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Abstract

Aedes aegyptiis the primary transmitter of the four viruses that have had the greatest impact on
human health, the viruses causing yellow fever, dengue fever, chikungunya, and Zika fever.
Because this mosquito is easy to rear in the laboratory and these viruses grow in laboratory tissue
culture cells, many studies have been performed testing the relative competence of different
populations of the mosquito to transmit many different strains of viruses. We review here this large
literature including studies on the effect of the mosquito microbiota on competence. Because of
the heterogeneity of both mosquito populations and virus strains used, as well as methods
measuring potential to transmit, it is very difficult to perform detailed meta-analysis of the studies.
However, a few conclusions can be drawn: (1) almost no population of Ae. aegyptiis 100%
naturally refractory to virus infection. Complete susceptibility to infection has been observed for
Zika (ZIKV), dengue (DENV) and chikungunya (CHIKYV), but not yellow fever viruses (YFV); (2)
the dose of virus used is directly correlated to the rate of infection; (3) Brazilian populations of
mosquito are particularly susceptible to DENV-2 infections; (4) the Asian lineage of ZIKV is less
infective to Ae. aegypti populations from the American continent than is the African ZIKV
lineage; (5) virus adaptation to different species of mosquitoes has been demonstrated with
CHIKYV,; (6) co-infection with more than one virus sometimes causes displacement while in other
cases has little effect; (7) the microbiota in the mosquito also has important effects on level of
susceptibility to arboviral infection; (8) resistance to virus infection due to the microbiota may be
direct (e.g., bacteria producing antiviral proteins) or indirect in activating the mosquito host innate
immune system; (9) non-pathogenic insect specific viruses (ISVs) are also common in mosquitoes
including genome insertions. These too have been shown to have an impact on the susceptibility of
mosquitoes to pathogenic viruses.

One clear conclusion is that it would be a great advance in this type of research to implement
standardized procedures in order to obtain comparable and reproducible results.
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1. Background

There are hundreds of known arthropod-borne-viruses (arboviruses) of which about 30 are
known to cause disease in humans (Cleton et al., 2012). Despite this diversity, only four
arboviruses have caused by far the most human suffering, the viruses causing yellow fever,
dengue, chikungunya and Zika. Not coincidently, one mosquito, Aedes aegypti, has
historically been the primary vector in almost all major human epidemics of these four
viruses. “Not coincidently” because these viruses are native to Africa, humans are a native
African primate, and Ae. aegyptiis a native African mosquito. It has been suggested that this
long history together has allowed the viruses, mosquito, and primate host to coevolve in their
native Africa before spreading around the world (Powell, 2018).

These four viruses are all single-stranded RNA viruses, known to have high mutation rates,
which has likely aided their rapid evolution and adaptation to replicate in different hosts
(Weaver, 2006; Riickert and Ebel, 2018). Three are flaviviruses, yellow fever virus (YFV),
dengue viruses (DENVSs), and Zika virus (ZIKV) and one an alphavirus, chikungunya virus
(CHIKV). All cause similar symptoms in humans, high fever lasting 4-14 days and joint
pain. Yet each has its unique pathology with high rates of mortality for YFV and sometimes
DENVs, but rarely for CHIKV or ZIKV.

Fortuitously, Ae. aegyptiis the easiest mosquito to rear and manipulate in the laboratory.
The viruses can be grown in mosquito cell tissue cultures and either injected or added to
blood used to feed females. This has led to a large number of laboratory studies of the
relative competence (see definition below for vector competence) of mosquitoes from
diverse geographic populations to transmit these viruses. The prevalence of diseases caused
by these viruses is geographically heterogeneous likely, at least partly, due to variation in
competence among local populations of Ae. aegypti.

Here we review studies of the ability of these four viruses to be transmitted by
geographically diverse populations of Ae. aegypti \We struggle with the issue of
heterogeneity in laboratory procedures and virus strains used in an attempt to detect
underlying patterns. How genetic diversity that affects phenotypes, such as vector
competence, varies among populations remains an open question. However, the fact that
populations of Ae. aegypti are genetically distinct (e.g., Gloria-Soria et al., 2016) makes it
more likely that they vary in vector competence compared to genetically uniform species.
We also consider the contribution of microbiota in vector competence. Microbiota is a
normal part of the physiology of vectors and it is clear that these microbes can affect how
mosquitoes react to infection with viruses. However, details of the interactions and how
these interactions vary among genetically heterogeneous mosquito populations remain to be
elucidated

1.1. Quantifying the epidemiological impact of Ae. aegypti

Aedes aegyptiwas first identified as vector for arbovirus in 1900 in Cuba by Walter Reed,
Carlos Finlay and James Carroll (Reed and Carroll, 1901). A few years later (1906), Thomas
Bancroft demonstrated that Ae. aegyptiis able to also transmit DENVs and linked frequency
of transmission to the diurnal biting habits of Ae. aegypti (Bancroft, 1906). The
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identification of the role of mosquitoes in the transmission cycle of human pathogens led
scientists to the concept of vector control, that is, the control of pathogen transmission
through the control of vectors. To formulate epidemiological predictions and assess the
impact of vector control strategies, objective parameters have been proposed since the early
1900s that would mathematically link mosquito behaviors and their biological properties to
pathogen transmission (Smith et al., 2012). The basic elements of the mathematical model of
mosquito-borne disease were first conceptualized in the Ross-Mac-Donald “vectorial
capacity” equation (Smith et al., 2012). Vectorial capacity defines the transmission potentials
of a mosquito population and equals to VC = [ma2bp"]/~In(p) where “m” is the density of
vectors in relation to the host; “a” is the daily probability that the vector feeds on a host, this
variable is raised to the second power because a mosquito needs to bite twice to perpetuate
pathogen transmission; “b” is the intensity of transmission in relation to the initial infection
rate, also called vector competence; “p” is the daily survival rate of a vector; “n” is the days
it takes for a pathogen to move from the point of entry in the mosquito body (i.e. the
mosquito midgut) to the point of exit (i.e. saliva), a parameter called “extrinsic incubation
period” (EIP); and “1/In(p)” is the probability of vector's surviving the EIP (Kauffman and
Kramer, 2017; Riickert and Ebel, 2018).

Environmental and genetic factors of both the vector and the pathogen interact to influence
the parameters of the VC equation. For instance, temperature influences EIP, the probability
of mosquito survival, and may also indirectly affect adult density by impacting larval
developmental time as amply discussed and reviewed elsewhere (Le Flohic et al., 2013;
Gould and Higgs, 2009; Fish, 2008; Tabachnick, 2016; Kauffman and Kramer, 2017).
Temperature also influences Ae. aegyptivector competence to DENVs (Carrington et al.,
2013; Chepkaorir et al., 2014; Gloria-Soria et al., 2017). Vector competence is defined as the
capacity of a mosquito to acquire the pathogen and support its transmission; it is one of the
most difficult parameters to compare among studies because no standardized procedures
have been proposed and agreed upon by workers in the field to define viral transmission. An
attempt to reduce the variability in vector competence estimates based on the genetic
variability of the mosquito populations under test is to measure the heritability of viral titers
in half-sibling experiments (i.e. Garcia-Luna et al., 2018; \ezzeille et al., 2016).

It has been challenging to identify a proxy for transmission given the difficulties in
developing animal models for arboviral diseases that mimic pathogenesis and immunity in
humans (Zompi and Harris, 2012). For instance, for DENVSs, ZIKV and CHIKV various
mouse models have been developed by genetically suppressing the mouse immune systems
to allow viral replication and manifestation of disease symptoms (Na et al., 2017; Morrison
and Diamond, 2017). However, these models are not applicable to all DENV serotypes (Na
etal., 2017). YFV infects Indian crown and rhesus macaques that were used to develop early
YFV vaccines (Beck and Barrett, 2015). In older literature, vector competence is often
expressed in terms of infection and/or dissemination rate, that is the percentage of engorged
females with virus detected in the head (as a proxy for the salivary glands, which are located
at the base of the mosquito head) and/or in the whole body or legs. In more recent literature,
the percentage of engorged females with viral particles in the saliva following the EIP (i.e.
transmission rate) is often reported (Table 1). Viruses can be detected with various methods,
primarily with RT-PCR using virus-specific primers and indirect immunofluorescent assays
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on head squashes. A few studies have tested transmission by inoculating tissue cultures
(Aedes albopictus C6/36 and Ae. aegypti Aeg2 are the most used) with mosquito body
extracts or saliva and doing plaque assays or testing for viral particles after an incubation
period (Calvez et al., 2017; Agha et al., 2017); this confirms /ive virus particles are present
in saliva, rather than simply viral RNA as detected by RT-PCR. Viral detection to test for
transmission is mostly pursued between 7 and 14 days after viral infection (Table 1). Shorter
incubation periods are used for CHIKYV as this virus has a faster dissemination rate than
DENVs (Dubrulle et al., 2009; Riickert and Ebel, 2018).

competence of Ae. aegypti populations for arboviruses

Despite the lack of uniformity in the procedures to test for vector competence and a focus on
sampling mosquitoes in geographic areas with endemic arboviral infections or with
significant epidemics (i.e. Thailand, Vietnam, New Caledonia, Mexico, Brazil, Florida, La
Reunion island and Senegal), review of literature on infection, dissemination and
transmission rates of arboviruses by Ae. aegypti mosquitoes support some general
conclusions, data in Table 1. (1) Cases of complete refractoriness to arboviral infection are
rare (Kay et al., 1979; Rosen et al., 1985; Diallo et al., 2008; Dickson et al., 2014; Agha et
al., 2017). (2) Complete susceptibility to infection has been detected for Ae. aegypti
populations from New Caledonia, Thailand, Australia, South Africa for DENVS; for Ae.
aegypti populations from Dominican Republic, Brazil, China and Singapore for ZIKV; for
populations from Mexico and Guadaloupe for CHIKV (Girod et al., 2011; Vega-Ruiz et al.,
2014), but complete susceptibility was not observed for any population tested for YFV
(Table 1); (3) Initial infection dose of virus positively correlates with infection rate. (4)
Brazilian populations of Ae. aegyptiare particularly susceptible to DENV-2 (Goncalves et
al., 2014; Carvalho-Leandro et al., 2012; Lourenco-De-Oliveira et al., 2004). (5) The
African lineage of ZIKV was shown to be more infective to Ae. aegyipi mosquitoes from the
American continent than the ZIKV Asian lineage (Weger-Lucarelli et al., 2016; Roundy et
al., 2017). (5) Virus adaptation to different mosquito species appears an important
evolutionary force for CHIKV evolution, but its role in DENVs evolution is still
controversial (Lambrechts et al., 2009; Tsetsarkin et al., 2011; Fansiri et al., 2016). The best-
known example of vector-driven adaptation in an arbovirus is the emergence on La Reunion
in 2005 of the A226V amino acid substitution in the E1 envelope glycoprotein of CHIKV
that favors its replication in Aedes albopictus mosquitoes (Tsetsarkin et al., 2011). (6)
Limited data are available on co-infections with different viruses or serotypes/genotypes of
one viral species. Some co-infection experiments suggest competitive displacement of
DENV-4 over DENV-1 (Vazeille et al., 2016) or superinfection interference (Muturi et al.,
2017). Other studies indicate that Ae. aegypti infection with one arbovirus (i.e. CHIKYV,
DENV?2 or ZIKV) only mildly affects infection with a subsequent infection with another
(Rickert et al., 2017).

The most obvious and well accepted observation from reviewing literature on vector
competence in Ae. aegyptiis that there is great variability in susceptibility to arboviral
infections across geographic populations and even for the same population with different
viral species and strains; this variability includes comparisons between the domestic Ae.
aeqypti aeqypti and the sylvatic Ae. aegypti formosus with respect to DENVSs infections
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(Bosio et al., 1998; Gaye et al., 2014; Dickson et al., 2014). The great variation among
geographic populations of mosquito is likely due to the fact that vector competence is a
complex and evolving phenotype dependent on the tri-partite interaction among the host (i.e.
mosquito), the pathogen, and host symbionts (Vasilakis and Tesh, 2015; Hedge et al., 2015).
The high genetic structure among Ae. aegypti populations is also a likely contributing factor.
This variation across populations suggests that the co-evolution between Ae. aegypti and
arboviruses did not favor a single pathway/factor in the mosquito, likely because exposure to
arboviral infection is the accidental consequence of hematophagy the primary purpose of
which is to support egg development. Furthermore, it is unclear how great, or even if there
is, any fitness cost to mosquitoes to transmit these viruses (see e.g., Padilha et al., 2018).
Selection-driven variation is more likely to be on the virus.

Specific physiological and genetic factors in mosquitoes contributing to vector competence
have been thoroughly reviewed elsewhere (Franz et al., 2015; Pando-Robles and Batista,
2017; Wang et al., 2017; Palmer et al., 2018).

1.3. Microbiota and vector competence

The gut of mosquitoes is colonized by a resident microbiota which influences key
physiological processes related to pathogen transmission (Guégan et al., 2018; Pike et al.,
2017). In Ae. aegypti, DENVs replication is significantly affected by gut bacterial flora (Xi
et al., 2008; Ramirez et al., 2014), the depletion of which by antibiotics renders mosquitoes
more susceptible (Xi et al., 2008). Oral reintroduction of specific bacterial species into the
adult mosquito midgut results in decreased viral load in the vector (Ramirez et al., 2012,
2014). Mosquito gut bacteria are presumed to exert antiviral activity through either direct or
indirect mechanisms (Dennison et al., 2014; Saraiva et al., 2016; Guégan et al., 2018). While
these mechanisms are not completely understood, recent studies have demonstrated that
indirect mechanisms rely mainly on the basal level activation of innate antiviral responses
and antimicrobial peptides (AMPSs) by the gut microbiota (Xi et al., 2008; Ramirez et al.,
2012). On the other hand, antiviral activity may be directly mediated by bacterial antiviral
compounds (Ramirez et al., 2014). Indeed, a Chromobacterium sp. isolated from the Ae.
aegypti midgut in Panama (Csp_P) produces an aminopeptidase that can bind to envelope
protein of DENVSs and prevent viral attachment and further invasion/replication within the
host cell (Saraiva et al., 2018). Interestingly, the same bacterium has been shown to be
pathogenic to both Ae. aegyptiand An. gambiae (Ramirez et al., 2014) via the production of
hydrogen cyanide (Short et al., 2018). Besides, it is important to consider the massive
increase of bacteria in the midgut of mosquito vectors after a blood meal, and the
interference with physiological processes related to the control of midgut homeostasis, such
as the production of Reactive Oxygen Species (ROS) and the peritrophic matrix (Kumar et
al., 2010; Oliveira et al., 2011; Rodgers et al., 2017). These processes may potentially affect
mosquito vector competence and should be further investigated.

The environment, especially the larval breeding water, is pivotal in determining the mosquito
gut microbiota composition (Coon et al., 2014; Duguma et al., 2015; Gimonneau et al.,
2014), which varies considerably among local habitats of geographically distinct populations
(Coon et al., 2016). Most of the diversity found in the Ae. aegyptilarvae gut is also present
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in the water where mosquitoes developed, with about half of it being transtadially
transferred from larvae to adults (Coon et al., 2014). In addition to the environment, the
mosquito genetic background also likely influences gut microbial diversity. While the
mechanisms surrounding this interplay are largely unknown, concomitant decreases in both
mosquito and bacterial genetic diversity have been observed in Ae. albopictus populations
recently introduced in France (Minard et al., 2015).

It remains an open question of whether (and how) the gut microbial diversity influences
mosquito competence to transmit human pathogenic arboviruses. Is the difference in vector
competence among distinct mosquito populations due to their intrinsic microbiomes or
genetic differences in the mosquitoes or, most likely, a combination/interaction of both
factors? In this context, assessment of the gut bacteria repertoire of the genetically-selected
DENV-resistant (MOYO-R) and -susceptible (MOYO-R) Ae. aegypti strains, identified
some bacterial genera exclusively in either the resistant or in the susceptible strain (Charan
et al., 2013). More recently, bacteria from the families Rhodobacteriaceae and
Desulfuromonadaceae have been described as potential biomarkers of ZIKV infection in Ae.
aegypti (Villegas et al., 2018). Exposure of germ-free Ae. aegyptilarvae to different
microbiota-derived bacterial species has been shown to result in variation in several
mosquito life-history traits, including the load of DENVSs disseminated to the insect head
(Dickson et al., 2017). While these studies provide important insights on the interplay
between mosquito microbiomes and vector competence, the relative contribution of
mosquito genetics and its microbiome in the control of vector competence remains to be
elucidated. This will almost certainly be key for understanding fundamental aspects of the
variation in arbovirus transmission by different populations of Ae. aegypti.

1.4. Viriome and vector competence

The recent explosion of metagenomics studies led to the discovery of novel viral species,
which are insect-specific and not able to replicate in vertebrate cells despite being
phylogenetically-related to arboviruses (Vasilakis and Tesh, 2015; Bolling et al., 2015;
Roundy et al., 2017). Insect-Specific Viruses (ISVs) identified so far in Ae. aegypti
mosquitoes belong primarily to the Flaviviriadae family, followed by the Negoviridae and
Bunyaviridae families (Vasilakis and Tesh, 2015; Bolling et al., 2015; Hall et al., 2017).
While the landscape of ISVs and their prevalence in natural mosquito populations vary
greatly, the cell fusing agent virus (CFAV) appears to be the most common ISV in field-
collected Ae. aegypti (Cook et al., 2006; Hall et al., 2017). Interestingly, CFAV transmits
vertically and is absent in saliva and salivary glands of Ae. aegypti (Guegan et al., 2018).
The impact of CFAV on Ae. aegyptivector competence has not been investigated yet, but
heterologous interference was seen between Eilat virus and CHIKV in Ae. aegypti (Nasar et
al., 2015). Eilat virus is an ISV of the Alphavirus genus, which was first isolated in
Anaopheles constani mosquitoes from Israel (Nasar et al., 2014). It readily infects Ae. aeqypti
(Nasar et al., 2014) and when used to infect mosquitoes prior to CHIKV infection, it delays
CHIKYV dissemination by 3 days (Nasar et al., 2015). Furthermore, it is possible that ISVs
influence, to some extent, the mosquito's innate immune response, which could directly
impact viral replication and the gut microbial diversity. These studies underscore the
importance of expanding our knowledge of the viriome (the set of viruses in an organism)
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and highlight its possible application for the control of arboviral infections within
mosquitoes (Hall et al., 2017).

Interaction between viruses and mosquitoes may include horizontal transfer of genetic
material. The genome of Ae. aegyptiis rich in sequences with similarities to ISVs of the
Flavivirus and Rhabdovirus genera and Chuviruses (Chen et al., 2015; Palatini et al., 2017;
Whitfiled et al., 2017). Sequences of viral origin are statistically enriched in piRNA clusters
and encode for piRNAs, suggesting that they may function analogously to transposable
element fragments within the piRNA pathway (Palatini et al., 2017, Whitefiled et al., 2017).
In light of this, it has been proposed that viral integrations constitute a heritable immune
signal and thus could be an additional factor shaping mosquito vector competence (Olson
and Bonizzoni, 2017; Palatini et al., 2017; Whitfield et al., 2017).

2. Conclusions and perspective

The recent emergence and spread of Zika, the current re-emergence of yellow fever in Brazil
and Africa, the emergence of dengue in Europe, and the expansion of chikungunya to the
New World brought vector-borne diseases to public attentions and fostered research. Despite
great progress in the understanding of the interplay between arboviruses and vectors, the
genetic and environmental elements that control vector competence in Ae. aegypti
populations have yet to be fully elucidated. Here we reviewed historical and modern data on
factors influencing vector competence in Ae. aegypti populations to four of the most
prevalent arboviruses (i.e. DENVS, YFV, ZIKV and CHIKV). We identified no clear-cut
distinctive natural factors associated with variation in vector competence among mosquito
populations and/or viral species due primarily to the heterogeneity of materials (strains of
mosquito and virus) and methods used in different studies. This highlights the need to
standardize surveillance and laboratory procedures for assessing vector competence and to
expand the range of mosquito populations and viral strains (and serotypes) tested (Fig. 1).
While workers target populations and virus strains of interest to them, at the very least
procedures to determine what are reported as infection rate, dissemination rate, and
transmission rate should be standardized.

While there is a clear influence of the microbiota on arboviral infection, the relative
importance of mosquito genetics and microbial diversity, including the interplay between
these factors, on vector competence remains largely unknown and deserves attention from
the scientific community.

Acquisition of arboviruses by mosquitoes is a by-product of blood-feeding, which is a
necessary physiological process for egg production. Even during active arboviral epidemics,
the frequency of mosquitoes infected with the pathogenic virus is usually around 1%, but
can vary from 0.05% to > 10% (Chow et al., 1998; Pham Thi et al., 2017; Perez-Castro et
al., 2016; Medeiros et al., 2018). In addition to these human pathogenic viruses, blood-
feeding exposes mosquitoes to a broad range of entities, including bacteria, fungi and other
symbionts and parasites. Considering the essential role of blood-feeding, mosquitoes must
be able to withstand these microbial challenges to survive. In this context, co-evolution
between mosquitoes and viruses should be viewed as a by-product of diverse and possibly
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broad-range physiological processes. Some of these interactions may be deterministic and
selection-driven while others may be stochastic (e.g., genetic drift) or indirect. In any case, it
is clear that the genetic heterogeneity both within and among mosquito populations need to
be considered in any attempts to identify genetic elements contributing to vector competence
for arboviruses.

These studies have both basic science and applied importance. Unravelling the genetic
components of vector competence means investigating the co-evolutionary processes
between arboviruses and vectors, with the potential to identify factors that may be co-opted
for genetic-based vector control strategies or identify steps in the transition from ISVs to
arbovirus capable of infecting vertebraes. This should be possible in light of the fact that
some ISVs are phylogeneticly ancestral to arboviruses in the same virus family (Marklewitz
et al., 2015). Additionally, a better knowledge of the variability and interaction between
mosquitoes and their microbiota could lead to novel vector control methods based on native
and introduced mosquito symbionts (i.e. Asaiaand Wolbachia spp.) (Ritchie et al., 2018).
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Fig. 1.
Natural and technical confounding factors related to arbovirus vector competence studies in

Aedes aegypti. Despite progress in the understanding of the interplay between arboviruses
and vectors, the genetic and environmental elements that control vector competence in Ae.
aeqgypti populations have yet to be fully understood. Further elucidation is needed especially
of co-evolutionary processes between arboviruses and vectors, as well as their symbionts.
On the other hand, procedures used in vector competence studies should be standardized in
order to improve reproducibility and comparability of scientific outputs. Together these will
result in better understanding of genetic and microbial factors influencing arboviral
transmission, which can lead to the development of new public health interventions.
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