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Success in reducing malaria transmission through vector control is threatened by insecticide resistance
in mosquitoes. Although the proximal molecular mechanisms and genetic determinants involved are
well documented, little is known about the influence of the environment on mosquito resistance to
insecticides. The aim of this study was to assess the effect of plant sugar feeding on the response of
Anopheles gambiae sensu lato to insecticides. Adults were fed with one of four treatments, namely

a 5% glucose control solution, nectariferous flowers of Barleria lupulina, of Cascabela thevetia and

a combination of both B. lupulina + C. thevetia. WHO tube tests were performed with 0.05% and
0.5% deltamethrin, and knockdown rate (KD) and the 24 h mosquito mortality were measured. Plant
diet significantly influenced mosquito KD rate at both concentrations of deltamethrin. Following
exposure to 0.05% deltamethrin, the B. lupulina diet induced a 2.5 fold-increase in mosquito
mortality compared to 5% glucose. Species molecular identification confirmed the predominance

of An. gambiae (60% of the samples) over An. coluzzii and An. arabiensis in our study area. The

kdr mutation L1014F displayed an allelic frequency of 0.75 and was positively associated with
increased phenotypic resistance to deltamethrin. Plant diet, particularly B. lupulina, increased the
susceptibility of mosquitoes to insecticides. The finding that B. lupulina-fed control individuals (i.e.
not exposed to deltamethrin) also displayed increased 24 h mortality suggests that plant-mediated
effects may be driven by a direct effect of plant diet on mosquito survival rather than indirect effects
through interference with insecticide-resistance mechanisms. Thus, some plant species may weaken
mosquitoes, making them less vigorous and more vulnerable to the insecticide. There is a need for
further investigation, using a wider range of plant species and insecticides, in combination with other
relevant environmental factors, to better understand the expression and evolution of insecticide
resistance.

Vector management has played an important role in reducing malaria transmission over the past 20 years, and
the use of long-lasting insecticidal nets (LLINs) and indoor residual spraying (IRS) have been central compo-
nents of this control'. Pyrethroids, organochlorines, organophosphates and carbamates are the active insecti-
cidal compounds recommended by the World Health Organization (WHO) for IRS, while pyrethroids are the
only products used for LLINs?. Recently, a mixture of a pyrethroid and a neonicotinoid insecticide for IRS was
prequalified by WHO?. The massive distribution of mosquito nets over the past 20 years and, perhaps more
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importantly, the intensive use of insecticides in agricultural practices have led to immense selective pressures
for the emergence and spread of insecticide resistance*”. Accordingly, all major malaria vectors have been
found to be resistant to the most used classes of insecticides®. Important efforts have been previously devoted
to understanding the molecular and physiological mechanisms of insecticide resistance as well as its genetic
determinants® 2. The mechanism, which is best described, involves genetic mutations in the target site of the
insecticide that reduce its binding. In particular, the Ace-I gene (G119S) mutation confers resistance to organo-
phosphates and carbamates®, while mutations in the voltage-gated sodium channel gene (L1014F, L1014S and
N1575Y) confer resistance to pyrethroids and organochlorines. The latter mutation is commonly referred to as
"knockdown" resistance (kdr) because of the ability of individuals with this mutation to not be knocked down
following insecticide exposure”!®!4,

The majority of ecological studies point to the fact that population exposure to different classes of insecti-
cides is the principal driving factor for the genetic structure of the vector population with regards to mutations
conferring resistance'?. Compared to the important efforts devoted to understand the genetic determinants
that modulate the response of malaria vectors to insecticides, little is known about the environmental biotic and
abiotic factors that can influence the expression of such tolerance and resistance. Among these environmental
factors, one of the most studied is mosquito age, with older individuals being on average less resistant to insec-
ticides than younger counterparts'>~*%. This could be at least partly explained by an age-related decline in the
expression of insecticide detoxification genes (e.g.'”). Other studies have also shown that larval nutrition®**-2>,
adult blood-feeding®®?, parasite infection?®-*, environmental temperature?**!, or larval exposure to herbicides
and/or metal pollutants**** can modify adult susceptibility to insecticides.

An important component of mosquito ecology that has been largely overlooked to date concerns the plant
feeding of mosquito females. A growing number of studies shows that Anopheles females frequently ingest plant
fluids as a source of energy and nutrition**°. Sugars, but also amino acids, minerals and vitamins from the
fruit, floral and extra-floral nectar, phloem and honeydew can represent an important part of their diet. Despite
the biological and epidemiological importance of this behaviour®”’-*, the study of mosquito-plant relationships
remains largely neglected. The high degree of plant selection and preference, previously demonstrated in malaria
vectors®>*#2, has been largely attributed to chemical differences among plant species. In addition, different
plants contribute different nutrients and metabolites that can have contrasting impact on mosquito live history
traits*. A relatively understudied aspect of Anopheles ecology, which has implications for control, is how the
built-in physiological plasticity to adapt to toxic compounds in their selected plant diet affect their response to
insecticides. Indeed, it has been proposed that phytophagy may contribute to the selection of resistance to toxic
chemicals in insects*>*%. Plants often present toxic secondary metabolites against which phytophagous insects
have developed resistance mechanisms*. In particular, resistance to plant xenobiotics may have formed the basis
for the evolution of metabolic resistance to chemical insecticides**. However, no study has, to our knowledge,
examined the influence of natural plant diet on the susceptibility of Anopheles mosquitoes to pyrethroids. In
natural conditions, Anopheles females can be exposed to a large diversity of plant-related nutrient sources, and
it is therefore important to characterize the influence of such environmental variability on their susceptibility
to insecticides.

Our study aimed at assessing the effect of plant-related nutrient sources and their combination on the sus-
ceptibility of field-derived An. gambiae sensu lato (s.l.) females to insecticides. Specifically, we evaluated (i) the
effect of a range of plant diets on mosquito knockdown rate and 24 h mortality following exposure to either
0.05% or 0.5% of deltamethrin, and (ii) the interaction between plant diet, kdr genotypes and insecticide dose
on 24 h mosquito mortality.

Methods

Mosquito collections. Collections of An. gambiae s.l. mosquito larvae were carried out in Diébougou
(10°58'N, 3°15'W) in southwestern Burkina Faso. Diébougou is located in the Sudanian climate zone of Burkina
Faso where cotton is grown intensively. The average annual rainfall varies from 1000 to 1200 mm during the
rainy season, which extends from May to November*. Previous studies in this locality showed high level of
resistance in An. gambiae (kdr L1014F mutation frequency of 0.933)*". Anopheles gambiae s.l. mosquito larvae
(3rd and 4th instar) were collected in October and November 2018 using methods described in Service*® from
natural breeding sites (between 3 and 5 different temporary water pools). Larvae were then pooled and trans-
ferred to 1.5 1 bottles, and brought back to the insectary. Larvae were fed daily with TetraMin® Baby Fish Food
(Tetrawerke, Melle, Germany) under standard controlled conditions (27 +2 °C, 70 £5% RH and 12 h: 12 h light:
dark rhythm) until adult emergence.

Plant materials and mosquito feeding on plant diet. Two flowering ornamental plants, namely Bar-
leria lupulina (Acanthaceae) and Cascabela thevetia (Apocynaceae) were selected as natural sources of nutrient
(mostly sugars) for feeding mosquitoes (Supplementary Fig. S1). These plants were selected based on their wide
distribution around human dwellings in cities of western Burkina Faso. Anopheles readily rest, probe and feed
on them?. In addition, the ability of these plants to influence mosquito survival and P. falciparum transmission
potential was previously studied®. A solution of 5% glucose (a sugar manufactured by Biosolve Chimie SARL,
57,260 Dieuze, France) was used as a control in our experiments. Collections of B. lupulina and C. thevetia com-
plied with “Burkina Faso Legislative Assembly” (Loi 003/2016/AN portant code forestier au Burkina Faso). These
two plants were identified by taxonomist Dr. OUOBA Hermann as in Thiombiano et al.*’, and were deposited in
the herbarium of Nazi Boni University, Bobo-Dioulasso, Burkina Faso under ID numbers: UNB-945 and UNB-
946, respectively, and kept in the departmental store room. All procedures were conducted in accordance to the
relevant institutional, national, and international guidelines and legislation.

Scientific Reports |

(2022) 12:21431 | https://doi.org/10.1038/s41598-022-25681-6 nature portfolio



www.nature.com/scientificreports/

The flowers of these plants of unknown age were collected daily between 3 and 4 pm, around human dwell-
ings and public places (gardens, schools) of Bobo-Dioulasso city and surrounding area, and were offered at
5 pm to mosquitoes in 30 cm x 30 cm x 30 cm mesh-covered cages (Supplementary Fig. S1). Plant age was an
uncontrolled parameter, but the collected flowers were all open and the wilted or dry flowers were not used.
Using scissors, between seven and ten stems of fresh flowers were cut from the plants, arranged in a bouquet and
introduced into the mosquito cages (Supplementary Fig. S1). The base of the bouquet was wrapped in moistened
paper towels and covered with an aluminum sheet, such that mosquitoes had no access to the moistened paper.
Mosquitoes (about 150 individuals from each sex) emerging from field collected larvae were randomly assigned
to either B. lupulina, C. thevetia, a combination of B. lupulina+ C. thevetia, or the 5% glucose control solution
(Supplementary Fig. S1). The flower bouquets, as well as the glucose cotton pads were changed daily at 5 pm.
The mosquitoes were allowed to feed on one of these four treatments for three to five days (i.e. time deemed suf-
ficient to allow all mosquitoes to feed), after which only the females were aspirated for insecticide susceptibility
assays. Here, the exact sources of the nutrients (extra-flower nectar, flower nectar, sap) taken up by mosquito
females on plant cuttings (B. lupulina, C. thevetia and B. lupulina + C. thevetia) were not determined. Male and
female mosquitoes were given access to their assigned plant treatment until the morning of the test and only the
females were aspirated for insecticide susceptibility assays.

Insecticide susceptibility assays. Three to five day-old An. gambiae s.1. females, maintained as described
above on one of the four diets (5% glucose, B. lupulina, C. thevetia or B. lupulina+ C. thevetia) and not blood
fed, were used for insecticide susceptibility testing according to the standard WHO tube protocol®. Susceptibil-
ity testing was performed using deltamethrin, a pyrethroid. These susceptibility assays were carried out using
two concentrations of deltamethrin, i.e. the 0.05% diagnostic dose recommended by WHO and the 0.5% dose
for the determination of resistance intensity’. Papers impregnated with deltamethrin (0.05% or 0.5%) and non-
impregnated control papers were used for exposing An. gambiae s.I. females.

For each diet treatment, between 14 and 31 female mosquitoes (median =21) were introduced into 6 tubes
(4 tubes with insecticide-impregnated papers +2 control tubes). This experiment was repeated once (i.e. two
experimental replicates) for each insecticide dose, resulting in a total of 96 tubes and 1696 mosquitoes (6 tubes
* 4 plant treatment * 2 deltamethrin doses * 2 experimental replicates). Following mosquito introduction, the
presence of KD individuals was recorded at 5, 10, 15, 20, 30, 40, 50 and 60 min. Mosquitoes were then trans-
ferred into insecticide-free observation tubes, and maintained on distilled water only. Final mortality in test
and control mosquitoes was recorded 24 h after exposure. The tests were conducted under standard bioassay
laboratory and insectarium conditions (27 +2 °C and 70 £ 5% RH). Following bioassays, species composition
of dead and living species after 24 h of exposure, and the resistance gene kdr L1014F mutation was determined
using PCR as described below.

Molecular analysis. Genomic DNA was extracted individually from the 1 696 mosquito females by
mechanical grinding tissues using the Tissuelyser II (Qiagen) in an extraction buffer (0.1 M Tris HCI, pH 8.0,
0.01 M EDTA, 1.4 M NaCl, 2% cetyl trimethyl ammonium bromide) adapted from Morlais et al.®0. The obtained
grinding was incubated at 65 °C for 10 min. Total DNA was extracted with chloroform, precipitated in isopro-
panol, washed in 70% ethanol and resuspended in sterile water for 12 h. DNA was used to perform PCR to
identify An. gambiae complex species following the Sine 200X protocol of Santolamazza et al.** (Supplementary
Information), by using the two primers S200X 6.1F and S200X 6.1R. An additional PCR assay was performed on
the same genomic DNA to detect the kdr L1014F mutation of the voltage-gated sodium channel (Vgsc) involved
in insecticide resistance according to the protocol described by Martinez-Torres et al.'® using four primers of
Kdr_W_Primer_D1, D2, D3, D4 (Supplementary Information), so that each female was characterized for its kdr
genotype: homozygote sensitive (SS), heterozygote (RS) or homozygote resistant (RR).

Statistical analyses. All statistical analyses were performed using R software (version 4.0.5)*2. For each of
the two doses (0.5% and 0.05% deltamethrin), a logistic regression by generalized linear model (GLM, binomial
errors, or quasibinomial errors) was used to analyze the effect of the diet treatment (4 levels: 5% glucose, B.
lupulina, C. thevetia, and the combination of B. lupulina+ C. thevetia), time (numeric: between 5 and 60 min
after exposure), and their two-way interaction, and replicate (2 levels: replicate 1 and replicate 2) as a main
effect only on the KD rate of insecticide-exposed mosquitoes. For mosquitoes exposed to 0.05% deltamethrin,
predictions were made using the “predict” function to determine the time it would take for mosquitoes to reach
50% KD. For each deltamethrin dose, a binomial GLM was used to determine the effect of the diet treatment,
exposure to insecticide (2 levels: control, 0.05% or 0.5% deltamethrin), and their two-way interaction, and rep-
licate as a main effect only on the mortality rate of mosquitoes 24 h following insecticide exposure. Finally, for
each insecticide dose, GLMs with binomial or quasi-binomial errors were used to test the effect of plant diet, kdr
resistance genotypes (SS, RS, RR) and their interaction on the mortality rate of mosquitoes in the deltamethrin-
exposed group, and in the control group (mosquitoes not exposed to deltamethrin).

Model simplification used stepwise removal of terms, followed by likelihood ratio replicates (LRT). Term
removals that significantly reduced explanatory power (P <0.05) were retained in the minimal adequate model®.
Post-hoc tests were used to compare each level of the plant treatment when the latter was significant (‘emmeans’
function of the ‘emmeans’ library, R package version 1.5.5-1)*.

Ethical approval. All procedures were conducted in accordance to the relevant institutional, national, and
international guidelines and legislation. Ethical approval was obtained from the Centre Muraz Institutional Eth-
ics Committee (A003-2012/CE-CM) and National Ethics Committee of Burkina Faso (2014-0040).
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Figure 1. Effect of plant diet on mosquito knockdown rate (KD) following exposure to 0.05% deltamethrin (a)
or 0.5% deltamethrin (b) over time for the two replicates. The lines represent best-fit logistic growth curves for
each plant treatment.

Results

Knockdown rate. Deltamethrin (0.05%). Regardless of the plant diet, the overall KD rate was low with
only 0.18 +£0.03 of KD mosquitoes after 60 min (predicted value KDsy=77 min +3.42). There was a significant
effect of plant diet on KD rate (LRT X%,=11.63, P=0.01, Fig. 1a and Supplementary Table S1). In particular, mos-
quitoes fed with C. thevetia had shorter predicted value KDs, (74 min +3.43) compared to mosquitoes fed with
the control, 5% glucose (predicted value KD5,=89 min+9.74) (Z=2.86, P=0.02, Fig. 1a and Supplementary
Table S1). The difference between the treatments was greatest at 60 min of exposure, with mosquitoes fed on B.
lupulina + C. thevetia (KD rate=0.22+0.06) having approximately twice the KD rate of mosquitoes fed with B.
lupulina (KD rate=0.13+0.06) or 5% glucose (KD rate=0.16+0.06). Furthermore, the KD rate increased with
time (LRT X? =471.12, P<0.001, Fig. 1a and Supplementary Fig. S2a) and varied between the two replicates
(LRT X% =84.71,P<0.001, Supplementary Fig. S2a), with approximately 30% KD at 60 min for replicate 1 versus
only 10% at 60 min for replicate 2 (Supplementary Fig. S2a). Finally, there was no interaction between plant diet
and time (LRT X%,=1.69, P=0.64, Supplementary Table S1).

Deltamethrin (0.5%). Plant diet significantly influenced mosquito KD (LRT X?,=25.38, P<0.001, Fig. 1b). In
particular, considering the full observation period, mosquitoes fed on 5% glucose had longer predicted value
KDs, (24 min £ 1.62) than those fed on C. thevetia alone (predicted value KD5y=21 min+2.5), Z=5.12,P<0.001,
Supplementary Table S2) or on B. lupulina+ C. thevetia (23 min + 3.4, Z=3.54, P=0.002, Fig. 1b, Supplementary
Table S2). There was an increase of KD over time (LRT X? =1024.69, P<0.001, Fig. 1b and Supplementary
Fig. S2b), and replicate effect on KD (LRT X?,=407.34, P<0.001, Supplementary Fig. S2b). There was also a
significant plant diet by time interaction on KD (LRT X?;=21.74, P <0.001, Fig. 1b and Supplementary Fig. S2b),
suggesting that the treatment influenced the pace at which mosquitoes got KD following insecticide exposure.

Mortality rate of mosquitoes 24 h post-exposure.  Deltamethrin (0.05%). Although 0.05% deltame-
thrin was not fully efficacious in killing mosquitoes, it significantly decreased their survival with an overall rate
of mortality of 0.38+0.04 compared to 0.06+0.03 in controls (LRT X? =43.51, P<0.001, Fig. 2a and Supple-
mentary Table S3, 4). There was a significant effect of plant diet on the mortality of mosquitoes (LRT X%, =28.03,
P <0.001, Fig. 2a, and Supplementary Table S3), with individuals fed on B. lupulina showing higher mortality
than those fed on glucose, C. thevetia, or the combination B. lupulina+ C. thevetia, regardless of the exposure
to insecticide (i.e. no plant diet by insecticide exposure interaction, Supplementary Fig. S3a and Supplementary
Table S3). There was no effect of replicate on mortality of mosquitoes (LRT X?, =1.18, P=0.28, Supplementary
Fig. S3a).

Deltamethrin (0.5%). There was a highly significant effect of 0.5% deltamethrin on the mortality of female
mosquitoes (LRT X?, =146.27, P<0.001, Fig. 2b, Supplementary Fig. S3b and Supplementary Table S3, 4), with a
0.85+0.03 mortality in insecticide-exposed individuals compared to 0.11 +0.04 in the controls (Supplementary
Table S4). Plant diet influenced mosquito mortality (LRT X2,=54.64,P <0.001, Fig. 2b, Supplementary Fig. S3b),
but this effect was mainly driven by increased mortality in B. lupulina-fed and control mosquitoes. Accord-
ingly, there was a significant interaction between plant diet and insecticide exposure (LRT X% =34.07, P<0.001,
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Figure 2. Effect of plant diet and exposure to insecticide (insecticide-exposed vs. unexposed controls) on the
mosquito mortality 24 h post-exposure to 0.05% deltamethrin (a) or 0.5% deltamethrin (b) over 2 replicates.
The numbers above the barplots represent the sample size for each plant diet. The error bars represent the
variability of data with 95% confidence interval (+95% CI).

Fig. 2b and Supplementary Fig. S3b). Finally, there was a significantly effect of replicate on the mosquito mortal-
ity (LRT X? =26.32, P<0.001, Supplementary Fig. S3b).

Effect of plant diet, kdr genotype and their interactions on the mosquito mortality. Among
the field-derived females used in this experiment, An. gambiae (n=1 021) was predominant, followed by An.
coluzzii (n=313) and An. arabiensis (n=307) (Supplementary Table S5). Molecular analysis detected the kdr
L10114F mutation in these three species at high frequency (i.e. 0.9, 0.6 and 0.51 in An. gambiae, An. coluzzii and
An. arabiensis, respectively). Genotypic frequencies are given in Supplementary Table S5. The following analysis
includes all Anopheles gambiae s.I. mosquitoes, and separate analysis for each of the three species are displayed
in Supplementary Table S6 and Supplementary Fig. S5.

Deltamethrin (0.05%). In the presence of a low dose of the insecticide, the kdr L1014F mutation conferred a
two- to three- fold reduction in mortality (SS=0.62+0.14, RS=0.24+0.15, RR=0.36+0.07, LRT X?,=11.80;
P=0.003, Fig. 3a, multiple pairwise comparisons: SS>RS, Z=4.63, P=0.001, SS>RR, Z=3.66, P=0.001 and
RR>RS, Z=2.43, P=0.04). There was a significant interaction between kdr genotype and plant diet (LRT
X?¢=17.38; P=0.01), indicating that the effect of plant treatment on mosquito mortality varied among the geno-
types.

In the absence of the insecticide, the effect of the kdr genotype on the mosquito mortality was marginally
non-significant (S$=0.09 +0.33, RS=0.01+0.24, RR=0.08 +0.13, LRT X?,=5.33; P=0.07, Fig. 3a), and there
was no significant interaction between kdr genotype and plant diet (Fig. 3a, LRT X% =2.54; P=0.86).

Deltamethrin (0.5%). When exposed to a high insecticide dose, the effect of the kdr genotype on the mosquito
mortality was marginally non-significant, with a mortality of 0.94+0.07, 0.87£0.06 and 0.84+0.04 for SS, RS
and RR genotypes, respectively (LRT X2,=5.06; P=0.08, Fig. 3b). The interaction between kdr genotype and
plant diet was not significant (LRT X%=7.08; P=0.31, Fig. 3b).

In the absence of the insecticide, the effect of the kdr genotype on the mosquito mortality was moderate
(8$=0.10+£0.29, RS=0.02 +£0.26 and RR=0.12+0.14, LRT X?,=7.30; P=0.03, Fig. 3b), and no significant pair-
wise differences were found on the basis of multiple comparison tests. Finally, there was no significant interaction
between kdr genotype and plant diet (LRT X% =3.23; P=0.78, Fig. 3b).

Discussion

The objective of this study was to assess the effect of natural plant diet on the response of An. gambiae s.1. to
insecticides. Our findings showed that the effect of plant diet on mosquito resistance, as measured by KD rate
and 24 h mortality, is significant. In particular, plant treatment influenced mosquito KD rate at both the 0.05%
WHO diagnostic dose of deltamethrin and the 0.5% dose. Plant treatment also induced a varying level of mortal-
ity in both mosquitoes exposed to deltamethrin 0.05% and unexposed control individuals. At the higher dose of
deltamethrin, mosquito mortality became high, regardless of the plant species received, while the effect of the
plants was still apparent in the unexposed controls.

Overall, less than 25% of the adult females were KD one hour following exposure to 0.05%, 0.05% deltame-
thrin, and it took about 25 min to induce 50% KD with the higher dose of 0.5%. Besides, about 40% and 85%
of the individuals were recovered dead 24 h after exposure to 0.05% and 0.5% deltamethrin, respectively. This
means that the mosquitoes were highly resistant according to the WHO criteria, i.e. a mortality less than 90%
at the discriminating concentration of 0.05% (1x) and less than 98% at the 10 x dose® These results confirm the
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Figure 3. Effect of insecticide exposure, plant diet and kdr resistance genotype on the proportion of dead
mosquitoes exposed to (a) 0.05% deltamethin, or (b) 0.5% deltamethrin over two replicates. The numbers
above the barplots represent the sample size for each plant treatment. The letters on the x-axis correspond to the
different kdr genotypes with SS designating homozygous susceptible mosquitoes, RS heterozygous mosquitoes
and RR homozygous resistant mosquitoes. The error bars represent the variability of data with 95% confidence
interval (£95% CI).
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high insecticide resistance status of this mosquito population®®. Deltamethrin is a pyrethroid that targets the
voltage-gated sodium channel in insect neurons, and mutations in this target site are a likely cause of insecticide
resistance'?. Accordingly, our genotyping revealed a high frequency of the L1014F kdr point mutation (90% in
An. gambiae, the predominant species in our samples), and our SS genotypes displayed a 2- to threefold increase
in mortality at 24 h following exposure to 0.05% deltamethrin compared to the RS and RR genotypes (Fig. 3a).
As this study was performed on mosquitoes collected at the larval stage in the field, we cannot exclude the pos-
sibility that they have been exposed, during part of their development in their natural breeding sites, to envi-
ronmental stressors, such as pollutants or herbicides, which are known to improve subsequent adult resistance
to insecticides®>*. It would be meaningful to repeat this experiment using susceptible and resistant mosquitoes
with the same genetic background, and reared under the same conditions (food, density, etc.).

Our results showed a strong effect of plant diet on mosquito insecticide resistance, with some plant species
conferring greater or lesser susceptibility to mosquitoes. In particular, the average mortality rates at 24 h follow-
ing exposure to 0.05% deltamethrin was 2.5 fold greater in mosquitoes that were fed on a B. lupulina diet (70%)
relative to the control (27.5%) (Fig. 2a and Supplementary Table S4). One obvious implication is that the intensity
of insecticide resistance in natural conditions will vary spatially and temporally depending on fluctuations in
the diversity of plant nutrient sources. For example, areas where mosquitoes get a significant portion of their
meals from plant species such as B. lupulina would display decreased insecticide resistance. That being said, such
simple predictions may prove wrong as different genetic and environmental parameters (age, larval nutrition,
female body size, temperature, infection, etc.) and their combinations (i.e. G x E interactions) may have either
opposite, additive, or synergistic effects on the expression of insecticide resistance.

The precise mechanism of plant-mediated effects on mosquito resistance is not yet clear, but at least four
non-mutually exclusive hypothetical processes can be proposed. First, it is possible that plant diet interferes with
some of the well-known molecular mechanisms of resistance, which improve mosquito survival upon insecti-
cide contact (e.g. enzyme-mediated detoxification, such as cytochrome P450s). For instance, B. lupulina might
decrease enzyme activities resulting in reduced resistance to deltamethrin, and hence in increased mosquito
mortality. In contrast, plants can contain vitamins, such as ascorbic acid (present in nectars but in fruits espe-
cially), which have important antioxidant properties®. In this scenario, mosquito feeding on vitamin-rich plant
diet could reduce the oxidative stress induced by exposure to insecticides and increase resistance to insecticides.
It has previously been demonstrated that dietary antioxidants, such as vitamin C can improve DDT phenotypic
resistance in Drosophila melanogaster*”, and it would be important to corroborate these findings in mosquitoes.

Second, differences in resistance among plant treatments could have been the result of uneven distribution of
kdr genotypes among the different plant treatments. Mosquitoes were maintained for 3-5 days on their plant diet
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before the bioassay. Thus, if some genotypes survive better on some plants than others, then selection can occur
during this pre-test period resulting in an uneven distribution of the different genotypes among the treatments.
For instance, if the SS genotype survive well on B. lupulina (and conversely the RR and RS genotypes survive
poorly), this genotype would therefore become overrepresented in this treatment, leading to the observed lower
resistance. This mechanism can, however, be partly ruled out as the kdr genotype composition was similar across
the different plant treatments (Supplementary Table S7).

Third, plant diet can have an indirect effect on insecticide resistance through mosquito physiological condi-
tion and energetic status. Both field and laboratory based studies, have shown that plant diet can affect mosquito
life history traits, such as survival***”. The current study demonstrates that plant diet can also modulate the 24 h
mortality in both control and deltamethrin-exposed adults. The effect of mosquito plant diet on delayed mortality
after insecticide exposure may be related to the amount of nutritional reserves available, as suggested by stud-
ies on the effects of larval nutrition on adult insecticide resistance (e.g.>*). Plant diet may indeed differ in their
nutritional quality and in turn affect mosquito general vigor. In particular, mosquitoes that fed on B. lupulina
would accumulate less energy reserves, making them less resistant to the insecticide. In addition, mosquitoes
might display varying preferences for plants. For example, mosquitoes exposed to B. lupulina might be less likely
to feed and therefore have lower energy reserves compared to other plant diets for which mosquitoes would be
fully replete before the insecticide test. Beyond plant nutritional quality and mosquito energy level, there could
also be direct toxic effects of B. lupulina on mosquitoes, which may ultimately weaken mosquitoes and render
them more susceptible to insecticides. Although not characterized in this study, the presence of toxic chemicals
in these natural plants could temporarily affect the metabolism of mosquitoes, thus modulating their tolerance
to insecticides. Barleria lupulina contains secondary metabolites, such as terpenes, flavonoids, lignins, alkaloids,
particularly the iridoid glycosides, and most plant products containing terpenes are efficient insecticides®®.

Fourth, plant diet could change the microbiota composition of mosquito females**’, which in turn could
modify mosquito response to deltamethrin®-*%. Our results showed that mosquito KD rate and mortality varied
among the two replicates. This could also be explained by mosquito microbiota, as females used in replicate 1
and 2 came from different breeding sites and hatching batches®.

Mosquito natural 24 h mortality varied with plant diet. Unexposed control mosquitoes fed on B. lupulina
displayed increased mortality (Fig. 2), above the standard set by WHO®. This result suggests that plant-mediated
effects on mosquito mortality following exposure to insecticide may in fact be driven by a direct plant effect on
mosquito survival rather than interference with insecticide resistance per se. The ability to distinguish between
these two possibilities is one of the advantages of using insecticide-unexposed control mosquitoes. In the vast
majority of bioassays evaluating the effects of environmental factors (e.g. mosquito age, larval nutrition and infec-
tion) on the phenotypic expression of mosquito resistance to insecticides, unexposed controls are lacking. These
unexposed controls, consisting in individuals introduced into WHO tubes with solvent-impregnated papers,
also suffer some level of stress, and may reveal a difference in 24 h mortality among treatments, e.g. mosquito
age group. Therefore, the need to investigate, as part of insecticide bioassays, the direct effect of environmental
factors on mosquito life-history traits in using unexposed control individuals is strongly advocated.

Although the kdr genotypes (RR, RS and SS) seemed to perform equally well on the plant treatments during
the 3-5 days pre-test, leading to an even genotype distribution among treatments (Supplementary Table S7),
our results showed a significant interaction between kdr genotype and plant diet on mosquito 24 h mortality
following exposure to 0.05% deltamethrin (Fig. 3a). This significant interaction indicates that the effect of plant
diet on mosquito pyrethroid response depends on the mosquito kdr genotype. For example, glucose-fed and
0.05% deltamethrin-exposed RS mosquitoes displayed very low mortality compared to glucose-fed SS and RR
(Fig. 3a). A key evolutionary consequence of the influence of plant diversity on insecticide resistance is the main-
tenance of genetic diversity at the kdr locus in Anopheles populations. Indeed, some genotypes may be sensitive
to constituents present in one plant species, while other genotypes would perform better when feeding on other
plant species (i.e. G x E interactions). This, in addition to the possible existence of a cost of this resistance, may
partly explain the maintenance of polymorphism at the kdr gene and why the R allele is not completely fixed in
areas of high insecticide coverage.

Plant-related variations in susceptibility to deltamethrin were not consistent for both knockdown and mor-
tality rates, i.e. plant species that increased KD were not systematically the same that increased 24 h mortality
(Fig. 1, 2). Interestingly, the relationship between KD and 24 h mortality varied among the plant treatments
(Supplementary Fig. S4): there was a positive relationship between KD and 24 h mortality in the 5% glucose, C.
thevetia and the combination B. lupulina + C. thevetia treatment, but no such link was found for B. lupulina (Sup-
plementary Fig. S4). This supports the observation that B. lupulina induced both the lowest KD and the highest
24 h mortality, and suggests that KD and 24 h mortality, the two response variables classically measured as part
of WHO tube test, do not share the same underlying proximate mechanisms, and that it may depend on the plant
diet considered. Specifically, it is conceivable that B. lupulina compounds would induce a slow toxic effect, at
first resulting in a low KD following exposure to deltamethrin. Subsequently, after continued metabolism, plant
toxicity would be concomitant with the toxic effect of deltamethrin, causing the high mortality observed at 24 h.
Although our results only partially confirm the previous finding that KD cannot be used as a reliable indicator
of 24-h mortality®, they emphasize that this relationship may be plant diet-dependent.

Conclusion & perspectives

This study provides proof of principle that natural plant diet can affect phenotypic expression of pyrethroid resist-
ance in Anopheles mosquitoes. The underlying mechanisms are still unknown but the use of control individuals
not exposed to the insecticide suggests that some plant species exploited as nutrients sources may weaken mos-
quitoes, making them more vulnerable to the insecticide in terms of induced 24 h mortality. Beyond immediate
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KD and mortality, future studies should explore the impact of both plant diet and insecticide exposure on a wider
range of mosquito life-history traits and on long term survival in particular. Since KD rate seem an unreliable pre-
dictor of 24 h mortality, using dose-response assays® to evaluate the effect of plant diet and insecticide exposure
on diverse longer-term mosquito life history traits is reccommended. It would also be interesting to use mosquito
males to confirm the results obtained here with females. Only two plant species and their combination were used
in this study and there is a need for further investigation into the influence of natural vegetal nutrient sources
on insecticide toxicity using a wider range of plant species in combinations with other relevant factors (i.e. Ex E
interactions), considering local availability and phenology. For example, it would be particularly interesting to
explore how plant diet affects the expression of resistance in mosquitoes of varying ages. Examining how plant
diet can affect other resistance mechanisms, such as metabolic resistance, would also be a valuable perspective.
Finally, our findings emphasize that considering plant species used by malaria vectors for food is important to
better understand the ecology and evolution of insecticide resistance, which may in turn affect disease transmis-
sion dynamics and vector control management.

Data availability

The dataset is available from the corresponding author upon reasonable request.
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