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Mosquitoes naturally harbor a diverse community of

microorganisms that play a crucial role in their biology.

Mosquito–microbiota interactions are abundant and complex.

They can dramatically alter the mosquito immune response,

and impede or enhance a mosquito’s ability to transmit

medically important arboviral pathogens. Yet critically, given

the massive public health impact of arboviral disease, few such

interactions have been well characterized. In this review, we

describe the current state of knowledge of the role of

microorganisms in mosquito biology, how microbial-induced

changes to mosquito immunity moderate infection with

arboviruses, cases of mosquito–microbial–virus interactions

with a defined mechanism, and the molecular interactions that

underlie the endosymbiotic bacterium Wolbachia’s ability to

block virus infection in mosquitoes.
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Introduction
Although small in size, mosquitoes are incredibly deadly

animals capable of transmitting many disease-causing

pathogens to humans. Mosquito-transmitted viral dis-

eases, including dengue (DENV), chikungunya

(CHIKV), Japanese encephalitis (JEV), West Nile

(WNV), yellow fever (YFV), and Zika (ZIKV), are a

serious public health problem, causing millions of infec-

tions per year [1–3]. Infection can have severe conse-

quences including chronic symptoms, developmental

disorders, and death [4–6]. These arthropod-borne viruses

(arboviruses) exploit a mosquito’s need to feed on verte-

brate blood in order to produce eggs. They are ingested

when a mosquito feeds on the blood of an infected person.
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They invade and replicate within mosquito cells, sup-

press, and hide from the sophisticated mosquito innate

immune system [7,8], and are eventually passed to a new

human host during subsequent blood feeding. Key vector

species such as Aedes aegypti and Aedes albopictus have

extensive geographic distributions, and can transmit mul-

tiple viruses [9,10].

One essential component of mosquito–virus interactions

is often overlooked: the microbiota. A mosquito is natu-

rally host to a community of diverse bacteria, fungi,

parasites, and viruses with most dwelling within the

gut [11]. Community composition is dynamic, highly

variable between individuals, and greatly influenced by

environmental factors [12,13]. Some interactions occur

transiently, some persist for the mosquito’s life [14], while

others form long-term relationships and are passed to

subsequent generations. Some community members

are beneficial to the host, while others are opportunistic,

pathogenic, or even lethal [15]. Critically, host–microbe

interactions can moderate the mosquito immune system,

and influence a mosquito’s ability to transmit medically

important viruses (Figure 1). In this review, we describe

the curious entanglement of mosquito–microbiota–virus

interactions, and their contribution to arboviral disease.

The role of the microbiota in mosquito biology
Mosquito larvae are aquatic and acquire most of their

bacterial community members from their breeding site

water [16], although only certain bacterial taxa found in

the aquatic environment can colonize the larval gut

[16,17]. Other select bacteria, including Asaia, Serratia,
and Elizabethkingia, can be passed from mother mosquito

to larva by attaching to the egg surface [18–20].

In larvae, the presence of live bacteria, or live eukaryotic

cells may be essential for development to adulthood

[16,21], potentially because these organisms induce hyp-

oxia in the larval gut [22]. However, a recent study has

demonstrated that larvae can develop to adulthood with-

out live bacteria or eukaryotes when their diet meets

certain nutritional requirements [23]. In the laboratory,

larvae can be developed gnotobiotically, reared in associ-

ation with a solitary bacterial taxon. Developmental suc-

cess in these cases depends on the bacterium, suggesting

that some bacteria are more useful for mosquito develop-

ment than others [16,24]. Further elucidating the role of

microorganisms in larval development is an interesting

question for future research.
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Key types of interactions between mosquitoes, their microbiota, and arboviruses.

(a) The larval microbiota can influence adult vector competence. Rearing Ae. aegypti larvae gnotobiotically with an Enterobacteraceae isolate or a

Salmonella sp. differentially affects susceptibility to DENV infection in adults. (b) The presence of the gut microbiota can influence viral infection.

An. gambiae where the microbiota has been cleared by antibiotic treatment (+AB) are less effective hosts for ONNV than those with their natural

microbiota (�AB). (c) The microbiota stimulates the mosquito immune system and moderates arboviral infection. The gut microbiota induces Toll

and IMD pathway activity, the latter hinders SINV infection, and prevents excess microbial proliferation. The fungus B. bassiana activates the Toll

and JAK-STAT pathways thereby restricting DENV infection. (d) Infection with an arbovirus, including ZIKV and WNV, can alter the composition of

the microbiota. Abbreviations: �AB: without antibiotics, +AB: with antibiotics, DENV: Dengue virus, MEC: midgut epithelial cells, MG: midgut,

ONNV: O’Nyong-nyong virus, SINV: Sindbis virus, WNV: West Nile virus, ZIKV: Zika virus.
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The larval microbiota can influence immune response

and vector competence in adult mosquitoes. For instance,

bacteria can ‘prime’ the immune system, generating an

improved immune response upon subsequent exposure

to a pathogen [25]. In Aedes mosquitoes, sublethal expo-

sure of larvae to Escherichia coli stimulates production of

key immune factors including nitric oxide and antimicro-

bial peptides (AMPs), and provides better protection

during later infection [26].

There have been several examples of larval microbiota

influencing adult response to arboviral infection. Ae.
aegypti larvae reared gnotobiotically with an Enterobac-

teriaceae isolate experience reduced DENV load in

adults compared to those gnotobiotically reared with

Salmonella sp. [27]. Sublethal exposure to the pathogenic

bacterium Bacillus thuringiensis subsp. israelensis (Bti) in

Aedes larvae that were genetically resistant to Bti increases

adult susceptibility to DENV, but not CHIKV [28].

Interestingly, Bti infection can alter the larval community

composition [29], and this was hypothesized as a potential

factor in the differential susceptibility to DENV [28].

These findings suggest that the larval microbiota play a

critical role in mosquito life history, and response to

infection. Future studies should focus on better charac-

terizing host–microbiota interactions at this stage, partic-

ularly those that influence host immunity.

The larval microbiota and breeding environment have a

major influence on the composition of the adult mosquito

microbiota. The adult community is generally considered

to be less diverse than the larval community [30,31], as

only select taxa are transmitted directly from larva to pupa

to adult [16,18,19,24,32]. Many microorganisms are lost

during metamorphosis, but some are reacquired from the

larval breeding site as newly eclosed adults come into

contact with, or drink from, the water. Adult community

composition and diversity is strongly influenced by geog-

raphy [11], and breeding site type [33,34]. However, in

spite of these differences, there appears to be a ‘core’

microbiota—a collection of key bacterial taxa that com-

monly infect different mosquito species [13,35], although

the specific roles of these taxa remain unclear.

The adult microbiota is not necessary for mosquito sur-

vival, but they do influence many critical life-history traits

[24,36–38]. The community is particularly responsive to

blood feeding and digestion. Blood intake initiates the

proliferation of a select few taxa, leading to an increase in

the total number of bacteria in the community, but a

decline in overall diversity [39]. Clearing the community

with antibiotics impairs blood digestion, and because of

reduced availability of nutrients that promote egg devel-

opment, also reduces fecundity [36,38]. Community com-

position influences mating preference, as seen in trans-

genic Anopheles stephensi that overexpress key immune
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genes. These mosquitoes have increased resistance to

Plasmodium infection, but this increased immune activity

alters community composition and reduces the overall

number of bacteria, which, serendipitously, makes wild-

type females more attractive mates to transgenic males

[37]. That such dramatic effects result from changes to

the community highlights the critical role it plays in

mosquito biology.

Interactions between the microbiota and the
mosquito immune system
The mosquito innate immune system primarily utilizes

four innate immune pathways: the siRNA, JAK-STAT,

Toll, and IMD pathways to restrict infection with bacte-

rial, protozoal, fungal, and viral pathogens [40]. Each

pathway is activated in response to pathogen-specific

pattern recognition cues, meaning that certain pathways

deal with certain pathogens but not others. Critically, the

presence of the microbial community induces several of

these pathways, and this can indirectly moderate the host

response to arbovirus infection.

The Toll, IMD, and JAK-STAT pathways all involve

signaling cascades that result in the production of a range

of different anti-pathogen effector molecules. The Toll

pathway plays an important role in protecting the host

against fungal, protozoal, viral, and bacterial pathogens

[41–44]. IMD pathway activity has been linked to infec-

tion with bacteria, Plasmodium parasites and some viruses

[45–47]. While the JAK-STAT pathway is a key part of

the mosquito antiviral defense, and is induced during

DENV and ZIKV infection [48,49].

The gut microbiota can activate host immune pathways,

thereby indirectly influencing arboviral infection [44,45].

Toll pathway activity is decreased when the microbiota is

removed using antibiotics, and this, in turn, makes anti-

biotic-treated mosquitoes less resistant to DENV infec-

tion [44]. Similarly, blood meal-induced proliferation of

the microbiota induces IMD pathway activity, which

subsequently suppresses infection with Sindbis virus in

Ae. aegypti [45]. This microbiota-mediated IMD pathway

activity has also been implicated in defense against

Plasmodium infection in anopheline mosquitoes [50].

JAK-STAT pathway activity is induced during bacterial

infection in Drosophila and in Anopheles mosquitoes

[51,52]. Similarly, infection with the entomopathogenic

fungus Beauveria bassiana induces JAK-STAT and Toll

pathway activity, thereby increasing host resistance to

DENV [41]. However, there is still no clear link between

the JAK-STAT pathway and the bacterial microbiota in

Aedes mosquitoes, as neither silencing nor overexpression

of pathway genes influenced host resistance to bacterial

infection [49,53].

The small interfering RNA (or RNAi) pathway is primar-

ily involved in response to viral infection, and results in
www.sciencedirect.com
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the recognition and cleavage of viral RNA, thereby

restricting viral replication [54]. There is currently no

evidence showing that the RNAi pathway interacts with

bacteria directly. However, there is evidence of RNAi-

JAK-STAT pathway crosstalk, where WNV infection in

Culex pipiens activates the RNAi pathway including the

antiviral gene Vago, which in turn activates the JAK-

STAT pathway [55]. Although, it is unclear if this inter-

action affects the microbiota.

The microbiota interacts with other immune processes in

insects that are known to indirectly influence arbovirus

infection. This includes oxidative stress, a key compo-

nent of the immune system that occurs in response to

excess production of reactive oxygen species (ROS)

[56,57]. These particles can damage and kill host cells

and microbiota. In fact, ROS production via the Mesh-

DUOX pathway restricts excess bacterial proliferation

[58]. Interestingly, heme released during the digestion

of blood meal proteins reduces ROS and thereby allows

bacterial proliferation in the gut [59]. Arbovirus infection

in mosquito cells induces ROS [60], and higher ROS

levels can induce Toll pathway activity [61]. But arbo-

viruses can overcome ROS-mediated defenses, as seen

with ZIKV, where glycosylation of the envelope protein

reduces ROS levels, and facilitates invasion of the midgut

epithelial cells [62]. Given both virus and the microbiota

are ROS-responsive, this is an interesting direction for

future research.

Mosquitoes produce a variety of C-type lectins (CTLs),

proteins that bind different carbohydrates, which can

have a broad range of immune roles. Some CTLs protect

mosquitoes against bacterial infection [63], while others

facilitate infection with Plasmodium and fungal pathogens

[64–66]. Other CTLs are induced during infection with

DENV, JEV, and WNV, and these promote viral infection

[67–69]. Mosquito gut bacteria also induce the production

of CTLs, which bind to their cell walls and protect them

from host AMPs [70]. It is currently unclear if any

individual CTLs interact with both the microbiota and

arboviruses.

Further interesting interactions involve the MAPK/ERK

pathway, a nutritionally responsive kinase signaling cas-

cade that restricts arboviral entry to cells, and hinders the

course of infection within cells [71]. In Drosophila,
MAPK/ERK is activated by microbiota-induced induc-

tion of NF-kB immune signaling [72]. The high degree of

MAPK/ERK pathway conservation between Drosophila
and Aedes mosquitoes [71] suggests it may be involved in

microbiota–arbovirus–mosquito interactions.

Interactions between microbiota and
arboviruses
There is a growing body of evidence suggesting that

microbiota–arbovirus interactions are important to virus
www.sciencedirect.com 
infection and transmission. Several studies have demon-

strated that the presence of a specific microorganism can

alter mosquito vector competence [73,74]. These include

examples of microorganisms that promote virus infection

in mosquitoes. For instance, An. gambiae become less

susceptible to O’Nyong’nyong virus infection when their

microbiota is cleared via antibiotic treatment [75]. While

in Ae. aegypti, infection with the mosquito-associated

fungus Talaromyces sp. increases susceptibility to DENV

by suppressing the expression of digestive enzymes [76].

Arbovirus infection can dramatically impact the micro-

biota. Community composition differs between DENV-

susceptible and DENV-resistant Ae. aegypti populations

[77,78], with this variation linked to population-specific

differences in branched chain amino acid degradation

[78]. Likewise, community composition varies depending

on whether or not mosquitoes are from areas with

endemic DENV transmission [79]. Infection with

WNV in Culex mosquitoes increases bacterial diversity

[80]. Infection with ZIKV alters the community profile in

Ae. aegypti [81], while infection with CHIKV in Ae. albo-
pictus increases the abundance of Enterobacteriaceae, but

reduces the abundance of Wolbachia [82].

There are few characterized microbiota–arbovirus inter-

actions with a defined mechanism (Figure 2). One exam-

ple is Chromobacterium species Panama (Csp_P), a mos-

quito gut commensal bacterium that reduces DENV

infection in Ae. aegypti [83] by producing an aminopepti-

dase that degrades the DENV envelope protein [84].

Interestingly, Csp_P also restricts infection with Plasmo-
dium falciparum in An. gambiae by producing the antipara-

sitic protein Rhomidepsin [85].

The mosquito gut-associated bacterium, Serratia odori-
fera, enhances infection with either DENV or CHIKV in

Ae. aegypti [86,87], with the effect attributed to a bacterial-

encoded polypeptide, P40, that interacts with prohibitin

[86], a protein linked to arboviral infection in mosquito

cells [88]. Similarly, a Serratia marcescens isolate enhances

DENV infection in Ae. aegypti by secreting a protein,

smEnhancin, that digests the mucin layer of the mosquito

midgut epithelium, rendering them more permissive to

infection [89]. Interestingly, smEnhancin did not produce

a similar effect with Sindbis virus in Cx. pipiens [89].

Mosquitoes, arboviruses and Wolbachia
There has been a great deal of research seeking to

understand tripartite interactions between mosquitoes,

arboviruses and the endosymbiotic bacterium Wolbachia
pipientis. Wolbachia is a highly abundant, maternally trans-

mitted symbiont found in at least 40% of all terrestrial

insect species [90]. It naturally infects many important

mosquito vectors including Ae. albopictus, Cx. pipiens, and

Culex quinquefasciatus. Native infections have also been

found at low prevalence in some populations of major
Current Opinion in Virology 2019, 37:26–36
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Figure 2
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Mosquito–microbiota–virus interactions have diverse mechanisms.

There are few instances where the mechanisms used by microbiota to alter viral infection in mosquitoes have been identified. (a) In Ae. aegypti,

the fungus Talaromyces sp. decreases host production of trypsin and other digestive proteins, which enhances DENV infection. (b) In Ae. aegypti,

the bacterium Chromobacterium sp. Panama (Csp_P) restricts DENV infection by producing an aminopeptidase that digests the DENV envelope

protein. (c) In Ae. aegypti, the bacterium Serratia odorifera produces the P40 polypeptide, which associates with the protein Prohibitin and

enhances infection with DENV and CHIKV. (d) In Ae. aegypti, the bacterium S. marcescens produces the protein smEnhancin, which digests the

mucin layer in the mosquito midgut, making invasion of the midgut epithelial cells easier for DENV. Abbreviations: CHIKV: Chikungunya virus, Cyt:

Cytoplasm, DENV: Dengue virus, MEC: midgut epithelial cells, MG: midgut, Mt: Mitochondria, P40: Polypeptide P40, PM: Plasma membrane, Pr:

Prohibitin.
malaria vectors [91–95]. Native Wolbachia infections typi-

cally occur at low bacterial density, and either have no

effect on arbovirus infection [96,97], or a minor inhibitory

effect [98].

Artificial Wolbachia infections in Ae. aegypti have been

generated by embryonic microinjection [99–101]. These

Wolbachia transinfections strongly inhibit infection,

including by DENV [100,102], CHIKV [103], WNV

[104], YFV [105], and ZIKV [106,107], and completely,

or nearly completely, restrict viral transmission. Wolbachia
also induces a reproductive manipulation known as cyto-

plasmic incompatibility that facilitates spread of the

bacterium through wild populations [108–110]. Because

of these properties, Wolbachia-infected mosquitoes are
Current Opinion in Virology 2019, 37:26–36 
widely used as a mosquito biocontrol strategy, to generate

mosquito populations with reduced transmission poten-

tial [111–114]. But critically, the exact nature of the

mechanism of Wolbachia-mediated virus blocking remains

unclear (Figure 3).

Studies implicate Wolbachia density, or bacterial load, as a

major contributory factor in virus blocking at the organis-

mal level. As Wolbachia strains that grow to higher overall

density are more likely to induce blocking [100,115].

Density varies greatly between tissues, with the highest

bacterial load occurring in reproductive tissues. However,

blocking at the tissue level does not correlate with Wol-
bachia load [116], which suggests that the mechanism is

somewhat independent of density.
www.sciencedirect.com
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Figure 3
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Interactions putatively linked to Wolbachia-mediated arbovirus blocking.

Wolbachia are intracellular bacteria that dwell within membrane-bound vacuoles that associate with the ER and Golgi. Multiple Wolbachia–

mosquito interactions have been implicated in Wolbachia’s ability to block arboviral infection: (a) Wolbachia interact with the miRNA pathway gene

AGO1, altering the mosquito miRNA profile, which leads to the expression of antiviral genes. (b) Wolbachia stimulate different mosquito immune

pathways, leading to the production of AMPs that target the virus. (c) Wolbachia cause the excess production of ROS, which stimulate the Toll

pathway, and/or target the virus directly. (d) Viruses enter Wolbcahia-infected cells as normal via receptor mediated endocytosis, but Wolbachia

restricts viral replication by promoting mosquito XRN1-mediated degradation of viral RNA. (e) Wolbachia preferentially uses mosquito resources,

particularly lipids, that are required by the virus to infect the mosquito. Some or all of these processes, or other as-yet-unidentified processes may

contribute to virus blocking. Abbreviations/Key: ‘?’: It is unclear how or whether this interaction occurs, AMPs: Antimicrobial peptides, ER:

Endoplasmic reticulum, EV: Endocytotic vesicle, G: Golgi apparatus, Nu: Nucleus, PM: Plasma membrane, R: Receptor mediating viral entry into

cell, ROS: Reactive oxygen species, W: Wolbachia.
Like other bacteria, Wolbachia stimulates the mosquito

immune system, including the Toll and IMD pathways

[61,117], potentially priming the host against viral infec-

tion. Production of AMPs, including cecropins and defen-

sins, is strongly induced, and blocking efficacy is reduced

when the expression of these genes is silenced

[61,117,118]. Wolbachia also induces Vago expression,

suggesting potential interactions with both the RNAi

and JAK/STAT pathways [119]. Furthermore, silencing

of the RNAi pathway gene AGO2 also increases DENV

load in Wolbachia-infected cells [120]. Wolbachia strongly

induces production of ROS, and dysregulates both the

prooxidant and antioxidant responses in mosquitoes

[61,117]. Critically, neither immune activation nor ROS

induction occur in all Wolbachia-infected insects where

virus blocking is observed [121,122].

Wolbachia infection affects the expression of AGO1, a

gene involved in producing micro RNAs (miRNAs) [123],
www.sciencedirect.com 
and affects the expression of miRNAs that regulate the

expression of DNA methyltransferase AaDmnt2, which

appears to regulate both Wolbachia density and DENV

infection [124]. Other Wolbachia-induced changes to miR-

NAs could feasibly influence host–virus interactions, and

these should be investigated further. At the cellular level,

studies have indicated that Wolbachia does not affect viral

entry into mosquito cells, but inhibits viral replication in

the cell, potentially by promoting XRN1 exoribonu-

clease-mediated degradation of viral RNA [125,126].

Blocking may involve Wolbachia-induced changes to mos-

quito metabolism, as both Wolbachia and viruses rely on

mosquito resources. Wolbachia infection alters the expres-

sion of many metabolism genes [61,117], and alters host

lipid profiles [127,128]. Likewise, DENV infection in Ae.
aegypti, alters lipid profiles, increasing levels of fatty acyls,

glycerophospholipids and sphingolipids [129]. There may

also be a role for cholesterol, which is an important factor
Current Opinion in Virology 2019, 37:26–36
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in arboviral infection [130,131]. Wolbachia-infected Ae.
aegypti cells have altered cholesterol transport and accu-

mulation, and blocking efficacy is decreased after treat-

ment with cholesterol-depleting agents [132]. While in

Wolbachia-infected Drosophila, increased dietary choles-

terol intake also produced less effective blocking [133].

These studies suggest that the mechanism underlying

Wolbachia–mosquito–arbovirus interactions is complex,

and potentially involves multiple components, or even

other unidentified factors. Resolving the mechanism may

require a change of experimental approach: utilizing

molecular genetics techniques to assess gene function,

using multiple Wolbachia strain/mosquito/cell line com-

binations to search for commonalities, or experimental

evolution to assess the response of viral genomes to the

selection pressure induced by Wolbachia.

Conclusions
There is a clear need to improve our understanding of

mosquito–microbiota interactions that moderate virus

infection in mosquitoes, as these may have a substantial

impact on disease transmission in the field. Many aspects

of this area of research remain a mystery. We have far

more knowledge about the role of the community as a

whole, than we do about the roles of individual taxa.

Likewise, there is little information on the role of mos-

quito-associated fungi on vector competence, as most

studies have focused on bacteria. Few studies have

looked at mosquito–microbiota–virus interaction in the

field, which is critical as the microbiota of field and

laboratory-reared mosquitoes can differ greatly. One of

the most crucial future research directions will be to

identify the mechanisms underlying these interactions.

Expanding our knowledge of these subjects could lead to

the development of new antiviral drugs, transmission

blocking vaccines, or virus-resistant mosquito strains,

and provide us with new or improved disease control

strategies.
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