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Abstract

Entomopathogenic fungi are promising alternatives to synthetic insecticides for the control
of vector species, notably the arbovirus vector, Aedes aegypti. The influence of intrinsic
mosquito midgut microbiota on host susceptibility to fungal infection and subsequent
physiological processes remains poorly understood. Here we treated female Ae. aegypti
with the broad-spectrum antibiotic carbenicillin to reduce gut bacterial populations, then
exposed them to Metarhizium anisopliae conidia. Female Ae. aegypti offered carbenicillin and
then sprayed with fungi had significantly lower survival rates (38.9% =+ 1.15) compared
to non-antibiotic-treated mosquitoes sprayed with fungus (68.9% =+ 0.58). To monitor the
kinetics of microbial community recovery, mosquitoes were challenged with conidia at 0,
3, 6, and 9 days following antibiotic removal from the diet. Reduced survival persisted
through the 6-day period (survival rates 37.8% to 45.6%), with a significant increase in
survival observed 9 days post-antibiotic removal (58.9% vs. control 63.3%), which coincided
with recovery of gut bacterial populations. Additionally, antibiotic and fungal treatments
reduced egg production, larval eclosion, and pupal formation. These results demonstrate
that gut bacteria contribute to mosquito defense against fungal pathogens and support
normal reproductive and developmental functions. Understanding the interplay between
gut microbiota and entomopathogenic fungi may enhance biological control approaches.

Keywords: entomopathogenic fungi; Aedes aegypti; Metarhizium anisopliae; gut microbiota;
biological control

1. Introduction

Aedes aegypti (Diptera: Culicidae) L. (1762) is an arbovirus vector responsible for a
range of serious human diseases, such as dengue fever, yellow fever, chikungunya, and
Zika, and is therefore considered a significant global public health threat [1-4].

The significant increases in Ae. aegypti populations worldwide and the resulting
arbovirus epidemics are attributed to this insect’s anthropophilic behavior, its preference
for breeding sites associated with domestic urban environments, the desiccation tolerance of
its eggs, and its highly efficient viral transmission [5-9]. In addition to these biological traits,
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factors such as urbanization, the expansion of international trade, and increased travel
have further contributed to the difficulty of controlling Ae. aegypti populations [10,11].

Since the beginning of the 20th century, chemical insecticides have been used to
reduce Ae. aegypti populations. However, these compounds have toxic effects on humans
and select for resistant mosquito populations. The resistance of this species to synthetic
organophosphate and pyrethroid insecticides has been shown in several studies [12-15].

In the search for alternatives to the application of synthetic insecticides, the possibility
of using biological control strategies should be considered, with the aim of reducing vector
insect populations. Biological control strategies are considered safe for human health and
the environment [16]. Entomopathogenic viruses, bacteria, and fungi have demonstrated
high virulence against disease-vectoring insects [17-20]. Among these, the bacterium
Bacillus thuringiensis var. israelensis (Bti) is widely used to reduce populations of Ae. aegypti
larvae on a large scale [21]. However, because Bti must be ingested to be effective, its use is
limited to larval control [22-25].

Entomopathogenic fungi (EPF) are promising candidates for mosquito control [26-29],
with a major advantage being that EPF do not require ingestion to infect their hosts [30].
While some fungi can infect via ingestion [31], they typically penetrate the host through
the integument [32,33]. This mode of infection enables fungi to target all stages of insect
development, from eggs to adults [32].

Metarhizium anisopliae (Metchnikoff) Sorokin, 1883 (Hypocreales: Clavicipitaceae),
and Beauveria bassiana (Bals.-Criv.) Vuill., 1912 (Hypocreales: Cordycipitaceae), are highly
virulent to Ae. aegypti [18,27,29,34-36] and Anopheles sp. larvae [37]. Furthermore, a
recent study demonstrated the virulence of M. anisopliae against Ae. aegypti pupae when
applied in the form of blastospores, significantly reducing survival compared to conidial
applications [38]. Several studies have been carried out on the infection of adult mosquitoes,
showing that M. anisopliae is also highly virulent against this stage of the insect’s life
cycle [28,39-41].

Fungal infections are known to alter various physiological aspects of their insect
hosts. For instance, infection with M. anisopliae reduces both blood-feeding propensity
and fecundity in An. gambiae [39]. Similarly, B. bassiana infection decreases blood-feeding
propensity in Ae. aegypti [42] and Anopheles females, and also impairs the maturation of the
protozoan Plasmodium chaboudi [43].

In insects, a wide variety of bacterial species are present in the gut [44,45], playing an
important role in the physiology of the host—for example, assisting in the process of blood
digestion and fecundity [46], in the defense of the insect against natural enemies [47], and
during interactions with pathogens such as DENV [48-50].

Studies have shown varying effects of gut microbiota on susceptibility to fungal
infection. In female Anopheles stephensi (Diptera: Culicidae), removal of the intestinal
microbiota with antibiotics made mosquitoes less susceptible to B. bassiana infection [51].
In contrast, reducing intestinal bacterial populations in the cockroach Blattella germanica
(Ectobiidae: Blattodea) increased susceptibility to oral infection by M. anisopliae [52]. In
oriental fruit flies (Bactrocera dorsalis, Tephritidae: Diptera), both axenic and non-axenic
individuals were equally susceptible to M. anisopliae infection [53].

Little is known about how the intestinal microbiota influences the susceptibility of Ae.
aegypti females to fungal infection, or about the effects on the development of immature
stages following exposure of gravid females to antibiotics and fungi. Therefore, we aimed
to test the hypothesis that depletion of the gut microbiota increases the susceptibility of
adult Ae. aegypti females to infection by the entomopathogenic fungus M. anisopliae and
negatively impacts reproduction and development.
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2. Materials and Methods
2.1. Mosquito Collection and Maintenance

Adult Ae. aegypti used in this study were reared from eggs collected directly from
the field, as these were considered fitter and more representative of natural populations
than more homogeneous laboratory-reared mosquitoes. Eggs were collected using ovitraps,
which consisted of black plastic plant pots (12 cm in width x 15 cm in height) with four
wooden strips or paddles (3 x 12 cm) placed vertically within the pots, providing highly
conducive landing platforms for gravid, ovipositing females. Approximately 300 mL of
tap water was added to each ovitrap before placing it outdoors at sites protected from rain
and direct sunlight, close to the university insectary (latitude: —21°45'8.17" S; longitude:
—41°19'49.58"” W).

After 5 days, the paddles with eggs were collected and dried at room temperature for
48 h. To initiate egg hatching, the paddles were submerged in water, and the emerging
larvae were maintained in plastic trays (approximately 100 larvae per 100 mL) and fed on
freshly ground, autoclaved commercial fish food (Nuvilab, Sao Paulo, Brazil; 0.05 g/L).
Pupae were separated into water-filled beakers and transferred to cages before adult
emergence. Adults were maintained in cages with 10% sucrose wick-feeders. Recently
emerged (2-3-day-old) females that had been maintained in cages with males were initially
anesthetized using a stream of CO; and then placed on top of a glass plate maintained at a
temperature of approximately 6 °C using ice packs underneath the plate. The mosquitoes
remained in a dormant state for a maximum of 3 min. This allowed the separation of males
and females with the aid of an LED-illuminated magnifying glass.

2.2. Fungal Isolate

Metarhizium anisopliae (isolate ESALQ 818) was obtained from the University of Sao
Paulo Agricultural Faculty (ESALQ) in Piracicaba, Sao Paulo, Brazil. This isolate has been
previously shown to be highly virulent to adult Ae. aegypti [54].

2.3. Preparation of Conidia

All of the following methods were carried out using a sterile flow hood and with
materials that had been previously autoclaved (20 min at 121 °C). Metarhizium anisopliae
was initially cultured on Sabouraud dextrose agar (SDA: dextrose 10 g, peptone 2.5 g, yeast
extract 2.5 g, agar 20 g in 1 L H,O). SDA was autoclaved for 20 min at 121 °C before use.
Fungi were then cultured for 15 days at 27 °C in Petri dishes (9 cm diameter). Conidia were
harvested from the solid media using a spatula and suspended in 5 mL of 0.01% aqueous
Tween 80 (TW). This suspension was used to inoculate 25 g of sterile parboiled rice (auto-
claved as above) + 10 mL sterile distilled water in a 250 mL conical flask. The flasks were
incubated at 27 °C for 15 days before the inoculated rice was transferred to brown paper
bags (18 x 9 cm; Fasapel Ltd., Sao Paulo, Brazil), and humidity was reduced using a forced-
air incubator at 34 °C for 24 h before harvesting the conidia using an MR-5 Mycoharvester®
(Mycoharvester Company, London, UK). Dry conidia were suspended in 0.01% aqueous
Tween 80, and the concentration was estimated using a Neubauer hemocytometer. On aver-
age, 0.1 g of dry conidia was equivalent to approximately 5 x 108 conidia mL~?. Viability
tests were carried out by plate counting, and only batches with >90% germination were
used in experiments.

2.4. Antibiotic Treatments

For experiments where mosquitoes were treated with a broad-spectrum antibiotic,
3-day-old Ae. aegypti females were offered carbenicillin disodium salt (C1389 Sigma-
Aldrich®©, St. 171 Louis, MO, USA), abbreviated as Cb, in wick-feeders at a concentration
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of 200 nug mL~! dissolved in a 10% sterile sucrose solution (abbreviated as S) for 3 days
before subsequent treatments. Control insects were offered a 10% sterile sucrose solution
without Cb for 3 days. Carbenicillin was chosen here because a previous study showed
that this antibiotic was efficient in reducing populations of culturable bacteria in Ae. aegypti
midguts [46].

2.5. Evaluation of Aedes aegypti Mid-Gut Bacterial Populations Following Antibiotic Treatment

All materials and solutions used in these experiments were autoclaved at 121 °C
for 20 min or sterilized with 70% ethanol for dissection of Ae. aegypti female midguts
and cultivation of intestinal bacteria for colony-forming unit (CFU) counts. Before the
insects were dissected, their external surfaces were sterilized by submersion in 70% ethanol
for 1 min, followed by immersion in 1% sodium hypochlorite solution for 1 min. The
mosquitoes were then immediately rinsed in three consecutive phosphate-buffered saline
(PBS) solutions. The following methodology was adapted from the protocol developed by
Gaio et al. [46].

Mosquitoes were dissected in a glass cavity slide with 100 uL of sterile PBS added
to the well. The midgut was removed using fine forceps with the aid of a magnifying
glass. Individual dissected midguts were transferred to 1.5 mL Eppendorf tubes containing
100 pL of PBS and macerated with a pestle. Then, 100 pL of liquid BHI medium (brain
and heart infusion media, HiMedia, Sao Paulo, Brazil) was added to each tube. A 100 pL
aliquot from each sample was then diluted in 900 puL of liquid BHI before bacterial counts
were estimated as follows: To estimate the number of bacterial CFUs in each sample tested
here, 100 pL of each homogenate was inoculated onto Petri dishes with solid BHI medium
(Kasvi, Sao Paulo, Brazil). The Petri dishes were incubated at 37 °C for 24 h, after which
time the number of CFUs was estimated.

The number of CFUs per midgut was estimated for each of the following treatments:

Sucrose (control);

Sucrose + antibiotic for 3 days;

Sucrose + antibiotic (for 3 days) and then 3 days offering sucrose without antibiotic;
Sucrose + antibiotic (for 3 days) and then 6 days offering sucrose without antibiotic;

SAEE I

Sucrose + antibiotic (for 3 days) and then 9 days offering sucrose without antibiotic.

Sucrose (control) or sucrose + antibiotic was offered for 3 days in all cases before
removal of the antibiotic from the diet. Insects were dissected at “time zero” (3 days after
offering diet with sucrose only, or sucrose + antibiotic) and then 3, 6, and 9 days after the
removal of antibiotics from the diet.

For each gut sample, three plates were used to estimate bacterial populations, and
this experiment was carried out five times, totaling 15 replicates for each treatment group
(n =15; N =75). The mean bacterial count for each treatment group was calculated for each
replicate experiment.

2.6. Blood Feeding

An artificial blood-feeding system was used as follows. Two-day-old adult female
Ae. aegypti were starved for 24 h prior to offering blood meals. Defibrinated bovine blood
was placed in a water-jacketed glass feeder covered with thinly stretched parafilm. The
water circulating in the glass feeder was maintained at 3740 °C using a water bath (Solab
Ltd. Sao Paulo, Brazil) and an aquarium pump. To feed the mosquitoes, the glass feeder
was placed in an inverted position in contact with the screen mesh of the holding cages
containing the female mosquitoes. The feeding device was maintained in contact with the
cages for up to 60 min, and only engorged females were selected for use in experiments.
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2.7. Selection of Fungal Concentrations for Use in Subsequent Bioassays

This protocol was developed with the aim of maintaining >50% of the fungus-treated
mosquitoes alive following spraying. This was necessary to compare the survival curves of
adult mosquitoes from the different treatment groups and to investigate the consequences
of the treatments on physiological factors such as blood feeding and egg laying.

Female Ae. aegypti were exposed to M. anisopliae by spraying them with conidial
suspensions using a Potter spray tower (Burkart Ltd., Rickmansworth, UK). Groups of
10-20 mosquitoes were first anesthetized using a stream of CO; for 30 s. The anesthetized
mosquitoes were then placed on a chilled platform as stated above. Ten females were then
quickly transferred, using fine forceps, to a Petri dish lined with a sterile filter paper before
being sprayed with 1 mL of M. anisopliae conidia at five different concentrations (1 x 10%,
1x10%,1 x 10,1 x 107, and 1 x 108 conidia mL~1) in 0.05% (v/v) aqueous Tween 80 (TW).
Control insects were sprayed with 1 mL of 0.05% TW only. This methodology has been
previously used by our research group [41].

Mosquitoes were then carefully transferred to plastic pots (12 x 7 cm) with mesh
netting screen lids. The pots were kept in an incubator (25 °C; 70 & 10% RH; 12 h light/12 h
dark). The mosquitoes were fed daily with 10% sucrose offered on filter paper discs placed
on the surface of the netting. Mosquito survival was assessed daily for 7 days. These
experiments were performed three times for each conidial concentration, with 30 insects
used per treatment/concentration (N = 90 insects per treatment/concentration; controls
N = 60). The survival data for replicate experiments was tested for homogeneity using the
Log-Rank test. Only homogenous data was used for further data analysis.

2.8. Virulence of Metarhizium anisopliae When Tested Against Female Aedes aegypti Previously
Treated with Antibiotics

These experiments were carried out to investigate the possible effects of antibiotic
ingestion on mosquito survival following subsequent fungal infection. Two- to three-day-
old mosquitoes were offered S or S + Cb for three consecutive days. After this period,
3 groups of 10 females (n = 30) were sprayed with a fungal suspension at 1 x 10° conidia
mL~! (conidial concentration determined from the previous experiment). Four treatments
were then conducted:

1. Females offered S + Cb and then sprayed with the fungus (F) (S + Cb F);

2. Females offered S and then sprayed with the fungus (S + F);

3. Females offered S + Cb and then sprayed with TW (Tween control = C) (S + Cb C);
4. Females offered S and sprayed with TW (S C).

The fungal application and survival assessment protocols were carried out as described
above. Replicate tests were conducted over three different periods using different batches
of fungi and mosquitoes (n = 30 insects per treatment group x 3 repetitions per treatment;
N =90 per treatment group (4 treatments). The survival data for replicate experiments was
tested for homogeneity using the Log-Rank test.

2.9. Survival of Aedes aegypti Females Exposed to Metarhizium anisopliae at Different Periods
After Antibiotic Treatment

Aedes aegypti females were offered either sucrose or sucrose + carbenicillin for 3 days.
After this time, the wick feeders with antibiotics were removed from the holding cages,
and the females were sprayed with a fungal suspension at a concentration of 1 x 10° coni-
dia mL~!. This treatment group was referred to as “time zero.” Subsequently, cohorts of
mosquitoes were then sprayed with fungal suspensions at 3, 6, and 9 days after the removal
of antibiotics from the diet (see the experimental timeline in Figure 1). For each treatment
group, the respective controls were sprayed with 0.05% TW only.
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Survival of mosquitos sprayed
with conidia at different times
after offering antibiotics

Female Aedes aegypti (N=120)
offered antibiotics in the diet for 3 days

“Time 0”: 30 females
(1" cohort) =
sprayed with fungus

3 days after removal of antibiotics

30dfemales
(2" cohort) =
sprayed with fungus

6 days after removal of antibiotics

30mfemales
(3" cohort) =
sprayed with fungus

9 days after removal of antibiotics

30 females
(4" cohort) =
sprayed with fungus

% Survival monitored over next 7 days

Figure 1. Timeline for experiments carried out to observe mosquito survival following infection of
insects previously offered antibiotics in the diet.

The fungal application and survival assessment protocols were carried out as described
above. Replicate tests were carried out at three different periods using different batches
of fungi and mosquitoes. Thirty mosquitoes were used per time point post-antibiotic
treatment (day 0, day 3, day 6, day 9; N = 120), and the experiment was carried out at three
different times. The survival data for each replicate experiments was tested for homogeneity
using the Log-Rank test. Only homogenous data was used for further data analysis.

2.10. The Effect of Antibiotics on Aedes aegypti Blood-Feeding Propensity

To assess whether the presence of carbenicillin in the diet affected subsequent blood-
feeding propensity, two treatments were performed: (1) 3-day-old females were offered
sucrose + Cb for 3 days and (2) females were offered sucrose only (controls).

Thirty females were used for each treatment. At the end of the third day, the wick
feeders were removed from the cages, and the mosquitoes were deprived of liquids for 24 h.
After this period, blood was offered to these insects for 30 min. To determine which females
had ingested blood, the mosquitoes were anesthetized with CO,, placed in Petri dishes,
and individually crushed with forceps onto a white sheet of paper. This protocol was used
to confirm the presence of blood in each females’ alimentary canal. Two cohorts (30 insects
each) were used for each treatment, with a total of 120 females per experiment. These
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experiments were performed three times. The results were the means of each repetition for
the two treatment groups.

2.11. The Effects of Fungal Infection and Antibiotic Treatment on Egg Production

Mosquitoes were first offered a sucrose solution for three days, with or without
carbenicillin. At the end of the third day, the mosquitoes underwent a 24 h fasting period
and were then offered blood (B) for 30 min as previously described. Two hours later,
visibly engorged females were selected for evaluation of egg production. Then, groups of
10 engorged females were sprayed with fungus or 0.05% TW. This experiment was carried
out three times (N = 10 x 3). To help clarify this experiment, see the timeline in Figure 2.

Newly emerged female Aedes aegypti fed 10% sucrose for 3 days

Non-antibiotic
treated insects

Offered sucrose (10%)
for the next 3

‘24h fasting

Offered blood » . Offered blood Hp

‘Zh

Sprayed with
fungal conidia

Egg production

Antibiotic
treated insects

Offered sucrose (10%)
for the next 3 days
24h fasting

t

2h

Sprayed with
. fungal conidia »

Larval survival/
pupal formation

Figure 2. Timeline used for experiments to evaluate the effects of infection and antibiotic treatments
on mosquito oviposition and subsequent development of the eggs, larvae, and pupae.

The four treatment groups were:

Females offered S + Cb + B and then sprayed with fungus;
Females offered S + B and then sprayed with fungus;
Females offered S + Cb + B and then sprayed with TW;
Females offered S + B and then sprayed with TW.

L

All of the mosquitoes from each individual treatment were maintained together in the
same plastic container for 60 h. After this period, individual females were placed in Petri
dishes (9 cm in diameter x 1.5 cm in height). Each Petri dish was inverted, and the bottom
of the lid was lined with a filter paper moistened with 700 uL of a solution containing
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dechlorinated water mixed with 30% (v/v) of larval rearing water (water taken from the
larval tray to stimulate egg-laying). This procedure was adapted from that described by
Valéncia et al. [55].

One female per group (n = 4; N = 16) was kept individually in a Petri dish in an
incubator at 27 °C £ 1 °C; RH > 95%; light/dark photoperiod (12 h light:12 h dark). After
24 h, 300 uL of dechlorinated water was added to each Petri dish to maintain the humidity
of the filter paper.

As females oviposit 3 to 5 days after blood feeding [56], the Petri dishes were removed
from the BOD on the sixth day after blood feeding. Subsequently, these females were
discarded, and the filter paper with the eggs was removed for quantification. The number
of eggs was counted using a stereoscopic microscope (Labomed®, Sao Paulo, Brazil). At
the end of the experiment, the mean oviposition rate was calculated considering the total
number of eggs divided by the total number of females in each group. Sixteen females were
used per repetition, and the tests were conducted at three different times using different
batches of fungi and mosquitoes. The filter papers were numbered, and the eggs were
dried for 96 h in a climate-controlled chamber (to ensure complete embryogenesis) and
stored for use in the next experiment.

2.12. Egg, Larval, and Pupal Viability

Eggs produced by females from each of the above four treatment groups were trans-
ferred to Petri dishes containing 10 mL of de-chlorinated water and freshly ground, auto-
claved commercial fish food (Nuvilab, Sao Paulo, Brazil; 0.05 g/L) to stimulate eclosion.
The Petri dishes were kept in an incubator at 27 °C £ 1 °C; RH >95%. After 48 h, the
number of larvae per Petri dish was counted. Then, the larvae were separated into groups
of 20 larvae per Petri dish and were maintained in an incubator. The number of larvae that
metamorphosed into pupae were counted, and these pupae were transferred to pots within
breeding cages. After 48 h, the number of adults emerging from pupae was recorded for
each of the four treatments.

2.13. Statistical Analysis

Survival data analyses (curve comparisons and homogeneity) were performed with
GraphPad Prism 6.0 (GraphPad Software, San Diego, CA, USA). The homogeneity of the
repetitions was analyzed using the Log-Rank test at a 95% significance level. Homogenous
results were then pooled for survival curve comparisons using Log-Rank to contrast
treatments. The average survival time (S59) was calculated using the Kaplan-Meier method.
Statistical differences between the survival curves of the different treatments were compared
using the Log-Rank test (x? significance level 5%). The results for all the controls for each
treatment group were pooled, and only one survival curve is shown in the figures.

Comparisons of end-point survival for the different treatments were assessed using a
generalized linear model (GLM) using Minitab (version 17). These results are expressed as
means and standard deviations where necessary. Differences between groups were consid-
ered significant if the p-value was <0.001 using Tukey’s post-hoc test. The propensity for
blood feeding by females after antibiotic treatments was evaluated for statistical differences
between groups by GLM using Minitab (version 17).

Averages for oviposition (number of eggs laid), egg hatching, pupal formation, and
adult emergence were also evaluated for statistical differences using GLM. When a sig-
nificant group effect was observed, data was analyzed using Tukey’s post-hoc test, with
p < 0.001 as the criterion for significance.
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3. Results

3.1. The Presence of Antibiotics in the Diet Did Not Affect the Blood-Feeding Propensity of Aedes
aegypti Females

There was no significant difference (p > 0.001) in blood-feeding propensity when
comparing females that had been offered sucrose + antibiotic to females offered sucrose
only. Of the total number of females tested here, 86.3% =+ 1.52 (mean =+ SD) that had been
previously offered a diet of sucrose + antibiotics for three days and then offered a blood
meal had blood in their digestive tract. For females offered sucrose only and then blood,
88.1% = 2.08 of the mosquitoes had blood in their digestive tract.

3.2. Antibiotics Reduce Bacterial Populations in the Mosquito Intestine

To evaluate the effects of antibiotic treatments on Ae. aegypti intestinal microbiota pop-
ulations, insects were offered sucrose solutions with and without carbenicillin. Microbiota
populations were also monitored over time following the removal of the antibiotic from
the diet.

The results for mean numbers of bacterial CFUs are shown in Table 1. Three days after
offering a diet with antibiotics, the number of CFUs declined by 99%. Having established
the almost complete elimination of the gut microbiota, we then observed whether the
bacteria could recolonize the intestine once the antibiotics were removed from the diet.
Initially, the bacterial populations remained at a low level three days after the removal
of antibiotics. There was a 64% increase in the number of CFUs 6 days after removal of
antibiotics. Nine days after the removal of antibiotics, the bacterial population returned to
similar levels to that seen in the controls.

Table 1. Bacterial colony counts (mean CFU + SD) present in Aedes aegypti intestines after insects had
been offered antibiotics for three days and then the antibiotics were removed from the diets.

Treatment Bacterial Colonies (CFU)
S 220 +2.86a
S+Cb 2+055b
S+Cb3D 9+0.84c
S+Cb6D 116 £ 2.17d
S+Cb9D 218 +2a

Note: Sucrose (S), sucrose + antibiotic (S + Cb), and then sucrose only for 3 (3D), 6 (6D), and 9 (9D) days. The results
followed by different letters were significantly different when compared using a generalized linear model and
Tukey’s post-hoc test (F4 24 = 15,930.82; p < 0.001). The results were the means of three experiments per treatment
carried out at different time periods. The raw data for this experiment is available in the Supplementary Material.

3.3. Virulence of Metarhizium anisopliae Against Aedes aegypti Females

Different concentrations of conidial suspensions were tested here to define the most
appropriate concentration for use in conjunction with antibiotic treatments, with the aim
of maintaining approximately 50% of the insects alive over the seven-day period of the
experiment. When mosquitoes were sprayed with conidial concentrations of 1 x 108 or
1 x 107 conidia mL~!, none remained alive by the seventh day of evaluation (Figure 3 and
Table 2).
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Figure 3. Survival curves of female Aedes aegypti sprayed with different concentrations of Metarhizium
anisopliae conidia and then monitored over 7 days. For each experiment with different fungal
concentrations, N = 90 mosquitoes per treatment (n = 30 per repetition). Controls N = 60 (n = 20 per
repetition). Bars represent 95% confidence intervals.

However, mosquitoes sprayed with 1 x 10° conidia mL.~! had a mean survival rate
of 66.7% on the seventh day of evaluation, and 87.8% of the mosquitoes sprayed with
1 x 10° conidia mL~! survived (Table 2). GLM analysis for mean end-point survival data
showed significant differences between the treatments (F5 17 = 2110.44; p < 0.001). However,
only two of the concentrations tested here (1 x 10° and 1 x 10° conidia mL~!) maintained
>50% of the mosquitoes alive, whilst still being significantly different to the control survival
curves. The survival curves of mosquitoes when exposed to 1 x 10* conidia mL~! (96.7%),
were not significantly different from the control treatment (x?=1.021,df =1, p =0.3122).
This was also the case for mean endpoint survival when using this concentration of conidia.
For all subsequent experiments, a concentration of 1 x 10° conidia mL~! was thus selected
to investigate the effects of antibiotics on infection and insect development.

Table 2. Mean survival percentages (+ SD) after 7 days and median survival times (S5 in days) for
female Aedes aegypti sprayed with different concentrations of Metarhizium anisopliae conidia.

Conidial Concentration Mean % Survival £ SD Sso
1 x 108 conidia mL! 0a 2
1 x 107 conidia mL 1 Oa 4
1 x 10° conidia mL~! 66.7+1b NA
1 x 10° conidia mL~! 87.8+0.58 ¢ NA
1 x 10* conidia mL! 96.74+0.1d NA

Control 98.9 + 0.58 d NA

Note: The results followed by different letters were significantly different when compared using a general-
ized linear model and Tukey’s post-hoc test (F5 17 = 2110.44; p < 0.001). The S5y values were calculated using
Kaplan-Meier analysis. For each experiment with different fungal concentrations, N = 90 mosquitoes were used
per treatment (n = 30 per repetition). Control N = 60 (n = 20 per repetition). NA: not applicable. The raw data for
this experiment is available in the Supplementary Material.

3.4. Increased Susceptibility of Aedes aegypti to Metarhizium Anisopliae After Females Had Been
Offered Antibiotics

In this experiment, it was observed that females offered sucrose + antibiotic and sub-
sequently sprayed with M. anisopliae conidia (S + Cb F) had lower survival rates compared
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to tests conducted with females offered sucrose only and then sprayed with fungus (S F)

(Figure 4).
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Figure 4. Survival curves of female Aedes aegypti sprayed with Metarhizium anisopliae conidia
(1 x 10° conidia mL~1) after being offered diets with and without antibiotics. Survival was monitored
daily over 7 days. N = 90 mosquitoes per treatment group (n = 30 per repetition). Note: S: sucrose;
Cb: carbenicillin; F: fungus; C: control. Bars represent 95% confidence intervals.

When comparing the survival curves of females offered carbenicillin and then sprayed
with fungus, there was a significant difference (x> = 16.07, df = 1, p < 0.001) to the survival
curves of mosquitoes sprayed with fungus that had not been offered antibiotics (Figure 4).
The mean endpoint survival percentages were 38.9% for antibiotic-treated mosquitoes
sprayed with fungal conidia and 68.9% for the sucrose + fungus group (Table 3). GLM
analysis confirmed the significant difference between treatments (F3 1; = 317.78; p < 0.001).

Table 3. Mean survival percentages (+SD) after 7 days and median survival times (Ssg in days) for
female Aedes aegypti offered different diets and then sprayed with Metarhizium anisopliae conidia.

Treatments Survival 4+ SD Sso

S+CbF 389+1.15a 7
SF 68.9 £ 0.58 b NA
S+CbC 91.1+1.15¢ NA
SC 96.7 +1c NA

Note: S: sucrose; Cb: carbenicillin; F: fungus; C: control. The results for survival percentages followed by different
letters were significantly different when compared using a generalized linear model and Tukey’s post-hoc test
(F3,11 = 317.78; p < 0.001). The S5 values were calculated using Kaplan-Meier analysis. For each treatment group
N = 90 mosquitoes (n = 30 per repetition). NA: not applicable. The raw data for this experiment is available in the
Supplementary Material.

3.5. Survival of Aedes aegqypti Females Sprayed with Metarhizium anisopliae Conidia at Different
Periods After Antibiotic Treatment

This experiment was carried out to investigate the susceptibility of mosquitoes to fun-
gal infection at different times after offering the mosquitoes antibiotics. Survival following
fungal application was monitored at different time intervals after the antibiotics had been
removed from the diet (see Figure 1 timeline). As in the previous experiment, mosquitoes
were offered antibiotics for 3 days, and then they were sprayed with fungus (denominated
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here as “time zero”). Additional cohorts were sprayed with fungus 3 days, 6 days, and
9 days after removal of antibiotics from the diet.

Figure 5A shows the survival curves of mosquitoes that had been sprayed with the
fungus three days after offering the mosquitoes sucrose + carbenicillin (“time zero”). A
comparison of the survival curves of females fed with sucrose + carbenicillin or sucrose only
and then sprayed with fungus showed significant differences (x> = 13.85, df = 1, p < 0.001).
These results were similar to those seen in the previous experiment, with significantly
lower endpoint survival (F3 11 = 202.97; p < 0.001) for females offered sucrose + antibiotic
compared to those offered sucrose only and then sprayed with the fungus. Table 4 shows
the endpoint mean survival analysis.

The survival curves of females offered sucrose + carbenicillin for 3 days and then
sprayed with fungus 3 days after removal of the antibiotics from the diet were significantly
different compared to insects offered sucrose only and then sprayed with fungus (Figure 5B;
x? =10.55, df = 1, p < 0.001). The mean endpoint survival percentage was 38.8% for the
antibiotic-treated insects, while 64.4% of the non-antibiotic-treated insects remained alive
on the 7th day of the experiment (F3 1; = 127.48; p < 0.001).

Figure 5C shows the survival curves for tests carried out six days after removal of
antibiotics from the diet. Aedes aegypti females that had been offered sucrose + carbenicillin
during the first three days of the experiment and then exposed to M. anisopliae six days
later showed significant differences to the other treatments (x? = 6.764; df = 1, p = 0.0093).
The mean endpoint survival of antibiotic-treated insects was significantly lower than
non-antibiotic-treated insects (F3 11 = 182.42; p < 0.001).

When Ae. aegypti females were sprayed with the fungus 9 days after removal of
carbenicillin from the diet, there was no longer a significant difference observed between
the survival curves (x* = 0.3876; df = 1, p = 0.5336) compared to the group offered sucrose
only and then sprayed with fungus (Figure 5D). There was also no significant difference
between endpoint survival (Table 4).

Table 4. Survival (mean % =+ SD) and median survival times (S5g) of female Aedes aegypti sprayed
with Metarhizium anisopliae at different times (“time zero” up to 9 days) after removing carbenicillin
from the diet.

Time Zero 3 Days 6 Days 9 Days
Treatment Survival (%) Survival (%) Survival (%) Survival (%)
catments +SD +SD +SD +SD
S+CbF 37.8 £ 1.15aA 38.8 + 1.53 aA 45.6 = 1.53 aB 58.9 + 1.53 aC
SF 65.5 + 1.53 bA 64.4 + 0.58 bA 63.3 += 0.58 bA 63.3 = 1aA
S+CbC 90 + 0.2 cA 91.1 £ 1.15cA 93.3 +0.1cA 96.7 + 0.58 bB
SC 98.9 + 0.58 dA 96.7 £ 1cA 96.7 £ 0.58 cA 97.8 + 0.58 bA

S: sucrose; Cb: carbenicillin; F: fungus; C: control. Note: The means followed by different letters were significantly
different when compared using a generalized linear model and Tukey’s post-hoc test. The uppercase letters
indicate statistical differences when comparing individual treatments over time (horizontal lines). The lowercase
letters indicate statistical differences when comparing treatments at the same time point (columns). For each
different treatment N = 90 mosquitoes (n = 30 per repetition). The raw data for this experiment is available in the
Supplementary Material.
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Figure 5. Survival of female Aedes aegypti sprayed with Metarhizium anisopliae (1 x 10° conidia mL~1)
at different times after offering diets: (A) = time zero; (B) = 3 days; (C) = 6 days; (D) = 9 days. For
each experiment N = 90 mosquitoes per treatment (n = 30 per repetition). S: sucrose; Cb: carbenicillin;
F: fungus; C: control. Bars represent 95% confidence intervals.

3.6. Aedes aegypti Oviposition Rates Following Different Treatments

Aedes aegypti females sprayed with M. anisopliae after previously being offered diets
with or without antibiotics and then allowed to blood feed (S + Cb B F or S B F) showed
lower oviposition rates compared to controls (S + Cb B C or S B C). The treatmentS + Cb BF
showed the lowest average oviposition rate (44.3 eggs/female) compared to the other treat-
ments: SBF (68.7 eggs/female), S+ Cb B C (81.7 eggs/female), and S B C (98.8 eggs/female),
with significant differences found when comparing treatments (F3 15 = 1483.99; p < 0.001).

3.7. Development from Eggs to Adults Following Different Treatments

Eggs produced by Ae aegypti females that had ingested antibiotics and were then
subsequently sprayed with M. anisopliae (S + Cb B F), or females that had not been offered
antibiotics and then were sprayed with fungal conidia (S B F), were evaluated for larval
eclosion rates (Table 5). These larvae were then evaluated for pupal formation and adult
emergence. The eggs oviposited by females from the S + Cb B F treatment had the lowest
viability, with only 47.9% successfully producing larvae. For the S B F treatment, 67.5% of
the eggs successfully produced larvae. There was an overall statistical difference between
the four treatment groups (F3 15 = 1651.50; p < 0.001).
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The larvae that hatched from eggs from the S + Cb B F treatment had the lowest
rate of pupal formation (52.5%). Seventy-seven percent of the larvae from the S B F
group successfully formed pupae. The respective controls had the highest rates of pupal
formation. There were significant differences among the treatments when evaluated using
GLM and Tukey’s test (F3 15 = 1593,43; p < 0.001). Interestingly, all of the larvae that pupated
subsequently developed into adults.

Table 5. The effects of the different treatments on oviposition (number of eggs) and subsequent
development of these eggs > larvae, larvae > pupae, and pupae > adults.

TREATMENTS
Stage S+CbBF SBF S+CbBC SBC

Eggs 5324+ 2.89a 824 + 3.06 b 981 + 3,61 ¢ 1185 £ 6.24d

Larvac 255 4+ 2.65a 556 £ 3.79 b 943 4+ 404 ¢ 1142 £ 961 ¢
(47.9%) (67.5%) (96,1%) (96.4%)

Puoac 134+ 153 427 £5.13b 934 +4.04 c 1142 £ 9.61 ¢
P (52.5%) (76.8%) (99%) (100%)

Adults 134 427 934 1142

v (100%) (100%) (100%) (100%)

Mean number of eggs (& SD); mean number of larvae hatching from these eggs (percentage of eggs hatching
into larvae); mean number of pupae formed from these larvae (%); number of adults that developed from the
pupae (%). S: sucrose; Cb: carbenicillin; F: fungus; B: blood fed; C: control. Lower case letters indicate significant
differences (p < 0.001) between treatments for individual stages. The raw data for this experiment is available in
the Supplementary Material.

4. Discussion

This study explored the role of the gut microbiota in the susceptibility of adult
Ae. aegypti to EPF infection. This was performed by monitoring the effects of antibiotic
treatments on the survival of female Ae. aegypti, which were subsequently exposed to
M. anisopliae conidia. The ingestion of antibiotics significantly increased the susceptibility
of mosquitoes to fungal infection. Additionally, this study investigated the effects of fungal
infection, with and without antibiotic exposure, on oviposition, larval eclosion, larval to
pupal development, and adult emergence. The results showed a range of negative effects
on oviposition and subsequent developmental factors.

It is known that the presence of normal gut microbiota is fundamental to the health of
many animals and that alterations/dysbiosis of the microbiota can have significant effects
on a range of physiological processes [57]. The current findings confirmed the importance
of Ae. aegypti gut microbiota for the successful development of eggs through to adulthood.
Developmental processes were also modified following fungal infection alone; however,
alterations in development were more striking in the absence of the gut microbiota together
with exposure to fungi. Although we did not identify the bacteria present in the midguts of
the Ae. aegypti mosquitoes used here, the Aedes mosquito midgut microbiota is made up
of predominantly facultative Gram-negative bacteria that belong to four different phyla:
Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria [58].

Survival rates were significantly different when comparing non-antibiotic and an-
tibiotic treated groups following exposure to fungal conidia via integumental spraying.
This result suggests that the intestinal microbiota may be associated with differences in
susceptibility to fungal infections, even though in the experiments here, the pathogen
attacks its host via cuticle penetration.

A three-day exposure to carbenicillin reduced the culturable bacterial populations of
Ae. aegypti intestines by 99% of pre-antibiotic levels. Similar to that seen here, Gaio et al. [46]
observed a 97% reduction in bacterial populations of Ae. aegypti midguts also when using
carbenicillin and a culture-dependent technique. In the case of An. gambiae, the ingestion

https:/ /doi.org/10.3390/ parasitologia6010004


https://doi.org/10.3390/parasitologia6010004

Parasitologia 2026, 6, 4

15 of 20

of an antibiotic cocktail effectively eliminated all culturable bacteria in the midguts of
mosquitoes fed on either sugar or human blood with the addition of antibiotics [59].

Culture-dependent methods can significantly underestimate the total microbial diver-
sity of biological samples [60], Therefore, the CFU counts used here may not reflect the
complete diversity of bacterial populations. Furthermore, the use of a single antibiotic
was a limiting factor in complete elimination of the gut microbiota, although offering
carbenicillin alone resulted in significant increases in susceptibility to fungal infections and
reductions in egg laying.

When carbenicillin was removed from the diet, the CFU count gradually returned to
control levels over a nine-day period. This demonstrated the transient nature of antibiotic
treatments, and that bacteria rapidly recolonized the gut. Although other studies have also
investigated the elimination of the gut microbiota using antibiotics [46,49,51,59], the current
study is the first to observe the recolonization of the gut after the removal of antibiotics from
the diet. Fungal virulence was correlated to the numbers of bacteria in the gut. Shortly after
treating the mosquitoes with antibiotics (“time zero” to 6 days after removing antibiotics
from the diet), the fungus killed significantly higher numbers of insects than 9 days after
removing antibiotics from the diet (Table 4 and Figure 5).

In contrast to the current study, Wei et al. [51] found that the gut microbiota of adult
Anopheles stephensi had a role in increasing the infectivity of the entomopathogenic fungus
B. bassiana. In their study, the elimination of the intestinal microbiota resulted in lower B.
bassiana infection rates. This is an unexpected result given that the gut microbiota is known
to stimulate immune responses in An. gambiae [59].

Entomopathogenic fungi are known to produce low-molecular-mass toxic pep-
tides [61], which inhibit immune responses during colonization of the hemolymph [62]. In
the case of An. stephensi infection by B. bassiana, the fungus secretes oosporein, a peptide
toxin that downregulated the insect’s immune response, inhibiting antimicrobial peptide
secretion and dual oxidase expression in the midgut [51]. This in turn allowed a resident
bacterium in the midgut, Serratia marcescens, to invade the hemocoel, altering its role as an
asymptomatic intestinal symbiont to a hemocoelic pathogen, causing accelerated mosquito
death through the fungus-bacterium interaction.

The German cockroach, B. germanica, was more susceptible to fungal infection fol-
lowing elimination of the intestinal microbiota [52]. In that case, the microbiota played a
crucial role in the protection of this insect against infection by M. anisopliae following oral
administration of fungal conidia [52].

In mosquitoes, the midgut microbiota influences the IMD pathway by induction of the
REL2 “defense gene” in both the midgut and fat body. The elimination of natural micro-
biota using antibiotics impaired the induction of this immune pathway in defense against
pathogens [63]. The induction of immune signaling pathways can lead to the production of
antimicrobial peptides (AMPs) that neutralize invasive pathogens. The enhancement of the
insect’s immune system indirectly increases protection against parasites [59,63,64], and this
is correlated to the intestinal microbiota in mosquitoes. The gut microbiota plays a direct
role in protecting hematophagous insects against blood-borne parasites [59]. Gram-negative
bacteria present in the mosquito midgut are known to significantly reduce Plasmodium
oocyst numbers in mosquitoes infected with this malaria-causing protozoan [65,66]. In
Anopheles and Aedes, removing the intestinal microbiota with antibiotics increased mosquito
susceptibility to Plasmodium infection [66] and to the dengue virus [67], respectively.

Although we did not identify the bacteria present in the gut microbiota of the Ae.
aegypti mosquitoes used here, a previous study of midgut microbiota from a laboratory
strain of Ae. aegypti (Rockefeller) identified the presence of Serratia, Klebsiella, Asaia, Bacillus,
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Enterococcus, Enterobacter, Kluyvera, and Pantoea, with Serratia representing more than half
of the gut microbiota population [68].

The insect gut microbiota also has a role in other aspects of physiology, including
facilitating blood digestion [46] and increasing fecundity [46,69,70]. The results of the
current study show that elimination of the gut bacterial populations following antibiotic
treatment significantly reduced Ae. aegypti fecundity.

The intestinal microbiota is crucial to fecundity in Ae. aegypti, as demonstrated by a
6—20% decrease in the number of mature oocytes and a 14-22% reduction in egg production
when Ae. aegypti females were treated with different antibiotics before blood feeding [46].
Here, females offered carbenicillin and then subsequently offered a bloodmeal had a 17%
reduction in oviposition rates. Our results confirmed those of previous studies, where the
Ae. aegypti gut microbiota plays an important role in egg production. In the experiments
where mosquitoes were first treated with antibiotics and then exposed to Metarhizium, the
number of eggs was significantly lower than in all other treatments. During the next step
of mosquito development, larval hatching, the interaction between the fungus and the
antibiotic treatments also resulted in significant reductions in successful larval eclosion.
Larval eclosion rates were also reduced following exposure of females to conidia alone.
However, antibiotic treatment alone had no posterior effects on development, as 100% of
the eggs hatched into larvae. Furthermore, no negative effects on pupal or adult formation
were caused by treating females with antibiotics.

As stated above, antibiotic treatment alone did not negatively affect larval eclosion;
however, both fungal treatments (with antibiotics and without antibiotics) resulted in
reduced egg viability. For eggs produced by females previously offered antibiotics and then
sprayed with fungus, only 47.9% of the eggs developed into larvae. For females offered
sucrose and then exposed to fungal conidia, 67.5% of the eggs developed into larvae.

This study showed that exposure to both antibiotics and fungi is associated with
reductions in insect developmental parameters. Furthermore, a combination of both agents
was highly deleterious for adult mosquitoes. More studies are needed to investigate the
role of intestinal bacteria in protecting mosquitoes against pathogens such as EPF.

Entomopathogenic fungi are efficient biological control agents, currently used ex-
tensively in crop protection. However, their use against disease-vectoring insects is still
incipient. For effective vector control, novel approaches are needed, such as the use of
fungus-impregnated traps that attract adult mosquitoes.

A recent study demonstrated that genetically modified Metarhizium expressing the
volatile organic compound longifolene acted as a mosquito attractant, increasing the
fungus’s capacity to infect and kill the targeted pests [71].

5. Conclusions

The results presented here confirm the importance of intestinal bacteria in the normal
functioning of Ae. aegypti defense and developmental processes. The use of a broad range
antibiotic increased the susceptibility of female mosquitoes to fungal infection and reduced
oviposition rates. The exposure of female Ae. aegypti to EPF and antibiotics resulted in
cascade effects when considering the development of eggs laid by mosquitoes previously
exposed to both agents, reducing egg viability and viability of the larvae that hatched from
these eggs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ parasitologia6010004 /s1, Table S1 raw data file: Bacterial colony
counts (mean CFU =+ SD) present in Aedes aegypti intestines after insects had been offered antibiotics
for three days and then the antibiotics were removed from the diets. Table S2 raw data file: Mean
survival percentages (£ SD) after 7 days and median survival times (S5 in days) for female Aedes
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aegypti sprayed with different concentrations of Metarhizium anisopliae conidia. Table S3 raw data file:
Mean survival percentages (£SD) after 7 days and median survival times (Ssp in days) for female
Aedes aegypti offered different diets and then sprayed with Metarhizium anisopliae conidia. Table S4 raw
data file: Survival (mean % = SD) and median survival times (Ss() of female Aedes aegypti sprayed
with Metarhizium anisopliae at different times (“time zero” up to 9 days) after removing carbenicillin
from the diet. Table S5 raw data file: The effects of the different treatments on oviposition (number of
eggs) and subsequent development of these eggs > larvae, larvae > pupae, and pupae > adults.
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Abbreviations

The following abbreviations are used in this manuscript:

Bti Bacillus thuringiensis israelensis
EPF Entomopathogenic fungi

RH Relative humidity

LED  Illlumination light-emitting diode
SDA  Sabouraud dextrose agar

MR-5 Mycoharvester®

S Sucrose

Cb Carbenicillin
F Fungus

™ Tween 80

C Control

B Blood

PBS Phosphate-buffered saline

BHI Brain and heart infusion media
CFU  Colony-forming units

BOD  Biochemical oxygen demand
Sso Median survival time in days
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glm  Generalized linear model
SD Standard deviation

NA Not applicable

REL2 Defense gene

AMP  Antimicrobial peptides
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