e FHEES VFE0E FRH g4s)
o] ARSIt A7) FE ultrapures 7] EE AR
Sigma-Aldrich (St. Louis, MO, USA)YIA FY3ct.
Pharmalyte (pH 3.5-10)= Amersham Biosciences (Cardiff,
UK)®I4, IPG DryStrips (pH 4-10NL; 24 cm) A|=njel
(Phohang, South Korea)ll4], Z12] 3 modified porcine trypsin
(sequencing grade)> Promega (Madison, WI, USA)IA -
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2 SHHE0 2 AAEI T

o

a P
o
_&
[\®)
S W
g
N
o T o
é ol tlo
>, S 1
N
w o

=
>

¢

IS \‘J al

r% flo Kk i rlo o

ot

Table 2. Information on the tested acaricides

ol o Aekast AL 9ok FAG AEH 20
o 43 100k} 05 AR 9 wstes,
oAkl J

EHE X3 O HYUHI|HE

oF 400mf2] 2] HHo]-goll %2 7 M urea, 2 M thiourea,
4% (w/v) 3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate (CHAPS), 1% (w/v) dithiothreitol (DTT),
2% (v/v) pharmalyte, 1 mM benzamidine® 2 *A3% lysis
buffere] 23 homogenizer (PowerGen 125; Fisher Scientific
Inc., Waltham, MA, USA)E o]&slo] spjA|zc). chd
F22 S3IAM 1117 B vortexing TR LM, 25°CoH|A]
12,000 rpmOZ A7} 53 Yaltelste] JEdS o)
27195 AER ANl Tl Ee] 5% 242 Bradford
HOo 7 4831 th(Bradford, 1976).

A=A} Isoelectric focusing (IEF)E $131d IPG stripse 7
M urea, 2 M thiourea, 2% 3-[(3-cholamidopropyl)dimethyl-
ammonio]-1-propanesulfonate (CHAPS), 1% dithiothreitol
(DTT), 1% pharmalyteZ 7J%¥ reswelling 8# 0=

ol A 12-16*17F A= reswelling Z St} Strip T A1 &EE 2t
7} 500 ug®¥-S AFE-319.2™, Amersham Biosciences A+
Multiphore Il systeme ©]-8-3t] A|Z3|AL] ALE- vl 7S

8ol 20°Col A IEFE 3 skitt. IEF 2712 150 Vel
H 3,500 V7HA19] EEAIZRS: 3A1ZF EA aH51om, 3,500
VollA 2617t A& E =5 slo] HFA O 96 kVh 7} B
= AAsich O]i}ﬂ_i SDS-PAGEZ Fa3t7] el
IPG StripsE 1% DTTE Fr3t equilibration buffer (50
mM Tris-Cl, pH6.8, 6 M urea, 2% SDS, 30% glycerol)=
1087} incubation 3t51.H, ZHFE 2.5% iodoacetamide=

h3-3F equilibration buffer® 1057F B incubation 3}t

Recommended conc.

Common name (IRAC, 2021) Trade name AP (%) Formulation” (ppm)
Abamectin (6) Allstar 1.8 EC 6.03
Bifenazate (25a) Acramite 13.5 SC 117.5
Etoxazole (10b) Zoom 10 SC 25
Fenpropathrin (3a) Danitol 5 EC 50
Pyflubumide (25b) Noblesse 10 SC 50
Pyridaben (21a) Sanmaru 20 WP 200
YActive Ingredient.

YEC; emulsifiable concentrate, SC; suspension concentrate, WP; wettable powder.
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Equilibration®] ¢t£¥ strips& SDS-PAGE gels (20 x 24
cm, 10-16%) $loll W€ A|7]13L, Hoefer DALT 2D system
(Amersham Biosciences)& ©]-8-3}0] 20°ColA FHFH o=
1.7 kVh7h =A A7R3i8ith. ojxkdd 7] 5o] ¢EH oA}
A Ae] ThlFL silver staining® 2 A]Z}8}E| %l oH | A
¥ o]xk A2 SYGENEAFS] DYVERSITYE ARIS A
S4A7E TIFF Q1 9 e] FeiE el A=A

olojx| 24

27 E omAZHE T gpotse] WS} 1S

28k A=A Q1 E49-8 PDQuest software (version 7.0, Bio-
Rad, Hercules, CA, USA)E ©]-&3}o] =3)slsit). 2 oy
A spote] quantity= total valid spots®] intensity® <=3}
(normalization)=]| R .1, tiZte]l HIs] T ul o)<l f2
St A SE BT WiE spotsE A 8IS

MALDI-TOF/TOFE 98 & #o| chd HE

AEE spots modified porcine trypsin (Promega)s ©|
g-3lo] AZ37(Shevchenko et al., 1996) Aol U&= SDS,
salts, 28] 22 GAES- A7 5}7] Y3l 50% acetonitrile®. Al

Table 3. Susceptibility to acaricides in the field populations of 7. urticae eggs®

Acaricide Population N LCs, (ppm) (95% CL) Slope + SE RR?
S 1,780 0.02 (0.02-0.03) 1.95+0.16 1.0
CG 870 >2,500 - >125,000
GJ 1,013 >2,500 - >125,000
HS 684 >2,500 - >125,000
Etoxazole
SJ 589 >2,500 - >125,000
oC 530 >2,500 - >125,000
PT1 772 >2,500 - >125,000
PT2 596 >2,500 - >125,000
S 1,148 7.31 (6.32-8.49) 0.13+0.14 1.0
CG 623 >1,000 - >136.8
GJ 783 >1,000 - >136.8
) HS 648 >1,000 - >136.8
Fenpropathrin
SJ 823 >1,000 - >136.8
oC 535 >1,000 - >136.8
PTI 461 >1,000 - >136.8
PT2 440 >1,000 - >136.8
S 2,072 0.27 (0.17-0.45) 0.35+0.48 1.0
CG 876 >1,000 - >3,703.7
GJ 797 >1,000 - >3,703.7
. HS 581 >1,000 - >3,703.7
Pyflubumide
SJ 817 >1,000 - >3,703.7
oC 587 >1,000 - >3,703.7
PT1 501 >1,000 - >3,703.7
PT2 1,275 628.92 (104.78-1,740) 0.43+0.14 2,329.3
S 462 0.73 (0.31-1.48) 0.91+0.10 1.0
CG 751 >20,000 - >27,397.3
GJ 580 >20,000 - >27,397.3
. HS 543 >20,000 - >27,397.3
Pyridaben
SJ 576 >20,000 - >27,397.3
oC 571 >20,000 - >27,397.3
PTI 1,073 >20,000 - >27,397.3
PT2 608 >20,000 - >27,397.3

9% Mortality stands for the % mortality at the recommended field concentration.

YConfidence limits.

9Resistance ratio = LCs of field strain/LCs, of susceptible strain (S).
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Hoh, Aol Folgle AHYL vacuum®E XA Z AL
50 mM ammonium bicarbonate (pHS8.7)°l| trypsin (8-10 ng/
ulyS 2ol rehydrate A 37ColA 8-10A17F FATH AS
2 Bruker Autoflex Speed mass spectrometer?t LIFTTM
ion opticsg ©]&3t AT MSe MS/MS data:=
Smart Beam laser (2-kHz repetition rate)2 53 7} &
=] thal] 4000 shots ©]F F2 I}, HlolEl= MS/MS
mode (2 keV collision energy)@ 433t}

HolE 24

ofelolA] AF gk Hutol-gofol that oA AnlE&
A Fte] Student’s ¢ test? W] wEte] A1, pilo
0.055t} zZow FAHORE folsitial 7H3l3th(SAS
Institute 9.4, SAS Inc.). THA| o] £-A& 714 (S) A
5 7|1F2 2 CG, G, HS, SJ, OC, PT1, Z8]3 PT2¢] A
£ F o= FAFINEE FHOoR FrteAY sk
A HOlE spotsS MBI two-way ANOVAS

o T

l

g

st spot A= 7He] Fewlel Ao]E  detection FATH
(IBM SPSS Statistics for Windows, Version 19.0, Armonk,
NY, USA).

Z

okl A HefolSoHel oH AR

= 77) A19(CG, GJ, HS, SI, OC, PT1, PT2)°lA A3
g Hutolgolo] AHAl S Bkl s gele
etoxazole, fenpropathrin, pyflubumide, pyridabene-, A%l
+ abamectin, bifenazate, Z12]3 pyflubumideE 2|3}
o} 2 A, 28 3] LollA etoxazoleoll sl 125,000
Hj o]4be] A&JHIE B fenpropathrinol] thall 136.89)
o]/, 22]3L pyridaben®ll thall 27,3974 ©]/de] w2 A3}
JH]E B TKTable 3). Pyflubumide *]Z]oXE PT2 M-S
Aelstar 3,703 olFe] AERE HATh AFelA=
abamecting A 2]st A3}, 32.5(HS &) ~ 371.1¥](PT2

Table 4. Susceptibility to acaricides in field populations of T, urticae adults”

Acaricide Population N 1(49(,:550%(8%5)1)) Slope + SE RRY
S 134 0.21 (0.08-0.82) 1.27+0.18 1.0
CG 270 63.02 (23.33-164.79) 0.88 +0.47 300.1
GJ 240 13.90 (3.27-24.56) 0.69 +0.49 66.2
) HS 270 6.82 (4.78-9.61) 0.23+0.24 325
Abamectin
SJ 270 14.4 (1.94-31.06) 0.41+0.25 68.6
ocC 210 17.9 (13.42-22.64) 0.19+0.11 85.2
PT1 212 55.0(22.59-404.53) 1.8+ 1.06 261.9
PT2 240 78.0 0.96 +0.47 371.4
S 359 5.08 (2.84-10.90) 1.37+0.23 1.0
CG 210 427.68 (1.63-11,249) 0.69+0.24 84.2
(€] 180 741.33 (99.11-15,487) 0.66 +0.23 145.9
) HS 270 8.62 (0.93-113.34) 0.22+0.16 1.7
Bifenazate
SJ 270 12.27 0.64+0.37 2.4
oC 210 1,706 (1184-2,399) 0.56+0.17 335.8
PT1 120 >11,750 - >2.313
PT2 270 3,511 (1,230-8,651) 1.00+0.27 691.1
S 180 2.75(1.32-5.31) 1.27+0.14 1.0
CG 180 >5,000 - >1,818.2
GJ 222 1,544 0.48+0.16 561.5
. HS 120 >5,000 - >1,818.2
Pyflubumide
SJ 120 >5,000 - >1,818.2
ocC 120 >5,000 - >1,818.2
PT1 210 3,753 2.29+0.69 1,364.7
PT2 120 >5,000 - >1,818.2

)% Mortality stands for the % mortality at the recommended field concentration.

YConfidence limits.

9 Resistance ratio = LCs, of field strain/LCs, of susceptible strain (S).
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Fig. 1. Representative 2-DE maps of proteins extracted from the 7. urticae S strain and seven field-collected populations (CG, GJ,
HS, SJ, OC, PT1, and PT2). The spots were visualized by silver staining. The 2-DE was repeated at least three times for each group.

Aehe] thkdh AaAduE BT bifenazate 2]l "1 =

PT1 Fj&to] 7P A&/ du)7t =34ar

Wl olste] v

HS Het SiIF e
A S HATHTable 4). Pyﬂubumide

Azl e GI, PTIRES A9)5l7 2% 1818.24) o))

Hi

oke| RAE FH0|S0Ho| CHMF H|TEA x|
9] Aol Bo] ofelollA g Huto] Fol=

Table 5. Identification of differentially expressed proteins using MALDI-TOF/TOF

< AZAVE B3l

24 QoY 53
[e]
39

Protein name Experimental Accession No. Level in . Fold ghange
pi/MW (kDa) field populations ~ Avg. (min. - max.)
Aldose reductase 6.47/32.53 XP_015795160.1 Increased 32.11(13.17 - 48.42)
Graves disease carrier protein isoform X1 6.15/2320 XP _015794325.1 Increased 32.16 (5.12 - 81.72)
Heat shock protein (HSP) 30D 6.17/20.45 XP_015786817.1 Increased 32.65(20.40 - 54.49)
pocitrate deydrogenase [NADP] cytoplasmiciso- 7 41 /39.74  XP_015785672.1  Tncreased 3891 (14.01 - 67.63)
Uncharacterized protein LOC107363246 420/23.46 XP_015785927.1 Increased 39.56 (5.18 - 102.28)
Inosine-5'-monophosphate dehydrogenase 1b 7.56/29.22 XP _015789481.1 Increased 39.73 (3.39 - 162.57)
Endoplasmic reticulum chaperone BiP 5.03/71.63 XP_015784980.1 Increased 44.80 (21.92 - 80.26)
Natterin-3 6.57/14.05 XP _015782147.1 Increased 45.04 (19.40 - 95.18)
Mitochondrial-processing peptidase subunit beta 4.18/43.44 XP 015785272.1 Increased 46.64 (12.25 - 112.17)
Protein disulfide-isomerase A4 6.26/49.08 XP_015788270.1 Increased 57.86 (16.98 - 138.19)
Ezt‘:ﬁ‘zo‘ligyn‘ggffm“ El componentsubunit 4 ¢4 /3061 XP 015792577.1  Increased 6534 (6.19 - 143.29)
Elongation Factor 1-gamma 6.16/41.65 XP_015788318.1 Increased 70.75 (8.28 - 106.32)
Arginine kinase isoform X2 7.44/36.28 XP_015786939.1 Increased 74.38 (8.48 - 161.94)
Endoplasmic reticulum resident protein 29 5.95/25.68 XP_015786819.1 Increased 111.63 (10.96 - 409.29)
Tubulin beta-2 chain 426/48.86 XP 015789136.1 Increased 149.72 (3.10 - 388.36)
Glutamine synthetase 7.53/36.85 XP_015785304.1 Increased 174.67 (18.08 - 553.38)
26S proteasome non-ATPase regulatory subunit 11 6.34/29.29 XP_015786119.1 Increased 238.10 (80.09 - 650.36)
Actin, clone 403 5.60/37.38 XP 015795605.1 Increased 258.16 (14.50 - 1040.51
Elongation Factor 1-beta 337/23.72  XP_015794600.1  Increased  301.59 (1.00 - 796.48)
Proteasome subunit beta type-2 5.74/18.86 XP _015794827.1 Decreased 0.36 (0.02 - 1.09)
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7F A=gk AR il i AR S AU ASdT
olggk A Hek Huto]gofo] 287|2S B3] 9
3 FEe A A SHsES ¥wst
ofe ezt 7 Futolgol o] dlA S FEate] 21
71955 AUt (Fig. 1). 2 A3, BE Aol H+
Aoz oF 1,2000470¢] @A spots7t 2

T 4~10 Atololl, EAFEE 14~120 kDal 2 X H o] U3
o} 2N E olm|x|e] Aol B
(version 7.0)E o83l &% 3'5‘ 3—"’1— EHZ:EL &, A A
wrolZofjofl Hal ofe] A Hekell M F uj o] o] fogh
7 HEHSELE Hol= spotsE AT 1 F A
of Hla oke] AF Hetold wdo] A ZHag 15719
spotse} & o] 71k 30719] spots 5 EF 4571€] spots
£ 4371 918l MALDI-TOF/TOFE F83t3ith. L 4
3 20719] spotse T 0] HUAT 25702 spots= FG]
A BYUTHTable 5). @ G4, 244 et o
) ofAl Adde A oke] A Hetol A il H o
A2 elongation factor 1-beta(Hd 301.5981)5 H|5E3tA
HSP 30D 32.659), aldose reductase(H<+ 32.114)),
endoplasmic reticulum chaperone BiP(3<t 44.88Y), natterin-3
(<t 45.0441), 28] glutamine synthetase(H< 174.6790)
5ol AL, vHfZ 74 AL proteasome subunit
beta type-2(3< 0.3681)°0] T = AT

—

k=
gt

B AFeA 20201 A W T A FEtol-gof o
sl e7le] ARAE Agste] A AFE AR A3
BE AY9 ¢ PT2 FEo] pyflubumidedl] 2,32941<] A
LS B A A9l etoxazole(>125,000), fenpropathrin
(>136.8), pyflubumide(>3703.7), ]2 pyridaben(>27397.3)
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