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[Abstract] Objective To explore the role of metabolic detoxification enzyme activity and knockdown resistance
(kdr) gene mutations in the pyrethroid resistance of Aedes (Ae.) albopictus. Methods From Aug. to Sep. in 2017, the Ae.
albopictus samples were collected in Qianfoshan Park, Jinan City, Shandong Province (JN), Shangmaojiabu, Hangzhou City,
Zhejiang Province (HZ), Baoshan Sixth Village, Baoshan District, Shanghai (BS), Gongqing Forest Park, Yangpu District,
Shanghai (YP), and Meilan District Residential Area, Haikou City, Hainan Province (HK). The above five field populations
were all resistant to insecticide. The activities of metabolic detoxification enzymes (glutathione-S transferase [GST] and
mixed function oxidase [MFO]) were detected and compared with the Ae. albopictus susceptible strain (JS). The contribution

rates of activity changes of GST and MFO and kdr mutations (11532 and F1534) in the resistance formation were analyzed by
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the classification and regression trees (CART). Results The baseline enzyme activities of GST and MFO in A4e. albopictus
JS were both significantly higher than those in the BS and HK resistant populations (both P<<0.01). There were no significant
difference in the activities of GST and MFO between the BS population unexposed and exposed to deltamethrin (#>0.05).
After exposure to permethrin of BS population, the activities of GST and MFO were significantly increased (£<<0.05,
P<<0.01). After exposure to deltamethrin, the GST activity was not significantly changed in the HK population (P>0.05),
while the MFO activity was significantly increased (P<<0.01). However, after exposure to permethrin in the HK population,
there were no significant changes in the GST and MFO activities (both >0.05). In the 5 field resistant populations exposed to
deltamethrin and permethrin, the changes of GST and MFO activities were irregular compared with baseline of Ae. albopictus
JS strain. CART analysis showed that in the resistance formation of Ae. albopictus against deltamethrin, the contribution rates
of GST activity and kdr F1534 mutation were the greatest, followed by MFO activity, and the kdr 11532 mutation was the
smallest. In the resistance formation of Ae. albopictus against permethrin, the kdr F1534 mutation had the highest contribution
rate, followed by the GST and MFO activities, and the kdr 11532 mutation had no contribution. Conclusion The activity
levels of metabolic detoxification enzymes (GST and MFO) are not suitable as single markers for detecting the resistance

of Ae. albopictus to pyrethroids. The activity changes of metabolic detoxification enzymes and kdr mutations may be two

synergistic mechanisms in the resistance formation of Ae. albopictus to pyrethroid insecticides.
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Fig 1

Comparison of enzyme activities of Aedes albopictus BS field

population before and after exposure to insecticides

GST: Glutathione S-transferase; BS: Baoshan Sixth Village, Baoshan District, Shanghai; D: Deltamethrin; P: Permethrin; MFO:

Mixed function oxidase; Cyt-C: Cytochrome C. "P<<0.05, "P<<0.01. X+s
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Fig2 Comparison of enzyme activities of Aedes albopictus HK field

population before and after exposure to insecticides

GST: Glutathione S-transferase; HK: Meilan District Residential Area, Haikou City, Hannan Province; D: Deltamethrin; P:

Permethrin; MFO: Mixed function oxidase; Cyt-C: Cytochrome C. "P<<0.01.X=s
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Fig3 Comparison of enzyme activities of Aedes albopictus between field population exposure

to deltamethrin (D) and the susceptible strain

GST: Glutathione S-transferase; JS: The Aedes albopictus susceptible strain; JN: Qianfoshan Park, Jinan City, Shandong Province;

HZ: Shangmaojiabu, Hangzhou City, Zhejiang Province; BS: Baoshan Sixth Village, Baoshan District, Shanghai; YP: Gongqing

Forest Park, Yangpu District, Shanghai; HK: Meilan District Residential Area, Haikou City, Hannan Province; MFO: Mixed function

oxidase. "P<0.05, "P<<0.01. x*s
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Fig4 Comparison of enzyme activities of Aedes albopictus between field population exposure

to permethrin (P) and the susceptible strain

GST: Glutathione S-transferase; JS: The Aedes albopictus susceptible strain; JN: Qianfoshan Park, Jinan City, Shandong Province;

HZ: Shangmaojiabu, Hangzhou City, Zhejiang Province; BS: Baoshan Sixth Village, Baoshan District, Shanghai; YP: Gongqing

Forest Park, Yangpu District, Shanghai; HK: Meilan District Residential Area, Haikou City, Hannan Province; MFO: Mixed function

oxidase. ‘P<<0.05.x=+s
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Fig5 Contribution rates of metabolic detoxification

enzyme activity and kdr mutations to resistance
formation of Aedes albopictus against pyrethroids
kdr: Knockdown resistance; GST: Glutathione S-transferase;

MFO: Mixed function oxidase
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Fig 6 Contribution rates of metabolic detoxification
enzyme activity and kdr mutations to resistance
formation of different Aedes albopictus resistant
populations against pyrethroids
kdr: Knockdown resistance; GST: Glutathione S-transferase;
MFO: Mixed function oxidases; JN: Qianfoshan Park, Jinan
City, Shandong Province; BS: Baoshan Sixth Village, Baoshan
District, Shanghai; HZ: Shangmaojiabu, Hangzhou City,
Zhejiang Province; HK: Meilan District Residential Area,
Haikou City, Hannan Province; YP: Gongqing Forest Park,
Yangpu District, Shanghai

303 i

ENTENERE TSN S ESE P € O T AW
il GST Fl MFO { L AKCF- = T I b0t Fh
R HOR S B R A S R A L
BTt mEas, (05 RURE R LU TS AR A
TCW AR, BRI wE B 8 A 5 A IR A
HFIHCE AR DCHE TS D], FISUP O 38 BRZE R
WG A 22, WIS kdr 2
A RAE T EEAEH, BEARRIFHEL TR AR
ZE 5o

AR 2 B X 4 TR 2R BRI AR
FEEHLHZ 1, WFE R, hAEFRI (Anopheles
sinensis ) . WAL ( Anopheles funestus ) 25X 51
FR MBI GST Al MFO T S IE A,
T SIS A RIS Bt = AL b, A A e il
WP B — R 2 AP, AL
ISR GST W M 5 IR FH ERPUME 2 IEAH G 1%
FLLAFEPN T CYPASO BN AR BHG PE T i Sy i 4
BRBLIE A FZHLE], 1 GST G R =
FEAG . EIROFSE A SUPHISCR A b X SRR
FRIIANIA], PRI M0 ) I B B AN A
XATRE R B A B A I,
AN]SR ST AR R M A B 2
BRURRR R RE LR B i = T I R, A 58
B B AT e R M R L A . SR
AR S 2R ER LR B A R 455, $n
SR BEG R LK AATE 22 R, X ATRES HEL
PRISCRPRE A IBALTE 5 . % HURIE Al Ty s A e 251
FHREAX. FL, LUREFHEILLE NS R
GST 1l MFO & P L EANE SR Al A 8o
ISR XSG IR RO BT B B R bR s

TREF R SRR 2 Fh2E R 405 2
g, miE)E 1 AMUBR AR (NS B ) |, Je&
J& T BB R AEE (& a-3E) o s, 2 F
AP AR rh B RE R A AR, T A=

SO AC IR 2SN FEIE KT, A
PRI R L, oA B L .
FENMAT ARG I MEEH Tieshime, S
N FIE AT, SRR, s
TSR RE, HEREEE | RIS RIF A4
TS 2% HFR 0k g e g/ P AL ], ook = A=
IR 225 . 2T R, ek fi)™



° 518 -

WOEERR O 20194E5 H, 540 %

AU Z AL L VR T R 2 R0, AR g4
R A st 2t AGEBTHENLES kdr HL
HITE 2 PR ARG PR 2% AR ™= A P i ST kR
ATE), XFsE A (R Hodk =4z 69 sTmk R
JF42&: GST>kdr (F1534) >MFO>kdr (11532) ,
MXTEEEER (1R Hotk =B i sTk 20y R kdr
(F1534) >GST>MFO. A5 H#RTEAMBEDT
P AERPLEI T, kdr B EEEH, SRR,
SREN— xR R A P AR AL
kdr AILHIHERIVE R 455

TS kdr AT BEE TSSO S RS A
FUBCE = A A A S AR B BRI A 2 FRBLE], anEa
Bt HK RGP AT & T HAR R, kdr 28
AEZFIHE T I DTk IC N 2 o W T A AR R R
W, A8 HK FMERAE i B 248, FhifEL
H, DN HK MRSl s R 288 ORI R
it P T R R X ORI 7 A i AL e
RBFEPEE ST, kdr 2728 AR L, 20t
AU BRAZ AR B ZEFNRE & 04, Beit
kdr ML FZAERT, e b o mES PR 151 e B
W, EE A TR HARPEE R
WEERL, ATRE SR . AR A G, R
M, AT AR A B DLE R s, K
KA T LA I ] 3 B2 S 22 I R e — 2L Bk .

Eigt ARREEFRLEFY, REWESETN
XFEEH, ERERTRBNBE! HITERRET
B 4 o o kSR T, o R T 4R P A
£ AR BT IR BT AT, 98w 4 i B R R 5
#l e ARde R SR T T S B R R I AT
AR % BRI R L B AR # 3 B CART
BAE A

[Z % X WA

[1] BONIZZONI M, GASPERI G, CHEN X, JAMES A A.
The invasive mosquito species Aedes albopictus: current
knowledge and future perspectives[J]. Trends Parasitol,
2013, 29: 460-468.

21 &R AR 5. AU s R A K BB ).
A e R A 2, 2013,24:1-4.

[31 GUO C, ZHOU Z, WEN Z, LIU Y, ZENG C, XIAO D,
et al. Global epidemiology of dengue outbreaks in 1990
2015: a systematic review and meta-analysis[J/OL].
Front Cell Infect Microbiol, 2017, 7: 317. doi: 10.3389/

(8]

(]

(10]

[11]

[14]

fcimb.2017.00317.

LOUNIBOS L P, KRAMER L D. Invasiveness of Aedes
aegypti and Aedes albopictus and vectorial capacity for
chikungunya virus[J]. J Infect Dis, 2016, 214(Suppl 5):
S453- S458.

EPELBOIN Y, TALAGA S, EPELBOIN L, DUSFOUR 1.
Zika virus: an updated review of competent or naturally
infected mosquitoes[J/OL]. PLoS Negl Trop Dis, 2017,
11: €0005933. doi: 10.1371/journal.pntd.0005933.
KULARATNE S A. Dengue fever[J]. BMJ, 2015, 351:
h4661.

LIMT, SUNG Q, YAKOB L, ZHU H P, JIN Z, ZHANG
W Y. The driving force for 2014 dengue outbreak
in Guangdong, China[J/OL]. PLoS One, 2016, 11:
¢0166211. doi: 10.1371/journal.pone.0166211.

o RUEZ, 1 SGEE T X B FRE SR R I iR S
WA SO 25 G IR BT, A 2R ) 2 KA i
72,2015,26:4-10.
BRI 7 RN ) C s I R N T S
SUPHISONS 35 R A ORI P2 P St (B e PR 2
OYHT[I]. B R K22 41k,2015,36:832-838.

WANG X H, CHEN HY, YANG X Y, LIN Y, CAI F,
ZHONG W B, et al. Resistance to pyrethroid insecticides
and analysis of knockdown resistance (kdr) gene
mutations in Aedes albopictus from Haikou City[J]. Acad
J Sec Mil Med Univ, 2015, 36: 832-838.

VPRI PINE S X, 25 T R TR A R TR
AU ON 2% HOR) A ORI 7 (1], b A A
Wy A il 2% 5,2010,21:148-149.

SMITH L B, KASAT S, SCOTT J G. Pyrethroid
resistance in Aedes aegypti and Aedes albopictus:
important mosquito vectors of human diseases[J]. Pestic
Biochem Physiol, 2016, 133: 1-12.

HEMINGWAY J, HAWKES N J, MCCARROLL
L, RANSON H. The molecular basis of insecticide
resistance in mosquitoes[J]. Insect Biochem Mol Biol,
2004, 34: 653-665.

PETHUAN S, JIRAKANJANAKIT N,
SAENGTHARATIP S, CHAREONVIRIYAPHAP T,
KAEWPA D, RONGNOPARUT P. Biochemical studies
of insecticide resistance in Aedes (Stegomyia) aegypti
and Aedes (Stegomyia) albopictus (Diptera: Culicidae) in
Thailand[J]. Trop Biomed, 2007, 24: 7-15.

ISHAK T H, RIVERON J M, IBRAHIM S S, STOTT R,
LONGBOTTOM J, IRVING H, et al. The cytochrome
P450 gene CYP6P12 confers pyrethroid resistance in kdr-
free Malaysian populations of the dengue vector Aedes
albopictus[J/OL]. Sci Rep, 2016, 6: 24707. doi: 10.1038/
srep24707.

S B, K. WORLEGYE > AL ST (D).
TR Y B il 2R, 2016,27:515-519.



55501, BREIWY, AE. PRSP EE RIS M AR TR R S AR TR [ BB S TR BRI BT A T PR

* 519 -

[16]

[19]

(21]

[22]

(23]

WILLIAMSON M S, MARTINEZ-TORRES D, HICK C
A, DEVONSHIRE A L. Identification of mutations in the
housefly para-type sodium channel gene associated with
knockdown resistance (kdr) to pyrethroid insecticides[J].
Mol Gen Genet, 1996, 252(1/2): 51-60.
SAAVEDRA-RODRIGUEZ K, URDANETA-
MARQUEZ L, RAJATILEKA S, MOULTON M,
FLORES A E, FERNANDEZ-SALAS I, et al. A mutation
in the voltage-gated sodium channel gene associated with
pyrethroid resistance in Latin American Aedes aegypti[J].
Insect Mol Biol, 2007, 16: 785-798.

GAO J P, CHEN H M, SHI H, PENG H, MA Y J.
Correlation between adult pyrethroid resistance and
knockdown resistance (kdr) mutations in Aedes albopictus
(Diptera: Culicidae) field populations in China[J/OL].
Infect Dis Poverty, 2018, 7: 86. doi: 10.1186/540249-018-
0471-y.

BROGDON W G, BARBER A M. Microplate assay of
glutathione S-transferase activity for resistance detection
in single-mosquito triturates[J]. Comp Biochem Physiol
B, 1990, 96: 339-342.

POLSON K A, RAWLINS S C, BROGDON W G,
CHADEE D D. Characterisation of DDT and pyrethroid
resistance in Trinidad and Tobago populations of 4edes
aegypt(J]. Bull Entomol Res, 2011, 101: 435-441.
AIKPON R, SEZONLIN M, OSSE R, AKOGBETO M.
Evidence of multiple mechanisms providing carbamate
and organophosphate resistance in field An. gambiae
population from Atacora in Benin[J/OL]. Parasit Vectors,
2014, 7: 568. doi: 10.1186/s13071-014-0568-5.

CHANG X, ZHONG D, FANG Q, HARTSEL J, ZHOU
G, SHI L, et al. Multiple resistances and complex
mechanisms of Anopheles sinensis mosquito: a major
obstacle to mosquito-borne diseases control and
elimination in China[J/OL]. PLoS Negl Trop Dis, 2014, 8:
¢2889. doi: 10.1371/journal.pntd.0002889.

SANGBA M L, DEKETRAMETE T, WANGO S
P, KAZANJI M, AKOGBETO M, NDIATH M O.

[26]

[30]

(31]

Insecticide resistance status of the Anopheles funestus
population in Central African Republic: a challenge in the
war[J/OL]. Parasit Vectors, 2016, 9: 230. doi: 10.1186/
s13071-016-1510-9.
2N o KU AN B AR B T R A VLT PR
BT H SOOI B S Pk S OLRRIERFSE[I]. Th R
A= KA 44 3,2013,24:103-107.
REFLLBILH FE S, IS BOHR SUEE BRI
A= s A A BRI SE D], T SR R A,
2005,21:851-854.
NGOAGOUNI C, KAMGANG B, BRENGUES C,
YAHOUEDO G, PAUPY C, NAKOUNE E, et al.
Susceptibility profile and metabolic mechanisms involved
in Aedes aegypti and Aedes albopictus resistant to DDT
and deltamethrin in the Central African Republic[J/OL].
Parasit Vectors, 2016, 9: 599. doi: 10.1186/s13071-016-
1887-5.
VERSCHOYLE R D, ALDRIDGE W N. Structure-
activity relationships of some pyrethroids in rats[J]. Arch
Toxicol, 1980, 45: 325-329.
NARAHASHI T. Neuronal ion channels as the target sites
of insecticides[J]. Pharmacol Toxicol, 1996, 79: 1-14.
LIU N. Insecticide resistance in mosquitoes: impact,
mechanisms, and research directions[J]. Annu Rev
Entomol, 2015, 60: 537-559.
ISHAK I H, JAAL Z, RANSON H, WONDIJI C S.
Contrasting patterns of insecticide resistance and
knockdown resistance (kdr) in the dengue vectors Aedes
aegypti and Aedes albopictus from Malaysia[J/OL].
Parasit Vectors, 2015, 8: 181. doi: 10.1186/s13071-015-
0797-2.
KUSHWAH R B, MALLICK P K, RAVIKUMAR H,
DEV V, KAPOOR N, ADAK T P, et al. Status of DDT
and pyrethroid resistance in Indian Aedes albopictus and
absence of knockdown resistance (kdr) mutation[J]. J
Vector Borne Dis, 2015, 52: 95-98.

[(AXHE] T+ %K



