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Abstract

Knockdown resistance (kdr) alleles conferring resistance to pyrethroid insecticides are wide-

spread amongst vector populations. Previous research has suggested that these alleles are

associated with changes in the vector competence of mosquitoes for arboviruses and Plas-

modium, however non-target genetic differences between mosquito strains may have had a

confounding effect. Here, to minimise genetic differences, the laboratory Anopheles gam-

biae Kisumu strain was compared to a CRISPR/Cas9 homozygous kdr L1014F mutant

Kisumu-kdr line in order to examine associations with vector competence for o’nyong nyong

virus (ONNV). Mosquitoes were infected using either blood feeds or intrathoracic microinjec-

tions. There were no significant differences in the prevalence of virus in mosquito body parts

between kdr mutant and wildtype lines from either oral or intrathoracic injection routes. The

ONNV titre was significantly higher in the legs of the wildtype strain at 7dpi following intratho-

racic microinjection, but no other significant differences in viral titre were detected. ONNV

was not detected in the saliva of mosquitoes from either strain. Our findings from per os

infections suggest that the kdr L1014F allele is not associated with altered infection preva-

lence for ONNV, a key component of vector competence.

Introduction

Pyrethroid insecticides are widely used to target mosquito species that transmit human patho-

gens such as arboviruses and Plasmodium. They exert insecticidal effects through binding to

receptor sites on voltage-gated sodium channels (VGSC) of mosquito neurones, resulting in

prolonged channel opening, repeated nerve discharges and disrupted neurological functioning

[1]. Mutations to the pyrethroid binding sites of the VGSC can confer reduced pyrethroid

binding, which may result in reduced phenotypic sensitivity to pyrethroids known as knock-

down resistance (kdr) [1]. To date, several amino acid substitutions have been associated with

knockdown resistance in Anopheles species, including substitutions of leucine at codon posi-

tion 1014 for phenylalanine (L1014F) or serine (L1014S) [1]. These mutations, and many
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others, are now commonly found across sub-Saharan Africa [2]. In addition to their ability to

confer insecticide resistance, concerns have been raised that these mutations may influence

the vector competence of mosquitoes for human pathogens. Vector competence describes the

ability of a vector to acquire, incubate, and transmit a pathogen, and is a complex summation

of many interlinked determinants including vector and pathogen genetics, microbiome, and

environmental factors [3–5].

Given that kdr are simple amino acid substitutions in the VGSC of mosquito neurones, it

is not immediately apparent how this alteration could feasibly influence vector competence.

Several putative mechanisms have been suggested, ranging from pleiotropic effects of kdr, to

indirect effects relating to broader changes in physiology. It has been speculated that a

mutated VGSC may be directly capable of altering the immune response of vectors to patho-

gens through modifying the neurohormonal control of immune function. For example, the

gene expression of 20-hydroxyecdysone is under neurohormonal control and has been

shown to increase immune gene transcription and alter Plasmodium berghei infection rate

in Anopheles gambiae [6–8]. Less direct mechanisms have also been proposed. The presence

of kdr has been linked to multiple fitness costs in mosquito vectors including development

times, longevity, reproduction success and feeding behaviours [9–12]. Given that vector

competence is a complex balance of multiple known and unknown determinants, it is con-

ceivable that mutated VGSC could indirectly influence vector competence through such

physiological disturbances. A further possibility is that the evolutionary conditions favour-

ing the emergence and spread of kdr, may also co-select for alleles on local or distant loci

that can impact vector competence [10, 13]. For example, the kdr mutation occurs in a hap-

lotype that contains a gene coding for the serine protease ClipC9, which has been linked

with anti-Plasmodium immunity [14, 15]. It has also been shown in genome wide association

studies with Aedes aegypti that there are single nucleotide polymorphisms commonly associ-

ated with kdr in distant loci of the genome, which could potentially influence vector compe-

tence [16].

Several studies have investigated the potential impacts of kdr on vector competence to date,

but findings have been varied and conflicting, likely due to the range of vector-parasite models

used, and significant differences in study design. Whilst there are relatively few studies that

have focused on the potential impacts of kdr on arbovirus transmission, inferences may also be

drawn from several field and laboratory investigations conducted using Plasmodium parasites

and their mosquito vectors. The presence of the L1014S allele was associated with a higher

prevalence of P. falciparum sporozoites in field-caught An. gambiae s.s. from Tanzania [17]

but similar studies have not detected any significant effect [18, 19]. Infection prevalence data

from field caught mosquitoes are vulnerable to the confounding effects of insecticide use in

the study area. Kdr-carrying mosquitoes may be more likely to survive the extrinsic incubation

period (EIP) of a parasite in areas where insecticide use is common and may therefore be more

likely to harbour malaria sporozoites than those with wildtype VGSC. Conversely, Plasmo-
dium-infected mosquitoes with kdr alleles may be more vulnerable to the effects of pyrethroids

that their uninfected counterparts, making survival through a parasite’s EIP less likely in areas

of insecticide use [20].

Experimental infection of field mosquitoes in a laboratory can address some of these issues.

Ndiath et al. [21] reported that An. gambiae s.l. carrying the L1014F or L1014S alleles, had sig-

nificantly higher prevalence and density of oocysts and sporozoites than wildtype controls, but

this effect was not seen in a similar study with a field-derived Anopheles line [22]. Experimen-

tally infected field strains of Ae. aegypti from Florida with differing kdr genotypes (L1016 and

C1534) had different infection and transmission rates for dengue virus, with the strains with

the highest proportion of kdr demonstrating the lowest vector competence indices [23].
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Similar results were observed in isofemale lines derived from field populations, whereby

strains with the highest prevalence of 1534C alleles had the lowest virus dissemination rate at

7dpi, and viral loads were not significantly different to the wildtype strains [24]. However, the

main limitation of all studies using field-caught mosquitoes is that despite the thorough char-

acterisation of strains by kdr genotype, they are not able to account for any potential effects of

other genetic differences that could alter vector competence.

This problem is partially addressed by developing laboratory strains of mosquitoes with

differing kdr profiles. Chen et al. [25] developed a permethrin resistant mosquito line from a

parental field-caught Ae. aegypti strain using insecticide selection. The resistant strain had

both a significantly higher prevalence of mutated F1534C and V1016I, and a higher dissemi-

nation rate of dengue virus to legs at 14 days post-infection (dpi) than the unselected strain

[25]. However, the use of insecticide selection here may also have led to unintended genetic

differences between resistant and susceptible strains which could affect vector competence

[4]. As such, introgression of kdr alleles into susceptible mosquito populations has been

used to investigate the impacts on vector competence. L1014F was introgressed into the

wildtype An. gambiae s.s. Kisumu strain, and kdr genotype was associated with increased

infection prevalence at both the oocyst and sporozoite stages compared to the wildtype

Kisumu strain [7]. One of the few arbovirus-related studies utilised backcrossing of insecti-

cide resistant and susceptible laboratory mosquito strains to investigate the impacts of

V1016I and F1534C alleles on the competence of Ae. aegypti for Zika virus [26]. The results

show that Ae. aegypti with these alleles had greater infection rates and higher viral dissemi-

nation to the legs than wildtype mosquitoes at multiple timepoints post-infection [26].

Whilst introgression is a more targeted way of introducing alleles of interest into wildtype

lines compared to insecticide selection, it is possible that confounding alleles are also inad-

vertently introgressed in the process.

In this study, to minimise confounding genetic differences, we compared vector compe-

tence of an L1014F homozygotic line of An. gambiae produced using CRISPR/Cas9 to its par-

ent VGSC wildtype strain. Both strains were experimentally infected with o’nyong nyong virus

(ONNV) via infected blood meals or intrathoracic injections. ONNV is the only known patho-

genic arbovirus vectored by Anopheles spp. in sub-Saharan Africa and has a broadly overlap-

ping distribution with mosquito populations carrying kdr [2, 27].

Methods

Virus and mosquito strains

ONNV UgMp30 (BEI Resources) was passaged once in Vero CCL81 cells for the intrathoracic

injection experiments. For the oral infections, ONNV UgMp30 was passaged twice in Vero

cells. Two mosquito lines were used in this study: the insecticide susceptible laboratory

Kisumu strain of An. gambiae (hereafter Kis) with non-mutated VGSC; and a CRISPR/Cas9

gene-edited L1014F kdr homozygous Kisumu line (hereafter Kis-kdr). The Kis-kdr line was

developed by colleagues at the Liverpool School of Tropical Medicine, and the methods are

described in detail elsewhere [28]. Briefly, Kisumu eggs were injected with donor plasmids

containing a red fluorescent protein (RFP) marker. RFP-expressing G0 larvae were back-

crossed with Kisumu to obtain a G1 line that was screened for the L1014F mutation. Progeny

of G1 females positive for L1014F by locked nucleic acid (LNA) polymerase chain reaction

(PCR) were backcrossed with Kisumu to obtain greater numbers of individuals with the kdr
allele. Several generations of intercrossing of heterozygous individuals achieved a 100% homo-

zygotic line for L1014F [28].
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Insecticide susceptibility testing

Both strains of mosquitoes (Kis n = 40, Kis-kdr n = 60) were exposed at 3–5 days old to the dis-

criminating dose of permethrin (0.75%) in WHO tube assays for 1 hour [29]. They were trans-

ferred back into holding tubes with access to 10% sucrose, and knockdown was recorded. At

24 hours post-exposure, mortality rates were determined. Controls of both mosquito strains

(n = 20) were exposed to insecticide negative papers in WHO tube assays.

Per os (PO) infections

Mosquitoes aged 5–7 days were housed in cardboard soup cups and sugar starved for 24 hours

with access to water. ONNV stocks were diluted 1:1 with human blood to achieve a final viral

titre of 1x106 pfu/ml. The phagostimulant ATP was added at a concentration of 900μM. Under

Arthropod Containment Level 2 conditions, mosquitoes were allowed to blood feed via the

Hemotek feeding system (Hemotek Ltd) for 1 hour. Unfed and partially fed mosquitoes were

discarded, and fully fed mosquitoes were incubated until processing with access to 10% sucrose

((27˚C (+/- 1), 80% relative humidity (+/- 5), and 12:12 hours light:dark).

Intrathoracic (IT) microinjections

Non-blood fed females aged 4–6 days were briefly cold anaesthetised at -20˚C for 30 seconds

and transferred to a cold plate. Each mosquito was intrathoracically inoculated with 100nL

ONNV (1x105 pfu/ml) at a rate of 50nl/second using a Nanoject III (Drummond Scientific).

Following IT injection, mosquitoes were transferred to cardboard soup cups with access to

10% sucrose and incubated until further processing, as above.

Dissections and forced salivations

For PO infections, mosquitoes were sampled at 7dpi, and heads, bodies (thorax & abdomen),

and saliva were collected. To control for differences in blood meal size, whole mosquitoes

from each strain were sampled immediately post-feeding to determine the viral titre of the

ingested blood meal. For IT injections, a cohort of mosquitoes were sacrificed at 5, 7, or 10dpi,

and head, body (thorax + abdomen), legs, and saliva were collected. For forced salivation, mos-

quitoes were cold anaesthetised, legs and wings removed, and the proboscis placed in a 20μL

pipette tip containing mineral oil. Mosquitoes were allowed to salivate for 15 minutes, then

dissected into head and bodies. Saliva was ejected into a tube containing 100 μL infection

media (Dulbecco’s Modified Eagle Media (DMEM) + 2% foetal bovine serum (FBS), 1:1000 v/

v 50mg/mL gentamicin, 1:200 v/v 10mg/mL Fungin (Invivogen)). Body parts were placed into

a Safelock tube containing 300μL infection media and a 5/32” diameter stainless steel ball bear-

ing (Dejay Distribution Limited). Samples were immediately stored at -80˚C until further

processing.

Plaque assays

For IT injection samples, 24-well tissue culture plates were seeded with 500μL of 2.5x105 cells/

ml Vero CCL81 cells in growth media (DMEM + 10% FBS + 1:1000 v/v 50mg/mL gentamicin)

and incubated overnight (37˚C, 5% CO2). For PO infection samples, Vero cells were used, and

seeded as above. Body part samples were defrosted and homogenised at 26Hz for 5 mins using

a TissueLyser (Qiagen). Homogenised samples were centrifuged for 5 mins to pellet debris.

Each sample was serially diluted in infection media, and 100uL inoculum was added in dupli-

cate to the confluent cell monolayer in the cell culture plates. These were incubated for 1hr

(37˚C, 5% CO2) prior to adding a 0.4% agarose overlay. After 48 hours of incubation (37˚C,
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5% CO2), the plates were fixed with formaldehyde and stained using a 0.25% v/v crystal violet

solution. Plaques were counted manually, and the mean of both replicates was used to calculate

the viral titre of each sample (pfu/sample).

Cytopathic effects assays

Cytopathic effects (CPE) assays were performed on saliva samples to determine whether

ONNV was present. 96-well cell culture plates were seeded with 100μL Vero CCL81 at a den-

sity of 2.5x105 cells/mL in growth media and incubated overnight. After incubation the growth

media was removed and replaced with 75μL infection media. Saliva samples were vortexed for

15s and 25μL was added in duplicate to the cells. The plates were incubated for 72 hours

(37˚C, 5% CO2) before being scored by microscopy for the presence of CPE. If either of the

replicates for each sample were positive, the saliva sample was considered to contain viable

ONNV. The limit of detection of the CPE assays was established at approximately 1.9x102 pfu/

ml, which is<5 pfu per 25μL added to each CPE assay replicate (S1 File).

Statistical analysis

Fishers’ exact tests were used to test for significant differences in the 1 hour knockdown and

24 hour mortality of mosquito strains following exposure to 0.75% permethrin. For mosqui-

toes infected via the PO route, the following components of vector competence were deter-

mined. Infection prevalence was defined as the proportion of mosquitoes with established

infection of their bodies (thorax and abdomen) out of the total number taking an infected

blood meal. Dissemination prevalence was defined as the proportion of mosquitoes with estab-

lished infection in their bodies, that developed infection in the heads or legs. Transmission

prevalence was defined as the proportion of mosquitoes with disseminated infection that also

had virus present in saliva. Fishers’ exact tests were used to determine the significance of differ-

ences in infection and dissemination prevalence. This was justified due to the small sample

size for each timepoint.

For mosquitoes infected via the IT route, the proportions of mosquitoes developing an

established infection in the body (thorax & abdomen), heads, and legs, out of the total number

injected, were determined. The transmission prevalence was defined as the proportion of mos-

quitoes developing salivary infection following IT injection with ONNV. Fishers’ exact tests

were used to test for significant differences in these proportions between mosquito strains.

For viral titre data of mosquito samples and ingested blood meals, normality was deter-

mined using Shapiro-Wilks test and separate ANOVA were performed for each timepoint,

using viral titre and mosquito strain as grouping variables. If the viral titre data were non-Nor-

mally distributed, Kruskal-Wallis tests were used. All statistical analyses were performed using

base functions in R (version 4.2.1).

Results

Permethrin susceptibility testing

Exposure to 0.75% permethrin in WHO tube assays revealed a significant difference in suscep-

tibility between strains. There was 95% ([95% CI 83–99] n = 40) knockdown following 1hr

exposure of Kis, compared to 3% ([0–12] n = 60) of Kis-kdr (Fishers’ exact p�2.2e-16). Mor-

tality at 24hrs revealed a similar picture with Kis showing high susceptibility (100% mortality

[91–100] n = 40), and Kis-kdr showing a significantly lower mortality (15% [7–27] n = 60)

(Fishers’ exact p�2.2e16) (Fig 1). There was no knockdown or mortality seen in the unexposed

control groups for either strain.
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Oral infections

Homogenisation of mosquitoes immediately following blood feeding revealed a similar range

of inoculum titres, spanning from approximately 3.2 to 4.2log10 pfu/mosquito, in both strains.

The mean inoculum titres were not significantly different between strains (Kis 3.77 [95% CI

3.59–3.95] n = 15; Kis-kdr 3.67 [3.52–3.82] n = 23; ANOVA p = 0.40).

Establishment of infection via infected blood meal was achieved in both mosquito strains.

The infection prevalence was not significantly different between Kis (45% [23–69] n = 20) and

Kis-kdr (40% [19–64] n = 20) (Fishers’ exact p = 1). At the 7dpi timepoint, there was very lim-

ited dissemination of virus to other body parts in both mosquito strains, with only a single

head sample testing positive by plaque assay, and no positive leg samples. These differences

were not significantly different between strains (Fishers’ exact p = 1). Of the mosquitoes with

established infection at 7dpi, the mean body ONNV titre was similar in both strains (Kis-kdr

(2.30 log10 pfu/body), Kis (1.99); ANOVA (p = 0.57) (Fig 2). The only mosquito with a dissem-

inated infection to the head was of the Kis strain and had a body ONNV titre of 2.41 (log10

Fig 1. Susceptibility to 0.75% permethrin in WHO tube assay. Kis (n = 40) and Kis-kdr (n = 60) were exposed in WHO tube assays to 0.75% permethrin

for 1 hour. Controls were mock-exposed to non-insecticide treated filter papers. Percentage knockdown at 1hr, and mortality at 24hr are indicated by the

coloured bars. 95% confidence intervals are marked in black. There was significantly higher (Fisher’s exact p�2.2e-16) knockdown at 1 hour in Kis (95%

[95% CI 83–99]) than Kis-kdr 3% [0–12]). Mortality at 24 hours was significantly higher in Kis (100% [91–100] than Kis-kdr (15% [7–27]) (Fisher’s exact

p�2.2e-16). There was no knockdown or mortality in negative controls of either strain.

https://doi.org/10.1371/journal.pone.0288994.g001
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pfu/body) which was the highest body titre of any Kis mosquito assayed, but the saliva sample

was negative for virus. Interestingly there were three Kis-kdr mosquito bodies which had

higher titres but did not exhibit disseminated infections to their heads by 7dpi. Unfortunately,

there were insufficient numbers of mosquitoes surviving beyond 7dpi to allow for further

timepoints to be conducted.

Intrathoracic injections

For the intrathoracic injection experiments, a sample size of>20 mosquitoes per strain was

achieved for all timepoints except Kis-kdr at 10dpi. ONNV was detected in 100% of mosquito

bodies and heads, at all timepoints for both mosquito strains. The majority of leg samples were

ONNV positive in both strains at all timepoints (5dpi Kis 91% [95% CI 71–99], Kis-kdr 96%

[77–100]; 7dpi Kis 100%, Kis-kdr 100%; 10dpi Kis 96% [78–100], Kis-kdr 93% [66–100]).

None of these differences in between mosquito strains were statistically significant (Fishers’

exact p = 1).

Fig 2. ONNV titre following PO infection. Viral titres of mosquito bodies, heads, and legs at 7dpi were established by plaque assay for Kis (n = 20) and

Kis-kdr (n = 20) strains. The mean body ONNV titres were not significantly different between strains (Kis 1.99 log10 pfu/sample; Kis-kdr 2.30; ANOVA

p = 0.57). Only one Kis mosquito had a disseminated infection to its head at 7dpi. No virus was found in the legs of either mosquito strain at 7dpi. The

mean values and 95% confidence intervals are marked in black.

https://doi.org/10.1371/journal.pone.0288994.g002
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The mean viral loads in each tissue at each timepoint followed the same broad pattern for

each mosquito strain (Fig 3). Following inoculation of approximately 10 pfu (100nL of 105

pfu/mL) of ONNV into the haemocoele, there was rapid amplification of virus in the body

parts of mosquitoes. There was an observed plateauing of viral titre in bodies and legs by the

10dpi timepoint. The viral titre in the heads of mosquitoes continued to increase up to 10dpi.

There was a significant difference in the viral titre of the legs of mosquitoes at 7dpi (Kis mean

titre 3.46 log10 pfu/sample [3.32–3.60]; Kis-kdr 3.22 [3.01–3.42]; ANOVA p = 0.049) (Fig 3).

This significant difference was no longer observed at 10dpi. There were no significant differ-

ences in the viral titres in other body parts at any timepoint. CPE analysis of saliva samples

revealed no positive samples at any timepoint in either strain.

Discussion

Mutations to voltage-gated sodium channels, associated with resistance to pyrethroid insecti-

cides, have previously been correlated with alterations in vector competence for Plasmodium
spp. and some arboviruses [7, 17, 21, 23–26]. Here we investigated the potential impacts of the

L1014F allele on the vector competence of An. gambiae for ONNV. Susceptibility testing to

Fig 3. ONNV titre in mosquito body parts following intrathoracic microinjection. Mean viral titres and 95% CI shown in black (virus negative samples

excluded from calculations). The inoculum delivered by intrathoracic microinjection was 100nL of 105 pfu/mL.

https://doi.org/10.1371/journal.pone.0288994.g003
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permethrin demonstrated a significant phenotypic difference between wildtype and kdr-
mutant lines, which corroborates previous evaluation of these mosquito lines, and implicates

the L1014F in causing permethrin resistance [28].

Our data show that there was no impact of the L1014F allele on the ONNV infection preva-

lence in the bodies of mosquitoes following PO infection. Parker-Crockett et al. [26] reported

a higher infection prevalence for ZIKV in Ae. aegypti carrying the 1016 and 1534 kdr alleles fol-

lowing introgression. Our data suggest that this is not the case with the L1014F allele in this

Anopheles-ONNV model. Previous investigations with laboratory and field mosquito strains

have reported that the L1014F allele does not lead to alterations in vector competence [18, 19,

22, 30]. Our results may support this conclusion, but due to a lack of dissemination of ONNV

from the midgut following PO feeds in both Kis and Kis-kdr strains, we cannot exclude any

potential effects of the L1014F allele on transmission. The almost universal lack of dissemina-

tion of virus from the midgut of mosquitoes following oral infection, irrespective of their kdr
genotype, suggests that the Kisumu strain is not a highly competent vector for this strain of

ONNV. It is possible that further incubation time beyond the 7dpi tested may be required for

dissemination from the midgut to occur, or dissemination may be inhibited by the presence of

a midgut escape barrier [31].

Data from IT injections showed that both strains were able to support viral replication in

the haemocoele, and other body parts, when the midgut was bypassed. Excluding a transiently

lower mean ONNV titre in the legs of the KDR strain at 7dpi following IT injection, viral titres

were not significantly different between strains. We did not detect viable ONNV in saliva sam-

ples from either mosquito strain at any timepoint post-IT injection. Alphaviruses, including

ONNV, can be difficult to isolate via forced salivation, presumably due to lower salivary viral

loads than with other genera of arboviruses [32–35]. It is not clear here whether additional

incubation time post-infection was required for virus to enter the saliva, or whether this find-

ing represents the presence of salivary gland infection and/or escape barriers which could have

excluded ONNV from the saliva [36].

In contrast to our findings, a number of investigations have reported that kdr is associated

with altered vector competence indices [7, 17, 21, 23–26]. There are several reasons for these

discordant findings. Genetic differences were minimised between kdr-mutant and wildtype

strains through the use of a gene edited kdr-mutant line in our study. Though the CRISPR/

Cas9 technique is not completely immune to the introduction of unintended genetic changes

through off-target activity and genetic drift [37, 38], it limits the introduction of confounding

alleles compared to backcrossing, insecticide selection, or comparisons between sympatric

field strains. The effects observed in previous investigations employing these techniques may

have been due to other genetic differences rather than kdr genotype.

In summary, our findings from PO infections suggest that the kdr 1014F allele, introduced

by CRISPR/Cas9, is not associated with alterations to ONNV infection prevalence, a key com-

ponent of vector competence. Further investigations should isolate the potential effects of kdr
by aiming to minimise potentially confounding genetic differences between mosquito strains.

Whilst aspects of vector competence for ONNV may not be significantly modified by the

introduction of the L1014F allele in these An. gambiae strains, this does not preclude potential

alterations to broader aspects of vectorial capacity. Previous evaluation of the Kis-kdr strain

noted a number of fitness costs associated with introduction of the L1014F allele in the absence

of insecticide pressures, including a significantly reduced average lifespan [28]. This could

reduce the probability of a mosquito successfully surviving the EIP and being capable of trans-

mitting a pathogen. Conversely, in the presence of insecticide, kdr-carrying mosquitoes may

be more likely to survive the duration of the EIP and could have a higher resulting vectorial

capacity than non-mutant populations.

PLOS ONE KDR and ONNV

PLOS ONE | https://doi.org/10.1371/journal.pone.0288994 August 10, 2023 9 / 12

https://doi.org/10.1371/journal.pone.0288994


Supporting information

S1 File. Cytopathic effects assay sensitivity analysis.

(DOCX)

Acknowledgments

We would like to thank Dr Linda Grigoraki of the Liverpool School of Tropical Medicine

(LSTM) for providing the mosquito strains used in this experiment. We would also like to

thank Ruth Cowlishaw and Sara Elg (both of LSTM) for their help and guidance with mos-

quito rearing.

Author Contributions

Conceptualization: Grant A. Kay, Lisa J. Reimer.

Formal analysis: Grant A. Kay, Jennifer S. Lord.

Investigation: Grant A. Kay.

Methodology: Edward I. Patterson.

Resources: Grant L. Hughes, Lisa J. Reimer.

Supervision: Lisa J. Reimer.

Writing – original draft: Grant A. Kay.

Writing – review & editing: Grant L. Hughes, Jennifer S. Lord, Lisa J. Reimer.

References
1. Dong K., et al., Molecular biology of insect sodium channels and pyrethroid resistance. Insect Biochem-

istry and Molecular Biology, 2014. 50: p. 1–17. https://doi.org/10.1016/j.ibmb.2014.03.012 PMID:

24704279

2. Clarkson C.S., et al., The genetic architecture of target-site resistance to pyrethroid insecticides in the

African malaria vectors Anopheles gambiae and Anopheles coluzzii. Molecular Ecology, 2021. 30(21):

p. 5303–5317. https://doi.org/10.1111/mec.15845 PMID: 33590926

3. Beerntsen B.T., James A.A., and Christensen B.M., Genetics of Mosquito Vector Competence. Microbi-

ology and Molecular Biology Reviews, 2000. 64(1): p. 115–137. https://doi.org/10.1128/MMBR.64.1.

115-137.2000 PMID: 10704476

4. Juache-Villagrana A.E., et al., Assessing the Impact of Insecticide Resistance on Vector Competence:

A Review. Insects, 2022. 13(4): p. 377. https://doi.org/10.3390/insects13040377 PMID: 35447819

5. Souza-Neto J.A., Powell J.R., and Bonizzoni M., Aedes aegypti vector competence studies: A review.

Infection, Genetics and Evolution, 2019. 67: p. 191–209. https://doi.org/10.1016/j.meegid.2018.11.009

PMID: 30465912

6. Roxström-Lindquist K., et al., 20-Hydroxyecdysone indirectly regulates Hemolin gene expression in

Hyalophora cecropia. Insect Molecular Biology, 2005. 14(6): p. 645–652. https://doi.org/10.1111/j.

1365-2583.2005.00593.x PMID: 16313564

7. Alout H., et al., Insecticide Resistance Alleles Affect Vector Competence of Anopheles gambiae s.s. for

Plasmodium falciparum Field Isolates. PLOS ONE, 2013. 8(5): p. e63849. https://doi.org/10.1371/

journal.pone.0063849 PMID: 23704944

8. Reynolds R.A., Kwon H., and Smith R.C., 20-Hydroxyecdysone Primes Innate Immune Responses

That Limit Bacterial and Malarial Parasite Survival in Anopheles gambiae. mSphere, 2020. 5(2).

9. dos Santos C.R., et al., Insecticide resistance, fitness and susceptibility to Zika infection of an interbred

Aedes aegypti population from Rio de Janeiro, Brazil. Parasites & Vectors, 2020. 13(1): p. 293. https://

doi.org/10.1186/s13071-020-04166-3 PMID: 32513248

10. Brito L.P., et al., Assessing the effects of Aedes aegypti kdr mutations on pyrethroid resistance and its

fitness cost. PLoS One, 2013. 8(4): p. e60878. https://doi.org/10.1371/journal.pone.0060878 PMID:

23593337

PLOS ONE KDR and ONNV

PLOS ONE | https://doi.org/10.1371/journal.pone.0288994 August 10, 2023 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288994.s001
https://doi.org/10.1016/j.ibmb.2014.03.012
http://www.ncbi.nlm.nih.gov/pubmed/24704279
https://doi.org/10.1111/mec.15845
http://www.ncbi.nlm.nih.gov/pubmed/33590926
https://doi.org/10.1128/MMBR.64.1.115-137.2000
https://doi.org/10.1128/MMBR.64.1.115-137.2000
http://www.ncbi.nlm.nih.gov/pubmed/10704476
https://doi.org/10.3390/insects13040377
http://www.ncbi.nlm.nih.gov/pubmed/35447819
https://doi.org/10.1016/j.meegid.2018.11.009
http://www.ncbi.nlm.nih.gov/pubmed/30465912
https://doi.org/10.1111/j.1365-2583.2005.00593.x
https://doi.org/10.1111/j.1365-2583.2005.00593.x
http://www.ncbi.nlm.nih.gov/pubmed/16313564
https://doi.org/10.1371/journal.pone.0063849
https://doi.org/10.1371/journal.pone.0063849
http://www.ncbi.nlm.nih.gov/pubmed/23704944
https://doi.org/10.1186/s13071-020-04166-3
https://doi.org/10.1186/s13071-020-04166-3
http://www.ncbi.nlm.nih.gov/pubmed/32513248
https://doi.org/10.1371/journal.pone.0060878
http://www.ncbi.nlm.nih.gov/pubmed/23593337
https://doi.org/10.1371/journal.pone.0288994


11. Medjigbodo A.A., et al., Putative pleiotropic effects of the knockdown resistance (L1014F) allele on the

life-history traits of Anopheles gambiae. Malaria Journal, 2021. 20(1): p. 480. https://doi.org/10.1186/

s12936-021-04005-5 PMID: 34930272

12. Rigby L.M., et al., The presence of knockdown resistance mutations reduces male mating competitive-

ness in the major arbovirus vector, Aedes aegypti. PLOS Neglected Tropical Diseases, 2021. 15(2): p.

e0009121. https://doi.org/10.1371/journal.pntd.0009121 PMID: 33544711

13. Rivero A., et al., Insecticide Control of Vector-Borne Diseases: When Is Insecticide Resistance a Prob-

lem? PLOS Pathogens, 2010. 6(8): p. e1001000. https://doi.org/10.1371/journal.ppat.1001000 PMID:

20700451

14. Mitri C., et al., The kdr-bearing haplotype and susceptibility to Plasmodium falciparum in Anopheles

gambiae: genetic correlation and functional testing. Malaria Journal, 2015. 14(1): p. 391. https://doi.

org/10.1186/s12936-015-0924-8 PMID: 26445487

15. Minetti C., Ingham V.A., and Ranson H., Effects of insecticide resistance and exposure on Plasmodium

development in Anopheles mosquitoes. Current Opinion in Insect Science, 2020. 39: p. 42–49. https://

doi.org/10.1016/j.cois.2019.12.001 PMID: 32109860

16. Cosme L.V., et al., Genome-wide Association Study Reveals New Loci Associated With Pyrethroid

Resistance in Aedes aegypti. Frontiers in Genetics, 2022. 13. https://doi.org/10.3389/fgene.2022.

867231 PMID: 35480313

17. Kabula B., et al., A significant association between deltamethrin resistance, Plasmodium falciparum

infection and the Vgsc-1014S resistance mutation in Anopheles gambiae highlights the epidemiological

importance of resistance markers. Malaria Journal, 2016. 15(1): p. 289. https://doi.org/10.1186/

s12936-016-1331-5 PMID: 27216484

18. Wolie R.Z., et al., Evaluation of the interaction between insecticide resistance-associated genes and

malaria transmission in Anopheles gambiae sensu lato in central Côte d’Ivoire. Parasites & Vectors,
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