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Abstract

The insecticide resistance in Anopheles gambiae mosquitoes has remained the major threat for vector control 
programs but the fitness effects conferred by these mechanisms are poorly understood. To fill this knowledge gap, 
the present study aimed at testing the hypothesis that antibiotic oxytetracycline could have an interaction with 
insecticide resistance genotypes and consequently inhibit the fecundity in An. gambiae. Four strains of An. gambiae: 
Kisumu (susceptible), KisKdr (kdr (L1014F) resistant), AcerKis (ace-1 (G119S) resistant) and AcerKdrKis (both kdr 
(L1014F) and ace-1 (G119S) resistant) were used in this study. The different strains were allowed to bloodfeed on a 
rabbit previously treated with antibiotic oxytetracycline at a concentration of 39·10–5 M. Three days later, ovarian 
follicles were dissected from individual mosquito ovaries into physiological saline solution (0.9% NaCl) under a 
stereomicroscope and the eggs were counted. Fecundity was substantially lower in oxytetracycline-exposed KisKdr 
females when compared to that of the untreated individuals and oxytetracycline-exposed Kisumu females. The 
exposed AcerKis females displayed an increased fecundity compared to their nontreated counterparts whereas 
they had reduced fecundity compared to that of oxytetracycline-exposed Kisumu females. There was no substantial 
difference between the fecundity in the treated and untreated AcerKdrKis females. The oxytetracycline-exposed 
AcerKdrKis mosquitoes had an increased fecundity compared to that of the exposed Kisumu females. Our data 
indicate an indirect effect of oxytetracycline in reducing fecundity of An. gambiae mosquitoes carrying kdrR (L1014F) 
genotype. These findings could be useful for designing new integrated approaches for malaria vector control in 
endemic countries.
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Malaria vector control strategies are based primarily on 
long-lasting insecticidal nets (LLINs) and indoor residual 
spraying (IRS) of insecticides which have contributed to a signifi-
cant decrease in malaria incidence and Plasmodium falciparum 
infections prevalence (Bhatt et al. 2015). Unfortunately, the wide-
spread insecticide resistance in natural populations of malaria 
vectors across sub-Saharan Africa has become the primary threat 
to these control measures (Hemingway et al. 2016, Ranson and 
Lissenden 2016). The well-characterized resistance mechanisms 
in the major African malaria vectors Anopheles gambiae, are the 
target-site modification which is due to the point mutations in 
the targets of insecticides. They are: 1)  the knock-down resist-
ance (kdr) mutations in voltage-gated channel (Vgsc) gene (i.e., 

the substitution of Alanine by either Phenylalanine or Serine at 
codon 1014 (L1014F/S) (Martinez-Torres et  al. 1998, Ranson 
et al. 2000) and the Asparagine-to-Tyrosine substitution at pos-
ition 1575 (N1575Y) (Jones et al. 2012)) conferring resistance to 
pyrethroid/ dichlorodiphenyltrichloroethane (PYR/DDT) insecti-
cides and 2)  the substitution of Glycine by Serine at codon 119 
(G119S) resulting in resistance to carbamate/organophosphate 
(CX/OP) insecticides (Djogbénou et  al. 2007). These mutations, 
underlying phenotypic expression of resistance in Anopheles 
gambiae mosquitoes, were known to be associated with the 
changes of some mosquito physiological processes and could lead 
to deleterious effects (Rivero et al. 2010). However, to achieve the 
transition from malaria control to the elimination goal, targeting 
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some fundamental life-history traits of resistant mosquitoes such 
as fecundity, will be of a great asset since disruption of this trait 
could lead to a significant reduction of mosquito density and con-
sequently a decreased malaria parasite transmission in endemic 
countries.

Malaria elimination and eradication in endemic areas are be-
coming growing commitments while current vector control inter-
ventions are facing repeated failures due to insecticide resistance 
and exophily (Alonso et al. 2011). However, targeting mosquito 
vectors has proved to be the most effective among all strategies 
implemented for malaria control (Bhatt et  al. 2015). Therefore, 
alternative strategies for insecticide-resistant mosquito manage-
ment are urgently needed. Also, it is important to expand studies 
towards finding additional tools that could negatively impact the 
vector life-history traits.

Despite the large-scale implementation of preventive strategies 
against malaria vectors through LLINs and IRS, the 2020 world 
malaria report has shown that endemic countries are still dealing 
with high levels of malaria burden (World Health Organization 
2020). Innovative alternatives need to be explored to develop new 
tools and design efficient strategies to strengthen the efforts of 
endemic countries towards malaria elimination. An innovative 
alternative to controlling malaria-transmitting vectors is by ap-
plying ivermectin to animals (Fritz et al. 2009, Poché et al. 2015). 
Indeed, ivermectin was demonstrated to be lethal to Anopheles 
mosquitoes when ingested in sufficient doses upon blood-feeding 
on treated animals (Chaccour et  al. 2013). Recently, the devel-
opment of ivermectin as a complementary malaria vector con-
trol tool has been launched (The Ivermectin Roadmappers et al. 
2020). Also, trimethoprim and thiostrepton antibiotics have been 
able to hamper the Plasmodium development inside An. stephensi 
mosquitoes (Delves et  al. 2012). However, antibiotics such as 
penicillin and streptomycin have been reported to increase the 
vectorial capacity of An. gambiae mosquitoes (Gendrin et  al. 
2015). Amoxicillin and erythromycin antibiotics were found to be 
toxic to Tilapia nilotica fish and to Culex pepans mosquito larvae 
at concentrations up to 150 μg/liter (El-Nahhal and El-Dahdouh 
2015). Antibiotics usage could therefore have a potential influ-
ence on the life-history traits of mosquito vectors.

The oxytetracycline antibiotics are inexpensive products and 
are largely used to prevent and treat bacterial infections in animals 
(Ratasuk et  al. 2012). Following veterinary administration in ani-
mals, residues of oxytetracycline could be excreted in urines or feces 
and might be found in different environmental compartments. For 
instance, antibiotics have been detected in wastewater, groundwater, 
and surface water in the environment (Lindsey et al. 2001, Watkinson 
et  al. 2009). Thus, during the life cycle of Anopheles mosquitoes, 
they could be exposed to antibiotic oxytetracycline in a given en-
vironment either by blood-feeding on animals (at the adult stage) 
or in the breeding sites (during the larval developmental period). 
It was reported that the presence of higher concentrations of oxy-
tetracycline and ciprofloxacin antibiotics found in wastewater may 
harm larval development in Culex quinquefasciatus (Pennington 
et al. 2016). In addition, researchers reported that, the effects of gen-
etic resistance on some mosquito life-history traits such as parasite 
infection and longevity have been influenced by environmental con-
ditions (Bourguet et  al. 2004, Lambrechts et  al. 2006). Therefore, 
investigating the impact of antibiotic oxytetracycline on some life-
history traits in Anopheles gambiae carrying resistance genes could 
be helpful for malaria vector management. In the present study, 
we hypothesized that, oxytetracycline could have negative effects 
on the fecundity in insecticide-resistant Anopheles mosquitoes. We 

investigated the impact of the commercial antibiotic oxytetracycline 
on egg production in An. gambiae females carrying the knock-down 
resistance and acetylcholinesterase insensitivity alleles.

Materials and Methods

Mosquito Strains and Rearing
To assess the impact of antibiotic oxytetracycline on the fe-
cundity of malaria vectors, four laboratory strains of Anopheles 
gambiae sensu stricto were used. Among these, one is an insecti-
cide susceptible reference strain (Kisumu) collected from Kenya 
in 1953 and has been kept in a colony ever since (Shute 1956). 
The three others are insecticide-resistant strains: pyrethroids/
dichlorodiphenyltrichloroethane (PYR/DDT) resistant strain called 
KisKdr which is homozygous [kdrRR] for the L1014F mutation 
(Alout et al. 2013); the AcerKis strain which is homozygous [ace-1RR] 
for the ace-1 (G119S) mutation that confers cross-resistance to car-
bamate/organophosphate (CX/OP) insecticides (Djogbénou et  al. 
2007) and AcerKdrKis strain which is homozygous [kdrRR, ace-1RR] 
for both kdr (L1014F) and ace-1 (G119S) mutations which result 
in resistance to both pyrethroid/dichlorodiphenyltrichloroethane 
(PYR/DDT) and carbamate/organophosphate (CX/OP) insecticides 
(Assogba et al. 2014). All these laboratory mosquito strains share 
the same genetic background as that of the An. gambiae suscep-
tible reference, Kisumu [kdrSS, ace-1SS]. Mosquitoes were reared in 
the laboratory at the Tropical Infectious Diseases Research Centre, 
University of Abomey-Calavi (Benin), under insectary conditions 
(insecticide-free environment, 27 ± 2°C ambient temperature, 70 ± 
8% RH and 12:12 (L:D) h photoperiod). At an aquatic develop-
mental stage, larvae were fed ad libitum with TetraMin Baby fish 
food. After emergence, adult mosquitoes were fed ad libitum on a 
10% honey solution.

Mosquito Feeding Assays
Given the intensive use of antibiotic oxytetracycline for the treat-
ment and prevention of bacterial infections in several animals such 
as rabbits, cows, cattle (Coetzee et al. 2005, Holman et al. 2019), we 
performed mosquito blood-feeding experiments using rabbits (for 
the purpose to prevent bacterial infections in these rabbits according 
to the guidelines for rabbit breeding in Benin (Food and Agriculture 
Organization of the United Nations (FAO) 2018)). Commercial 
oxytetracycline with the trade name Terramycin 10% (Kuipersweg 
9 WOEDEN-HOLLAND) was injected into laboratory rabbits 
Oryctolagus cuniculus (Lagomorpha: Leporidae) through intra-
venous administration at a concentration of 39·10–5 M according to 
manufacturer’s instructions. Briefly, the rabbits were weighed and oxy-
tetracycline injected according to 1 ml/10 kg body weight. After 24 h, 
adult mosquito females aged 3–4 d were allowed to feed on the treated 
rabbit. Others batches of mosquitoes were fed on untreated rabbits 
serving as controls. Three biological replicates were performed.

Assessment of Mosquito Fecundity
Twenty-four hours following the blood-feeding, all the fully gravid 
mosquito females were individually transferred into dry plastic 
cups with access to 10% honey solution until mosquito ovary dis-
section on the third day following blood-feedings. Ovarian follicles 
were dissected from individual mosquito ovaries into physiological 
saline solution (0.9% NaCl) under a stereomicroscope (Leica 
Microsystems EZ4HD). The eggs were counted from each gravid 
mosquito female and the number of individuals that developed 
eggs was recorded.
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Statistical Analysis
Data were analyzed using R statistical software version 3.4.4 (R Core 
Team 2015) and GraphPad Prism 8.0.2 software (San Diego, CA). 
The normality of data was assessed using the Shapiro–Wilk test 
(Shapiro and Wilk 1965). The mosquito fecundity of each strain was 
assessed as the number of eggs counted over the number of females 
dissected. Descriptive statistics were used to calculate the percent-
ages of mosquitoes developing eggs (number of ovaries positive for 
eggs/number of mosquitoes dissected) and the mean numbers of eggs 
developed in each mosquito strain. The unpaired Student’s t-test 
was performed to compare the mean numbers of eggs developed be-
tween the treatment groups. The impact of genotype on fecundity in 
oxytetracycline-exposed mosquitoes was assessed using the negative 
binomial model (NBM) defined as follow: log (Fe) = Genotype + ε 
where Fe is the number of eggs per female, Genotype is the four-level 
factor corresponding to the different genotypes tested ([kdrSS, ace-
1SS]; [kdrRR]; [ace-1RR]; [kdrRR, ace-1RR]), ε is the error parameter 
which follows a negative binomial distribution. All the analyses were 
set at a confidence interval of 95%.

Results

In total, 83 Kisumu females, 97 KisKdr females, 83 AcerKis females, 
and 94 AcerKdrKis females exposed to oxytetracycline were allowed 
to develop eggs. For the controls, 87 Kisumu females, 82 KisKdr 
females, 86 AcerKis females, and 89 AcerKdrKis females fed on the 
blood without oxytetracycline, were allowed to develop eggs. In all 
cases, no mortality was recorded after blood-feedings.

We first investigated whether the presence of oxytetracycline af-
fected fecundity within each mosquito strain by comparing both the 
percentages of mosquitoes that developed eggs and the mean numbers 
of eggs developed between the exposed females and their controls. For 
Kisumu females, no significant difference was observed in percentages 
of mosquitoes developing eggs between control and treated females 
(Controls: 77.01%; Exposed: 72.29%, χ 2 = 0.283, df = 1, P = 0.59) 
as well as in mean numbers of eggs they developed (Controls: 58. 01 ± 
26.44 eggs; Exposed: 57. 42 ± 19.28 eggs, t = 0.14, df = 125, P = 0.66). 
The percentage of oxytetracycline-exposed KisKdr females that de-
veloped eggs was significantly lower (12.37%, χ 2  =  22.35, df  =  1, 
P = 2.27 × 10–6) than that recorded in their controls (45.12%) as illus-
trated in Fig. 1A. The mean number of eggs developed was significantly 
reduced in the KisKdr females that fed on oxytetracycline-treated 
blood compared to that of the unexposed individuals (Controls: 55. 
68  ± 20.88 eggs; Exposed: 32. 83  ± 12.79 eggs, t  =  3.57, df  =  47, 
P = 0.08 × 10−2) (Fig. 1B). No significant difference was observed in 
the percentage of AcerKis females that developed eggs between the ex-
posed females (53.01%, χ 2 = 0.48, df = 1, P = 0.49) and their controls 
(46.51%) (Fig. 1A). By contrast, the mean number of eggs was signifi-
cantly higher in AcerKis mosquitoes that fed on oxytetracycline-treated 
blood (45. 34 ± 23.71 eggs) compared to controls (32. 53 ± 14.59 eggs) 
(t = 2.95, df = 82, P = 0.04 × 10–1) as shown in Fig. 1B. In AcerKdrKis 
females, no significant difference was observed in the percentage of 
mosquitoes that developed eggs (Controls: 64.04%; Exposed: 58.51%, 
χ 2 = 0.38, df = 1, P = 0.54) as well as in the mean numbers of eggs they 
developed (Controls: 61. 09 ± 38.14 eggs; Exposed: 72. 44 ± 41.01 
eggs, t = 1.52, df = 110, P = 0.13) (Fig. 1A and B).

We then analyzed the impact of interaction between oxy-
tetracycline and the resistance genotypes on mosquito fecundity. 
First, when comparing fecundity between unexposed resistant 
and susceptible strains (Table 1a), the percentage of mosquitoes 
that developed eggs was significantly lower in both KisKdr fe-
males (45.12%, χ 2 = 16.82, df = 1, P = 4.12 × 10–5) and AcerKis 

females (46.51%, χ 2 = 15.78, df = 1, P = 7.11 × 10–5) compared 
to that of Kisumu individuals (77.01%). For the mean number 
of eggs developed, the KisKdr and AcerKis females displayed, re-
spectively, no significant difference (55. 68 ± 20.88 eggs, t = 0.46, 
df = 102, P = 0.64) and a significant reduction (32. 53 ± 11.59 
eggs, t = 5.60, df = 105, P = 0.01 × 10–2) when compared to that of 
the Kisumu females (58. 01 ± 26.44 eggs). In AcerKdrKis mosqui-
toes, no significant difference was observed in both percentage of 
females developing eggs (64.04%, χ 2 = 2.96, df = 1, P = 0.08) and 
mean number of eggs developed (61. 09 ± 38.14 eggs, t = 0.53, 
df  =  122, P  =  0.60) compared to those of the Kisumu females 
(77.01%, and 58. 01  ± 26.44 eggs, respectively). Second, when 
comparing fecundity between oxytetracycline-exposed resistant 
and susceptible strains (Table 1b), the percentage of mosquitoes 
that developed eggs was significantly reduced in both KisKdr fe-
males (12.37%, χ 2 = 64.44, df = 1, P = 9.98 × 10–16) and AcerKis 
females (53.01%, χ 2 = 6.22, df = 1, P = 0.01) compared to that of 
the Kisumu ones (72.29%). The mean number of eggs developed 
was significantly reduced in KisKdr females (32.83 ± 12.79 eggs, 
t = 4.22, df = 70, P = 0.01 × 10–2) as well as in AcerKis females 
(45.34 ± 23.71 eggs, t = 2.86, df = 101, P = 0.05 × 10–1) compared 
to that of Kisumu females (57.42 ± 19.28 eggs). The AcerKdrKis 
mosquitoes displayed no significant difference in percentage of 
females developing eggs (58.51%, χ 2  =  3.09, df  =  1, P  =  0.08) 

Fig. 1. Fecundity in oxytetracycline-exposed and unexposed An. gambiae 
strains. The histograms in panel (A) and scatter dot plots in panel (B) show, 
respectively, proportions of mosquitoes developing eggs and number 
of eggs developed among three biological replicates. C, E, Ki, Kd, Ac and 
Ak mean, respectively, Control, Exposed, Kisumu, KisKdr, AcerKis, and 
AcerKdrKis. CI, confidence interval; SD, standard deviation. ns, **, and *** 
indicate, respectively, no significance; P < 0.01 and P < 0.01 × 10–1.
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but a significantly higher mean number of eggs (72.44  ± 41.01 
eggs, t = 2.55, df = 113, P = 0.01) when compared to those of the 
Kisumu females (72.29% and 57. 42 ± 19.28 eggs, respectively).

Overall, the fecundity of KisKdr females exposed to oxytetracyc-
line decreased by 53% (GLM.NB: F = 50.31, Δdf = 1, P = 5.53 × 10–5) 
and 56% (GLM.NB: F = 181.47, Δdf = 3, P = 9.29 × 10–4) when com-
pared to that of their controls and exposed wild-type Kisumu females, 
respectively. The fecundity of AcerKis females fed on oxytetracycline-
treated blood, increased by 33% (GLM.NB: F  =  86.32, Δdf  =  1, 
P = 1.64 × 10–3) compared to that of their controls but decreased by 
24% (GLM.NB: F = 181.47, Δdf = 3, P = 0.02) when compared to 
that of the exposed Kisumu females. In the exposed AcerKdrKis fe-
males, the fecundity was increased by 23% (GLM.NB: F = 181.47, 
Δdf = 3, P = 0.02) compared to that of the exposed wild-type Kisumu 
females.

Discussion

The development of decreased susceptibility to the existing in-
secticides in malaria vectors has occurred as a major challenge 
to the control strategies implemented across endemic regions 
(World Health Organization 2017). Targeting parameters like 
mosquito life-history characteristics in association with insecti-
cide resistance mechanisms could help to improve the strategies 
for breaking the chain of malaria transmission. To assist in these 
efforts, the present work investigated the effect of an antibiotic 
(oxytetracycline) on the fecundity of An. gambiae sensu stricto 
bearing two target-site resistance mechanisms.

Our findings showed a significantly reduced fecundity in the 
oxytetracycline-treated blood exposed KisKdr females compared to 
that of the controls. It seemed that the presence of oxytetracycline 
has induced a fitness cost on the fecundity of mosquitoes carrying 
the kdrR (L1014F) resistance genotype. This likely interaction be-
tween oxytetracycline and kdr genotype would probably have 
involved the endosymbionts that grow especially in pyrethroid-
resistant Anopheles mosquitoes (Dada et al. 2019). Some vertically 
transmissible bacteria were suggested to be involved in fecundity in 
Anopheles, Culex and Aedes mosquito species (Minard et al. 2013, 
Coon et al. 2014). Antibiotic-mediated bacterial microbiota inhib-
ition has already been reported in mosquito species. For instance, 
antibiotics including oxytetracycline were demonstrated to inhibit 
specific bacterial microbiota in Culex quinquefasciatus (Pennington 
et al. 2016). Although the present study was not performed to assess 
the direct effect of oxytetracycline on bacterial communities in An. 
gambiae mosquitoes carrying kdr resistance genotype, our findings 
would indicate an implication of this antibiotic in reducing mosquito 

fecundity. However, a study comparing the microbial community 
in both oxytetracycline-treated and untreated resistant mosquito 
strains will help to explore our assumption above. An alternative 
assumption might be that the antibiotic oxytetracycline inhibits the 
activity of some enzymes such as superoxide dismutase and catalase 
which are often involved in the detoxification of the reactive oxygen 
species in pyrethroid-resistant mosquitoes as observed in Anopheles 
arabiensis (Müller et al. 2008). Specifically, it has been demonstrated 
that inhibition of catalase activity led to a significant fecundity re-
duction in An. gambiae females (DeJong et al. 2007).

Altogether, the antibiotic oxytetracycline could contribute to 
decreasing the density of the field populations of An. gambiae mos-
quitoes carrying the kdrR (L1014F) genotype. Moreover, it was re-
ported that the knock-down resistance genotype (kdrR (L1014F)) and 
resistance to dieldrin (RdlR) reduce the mating competitiveness in An. 
gambiae males (Platt et al. 2015). It will therefore be interesting to in-
vestigate if the antibiotic oxytetracycline can induce a fitness cost on the 
competitive mating ability of male An. gambiae mosquitoes carrying the 
kdr genotype for the purpose of integrated management of these mal-
aria vectors. Furthermore, it has previously been demonstrated that the 
presence of the kdrR (L1014F) genotype increases the susceptibility to 
Plasmodium infection in An. gambiae mosquitoes (Ndiath et al. 2014). 
Accordingly, the antibiotic oxytetracycline could be possibly, an alter-
native tool to reduce the transmission of malaria parasites (by reducing 
the density of their vectors) in endemic countries of Africa where the 
frequency of kdr allele is almost fixed. It will be interesting to ascertain 
these assumptions through experimental field studies.

As we hypothesized, the antibiotic oxytetracycline induced a 
fitness cost on fecundity in An. gambiae mosquitoes carrying the 
homozygote knock-down (kdrR (L1014F)) genotype. These lay the 
groundwork for further studies and could help to design a novel 
strategy for integrated management of resistant An. gambiae.
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Table 1.  Fecundity in unexposed (a) and exposed (b) resistant An. gambiae (KisKdr, AcerKis, and AcerKdrKis) compared to that of unex-
posed and exposed Kisumu females, respectively

An. gambiae strains % Mosquitoes 
developing eggs

95% CI Chi-squared 
test (χ 2) 

P-value Mean number of 
eggs ± SD

P-value

(a)
 Kisumu 77.01 67.99–86.03   58. 01 ± 26.44  
 KisKdr 45.12 34.12–56.12 16.82 4.12 × 10–5 55. 68 ± 20.88 0.64
 AcerKis 46.51 35.76–57.27 15.78 7.11 × 10–5 32. 53 ± 14.59 0.01 × 10–2

 AcerKdrKis 64.04 53.88–74.21 2.96 0.08 61. 09 ± 38.14 0.60
(b)
 Kisumu 72.29 62.46–82.12   57. 42 ± 19.28  
 KisKdr 12.37 5.70–19.04 64.44 9.98 × 10–16 32. 83 ± 12.79 0.01 × 10–2

 AcerKis 53.01 42.05–63.98 6.22 0.01 45. 34 ± 23.71 0.05 × 10–1

 AcerKdrKis 58.51 48.36–68.66 3.09 0.08 72. 44 ± 41.01 0.01

Bold P-values for the significant differences. SD, standard deviation; CI, confidence interval.



Journal of Insect Science, 2021, Vol. 21, No. 4 5

References Cited
Alonso,  P.  L., G.  Brown, M.  Arevalo-Herrera, F.  Binka, C.  Chitnis, 

F. Collins, O.  K.  Doumbo, B. Greenwood, B.  F.  Hall, M. M. Levine, 
et al. 2011. A research agenda to underpin malaria eradication. PLoS 
Med. 8: e1000406.

Alout, H., N. T. Ndam, M. M. Sandeu, I. Djégbe, F. Chandre, R. K. Dabiré, 
L. S. Djogbénou, V. Corbel, and A. Cohuet. 2013. Insecticide resistance al-
leles affect vector competence of Anopheles gambiae s.s. for Plasmodium 
falciparum field isolates. PLoS One. 8: e63849.

Assogba, B. S., L. S. Djogbénou, J. Saizonou, P. Milesi, L. Djossou, I. Djegbe, 
W.  A.  Oumbouke, F.  Chandre, L.  Baba-Moussa, M.  Weill, et  al. 2014. 
Phenotypic effects of concomitant insensitive acetylcholinesterase (ace-
1R) and knockdown resistance (kdrR) in Anopheles gambiae: a hindrance 
for insecticide resistance management for malaria vector control. Parasit. 
Vectors. 7: 548.

Bhatt,  S., D.  J. Weiss, E. Cameron, D. Bisanzio, B. Mappin, U. Dalrymple, 
K. Battle, C. L. Moyes, A. Henry, P. A. Eckhoff, et al. 2015. The effect of 
malaria control on Plasmodium falciparum in Africa between 2000 and 
2015. Nature. 526: 207–211.

Bourguet, D., T. Guillemaud, C. Chevillon, and M. Raymond. 2004. Fitness 
costs of insecticide resistance in natural breeding sites of the mosquito 
Culex pipiens. Evolution. 58: 128–135.

Chaccour,  C.  J., K.  C.  Kobylinski, Q.  Bassat, T.  Bousema, C.  Drakeley, 
P. Alonso, and B. D. Foy. 2013. Ivermectin to reduce malaria transmis-
sion: a research agenda for a promising new tool for elimination. Malar. 
J. 12: 153.

Coetzee,  J.  F., M.  D.  Apley, K.  M.  Kocan, F.  R.  Rurangirwa, and 
J. Van Donkersgoed. 2005. Comparison of three oxytetracycline regimens 
for the treatment of persistent Anaplasma marginale infections in beef 
cattle. Vet. Parasitol. 127: 61–73.

Coon,  K.  L., K.  J.  Vogel, M.  R.  Brown, and M.  R.  Strand. 2014. 
Mosquitoes rely on their gut microbiota for development. Mol. Ecol. 
23: 2727–2739.

Dada, N., J. C. Lol, A. C. Benedict, F. López, M. Sheth, N. Dzuris, N. Padilla, 
and A.  Lenhart. 2019. Pyrethroid exposure alters internal and cuticle 
surface bacterial communities in Anopheles albimanus. ISME J. 13: 
2447–2464.

DeJong,  R.  J., L.  M.  Miller, A.  Molina-Cruz, L.  Gupta, S.  Kumar, and 
C. Barillas-Mury. 2007. Reactive oxygen species detoxification by catalase 
is a major determinant of fecundity in the mosquito Anopheles gambiae. 
Proc. Natl. Acad. Sci. U. S. A. 104: 2121–2126.

Delves,  M., D.  Plouffe, C.  Scheurer, S.  Meister, S.  Wittlin, E.  A.  Winzeler, 
R. E. Sinden, and D. Leroy. 2012. The activities of current antimalarial 
drugs on the life cycle stages of Plasmodium: a comparative study with 
human and rodent parasites. PLoS Med. 9: e1001169.

Djogbénou, L., M. Weill, J. M. Hougard, M. Raymond, M. Akogbéto, and 
F.  Chandre. 2007. Characterization of insensitive acetylcholinesterase 
(ace-1r) in Anopheles gambiae (Diptera: Culicidae): resistance levels and 
dominance. J. Med. Entomol. 44: 805–810.

El-Nahhal, Y., and N. El-Dahdouh. 2015. Toxicity of amoxicillin and erythro-
mycin to fish and mosquito. Ecotoxicol. Environ. Contam. 10: 13–21.

Food and Agriculture Organization of the United Nations (FAO). 2018. 
Technical manual of the rabbit breeder in Benin. http://www.fao.org/
family-farming/detail/en/c/1118416/.

Fritz, M. L., P. Y. Siegert, E. D. Walker, M. N. Bayoh, J. R. Vulule, and 
J.  R.  Miller. 2009. Toxicity of bloodmeals from ivermectin-treated 
cattle to Anopheles gambiae s.l. Ann. Trop. Med. Parasitol. 103: 
539–547.

Gendrin, M., F. H. Rodgers, R. S. Yerbanga, J. B. Ouédraogo, M. G. Basáñez, 
A. Cohuet, and G. K. Christophides. 2015. Antibiotics in ingested human 
blood affect the mosquito microbiota and capacity to transmit malaria. 
Nat. Commun. 6: 5921.

Hemingway, J., R. Shretta, T. N. Wells, D. Bell, A. A. Djimdé, N. Achee, and 
G.  Qi. 2016. Tools and strategies for malaria control and elimination: 
what do we need to achieve a grand convergence in malaria? PLoS Biol. 
14: e1002380.

Holman, D. B., W. Yang, and T. W. Alexander. 2019. Antibiotic treatment in feedlot 
cattle: a longitudinal study of the effect of oxytetracycline and tulathromycin 
on the fecal and nasopharyngeal microbiota. Microbiome. 7: 86.

Jones,  C.  M., M.  Liyanapathirana, F.  R.  Agossa, D.  Weetman, H.  Ranson, 
M. J. Donnelly, and C. S. Wilding. 2012. Footprints of positive selection 
associated with a mutation (N1575Y) in the voltage-gated sodium channel 
of Anopheles gambiae. Proc. Natl. Acad. Sci. U. S. A. 109: 6614–6619.

Lambrechts,  L., J.  M.  Chavatte, G.  Snounou, and J.  C.  Koella. 2006. 
Environmental influence on the genetic basis of mosquito resistance to 
malaria parasites. Proc. Biol. Sci. 273: 1501–1506.

Lindsey, M. E., T. M. Meyer, and E. M. Thurman. 2001. Analysis of trace 
levels of sulfonamide and tetracycline antimicrobials in groundwater and 
surface water using solid-phase extraction and liquid chromatography/
mass spectrometry. Anal. Chem. 73: 4640–4646.

Martinez-Torres, D., F. Chandre, M.  S. Williamson, F. Darriet, J. B. Bergé, 
A. L. Devonshire, P. Guillet, N. Pasteur, and D. Pauron. 1998. Molecular 
characterization of pyrethroid knockdown resistance (kdr) in the major 
malaria vector Anopheles gambiae s.s. Insect Mol. Biol. 7: 179–184.

Minard, G., P. Mavingui, and C. V. Moro. 2013. Diversity and function of 
bacterial microbiota in the mosquito holobiont. Parasit. Vectors. 6: 146.

Müller, P., M. Chouaïbou, P. Pignatelli, J. Etang, E. D. Walker, M. J. Donnelly, 
F. Simard, and H. Ranson. 2008. Pyrethroid tolerance is associated with 
elevated expression of antioxidants and agricultural practice in Anopheles 
arabiensis sampled from an area of cotton fields in Northern Cameroon. 
Mol. Ecol. 17: 1145–1155.

Ndiath, M. O., A. Cailleau, S. M. Diedhiou, A. Gaye, C. Boudin, V. Richard, 
and J. F. Trape. 2014. Effects of the kdr resistance mutation on the sus-
ceptibility of wild Anopheles gambiae populations to Plasmodium falcip-
arum: a hindrance for vector control. Malar. J. 13: 340.

Pennington, M. J., S. M. Prager, W. E. Walton, and J. T. Trumble. 2016. Culex 
quinquefasciatus larval microbiomes vary with instar and exposure to 
common wastewater contaminants. Sci. Rep. 6: 21969.

Platt,  N., R.  M.  Kwiatkowska, H.  Irving, A.  Diabaté, R.  Dabire, and 
C. S. Wondji. 2015. Target-site resistance mutations (kdr and RDL), but 
not metabolic resistance, negatively impact male mating competiveness in 
the malaria vector Anopheles gambiae. Heredity (Edinb). 115: 243–252.

Poché, R. M., D. Burruss, L. Polyakova, D. M. Poché, and R. B. Garlapati. 
2015. Treatment of livestock with systemic insecticides for control of 
Anopheles arabiensis in western Kenya. Malar. J. 14: 351.

R Core Team. 2015. R: a language and environment for statistical computing 
(Version 3.2.3). R Foundation for Statistical Computing, Vienna, Austria.

Ranson,  H., and N.  Lissenden. 2016. Insecticide resistance in African 
Anopheles mosquitoes: a worsening situation that needs urgent action to 
maintain malaria control. Trends Parasitol. 32: 187–196.

Ranson, H., B. Jensen, J. M. Vulule, X. Wang, J. Hemingway, and F. H. Collins. 
2000. Identification of a point mutation in the voltage-gated sodium 
channel gene of Kenyan Anopheles gambiae associated with resistance to 
DDT and pyrethroids. Insect Mol. Biol. 9: 491–497.

Ratasuk, N., M. Boonsaner, and D. W. Hawker. 2012. Effect of temperature, 
pH and illumination on abiotic degradation of oxytetracycline in sterilized 
swine manure. J. Environ. Sci. Health. A.  Tox. Hazard. Subst. Environ. 
Eng. 47: 1687–1694.

Rivero, A., J. Vézilier, M. Weill, A. F. Read, and S. Gandon. 2010. Insecticide 
control of vector-borne diseases: when is insecticide resistance a problem? 
Plos Pathog. 6: e1001000.

Shapiro, S. S., and M. B. Wilk. 1965. An analysis of variance test for normality 
(complete samples). Biometrika. 52: 591–611.

Shute, G. T. 1956. A method of maintaining colonies of East African strains of 
Anopheles gambiae. Ann. Trop. Med. Parasitol. 50: 92–94.

The Ivermectin Roadmappers, P. Billingsley, F. Binka, C. Chaccour, B.  Foy, 
S. Gold, M. Gonzalez-Silva, J. Jacobson, G. Jagoe, C. Jones, et al. 2020. A 
roadmap for the development of ivermectin as a complementary malaria 
vector control tool. Am. J. Trop. Med. Hyg. 102: 3–24.

Watkinson, A. J., E. J. Murby, D. W. Kolpin, and S. D. Costanzo. 2009. The 
occurrence of antibiotics in an urban watershed: from wastewater to 
drinking water. Sci. Total Environ. 407: 2711–2723.

World Health Organization. 2017. World malaria report 2017. 
WHO, Geneva, Switzerland. http://apps.who.int/iris/bitstream/han
dle/10665/259492/9789241565523-eng.pdf?sequence1

World Health Organization. 2020. World malaria report 2020. WHO, 
Geneva, Switzerland. https://www.who.int/docs/default-source/mal-
aria/world-malaria-reports/9789240015791-double-page-view.
pdf?sfvrsn=2c24349d_5

http://www.fao.org/family-farming/detail/en/c/1118416/
http://www.fao.org/family-farming/detail/en/c/1118416/
http://apps.who.int/iris/bitstream/handle/10665/259492/9789241565523-eng.pdf?sequence1
http://apps.who.int/iris/bitstream/handle/10665/259492/9789241565523-eng.pdf?sequence1
https://www.who.int/docs/default-source/malaria/world-malaria-reports/9789240015791-double-page-view.pdf?sfvrsn=2c24349d_5
https://www.who.int/docs/default-source/malaria/world-malaria-reports/9789240015791-double-page-view.pdf?sfvrsn=2c24349d_5
https://www.who.int/docs/default-source/malaria/world-malaria-reports/9789240015791-double-page-view.pdf?sfvrsn=2c24349d_5

