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Abstract

transmission.

susceptible mosquitoes.

Background: Anopheles sinensis is the primary vector of vivax malaria in China and its control is under great threat
as the development of insecticide resistance. In contrast to physiological resistance, there is no report of behavioural
modifications of resistant An. sinensis after long-term insecticide use, despite their huge potential impact on malaria

Methods: Larvae or pupae of An. sinensis were collected from Yuanyang, Bishan, and Wuhe counties from southwest-
ern to eastern China. Resistance to deltamethrin was assayed using the standard World Health Organization (WHO)
susceptibility test. The frequency distribution of the kdr allele of the para-type sodium channel gene was determined
by polymerase chain reaction (PCR) amplification and DNA sequencing. Contact repellency to deltamethrin-impreg-
nated bed nets was evaluated using a modified WHO cone bioassay.

Results: All contemporary field populations for all three geographic locations were resistant to deltamethrin, with
mortality ranging from 6.00 to 26.79%. Three kdr genotypes with either an L1014F or L1014C substitution with fre-
quencies of 76.10-100% were identified in the Bishan and Wuhe populations, but no kdr mutations were detected in
the Yuanyang samples despite high phenotypic resistance. The susceptible mosquitoes exhibited significantly longer
flying time and more takeoffs on deltamethrin-treated bed nets (DTN) than on untreated bed nets (UTN), sugges-
tive of robust avoidance behaviour. However, no significant increases in the frequency of takeoffs or flying time were
observed in deltamethrin-resistant An. sinensis populations when exposed on DTNs, regardless of the presence of a
kdr mutation. Moreover, the first takeoff from DTNs by resistant mosquitoes significantly lagged behind compared to

Conclusion: The An. sinensis populations were highly resistant to deltamethrin and exhibited decreased avoidance
behaviour. Behavioural modification significantly associated with deltamethrin resistance, but not directly related to
the presence of kdr mutations, indicating that there are additional factors contributing to the changes.
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Background

Malaria has a high mortality, and has caused nearly a
half million deaths in Africa, most of which were in chil-
dren under 5 years of age [1]. Insecticide-treated mos-
quito nets (ITNs) and indoor residual spraying (IRS) are
widely used for malaria prevention [2]. Organochloride,
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organophosphate, carbamate, and pyrethroid insecti-
cides are approved for IRS. Only pyrethroids are allowed
in ITNs owing to their low mammalian toxicity and high
insecticidal potency [3, 4]. Deltamethrin and permethrin
are two pyrethroids that have been used to control mos-
quito vectors in China since the 1980s [5]. ITNs and IRS
are effective in reducing vector-human contact [6]. How-
ever, extensive use of insecticides has subjected mos-
quitoes to intensive selection pressure, resulting in the
development of physiological resistance and behavioural
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change [7-9]. Multiple mechanisms contribute to the
physiological resistance to pyrethroids in mosquitoes,
including target-site insensitivity caused by kdr muta-
tions in the para-type sodium channel gene (knockdown
resistance) and detoxification by mosquito enzymes that
metabolize the insecticide before it reaches its target
(metabolic resistance) [10].

Insect behavioural responses to insecticides can be
stimulus-dependent or independent [11]. Stimulus-
independent responses are not associated with the per-
ception of chemicals, but rather involve behaviours like
exophily or zoophily that avoid insecticide exposure [8,
11]. Modifications of stimulus-independent behaviours
have been observed in malaria vectors following long-
term extensive usage of insecticides, including a switch
toward outdoor feeding [12—17], change in feeding time
[18], increased zoophagy [19, 20] and a shift in malaria
vector species [21-24]. Stimulus-dependent behaviours
are specific responses to detection of chemicals following
contact (irritancy) or without direct contact (repellence)
with a treated surface [8, 11]. Insect avoidance behaviour
is generally used to describe actions that are stimulus-
dependent by some combination of excitation and repel-
lency [11]. A high-throughput excito-repellency assay
found that pyrethroids elicited a range of contact irritant
and noncontact repellent responses in many mosquito
species that typically resulted in avoidance behaviours
[11]. Stimulus-dependent behaviours can also be modi-
fied by the selection pressure exerted by long-term
insecticide use. The avoidance behaviour of pyrethroid-
resistant mosquitoes weakens or disappears following
contact with pyrethroid-treated bed nets, leading to sig-
nificantly altered host-seeking behaviours [25-29]. Both
stimulus-dependent and stimulus-independent behav-
iours have strong effects on host contact by aggressive
malaria vectors. A change in the response to insecticide-
treated surfaces can alter host-seeking behaviour, and
thus threaten the effectiveness of indoor vector control
tools [8, 29].

Anopheles sinensis is a primary vector of vivax malaria
in China and other Southeast Asian countries because
of its wide distribution and high density [30-32]. The
emergence and spread of pyrethroid resistance has been
documented in many regions of China, including Hainan
[33], Yunnan [34, 35], Chongqing [36], Henan [37], Anhui
[35], Shandong [38], Hubei [34], Hunan [34], Jiangsu [39],
and Fujian [40] provinces. Resistance has been shown to
be associated with mutations at codon L1014 of the para
sodium channel gene. Four nonsynonymous mutations
have been identified, namely, L1014F, L1014S, L1014C,
and L1014W [5, 33-35, 38, 41-47]. There have been
no reports of behavioural modifications in pyrethroid-
resistant An. sinensis after long-term use of insecticides.
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This study examined the level of deltamethrin resistance
and kdr mutation genotypes in An. sinensis from three
localities in China. The contact irritancy to permethrin-
impregnated nets was assayed in resistant field-collected
and susceptible laboratory-raised mosquitoes.

Methods

Mosquito strains

Four populations of An. sinensis—one laboratory-raised
susceptible and three field-collected resistant popula-
tions—were used for kdr mutation analysis and bioas-
says. The laboratory population (WX-LS) was obtained
from Jiangsu Institute of Parasitic Diseases in Wuxi,
China and reared at 27 °C and 80% humidity at the Insti-
tute of Entomology and Molecular Biology, Chongqing
Normal University. Larvae were fed fish food in clean
water and maintained in a 12 h:12 h light:dark photo-
period until pupation. Adults were fed 10% glucose solu-
tion. The resistant populations were collected from three
geographical sites from southwestern to eastern China,
Yuanyang County in Yunnan Province (YY-FR), Bishan
District in Chongqing Municipality (BS-FR), and Wuhe
County in Anhui Province (WH-FR) (Fig. 1).

Yuanyang is situated in a mountainous area in the
south of Yunnan Province close to the border of Vietnam.
Bishan is a hilly region located in the west of Chongqing.
Wuhe is a county in the north of Anhui Province with
many alluvial plains. Rice is the major agricultural crop
in the three collection regions with two or three harvests
each year in Yuanyang and one harvest in Bishan and
Wuhe. Malaria is endemic in Yuanyang and Wuhe, while
Bishan is historically endemic [48-50]. Severe damage to
the rice crop by insect pests has led to intensive insecti-
cide use with several rounds of spraying in each growing
season. Pyrethroids are commonly used for agricultural
pest control in the collection sites, but other insecticides
such as organic phosphates and carbamates are also used
[5, 35].

Mosquito sampling

About 3000 larvae or pupae from more than ten habi-
tats, most of which were rice fields or small ponds with
aquatic plants, were collected at each geographical
region. The collection sites were separated by at least
5 km to avoid including genetically-related siblings in
the subsequent bioassays. The specimens were identi-
fied as Anopheles by their morphological features [51]
and were kept in plastic storage bins for transport to a
local rearing shelter close to the collection site. The lar-
vae and pupae were reared to adults with fish food under
local environmental conditions, and the adults were fed
10% glucose solution. Adult females were used in the
deltamethrin resistance and behaviour assays and for
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Fig. 1 Location of the three mosquito collection sites

kdr allele genotyping. Mosquitoes were collected and
the assays were conducted at the three sampling sites in
June—August 2017 and 2018.

Insecticide susceptibility assay by the WHO standard
tube-test method

The susceptibility of adult mosquitoes to deltamethrin
was assayed using the standard WHO tube-test method
[52]. Twenty-five 3-day-old female mosquitoes were

placed in a WHO tube containing 0.05% deltamethrin
test paper that was provided by the Chinese Center for
Disease Control and Prevention. Paraffin oil-treated
paper without insecticide was used as a control. The
knockdown time of each mosquito was recorded in min-
utes up to 1 h. After 1-h exposure to the diagnostic con-
centration of deltamethrin, mosquitoes were transferred
to recovery cups and maintained on 10% glucose solu-
tion for 24 h. Surviving and dead mosquitoes were then
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identified as previously described and counted [34]. Dead
mosquitoes were preserved in 95% alcohol in separate
containers for subsequent DNA analysis.

Contact repellency tested by the WHO cone bioassay
Contact repellency was evaluated in adult female mosqui-
toes by the WHO cone bioassay (WHO/CDS/WHOPES/
GCDPP/2005.11). Three-day-old female mosquitoes of
field-collected and laboratory populations were used for
the test. Mosquitoes were individually introduced into
standard WHO cones which were separately placed on a
25 cm x 25 cm net treated with 55 mg/m?+25% deltame-
thrin. Control mosquitoes of the same population were
tested on an a net free of insecticide. The irritant effect
of deltamethrin were assessed by comparing the time
until the first takeoff from the net surface, the number of
takeoffs, and the cumulative flying time in a 3-min test
time. The mosquitoes were then transferred to individual
recovery cups and maintained on 10% glucose solution
for 24 h. Surviving and dead mosquitoes were identified
and counted as previously described [34]. One leg was
removed from each mosquito and preserved individually
in 95% alcohol for subsequent species identification and
kdr mutation analysis.

DNA extraction and species identification

Individual mosquito legs were homogenized in 50 pl
5% Chelex100 sodium plus 2 pl 20 pg/pl protein K and
heated in a water bath for 6 h at 56 °C and at 94 °C for
3 min for extraction of DNA. The extracted DNA solu-
tion was used immediately in the PCR assay or stored at
—20 °C for later use. Molecular identification of An. sin-
ensis species was done with species-specific primers and
amplification of the internal transcribed spacer (ITS) 2
DNA and 28S rDNA regions (D1 and D2) [34]. The PCR
mixture contained 7.5 pl of 2x Taq Master Mix (TaKaRa,
Dalia, China), 0.8 pl of each primer, 4.9 pl of double dis-
tilled H,O and 1 pl of the DNA template in a total volume
of 15 pl. The PCR was performed at 95 °C for 3 min and
35 cycles of 95 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s,
and 72 °C for 10 min. DNA sequencing was carried out
using the D1 and D2 An. sinensis primers.

kdr gene amplification and sequencing

PCR and direct DNA sequencing were used to identify
point mutations of the kdr alleles of the para-type sodium
gene at 1014L in the field-collected mosquitoes as previ-
ously described by Zhong et al. [34]. A 325 bp fragment
of the para-type sodium gene containing position 1014
was amplified using Kdr-F (5-TGCCACTCCGTGTGT
TTAGA-3') and Kdr-R (5-GAGCGATGATGATCC
GAAAT-3') primers for An. sinensis. The PCR mixture
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contained 12.5 pl of 2x Taq Master Mix (TaKaRa, Dalia,
China), 1 pl of each primer, 9.5 pl of double distilled H,O
and 1 pl of the DNA template in a total volume of 25 pl.
The PCR reaction was carried out in a Mastercycler ep
realplex (Eppendorf; Hamburg, Germany) with initial
denaturation at 95 °C for 3 min, followed by 35 cycles of
amplification at 95 °C for 30 s, 55 °C for 30 s, and 72 °C
for 30 s, with a final extension step at 72 °C for 10 min.
The amplicons were resolved in 1% (wt/vol) agarose and
observed with UV light. The PCR products were directly
sequenced in both forward and reverse directions using
the same primers.

Statistical analysis

Insecticide resistance or susceptibility of the mos-
quito populations were described by the WHO criteria,
with resistance as 80% mortality, probable resistance as
80-98% resistance, and susceptibility as 98% mortal-
ity. DNA sequences were translated into amino acid
sequences with the EMBL-EBL online tool (http://web.
expasy.org/translate/). BioEdit sequence analysis soft-
ware was used to analyse the mutation. The number of
takeoffs, cumulative flying time, and the time until the
first takeoft were calculated in each treatment. Statistical
analysis was performed with SPSS for Windows 10 (ver-
sion 19; SPSS Inc., Chicago, IL, USA). For sample char-
acterization, descriptive statistics (mean and standard
deviation) were used; p-values<0.05 were considered
statistically significant. The Kolmogorov—Smirnov test
was performed to examine the distribution of variables.
One-way analysis of variance (ANOVA) and the least
significant difference multiple comparison test was used
for multiple comparison of mortality and knockdown
rate. The Chi square statistic test was used to compare
the kdr mutation frequency, and the non-parametric test
(Mann—Whitney U or Kruskal-Wallis test) were used to
detect statistically differences for paired or multiple data
due to lack of normal distribution. To evaluate the factors
that influence the avoidance behaviour of resistant mos-
quitoes, the Generalized Linear Mixed Model analysis
(GLMM) with the logit link function was conducted for
number of takeoffs, flying times and the time until first
takeoff, respectively. In this models, resistance and kdr
mutation were established as fixed effects; each tested
mosquito was considered as a random effect.

Results

Deltamethrin resistance of adult female field-collected
Anopheles sinensis

The susceptibility of mosquitoes to 0.05% deltamethrin
is shown in Table 1. All three tested populations were
highly resistant to deltamethrin, with mortality rates
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between 6.00 and 26.79% and knockdown rates between
9.00 and 36.40%. ANOVA found a significant varia-
tion in knockdown (F=49.14, p<0.0001) and mortality
(F=34.98, p<0.0001), indicating that the WH-FR mos-
quitoes are the most resistant, followed by YY-FR and
BS-FR populations. Mortality was 100% in the labora-
tory-raised susceptible mosquitoes, confirming the qual-
ity of the resistance-test paper.

Molecular identification

The field-collected mosquitoes were initially identified as
belonging to the genus Anopheles by their morphology.
A total of 1109 adult females collected at the three study
sites were tested for deltamethrin susceptibility, contact
behaviour, and kdr genotype. The 674 that were tested by
amplification of ITS2 DNA and 28S rDNA were all iden-
tified as An. sinensis.

kdr mutations in field-collected Anopheles sinensis

kdr genotyping was performed in 340 An. sinensis mos-
quitoes, 146 from Bishan, 94 from Yuanyang, and 100
from Wuhe. To genotype the kdr alleles, a 325 bp frag-
ment of the para-type sodium channel gene at posi-
tion L1014 (TTG) was amplified and sequenced. No
kdr mutations were identified in the Yuanyang popula-
tion despite high levels of phenotypic resistance. Three
kdr mutations were identified in the Bishan and Wuhe
populations. Two L1014F mutations (TTT and TTC)
lead to a leucine-to-phenylalanine substitution and one
L1014C (TGT) mutation lead to a leucine-to-cysteine
substitution. Figure 2 shows the eight genotypes that
were identified in the two populations. Three were
homozygous (TTG/TTG, TTT/TTT, TGT/TGT) and
five were heterozygous (TTT/TTG, TTT/TTC, TTG/
TTC, TTT/TGT and TTG/TGT).

Distribution of kdr alleles in field-collected Anopheles
sinensis

kdr mutations (Fig. 3a, b) occurred in 82.88% (121/146)
of the Bishan mosquitoes, with L1014F (TTT + TTC)
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TTG/TTG

TTT/TTT

Fig. 2 Nucleotide sequence chromatograms of kdr genotypes
identified in Anopheles sinensis from China. The position at codon
1014 of the para-type sodium channel gene is indicated by a
rectangle. Eight genotypes were identified. Three were homozygous
and five were heterozygous (K=G/T;Y=T/C; S=G/C)

accounting for 65.75% (76/146) and L1014C (TGT)
accounting for 17.12% (25/146, X2=39.370, p<0.001).
kdr mutations were found in all 100 of the Wuhe mos-
quitoes. L1014F (TTT+TTC) accounted for 66.00%
(66/100) and L1014C (TGT) accounted for 34.00%
(34/100, y2 = 20.480, p < 0.001).

Irritability of deltamethrin in susceptible adult female
Anopheles sinensis

The irritant effects of deltamethrin on the WX-LS labo-
ratory susceptible population were assessed by compar-
ing the total flying time, number of takeoffs, and time
until first take-off over 3 min in a standard WHO cone
on deltamethrin-treated (DTN) and untreated (UTN)

Table 1 Deltamethrin mortality and resistance in a batch of An. sinensis in at least three assay replicates

Collection site Latitude/longitude Sample size Knockdown (%) Mortality (%) Resistance
status
Mean 95% Cl Mean 95% ClI
Bishan County N: 29°06’, E: 106°22/ 117 36.40° 26.64-46.16 26.79° 15.35-38.22 R
Yuanyang County N: 23°04/, E: 102°44! 142 15.21° 4.27-26.14 11.07° 3.77-18.37 R
Wuhe County N:33°15/, E: 117°88/ 200 9.00¢ 291-15.09 6.00¢ 2.33-9.67 R

Cl: confidence interval
2b.¢ p<0.05 by ANOVA
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Fig. 3 Geographical distribution of kdr-L1014 mutations in field-collected Anopheles sinensis mosquitoes. a Relative frequencies of kdr-L1014

nets. Total flying time was significantly longer in cones
with DTNs (28.84+2.07) than in those with UTNs
(6.21+0.94) (Mann-Whitney U test, z=-—9.311,
p<0.0001). Significantly more takeoffs were observed
from DTNs (6.62 +0.32) than from UTNs (1.294+0.19)
(Mann—-Whitney U test, z=-—8.389, p<0.0001).
The total flying time and number of takeoffs were
both significantly increased by exposure to DTN
(Fig. 4a, b). First takeoffs occurred sooner from DTNs
(8.575+1.087 s) than from UTNs (16.1143.738 s)
(Mann—Whitney U test, z=—2.472, p=0.013; Fig. 4c,
d). DTN elicited excitation and repellent responses in
An. sinensis that resulted in moving away from DTNs
and avoiding contact with the insecticide.

Altered irritability in deltamethrin-resistant mosquitoes

The irritabilities of susceptible WX-LS and field-
collected resistant mosquitoes were compared using
the cone assay described above. The WX-LS mosqui-
toes made a mean of 6.60 takeoffs from the UTNs and
10.88 from the DTNs. The resistant mosquitos made
fewer takeoff than the WX-LS mosquitoes, from 1.30
to 4.49 from the UTNs and from 1.05 to 3.70 from the
DTNs (Kruskal-Wallis test: UTNs, df=3, x*>="71.65,

p<0.0001; DTNs, df=3, x*=139.35, p<0.0001)
(Fig. 5a). The mean flying times of WX-LS mosqui-
toes in cones were 25.60 s for UTNs and 36.54 s for
DTNs, while the flying times of resistant mosquitos,
from 14.55 to 18.07 s in cones with UTNs and from
11.26 to 19.51 s in cones with DTNs, were shorter than
the WX-LS mosquitoes (Kruskal-Wallis test: UTNs,
df=3, x*=23.76, p<0.0001; DTNs, df=3, x>*=76.93,
p<0.0001). The first takeoff averagely occurred at
9.29 s for DTNs and 16.05 s for UTNs in the WX-LS
mosquitoes, and at 21.60 to 39.02 s for DTNs and 23.14
to 40.37 s for UTNs in the three resistant mosquitoes.
Clearly, the first takeoff occurred significantly later
in the resistant populations than it did in the WX-LS
mosquitoes on both UTNs (Kruskal-Wallis test, df =3,
X*=15.00, p=0.002) and DTNs (Kruskal-Wallis test,
df=3, X2:27.32, »<0.0001). The results indicate that
the irritability of resistant mosquitoes was signifi-
cantly decreased relative to the susceptible laboratory
mosquitoes.

Generalized Linear Mixed Model analysis with logit
link function were used to analyze the causes of behav-
ioural modification. The coefficients for the fixed effects
in the model are shown in Table 2, demonstrating that
kdr mutation was not significantly associated with the
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decreased in number of takeoffs (p=0.993) or flying no kdr mutations were identified, was significantly
times (»p=0.428), and not significantly associated with ~ decreased, comparing to the susceptible WX-LS mosqui-
the increase of time until first takeoff (p=0.551) in the  toes (Fig. 5). However, as shown in Table 2, the resistance
resistant mosquitoes. This is consistent with the obser- level had a significant negative effect on the number of
vation that the irritability of YY-FR mosquitoes, which  takeoffs and flying times, and had a significant positive
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Table 2 Parameter estimates, standard error, t and associated p value of fixed parameters in GLMMs

Model Fixed effects Coefficient Std error t Sig. 95% Cl for coefficient
Lower Upper
No. of takeoffs Intercept 1.981 0.306 6.466 <0.0001 1.379 2.582
Resistance level®
WH-FR —1.953 0.310 —6.308 <0.0001 —2.561 —1.345
YY-FR —1.420 0.124 — 11493 <0.0001 —1.663 —1.178
BS-FR —0.774 0.281 —2757 0.006 —1325 —0223
WX-LS?
kdr mutation
kdr-MU 0.003 0.288 0.009 0.993 —0.562 0.567
kdr-WT?
Total flying times Intercept 3.230 0216 14,972 <0.0001 2.806 3.653
Resistance level
WH-FR —2543 0.617 —4.124 <0.0001 —3.754 —1.333
YY-FR —1.379 0.246 —5.603 <0.0001 —1.863 —0.896
BS-FR —1334 0.565 —2362 0.018 —2443 —0.225
WX-LS?
kdr mutation
kdr-MU 0455 0.573 0.793 0428 —0671 1.580
kdr-WT?
Time until first takeoff Intercept 12.724 9.733 1.307 0.192 —6.395 31.843
Resistance level
WH-FR 30.266 11.718 2.583 0.010 7.248 53.285
YY-FR 28.039 6.230 4.501 <0.0001 15.802 40.277
BS-FR 15.066 8533 1.766 0.078 —1.696 31.829
WX-LS?
kdr mutation
kdr-MU —4.789 8.023 —0.597 0.551 —20.550 10.972
kdr-WT?

kdr-MU: kdr mutated; kdr-WT: kdr wild type; CI: confidence interval
2 Denotes the reference category

effect on time until first takeoff. Among the three resist-
ant populations, WH-FR mosquitoes had the strongest
resistance, the largest coefficient and the weakest avoid-
ance behaviour, while BS-FR mosquitoes had the weak-
est resistance, the smallest coefficient and the strongest
avoidance behaviour. The results indicate that the modi-
fication of contact avoidance behaviour associated with
deltamethrin resistance, but not directly related to kdr
mutation.

Discussion

The deltamethrin resistance was assayed in An. sinensis
populations from Yuanyang County, Bishan District, and
Wuhe County in China. All three field-collected popu-
lations had developed high resistance to deltamethrin
(Table 1). Three kdr genotypes with high frequencies
(76.10-100%) of either an L1014F or L1014C substitu-
tion were identified in the Bishan and Wuhe populations.

No kdr mutations were identified in the 94 samples from
Yunnan despite a high level of phenotypic resistance,
which is consistent with previous reports that pyrethroid
resistance in that population was conferred mainly by
metabolic mechanisms [34-45]. The development of
resistance by An. sinensis is consistent with reductions in
mortality from 80.72% [53], to 32.72% [36], and 26.79%
in Bishan; from 29.6% [34] to 11.07% in Yuanyang, and
from 30% [35] to 6.00% in Wuhe. The frequency of kdr
mutations has increased from 7.23% [36] to 82.88% in
Bishan and from 98.4% [35] to 100% in Anhui. The results
clearly indicate that deltamethrin resistance has greatly
increased in An. sinensis in China in recent decades.

The contact irritancy of deltamethrin to An. sinensis
was tested with a modified WHO cone assay. The results
demonstrated that the susceptible mosquitoes were
effectively repelled by deltamethrin-impregnated bed
nets, resulting in significant avoidance behaviour (Fig. 4).
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However, the avoidance behaviour of the resistant field-
collected mosquitoes was significantly attenuated or even
lost in the response to DTNs compared with the suscep-
tible population (Fig. 5). This is the first study to report
modified behaviours in resistant An. sinensis populations
exposed to long-term insecticide selection pressure. Sim-
ilarly, altered avoidance behaviour has been described in
many other pyrethroid-resistant mosquitoes following
contact with pyrethroid-treated bed nets [25-29].

Mosquitoes that have become insensitive to pyre-
throids after long exposure are not effectively repelled
and might remain on treated materials for extended
periods, which would provide more opportunities to
enter bed nets or stay indoors. Therefore, altered avoid-
ance behaviour would appear to impair the effectiveness
of ITNs and IRS. However, previous studies showed that
insecticide-treated bed nets remained effective because
the decreased avoidance behaviour of resistant mos-
quitoes resulted in an increased dose of insecticide that
resulted in higher mortality [25, 26]. It is thus not clear
whether altered avoidance behaviour affects the effective-
ness of I'TNs and IRS.

The underlying cause of the change in avoidance
behaviour remains unclear so far. Point mutations in
voltage-gated sodium channels could enhance closed-
state inactivation of nerves to interfere with pyrethroid
sensitivity, reduce irritancy, and result in slowed avoid-
ance behaviour responses or reduced repellency [54—56].
Chandre et al. [26] reported lost contact repellency to 1%
permethrin impregnated paper in a laboratory-selected
Anopheles gambiae sensu stricto (s.s.) colony originating
from Burkina Faso that carried a homozygous (RR) kdr
allele. Corbel et al. [57] showed that increased insecticide
exposure in heterozygous RS An. gambiae that stayed
longer than susceptible mosquitoes on permethrin-
treated surfaces resulted in increased killing. Kawada
et al. [27] reported that pyrethroid-resistant An. gam-
biae s.s. with a high allelic frequency of kdr (L1014S)
lost repellency to pyrethroids, whereas resistant Anoph-
eles arabiensis and Anopheles funestus s.s. colonies lack-
ing kdr mutations retained high repellency even though
they possessed metabolic resistance to pyrethroids. Simi-
lar responses have been seen in kdr-resistant Heliothis
virescens moths [54] and Kdr-mutated Musca domestica
houseflies [58]. In this study, pyrethroid repellency was
not observed in the deltamethrin-resistant An. sinen-
sis from Yuanyang County (Fig. 5) despite a lack of kdr
mutations (Fig. 3). The GLMM analysis also supported
that the behavioural modification was not directly related
to the presence of kdr mutations (Table 2). Thus, it can
be seen that the mechanisms underlying the observed
behavioural modifications seem to be complex, including
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factors other than kdr that can influence changes in
avoidance of insecticides.

The behavioural avoidance of pyrethroids suggests
that pyrethroid-impregnated bed nets or sprayed sur-
faces can be detected by malaria vectors by contact and/
or olfaction. Olfaction is active in finding food, hosts,
mates and oviposition sites, avoiding predators, patho-
gens, and harmful chemicals [59]. Pyrethroids have
low vapor pressures, but pyrethroid molecules can be
detected in indoor air samples as far as 1 m away from
cyfluthrin treated nets, indicating that they might be
present in the air in spite of their low volatility [60, 61].
Porciani et al. [29] reported that kdr-resistant An. gam-
biae mosquitoes were more strongly attracted by host
odors emanating behind permethrin-treated nets than
by those from behind an untreated net. They perceived
the difference of the ITNs and UTNs at a distance and
behaved differently in response. The mosquitoes may
have detected chemicals released by bed nets with olfac-
tory receptors tuned to respond to them. Bohbot et al.
[62] showed that AaOR2 odorant receptor was activated
and AaORS receptor was inhibited by pyrethroids in the
dengue and zika vector Aedes aegypti. These results sug-
gested that pyrethroids most likely modulate the function
of mosquito ORs by multiple molecular mechanisms to
influence olfactory-driven behaviour. Suppression of the
ASOR?7 coreceptor in An. sinensis by RNA interference
also resulted in decreased avoidance behaviour, as seen in
resistant mosquitoes (unpublished data). These pioneer-
ing studies provide insight into the relationship of the
olfactory system and behaviour changes and warrant fur-
ther research to test this hypothesis.

Conclusions

All three field-collected mosquito populations were
highly resistant to deltamethrin, and their avoidance
behaviours were significantly decreased compared with
the susceptible population. To the best of our knowl-
edge, this is the first report of behavioural modifica-
tions in resistant An. sinensis exposed to long-term
insecticide selection pressure. The behavioural modifi-
cations seem not directly related to the presence of kdr
mutations. The mechanisms underlying the behavioural
modifications are complex and include additional fac-
tors that can also lead to changes in behaviour. It is not
clear whether changes in avoidance behaviour act as an
ecological obstacle to limit the effectiveness of vector
control. A better understanding of the behavioural ecol-
ogy of malaria vectors will help to develop tailor-made
vector control strategies, for example, using evolved
spatial repellents [63] or chemosterilant pyriproxyfen
[64] to generate sustainable control effects.
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