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To date around 3500 different species of mosquito have been
described, several tens of which are vectors of pathogens of
remarkable interest in public health. Mosquitoes are present all
around the world showing a great ability to adapt to very
different types of habitats where they play relevant ecological
roles. It is very likely that components of the mosquito
microbiota have given the mosquito a great capacity to adapt
to different environments. Current advances in understanding
the mosquito-microbiota relationships may have a great
impact in a better understanding of some traits of mosquito
biology and in the development of innovative mosquito-borne
disease-control strategies aimed to reduce mosquito vectorial
capacity and/or inhibiting pathogen transmission.
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Introduction

Considering their biodiversity and abundance, insects can
be considered among the most successful animals on
Earth [1]. Mosquitoes significantly contribute to insect
biodiversity and biomass, representing around 3500
described species, a few hundreds of which pose serious
medical and economical risk (burdens?) [2]. In fact,
among other infectious diseases, mosquitoes can transmit
malaria, Yellow fever, Dengue fever, West Nile and
Chikungunya. As a consequence more than half of the
global human population is at risk of exposure to infec-
tions transmitted by mosquitoes; and hundreds of
millions of human infections are recorded every year [3].

Mosquitoes have been recorded in almost every conti-
nent, being adapted to a variety of different habitats
where they play important functional ecological roles.

Larval stages represent one of the main components of
the biomass in water pools worldwide.

As well as for many insect species, the symbiotic relation-
ships between mosquitoes and several microorganisms
most probably have important implications in mosqui-
toes’ evolutionary success, including their widespread
distribution. Furthermore, the resident microbiota of
mosquito vectors may inhibit the development of patho-
gens they transmit [4°]. In this context several microbes
may offer opportunities to successfully manipulate the
vector competence of mosquitoes to reduce their abilities
to transmit human pathogens. This latter aspect has
especially led to an intensification of studies focused
on the microbiota of diverse mosquito species in the last
decades.

Although studies on the relationship between bacteria and
mosquitoes date back to the mid 20s, beginning when
Hertig and Wolbach [5] described the presence of bacteria,
named Wolbachia pipentis, within the reproductive organs of
the mosquito Culex pipiens [6], only recently has the study of
symbiosis in mosquitoes found strong interest resulting in a
significant number of publications in the field [7].

The symbiotic relationships that mosquitoes have estab-
lished with different types of microorganisms have prob-
ably played a key role in the evolutionary success of
insects by symbiotic microorganisms influencing various
biological functions and integrating those under the con-
trol of the host genome, providing an improved adapta-
bility to their environment.

Furthermore, there is growing interest of symbionts in
mosquito disease vectors since their manipulation may
offer novel control methods that are uniformly defined as
Symbiotic Control. Here we review aspects of microbiota/
mosquito interactions and their use in controlling mos-
quito-borne diseases.

Wolbachia and mosquitoes: an old story with
very innovative perspectives

Bacteria of the genus Wolbachia represent a group of
maternally inherited intracellular bacteria firstly
described in C. pipiens [5], but more recently recorded
in a remarkably high number of insect species.

In the mosquito, Wolbackhia has been detected in several
genera including Aedes, Culex, Coquillettidia, and Mansonia,

Current Opinion in Microbiology 2012, 15:278-284

www.sciencedirect.com


mailto:guido.favia@unicam.it
http://www.sciencedirect.com/science/journal/13695274/15/3
http://dx.doi.org/10.1016/j.mib.2012.05.014
http://dx.doi.org/10.1016/j.mib.2012.03.004
http://www.sciencedirect.com/science/journal/13695274

but interestingly never recorded in species of the Ano-
pheles genus [7-10]. In this context it is worth acknowl-
edging that the genus Anopheles comprises some 300
different species, around 60 of which are important in
malaria transmission worldwide [11]. Moreover, Wolbachia
has been never detected in natural population of the
species Aedes aegypti, a main vector of dengue and yellow

fever [12].

The maternal transmission route of Wolbachia occurs
through the egg cytoplasm and causes several reproduc-
tive disorders in the insect host including cytoplasmic
incompatibility [13], parthenogenesis [14], feminization
[15] and, male killing [16]. Through cytoplasmic incom-
patibility, the bacteria are able to spread through popu-
lations, thus Wolbachia has been proposed as a gene drive
system for mosquito genetic replacement, for the
reduction of population size, and for interfering with
population age structure to reduce disease transmission
[17]. Recently, several studies have shown the potential
of Wolbachia symbionts to control mosquito borne dis-
eases. In particular, these studies have shown that the
introduction of some strains of Wolbachia in Ae. aegypri
causes a life shortening of the mosquito [18°] as well as an
upregulation of the mosquito immune response that
render the mosquito refractory to dengue infection
and parasites [19°]. It has been shown that the strain
of Wolbachia that halves adult lifespan in Ae. aegypti is also
able to inhibit the ability of a range of pathogens infect-
ing this mosquito species [20]. This study suggests that
Wolbachia-mediated pathogen interference if coupled
with the life-shortening strategy can provide a synergis-
tic approach for the control of mosquito-transmitted
diseases.

Similarly, in An. gambiae a Wolbachia-induced infection
may inhibit Plasmodium infection [21]. It is worth noting
that not all strains exert a protective phenotype on their
host as shown by a comparative study aimed to assess the
effect of two Wolbachia strains, wAIbB (isolated from Ae.
albopticus) and wMelPop (from Drosophila melanogaster),
on the vector competence of An. gambiae, the main African
malaria vector [22]. The wAIbB strain significantly
increases Plasmodium oocyst levels in the mosquito mid-
gut, while wMelPop moderately inhibits oocyst levels.
Furthermore, the wAlbB strain is avirulent to mosquitoes,
while the wMelPop strain is virulent. These different
effects on vector competence indicate that different
Wolbachia strains differ in their interactions with both
host and the capacity to interfere with parasites.

Very recently, it has been shown that a Wo/bachia-infected
strain of Ae. aegypti resistant to dengue infection is able to
rapidly replace the natural, susceptible population [23°°].
"This latter study represents extraordinary evidence of the
feasibility of Wo/lbachia-mediated population-replacement
strategy to (be applied in nature to) control mosquito borne
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diseases, thus representing #he beginning of a new era in this
field [24].

Bacteria (beyond Wolbachia) and mosquitoes:
from basic biology to the management of
mosquito borne diseases

Aside from Wolbachia, the description of the microbiota
associated with mosquitoes is mostly related to bacteria.
For some years, it has been known that different mos-
quito species carry common bacteria of different genera,
among these Enterobacter, Escherichia, Klebsiella, Serratia,
Pseudomonas, and Staphylococcus [25-28]. These studies
described genetically well-characterized gut or enteric
bacteria inhabiting the midgut of mosquitoes, indicating
that the mosquito midgut is a site of complex interactions
between the mosquito, the malaria parasite and, the
resident bacterial flora.

Symbionts of hematophagous insects may provide B
vitamins to insect hosts [29] and the microbial structure
of mosquito gut is strongly affected by the adults’ diet. In
particular, blood meal increases the density of bacteria,
which reaches a peak around 48 h after feeding [30]. This
bloom includes enteric bacteria, although the increase of
the total bacterial load is accomplished by a reduction of
the overall community diversity. Enteric bacteria show a
remarkable genetic redox capacity of coping with oxi-
dative and nitrosative stresses related to the catabolism of
blood meal suggesting a beneficial role in maintaining gut
redox homeostasis [31]. Furthermore, the presence of
some bacterial species in the midgut of vector mosquitoes
can impact not only digestion, but also other physiological
traits of the insect like fecundity, and is required for the
completion of the embryonic development [32].

Gut bacteria and mosquito immune system
The gut microbiome has a strong influence on host
immunity too, and some bacteria can directly interfere
with the mosquito vectorial capacity, as shown in studies
analysing the impact of Servatia and Enterobacter species
in the midgut of Anopheles mosquitoes on Plasmodium
development [33]. Similarly, in Ae. aegypti, the regulation
of viral resistance occurs through expression of specific
genes and/or by the presence of natural gut microbiota
[34,35]. The increase of microbiota density triggers the
host innate immune responses to control the bacterial
load, as the density can reach 107 colony forming units/
milliliter before returning to pre-blood meal level 3-5
days later [36,37].

In fact, it is now a well-accepted notion that the naturally
acquired microbial flora can modulate the mosquito’s
vectorial capacity by inhibiting Plasmodium and other
human pathogens development. Through a functional
genomic approach the molecular interplay between the
bacteria and the development of P. faliparum in An.
gambiae has been investigated [38]. Whole transcription
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profiling of septic and aseptic mosquitoes identified a
significant subset of immune genes upregulated by the
mosquito microbiota. This subset includes several anti-
Plasmodium factors such as cecropins, defensins and gam-
bicin. Aseptic mosquitoes showed an increased suscepti-
bility to Plasmodium infection while mosquitoes fed with
bacteria and P. falciparum gametocytes showed low in-
fection levels. This study suggests that the anti-Plasmo-
dium effect induced by the indigenous bacteria is
mediated by the mosquitoes’ antimicrobial immune
responses, probably occurring through the microbiota
modulation of immune genes, some with anti-Plasmodium
activity.

The theory of pattern-recognition by Charles Janeway
suggests that the host innate immune system relies on
molecular pattern cues such as lipopolysaccharides, pep-
tidoglycan, teichoic acids of Gram-negative and Gram-
positive bacteria, viral double-stranded RNA from
viruses, and mannans present in yeast cell walls for
mounting a response [39]. Recognitions of microbial
molecules triggers various immune responses: (1) killing
of microbes by hemocytes (insect blood cells) that engulf
(phagocytosis) or surround (encapsulation) the pathogen,
(2) activation of a serine protease cascade to activate
melanization (humoral melanotic encapsulation), or (3)
production of antimicrobial peptides and other effector
genes [40]. The ability to mount an adapted immune
response relies on the existence of various insect pattern
recognition receptors (PRRs) capable of recognizing differ-
ent microorganisms-associated molecular  patterns
(MAMPs) [41,40]. Phagocytosis involves the engulfment
of bacteria and other small pathogen particles by cells. The
humoral response with the production of antimicrobial
peptides such as two identified defensins and cecropins
found in An. gambiae, operates against bacteria. The expres-
sion of Defensin that encodes peptides with activities
against Gram-positive bacteria is enhanced in the midgut
of An. gambiae during Plasmodium infection [39]. Recently,
an increasing number of immune genes triggered by native
microbiota and affecting the mosquito vector competence
have been described in mosquitoes. One example is the
transmembrane  peptidoglycan  (PGN)  Recognition
Protein LC (PGRP-LC). This is a pattern-recognition
receptor activating the Imd signaling pathway, particularly
well described in D. melanogaster, which is activated upon
recognition of peptidoglycan from bacteria. Infection
of Gram-positive bacterium Staphylococcus aureus in An.
gambiae activates PGRP-LC signal pathway resulting in
the transcription of antimicrobial peptides. The PGRP-LC
signaling also controls the density of mosquito symbiotic
bacteria populations within the gut and their proliferation
aftera blood-meal. This defensive response also modulates
mosquito resistance to Plasmodium [42].

Current research indicates the similarities between the
immune response to symbiotic microorganisms and the

parallel responses with the presence of Plasmodium para-
sites. In fact, bacterial symbionts in the midgut may also
provide the opportunity to express /# sifu anti-pathogen
molecules for mosquito-borne disease control purposes
[43]. Mosquitoes co-fed with live or heat-inactivated
bacteria with P. falciparum, resulted in a decrease of
oocyst prevalence after 8 days of incubation [36,39]. In
another experiment, mosquitoes with reduced bacterial
load owing to antibiotic ingestion, displayed a higher
prevalence of P. falciparum [36,44].

Recent identification of new mosquito
bacterial symbionts with potential in vector
borne diseases control

Over the past five years, the search for symbionts has
been characterized by an extraordinary acceleration,
which led to the identification of new bacterial species
associated with midgut mosquitoes. This is the case of
the Gram-positive bacterium named Janibacter anophelis
and the Gram-negative named Thorsellia anopheles, both
found associated with the African malaria vector An.
arabiensis [45]. Two recently described species associ-
ated with the midgut of Az. gambiae, are Pantoea stewartii
and Elizabethkingia meningoseptica [46]. A new isolate
from An. gambiae has also been described and named

Elizabethkingia anophelis [47].

We recently identified a Gram-negative, a-proteobacteria
belonging to the genus Asaia in some mosquito species
including several malaria vectors, such as Az. gambiae, An.
stephensi, An. maculipennis [48,49,50] and the dengue virus
vector, Ae. aegypti [51]. Asaia is the most prevalent bacteria
in both natural and lab mosquito populations and its
prevalence often reaches 100% [50]. Furthermore, Asaia
was found in high numbers in the midgut, salivary glands,
and reproductive organs [48]. Thus, Asaia could be used
to express anti-Plasmodium molecules and may exert an
additional inhibitory effect against pathogens in the sali-
vary glands where the Plasmodium parasites must con-
clude their lifecycle within the mosquito host. Its
presence in the reproductive organs permits a vertical
transmission route that occurs both maternally and pater-
nally [48,52], thus providing the basis for the introduction
of engineered bacteria into mosquito populations in the
field.

Experiments performed with engineered bacteria expres-
sing fluorescent proteins has provided a proof of principle
to the feasibility of using Asaia to express anti-parasite
effectors to control malaria and others mosquito-borne
diseases (Figure 1) [48,50].

Owing to its potential in vector control, this bacterium has
been the focus of many studies, yet little is known about
its impact on the biology of the host. Recently, we
described a specific role of Asaia in mosquito larval de-
velopment, as the presence of Asaia reduced the time
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Figure 1
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Colonization of a female gut of Ae. aegypti by Gfp-Asaia. Phase contrast
(a) and fluorescence microscope image (b).

required from the larvae to develop in pupae [53], which
may provide a benefit to mosquito fitness by minimizing
the action of predators. Interestingly, two commensal
bacteria of Drosophila, Acetobacter pomorum and Lactobac-
cillus plantarum promote the growth of its insect host upon
nutrient scarcity [54,55].

Yeast symbionts and mosquitoes: a new field
of investigation

Most, if not all studies about mosquito symbiotic relation-
ships, have focused on bacteria. In the last few years,
attention has also been focused on other symbiotic organ-
isms like yeast. Yeasts have often been isolated from a
wide variety of insect species and frequently detected in
the insect gut along with other organs and tissues.

Recently, the occurrence of Candida and Pichia yeasts has
been recorded in Aedes mosquitoes [30,56,57]. A study
confirmed the presence of Candida sp. and Pichia sp., in
mosquito, two fungal species that are found in association
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with other insects. In addition, two additional species,
Hanseniospora wvarum and Wickerhamomyces anomalus,
were also detected [58°]. H. wvarum is found in many
insects while W. anomalus has a more specific range of
host. W. anomalus was detected at all the developmental
stages of both malaria (An. stephensi, An. gambiae) and
dengue mosquito vectors (Ae. aegypti, Ae. albopictus) where
it localizes in the midgut and reproductive organs [58°]
possibly reflecting specific functions. The gut and gonads
may provide nutrients for yeasts, thus representing
optimal niches for symbionts. Furthermore, it is possible
that W. anomalus also exerts a protective role against
pathogens in mosquito as already proposed for other hosts
[59,60].

The finding that W. anomalus associates with some mos-
quito vectors of several human parasites led to the prop-
osition to use W. anomalus to control mosquito-borne
diseases [61]. The potential to use this yeast to express
anti-pathogen effector molecules is a notion that should
be further explored. Additionally, this yeast has already
received a Qualified Presumption of Safety status (Euro-
pean Food Safety Authority) with benefits and acceptability
of novel microorganisms in food.

Moreover, some strains of W. anomalus produce killer
toxins with antimicrobial activities against several human
pathogens [62,63], including arthropod-transmitted pro-
tozoan parasites such as Leishmania spp. [64]. Preliminary
observations indicate that the yeast strains isolated from a
mosquito also produce Kkiller toxins (I Ricci ¢ a/., unpub-
lished), thus suggesting the possible use of W. anomalus in
the control of mosquito-borne diseases.

Conclusions

The field of mosquito—microbe interactions is rapidly
expanding, providing an increasing amount of infor-
mation on the contribution of microbes to mosquito
nutrition, development, and defenses.

In fact, many reports clearly pinpoint the involvement of
several bacterial strains in blood meal digestion. For
example, oral administration of antibiotics to Ae. aegypti
mosquitoes affected red blood cell lysis, delaying
protein digestion and depriving the mosquito of essen-
tial nutrients [65]. In addition, antibiotic treated mos-
quitoes also showed reduction in the production of
viable eggs suggesting an effect of bacteria on oocyte
maturation. These results indicate the synergistic action
of the mosquito gut and its midgut bacteria in blood
meal digestion.

Furthermore, commensal bacteria also interfere with
parasites either directly or indirectly within the mosquito
vector. Indirect effect is mediated by the mosquitoes’
antimicrobial immune responses, probably through the
activation of basal immunity [40].
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The study of mosquito—microbiota interactions has raised
more interest in the possibility of genetically transforming
mosquito symbionts to express anti-parasite effector mol-
ecules to develop effective disease-control strategies.
One example of this strategy involves the symbiont
bacterium R/odococcus rhodnii, which is naturally resident
in the gut lumen of the triatomine vector Riodnius prolixus
(Hemiptera: Reduviidae) contributing to vector nutrition.
These symbionts have been transformed with some anti-
parasite effector genes. Interestingly, laboratory para-
transgenic populations of triatomine unable to transmit
the diseases have been generated for some years [66].

An approach aimed at introducing the genetically modi-
fied bacterial symbionts into natural populations of Cha-
gas disease vectors has already been developed by the
coprophagic behaviour [66]. A number of relevant inter-
actions between symbionts and mosquito have already
been described and quite a few symbionts have been
identified as potentially effective for Symbiotic Control
Strategies to combat mosquito-borne diseases. In this
context Asaia and Pantoea bacteria are potentially very
useful.

Recently, Pantoea agglomerans, another bacterial symbiont
of Anopheles mosquitoes has been engineered to express
and secrete anti-Plasmodium effector proteins, such as
pelB or hlyA, from related species [67]. These strains
are now under evaluation for anti-Plasmodium activity in
infected mosquitoes.

Furthermore, several microorganisms and microbial pro-
ducts, which do not derive from symbionts relationships,
may also be applied for mosquito control. This is the case
of some isolates of Bacillus thuringiensis and Serratia
species that exhibit lethal activity against early fourth
instar larvae of Ae. aegypti, An. stephensi, and Cx. quingue-
fasciatus [68]. The applications of non-symbiotic micro-
organisms to fight mosquito-borne diseases are not
restricted to bacteria only. Recently, applications based
on genetically modified organisms to express anti-patho-
gens effectors within the mosquito body, have been
developed using densonucleosis viruses [69] and the
ascomycetes Metarhizium anisopliae [70°°]. While further
studies will be required to better exploit mosquito-
symbiotic relationships for the purpose of reducing dis-
ease transmission, the evidence provided so far suggests
the feasibility of Symbiotic Control applications to reduce
the dissemination of mosquito-transmitted pathogenic
microbes.
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