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55  Abstract

56 Background: New insecticides with novel modes of action such as neonicotinoids
57 have recently been recommended for public health use by WHO. Resistance
58 monitoring of such novel insecticides requires a robust protocol to monitor the
59  development of resistance in natural populations. In this study, we comparatively
60 wused three different solvents to assess the susceptibility of malaria vectors to
61 neonicotinoids across Africa.

62 Methods: Mosquitoes were collected from May to July 2021 from three agricultural
63  settings in Cameroon (Njombe-Penja, Nkolondom, and Mangoum), the Democratic
64  Republic of Congo (Ndjili-Brasserie), Ghana (Atatam), and Uganda (Mayuge). Using
65 the CDC bottle test, we compared the effect of three different solvents (ethanol,
66  acetone, acetone+MERO) on the efficacy of neonicotinoids against Anopheles gambiae
67 sl In addition, TagMan assays were used to genotype key pyrethroid-resistant
68 markers in An. gambize and to evaluate potential cross-resistance between
69  pyrethroids and clothianidin.

70  Results: Lower mortalities were observed for all populations when using absolute
71 ethanol or acetone alone as solvent (11.4- 51.9% mortality for Nkolondom, 31.7-
72 48.2% for Mangoum, 34.6- 56.1% for Mayuge, 39.4- 45.6% for Atatam, 83.7- 89.3% for
73 Congo and 71.05- 95.9% for Njombe pendja) compared to acetone + MERO for which
74 100% mortality was observed for all the populations. Synergist assays (PBO, DEM
75 and DEF) revealed a significant increase of mortality suggesting that metabolic
76 resistance mechanisms are contributing to the reduced susceptibility. A negative
77  association was observed between the L1014F-kdr mutation and clothianidin
78  resistance with a greater frequency of homozygote resistant mosquitoes among the
79  dead than among survivors (OR=0.5; P=0.02). However, the 1114T-GSTe2 was in
80 contrast significantly associated with a greater ability to survive clothianidin with a
81  higher frequency of homozygote resistant among survivors than other genotypes

82  (OR=2.10; P=0.013).
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83  Conclusions: This study revealed a contrasted susceptibility pattern depending on
84  the solvents with ethanol/acetone resulting in lower mortality, thus possibly
85 overestimating resistance, whereas the addition of MERO consistently increased the
86 efficacy of neonicotinoids in terms of percentage mortalities and time to final
87  mortality. The addition of MERO could however prevent the early detection of
88 resistance development. We therefore recommend monitoring susceptibility using
89  both acetone alone and acetone+MERO (8-10ug/ml for clothianidin) to capture the

90 accurate resistance profile of the mosquito populations.

91

92 Keywords: Malaria, Anopheles gambiae, vector control, neonicotinoids, cross-resistance
93

94 1. Introduction

95 Malaria prevention relies extensively on mosquito control using pyrethroid-
96 based interventions including Indoor Residual Spraying (IRS) and Long-Lasting
97  Insecticidal Nets (1, 2). The scale-up of these tools has significantly contributed to
98 the important reduction of malaria burden in the past decade (1, 3). However,
99 increasing resistance to pyrethroids in malaria vector species is a serious challenge
100  to these vector control interventions given the heavy reliance on pyrethroid only (4).
101 Most African An. gambiae and An. funestus populations are resistant to pyrethroid
102  insecticides and show varying levels of resistance to other insecticides used for
103 vector control (carbamates, organophosphates and organochlorines). Due to the
104  threat posed by insecticide resistance, there has been an urgent call for alternative
105 insecticides to supplement malaria vector control (5). Novel insecticides are gradually
106  being introduced by manufacturers and recommended by WHO for vector control (6). Among these,
107  the neonicotinoids (e.g clothianidin) and Pyrole (e.g Chlorfenapyr) are the new mode of action

108  insecticide classes for public health, recently recommended by WHO for LLINs and IRS (7).
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109 Clothianidin is a neonicotinoid insecticide that is chemically like nicotine. It
110  acts on the central nervous system of insects as an agonist of acetylcholine and
111  stimulates nicotine acetylcholine receptors (nAChR) (8) activating post-synaptic
112 acetylcholine receptors but does not inhibit acetyl cholinesterase (ACh). High levels
113  overstimulate and block the receptors, (9) causing paralysis and death (8).
114  Clothianidin is the active ingredient in SumiShield (developed by Sumitomo
115  Chemical Company, Japan) and Fludora® Fusion (Bayer CropScience, Monheim,
116  Germany) along with deltamethrin, an IRS formulation which was recently added
117 to the WHO prequalification list of recommended insecticides
118  (https://www.who.int/pq-vector-control/ prequalifed-lists/en/).

119 As new insecticides are developed, it is essential to monitor the development
120  of resistance to prolong their efficacy as much as possible and avoid the level of
121  widespread resistance now seen with pyrethroids (3). Such resistance monitoring
122 requires establishing diagnostic concentrations to determine baseline susceptibility
123 of malaria vectors and to enable surveillance of insecticide resistance once the
124 insecticides are in use.

125 Currently, WHO protocol to test the susceptibility to neonicotinoids in
126 mosquitoes is not well established thus, making resistance monitoring to this
127  insecticide class very challenging. Clothianidin (Neonicotinoid; IRAC MoA class 4A)
128 for example, tends to crystallize if used in straight acetone/ethanol (solvents
129 commonly used in bioassays) and the uptake of active ingredient between the
130 insect’s body and the crystal is very low (10-12). This has made the design of
131  standard protocols more arduous compared to other insecticide classes. In addition,
132  because this active ingredient acts slowly, resistance profiles can be detected after
133  bioassays only if exposed populations are rigorously monitored during a long
134  holding period, which can last seven days or more. Despite these difficulties, the
135  susceptibility of wild Anopheles populations from several African countries has
136 been evaluated using 150pg/ml of clothianidin dissolved in either absolute ethanol

137  or acetone (10-13). Recently, Bayer CropScience Ltd introduced an 81% Rapeseed oil
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138  methyl ester (1000ppm MERO®) which, added to acetone, prevents the
139  crystallization then keeps the clothianidin for a longer period in a solved state and
140  allows therefore the feasibility of the bottle assay. A study conducted in ivory coast,
141  established 50ug/ml as diagnostic dose of clothianidin (14). However, this study did
142  notevaluate the lower doses to see if 50pg/ml cannot mask the detection of resistance
143 highlighting the need of standardizing the protocol for testing of neonicotinoids. In
144 this study, we used three different solvents to comparatively evaluate the efficacy of
145  neonicotinoids on malaria vectors from many African countries and established the
146  diagnostic dose of clothiandin using acetone and MERO. Furthermore, we evaluated

147  a potential cross-resistance between pyrethroids and clothianidin.

148 2. Materials and Methods

149 Study sites

150 Mosquitoes were collected from 4 regions across the continent. Mosquitoes
151  were collected in three agricultural settings in Cameroon (Mangoum, Nkolondom,
152  and Njombe-Penja) from May to July 2021. The climate is made up of two wet and
153  two dry seasons typical of tropical climate around the equator. In the Democratic
154  Republic of Congo (DRC) mosquitoes were collected at Ndjili Brasserie, a suburb of
155 Kinshasa (4°19'39"S, 15°18'48"E), in June 2021. In Uganda, mosquitoes were collected
156  in the Eastern region (May 2021), Mayuge (0°23'10.8"N, 33°37'16.5"E), and in Ghana
157  collections were done in Atatam (5°56' N, 1°37" W) in the Adansi Asokwa District of
158  the Ashanti Region in July 2021. In Cameroon, immature stages were collected from
159  the breeding site using the dipping method whereas in other countries indoor
160  resting blood fed females were collected using electric aspirators. Emerging adults
161  (2-5days old) from collected larvae or F1 progeny (2-5days old) from indoor collected
162  females were used for the bioassays.

163

164 Molecular Identification
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165 Genomic DNA was extracted from a subset of mosquitoes from each of the
166  collection sites using the Livak method [25], then the members of the An. gambiae
167  complex was identified by PCR [26, 27].

168

169 Determination of susceptibility to neonicotinoids and establishment of the
170  diagnostic dose of clothianidin using acetone + MERO as a solvent

171 Clothianidin, imidacloprid and acetamiprid used were technical materials
172 from Sigma (PESTANAL®, analytical standard, Sigma-Aldrich, Dorset, United
173 Kingdom). These chemicals were mixed in three different solvents (acetone, absolute
174  ethanol, or acetone with MERO). For acetone and ethanol alone, the dose of
175  150pg/ml for clothianidin, 200 pg/ml for imidacloprid and 75ug/ml for acetamiprid
176  were used as previously described (11).

177 For acetone dissolved in MERQO, a stock solution of an acetone/MERO®
178 mixture was made by pipetting 0.11ml (110ul) MERO® to 100ml of acetone
179 (~1000ppm). 900ug straight clothianidin was weighed and mixed with 10ml of this
180  stock solution of MERO plus acetone. After complete dissolution of the active
181 ingredient, 10ml acetone/MERO® solution containing 900ug clothianidin was
182  prepared. One (1) ml of this solution was applied to each test bottle to achieve a
183  concentration of 90ug clothianidin /250ml bottle. This dose of insecticide was used
184  to characterise the susceptibility of different mosquito populations. In addition,
185 ranges of insecticide concentrations were tested (0.25, 0.50, 1, 2, 4, 40 and 90 pg/ml)
186 wusing the susceptible lab strain Kisumu to evaluate the diagnostic dose of
187  clothianidin when diluted in acetone and MERO. Approximately 24h after coating
188  bottles with insecticide, 25 female Kisumu (3-5days old) were exposed to the
189  insecticides (ethanol/acetone or acetone +MERO without insecticide for the control
190  group) for 1h and the knocked down mosquitoes were recorded at the end of the
191  60min (Kd-60) exposure period. After recording the Kd-60 mosquitoes were gently

192  aspirated from the bottle into clean paper cups and provided with 10% sugar
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193  solution soaked in cotton wool during the recovery period and the final mortality
194  was recorded 24h post-exposure.

195

196 Synergist assay with piperonyl butoxide (PBO), di-ethyl Maleate (DEM)
197  and s,s,s—tri-butylphosphorotrithioate (DEF)

198 To identify the possible enzyme systems involved in reduced susceptibility
199  to neonicotinoids, synergist bioassays were conducted for clothianidin in
200 Nkolondom population using the emerging adult from larval collection. Two- to
201  four-day-old Fo/F: females were first exposed to the synergist (4% PBO, 8% DEM or
202 0.25% DEF) for 1 h, followed by exposure to 150ug/ml clothianidin (dissolved in
203  acetone) for 1 h. Mortality was recorded 24h after exposure and the differences in
204  mortalities between synergized and non-synergized experiments were compared

205  using a Chi-square test.

206
207 Potential cross-resistance between neonicotinoids and pyrethroids
208 To assess the potential cross-resistance between new neonicotinoids and

209  pyrethroids, we crossed the pyrethroid highly resistant field strain from Nkolondom
210  (where the 1014F-Kdr is fixed) with the fully susceptible laboratory strain Kisumu
211  (with no 1014F-Kdr). This hybrid strain was exposed to clothianidin 150ug/ml
212  (dissolved in acetone only) to select the dead and alive mosquitoes. These
213  mosquitoes were genotyped for the L1014F target-site knockdown resistance
214  (Kdr_w) and the 114T-GSTe2 metabolic resistance marker (all associated with
215 DDT/pyrethroid resistance in An. gambiae) using Taqman methods as previously
216  described (15, 16). PCR reactions (10 pl) contained 1 ul of genomic DNA, 5ul of
217  SensiMix DNA kit (catalog: SM2-717104), 0.125ul of each probe and 3.875 ul of sigma
218  water. Samples were run on a Mx3000P™ Multiplex quantitative PCR system with
219  temperature cycling conditions of 10 minutes at 95°C followed by 40 cycles of 95°C
220  for 10 seconds and 60°C for 45 seconds.
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221 Odds ratio and Fisher exact test were used to establish the statistical
222  significance of any association between this DDT/pyrethroid resistance marker and
223  the ability to survive clothianidin exposure.

224

225  3.Results

226 Molecular identification of mosquitoes tested

227 PCR assays revealed that all the mosquitoes tested from Mangoum (44/44), Nkolondom
228  (50/50), and Congo (60/60) were An. gambiae. Those collected in Njombe (Cameroon) were mainly An
229 coluzzii (58/60). The An. gambiae sl population from Uganda were a mix of 82% An. gambiae and 17%
230  An. arabiensis whereas those from Atatam (Ghana) were 60% (39/65) An. gambiae and 40% (39/65) An.

231 coluzzii.

232
233 Susceptibility profile to clothianidin
234 The Kisumu lab strain was susceptible to clothianidin whatever the solvent used (Figure 1A

235 & S1). However, the susceptibility to this insecticide varied significantly in An. gambiae field
236  populations depending on the solvent used. The use of acetone combined with 1000ppm MERO®
237  (81% Rapeseed oil methyl ester) as solvent, induced significant higher mortality compared to acetone
238  or ethanol alone (Figure 1A). A full susceptibility was observed for all the An. gambiae populations
239  with a mortality rate of 100% when exposed to clothianidin dissolved in acetone+MERO at a
240  concentration of 90 pg/ml (Figure 1A). However, when exposed to clothianidin dissolved in acetone
241  alone (150 pug/ml), the mortality varied from 51.1% +15.2 in Nkolondom to 95.9% + 2.6 in Njombe-
242  Penja. On the other hand, when using Ethanol as solvent, the mortality varied from 11.4% +4.6 in
243  Nkolondom to 71.05% = 6.9 and 89.3% + 7.6 in Njombe-penja and Ndjilli (DRC) respectively (Figure
244 1A). The mortality with these two solvents increased significantly from 24h to 7days post-exposure
245  confirming a slow-acting effect of this insecticide (Figure S1, S2 & S3). The mortality rate was
246  generally low for all the populations including Kisumu when exposed to acetone+Mero without

247  insecticide confirming that MERO alone does not have a killing effect.

248
249
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Figure 1: Susceptibility profile of An. gambiae s.I to clothianidin across Africa

(A)-Mortality rate of mosquitoes from various sites 7 days post-exposure to clothianidin dissolved in different
solvents compared to the susceptible lab strain Kisumu. (B)-Effect of pre-exposure to synergist PBO, DEM and
DEF against clothianidin on An. gambige from Nkolondom. Results are average of percentage mortalities from
four-five replicates each. The bars represent the standard error on the mean (SEM), linear color dots indicate the
threshold for resistance (red) and susceptibility (green). CMR: Cameroon; DRC: Democratic Republic of Congo;

GH: Ghana; UG: Uganda.

251 Synergist test with clothianidin

252 Susceptibility testing using PBO, DEM, and DEF as synergists revealed a significant recovery
253  of susceptibility to clothianidin in Nkolondom population which showed the highest level of reduced
254 susceptibility to this insecticide when diluted in ethanol or acetone alone (Figure 1B). Mortality with
255  clothianidin + PBO for Nkolondom population was 96.01 + 2.6% versus 51.9 + 8.5% for clothianidin
256  without PBO pre-exposure (x2= 59.5; p < 0.0001). The same pattern was observed with DEM: DEM
257  pre-exposure 92.1 +3.2% vs. 51.9 + 8.5% for no DEM pre-exposure (x? = 38.6; p < 0.0001) (Figure 1B).
258  Synergist bioassay with DEF also revealed significant recovery of susceptibility to clothianidin (DEF
259  pre-exposure 86.4 +7.1% versus 51.9 + 8.5% mortality without DEF pre-exposure (x2= 28.6; p <0.0001)

260  although this was slightly lower compared to PBO and DEM.

261
262 Susceptibility profile to Imidacloprid
263 The susceptibility to imidacloprid was evaluated on mosquitoes from Nkolondom and

264  Mangoum (Cameroon), Atatam (Ghana) and Mayuge (Uganda). Higher mortality with this

265  insecticide was observed in all the localities when using acetone+MERO as solvent. For the
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266  Nkolondom population, a mortality rate of 83.93% was observed with acetone + MERO compared to
267  65.29 + 16.63% with acetone only (x2= 10.9; P=0.001) and 27.16% with ethanol (x2= 64.8; P<0.0001)
268  suggesting a likely resistance in this population (Figure 2A). Similar pattern was observed for the
269  Mangoum population where a mortality rate of 96.58% was observed with acetone + MERO
270  compared to 27.71% with acetone only (x2= 100; P<0.0001) and 40.37% with absolute ethanol (x>=72.8;
271  P<0.0001) (Figure 2A). For the population from Atatam, imadacloprid dissolved in Acetone + MERO
272  induced 97.92% mortality and 57.16% when dissolved in acetone only (x2= 47.3; P< 0.0001). The
273  mortality was very low when using absolute ethanol as solvent with mortality rate of 12.63% (x2=
274 146; P<0.0001). Similar profile (96.1 % mortality vs 27.3%) was obtained for the population from

275  Mayuge (x>= 99.6; P<0.0001).

Il [MI-Ethanol Bl |IMI-Acetone Il IMI-Acetone +Mero Hl Ace-Acetone I Ace-Acetone +Mero

100+

80

60

% Mortality
% Mortality

276 Figure 2: Susceptibility profile of An. gambiae s.1 to imidacloprid and acetamiprid across
277 Africa. Mortality rate of mosquitoes from different sites 7 days post-exposure to imidacloprid (A) and acetamiprid (B)
278 dissolved in various solvents compared to the susceptible lab strain Kisumu. Results are average of percentage mortalities
279 from four-five replicates each + SEM. Linear colour dots indicate the threshold for resistance (red) and susceptibility (green).

280 CMR: Cameroon; GH: Ghana; UG: Uganda; IMI: imidacloprid; Ace: acetamiprid.

281
282 Susceptibility profile to acetamiprid
283 When dissolved in acetone+tMERO, acetamiprid also displayed greater efficacy compared to

284  when dissolved in acetone only (Figure 2B). For Nkolondom population, 100% mortality was
285  obtained when using acetone and MERO compared to 73.5 + 6.6% without MERO (x2= 30.4; P<0.0001).

286  For Atatam population, 89 + 4.6% mortality was obtained when using acetone and MERO compared
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287  to 30% without MERO (x2= 71.8; P<0.0001) (Figure 2B). For Mayuge population, full susceptibility
288  wasnoticed with MERO compared to 60% mortality without MERO (x2=49.7; P<0.0001). These results
289  suggest that the level of reduced susceptibility to acetamiprid is higher in Atatam compared to other

290  locations tested.

291
292 Diagnostic dosage of clothianidin using acetone and MERO as a solvent
293 Because of the very high mortality consistently observed with clothianidin dissolved in acetone

294  + MERO, we decided to establish the diagnostic concentration using the susceptible lab strain
295  Kisumu. The 24h mortality post-exposure to clothianidin ranged from 66.8% +7.0 at 0.25ug/ml, 60.9%
296 9.4 at 0.5ug/ml, 82.8% +9.3 at 1ug/ml to 94.2% + 3.6 at 2 pg/ml and 100% at 4pg/ml, 40pg/ml and 90

297  pg/ml (Figure 3).

100+ -
LC90
80+
z
E 60+
5 LC50 |-
= 40
ES
204
0.25ug 0.5ug 1ug 2|.I|g 4ug 40Iug 90ug Control
Insecticide concentration
298
299 Figure 3: Assessment of diagnostic dose of clothianidin using acetone and MERO as

300 solvent. Percentage mortality (24 h) of the susceptible lab strain Kisumu after exposure to each of the six concentrations

301 of clothianidin (with acetone+MERO as solvent). LC50 represents the concentration able to kill 50% of mosquitoes and

302 LC90 the concentration able to kill 90%.

303 Cross-resistance between clothianidin and pyrethroids

304 The distribution of L1014F-Kdr_w genotypes in mosquitoes alive after exposure to
305  clothianidin was as follows: 24.1% (7/29) homozygous resistant (1014F/F), 27.6% (8/29) heterozygotes
306  (L1014F-RS) and 55.17% (16/29) homozygous susceptible (L/L1014) (Figure 4).

307

308

309
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Figure 4. Association between the L1014F-kdr_w mutation and resistance to clothianidin.

Distribution of genotypes (A) and alleles (B) among the dead and alive mosquitoes after exposure to clothianidin. R

represents the 1014F-resistant allele while S represent the L1014 susceptible allele.

In the dead mosquitoes, 30.0% (9/30) were homozygous resistant (1014F/F), 46.7% (14/30)

were heterozygotes (L1014F-RS) whereas 23.3% (7/30) were homozygous susceptible (L/L1014). A

significant difference was observed in the distribution of L1014F-Kdrw genotypes between alive and

dead mosquitoes (x2=18.5; P<0.0001) with the homozygote resistant mosquitoes less able to survive

(OR=0.5; IC 95%: 0.3-0.9; P=0.02) compared to the susceptible genotypes (Table 1).

Table 1. Assessment of the association between L1014F-Kdr genotypes/alleles and the ability of

mosquitoes to survive clothianidin exposure. SS: homozygote susceptible; RR: homozygote

resistant; RS: heterozygote; (*) significant difference.

Genotypes L1014F-Kdr and clothianidin resistance
Odds ratio p-value
0.3
RR vs. SS 0,002**
(0.2-0.7)
14
RR vs. RS 0.23
(0.7-2.8)
0.2
RS vs. SS <0.0001***
(0.1-0.5)
0.5
Rvs. S 0.02* 329
(0.3-0.9)

KK{0)
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In contrast, a significant difference was observed in the distribution of the 1114T-GSTe2

genotypes between dead and alive mosquitoes and those with resistant allele had more ability to

survive clothianidin exposure (x>=9.78; P=0.007) (Figure 5).
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Figure 5. Association between the I114TF-GSTe2 mutation and resistance to clothianidin.
Distribution of genotypes (A) and alleles (B) among the dead and alive mosquitoes after
exposure to clothianidin. R represents the 114T-resistant allele while S represents the 1114

susceptible allele.

The odds-ratio analysis confirmed that mosquitoes with the 114T resistant allele have a
significantly greater ability to survive compared to those with the I114 allele as homozygous resistant
mosquitoes were significantly more likely to survive clothianidin exposure compared to both
heterozygote (OR=2.10; IC 95%: 1.11-3.97; P=0.013) and homozygous susceptible (OR=2.46; IC 95%:
1.15-5.26; P=0.012) mosquitoes (Table 2). There was no significant difference between heterozygote

and susceptible mosquitoes (OR=1.17; P=0.41).

Table 2. Assessment of the association between 1114T-GSTe2 genotypes/alleles and the ability
of mosquitoes to survive clothianidin exposure. SS: homozygote susceptible; RR: homozygote

resistant; RS: heterozygote; (*) significant difference.
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352
Genotypes I114T-GSTe2 and clothianidin resistance
Odds ratio p-value
4.51
RR vs. §S 0,0006**
(1.3-15.4)
2.5
RR vs. RS 0.01%
(1.2-4.9)
1.8
RS vs. SS 0.4
(0.6- 5.6)
1.6
Rvs.S 0.05*
(0.9 -2.9) 358
359 4. Discussion
360 The present study compared the efficacy of neonicotinoids in the major malaria vector An.

361  gambiae s across many African countries using three different solvents. Susceptibility testing
362  confirmed that neonicotinoids are slower-acting insecticides (when using acetone or ethanol alone)
363  compared to neurotoxic pyrethroids (17). While pyrethroids are characterized by rapid mortality of
364  mosquitoes within 24 hours, clothianidin/imidacloprid/acetamiprid dissolved in ethanol or acetone
365  alone induced mortality at 24h post-exposure was generally low (albeit highly variable) and
366  increased over days. Final mortality was recorded seven days post-exposure when using
367  ethanol/acetone alone as done previously (10). The mortality was low when using ethanol and
368  acetone alone and was the lowest in the population from Nkolondom, an area of intense agriculture.
369  The mortality rates of less than 20% with ethanol and less than observed in this locality support a
370 recent report of reduced susceptibility to neonicotinoids in the An. gambiae population from this
371  location (18). However, the addition of 1000ppm MERO® (81% Rapeseed oil methyl ester)
372  significantly increased the effect of these insecticides with 100% mortality for all the populations 24h
373  post-exposure even at lower concentrations. The low knock-down/mortality observed for all the
374  populations when using ethanol or acetone alone as a solvent could be linked to the crystallization
375  issue reported for neonicotinoids (19) preventing complete knockdown/mortality within 1-2h. The
376  use of MERO®, by preventing the crystallization, keeps the neonicotinoids for a longer period in a

377  soluble state and increases the reliability of the bottle assay. The low mortality observed with kisumu
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378 when exposed to acetone+Mero without insecticide, confirmed that MERO alone does not have a
379  Killing effect.

380 Despite the low mortality obtained with acetone or ethanol alone, a significant difference was
381  observed between different populations with a mortality rate of 11-36% observed in Nkolondom,
382  31.07% in Mangoum 45.59% in Atatam and Mayuge compared to 71% in Njombe or 89.3% in Ndjili
383  and 100% in Kisumu. This indicates that using ethanol or acetone alone might still be useful in
384  capturing the variability between populations and even to detect those populations with reduced
385  susceptibility and thus allow a better management of resistance. In contrast, using acetone plus
386  MERO although more suitable in showing the full efficacy of neonicotinoids, might mask the
387  selection of resistance in populations if not used at the right dose and could prevent the detection of
388  resistance emergence. Therefore, to take advantage of the strengths of both protocols, it could be
389  beneficial to monitor the susceptibility profile to neonicotinoids using acetone (or ethanol) alone and
390  also acetone plus MERO. Because the dose of 90ug/ml as recommended by Bayer or 50ug as
391  determined recently in Ivory coast is very high for monitoring of resistance, one option could be to
392  reduce this dose to a level that allows for assessing the efficacy of neonicotinoids while monitoring
393  resistance development. In this study we observed that the concentration of 8-10ug/ml could be used
394  for monitoring of resistance to clothianidin as 4ug was the minimum concentration giving 100%
395  mortality with the susceptible lab strain Kisumu.

396 Cross resistance between Pyrethroid and neonicotinoid

397 A negative association was observed between the 1014F-kdr allele and resistance to
398  clothianidin. Such negative association could be attributed to the deleterious effect of kdr or other
399  related genes in the presence of clothianidin, for which the vgsc is not the target. Accordingly, a
400  gradual decrease of kdr-resistant homozygote mosquitoes was observed during the clothianidin
401  selection process by Zoh et (2021) and this could explain the negative correlation observed in this
402  study between kdr and clothianidin resistance. This is the first time such negative association is
403  observed between pyrethroid resistance mechanism and insecticides with different mode of action.
404 Synergist assay using PBO and DEF also revealed significant recovery of susceptibility to
405  clothianidin showing that monoxygenases, GSTs and esterases are all involved in clothianidin

406  resistance. Over expression of P450s monoxygenases was frequently reported in many resistant cases
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407  such as in An gambiae recently where a strong selection signature associated with clothianidin
408  selection was observed on a cytochrome P450 gene cluster with the gene CYP6M1 showing the
409  highest selection signature together with a transcription profile supporting a role in clothianidin
410  resistance. Overexpression of P450s were also mentioned in M. persicae (20), Bemisia tabaci (21-23),
411  Trialeurodes vaporariorum (24), Nilaparvata lugens (25), Leptinotarsa decemlineata (26) and many other
412  pests (27).

413 For the first time, we observed in this study a significant correlation between GSTe2 and
414 cothianidin resistance in An. gambiae indicating that GSTe2 could metabolise or could be involved in
415  phase 2 conjugation of metabolite of clothianidin degradation. This was confirmed by the synergist
416  test with DEM which resulted in recovery of susceptibility to clothianidin. Since GSTe2 is also a
417  pyrethroid/DDT resistance gene, its association with clothianidin resistance indicates that
418  clothianidin-based tools could rapidly lose their efficacy in areas of high GSTe2-based metabolic
419  resistance. However, future studies are needed to establish the role of GST or specific mechanisms

420  such as esterases and P450s in clothianidin resistance.
421 5. Conclusions

422 This study investigated the susceptibility of the major African malaria vector An. gambiae to
423  neonicotinoids using three different solvents and evaluated potential cross resistance between
424 pyrethroid resistance markers and clothianidin survival. The study revealed that the use of acetone
425  or ethanol alone as a solvent for clothianidin bioassay can over-estimate the level of resistance in
426  mosquitoes due to crystallisation. Furthermore, we showed that the use of clothiandin dissolved in
427  acetone + MERO display very strong efficacy with 8-10ug/ml as diagnostic dose for monitoring of
428  resistance to clothianidin but could mask the development of resistance. We recommend monitoring
429  the susceptibility using both acetone alone and Acetone+MERO to capture the accurate resistance

430  profile of the mosquito populations.
431

432
433

434 Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1,
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435  Figure S1: Mortality rate of the susceptible lab strain Kisumu to clothianidin (A) and Imidacloprid (B) using the

436 three solvent. The bars represent the standard error on the mean (SEM).

437 Figure S2: Mortality rate of wild An. gambiae s.1 from central Africa to clothianidin using the three solvent. The

438 bars represent the standard error on the mean (SEM).
439  Figure S3: Mortality rate of wild An. gambiae s.1 from Western and Eastern Africa to clothianidin using the three
440 solvent. The bars represent the standard error on the mean (SEM).
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