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Abstract

The incidence of mosquito-borne disease poses a significant threat to human and
animal health throughout the world, with effective chemical control interventions
limited by widespread insecticide resistance. Recent evidence suggests that gut bac-
teria of mosquitoes, known to be essential in nutritional homeostasis and pathogen
defense, may also play a significant role in facilitating insecticide resistance. This
study investigated the extent to which bacteria contribute to the general esterase
and cytochrome P450 monooxygenase (P450)-mediated detoxification of the insec-
ticides propoxur and naled, as well as the insecticidal activity of these chemistries
to the yellow fever mosquito, Aedes aegypti. Experiments conducted using insecti-
cide synergists that reduce general esterase and P450 activity demonstrate a role for
both groups of enzymes in the metabolic detoxification of propoxur and naled. Fur-
thermore, reduction of bacteria in mosquito larvae using broad-spectrum antibiot-
ics was found to decrease the metabolic detoxification of propoxur and naled, sug-
gesting that the bacteria themselves may be contributing to the in vivo metabolic
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detoxification of these insecticides. This was supported by in vitro assays using cul-
turable gut bacteria isolated from mosquito larvae which demonstrated that the
bacteria were capable of reducing insecticide toxicity. More work is needed, how-
ever, to fully elucidate the contribution of bacteria in Ae. aegypti larvae to the met-
abolic detoxification of insecticides.

Keywords: mosquito, Aedes aegypti, insecticide resistance, bacteria, synergists,
antibiotics

1. Introduction

Aedes aegypti is a highly anthropophilic, day-biting mosquito with
global distribution that is a major vector of the viral pathogens that
cause dengue, chikungunya, and yellow fever, among others. The
elimination of mosquito larval habitats and application of insecticides
remains the primary approach for limiting viral transmission (Morrison
et al., 2008); however, the increasing incidence of insecticide resistance
limits the efficacy of many currently used larvicides and adulticides for
Ae. aegypti control. This problem is further exacerbated by the slow
pace at which new insecticides have been developed and marketed
for the chemical control of Ae. aegypti in recent decades (Heming-
way et al.,, 2006). Therefore, a thorough understanding of insecticide
resistance mechanisms is essential for enhancing the efficacy of ex-
isting chemical interventions and for the development of novel vec-
tor management practices for these mosquitoes.

Mosquito acetylcholinesterase (AChE) is a proven target site for
two major insecticide families: the organophosphates and carba-
mates. AChE is a serine hydrolase responsible for terminating synap-
tic transmission at cholinergic synapses in the central nervous system
of mosquitoes by rapidly hydrolyzing the neurotransmitter acetylcho-
line (Weill et al., 2002). When AChE is inhibited by organophosphate
and carbamate insecticides, paralysis and subsequent death of the in-
sect occurs. Naled (Dibrom®) and propoxur (Baygon®) are examples
of insecticides commonly used for the control of Ae. aegypti. Naled
is an organophosphate insecticide most often applied through aerial
spraying to target larval and adult mosquitoes, whereas propoxur is
a carbamate insecticide used for indoor residual spraying to control
adult mosquitoes. While naled and propoxur are potent acetylcho-
linesterase inhibitors, the increasing incidence of resistance reduces
their efficacy when used for the control of mosquitoes. Resistance to
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insecticides can be the result of one or more general mechanisms that
can be categorized as behavioral, reduced cuticular penetration, target
site insensitivity, enhanced metabolic detoxification activity, or other
toxicokinetic interactions such as transport, sequestration, and elimi-
nation. Of these general mechanisms, enhanced metabolic detoxifica-
tion may have the broadest impact as it can produce cross resistance
to multiple classes of insecticides, regardless of the mode of action.

Metabolic resistance involves enhanced levels or altered activities
of enzyme families associated with detoxification, the most significant
of which are the general esterases, the cytochrome P450 monooxy-
genases (P450), and the glutathione S-transferases. These enzymes
recognize and transform functional groups to reduce reactivity and
increase polarity (Phase I) and conjugate them to endogenous mole-
cules for excretion (Phase Il) (Casida and Quistad, 2004). The general
esterases and P450s represent two major enzyme groups that are re-
sponsible for metabolic resistance to organophosphates, organochlo-
rines, carbamates, and pyrethroids (Hemingway, 2000). The general es-
terases have been associated with organophosphate, carbamate, and
less frequently, pyrethroid resistance, whereas the P450s are involved
in metabolic detoxification of pyrethroids, the activation and inacti-
vation of organophosphates, and occasionally carbamate detoxifica-
tion (Hemingway, 2000).

An important tool used both to understand and to counteract in-
secticide resistance conferred by metabolic detoxification enzymes is
the use of chemical synergists. Synergists are typically non-toxic to in-
sects when applied alone, but when applied in combination with in-
secticides, result in increased efficacy of the insecticide against the
targeted pest. The synergists piperonyl butoxide (PBO), §,S,S-tributyl
phosphorotrithioate (DEF), and triphenyl phosphate (TPP) have been
used to provide preliminary assessments of the contribution of met-
abolic detoxification enzymes, such as P450s and esterases, in insecti-
cide resistant insects. PBO, a methyldioxyphenyl synergist, can inhibit
P450- dependent metabolism and, in turn, increase the efficacy of in-
secticides (Matthews and Casida, 1970), whereas TPP and DEF, both
organophosphate esterase inhibitors, are reported to inhibit hydro-
lases that decrease the efficacy of insecticides (Bernard and Philogene,
1993). While this detoxification enzyme activity is generally assumed
to be the result of proteins encoded and expressed by the insect it-
self, there is growing evidence that suggests a role for the insect
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microbiome in the detoxification of insecticides and other toxic com-
pounds (Kikuchi et al., 2012; Gadad and Vastrad, 2016; Cheng et al.,
2017; Soltani et al., 2017; Xia et al., 2018).

Insects can harbor large ecological communities of diverse micro-
organisms that comprise the microbiome of that organism. Extensive
research has focused on the contribution of gut bacteria and other
microbial symbionts to host reproduction (Haine, 2008) and mate se-
lection (Werren et al., 2008), nutritional homeostasis (Dillon and Dil-
lon, 2004), phenotypic complexity (Moran, 2007), as well as pathogen
defense (Hedges et al.,, 2008; Dong et al., 2009; Hoffmann et al., 2011;
Eleftherianos et al., 2013). Some bacteria have the ability to metabolize
organophosphates and use them as sources of carbon, phosphorous,
or nitrogen, facilitating degradation of these compounds in the en-
vironment (Werren, 2012). Bacterial symbionts have even been impli-
cated in the development of insecticide resistance in their insect hosts,
such as the bean bug Riportus pedestris, which has been reported to
harbor mutualistic gut symbionts of the genus Burkholderia that are
capable of degrading organophosphate insecticides and contribute
to the enhanced insecticide resistance of this insect pest (Kikuchi et
al., 2012). Gut bacteria of the genus Citrobacter have been shown to
enhance resistance of the tephritid pest Bactrocera dorsalis to the or-
ganophosphate insecticide trichlorphon (Cheng et al.,, 2017), while
Enterococcus sp. appear to similarly enhance resistance to another
organophosphate, chlorpyrifos, in the diamondback moth, Plutella
xylostella (Xia et al., 2018). Gut bacteria have also been found to play
a significant role in the resistance of the mosquito species Anophe-
les stephensi to organophosphate insecticides (Soltani et al., 2017).

While many of these insecticide-degrading symbionts have been
characterized for other insect pests, there is limited information avail-
able regarding insecticide-metabolizing bacteria species that could
establish a symbiotic association and confer insecticide resistance
in mosquitoes, and no studies that focus specifically on Ae. aegypti.
Therefore, the hypothesis of this study is that gut bacteria of Ae. ae-
gypti larvae contribute to the metabolic detoxification and toxic ac-
tion of the insecticides naled and propoxur. Here, we examined the
acute toxicities of naled and propoxur to mosquito larvae, as well as
the general esterase and P450 activities of these mosquitoes follow-
ing treatment with 1) insecticide synergists and 2) broad-spectrum
antibiotics. The data gathered in this study provide new information
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regarding the role of bacteria in mosquito larvae to alter the toxic ac-
tion of insecticides used to manage mosquitoes.

2. Materials and methods
2.1. Mosquito strains

A laboratory colony of Aedes aegypti (Liverpool strain) was obtained
from the Malaria Research and Reference Reagent Resource Center
(MR4) (Manassas, VA, USA) and maintained at Virginia Tech (Blacks-
burg, VA, USA) according to the standard operating procedures de-
scribed by Pridgeon et al. (Pridgeon et al., 2009), with slight mod-
ifications. The adult mosquitoes were held in a screened cage and
provided 10% sucrose ad libitum. To encourage egg development,
adult females were provided with defibrinated sheep blood (Colo-
rado Serum Co., Denver, CO, USA) that was warmed to 37 °C using an
artificial membrane mosquito feeder (Chemglass Life Sciences LLC,
Vineland, NJ). Eggs were collected from the adult females and vac-
uum-hatched in a 1 L Erlenmeyer flask, then larvae were transferred
to a plastic tray containing deionized water. A larval diet of unsteril-
ized flake fish food (Tetramin, Blacksburg, VA, USA) was added to the
plastic tray as needed. The mosquito larvae and adults were reared in
an environmental chamber at 28 °C and 75% relative humidity with a
16 h:8 h (light:dark) photoperiod.

2.2. Chemicals

Acetone, gentamicin sulfate, benzylpenicillin sodium, streptomycin
sulfate, sodium phosphate, Triton X-100, a-naphthyl acetate (a-NA),
a-naphthol, bicinchoninic acid solution, bovine serum albumin, 7-eth-
oxycoumarin (7-EC), acetonitrile, TRIZMA-base, acetylthiocholine io-
dide (ATCh), and 5,5'-dithio-bis (2-nitrobenzoic acid) (DTNB) were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). 2-isopropoxypheny!
N-methylcarbamate (propoxur), dimethyl-1,2-dibromo-2,2-dichlor-
ethyl phosphate (naled), triphenyl phosphate (TPP), S,S,S-tributyl phos-
phorotrithioate (DEF), and piperonyl butoxide (PBO) were obtained
from Chem Service, Inc. (West Chester, PA, USA). All chemicals were
obtained as technical grade or at the highest purity available.
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2.3. Acute toxicity of insecticides with and without synergist
and antibiotics

For all acute toxicity bioassays, the test compounds were diluted to
the appropriate concentration in acetone and delivered by adding 5
UL of solution to 5 mL of deionized water containing ten third-instar
mosquito larvae in a 10 ml glass beaker. Acetone alone was used as a
control treatment and bioassays were repeated three times for each
treatment. Treated larvae were maintained in an environmental cham-
ber at 28 °C and 75% relative humidity with a 16 h:8 h (light:dark) pho-
toperiod. The endpoint for each bioassay was measured as a lethal
concentration (LC) and larvae that were unable to perform an active
movement upon gentle probing were considered dead. To assess the
acute toxicity of propoxur and naled, groups of larvae were exposed
for 24 h to acetone or one of five concentrations of either insecticide
to produce a range of 0 to 100% mortality. To assess the combined
effect of propoxur or naled with synergists, groups of larvae were ex-
posed to acetone, TPP at 2000 pg/L (parts per billion or ppb), DEF at
500 ppb, or PBO at 2500 ppb for 12 h prior to treatment with acetone
or an insecticide at one of five concentrations, as described above.
Synergist exposures were optimized for time and concentration with
the goal of obtaining maximal inhibition of the desired enzymes with-
out any larval mortality. To assess the combined effect of propoxur
and naled with antibiotics, groups of larvae were exposed to either
acetone or a combination of the antibiotics gentamicin sulfate (1500
png/mL), benzylpenicillin sodium (1000 units/ mL), and streptomycin
sulfate (1 mg/mL) for 12 h prior to treatment with acetone or an in-
secticide at one of five concentrations described above.

2.4. Detoxification enzyme activity

2.4.1. In vivo inhibition of detoxification enzyme activity

Third-instar mosquito larvae were exposed individually to propoxur
or naled at the LC,; for bioassays of P450 and general esterase activ-
ities, or at the LC,, for bioassays of AChE activity, and in combination
with TPP (2000 ppb), DEF (500 ppb), or PBO (2500 ppb) for 12 h prior
to insecticide treatment. The synergist stock solutions were prepared
in acetone and 5 pL of each solution was dissolved in 5 mL of deion-
ized water containing 10 larvae. The treated larvae were maintained
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in an environmental chamber at 28 °C and 75% relative humidity
with a 16 h:8 h (light:dark) photoperiod. Larval mortality was assessed
for each treatment and all surviving mosquitoes were collected from
each treatment for the metabolic detoxification enzyme activity bio-
assays. The procedure was replicated three times for the control (syn-
ergist untreated), synergist alone treatment, and synergist-insecticide
treatments.

2.4.2. Effect of antibiotic treatments on enzyme activity

Mosquito larvae were also exposed to the insecticides at the LCys
alone and in combination with the antibiotic mixture. Larval mortality
was assessed for each treatment and all surviving mosquitoes were
collected from each treatment for the metabolic detoxification en-
zyme activity bioassays. The procedure was replicated three times for
the control (antibiotic untreated) and antibiotic treatments.

2.4.3. General esterase activity

The general esterase activity of treated larvae was measured ac-
cording to the method described by Rakotondravelo et al. (Rakoton-
dravelo et al., 2006). Each mosquito sample was homogenized in ice-
cold 0.1M sodium phosphate (pH 7.8) containing 0.3% (v/v) Triton
X-100 at the rate of one mosquito larva per 100 pL sodium phosphate.
The individual homogenates were centrifuged at 10,000 xg for 10 min
at 4 °C. The supernatant served as the enzyme source for measuring
general esterase activity using 0.3mM o-NA as a substrate. The hydro-
lysis of a-NA to the product a-naphthol was measured using a Mo-
lecular Devices SpectraMax M2 multimode microplate reader (Sunny-
vale, CA, USA) at 600 nm for a-NA. The total protein in each sample
preparation was determined using a bicinchoninic acid assay as de-
scribed by Smith et al. (Smith et al., 1985), with bovine serum albu-
min as a standard. The amount of protein in each sample was mea-
sured at 560 nm.

2.4.4. Cytochrome P450 monooxygenase activity

The P450 activity of treated larvae was measured according to the
method described by Anderson and Zhu (Anderson and Zhu, 2004),
with some modifications. Following treatment, the individual live lar-
vae were transferred to the wells of a 96-well microplate containing
50mM sodium phosphate (pH 7.2) and 0.4mM 7-ethoxycoumarin.
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The larvae were incubated at 37 °C for 4 h followed by the addition
of 50% (v/v) acetonitrile and Trizma base (pH 10). The reaction buf-
fer was then removed from the microplate wells and transferred into
wells of a new microplate, being careful not to aspirate any larvae.
The deethylation of 7-ethoxycoumarin to the product 7-hydroxycou-
marin was measured using a Molecular Devices SpectraMax M2 mul-
timode microplate reader (Sunnyvale, CA, USA) at 480 nm while ex-
citing at 380 nm.

2.4.5. Acetylcholinesterase activity

The AChE activity of treated larvae was determined according to
the method of Ellman et al. (Ellman et al., 1961), as modified by An-
derson et al. (Anderson et al., 2009). Each mosquito sample was ho-
mogenized in ice-cold 0.1M sodium phosphate buffer (pH 7.8) con-
taining 0.3% (v/v) Triton X-100 at the rate of one mosquito larva per
100 pL sodium phosphate. The individual homogenates were centri-
fuged at 10,000 xg for 10 min at 4 °C and the supernatant was used as
the enzyme source for measuring AChE activity with ATCh and DTNB.
The hydrolysis of ATCh and the formation of thionitrobenzoic acid was
measured using a Molecular Devices SpectraMax M2 multimode mi-
croplate reader (Sunnyvale, CA, USA) at 405 nm.

2.5. Antibiotic treatment

Third-instar mosquito larvae were exposed to a mixture of antibiotics
containing gentamicin sulfate (1500 pg/mL), benzylpenicillin sodium
(1000 units/mL), and streptomycin sulfate (1 mg/mL) for 12 h. The an-
tibiotic stock solutions were prepared in sterilized water and each so-
lution was dissolved in 5 mL of deionized water containing 10 larvae.
The treated larvae were maintained in an environmental chamber at
28 °C and 75% relative humidity with a 16 h:8 h (light:dark) photope-
riod. Larval mortality was assessed for each treatment and the proce-
dure was replicated three times for the control (antibiotic untreated)
and antibiotic treatments. After these exposures, mosquitoes were ho-
mogenized in a PBS solution (pH 7.4) and centrifuged at 10,000 xg.
The supernatants were then serially diluted up to 106 and plated onto
Luria Bertani (LB) agar plates (Sigma-Aldrich, St. Louis, MO, USA). The
plates were incubated at 28 °C for 48 h, after which time colony form-
ing units (CFU) were determined.
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2.6. Insecticide degradation activity

Davis minimal broth medium supplemented with casein (DMMC)
was prepared by supplementing the Davis minimal media described
by Lederberg (Lederberg, 1950) with 10 g/L casein from bovine milk
(Sigma-Aldrich, St. Louis, MO, USA). Propoxur or naled were pre-
pared and added separately to flasks containing 5 mL of DMMC.
The flasks were inoculated with a homogenate of Ae. aegypti larvae.
Additional flasks were prepared with either DMMC or DMMC sup-
plemented with naled or propoxur, but no larval homogenate, as
a control treatment. After 12-, 24-, and 48-h incubation, 100 pL of
growth medium (LCso of propoxur and naled) was transferred to 4.9
mL of water containing 10 mosquito larvae. Percent mortality was
assessed 24 h post treatment.

2.7. Statistical analysis

Log-probit analysis was used to estimate the LC;,, LCy5, and LCsy
values for each insecticide, both alone and in combination with the
synergists. Abbott’s correction (Abbott, 1925) was utilized to account
for mortality in the controls. Synergistic ratios (SR) were calculated
by dividing the LCs, of the insecticide-only treatments by the LCs,
of the insecticide+synergist or antibiotic treatments (e.g.,
SR = LCSO insecticide- only - LCSO insecticide+synergist)- The Signiﬁcant differ-
ences between the LCs, for each insecticide, alone and in combi-
nation with the synergist treatments, was based on the non-over-
lapping 95% confidence intervals estimated for each bioassay. The
percentage of mosquitoes affected by the different treatments was
statistically compared using a one-way ANOVA and a Tukey’s mul-
tiple comparison post hoc test. Differences in mortality or enzyme
activity based on treatments were determined by statistical compar-
isons between groups using a two-way ANOVA followed by Sidak’s
multiple comparison test. All statistical tests were carried out at a
significance level () of 0.05. All calculations and statistical analyses
were conducted using GraphPad Prism 7 (GraphPad Software, Inc.,
La Jolla, CA, USA).
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3. Results

3.1. Acute toxicity of insecticides with and without synergist
and antibiotics

The results of the acute toxicity bioassays of insecticides alone and in
combination with synergists are summarized in Table 1. The synergists
TPP, DEF, and PBO at 2000 ppb, 500 ppb, and 2500 ppb, respectively,
were not acutely toxic to third-instar Ae. aegypti larvae under the bio-
assay conditions. The LCs, estimates for propoxur or naled alone and
in combination with TPP, DEF, and PBO were used to calculate syner-
gism ratios. The toxicity of propoxur was significantly increased by 1.31-,
2.37-, and 4.47-fold when applied in combination with a fixed concen-
tration of TPP, DEF, or PBO, respectively. In addition, the toxicity of naled
was significantly increased by 3.39- and 5.61-fold when in combination
with a fixed concentration of TPP or DEF, respectively. The toxicity of na-
led was slightly decreased when in combination with a fixed concentra-
tion of PBO; however, this alteration of toxicity was not significant based
on the overlapping 95% confidence intervals of their LCs, estimates.

Table 1. Effects of triphenyl phosphate (TPP, 2000 pg/L), S,S,S-tributyl phosphorotrithioate (DEF, 500 pg/L), and pi-
peronyl butoxide (PBO, 2500 pg/L) on the acute toxicity of propoxur or naled to third-instar Aedes aegypti larvae.

Insecticidea N LCio(95% Cl)  LCps(95% Cl)  LCs(95% Cl) Slope + SE X2 SRe
Propoxur 540 339 (266-398) 453 (383-512) 626 (559-694) 480 + 0.35 243

+ TPP 150 264 (194-320) 349 (280-406) 477 (411-541) 4.99 + 0.69 0.57 1.31*
+ DEF 150 123 (60-176) 177 (104-233) 264 (189-323) 3.87 £ 0.73 0.40 2.37*
+ PBO 390 32 (21-44) 62 (45-79) 126 (101-157) 270 + 0.28 1.47 497+
Naled 900 17 (15-20) 25 (22-28) 38 (35-43) 3.69 + 0.21 1.84

+ TPP 150 6 (4-7) 8 (6-10) 11 (10-13) 447 £ 073 063 339
+ DEF 150 3 (1-5) 5 (3-6) 7 (5-8) 3.86 + 0.87 0.21 5.61*
+ PBO 150 23 (10-32) 31 (18-40) 43 (31-60) 4.95 + 0.79 246 090

a. Propoxur and naled acute toxicity data, with and without synergists, presented as LC;, LC,5, and LCsq with their
95% confidence intervals (Cl) in micrograms per liter (ug/L), the concentrations at which 10, 25, and 50% of the
tested larvae were dead, respectively, in a 24-h bioassay. Log-probit analysis was used to estimate the endpoint

concentrations for each insecticide.

b. Pearson’s chi-square (x2) values with a probability of x2 > 0.05, which indicates that the observed regression model
is not significantly different from the expected model (i.e., a significant fit between the observed and expected re-

gression models).

c. Synergism ratio (SR) was calculated by SR=LCsq insecticide only / LCs, insecticide-synergist mixture. The asterisk
next to the ratio indicates a significant difference between the LCs, of the insecticide and the binary combination

with a synergist based on the non-overlapping 95% confidence intervals of the LCs, values.
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3.2. In vivo inhibition of enzyme activity

3.2.1. Inhibition of general esterase activity

The in vivo inhibition of general esterase activity (a-naphthyl ace-
tate hydrolysis) in third-instar Ae. aegypti larvae exposed to the LC,; of
propoxur or naled alone and in combination with the synergists TPP
and DEF at 2000 ppb and 500 ppb respectively, is shown in Fig. 1A.
Significant differences due to insecticide treatment (F=38.48; df=2,
36; P < .0001) and synergist treatment (F=599.1; df=2, 36; P < .0001)
were detected. The TPP and DEF treatments alone resulted in signif-
icant decreases of 89.6% (P < .0001) and 99.2% (P < .0001) in ester-
ase specific activity, respectively, relative to the untreated control lar-
vae. The propoxur treatment alone resulted in a significant decrease
of 25.7% (P < .0001) in esterase specific activity relative to the un-
treated larvae. A significant reduction in esterase specific activity was
observed in the larvae exposed to propoxur in combination with TPP
or DEF. The TPP and DEF treatments resulted in decreases of 82.9%
(P <.0001) and 98.5% (P < .0001) in the esterase specific activity of
propoxur, respectively, relative to the larvae treated with propoxur
alone. The naled treatment alone resulted in a significant decrease
of 55.3% (P < .0001) in esterase specific activity relative to the un-
treated larvae. A significant reduction in esterase specific activity was
observed in the larvae exposed to naled in combination with TPP or
DEF. The TPP and DEF treatments resulted in decreases of 98.6% (P <
.0001) and 98.6% (P < .0001) in the esterase specific activity of naled,
respectively, relative to the larvae treated with naled alone.

3.2.2. Inhibition of cytochrome P450 monooxygenase activity

The in vivo inhibition of cytochrome P450 monooxygenase activ-
ity (O-deethylation) in third-instar Ae. aegypti larvae exposed to the
LC,5 of propoxur or naled alone and in combination with the synergist
PBO at 2500 ppb is shown in Fig. 1B. Significant differences due to in-
secticide treatment (F=3.531; df=2, 212; P=.0310) and synergist treat-
ment (F=68.87; df=1, 212; P < .0001) were detected. The PBO treat-
ment alone resulted in a significant decrease of 93.9% (P < .0001) in
P450 activity, relative to the untreated control larvae. The propoxur
treatment alone did not result in a significant change in P450 activ-
ity (+6.8%; P > .9999), relative to the untreated larvae. The PBO treat-
ment in combination with propoxur resulted in a significant decrease
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Fig. 1. Results of enzyme
assays showing

A. in vivo inhibition of
general esterase activity
following treatment
with the synergists
triphenyl phosphate
(TPP) and §,S,S-tributyl
phosphorotrithioate
(DEF),

B. in vivo inhibition of
cytochrome P450
monooxygenase activity
following treatment with
the synergist piperonyl
butoxide (PBO), and

C. residual
acetylcholinesterase
(AChE) activity following
no treatment (UNT) or
treatment with TPP, DEF,
or PBO in third-instar
Aedes aegypti larvae
treated with propoxur
or naled, relative to
untreated controls.
Enzyme activities are
presented as the mean
+ standard deviation.
Different letters above
the bars indicate that the
means are significantly
different between the
treatments using a two-
way analysis of variance
with a Sidak’s multiple
comparison test (p < .05).
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of 94.0% (P=.0007) in P450 activity, relative to treatment with pro-
poxur alone. The larvae treated with naled alone did not display a sig-
nificant change in P450 activity (+47.9%; P=.0827), relative to the un-
treated control larvae. The PBO treatment in combination with naled
resulted in a significant decrease of 78.7% (P < .0001) in P450 activ-
ity, relative to the larvae treated with naled alone.

3.2.3. Inhibition of acetylcholinesterase activity

The residual acetylcholinesterase activity of third-instar Ae. aegypti
larvae exposed to the LC;, of propoxur or naled alone and in combi-
nation with the synergists TPP, DEF, and PBO at 2000 ppb, 500 ppb,
and 2500 ppb respectively, is shown in Fig. 1C. Significant differences
due to insecticide treatment (F=94.73; df=2, 43; P < .0001) and syner-
gist treatment (F=68.60; df=3, 43; P < .0001) were detected. The pro-
poxur and naled treatments alone resulted in significant decreases of
48.7% (P < .0001) and 40.1% (P < .0001) in AChE activity, respectively,
relative to the untreated control larvae. The DEF and PBO treatments
alone resulted in significant decreases of 35.0% (P < .0001) and 25.1%
(P=.0083) in AChE activity, respectively, relative to the untreated lar-
vae, however the 11.0% decrease observed in the larvae treated with
TPP alone did not differ significantly (P=.9631). Significant decreases
in AChE activity were observed in the larvae exposed to propoxur or
naled in combination with TPP. The TPP treatment in combination with
propoxur or naled resulted in decreases of 39.4% (P=.0184) and 39.8%
(P=.0045) in AChE activity, respectively, relative to the larvae treated
with propoxur or naled alone. Significant decreases in residual AChE
activity were observed in the larvae exposed to propoxur or naled in
combination with DEF. The DEF treatment in combination with pro-
poxur or naled resulted in decreases of 61.3% (P < .0001) and 69.7%
(P < .0001) in AChE activity, respectively, relative to the larvae treated
with propoxur or naled alone. A significant increase in AChE activ-
ity was observed in the larvae exposed to naled, but not propoxur, in
combination with PBO. The PBO treatment in combination with pro-
poxur did not produce a significant change in AChE activity (+1.9%;
P > .9999), whereas the PBO treatment in combination with naled re-
sulted in an increase of 48.3% (P < .0001), relative to the larvae treated
with propoxur or naled alone.
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Fig. 2. Colony forming units of bacteria in untreated (UNT) and antibiotic (ABI)-
treated Aedes aegypti mosquito larvae, showing a 99.92% reduction in the cultur-
able bacteria. Bars represent the mean * standard deviation.

3.3. Antibiotic optimization

Treatment with a combination of the antibiotics gentamicin sulfate
(1500 pg/mL), benzylpenicillin sodium (1000 units/mL), and strepto-
mycin sulfate (1 mg/mL) resulted in a 99.92% reduction in the cultur-
able bacteria isolated from Ae. aegypti mosquito larvae (Fig. 2).

3.4. Acute toxicity of insecticides and antibiotics

The results of the acute toxicity bioassays of insecticides alone and in
combination with the antibiotic cocktail are summarized in Table 2. The
combination of the antibiotics gentamicin sulfate (1500 pg/mL), ben-
zylpenicillin sodium (1000 units/mL), and streptomycin sulfate (1 mg/
ml) was not acutely toxic to third-instar Ae. aegypti larvae under the
bioassay conditions. The LCs, estimates for propoxur or naled alone or
in combination with the antibiotics were used to calculate synergism
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Table 2. Effects of gentamycin (1500 pg/ml), penicillin (1000 U/ml), and streptomycin (1000 pg/ml) on the acute tox-
icity of propoxur and naled to third-instar Aedes aegypti larvae.

Insecticidea N LCyp(95% Cl)  LCps(95% Cl)  LCs(95% Cl) Slope + SE X2 SRe
Propoxur 540 339 (266-398) 453 (383-512) 626 (559-694) 480 + 0.35 243

+ Antibiotics 150 134 (54-189) 173 (146-195) 239 (213-265) 4.99 + 0.69 0.56 2.62
Naled 900 17 (15-20) 25 (22-28) 38 (35-43) 3.69 £ 0.21 1.84

+ Antibiotics 150 9 (6-12) 14 (11-18) 24 (19-30) 313+ 035 1.36 1.58*

a.

Propoxur and naled acute toxicity data, with and without antibiotics, presented as LCqo, LC,5, and LCsq with their
95% confidence intervals (Cl) in micrograms per liter (ug/L), the concentrations at which 10, 25, and 50% of the
tested larvae were dead, respectively, in a 24-h bioassay. Log-probit analysis was used to estimate the endpoint
concentrations for each insecticide.
. Pearson’s chi-square (x?) values with a probability of x2 > 0.05, which indicates that the observed regression model
is not significantly different from the expected model (i.e., a significant fit between the observed and expected re-
gression models).

c. Synergism ratio (SR) was calculated by SR=LCsq insecticide only/LCs, insecticide-synergist mixture. The asterisk next

ratios. The toxicity of propoxur was significantly increased by 2.62-fold
and the toxicity of naled was significantly increased by 1.58-fold when
in combination with a fixed concentration of antibiotics.

3.5. Effects of antibiotic treatments on enzyme activity

3.5.1. Inhibition of general esterase activity

The in vivo inhibition of general esterase activity (a-naphthyl acetate
hydrolysis) in third-instar Ae. aegypti larvae exposed to the LCy; of pro-
poxur or naled alone and in combination with antibiotics, is shown in
Fig. 3A. Significant differences due to insecticide treatment (F=65.09;
df=2, 24; P < .0001) and antibiotic treatment (F=38.84; df=1, 24;
P < .0001) were detected. The propoxur and naled treatments alone
resulted in significant decreases of 25.7% (P=.0002) and 55.3%
(P < .0001) in esterase specific activity, respectively, relative to the un-
treated control larvae. The antibiotic treatment alone resulted in a sig-
nificant decrease of 21.9% (P=.0198) in esterase specific activity, rela-
tive to the untreated control larvae. A significant decrease in esterase
specific activity of 50.6% (P < .0001) was observed in larvae that were
exposed to propoxur in combination with antibiotics, relative to the
larvae treated with propoxur alone. When mosquito larvae were ex-
posed to naled in combination with antibiotics, however, there was

to the ratio indicates a significant difference between the LCs, of the insecticide and the binary combination with
a synergist based on the non-overlapping 95% confidence intervals of the LCs, values.
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Fig. 3. Results of enzyme
assays showing changes in

A. general esterase activity,

B. cytochrome P450
monooxygenase activity,
and

C. residual
acetylcholinesterase
(AChE) activity in third-
instar Aedes aegypti larvae
left untreated (UNT)
or treated with broad-
spectrum antibiotics (ABI),
then exposed to propoxur
or naled, relative to no
mosquitocide treatment
(Control). Enzyme activities
are presented as the mean
+ standard deviation.
Different letters above
the bars indicate that the
means are significantly
different between the
treatments using a two-
way analysis of variance
with a Sidak’s multiple
comparison test (p < .05).
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only a slight and not significant decrease of 12.5% (P=.9988) in es-
terase specific activity, relative to the larvae treated with naled alone.

3.5.2. Inhibition of cytochrome P450 monooxygenase activity

The in vivo inhibition of cytochrome P450 monooxygenases (O-
deethylation) in third-instar Ae. aegypti larvae exposed to the LCys
of propoxur or naled alone or in combination with antibiotics is
shown in Fig. 3B. Significant differences due to insecticide treatment
(F=3.686; df=2, 195; P=.0268) and antibiotic treatment (F=45.124;
df=1, 195; P < .0001) were detected. The propoxur and naled treat-
ments alone resulted in 6.3% (P > .9999) and 32.4% (P=.1311) in-
creases in P450 activity, respectively, relative to the untreated larvae,
however these increases were not significant. The antibiotic treat-
ment alone resulted in a significant decrease of 90.7% (P=.0015) in
P450 activity, relative to the untreated control larvae. The antibiotic
treatment resulted in a significant decrease of 84.4% (P=.0060) in
P450 activity when applied in combination with propoxur, relative
to the larvae treated with propoxur alone. The antibiotic treatment
also resulted in a significant decrease of 67.6% (P=.0010) in P450
activity when applied in combination with naled, relative to the lar-
vae treated with naled alone.

3.5.3. Inhibition of acetylcholinesterase activity

The residual acetylcholinesterase activity of third-instar Ae. aegypti
larvae exposed to the LC,5 of propoxur or naled alone or in combina-
tion with antibiotics is shown in Fig. 3C. Significant differences due
to insecticide treatment (F=165.6; df=2, 24; P < .0001) and antibi-
otic treatment (F=10.70; df=1, 24; P=.0032) were detected. The pro-
poxur and naled treatments alone resulted in significant decreases of
48.7% (P < .0001) and 40.1% (P < .0001) in AChE activity, respectively,
compared to the untreated larvae. The antibiotic treatment alone re-
sulted in a 19.7% (P=.0517) increase in AChE activity that was not sig-
nificant, relative to the untreated larvae. The antibiotic treatment in
combination with propoxur resulted in a 29.7% (P=.2561) decrease
in the AChE activity of treated larvae that was not significant, relative
to the larvae treated with propoxur alone. The antibiotic treatment in
combination with naled resulted in a significant decrease of 65.1% (P
<.0001) in the AChE activity of treated larvae, relative to the larvae
treated with naled alone.
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3.6. Insecticide degradation bioassays

The results of the acute toxicity bioassays using insecticides that were
subjected to potential bacterial metabolism are shown in Fig. 4. For
the propoxur degradation experiment, significant differences due to

A.

Bacterial Metabolism: Propoxur
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Fig. 4. Percent mortality of third-instar Aedes aegypti larvae treated with A. bac-
teria-degraded (BAC) propoxur or B. bacteria-degraded naled. Bacteria cultures
were treated with propoxur or naled and incubated for 12, 24, or 48 h. Larvae were
treated with a median lethal concentration (LC50) of each mosquitocide for 24 h.
Percent mortality is are presented as the mean + standard deviation. Different let-
ters above the bars indicate that the means are significantly different between the
treatments using a two-way analysis of variance with a Sidak’s multiple compari-
son test (p < .05).
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time (F=5.176; df=2, 12; P=.0239) and antibiotic treatment (F=28.23;
df=1, 12; P=.0002) were detected. Mortality was significantly de-
creased by 35.3% (P=.0169) and 35.0% (P=.0050) in mosquito larvae
treated with the 24 h and 48 h propoxur-bacteria inoculum, respec-
tively, relative to the propoxur-only treatment. For the naled degrada-
tion experiment, significant differences due to time (F=6.506; df=2, 12;
P=.0122) and antibiotic treatment (F=4.172; df=1, 12; P=.0637) were
detected. Mortality was decreased by 15.4% (P=.9515) and 18.8%
(P=.5733) in mosquito larvae treated with the 24 h and 48 h naled-
bacteria inoculum, respectively, compared to the naled-only treat-
ment, but these changes were not significant.

4. Discussion

The goal of this study was to test the hypothesis that gut bacteria of
Ae. aegypti larvae contribute to the metabolic detoxification and toxic
action of the insecticides naled and propoxur. The acute toxicities of
these insecticides to mosquito larvae, as well as the general esterase
and P450 activities of the larvae, were assessed following treatment
with insecticide synergists or broad-spectrum antibiotics. Addition-
ally, the insecticides propoxur and naled were incubated with cultur-
able bacteria isolated from Ae. aegypti larvae and then assessed for
toxicity in order to demonstrate the bacterial capacity for metabolic
detoxification of insecticides.

This study demonstrates that the acute toxicities of propoxur and
naled were significantly increased for mosquito larvae that were ex-
posed to the general esterase inhibitors TPP and DEF. In addition, the
acute toxicity of propoxur was significantly increased for the mosquito
larvae that were exposed to PBO, whereas this synergist had no effect
on the acute toxicity of naled to the mosquito larvae. This information
expands our understanding of general esterase and P450-mediated
metabolic detoxification and toxic action of standard-use insecticides
such as naled and propoxur in mosquitoes, which appears to be influ-
enced by the chemical structure of the insecticide. Hemingway et al.
(Hemingway, 2000) report that general esterases are often associated
with the reduced toxic action of carbamate and organophosphate in-
secticides, whereas P450s are more frequently associated with reduced
toxic action of organophosphates than with carbamates. However, the
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findings of this study demonstrate that P450s are an important meta-
bolic detoxification mechanism for mosquito larvae that were exposed
to propoxur, but not for those larvae that were exposed to naled. Lyk-
ken and Casida (Lykken and Casida, 1969) report that P450s can fa-
cilitate the debromination of naled to the more toxic metabolite di-
chlorvos in insects. The acute toxicity of naled to mosquito larvae that
were exposed to PBO suggests that the cytochrome P450 monooxy-
genase- mediated debromination of naled to dichlorvos may not be
an important factor in the toxic action of the insecticide.

The anticholinesterase activities of propoxur and naled were signif-
icantly increased in mosquito larvae that were exposed to the mos-
quitocide synergists TPP and DEF. These data demonstrate that gen-
eral esterases play an important role in the metabolic detoxification
of propoxur and naled, consequently increasing the toxic action of
these insecticides. Interestingly, the anticholinesterase activity of pro-
poxur remained unchanged when exposed to the P450 inhibitor and
insecticide synergist PBO, whereas the anticholinesterase activity of
naled decreased. These findings support the idea that P450s do not
play a major role in decreasing the toxic action of naled, but do not
explain why inhibition of P450 activity would decrease the anticho-
linesterase activity of naled without altering the efficacy of the in-
secticide. Also puzzling is the observation that P450 inhibition due
to PBO treatment significantly increased the efficacy of propoxur in
the acute toxicity assays, but did not appear to alter the anticholin-
esterase activity of propoxur, which could suggest a different mech-
anism of toxicity. This is not the first time, however, that synergist
bioassay data has conflicted with in vitro assays (Tsukamoto and Ca-
sida, 1967; Siegfried et al., 1990; Sanchez-Arroyo et al., 2001). Nu-
merous studies have documented that co-application of synergists
and insecticides can alter cuticular penetration rates, with examples
of both decreased (Scott and Georghiou, 1986; Bull and Pryor, 1990;
Sanchez-Arroyo et al., 2001) and increased (Sun and Johnson, 1972)
rates of penetration. This suggests that one possible explanation for
the discrepancy between the bioassay and in vitro data is that co-ap-
plication of PBO is altering the pharmacokinetics of the insecticides.
Another possible explanation is that these discrepancies are due to
esterase inhibition by PBO. Khot et al. (Khot et al., 2008) revealed that
PBO can create a blockade between insect anticholinesterases and
other esterases to reduce the target-site activity of these compounds.
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This observation might explain the unaltered or reduced acetylcho-
linesterase inhibition of propoxur and naled in the PBO-treated Ae.
aegypti larvae, although a further examination of this mechanism is
warranted for these mosquitoes.

This study also investigated the role of gut bacteria in the resistance
of Ae. aegypti larvae to the insecticides propoxur and naled, based
on the growing body of evidence that implicates the insect microbi-
ome in metabolic detoxification of insecticides (Kikuchi et al., 2012;
Gadad and Vastrad, 2016; Cheng et al.,, 2017; Soltani et al., 2017; Xia
et al.,, 2018). The findings of this study demonstrate that reducing the
number of bacterial colony-forming units in Ae. aegypti larvae with
broad-spectrum antibiotics decreases the general esterase and P450
activities of the larvae, consequently decreasing the metabolic detox-
ification of propoxur and naled. Russell et al. (Russell et al., 2011) re-
port that these metabolic detoxification enzymes are present in both
carbamate- and organophosphate-degrading bacteria. These enzymes
include the esterases MCD and CehA for the carbamate insecticides
and phosphotriesterases, methyl parathion hydrolases, and organo-
phosphorus acid anhydrolases for organophosphate insecticides (Rus-
sell et al.,, 2011). The esterases MCD, isolated from Achromobacter
W111 (Derbyshire et al., 1987), and CehA, isolated from Rhizobium
sp AC100 (Hashimoto et al.,, 2002), are reported to hydrolyze carbo-
xylester bonds of 1- naphthyl acetate. These enzymes are associated
with organophosphate insecticide metabolism via hydrolysis of phos-
phoester bonds (Russell et al., 2011). It has also been suggested that
there may exist an uncharacterized oxidative route for degradation
of some organophosphate insecticides (Munnecke and Hsieh, 1976).
In this study, an increase in acetylcholinesterase activity in Ae. aegypti
larvae treated with the antibiotics, relative to the untreated mosquito
larvae, was observed. However, the anticholinesterase activity of pro-
poxur and naled was reduced in the antibiotic-treated Ae. aegypti lar-
vae, relative to those mosquito larvae only treated with propoxur and
naled. These results suggest that the bacteria in mosquito larvae may
modify the toxic action of the insecticides.

Finally, this study examined the metabolic degradation of propoxur
and naled using culturable bacteria isolated from Ae. aegypti larvae.
Following the incubation of propoxur and naled with the culturable
bacteria, the acute toxicity of propoxur to mosquito larvae was re-
duced, but no change was observed in the toxicity of naled. One
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possible explanation for this difference is that the bacteria responsible
for assisting in the in vivo detoxification of naled in mosquito larvae
were not able to be cultured with the protocol that was employed, and
consequently were not present to degrade naled in vitro. Bacteria are
reported to facilitate the metabolic detoxification of insecticides us-
ing enzyme systems that transform these compounds to carbon and
energy sources for growth (Russell et al., 2011). Werren et al. (Wer-
ren, 2012) observed that bacteria are capable of metabolizing insec-
ticides and utilizing the carbon, phosphorous, and nitrogen degrada-
tion products. Unfortunately, the bacteria cultures in this study were
not analyzed for degradation products of propoxur and naled, there-
fore we are not able to definitively state that the culturable bacteria
were responsible the metabolic detoxification of these insecticides in
Ae. aegypti larvae, nor provide insight into the biochemical pathways
that might have been utilized to modify the tested insecticides. While
these findings do offer further support for the proposed hypothesis
that bacterial endosymbionts may contribute to the metabolic detox-
ification of insecticides by mosquitoes, more work is required to fully
elucidate the contribution of bacteria to the metabolic detoxification
of insecticides in both Ae. aegypti larvae and adults.

In conclusion, the use of insecticides in agriculture and public health,
as well as the presence of anthropogenic xenobiotics (e.g., antibiot-
ics), may affect the microbial biodiversity of both the environment and
the organisms that inhabit that environment. If antibiotic contamina-
tion is having an impact on the bacteria present in that environment,
what effect does that contamination have on the bacterial community
of the mosquito larvae in that environment? How does this affect the
resistance of those mosquitoes to insecticides? The overall responses
of mosquitoes to insecticides may be altered and the selection of in-
secticide resistance mechanisms may occur as a consequence. In this
context, future studies should be performed that focus on better un-
derstanding insecticide resistance mechanisms in mosquito larvae, with
regard to the mosquito microbiome, and compiling data on the impact
of environmental factors on the biodiversity of mosquito gut bacteria
in an effort to explain how these factors might influence insecticide
resistance. Because these studies were conducted using laboratory-
reared Ae. aegypti larvae, it is possible that the results observed in this
study could be more or less pronounced in natural mosquito popula-
tions as a result of the different exposure that the natural populations
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would have to microbe-rich habitats. A valuable future direction of
this work would be to examine the evolution of resistance in mosquito
populations in the context of both larval habitat and the diversity of
the mosquito microbiome. Furthermore, it would be pertinent to iden-
tify various environmental factors (i.e. insecticide application, chemical
leaching, etc.) that may contribute to these differences and establish
relevant trends. The information gained from this work could be used
to 1) improve current toxicodynamic and toxicokinetic models for es-
tablished and experimental insecticidal chemistries, 2) develop more
effective, sustainable, and targeted vector control interventions, and
3) highlight the potential environmental impacts of mosquito usage
in public health and agriculture.
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