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. The gut microbiota of mosquitoes is a crucial determinant of their fitness. As such, the biology of the gut

. microbiota of Anopheles arabiensis, a major malaria vector of Southern Africa, was investigated. Two
laboratory strains of An. arabiensis were used; SENN, an insecticide susceptible strain, and SENN-DDT,

. aresistant strain. The strains were supplemented with either non-commensal bacteria or antibiotics

* via asucrose source to sterilize the gut. The strains were fed the broad-spectrum bactericidal antibiotic

: gentamicin, or a preferentially gram-positive bactericidal (vancomycin), gram-negative bactericidal
(streptomycin) or broad-spectrum bacteriostatic (erythromycin), either by sugar supplementation or
by artificially-spiked blood-meal. The effects on adult mosquito longevity and insecticide resistance

. phenotype were assessed. Bacteria from the midgut of both strains were characterised by MALDI-

: TOF mass spectroscopy. Bactericidal antibiotics increased longevity in SENN-DDT. Bacterial

. supplementation increased insecticide tolerance. Antibiotic supplementation via sugar decreased

. tolerance to the insecticides deltamethrin and malathion. Blood-supplemented vancomycin decreased

. insecticide resistance, while gentamicin and streptomycin increased resistance. SENN showed a greater
gut bacterial diversity than SENN-DDT, with both strains dominated by Gram-negative bacteria. This

. study suggests a crucial role for bacteria in An. arabiensis life history, and that gut microflora play

. variable roles in insecticide resistant and susceptible mosquitoes.

The immature, aquatic (larval) stages of mosquitoes are challenged by several contaminants'. The aquatic phase is
. also where the larvae obtain the microbes that colonise them and eventually become the commensal gut micro-
. biota?. This microbial ecology, mediated by the gut microbiota, is crucial for subsequent survival and success,
. especially during the adult phase.
It has been demonstrated both directly and indirectly that gut microflora are necessary for the development
. oflarvae. This is primarily because axenic larvae fail to develop. In nature, aquatic larvae obtain colonising gut
. bacteria from the biofilms that grow around the particulate matter that they feed on**.

The interplay between microbial flora and adult female fecundity is complex, with antibiotic treatments
exerting divergent effects. For example, when the gut of Anopheles stephensi was sterilised with tetracycline, sig-
nificantly fewer eggs were laid®. When penicillin and streptomycin were administered to An. gambiae via a blood-
meal, fecundity was increased, suggesting an interplay between ingested blood, gut microflora and fecundity®.

The role of gut bacteria in adult mosquito longevity, a crucial determinant of vector competence’ is less well

. documented. Currently, the only assessment of the effect of gut bacteria on adult longevity is a study in which
: various gut-borne bacteria were injected into An. gambiae, resulting in reduced longevity®.
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Gut microflora are a crucial determinant of vector competence, being essential for viral infectivity and protec-
tion against Plasmodium parasites’. Malaria parasite refractoriness appears to be partially mediated by a transient
increase in microbial load post blood meal®. This increase in bacteria mediates the synthesis and integrity of the
protective peritrophic matrix'®. The microbial load then decreases again 24 hours post blood meal!!.

The gut microbiome has also recently been demonstrated to be a mediator of insecticide resistance'. This
was first demonstrated in agricultural pests, with insecticide-degrading gut bacteria having been described in
numerous species, including Plutella xylostella, where they have been well characterised'*'*. Symbiont mediated
resistance was also described in the beanbug Riptortus pedestris'> Recently, the gut microbiota of wild-caught
organophosphate resistant and susceptible An. albimanus has been characterised, and an enrichment of
insecticide-degrading bacteria was found in resistant strains'2.

Insecticide resistance is becoming an increasing threat to vector control efforts'®. This is particularly true of
vector populations in sub-Saharan Africa. The control of the major African malaria vector An. arabiensis is prov-
ing to be particularly challenging due to insecticide resistance and behavioural plasticity!’. This opportunistic
feeder, which displays both endo- and exophily, is less susceptible to control by indoor residual spraying (IRS)
and the distribution of long-lasting insecticide treated nets'”'%. The tendency of portions of An. arabiensis pop-
ulations to feed and rest outdoors enables them to sustain low-level residual malaria transmission". Controlling
outdoor-biting vectors requires novel/additional technologies, and targeting mosquito gut microflora has been
suggested?. To enable this, the effect of gut microflora on the life history of An. arabiensis needs to be assessed
amongst other factors. As differences in gut microflora has been demonstrated in insecticide susceptible and
resistant strains in An. albimanus'?, the insecticide resistance phenotype must be considered when examining the
role of gut microflora on life history. The aim of this study was therefore to assess differential effects of gut micro-
flora on the life histories of insecticide susceptible and resistant laboratory strains of An. arabiensis.

Materials and Methods

Two laboratory strains of An. arabiensis were used in this study. The SENN strain was colonised from Sennar
in Sudan in 1980, and by continuous DDT selection, the multiple-resistant SENN-DDT strain was developed.
SENN-DDT is resistant to DDT, permethrin, deltamethrin, \-cyhalothrin and malathion. Production of these
resistance phenotypes is based on increased metabolic detoxification by specific members of the cytochrome
P450, Glutathione S-transferase and general esterase enzyme classes, as well as near-fixation of the L1014F knock-
down resistance (kdr) mutation®"?2. Both strains were reared under standard insectary conditions®.

The effect of antibiotic supplementation on An. arabiensis adult longevity. Four antibiotics were
used to assess the effect of gut bacteria on longevity: The broad-spectrum bactericidal antibiotic gentamycin, the
gram-positive narrow-spectrum antibiotic vancomycin, the gram-negative narrow-spectrum antibiotic strepto-
mycin and the broad-spectrum bacteriostatic antibiotic erythromycin. Each was supplemented with 10% sucrose
to a final concentration of 2.5 ug/ml. Each antibiotic-treated sucrose solution was supplemented with the preserv-
ative methyl paraben to a final concentration of 0.2% to prevent fungal contamination. Each sucrose treatment
was delivered to 30 newly-emerged females and 30 newly-emerged males of both the SENN and SENN-DDT
strains. Mortality was recorded, with cadavers removed daily. Sucrose treatments were changed twice a week.
Adults supplied with a methyl paraben sucrose solution served as controls for each treatment. Mortality was
observed until all individuals were dead. This experiment was replicated three times from three cohorts arising
from different egg batches. A Kaplan-Meier estimator was used to assess longevity, with a log rank test used as a
test for significance.

The role of gut bacteria on insecticide sensitivity. The role of gut bacteria in the expression of insecti-
cide resistance was examined using two methods. The first was by feeding newly-emerged SENN and SENN-DDT
adults with vancomycin-, streptomycin-, gentamicin- and erythromycin-supplemented sucrose only**. Untreated
sucrose served as a control for these experiments. The second method was by supplementing 10% sucrose with a
representative non-commensal gram-positive bacterial species (Streptococcus pyrogenes ATCC 19615) or a rep-
resentative gram-negative species (Escherichia coli ATCC 25922). These bacterial strains were selected as neither
species were found occurring in either SENN or SENN-DDT, and because they were native microflora, could
potentially stimulate immune interaction if ingested by the mosquitoes. Furthermore, neither of these strains has
been implicated in the bacterial degradation of deltamethrin or malathion. This would mean that the response
observed would be due to the response on the mosquito rather than the addition of a known bacterial degrading
agent. The bacterial stock was grown to mid-log phase and the sucrose was supplemented with bacteria to a final
concentration of 0.3% in 15 ml. After three days of feeding, SENN-DDT adults (males: S. pyrogenes: n=1236;
E. coli n=1350; females S. pyrogenes: n=1472; E. coli: 1413) were exposed to either deltamethrin or malathion
using standard WHO bioassay susceptibility tests?>. Mortality was scored 24 hours post-exposure?. Adults fed
untreated sucrose constituted the control group. Two exposure controls were used for each experiment; exposure
to WHO-supplied pyrethroid or organophosphate solvent control tube? or completely unexposed (environmen-
tal control). If the mortality in these control groups exceeded 10% the results were discarded. To confirm that
any responses observed by bacterial supplementation were not due to bacterial pesticide degradation, bacte-
rial cultures were prepared, grown to mid log phase as described above and then autoclaved. This constituted a
heat-killed treatment, which was delivered to the strains by supplementation as described for the live treatment.
As SENN is susceptible to insecticides, changes to their insecticide tolerances were assessed by determining
changes in lethal time (LT50) by CDC bottle bioassay (males: S. pyrogenes: n =1042; E. coli n =1028; females S.
pyrogenes: n=1112; E. coli: 1206)*°. Adults fed only untreated sucrose constituted the control group. A solvent
control exposure and unexposed adults were used for each experiment. Lethal time (LT50) was calculated using
Probit analysis?” and changes in mortality were assessed using one-way ANOVA, with a 95% confidence interval.
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All exposures were replicated four times from four cohorts, each arising from four separate egg batches. If the
mortality in these control groups exceeded 10% the results were discarded.

The effect of antibiotic supplementation through blood on the insecticide resistance pheno-
type. Three day old non-blood fed SENN-DDT females were deprived of sugar for 4 hours prior to allowing
them to feed on a Hemotek™ feeder supplemented with 2.5 ug/ml gentamicin, vancomycin, streptomycin or
untreated blood, with non-blood fed females serving as a control. The females were allowed to digest blood for
4hours, after which half the cohort were exposed to either deltamethrin (n=687) or malathion (n=624) by
WHO bioassay. Control treatments were as previously described (deltamethrin: n = 620; malathion: n = 604).
Mortality was scored 24 hours post-exposure. Twenty four hours post blood feed, the initially blood-fed but unex-
posed cohort was exposed in the same manner as the four hour group (deltamethrin n = 609; malathion n=612).
This experiment was replicated four times from four separate cohorts arising from separate egg batches. This
experiment was also replicated using the susceptible SENN strain, with changes in insecticide tolerance assessed
by bottle bioassays as described for the sugar-antibiotic treatments described earlier. Changes in mortality were
assessed by 1-way ANOVA with a 95% confidence interval.

Characterisation of the detoxification enzyme activity after antibiotic and bacterial treat-
ment. Newly emerged SENN and SENN-DDT adults were collected, and provided with one of the follow-
ing treatments; 10% sucrose, gentamicin, vancomycin, streptomycin, live S. pyrogenes, Live E. coli, heat-killed
S. pyrogenes or heat killed E. coli-supplemented sucrose. The mosquitoes were allowed to feed on the treatments
for three days before being cold-killed. 48 individuals of each treatment per sex and strain (e.g. 48 control SENN
males, 48 control SENN females etc.) were homogenised in PCR grade water and assessed for cytochrome P450,
Glutathione S-transferase and general esterase activity using calorimetric methods?.

Characterisation of gut bacteria of insecticide resistant and susceptible An. arabiensis. Fourth
instar SENN and SENN-DDT larvae as well as three-day old non-blood fed adults were dissected in sterile phos-
phate buffered saline to remove the midgut. The midguts of 25 mosquitoes of each strain were inoculated into
Brain Heart Infusion broth (Sigma Aldrich: 53286) and incubated for 16 hours at 37 °C. After the incubation, 20 ul
of the inoculum was streaked onto either McConkey agar, blood agar or chocolate agar and was incubated at 37°C
for 16 hours. Individual colonies were selected for Matrix-assisted laser desorption time of flight (MALDI TOF).
Individual colonies were selected for MALDI TOF mass spectrometry analysis based on colony morphology.
Specimens were analysed with a MALDI Biotyper System with a benchtop microflex LT/SH mass spectrometer.
Results were analysed using MALDI biotyper 4.0 system software®.

Ethics approval. Ethical approval for this study is stated in the ethical clearance statement from the
University of the Witwatersrand, certificate M130534.

Results

Antibiotic supplementation and longevity. SENN and SENN-DDT adult longevitieswere differentially
affected by selective antibiotic treatment. In SENN, bactericidal antibiotics did not affect longevity in females
(Log rank test: P=0.19, df =3, x*=4.73) or males (Log rank test: P=0.14, df =3, x?=5.51). The broad-spec-
trum bacteriostatic erythromycin did however reduce the longevity of SENN females (Log rank test: P < 0.01,
df=1, x>=12.01) and SENN males (Log rank test: P=0.02, df =1, x>*=5.09) (Fig. 1A).

By contrast, bactericidal antibiotic treatments significantly affected adult longevities in the SENN-DDT strain.
Gentamicin, streptomycin and vancomycin increased longevity in SENN-DDT females (Log rank test: P=0.01,
df=3,x2=10.73) (Fig. 1B) and males (Log rank test: P=0.03, df =3, x>*=8.76) (Fig. 1C). Vancomycin treat-
ment was associated with the greatest longevity in SENN-DDT females, while Gentamicin resulted in the greatest
longevity in SENN-DDT males. The log rank test was used as data was not censored with an a-value of 0.05%

The contribution of gut bacteria and immune response to the insecticide resistance pheno-
type. Supplementing the diet of SENN-DDT with a representative non-commensal gram-positive bacterium
(S. pyrogenes) and gram-negative bacterium (E. coli) augmented the malathion and deltamethrin resistance phe-
notype in this strain. Deltamethrin-induced mortality was decreased in females for both S. pyrogenes (2-sample
t-test: P=10.01, t=3.36, df =26) and E. coli (2-sample t-test: P < 0.01, t =4.55, df = 18). This was also true for
male S. pyrogenes supplementation (2-sample t-test: P <0.01, t=3.79, df =13) as well as E. coli supplementation
(2-sample t-test: p P=0.01, t=3.23 df =13.6). The results were less marked for malathion. Only supplementation
with S. pyrogenes significantly decreased malathion-induced mortality (2-sample t-test: P=10.02, t=2.77, df=9),
while E. coli supplementation did not affect malathion-induced mortality in females (2-sample t-test: P=0.60,
t=0.58, df =6). For SENN-DDT males, neither S. pyrogenes (2-sample t-test: P=0.31, t=1.15, df=4.2) nor E.
coli (2-sample t-test: P=10.16, t =1.53, df = 10) affected malathion-induced mortality (Fig. 2).

Antibiotic treatment generally increased insecticide-induced mortalities, with deltamethrin resistance
being the most affected. All treatments increased deltamethrin-induced mortality in females (2-sample t-test:
gentamicin- P=0.02, t=—2.51, df =25.1; vancomycin: P < 0.01, t=—3.54, df =24.8; streptomycin- P < 0.01,
t=—3.19, df =23.6). This was true for males as well (2-sample t-test: gentamicin- P<0.01, t = —3.42, df = 34.6;
vancomycin: P < 0.01, t=—4.19, df =33.8; streptomycin- P < 0.01, t=—3.52, df = 34.5). For malathion-induced
mortality in females, only vancomycin significantly increased mortality (2-sample t-test: P< 0.01, t = —3.54,
df=27.2), while gentamicin and streptomycin did not (2-samples t-test: gentamicin- P=0.22, t=—1.24,
df =31.4; streptomycin- P=0.09, t=—1.76, df=31.9). Similarly for males, malathion-induced mortality was
increased by vancomycin treatment (2-sample t-test: P=0.02, t =—2.53, df =34.9), but not treatments with gen-
tamicin or streptomycin (2-samples t-test: gentamicin- P=0.06, t=—1.92, df =31.2; streptomycin- P=0.36,
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Figure 1. The effect of antibiotic supplementation on Anopheles arabiensis longevity. (A) For the insecticide-
susceptible Anopheles arabiensis SENN strain control treatments (SFCon-dark blue and SMCon-purple) lived
significantly longer than erythromycin-treated individuals (SFEry-red and SMEry-green). (B) Untreated
control females of the Anopheles arabiensis insecticide-resistant SENN-DDT strain (DFCon-dark blue) lived
for a significantly shorter time than gentamicin- (DFGent-red), vancomycin- (DFVan-green), or streptomycin-
treated individuals (DFStrep-purple). Vancomycin treated females lived the longest. (C) Untreated control
males of the Anopheles arabiensis insecticide-resistant SENN-DDT strain (DMCon-dark blue) lived for a
significantly shorter time than gentamicin- (DMGent-red), vancomycin- (DM Van-green), or streptomycin-
treated individuals (DMStrep-purple). Gentamicin-treated males lived the longest. Significance was determined
by the Log-Rank test. Insecticide susceptible strains are denoted by a green block and insecticide resistant
strains are denoted by a red block.

t=—0.94, df=32) (Fig. 3). Living and heat-killed bacteria elicited the same responses - mortalities did not differ
significantly when supplied with either treatment (Table 1).

To determine whether similar effects could be observed in the insecticide susceptible SENN strain, LT50s
were determined for malathion and deltamethrin. When supplemented with bacteria, deltamethrin lethal time
in females was increased after both gram-positive treatment (2-sample t-test: P=0.01, df=11.2, t=—3.34)
and gram-negative treatment (2-sample t-test: P=0.03, df = 8.6, t = —2.26). Female malathion lethal time was
increased after gram-positive treatment (2-sample t-test: P < 0.01, df =12, t=—5.24) but not gram-negative
treatment (2-sample t-test: P=0.42, df =4.2, t =0.88). In males, deltamethrin resistance was not affected by
gram-positive treatment (2-sample t-test: P=0.09, df =4.4, t=—2.17), but was significantly increased by
gram-negative treatment (2-sample t-test: P < 0.01, df =—7.72, t=3.9). Malathion LT50 in males was signifi-
cantly increased after gram-positive treatment (2-sample t-test: P=0.04, df =6, t = —2.56) but not gram-negative
treatment (2-sample t-test: P=0.52, df =4.1, t=0.7). For females, there was no significant difference in the
deltamethrin lethal time induced by gram-positive or negative treatment (2-sample t-test: P=0.87, df=3.8,
t=0.18) but gram-positive treatment resulted in a significantly higher malathion lethal time than gram-negative
treatment (2-sample t-test: P=0.01, df=5.2, t=—3.81). For males, gram-negative treatment resulted in a signif-
icantly higher deltamethrin lethal time than gram-positive treatment (2-sample t-test: P < 0.01, df =5.7, t=4.7).
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Figure 2. The effect of the supplementation of non-commensal bacteria on the insecticide resistance phenotype
of Anopheles arabiensis SENN-DDT. When the insecticide resistant SENN-DDT strain was supplemented

with either gram-positive (Streptococcus pyrogenes) or gram-negative bacteria (Escherichia coli), deltamethrin-
induced mortality decreased in both males and females. Bacterial supplementation had no effect on male
malathion-induced mortality, while only S. pyrogenes supplementation significantly reduced malathion-induced
mortality in females. Asterisks indicate a significant difference from the untreated control of the same sex and
insecticide exposure. The treatment label is in red to indicate insecticide resistance.
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Figure 3. The effect of antibiotic supplementation on the insecticide resistance phenotype of Anopheles
arabiensis SENN-DDT. Vancomycin treatment significantly increased malathion an deltamethrin-induced
mortality in males and females. Gentamicin increased deltamethrin-induced mortality in females. Streptomycin
increased malathion and deltamethrin-induced mortality in males and deltamethrin-induced mortality in
females. Asterisks denote a significant change from untreated controls of the same sex of the same sex and
insecticide exposure. The treatment label is in red to indicate insecticide resistance.

For malathion, gram-positive treatment resulted in a significantly higher lethal time than gram-negative treat-
ment (2-sample t-test: P=0.04, df =4.8, t=—2.67) (Fig. 4A).

Antibiotic treatment had a less marked effect on insecticide tolerance than bacterial supplementation. For
deltamethrin, lethal time was significantly reduced by gentamicin (2-sample t-test: P < 0.01, df=4, t=5.15) and
erythromycin treatment (2-sample t-test: P < 0.01, df =5, t = —8.73) in females. No significant changes were
observed in males after any antibiotic treatment (1-way ANOVA: F (4, 13) =2.67, P=0.08). Malathion lethal
time was not affected by any treatment in females (1-way ANOVA: F(4, 13) =2.27 P=0.11) or males (1 way
ANOVA: F (4, 13)=3.17) P=0.11) (Fig. 4B). All mortality data was found to be normally distributed using the
Shapiro-Wilks test. An alpha value of 0.05% was used in all cases. Environmental control and solvent control
mortality did not exceed 5% for any treatment.

The effect of antibiotic supplemented blood on the insecticide resistant phenotype. As antibi-
otics did not have a marked effect on the tolerance of SENN to insecticides, the effect of blood-borne antibiotics
was only examined in SENN-DDT. The effect of blood-borne antibiotics differed 4 hours and 24 hours post blood
meal. After 4hours, vancomycin induced the greatest increase in deltamethrin-induced mortality, and resulted
in a significantly higher mortality compared to the control or untreated blood (1-way ANOVA: F (2, 66) =3.47,
P=0.03). By contrast, streptomycin and gentamicin treatment resulted in decreased deltamethrin-induced mor-
tality (1-way ANOVA: F (3, 166) =7.26, P < 0.01) after 4 hours. For malathion-induced mortality, only vancomy-
cin treatment resulted in increased mortality (1-way ANOVA: F (2, 48) =11.4, P<0.01) (Fig. 5A).

After 24 hours post blood meal, the deltamethrin-induced mortality of vancomycin-treated females no
longer differed from the control and untreated, blood-fed cohorts (1-way ANOVA: F (2, 44) =2.09, P=0.13).
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Live 55.8 (£3.87) 52.8(43.46) 68.9 (£2.97) 25.3(+3.86)

S.pyrogenes 0.34 (—0.95) 0.99 (—0.01) 0.39(—0.86) 0.48 (—0.72)
Dead 64.6 (+£2.93) 52.6(+4.06) 73.5(1+3.94) 30.3(13.63)
Live 80.7 (+3.85) 55.5(£3.87) 37.6 (+4.64) 30.1(£3.46)

E. coli 0.06 (2.04) 0.15 (—1.48) 0.73(0.35) 0.12 (1.65)
Dead 66.7 (+£5.63) 64.7(£2.93) 35.5(+3.82) 21.8(+2.11)

Table 1. Insecticide-induced mortality post bacterial treatment in SENN-DDT after supplementation with live
or heat-killed bacteria. P-values were determined by 2-sample t-test at 95% confidence intervals.
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Figure 4. The effect of bacterial and antibiotic supplementation on insecticide-induced LT50 (time to

50% mortality) values in Anopheles arabiensis SENN. (A) Supplementation with gram-positive bacteria
(Streptococcus pyrogenes) increased deltamethrin and malathion LT50s in females, but only malathion LT50 in
males. Gram-negative (Escherichia coli) treatment increased male and female deltamethrin LT50, but had no
effect on malathion lethal time. Asterisks indicate a significant difference from the exposed, untreated control of
the same sex and insecticide exposure. (B) The effect of antibiotic-supplemented sugar on female deltamethrin
LT50. Asterisks indicate a significant difference from the exposed, untreated control. (C) The effect of antibiotic-
supplemented sugar on female malathion LT50. (D) The effect of antibiotic-supplemented sugar on male
deltamethrin LT50. (E) The effect of antibiotic-supplemented sugar male malathion LT50. The treatment label is
in green to indicate insecticide susceptibility.

Deltamethrin-induced mortality in vancomycin-treated females was significantly lower after 24 hours compared
to 4hours (2-sample t-test: P=0.01, df =30, t=2.67). Gentamicin and streptomycin treatment still resulted in
reduced mortality after 24 hours (1-way ANOVA: F (3, 58) =19.7, P < 0.01). Only vancomycin-treated females
had increased malathion-induced mortality after 24 hours (1-way ANOVA: F (2, 32) =22.4, P < 0.01) (Fig. 5B).
No significant difference in insecticide tolerance, measured as LT50, was found in any treatment of the SENN
strain (1-way ANOVA: F (4, 13) =2.3, P=0.58) (Supplementary Table 2). All mortality data were found to be
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Figure 5. The effect of antibiotic-treated blood on the insecticide resistance phenotype of Anopheles arabiensis
SENN-DDT. (A) Malathion-induced mortality 4 hours post antibiotic supplemented blood-meal. Asterisks
indicate a significant difference from the exposed, untreated control. (B) Deltamethrin-induced mortality
4hours post antibiotic supplemented blood-meal. Symbols indicate a significant difference from the exposed,
untreated control, with the different symbols indicative a significant difference between treatments. (C)
Malathion-induced mortality 24 hours post antibiotic supplemented blood-meal. Asterisks indicate a significant
difference from the exposed, untreated control. (D) Deltamethrin-induced mortality 4 hours post antibiotic
supplemented blood-meal. Symbols indicate a significant difference from the exposed, untreated control, with
the different symbols indicative a significant difference between treatments. The treatment label is in red to
indicate insecticide resistance.

normally distributed using the Shapiro-Wilks test. An alpha value of 0.05% was used in all cases. Environmental
control and solvent control mortality did not exceed 5% for any treatment.

Characterisation of the detoxification enzyme activity after antibiotic and bacterial treat-
ment. GST activity remained largely unchanged, with only a reduction in activity in SENN females, after
vancomycin treatment (2-sample t-test: P=0.04, df =22, t=2.13) and streptomycin (2-sample t-test: P=0.04,
df=19.3, t=2.23) (Fig. 6A).

Cytochrome P450 was most affected in males. In SENN males, gentamicin treatment increased P450 activ-
ity (2-sample t-test: P=0.04, df =22, t=—2.09), live S. pyrogenes increased activity (2-sample t-test: P < 0.01,
df=21.9, t=—2.89), live E. coli increased activity (2-sample t-test: P=0.02, df =21.6, t=—2.63), as did
heat-killed S. pyrogenes (2-sample t-test: P < 0.01, df =21.4, t = —3.27) and heat-killed E. coli (2-sample t-test:
P<0.01,df=18.1, t=—4.36). In SENN-DDT males, gentamicin decreased activity (2-sample t-test: P < 0.01,
df=22, t=2.98), as did vancomycin (2-sample t-test: P=0.02, df =20.3, t =2.48) and streptomycin (2-sample
t-test: P=10.03, df =20.3, t=2.28). Heat-killed gram negative bacteria increased activity (2-sample t-test:
P<0.01,df=21.4, t=—2.85) (Fig. 6B).

In contrast, females displayed the most changes in terms of a-esterase activity. SENN females had decreased
activity after gentamicin treatment (2-sample t-test: P=0.01, df=18.7, t =2.81), vancomycin treatment (2-sample
t-test: P < 0.01, df =22, t="5.81) and streptomycin treatment (2-sample t-test: P < 0.01, df =21, t=3.11), live S.
pyrogenes treatment (2-sample t-test: P < 0.01, df =22, t =5.64), live E. coli treatment (2-sample t-test: P < 0.01,
df =22, t=16.11) as well as heat-killed S. pyrogenes treatment (2-sample t-test: P<0.01, df =22, t=16.11). In
SENN-DDT females, gentamicin treatment decreased activity (2-sample t-test: P=0.01, df =22, t=2.69), as did
vancomycin treatment (2-sample t-test: P < 0.01, df =22, t =3.35) and streptomycin treatment (2-sample t-test:
P<0.01, df =22, t=3.00) and live E. coli treatment (2-sample t-test: P < 0.01, df =22, t =4.07) (Fig. 6C).

A variety of changes were observed in 3-esterase activity. In SENN females, activity was increased by live E.
coli treatment (2-sample t-test: P=0.04, df =22, t =3.00), heat-killed S. pyrogenes treatment (2-sample t-test:
P <0.01, df =22, t=—3.32) as did heat -killed E. coli (2-sample t-test: P < 0.01, df =22, t=—5.29). In SENN
males, vancomycin treatment decreased activity (2-sample t-test: p=0.02, df =21.2, t =2.46), while live E. coli
treatment increased activity (2-sample t-test: P=0.01, df =22, t=—2.58). In SENN-DDT females activity was
decreased by gentamicin treatment (2-sample t-test: P < 0.01, df =22, t=3.36), vancomycin treatment (2-sample
t-test: P < 0.01, df =22, t=2.88) streptomycin treatment (2-sample t-test: P=0.04, df =22, t=2.03) as well as
live E. coli treatment (2-sample t-test: P=0.01, df =22, t=2.59). In SENN-DDT males activity was decreased
by vancomycin activity (2-sample t-test: P=0.01, df =22, t =2.61), heat-killed S. pyrogenes treatment (2-sample
t-test: P< 0.01, df =22, t=3.29) as well as heat-killed E. coli treatment (2-sample t-test: P=0.04, df =22, t=2.14)
(Fig. 6D).
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Figure 6. The effect of antibiotic and bacterial-sugar supplementation on the detoxification enzyme activity
of Anopheles arabiensis SENN and SENN-DDT. (A) GST activity in SENN and SENN-DDT. Asterisks indicate
a significant difference from the untreated control of the same sex and strain. Vancomycin and Streptomycin
reduced GST activity in SENN females, but this was the only significant difference. (B) Cytochrome P450
activity in SENN and SENN-DDT. Asterisks indicate a significant difference from the untreated control of the
same sex and strain. No consistent pattern was observable in the activity of this class of enzyme. (C) Alpha-
esterase activity in SENN and SENN-DDT. Asterisks indicate a significant difference from the untreated
control of the same sex and strain. Where significant differences were observed, the activity was significantly
lower. (D) Beta-esterase activity in SENN and SENN-DDT. Asterisks indicate a significant difference from

the untreated control of the same sex and strain. For the antibiotic treatment, all the significant changes were
significantly lower. For live gram-negative bacterial treatment, the significant changes were significantly higher,
except for SENN-DDT females, were the activity was significantly lower. Dead gram-positive bacteria resulted
in significantly lower activity where activity was significantly different. Treatment with dead gram-negative
bacteria resulted in significantly higher beta esterase activity in SENN females, but significantly lower activity
in SENN-DDT males. No consistent patterns in enzyme activity were observed, and the changes in enzyme
activity were not congruent with the observed bioassay results.

Comparison of gut bacterial composition between insecticide resistant and susceptible An.
arabiensis. In fourth instar larvae, SENN had eight predominant culturable aerobic bacteria, compared to
four in SENN-DDT. Klebsiella varicolla was the predominant species in both strains. In the SENN strain, two
gram-positive species were detected, Staphylococcus hominis and Corynebacterium amycolatum, while none were
detected in fourth instar SENN-DDT larvae. Elizabethkingia mengioseptica, which has been found to be a dom-
inant midgut bacterium in An. stephensi, was observed in SENN larvae. Although the number of dominant spe-
cies in the SENN strain decreased, there were still more species represented in SENN than SENN-DDT. In both
strains, the dominant species in larvae were Klebsiella spp., while in adults the dominant species were Enterobacter
spp. The data is summarised in Supplementary Fig. 1.

Discussion

Recent literature has demonstrated that gut bacteria play a crucial role in the life histories of mosquitoes, with
particular relevance to larval development and vector competence®*. Less well examined is the interplay between
insecticide resistance phenotypes and gut bacteria. An important factor that has been determined is that insec-
ticide resistant Anopheles mosquitoes have lower gut bacterial diversity than their susceptible counterparts'?.
Therefore, antibiotic supplementation, which could alter gut bacterial load and/or diversity, could affect adult
longevity.

Longevity in the insecticide susceptible SENN strain was reduced after exposure to the broad-spectrum bac-
teriostatic erythromycin. For resistant SENN-DDT, bactericidal antibiotic treatment led to increased longevity,
with males and females responding differently. While males lived longest when exposed to the broad-spectrum
gentamicin, gram-positive vancomycin treatment resulted in greatest longevity in SENN-DDT females. This sug-
gests a sex-linked contribution of gut bacteria to longevity, which also varies between insecticide susceptible and
resistant strains. This may possibly be due to the differing proportions of gut bacteria present in the strains. It has
been suggested that bacterial effects on larval development may be due to alteration of oxidative conditions in
the gut®’. This may contribute to the difference seen in resistant and susceptible adults, as it has previously been
demonstrated that insecticide resistant anophelines differ in their capacity to cope with oxidative stress®, and as
such alteration of redox state may differentially affect longevity, given that redox state is a major determinant of
longevity*.

That gut bacteria can affect the expression of insecticide resistant phenotypes is supported by data from
this study. Antibiotic treatment of SENN-DDT significantly increased subsequent deltamethrin and malathion
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induced mortality, but the effect was less marked in SENN. Previous studies have demonstrated that selec-
tion for insecticide resistance reduces gut bacterial diversity by enriching insecticide degrading bacteria in the
gut!?. This may explain why the bactericidal antibiotics and not bacteriostatic antibiotics (detailed in Appendix
Table 3A,B) had a greater effect on SENN-DDT and not SENN. The differing antibiotics had differing effects on
insecticide-induced mortality in SENN-DDT. Vancomycin treatment induced the greatest effect, increasing mor-
tality in all insecticide treatments. Gentamicin and streptomycin did not affect malathion-induced mortality in
SENN-DDT females. This may be due to the similarity of the activity of these antibiotics; they are both aminogly-
cosides that inhibit protein synthesis by interfering at the 30 S ribosomal subunit. Streptomycin’s specific toxicity
towards gram-negative bacteria is due to preferential permeation of the gram-negative cell wall***>. These data
support a previous study demonstrating that larval exposure to tetracycline can negate temephos resistance in
An. stephensi®.

Supplementation with the gram-positive bacterium Streptococcus pyrogenes decreased both malathion and
deltamethrin-induced mortality in SENN-DDT females. This pattern was also observed in SENN females.
Escherichia coli had less of a marked effect on resistance, and had no effect on malathion resistance in either
SENN-DDT males or females. Similarly, E. coli had no effect on malathion-induced lethal time in either gender
of the SENN strain. This highlights three factors. Vancomycin had the greatest effect on longevity and decreasing
resistance, while gram-positive supplementation had the greatest effect on female resistance, suggesting a role for
gram-positive bacteria in the life history of SENN-DDT, and to an extent, SENN. Secondly, the less marked effect
of E. coli on resistance may be due to the fact that this bacterium, to date, has never been implicated in malathion
degradation. Thirdly, the antibiotic and bacterial treatment had a greater effect on resistance/tolerance to the
pyrethroid insecticide deltamethrin than to the organophosphate malathion. Malathion resistance has previous
been demonstrated to be less affected by blood treatments®”$, and this phenotype was more stable in this strain.

It is possible that the observations made regarding resistance may be due to the treatments (either antibiotic
or bacteria) eliciting a change in the activity of xenobiotic detoxifying enzymes. If this hypothesis is correct, then
factor reducing resistance (antibiotics) would result in reduced detoxification enzyme activity and the resist-
ance increasing factors would increase detoxification enzyme activity (as seen in®® for example). This pattern is
not consistently observed. Antibiotic supplementation decreased some cytochrome P450 and general esterase
activities, but this was neither consistent nor observed in all strains. Conversely, bacterial supplementation did
not consistently result in increased detoxification activity. As previous studies on this strain have demonstrated
that deltamethrin and malathion resistance is metabolically mediated®>%, this response is not due to target site
mutations. The detoxification enzyme data presented in this study can also not account for these changes. As both
live and dead bacteria elicit an increase in insecticide tolerance it is suggested that other factors may be involved.
A likely candidate is the interplay with the immune system that may alter redox state, which is has been demon-
strated to affect insecticide resistance®. Another factor may be the alteration of gut microflora. Although the
results of this study cannot conclusively implicate either system, it does raise new questions about the biology of
insecticide resistance and adds to the body of evidence concerning gut bacteria and insecticide resistance.

Blood and sugar are digested differently in mosquitoes®. The choice of delivery system may affect the response
to antibiotics. Antibiotics and other blood-borne host factors have been shown to affect mosquito biology®*
and therefore the effect of blood-administered antibiotic was examined. Subsequent exposures to insecticides
at four and twenty four hours post blood meal were chosen as these times correspond to the peaks in tran-
scriptional changes and the greatest decrease in insecticide toxicity post blood meal*'-*. Insecticide-induced
mortality four hours post antibiotic-spiked blood feeding provided the closest match to the results obtained
by sugar supplementation, with vancomycin increasing malathion and deltamethrin-induced mortalities, and
by the greatest amount. Streptomycin and gentamicin decreased deltamethrin-induced mortality. Twenty-four
hours post antibiotic-spiked blood feeding, the pattern changed, with vancomycin treated females showing
an increased malathion-induced mortality (even exceeding that induced at 4 hours post blood meal), while
deltamethrin-induced mortality matched pre-feeding levels. Malathion-induced mortality following strepto-
mycin and gentamicin treatments remained unchanged, with deltamethrin-induced mortality decreased, and
gentamicin-induced mortality even lower at 24-hour post blood feeding. Therefore, both sugar and blood admin-
istered antibiotic had an effect on insecticide resistance in the SENN-DDT strain. The reduction in resistance
caused by vancomycin even negated the reduced insecticide toxicity that a single blood meal has been demon-
strated to have*>*. As this effect was not due to altered detoxification enzyme activity, it can be suggested that
antibiotic-induced changes in bacterial load and/or diversity may play a role.

A preliminary investigation of the predominant culturable gut bacteria of the two An. arabiensis strains
largely mirrors results from previous studies on anophelines, although these data present the first report of
Elizabethkingia mengioseptica in the gut flora of this species. In both strains, the dominant larval populations were
Klebsiella species, specifically Klebsiella varicolla. Adult populations were dominated by Enterobacter asburiae.

There was a notably reduced bacterial species diversity in the insecticide resistant SENN-DDT strain com-
pared to the susceptible SENN strain (SENN larval diversity index [DI]: 3.39, SENN-DDT DI: 2.60; SENN adult
DI: 2.17, SENN-DDT adult DI: 1.78). Not only does SENN-DDT have a lower diversity, but the relative propor-
tions of the common bacterial species differ. An enrichment of Klebsiella species was observed in SENN-DDT
larvae, as was similarly observed in fenitrothion-resistant An. albimanus'?. Furthermore, species implicated in
pesticide degradation make up the greater proportion of gut bacteria in SENN-DDT adults. As with previous
studies, gram-negative bacteria predominate!'>?, which may explain the marked effects of altering gram-positive
populations. It could be speculated that a lower bacterial load and diversity in the SENN-DDT strain may also
underlie the different responses to antibiotics. The antibiotic treatment may have had a greater effect on reducing
an already low bacterial load of poor diversity in this strain, hence the greater effects on longevity and resist-
ance. It must be noted that these observations are based on the analysis of culturable aerobic bacteria, and that

SCIENTIFIC REPORTS |

(2019) 9:9117 | https://doi.org/10.1038/s41598-019-45499-z 9


https://doi.org/10.1038/s41598-019-45499-z

www.nature.com/scientificreports/

the culture of more fastidious organisms, including microaerophilic and anaerobic bacteria may reveal further
insights not captured in this study.

It is concluded that the gut bacterial populations of An. arabiensis are a crucial determinant of their life histo-
ries, significantly affecting adult longevity and the expression of insecticide resistance. The insecticide resistant
and susceptible strains used here differ in their gut bacterial milieu, with the resistant strain showing lower bac-
terial diversity but a predominance of insecticide-degrading species. Although gram-negative bacteria tended to
dominate the gut populations, alteration of gram-positive populations induced the most marked effects on the
life histories of adult mosquitoes.

Data Availability
All data generated or analysed during this study are included in this published article (and its Supplementary
Information files).

References

1. Prudhomme, S. M., Chaumot, A., Cassar, E., David, J. P. & Reynaud, S. Impact of micropollutants on the life-history traits of the
mosquito Aedes aegypti: On the relevance of transgenerational studies. Environmental pollution (Barking, Essex: 1987) 220, 242-254,
https://doi.org/10.1016/j.envpol.2016.09.056 (2017).

2. Gimonneau, G. et al. Composition of Anopheles coluzzii and Anopheles gambiae microbiota from larval to adult stages. Infection,
genetics and evolution: journal of molecular epidemiology and evolutionary genetics in infectious diseases 28, 715-724, https://doi.
org/10.1016/j.meegid.2014.09.029 (2014).

3. Coon, K. L., Vogel, K. ., Brown, M. R. & Strand, M. R. Mosquitoes rely on their gut microbiota for development. Molecular ecology
23,2727-2739, https://doi.org/10.1111/mec.12771 (2014).

4. Wotton, R. S., Chaloner, D. T., Yardley, C. A. & Merritt, R. W. Growth of Anopheles mosquito larvae on dietary microbiota in aquatic
surface microlayers. Medical and veterinary entomology 11, 65-70 (1997).

5. Sharma, A., Dhayal, D., Singh, O. P, Adak, T. & Bhatnagar, R. K. Gut microbes influence fitness and malaria transmission potential
of Asian malaria vector Anopheles stephensi. Acta tropica 128, 41-47, https://doi.org/10.1016/j.actatropica.2013.06.008 (2013).

6. Gendrin, M. et al. Antibiotics in ingested human blood affect the mosquito microbiota and capacity to transmit malaria. Nature
communications 6, 5921, https://doi.org/10.1038/ncomms6921 (2015).

7. Garrett-Jones, C. & Shidrawi, G. R. Malaria vectorial capacity of a population of Anopheles gambiae: an exercise in epidemiological
entomology. Bulletin of the World Health Organization 40, 531-545 (1969).

8. Bahia, A. C. et al. Exploring Anopheles gut bacteria for Plasmodium blocking activity. Environmental microbiology 16, 2980-2994,
https://doi.org/10.1111/1462-2920.12381 (2014).

9. Carissimo, G. et al. Antiviral immunity of Anopheles gambiae is highly compartmentalized, with distinct roles for RNA interference
and gut microbiota. Proceedings of the National Academy of Sciences of the United States of America 112, E176-185, https://doi.
org/10.1073/pnas.1412984112 (2015).

10. Rodgers, E H., Gendrin, M., Wyer, C. A. S. & Christophides, G. K. Microbiota-induced peritrophic matrix regulates midgut
homeostasis and prevents systemic infection of malaria vector mosquitoes. PLoS pathogens 13, €1006391, https://doi.org/10.1371/
journal.ppat.1006391 (2017).

11. Wang, Y., Gilbreath, T. M. 3rd, Kukutla, P, Yan, G. & Xu, J. Dynamic gut microbiome across life history of the malaria mosquito
Anopheles gambiae in Kenya. PloS one 6, €24767, https://doi.org/10.1371/journal.pone.0024767 (2011).

12. Dada, N,, Sheth, M., Liebman, K., Pinto, J. & Lenhart, A. Whole metagenome sequencing reveals links between mosquito microbiota
and insecticide resistance in malaria vectors. Scientific reports 8, 2084, https://doi.org/10.1038/s41598-018-20367-4 (2018).

13. Xia, X. et al. Gut Microbiota Mediate Insecticide Resistance in the Diamondback Moth, Plutella xylostella (L.). Frontiers in
microbiology 9, 25, https://doi.org/10.3389/fmicb.2018.00025 (2018).

14. Xia, X. et al. DNA sequencing reveals the midgut microbiota of diamondback moth, Plutella xylostella (L.) and a possible
relationship with insecticide resistance. PloS one 8, 68852, https://doi.org/10.1371/journal.pone.0068852 (2013).

15. Kikuchi, Y. et al. Symbiont-mediated insecticide resistance. Proceedings of the National Academy of Sciences of the United States of
America 109, 8618-8622, https://doi.org/10.1073/pnas.1200231109 (2012).

16. Mnzava, A. P. et al. Implementation of the global plan for insecticide resistance management in malaria vectors: progress, challenges
and the way forward. Malaria journal 14, 173, https://doi.org/10.1186/s12936-015-0693-4 (2015).

17. Kitau, J. et al. Species shifts in the Anopheles gambiae complex: do LLINs successfully control Anopheles arabiensis? PloS one 7,
€31481, https://doi.org/10.1371/journal.pone.0031481 (2012).

18. Sharp, B. L., Le Sueur, D. & Bekker, P. Effect of DDT on survival and blood feeding success of Anopheles arabiensis in northern
Kwazulu, Republic of South Africa. Journal of the American Mosquito Control Association 6, 197-202 (1990).

19. Killeen, G. . Characterizing, controlling and eliminating residual malaria transmission. Malaria journal 13, 330, doi:1475-2875-13-
330 (2014).

20. Almeida, L. G., Moraes, L. A., Trigo, J. R., Omoto, C. & Consoli, F. L. The gut microbiota of insecticide-resistant insects houses
insecticide-degrading bacteria: A potential source for biotechnological exploitation. PloS one 12, 0174754, https://doi.org/10.1371/
journal.pone.0174754 (2017).

21. Oliver, S. V. & Brooke, B. D. The effect of larval nutritional deprivation on the life history and DDT resistance phenotype in
laboratory strains of the malaria vector Anopheles arabiensis. Malaria journal 12, 44, https://doi.org/10.1186/1475-2875-12-44
(2013).

22. Oliver, S. V. & Brooke, B. D. The effect of elevated temperatures on the life history and insecticide resistance phenotype of the major
malaria vector Anopheles arabiensis (Diptera: Culicidae). Malaria journal 16, 73, https://doi.org/10.1186/s12936-017-1720-4
(2017).

23. Hunt, R. H., Brooke, B. D, Pillay, C., Koekemoer, L. L. & Coetzee, M. Laboratory selection for and characteristics of pyrethroid
resistance in the malaria vector Anopheles funestus. Med Vet Entomol. 19, 271-275 (2005).

24. Toure, A. M., Mackey, A. ., Wang, Z. X. & Beier, J. C. Bactericidal effects of sugar-fed antibiotics on resident midgut bacteria of
newly emerged anopheline mosquitoes (Diptera: Culicidae). Journal of medical entomology 37, 246-249 (2000).

25. WHO. Test procedures for insecticide resistance monitoring in malaria vector mosquitoes, http://www.who.int/iris/
handle/10665/250677 (2016).

26. Oliver, S. V. & Brooke, B. D. The effect of metal pollution on the life history and insecticide resistance phenotype of the major malaria
vector Anopheles arabiensis (Diptera: Culicidae). PloS one 13, 0192551, https://doi.org/10.1371/journal.pone.0192551 (2018).

27. Finney, D. J. Probit Analysis. 2nd ed. By D. J. Finney. Cambridge University Press, New York, 1952. 22.5 x 14 cm. xiv+ 318 pp. Vol. 41
(Wiley Subscription Services, Inc., A Wiley Company, 1952).

28. Penilla, R. P. et al. Resistance management strategies in malaria vector mosquito control. Baseline data for a large-scale field trial
against Anopheles albimanus in Mexico. Medical and veterinary entomology 12,217-233 (1998).

29. Tandina, E et al. Use of MALDI-TOF MS and culturomics to identify mosquitoes and their midgut microbiota. Parasites & vectors
9, 495, https://doi.org/10.1186/s13071-016-1776-y (2016).

SCIENTIFICREPORTS| (2019) 9:9117 | https://doi.org/10.1038/s41598-019-45499-z 10


https://doi.org/10.1038/s41598-019-45499-z
https://doi.org/10.1016/j.envpol.2016.09.056
https://doi.org/10.1016/j.meegid.2014.09.029
https://doi.org/10.1016/j.meegid.2014.09.029
https://doi.org/10.1111/mec.12771
https://doi.org/10.1016/j.actatropica.2013.06.008
https://doi.org/10.1038/ncomms6921
https://doi.org/10.1111/1462-2920.12381
https://doi.org/10.1073/pnas.1412984112
https://doi.org/10.1073/pnas.1412984112
https://doi.org/10.1371/journal.ppat.1006391
https://doi.org/10.1371/journal.ppat.1006391
https://doi.org/10.1371/journal.pone.0024767
https://doi.org/10.1038/s41598-018-20367-4
https://doi.org/10.3389/fmicb.2018.00025
https://doi.org/10.1371/journal.pone.0068852
https://doi.org/10.1073/pnas.1200231109
https://doi.org/10.1186/s12936-015-0693-4
https://doi.org/10.1371/journal.pone.0031481
https://doi.org/10.1371/journal.pone.0174754
https://doi.org/10.1371/journal.pone.0174754
https://doi.org/10.1186/1475-2875-12-44
https://doi.org/10.1186/s12936-017-1720-4
http://www.who.int/iris/handle/10665/250677
http://www.who.int/iris/handle/10665/250677
https://doi.org/10.1371/journal.pone.0192551
https://doi.org/10.1186/s13071-016-1776-y

www.nature.com/scientificreports/

30. Coon, K. L., Brown, M. R. & Strand, M. R. Gut bacteria differentially affect egg production in the anautogenous mosquito Aedes
aegypti and facultatively autogenous mosquito Aedes atropalpus (Diptera: Culicidae). Parasites & vectors 9, 375, https://doi.
org/10.1186/513071-016-1660-9 (2016).

31. Coon, K. L. et al. Bacteria-mediated hypoxia functions as a signal for mosquito development. Proceedings of the National Academy
of Sciences of the United States of America 114, E5362-€5369, https://doi.org/10.1073/pnas.1702983114 (2017).

32. Oliver, S. V. & Brooke, B. D. The Role of Oxidative Stress in the Longevity and Insecticide Resistance Phenotype of the Major Malaria
Vectors Anopheles arabiensis and Anopheles funestus. PloS one 11, €0151049, https://doi.org/10.1371/journal.pone.0151049 (2016).

33. Otali, D. et al. Increased production of mitochondrial reactive oxygen species and reduced adult life span in an insecticide-resistant
strain of Anopheles gambiae. Bulletin of entomological research 104, 323-333, https://doi.org/10.1017/s0007485314000091 (2014).

34. Hahn, F. E. & Sarre, S. G. Mechanism of Action of Gentamicin. The Journal of Infectious Diseases 119, 364-369, https://doi.
org/10.1093/infdis/119.4-5.364 (1969).

35. Luzzatto, L., Apirion, D. & Schlessinger, D. Mechanism of action of streptomycin in E. coli: interruption of the ribosome cycle at the
initiation of protein synthesis. Proceedings of the National Academy of Sciences of the United States of America 60, 873-880 (1968).

36. Soltani, A., Vatandoost, H., Oshaghi, M. A., Enayati, A. A. & Chavshin, A. R. The role of midgut symbiotic bacteria in resistance of
Anopheles stephensi (Diptera: Culicidae) to organophosphate insecticides. Pathogens and global health 111, 289-296, https://doi.or
¢/10.1080/20477724.2017.1356052 (2017).

37. Eliason, D. A., Campos, E. G., Moore, C. G. & Reiter, P. Apparent influence of the stage of blood meal digestion on the efficacy of
ground applied ULV aerosols for the control of urban Culex mosquitoes. II. Laboratory evidence. Journal of the American Mosquito
Control Association 6, 371-375 (1990).

38. Oliver, S. V. & Brooke, B. D. The effect of multiple blood-feeding on the longevity and insecticide resistant phenotype in the major
malaria vector Anopheles arabiensis (Diptera: Culicidae). Parasites & vectors 7, 390, https://doi.org/10.1186/1756-3305-7-390
(2014).

39. Day, M. E The mechanism of food distribution to midgut or diverticula in the mosquito. Australian journal of biological sciences 7,
515-524 (1954).

40. Kang, M. A., Mott, T. M., Tapley, E. C., Lewis, E. E. & Luckhart, S. Insulin regulates aging and oxidative stress in Anopheles stephensi.
The Journal of experimental biology 211, 741-748, https://doi.org/10.1242/jeb.012955 (2008).

41. Barlow, F. & Hadaway, A. B. Effects of age, sex and feeding on the susceptibility of mosquitoes to insecticides. Annals of tropical
medicine and parasitology 50, 438-443 (1956).

42. David, M. R,, Santos, L. M., Vicente, A. C. & Maciel-de-Freitas, R. Effects of environment, dietary regime and ageing on the dengue
vector microbiota: evidence of a core microbiota throughout Aedes aegypti lifespan. Memorias do Instituto Oswaldo Cruz 111,
577-587, https://doi.org/10.1590/0074-02760160238 (2016).

43. Halliday, W. R. & Feyereisen, R. Why does DDT toxicity change after a blood meal in adult female Culex pipiens? Pesticide
Biochemistry and Physiology 28, 172-181, https://doi.org/10.1016/0048-3575(87)90016-2 (1987).

44. Marinotti, O. et al. Genome-wide analysis of gene expression in adult Anopheles gambiae. Insect molecular biology 15, 1-12, https://
doi.org/10.1111/.1365-2583.2006.00610.x (2006).

45. Spillings, B. L., Coetzee, M., Koekemoer, L. L. & Brooke, B. D. The effect of a single blood meal on the phenotypic expression of
insecticide resistance in the major malaria vector Anopheles funestus. Malaria journal 7, 226, https://doi.org/10.1186/1475-2875-7-
226 (2008).

Acknowledgements

The authors would like to acknowledge the following people for their assistance in this study: Mr Malibongwe
Zulu and Mrs Leanne Lobb for their assistance with the membrane feeding process. Mrs Crystal Viljoen for her
assistance and expertise with the Brucker MALDI-TOF system. Dr Rodney Hull for his commentary on the
manuscript.

Author Contributions

S.V.O. conceived the project. K.B., A.C.S.N.J. and S.V.O. performed the experiments. K.B., B.D.B. and S.V.O.
analysed the data and drafted the manuscript. This project was funded by a National Research Foundation of
South Africa, Thuthuka Post-PhD track grant (TTK180103296901) and a National Health Laboratory Service
Development Grant (2014-2DEV31-SOL) to S.V.O. The funders had no influence on the concept or design of the
research.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-45499-z.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:9117 | https://doi.org/10.1038/s41598-019-45499-z 11


https://doi.org/10.1038/s41598-019-45499-z
https://doi.org/10.1186/s13071-016-1660-9
https://doi.org/10.1186/s13071-016-1660-9
https://doi.org/10.1073/pnas.1702983114
https://doi.org/10.1371/journal.pone.0151049
https://doi.org/10.1017/s0007485314000091
https://doi.org/10.1093/infdis/119.4-5.364
https://doi.org/10.1093/infdis/119.4-5.364
https://doi.org/10.1080/20477724.2017.1356052
https://doi.org/10.1080/20477724.2017.1356052
https://doi.org/10.1186/1756-3305-7-390
https://doi.org/10.1242/jeb.012955
https://doi.org/10.1590/0074-02760160238
https://doi.org/10.1016/0048-3575(87)90016-2
https://doi.org/10.1111/j.1365-2583.2006.00610.x
https://doi.org/10.1111/j.1365-2583.2006.00610.x
https://doi.org/10.1186/1475-2875-7-226
https://doi.org/10.1186/1475-2875-7-226
https://doi.org/10.1038/s41598-019-45499-z
http://creativecommons.org/licenses/by/4.0/

	The contribution of gut bacteria to insecticide resistance and the life histories of the major malaria vector Anopheles ara ...
	Materials and Methods

	The effect of antibiotic supplementation on An. arabiensis adult longevity. 
	The role of gut bacteria on insecticide sensitivity. 
	The effect of antibiotic supplementation through blood on the insecticide resistance phenotype. 
	Characterisation of the detoxification enzyme activity after antibiotic and bacterial treatment. 
	Characterisation of gut bacteria of insecticide resistant and susceptible An. arabiensis. 
	Ethics approval. 

	Results

	Antibiotic supplementation and longevity. 
	The contribution of gut bacteria and immune response to the insecticide resistance phenotype. 
	The effect of antibiotic supplemented blood on the insecticide resistant phenotype. 
	Characterisation of the detoxification enzyme activity after antibiotic and bacterial treatment. 
	Comparison of gut bacterial composition between insecticide resistant and susceptible An. arabiensis. 

	Discussion

	Acknowledgements

	Figure 1 The effect of antibiotic supplementation on Anopheles arabiensis longevity.
	Figure 2 The effect of the supplementation of non-commensal bacteria on the insecticide resistance phenotype of Anopheles arabiensis SENN-DDT.
	Figure 3 The effect of antibiotic supplementation on the insecticide resistance phenotype of Anopheles arabiensis SENN-DDT.
	Figure 4 The effect of bacterial and antibiotic supplementation on insecticide-induced LT50 (time to 50% mortality) values in Anopheles arabiensis SENN.
	Figure 5 The effect of antibiotic-treated blood on the insecticide resistance phenotype of Anopheles arabiensis SENN-DDT.
	Figure 6 The effect of antibiotic and bacterial-sugar supplementation on the detoxification enzyme activity of Anopheles arabiensis SENN and SENN-DDT.
	Table 1 Insecticide-induced mortality post bacterial treatment in SENN-DDT after supplementation with live or heat-killed bacteria.




