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ABSTRACT 

 

Arthropod borne viral (Arboviral) disease accounts for 17% of the total infectious disease 

burden, afflicting over 100 million people annually. Global expansion of mosquito-borne 

arboviruses demands integrated approaches to vector control and public health surveillance. 

However, disparate outcomes in laboratory vector competence studies complicates risk 

assessment of mosquito species as vectors. While the contribution of mosquito and viral 

genetics has enjoyed much attention, the effects of mosquito microbiota on arboviral 

transmission potential are poorly understood. For Aedes aegypti, which is an effective vector for 

many arboviruses including Zika virus (ZIKV), the microbiota is primarily environmentally 

derived and dominantly resides in the gut. Chapter 1 reviews the current knowledge of Ae. 

aegypti vector competence for Zika virus as well as known effects that mosquito microbiota 

have on vector competence. Chapter 2 assesses the impact of microbes acquired from the 

larval habitat on Ae. aegypti development and ZIKV transmission. Adult female mosquitoes that 

emerged from microbially rich larval water derived from cemetery headstones were found to 

harbor more diverse microbiota and consistently lower ZIKV infection and transmission rates 

than their laboratory counterparts reared in laboratory tap water. However, microbial community 

compositions varied between experiments despite a consistent phenotype. Together, the results 

suggest that wild Ae. aegypti are likely less competent vectors than conventionally determined 

in the lab where larvae are typically reared in tap water, and that this effect is mediated by 

mosquito interactions with their microbiota. Chapter 3 investigates the reversibility of larval 

microbe-mediated refraction of ZIKV after developmental maturity. A higher dissemination rate 

was observed in Ae. aegypti depleted of gut microbes during pupation, and this was linked to 

reduced blood digestion efficiency. Results of this work suggest an immuno-metabolomic 

mechanism by which gut microbes confer resistance to ZIKV dissemination, by way of 

nonstructural midgut modifications. Overall, work presented in this dissertation emphasizes the 



 x 

importance of environmental microbes as a source of variation in infection susceptibility that 

demands consideration when conducting vector competence studies. It also highlights the 

complex interactions between mosquito, virus, and all the symbionts in between that play shape 

transmission out in nature.
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CHAPTER 1 

 

INTRODUCTION AND BACKGROUND 

Aedes aegypti vector competence for Zika virus and determinants of vector competence 
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1 Zika virus biology and transmission 

 

1.1 Arbovirus overview 

 

The term arbovirus (arthropod-borne virus) is an ecological classification of viruses 

characterized by their requirement for cycling between an arthropod vector and a vertebrate 

host. Arboviruses span many phylogenetically distinct viral families (Examples: Flaviviridae, 

Togaviridae, Bunyaviridae) and can use numerous different vectors, such as mosquitoes and 

ticks, as well as vertebrate hosts such as primates, rodents, and birds (1). Almost all known 

arboviruses are RNA viruses (the only known DNA arbovirus being African swine fever virus 

(2)), which means they lack the ability to error-correct during genome replication. The absence 

of an error repair mechanism results in high mutation rates (~1 mutation per genomic replication 

cycle) and rapid evolution (3). Consequently, arboviruses can quickly gain new phenotypes that 

increase their transmission ability and facilitate outbreaks, thus warranting their study to curb 

the next global pandemic. 

 

Rapid global expansion of mosquito-transmitted arboviruses poses a massive threat to human 

public health. The World Health Organization estimates 100 million arbovirus infections 

annually, most coming from mosquito-borne pathogens, accounting for roughly 17% of all 

infectious disease burden worldwide (4, 5). It is also estimated that 3.9 billion people living in 

tropical and subtropical areas worldwide are at risk, with that number expected to escalate with 

continued urbanization, global travel, climate change, deforestation, and a myriad of other 

sociopolitical environmental issues (6–9). These primarily anthropogenic problems have 

expanded the frequency, duration, and intimacy of direct interactions between humans and 

wildlife; this facilitates ideal conditions for zoonotic spillover, which can lead to the emergence 

and reemergence of arboviruses in urban populations (10). These issues also feed into an 
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expanding habitat of vector mosquitoes that are necessary to sustain the transmission cycles of 

many arboviruses (8). Arboviruses of concern include, but are not limited to, flaviviruses 

(Flaviviridae, Flavivirus) such as yellow fever virus (YFV), Japanese encephalitis virus (JEV), 

West Nile virus (WNV), dengue virus (DENV) and Zika virus (ZIKV), alphaviruses (Togaviridae, 

Alphavirus) like chikungunya virus (CHIKV) and Venezuelan equine encephalitis virus (VEEV), 

and bunyaviruses (Bunyavirales) like Rift Valley Fever Virus (RVFV) which have already caused 

outbreaks in the recent past (11). Only YFV has an approved vaccine, so vector control and 

surveillance remain the primary methods of disease mitigation. 

 

1.2 Arbovirus transmission 

 

Complex transmission dynamics are arguably the most fascinating part of arbovirus biology. 

They typically exist in three flavors: an enzootic cycle, a rural epizootic cycle, and an urban 

epidemic cycle (10). Arboviruses originated in sylvatic enzootic cycles, which were and still are 

transmitted between forest-dwelling vectors and nonhuman reservoir hosts (Figure 1). The full 

host range of any single arboviral species is unknown and impossible to determine in practice, 

complicating efforts to mitigate arboviral outbreaks as the pool of reservoir hosts and potential 

vectors is so immense and often inaccessible. Human activity that disrupts, displaces, or 

removes sylvatic hosts and their habitats or that increases interaction with sylvatic vectors, at an 

interface sometimes called the zone of emergence, pose serious risks of zoonotic spillover that 

can seed rural epizootic or urban epidemic cycles of transmission. 

 

Enzootic cycles can spill into a rural setting where vectors feed on domesticated animals or 

migratory birds which then become the primary amplifying hosts. In these scenarios, humans 

can become infected when fed on by mosquitoes or ticks that acquired a virus from an infected 

viremic animal, though the transmission cycle usually ends at this step as humans often do not 
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sustain high enough viremias to propagate back to the vector, making humans dead-end hosts 

(Figure 1). For example, though WNV typically cycles between Culex spp. mosquitoes and birds 

like crows and house sparrows, humans can also become infected if bitten by a transmitting 

Culex spp. mosquito that previously fed on a viremic bird. An infected human, however, will not 

develop an adequate viremia to infect another mosquito that feeds on them afterwards. 

 

Urban epidemic cycles are events where a virus circulates between mosquito populations and 

humans living in urban centers (Figure 1). This results in an epidemic, which is defined as 

elevated prevalence of a pathogen in a region where the pathogen is not normally present. 

Epidemic cycles are accompanied by a spike in clinical cases of disease that places enormous 

strain on medical and overall societal infrastructure until the cycle ends or the virus establishes 

endemicity in the region. Epidemic cycles typically resolve after public health control measures 

successfully mitigate transmission from vector mosquitoes or sufficient herd immunity in 

humans is achieved through vaccination or enough people attaining infection-mediated 

immunity. Of particular interest is the flavivirus ZIKV which has garnered worldwide attention in 

2015-2016 when it found itself in urban epidemic cycles across the globe. 
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Figure 1. Arbovirus transmission cycles. Information adapted from Weaver et al. 2004, Weaver 

et al. 2016, and Anez et al. 2019 (1, 10, 12). Straight Red arrows indicate spillover into humans 

outside the normal transmission cycle. Created with BioRender.com 

 

1.3 Flavivirus biology 

 

Viruses belonging to the genus Flavivirus share genome structures and replication strategies. 

Flaviviruses are small (~50 nm), round, and enveloped positive-sense (+) single-stranded RNA 

viruses (13). Their genomes are ~10-11 kilobases (kb) and encode 10 total genes from a single 

open reading frame (ORF) flanked by 5’ and 3’ untranslated regions (UTRs). The 10 genes 

include 3 structural (capsid [C], precursor membrane [prM], and envelope [E]) and 7 

nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) proteins (14). Direct translation 

of the ORF yields a single polyprotein that is cleaved by viral and host proteases into the distinct 

proteins, though only the structural proteins are present in the final infectious virion product 

while the remaining nonstructural proteins are involved in replication and immune evasion (15). 

 

Flaviviruses infiltrate target host cells by receptor-mediated endocytosis. The wide host range 

and numerous tissue types these viruses must traverse to complete their life cycle means there 

are many host receptors required for flaviviral entry, and the full range is not completely 

understood. While the exact receptors vary by viral species and between arthropod and 

mammalian cells, common ligands found to bind flaviviral E proteins include C-type lectins, αvβ3 

integrins, and phosphatidylserine receptors such as TIM, TYRO3, AXL and MER (16). Upon 

internalization, endosomal acidification facilitates viral fusion with the host membrane that 

releases the nucleocapsid protein and RNA genome into the cytoplasm. This is followed by 

translation of viral RNA into the viral polyprotein, cleavage of the polyprotein into its constituent 

structural and non-structural proteins, and RNA replication in virus-induced replication 
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organelles, also called vesicle packets, derived from the host rough endoplasmic reticulum 

(rER) (13, 15). Next, RNA and nucleocapsid components are assembled into immature virions 

that then enter the Golgi apparatus for packaging. Stepwise acidification of the Golgi stimulates 

both E protein reorganization and furin-induced cleavage of prM, forming mature infectious 

virions which are then exocytosed from the cell (15). Furin cleavage is inefficient for many 

flaviviruses, however, and this results in heterogeneous mixtures where only a small fraction of 

released viral particles are infectious (17).  

 

 

Figure 2. Flavivirus replication cycle. Attachment of an infectious virion to replication, 

packaging, and export of mature infectious progeny are shown. Adapted from van den Elsen et 

al. 2021 (15) via Biorender.com. ER = endoplasmic reticulum 
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1.4 Zika virus – A re-emerging threat 

 

Zika virus (ZIKV) was hardly a pathogen of notoriety for over 60 years since its isolation from 

sentinel rhesus macaques in the Ziika Forest of Uganda (18). This was in 1947, and its 

discovery was a mere by-product of the yellow fever surveillance program led by the Rockefeller 

Foundation Program (19). The ancestral African strain was designated ZIKV MR-766 (20). 

Unsurprisingly, YFV dominated the spotlight for Western researchers, as this disease posed a 

tremendous burden for imperialist expansion and, more importantly, for the native and displaced 

peoples exploited by these enterprises (21). While there were fewer than 20 reported human 

cases of ZIKV for many decades, an explosive epidemic from 2015 to 2016 brought worldwide 

attention to this emergent virus (22). In the Americas, this epidemic ZIKV was primarily spread 

to humans by Aedes aegypti and Aedes albopictus mosquitoes (23). While cases of sexual 

transmission and blood transfusion-derived transmission were also reported, diagnostic tests 

that distinguish these cases from vector-borne infection are lacking (24). As of 2017, the 

cumulative confirmed cases of ZIKV passed 220,000 across 52 American countries and 

territories (PAHO Zika Cumulative Cases; 4 January 2018). Like other flaviviruses, most clinical 

cases of ZIKV are met with mild, nonspecific symptoms that include fever, headache, rash, and 

general lethargy that is usually self-limiting (18). Unlike other flaviviruses, however, ZIKV 

infection is also accompanied by unusual teratogenic and neurotrophic outcomes. Women 

infected with ZIKV during pregnancy exhibit prolonged viremias and a risk of transmitting ZIKV 

to their fetus, which sometimes causes spontaneous abortion and stillbirth (25). Vertical 

transmission from mother to child can also result in congenital birth defects, now termed 

Congenital Zika Syndrome (CZS) (26). Brazil was especially impacted in 2015 when the 

prevalence of microcephaly skyrocketed to 54.6 per 100,000 live births, almost ten times the 

normal occurrence in a given year (26). These cases have long-lasting effects, with hearing and 

vision loss, limb weakness, and delayed neurodevelopment observed in children born with CZS 
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(27, 28). With these clinical manifestations came worldwide news coverage and a terrified 

populace that bolstered government initiatives to support ZIKV research. 

 

Although the ZIKV pandemic of 2015-2016 has ended, the World Health Organization now 

classifies 84 countries as ZIKV endemic (WHO Newsroom, 20 July 2018), with potential for 

renewed epidemic activity given the periodic nature of flavivirus emergence, where new 

outbreaks may be facilitated by increased numbers of immunologically naïve human populations 

and geographic expansion of invasive vector Aedes spp. mosquitoes (29, 30). It is likely that 

ZIKV was silently circulating across the globe for decades, avoiding detection in areas where 

nonspecific symptoms were misdiagnosed as cases of endemic arboviruses like DENV (18). 

Several outbreaks prior to 2015 were also reported in Yap, Federated States of Micronesia in 

2007 and French Polynesia in 2014. The outbreak in Yap was traced to the most abundant 

Aedes mosquitoes on the island, Aedes hensilli, and the outbreak in French Polynesia was most 

likely facilitated by both the recently invaded Aedes aegypti and the endemic Aedes 

polynesiensis mosquitoes (31, 32). As for Brazil and other large countries, ZIKV outbreaks were 

preceded by the invasion of Aedes aegypti and Aedes albopictus, both of which are efficient 

ZIKV vectors (23). Thus, the pattern will probably hold that emergence and expansion of 

competent mosquito vectors will facilitate the next arboviral pandemic. Although local ZIKV 

transmission has not been reported in the continental United States (US) except for Miami, FL 

and environs in 2016 (33), rapid spread and proliferation of Ae. aegypti and Ae. albopictus 

mosquitoes poses a heightened risk of ZIKV pandemics in the future. Invasion of California by 

Ae. albopictus in 2011 and Ae. aegypti in 2013 (34, 35) as well as in other areas of the US, has 

led to increased state surveillance efforts for early detection and response to future ZIKV 

epidemics. 
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2 Arboviral vectors 

 

At a general level, the most significant determinant of ZIKV infection risk in any given region is 

the abundance of Ae. aegypti (Figure 3). In most countries with a 2015-2016 ZIKV, Ae. aegypti 

was identified as the main vector culprit. But how was this determined? Assessing which vector 

population is likely behind an outbreak requires fulfillment of several import ecological and 

biological criteria that are described below. 

 

 

Figure 3. U.S. map of estimated ZIKV cases with Ae. aegypti distribution in 2016. Entire figure 

is taken from Monaghan et al. 2016 (36). Since 2016, Ae. aegypti has expanded beyond the 

listed cities and at higher abundance. 
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2.1 Incriminating a vector 

 

Elucidating the emergence or re-emergence of an arbovirus entails finding the vector culprit(s). 

For a mosquito species to become a successful vector, several criteria need to be met. First, the 

mosquito needs to exist at a high enough abundance to maintain transmission at a population 

level. No matter the transmissibility of a virus by a single mosquito, transmission will not be 

maintained if the vectors are too rare. Second, the mosquito must be able to become infected 

by and transmit virus, also referred to as vector competence. This includes not only infection 

susceptibility but also expectorating infectious virus in saliva during blood feeding, and this will 

be discussed in further detail. Third, the mosquito population must exhibit a high enough 

vectorial capacity for arboviral transmission. Statistical modelling of vectorial capacity utilizes 

laboratory vector competence and accounts for the extrinsic incubation period (EIP) of the virus 

within mosquito tissues, the biting rate, and the probability that an infected mosquito will survive 

long enough to transmit virus in a subsequent feed. Calculation of vectorial capacity can be 

conducted with the formula below (Equation 1) (37, 38). Lastly, the vector must spatially and 

temporally coexist with the vertebrate host in a permissive environment. Fulfillment of all four 

criteria is necessary for a vector species to facilitate a local transmission cycle. 

 

�� =  
����	


−�
��	
 

Equation 1. Vectorial capacity formula. m = number of female mosquitoes per host, a = daily 

blood feeding rate, b = transmission rate among exposed mosquitoes, p = probability of daily 

survival, and n = extrinsic incubation period (EIP) 

 

2.2 Assessing vector competence 
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Laboratory determination of vector competence for arboviruses is no simple endeavor. This first 

requires the capture and propagation of wild mosquitoes in a laboratory or insectary, and in 

many cases, experiments are deemed infeasible due to failure to establish healthy mosquito 

colonies. Additionally, there is always a worry that genetic inbreeding during the colonization 

process could reduce mosquito fitness and thus stray resulting studies from applicability. In the 

fields of genetic modification and paratransgenesis of mosquitoes for the purposes of population 

replacement or suppression, this caution is especially apparent (39). Given that 

acknowledgement, much of these cautions are speculative, and empirical evidence suggesting 

that genetic inbreeding alone will reduce fitness and impose detrimental phenotypes is dubious 

at best (40–43). Upon attaining sufficient adult female mosquitoes of choice, vector competence 

experiments can commence. 

 

Experimental oral exposure of a mosquito can be done in two ways. The first, and more 

cumbersome, method is feeding mosquitoes on an anesthetized viremic animal. Aside from the 

obvious practical challenges with rearing and maintaining another animal, this requires timing 

the feed where the animal is at peak viremia to maximize infection success. This imposes 

another challenge of choosing an appropriate animal model for feeding. In the case of ZIKV, for 

example, Ifnar-/- knock-out mice are commonly used because immunocompetent mice do not 

generate viremias for wild-type ZIKV (44). The second feeding method is by presentation of 

virus-spiked blood via an artificial membrane feeder. While logistically much easier than the 

viremic animal approach, membrane feeding often has reduced feeding success and introduces 

another degree of separation to biological reality. Membrane feeding bypasses all tissues by 

which a mosquito’s mouthparts interact, though the consequences of using artificial feeders as 

opposed to organisms on infection outcomes are not entirely clear. Regardless of approach, 

titration of the blood is essential to confirming the ingested viral dose by blood-engorged female 

mosquitoes. 
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Infection of mosquitoes is typically assessed 3-14 days post-blood feed. Detection of virus in the 

body or dissected midgut is confirmatory of an infected mosquito. However, an infected 

mosquito is not necessarily transmitting virus to its host. Viral presence in the hemolymph, the 

arthropod equivalent of blood, is indicative of a disseminated infection, and this can be 

determined by detecting virus in appendages like the legs and wings. To ascertain transmission, 

virus must be present in saliva, indicating infection of the salivary glands. In practice, separation 

of a single mosquito individual into its main body, pulled legs and wings, and expectorate for 

independent assays is standard (23, 45). To collect expectorate, or saliva, one simply places 

the proboscis of an immobilized mosquito into a capillary tube or pipette tip containing buffer or 

oil to force salivation. Detection of virus in saliva confirms that a mosquito is not only infected 

but also transmitting. The most common assays for assessing infection of tissues are 

quantitative revert transcription polymerase chain reaction (RT-qPCR), which detects viral 

genomic RNA, and plaque assay, which detects virus capable of infection. While positive 

detection of viral RNA by RT-qPCR is not always indicative of active infection in a mosquito 

body, concurrent detection of RNA in accessory tissues like the legs and wings or salivary 

glands of the same mosquito reliably suggests infection of the body by infectious virus. 

 

2.3 Anatomical barriers 

 

An arbovirus faces several anatomical hurdles within the mosquito before reaching its salivary 

destination. The virus must first infect a midgut cell from the gut lumen after blood meal 

ingestion and escape through the opposite (basal laminal) side of the midgut epithelium. This is 

often called the midgut infection barrier (cell entry) and the midgut escape barrier (cell exit) 

(Figure 4). It has been observed for many arboviruses that only a few midgut cells, about 1 to 15 

per ~100 cells, are initially infected among those susceptible, and these patches of infected 
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cells seed the resulting infection (46, 47). Upon release to the hemocoel, which is the open 

hemolymph-filled body cavity, the virus must find its way to the salivary glands where infection 

and escape must happen yet again. This is called the salivary gland infection barrier (cell entry) 

and the salivary gland escape barrier (cell exit) (Figure 4). 

Figure 4. Arbovirus infection route in a mosquito. Blue spheres represent an arbovirus. 

Information is adapted from Franz et al. 2015 (46). Created with BioRender.com 

 

The path a virus takes shapes not only its replication kinetics but also its evolution. In contrast to 

single-host viruses, arboviral evolutionary trajectories are constrained due to cycling between 

disparate hosts. Acquisition of beneficial mutations in a vertebrate is often nullified by a reduced 

fitness in the vector, dampening the evolutionary momentum of an otherwise highly mutable 

virus (48). In DENV, adaptive evolution in mosquitoes is even suggested to be slower than in 

vertebrate cells (49). Additionally, genetic bottlenecking resulting from consecutive tissue-

specific purifying selection accelerates the accumulation of mutations within a single organism 

(50). An example of this phenomenon is a study which found that Cx. quinquefasciatus and Cx. 

tarsalis mosquitoes can expectorate unique WNV populations between feeding episodes, 
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though most genetic variants are quickly removed when transmitted to birds (51). This 

demonstrates an evolutionary trend where mutants quickly arise among the viral mutant swarm 

yet are equally quickly selected against, and this phenomenon molds the way researchers 

consider the arrival of new genetic variants in arbovirology. 

 

2.4 Confounding factors 

 

There are many variables that can affect vector competence of a mosquito relative to a specific 

arbovirus, and while genetic determinants have long been the subject of study (52–54), non-

genetic factors are less understood and will be discussed here.  

 

Vector competence levels can be easily biased by the laboratory approach conducted. While 

the saliva capture method is a standard process for determining transmission potential, it may 

not accurately reflect actual transmission levels. Forced salivation was recently shown to 

underestimate transmission titers in natural feeding patterns by Aedes aegypti infected with 

ZIKV, Culex quinquefasciatus infected with WNV, and Aedes triseriatus infected with La Crosse 

virus (Peribunyaviridae, Orthobunyavirus) (55). Detection of infectious virus or viral RNA in the 

legs and wings or detection in mosquito excreta, a novel proxy method for assessing 

dissemination, are more reliable predictors of transmission than previously thought (55, 56). 

Additionally, successive virus-spiked bloodmeals, which are more reflective of the repetitious 

feeding behavior of Ae. aegypti, unsurprisingly increase laboratory infection and transmission 

rates relative to a single blood meal (57). These subtle yet consequential experimental readouts 

complicate cross-study comparisons. 

 

Environmental variables can have profound impacts on arboviral transmission in mosquitoes. It 

is established that incubation temperature drastically affects infection kinetics of the ectothermic 
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arthropods, with increasing temperatures generally reducing the EIP of a given arbovirus (58). 

This phenomenon further complicates translatability of older studies as climate change is driving 

higher average daily temperatures worldwide with more extreme fluctuations (58, 59). Immature 

mosquitoes that undergo nutritional stress or extreme larval competition become more 

competent vectors for some arboviruses (60–62) but not others (63). In Ae. aegypti, adults that 

overcame treatment by pyriproxyfen, a larval growth inhibitor, were less susceptible to ZIKV 

infection (64). Among studies with our arbovirus-mosquito pairing of interest, Ae. aegypti and 

ZIKV, there is high variation in the infection and transmission potential among geographically 

disparate mosquito populations. Studies conducted encompass Ae. aegypti from across the 

globe including, but not limited to, Singapore (65, 66), Australia (67, 68), Brazil (69, 70), and the 

United States (70, 71). While genetic differences among the globally distributed Ae. aegypti and 

inbreeding of colony mosquitoes likely plays a role in this variation, an alternate explanation is 

the variable effects of their microbiota on ZIKV vector competence. The interactions between 

mosquitoes and their microbial symbionts are elusive and complex, and this will be discussed in 

further detail in Sections 3 and 4. 

 

3 Aedes aegypti microbiota 

 

Ae. aegypti origins can be traced to sub-Saharan Africa. Ancestral forms were likely tree-

dwelling mosquitoes that shifted their breeding strategies to human settlements (72). Transport 

of Ae. aegypti to the “New World” on ships carrying enslaved African peoples was one of the 

many grave legacies brought on by European colonization. From this arrival came centuries of 

adaptation, proliferation, and terrorization as Ae. aegypti catalyzed numerous YFV outbreaks in 

the Americas (73, 74). In the last century, Ae. aegypti larvae and eggs have also hitchhiked 
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domestically through trade vessels (boats, planes, buses, cars) (75, 76) and the transport of 

used tires (77). 

 

Ae. aegypti and Ae. albopictus mosquitoes are the primary vector species for ZIKV 

transmission. The combination of aggressive anthropophilic feeding patterns (78), ability to 

reproduce in a wide range of human-associated water containers (30, 79, 80), and impressive 

desiccation resistance of their eggs has facilitated their invasion and expansion across the 

globe (81, 82). Ae. aegypti has established a greater presence in urban environments, likely due 

to its higher preference for abundant artificial containers among dense population centers (83). 

In contrast, Ae. albopictus is more environmentally plastic and tends to predominate in rural 

areas, though several studies suggest interspecies competition between Ae. albopictus and Ae. 

aegypti within the same habitat (84, 85). Nevertheless, Ae. aegypti and Ae. albopictus can 

coexist in peri-domestic environments and areas with heterogenous larval habitats (86, 87). The 

aggressive host seeking behavior of Ae. aegypti in urban and suburban neighborhoods, has 

prompted local government responses resulting in the establishment of numerous laboratory 

colonies. This has allowed for ease of specimen production, and made Ae. aegypti the focus of 

my work. 

 

3.1 Aedes aegypti life cycle 

 

The Ae. aegypti life cycle consists of an aquatic and a terrestrial phase. A gravid female will lay 

~40-80 eggs at the water’s edge in containers holding standing water (88). The eggs dehydrate 

upon water evaporation and can remain dormant for months thanks to a serosal cuticle layer 

that protects the embryo from desiccation (89). This feature is highly effective in protecting the 

eggs through the dry seasons and is believed to explain the successful global proliferation of 

Ae. aegypti even out of tropical environments where they originated (23, 90). Reconstitution in 
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water in concert with a reduced concentration of dissolved oxygen acts as a stimulus for egg 

hatching (91). The larvae feed on organic detritus and microalgae as they develop over a time 

range between four days and several weeks depending on available food, temperature, and 

water chemistry (92). As the larvae grow, they molt three times and get progressively larger with 

each molt, with the molting periods marking their transition to the next instar (L1-L4) (93). Once 

large enough, larvae metamorphose into pupae which during this two-day period remain motile, 

but do not feed (94). Adult emergence, or eclosion, from pupae marks the transition from the 

aquatic to terrestrial stage of the Ae. aegypti life cycle. 

 

Adult female mosquitoes exhibit both sugar feeding and blood feeding behavior. Males, 

however, feed exclusively on sugar and lack the mouthpart adaptations required to blood feed 

(95). Laboratory studies and field surveys have implicated floral and extrafloral nectaries as 

sugar sources for Anopheles spp. and Culex spp. mosquitoes, but little is known about sugar 

feeding sources and behavior in Ae. aegypti (96–99). Older studies suggested Ae. aegypti 

rarely sugar feed and rely primarily on blood sources from which they take frequent bites (100, 

101). Newer studies are more conflicting, however, with highly variable yet modest detection of 

sugar-ingested Ae. aegypti in the field (102, 103). Nevertheless, female Ae. aegypti are adept at 

blood-seeking and are highly anthropophilic (88, 94). While sugar sources provide the energy 

needed for flight and basic metabolism, blood provides the dietary protein needed for egg 

production and maturation (104, 105). A female Ae. aegypti that lands on a host will use its 

proboscis, to inject saliva and extract blood (94). Mosquito saliva contains a protein cocktail that 

is vital for anti-coagulation, anti-inflammation, and anesthetization of the host at the bite site 

(106). Ingested blood is stored in the posterior midgut where proteins are broken into their 

constitutive amino acids over the course of 2 to 3 days; these are used for yolk protein 

synthesis, secretion and uptake by developing oocytes in a process called vitellogenesis (107, 

108). This process is usually completed by 3-4 days post-blood meal, after which, the female is 
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ready to oviposit in another water-collection receptable. This constitutes one gonotropic cycle, 

and a single female can have multiple cycles provided she survives long enough for multiple 

feeds. 

 

There are many factors affecting the duration and efficiency of the Ae. aegypti life cycle. Abiotic 

factors like temperature and environmental chemistry have long been acknowledged as 

contributing factors, yet the microbiological side to this story had been vastly underappreciated 

until the last two decades. With new methodological tools and an explosion of interest in 

microbiome studies, Ae. aegypti biology can be more thoroughly explored in the context of its 

microscopic partners. 

 

3.2 Aedes aegypti holobiont and its origins 

 

Like every animal studied, mosquitoes are holobionts that live in close association with their 

microbial symbionts (109). The mosquito as well as its assemblage of bacteria, archaea, fungi, 

protozoa, and viruses exists as a super-organism that is more than the sum of its parts. 

However, within the field of mosquito microbiota, most studies have focused on the bacterial 

members of the community while archaea, fungi, and insect-specific viruses are severely under-

characterized. The microbiota of mosquitoes can influence life history traits including nutrition 

(110), development (111–114), fecundity (115), and even vector competence (109, 115, 116). 

Growing interest in the mosquito microbiome has been coupled with the increasing efficiency 

and shrinking costs of high-throughput Next Generation Sequencing (NGS) technology, allowing 

for more detailed probing of microbial community structure and function (109, 110, 117). 

 

Whether Ae. aegypti harbor a core microbiome is subject to debate. Much variation exists 

among geographically distant populations, and ecological surveys suggest their microbiota are 
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primarily environment-derived (109, 112). Yet, bacteria belonging to phyla Proteobacteria, 

Actinobacteria, Bacteroides, and Firmicutes comprise >99% of the bacterial microbiota across a 

wide range of studies (109, 117, 118). For non-bacterial microbes, this question is even murkier. 

 

3.2.1 Vertically transmitted microbes 

 

Ae. aegypti acquire their microbes at several points in their life cycle. Vertical transmission of 

endosymbiotic bacteria and viruses from mother to progeny has been demonstrated under 

experimental conditions (119–121). Successful vertical transmission of Wolbachia bacteria 

among Wolbachia-colonized mosquitoes is instrumental to mosquito population replacement 

strategies (121). Alternately, coating of egg surfaces with bacteria from the ovaries, (i.e. 

transovarial transmission) is also a conceivable route of acquisition; this has not yet been 

experimentally proven, however. Bacterial genera that have been found on Ae. aegypti eggs 

include Chryseobacterium, Delftia, Acinetobacter, and Stenotrophomonas (111), though 

because many of these reported bacterial sequences are common reagent contaminants, we 

cannot yet conclude these are real members of the mosquito microbiota (122). Whether any 

microbes other than Wolbachia exist within the eggs is still unclear. 

 

3.2.2 Microbial acquisition as larvae 

 

The first major route of microbial colonization is through the aquatic environment as larvae 

(Figure 5). Ae. aegypti larvae are generalists that will feed on anything from plant debris to 

algae, protozoa, and organic detritus (123, 124). A portion of ingested microbes in the aquatic 

habitat survive digestion and colonize the larval gut. NGS studies of the larval gut often find a 

high abundance of cyanobacterial and microalgal DNA, though it is unclear what proportion 

represents live, symbiotic microbes and versus those that are mere artifacts from food 
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consumption (109, 125, 126). Most larval gut microbes are excluded from the mosquito body 

during the transformative process of pupation, and newly emerged adults are re-colonized by 

environmental microbes. Interestingly, while the microbial members of adults are mostly 

different from that of larvae, there are some shared bacterial species between these two life 

stages. Two hypotheses for larval microbe persistence in adults have been proposed. The first 

posits that pupation incompletely clears larval gut bacteria due to sequestration of bacteria 

along the meconial peritrophic membrane followed by newly emerged adults undergoing 

secondary succession by the surviving bacteria (Figure 5) (127). The second hypothesis posits 

that immediately upon eclosion, adults imbibe the larval water to re-seed their gut (Figure 5) 

(128, 129). Neither hypothesis precludes the other and both may be true to an extent. 

 

 

Figure 5. Origin of microbes in the mosquito life cycle. Diagram is adapted from Strand 2017 

(130) and edited in Microsoft PowerPoint. 

 

3.2.3 Microbial acquisition as adults 
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The second major route of microbial acquisition is via sugar feeding. As previously mentioned, 

Ae. aegypti sugar feeding behavior is poorly understood, complicating efforts to understand 

adult microbe acquisition. Nectar-derived microbes are likely to contribute to the adult mosquito 

microbiome, though confirmatory experiments are nonexistent (109, 131). Despite this, NGS 

studies and field surveys comparing microbial communities across life stages and across 

environments definitively show that adult mosquitoes harbor unique microbiota, and that specific 

composition is environmentally variable (109, 110, 117). Here it should be noted that the journey 

microbes undergo to enter an adult midgut is different than the journey to a larval midgut. 

Microbes ingested by larvae directly enter the midgut whereas microbes ingested by sugar-

feeding adults are first routed to the sugar-storage organ, called the ventral diverticulum or 

simply the crop, after which they can be selectively directed to the midgut in a controlled manner 

(88, 94). This additional tissue barrier places another round of selection on adult-acquired 

microbes compared to microbes passed transstadially from the larval gut. 

 

The last, and likely minor, potential route of microbial acquisition is through transfer of host skin 

microbiota during the blood uptake. Data currently supporting this route of exposure are lacking. 

This is likely due to the fact that the proboscis is not a single mouthpart but a sheath for six 

distinct needle-like structures: a gripping mandible pair, two piercing maxillae, a saliva-spitting 

hypopharynx, and a blood-sucking labrum (132). Ingestion of microbes via the labrum is not 

expected since the body parts that directly contact the host epidermis are the mandibles and 

maxillae. 

 

3.3 Tissue specificity 
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Microbial symbionts dominantly reside in the mosquito gut. Some microbes can escape the gut 

and infect secondary tissues such as the salivary glands, testes, and ovaries, although these 

mechanisms are not well understood. While the exact microbial composition can vary, it has 

been proposed that some level of core microbiota exist within a single organism due to the 

presence of some shared bacterial genera across different tissues (109, 110, 117). 

 

Ae. aegypti midguts typically harbor low bacterial diversity at the phylum level. Many surveys 

found primarily Proteobacteria, followed occasionally by Bacteroidetes, Firmicutes and 

Actinobacteria (116, 117). Common proteobacterial genera include Asaia, Sphingomonas, 

Escherichia-Shigella, Pseudomonas and Serratia (117, 133, 134). Gut bacterial diversity is 

dynamic and changes dramatically depending on mosquito feeding status. Adult female midguts 

show dramatic decreased bacterial diversity and increased bacterial abundance upon blood 

ingestion (Figure 6) (135). This is likely due to blood-induced changes in chemistry and pH 

which select against many bacterial species while also introducing dietary protein which allows 

others to proliferate (135, 136). The host blood source also seems to affect the gut microbial 

composition (137). Despite the apparent domination of a few bacterial taxa following a blood 

meal, diversity and abundance recover and stabilize at ~30 hours after blood feeding (117, 129, 

135). 
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Figure 6. Bacterial diversity over the course of Ae. aegypti life history. Figure is presented as a 

funnel system where bacterial diversity gradually decreases over time. Heights indicate the level 

of bacterial diversity for each life stage. Information is adapted from Guégan et al. 2018 and 

Scolari et al. 2019 (109, 117). Created with Biorender.com. 

 

The salivary glands also harbor bacteria, and this organ too is dominated by Proteobacteria in 

Aedes app. mosquitoes (118). Within this phylum, Acetobacter, Burkholderia, Cupriavidus, 

Escherichia–Shigella, Pantoea, Serratia, and Sphingomonas genera are often found (117). 

Elizabethkingia spp. bacteria, which have been found in midguts, salivary glands, and ovaries 

are also symbionts of interest. In Ae. albopictus (and potentially other species), Elizabethkingia 

anophelis is transmissible in saliva, and elevated levels of this bacterium were associated with 

reduced ZIKV vector competence (138, 139). 
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Invasion of mosquito reproductive organs opens the possibility of vertical transmission to 

offspring. Among them, Serratia, Elizabethkingia, and Wolbachia are of physiological interest 

(139–141). Extracellular bacteria can theoretically pass to progeny through surface coating of 

eggs, but this has not been confirmed (Figure 6). Intracellular bacteria can be inherited through 

infection of the germline cells, as shown in the case of Wolbachia (142). However, Wolbachia 

represents a unique case; this endosymbiont exhibits cytoplasmic incompatibility wherein only 

infected eggs can successfully be fertilized, thus ensuring transmission (143). Other forms of 

vertical transfer have not yet been widely described. 

 

4 Mosquito-microbe interactions 

 

 4.1 Effects on development 

 

Early investigation of larval microbes suggested that live bacteria are needed for development 

and pupation, as sterilized diets resulted in larval mortality (111). However, recent attempts to 

generate microbe-free mosquitoes (i.e. axenic) were met with some success in larval 

development into adults (144). A huge caveat is that these axenic mosquitoes pupated 

inefficiently and were smaller than gnotobiotic mosquitoes, those colonized with a single known 

bacterial isolate, and mosquitoes with an intact microbiome (144). These data suggest that, 

while not required, larval gut microbes nutritionally benefit their host and support growth. The 

initial explanation that live microbes stimulate pupation, through induction of hypoxia in the gut, 

is currently challenged by the axenic model of mosquito development (113). Much more work is 

needed to reconcile these findings. 
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4.2 Effects on blood feeding 

 

Just as mosquito blood feeding affects gut microbial composition, the gut microbiota in turn 

influences host seeking and feeding behavior. In Anopheles gambiae, infection with the 

entomopathogenic fungus Metarhizium anisopliae led to a reduced appetite for blood 

proportional to the fungal load (145). In Ae. albopictus, artificial induction of fat body-specific 

vitellogenin was shown to stimulate host-seeking behavior; this coupled with a demonstrated gut 

bacterial stimulation of vitellogenin genes in insects provides a potential mechanism for 

microbial modulation of blood feeding behavior (146, 147). 

 

Gut microbiota also contribute to blood digestion. Quickly after blood has been ingested, a 

semipermeable chitinous mesh called the peritrophic matrix (PM) is secreted by the gut 

epithelium and encases the blood bolus. This acts as a protective barrier from pathogens and 

blood-derived toxicity as well as a locale for digestive enzyme activity (148, 149). Antibiotic 

treatment of Anopheles coluzzii resulted in a malformed and perforated PM, showing that PM 

synthesis is dependent on gut microbiota (150). Antibiotic treatment of Ae. aegypti retarded 

blood protein digestion and reduced egg production, suggesting a role of gut microbes in 

nutrient metabolism as well (151). The full extent to which blood meal breakdown and nutrient 

uptake is facilitated by symbionts is unclear. 

 

4.3 Immune interactions 

 

Resident gut microbes exist in dynamic equilibrium with their mosquito hosts. It is proposed that 

status of this immune-microbe relationship shapes the success of arboviral infection. Mosquito 

innate immune responses typically fall into four major pathways: Toll, immunodeficiency (IMD), 

Janus kinase signal transducer and activator of transcription proteins (JAK/STAT), and RNA 
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interference (RNAi). Each pathway senses specific microbe-associated molecular patterns 

(MAMPs), triggering signal cascades that lead to generalized and specialized antimicrobial 

responses (Figure 7). Despite the specificity of microbial triggers for each pathway, there is 

growing evidence of cross-talk among these different responses (152). The four immune 

pathways are briefly described and contextualized below. 

 

4.3.1 Toll pathway 

 

Of the four pathways, Toll is arguably the best understood due to the plethora of comparative 

studies in other invertebrates like Drosophila. Put simply, recognition of Gram positive bacteria 

or fungi by membrane-bound Toll receptors activates the NF-kB transcription factor Rel1 (Figure 

7). Toll recognition of MAMPs is facilitated by an intermediary protein, Spätzle, which is also 

suggested to sense viruses (153). Translocation of Rel1 into the nucleus is then proceeded by 

upregulation of antimicrobial genes, including antimicrobial peptides (AMPs) against bacteria 

and fungi (154). One such AMP, defensin, was also shown to suppress DENV infection in Ae. 

aegypti (155). A follow-up study found that biased upregulation of both Toll and JAK/STAT, 

which can occur during co-infection with the fungus Beauveria bassiana, also contributes to 

resistance to ZIKV (156, 157). 

 

4.3.2 IMD pathway 

 

The IMD pathway is a well-conserved pathway among mosquitoes responding to both Gram 

positive and Gram negative bacteria (153, 158). This pathway can be activated in response to 

midgut microbiota proliferation resulting from a blood meal (136, 158). Shown in anopheline 

mosquitoes, the MAMPs recognized are diaminopimelic acid (DAP)-type peptidoglycan (PG) in 

Gram negative bacterial cell walls and Lys-type PG in Gram positive bacterial cell walls (153, 
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159). Other cell wall components in various bacteria are also recognized, though in a more 

tissue dependent manner. In the example of Gram negative bacteria, binding of DAP-type PG to 

the host receptor PGRP-LC causes activation of transcription factor Rel2 that induces 

expression of AMPs (153, 159).  

 

Bacteria, however, have adapted ways to survive the harsh immune effectors secreted by 

mosquitoes. Some gut bacteria coat themselves in C-type lectins acquired from the mosquito 

host to counteract AMP activity, thus maintaining gut homeostasis (160). Manipulation of AMPs 

is also a likely method of indirect control over pathogens. In Ae. aegypti, gut microbiota-induced 

AMP production via IMD and Toll resulted in lowered vector competence for Sindbis virus 

(SINV; Togaviridae, Alphavirus) (161). Similar relationships were also shown with specific 

bacteria like Proteus spp. which reduced DENV infection in Ae. aegypti (116). 

 

4.3.3 JAK/STAT pathway 

 

The JAK/STAT pathway is another mechanism for anti-pathogen defense. This multicomponent 

system is also evolutionarily conserved, with similar features to known processes in other 

animals. The transmembrane receptor Dome is a homolog to vertebrate type-1 cytokine 

receptor family interleukin-6 (162). Detection of MAMPs leads to Upd ligand binding with Dome, 

which then catalyzes autophosphorylation of signal transducer Hop, a Janus kinase (163). 

Recruitment and phosphorylation of transcription factor STAT by Hop then allows for expression 

of AMPs, nitric oxide, and opsonization factors (135, 153). Precise mechanisms, MAMPs, and 

accessory proteins involved with the JAK/STAT pathway are still unclear, but the effects on 

DENV susceptibility have been demonstrated (164). Upregulation of JAK/STAT by silencing of 

its inhibitor PIAS dramatically reduced DENV infection rates in Ae. aegypti, whereas knockdown 



 28

of either Dome or Hop saw increased DENV susceptibility (164). Infection with ZIKV has also 

been shown to activate JAK/STAT to the same effect (156). 

 

The relationship between JAK/STAT and other immune pathways is a topic of interest. 

JAK/STAT is apparently inducible by Vago, a protein upregulated by Rel2 from the IMD pathway 

(165), and Vago production inhibited WNV replication in Culex mosquitoes in vitro (166). In An. 

gambiae, activation of STAT was observed during infection with Escherichia coli and 

Micrococcus luteus bacteria, conferring moderate resistance to Plasmodium infection (167). 

 

 

Figure 7. Four primary innate immune pathways in mosquitoes. Toll, IMD, JAK/STAT, and RNAi 

pathways with their known and suspected MAMPs are sensed by pathogen recognition 

receptors (PRRs). Dotted purple line represents the nucleus, and components bound to DNA 
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are transcription factors that regulate gene expression. Structures with a circular yellow P 

indicate phosphorylated forms of the protein. NOS = nitric oxide synthase. Information is 

adapted from Kumar et al. 2018, Caragata et al. 2019, and El-Sherbini et al. 2021 (152, 168, 

169). Created with Biorender.com. 

 

 4.3.4 RNAi pathway 

 

While Toll, IMD, and JAK/STAT can be considered humoral pathways, RNAi is a primarily 

cellular immune pathway against viral infection. Viral RNA replication undergoes a double 

stranded RNA (dsRNA) intermediate step to generate the reverse complementary template for 

genomic synthesis (170). Host ribonuclease Dcr2 recognizes this dsRNA and cleaves it into 21 

nucleotide (nt) fragments called small interfering RNAs (siRNAs) (171). These exogenous 

siRNAs are then loaded onto an effector protein Ago2 that seeks, binds, and degrades viral 

RNA in the cell (171). This mechanism has been shown to work against many RNA viruses 

including Semliki Forest virus (Togaviridae, Alphavirus), Flock House virus (Nodaviridae), 

bluetongue virus (Reoviridae), ZIKV, DENV, SINV, and WNV (171–176). 

 

In addition to siRNAs, recent work has found that RNA fragments larger than 21 nt are also 

generated from some viral RNAs. Spanning 24-30 nt, these small RNAs are called PIWI-

interacting RNAs, or piRNAs. Originally thought to be exclusively used against detrimental 

transposon activity in germline cells, piRNAs have now been found to be ubiquitous among 

somatic mosquito cells as well (177, 178). Characterized by their hallmark adenine bias at the 

10th nt position and uracil bias on the 1st nt position, piRNAs exhibit template-dependent ping-

pong amplification (178, 179). Additionally, production of piRNAs is Dcr2-independent, 

suggesting a separate function to the siRNA pathway (180). Exact roles of these piRNAs in the 

context of immunity are unclear, but production of piRNAs has an inhibitory effect against some 
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viruses and not others. In Ae. aegypti, infection by DENV-2 (181), ZIKV (182), CHIKV (178), and 

Rift Valley fever virus (Phenuiviridae, Phlebovirus) (183) resulted in piRNA biogenesis. 

 

4.4 Effects on vector competence 

 

Several bacterial strains have been demonstrated to influence Ae. aegypti vector competence 

for arboviruses. Most notably, Ae. aegypti infected with the bacterial endosymbiont Wolbachia 

were shown to less efficiently transmit DENV and ZIKV (141, 184–186). While mechanisms 

behind the blocking of arboviral transmission by Wolbachia-infected mosquitoes are still not 

clearly understood, its effectiveness and vertical passage to subsequent generations has 

prompted field trials and experimental release of Wolbachia-infected male mosquitoes as a 

means of population replacement (187–189). Similarly, the bacterium Chromobacterium Csp_P 

reduced transmission of DENV in Ae. aegypti and Plasmodium falciparum in Anopheles 

gambiae respectively (190). Members of the bacterial genus Asaia, Gram negative symbionts 

naturally found in Aedes spp. mosquitoes, are also being investigated for their high prevalence 

in mosquitoes refractory to arboviruses and Plasmodium parasites (191–193). However, 

bacteria appear also to increase mosquito transmission potential for arboviruses as well. These 

divergent effects necessitate a thorough investigation into the mechanisms by which bacteria 

modulate vector competence. Ae. aegypti colonized with Serratia odorifera are more susceptible 

to infection by DENV-2 and CHIKV (140, 194), and follow-up studies with Serratia marcescens 

suggest that bacterial infection undermines the gut epithelium integrity of Ae. aegypti via mucin-

degrading activity resulting in an increased rate of viral dissemination (195). 

 

Microbes other than bacteria have also been found to modulate vector competence. Ae. aegypti 

infected with the fungus Beauveria bassiana exhibit reduced life spans and DENV replication 

efficiencies. In addition, infection with a fungal isolate of Talaromyces also increased 
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susceptibility to DENV (157, 196). Culex quinquefasciatus mosquitoes infected with the insect-

specific flavivirus (ISV) Nhumirim virus demonstrated reduced competence for WNV, with this 

interaction also holding true in Ae. aegypti for ZIKV (197, 198). Another ISV, Yichang virus, 

inhibits infection of DENV-2 and ZIKV in Ae. albopictus in vitro and in vivo (199). Finally, an ISV 

alphavirus Eilat virus was shown to delay CHIKV midgut infection in Ae. aegypti (200). The 

coevolution of ISVs with their insect hosts has become a topic of interested in recent years for 

their potential as biocontrol agents akin to Wolbachia (201).  

 

5 Discussion 

 

5.1 Lingering questions 

 

Investigation of mosquito microbiota in the context of arboviral transmission is still in its infancy. 

Most studies to on mosquito microbiota to date can be considered “observational”, albeit with 

immense value. The range of microbial communities among both field-collected and lab-raised 

Ae. aegypti and Ae. albopictus has been surveyed in numerous countries including India (202, 

203), Vietnam (204), Madagascar (205), France (204, 206), Australia (207), Gabon, Cambodia, 

Uganda (208), Brazil (134, 209), and the USA (133, 210, 211). From surveys like these, few 

bacterial candidates (Wolbachia (184, 212) and Chromobacterium Csp_P (190)) are currently 

being tested for their potential as arboviral vector competence modulators. However, the 

generalizability of their regulatory effects to the full range of arboviruses as well as their stability 

as long-term symbionts are virtually unknown.  

 

Bioagents like these have become promising alternatives to traditional methods of vector control 

such as insecticides, which can exhibit off-target toxicity and environmental damage. Moreover, 



 32

insecticide resistance is a continuing problem in major targeted vectors (213, 214). In Ae. 

aegypti, resistance to all four major classes of insecticides (carbamates, organochlorines, 

organophosphates and pyrethroids) has been observed (215). Microbial symbionts are often 

less susceptible to resistance development when the bioactive agents are evolutionarily well-

conserved and if adaptive evolution is allowed. For example, Bacillus thuringiensis svar. 

israelensis (Bti) has remained a potent larvicide for decades with little observed resistance (in 

Ae. aegypti at least) due to their diverse arsenal of functionally redundant Cry toxins (216–218). 

Thus, further exploration of microbial members as vector control agents and vector competence 

modulators is greatly warranted. 

 

Tripartite interactions between arboviruses, mosquitoes, and their microbiota reflect many 

possible avenues for modulating vector competence as well as the complexities in selecting 

microbial candidates for application in the field. However, studies on specific microbial strains 

primarily involve inoculating mosquitoes with a pure culture isolate, usually after administration 

of antibiotics. How these candidates and any future candidates behave outside laboratory 

constraints where microbial resource competition, symbiosis, and coevolution run rampant 

remain open questions. Microbes rarely exhibit the same functional characteristics in isolation 

as they do in their natural environment, where they interact with diverse and dynamic 

communities with overlapping niches. For example, screening of Asaia and Wolbachia bacteria 

in laboratory-colonized and field-caught anophelines, Ae. albopictus, and Cx. quinquefasciatus 

found differential colonization successes between the two taxa as well as exclusion of 

Wolbachia from reproductive tissues where Asaia reside, hindering vertical transmission of the 

symbiont (219). An understanding of how the microbiome of mosquitoes influences arboviral 

vector competence in a microbial community context is lacking and must be reconciled prior to 

field applications.  
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5.2 Obligatory segue 

 

In California (CA), USA, there is a real risk of ZIKV establishing a local transmission cycle. With 

the invasion of CA by Ae. albopictus in 2011 and Ae. aegypti in 2013, and the fact that CA is a 

central hub for domestic and foreign travel, surveillance efforts have expressed interest in 

epidemic forecasting and preemptive mitigation measures. From 2015 to 2021, CA has reported 

a total of 756 imported cases of ZIKV in travelers returning to the state (California Department of 

Public Health Monthly Update, as of Nov 1, 2022). CA Ae. aegypti have been determined to be 

competent ZIKV vectors (71), but whether these mosquito populations are uniformly competent 

is unknown. Lab colony mosquitoes are often more competent vectors than wild mosquitoes. 

The prevailing explanation for this phenomenon thus far is genetic bottlenecking of lab colony 

mosquitoes due to inbreeding, and there is some support for genetic variation impacting ZIKV 

infection susceptibility (68, 220–222). However, the potential role of homogenous insectary-

derived microbiota in contributing to this observed difference in vector competence has not been 

investigated. Characterization of microbiota associated with ZIKV infection dynamics will 

elucidate biotic factors that determine ZIKV transmission success. In Chapter 2, I hypothesize 

that increased microbial exposure in laboratory mosquitoes reared in environmental water 

reduces their ZIKV vector competence. 

 

The mechanisms by which microbiota modulate Ae. aegypti vector competence are 

incompletely understood. Activation of parallel immune pathways (such as Toll and JAK/STAT) 

by certain bacterial species can have downstream antiviral effects, but this has only been shown 

in pure culture inoculations or in gnotobiotic mosquitoes. Additionally, the route of microbial 

exposure and life stage in which microbes are introduced are variables that are not uniformly 

addressed across studies. Larval exposure to microbes in their aquatic habitat can have 

carryover effects on adult life history traits, which can theoretically regulate vector competence. 



 34

Whether these influences by transstadial microbes are immune-priming or merely 

developmental are unclear. Potential mechanisms for altered infection and transmission 

potential adjacent to immunity include nutritional supplementation (60), modification of midgut 

cell proliferation (223), triggering PM synthesis (150), triggering immune cell differentiation 

(224), and hormonally regulating midgut physiology (225). In Chapter 3, I hypothesize that 

larval-acquired microbes shape Ae. aegypti ZIKV vector competence by reinforcing midgut 

integrity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 35

References 

1.  Anez G, Chancey C, Grinev A, Rios M. 2012. Dengue virus and other arboviruses: a global 
view of risks: Risks of dengue and other arboviruses. ISBT Sci Ser 7:274–282. 

2.  Gaudreault NN, Madden DW, Wilson WC, Trujillo JD, Richt JA. 2020. African Swine Fever 
Virus: An Emerging DNA Arbovirus. Front Vet Sci 7:215. 

3.  Peck KM, Lauring AS. 2018. Complexities of viral mutation rates. J Virol 92:e01031-17, 
/jvi/92/14/e01031-17.atom. 

4.  Kading RC, Brault AC, Beckham JD. 2020. Global Perspectives on Arbovirus Outbreaks: A 
2020 Snapshot. Trop Med Infect Dis 5:142. 

5.  World Health Organization, UNICEF/UNDP/World Bank/WHO Special Programme for 
Research and Training in Tropical Diseases. 2017. Global vector control response 2017-
2030. World Health Organization, Geneva. https://apps.who.int/iris/handle/10665/259205. 
Retrieved 12 October 2022. 

6.  Kolimenakis A, Heinz S, Wilson ML, Winkler V, Yakob L, Michaelakis A, Papachristos D, 
Richardson C, Horstick O. 2021. The role of urbanisation in the spread of Aedes 
mosquitoes and the diseases they transmit—A systematic review. PLoS Negl Trop Dis 
15:e0009631. 

7.  Gould E, Pettersson J, Higgs S, Charrel R, de Lamballerie X. 2017. Emerging arboviruses: 
Why today? 13. 

8.  Ryan SJ, Carlson CJ, Mordecai EA, Johnson LR. 2019. Global expansion and 
redistribution of Aedes-borne virus transmission risk with climate change. PLoS Negl Trop 
Dis 13:e0007213. 

9.  Gould EA, Higgs S. 2010. Impact of climate change and other factors on emerging 
arbovirus diseases 22. 

10.  Weaver SC, Barrett ADT. 2004. Transmission cycles, host range, evolution and 
emergence of arboviral disease. Nat Rev Microbiol 2:789–801. 

11.  Matthews RJ, Kaluthotage I, Russell TL, Knox TB, Horwood PF, Craig AT. 2022. Arboviral 
Disease Outbreaks in the Pacific Islands Countries and Areas, 2014 to 2020: A 
Systematic Literature and Document Review. Pathogens 11:74. 

12.  Weaver SC, Costa F, Garcia-Blanco MA, Ko AI, Ribeiro GS, Saade G, Shi P-Y, Vasilakis 
N. 2016. Zika virus: History, emergence, biology, and prospects for control. Antiviral Res 
130:69–80. 

13.  Pierson TC, Diamond MS. 2020. The continued threat of emerging flaviviruses. Nat 
Microbiol 5:796–812. 

14.  Ramos-Lorente S, Romero-López C, Berzal-Herranz A. 2021. Information Encoded by the 
Flavivirus Genomes beyond the Nucleotide Sequence. Int J Mol Sci 22:3738. 

15.  van den Elsen K, Quek JP, Luo D. 2021. Molecular Insights into the Flavivirus Replication 
Complex. Viruses 13:956. 

16.  Laureti M, Narayanan D, Rodriguez-Andres J, Fazakerley JK, Kedzierski L. 2018. 
Flavivirus Receptors: Diversity, Identity, and Cell Entry. Front Immunol 9:2180. 

17.  Pierson TC, Diamond MS. 2012. Degrees of maturity: the complex structure and biology of 
flaviviruses. Curr Opin Virol 2:168–175. 

18.  Gubler DJ, Vasilakis N, Musso D. 2017. History and Emergence of Zika Virus. J Infect Dis 
216:S860–S867. 

19.  Schwartz DA. 2017. The Origins and Emergence of Zika Virus, the Newest TORCH 
Infection: What’s Old Is New Again. Arch Pathol Lab Med 141:18–25. 

20.  Dick GWA, Kitchen SF, Haddow AJ. 1952. Zika Virus (I). Isolations and serological 
specificity. Trans R Soc Trop Med Hyg 46:509–520. 

21.  Athni TS, Shocket MS, Couper LI, Nova N, Caldwell IR, Caldwell JM, Childress JN, Childs 
ML, De Leo GA, Kirk DG, MacDonald AJ, Olivarius K, Pickel DG, Roberts SO, Winokur 



 36

OC, Young HS, Cheng J, Grant EA, Kurzner PM, Kyaw S, Lin BJ, Lopez RC, Massihpour 
DS, Olsen EC, Roache M, Ruiz A, Schultz EA, Shafat M, Spencer RL, Bharti N, Mordecai 
EA. 2021. The influence of vector‐borne disease on human history: socio‐ecological 
mechanisms. Ecol Lett 24:829–846. 

22.  Musso D, Gubler DJ. 2016. Zika Virus. Clin Microbiol Rev 29:487–524. 
23.  Kauffman EB, Kramer LD. 2017. Zika Virus Mosquito Vectors: Competence, Biology, and 

Vector Control. J Infect Dis 216:S976–S990. 
24.  Gornet M, Bracero N, Segars J. 2016. Zika Virus in Semen: What We Know and What We 

Need to Know. Semin Reprod Med 34:285–292. 
25.  Rasmussen SA, Jamieson DJ, Honein MA, Petersen LR. 2016. Zika Virus and Birth 

Defects — Reviewing the Evidence for Causality. N Engl J Med 374:1981–1987. 
26.  Freitas DA, Souza-Santos R, Carvalho LMA, Barros WB, Neves LM, Brasil P, Wakimoto 

MD. 2020. Congenital Zika syndrome: A systematic review. PLOS ONE 15:e0242367. 
27.  Leonhard SE, Bresani-Salvi CC, Lyra Batista JD, Cunha S, Jacobs BC, Brito Ferreira ML, 

P. Militão de Albuquerque M de F. 2020. Guillain-Barré syndrome related to Zika virus 
infection: A systematic review and meta-analysis of the clinical and electrophysiological 
phenotype. PLoS Negl Trop Dis 14:e0008264. 

28.  Alves LV, Paredes CE, Silva GC, Mello JG, Alves JG. 2018. Neurodevelopment of 24 
children born in Brazil with congenital Zika syndrome in 2015: a case series study. BMJ 
Open 8:e021304. 

29.  Ferguson NM, Cucunuba ZM, Dorigatti I, Nedjati-Gilani GL, Donnelly CA, Basanez M-G, 
Nouvellet P, Lessler J. 2016. Countering the Zika epidemic in Latin America. Science 
353:353–354. 

30.  Kraemer MUG, Reiner RC, Brady OJ, Messina JP, Gilbert M, Pigott DM, Yi D, Johnson K, 
Earl L, Marczak LB, Shirude S, Davis Weaver N, Bisanzio D, Perkins TA, Lai S, Lu X, 
Jones P, Coelho GE, Carvalho RG, Van Bortel W, Marsboom C, Hendrickx G, Schaffner 
F, Moore CG, Nax HH, Bengtsson L, Wetter E, Tatem AJ, Brownstein JS, Smith DL, 
Lambrechts L, Cauchemez S, Linard C, Faria NR, Pybus OG, Scott TW, Liu Q, Yu H, 
Wint GRW, Hay SI, Golding N. 2019. Past and future spread of the arbovirus vectors 
Aedes aegypti and Aedes albopictus. Nat Microbiol 4:854–863. 

31.  Duffy MR, Chen T-H, Hancock WT, Powers AM, Kool JL, Lanciotti RS, Pretrick M, Marfel 
M, Holzbauer S, Dubray C, Guillaumot L, Griggs A, Bel M, Lambert AJ, Laven J, Kosoy 
O, Panella A, Biggerstaff BJ, Fischer M, Hayes EB. 2009. Zika Virus Outbreak on Yap 
Island, Federated States of Micronesia. N Engl J Med 360:2536–2543. 

32.  Richard V, Paoaafaite T, Cao-Lormeau V-M. 2016. Vector competence of French 
Polynesian Aedes aegypti and Aedes polynesiensis for Zika virus. PLoS Negl Trop Dis 
10:e0005024. 

33.  Likos A, Griffin I, Bingham AM, Stanek D, Fischer M, White S, Hamilton J, Eisenstein L, 
Atrubin D, Mulay P, Scott B, Jenkins P, Fernandez D, Rico E, Gillis L, Jean R, Cone M, 
Blackmore C, McAllister J, Vasquez C, Rivera L, Philip C. 2016. Local Mosquito-Borne 
Transmission of Zika Virus — Miami-Dade and Broward Counties, Florida, June–August 
2016. MMWR Morb Mortal Wkly Rep 65:1032–1038. 

34.  Pless E, Gloria-Soria A, Evans BR, Kramer V, Bolling BG, Tabachnick WJ, Powell JR. 
2017. Multiple introductions of the dengue vector, Aedes aegypti, into California. PLoS 
Negl Trop Dis 11:e0005718. 

35.  Metzger ME, Hardstone Yoshimizu M, Padgett KA, Hu R, Kramer VL. 2017. Detection and 
Establishment of Aedes aegypti and Aedes albopictus (Diptera: Culicidae) Mosquitoes in 
California, 2011–2015. J Med Entomol 54:533–543. 

36.  Monaghan AJ, Morin CW, Steinhoff DF, Wilhelmi O, Hayden M, Quattrochi DA, Reiskind 
M, Lloyd AL, Smith K, Schmidt CA, Scalf PE, Ernst K. 2016. On the Seasonal Occurrence 
and Abundance of the Zika Virus Vector Mosquito Aedes Aegypti in the Contiguous 



 37

United States. PLoS Curr 
https://doi.org/10.1371/currents.outbreaks.50dfc7f46798675fc63e7d7da563da76. 

37.  Macdonald G. 1961. Epidemiologic models in studies of vectorborne diseases. Public 
Health Rep Wash DC 1896 76:753–764. 

38.  Kramer LD, Ciota AT. 2015. Dissecting vectorial capacity for mosquito-borne viruses. Curr 
Opin Virol 15:112–118. 

39.  Kean J, Rainey S, McFarlane M, Donald C, Schnettler E, Kohl A, Pondeville E. 2015. 
Fighting Arbovirus Transmission: Natural and Engineered Control of Vector Competence 
in Aedes Mosquitoes. Insects 6:236–278. 

40.  Powell JR, Evans BR. 2017. How Much Does Inbreeding Reduce Heterozygosity? 
Empirical Results from Aedes aegypti. Am J Trop Med Hyg 96:157–158. 

41.  Armbruster P, Hutchinson RA, Linvell T. 2000. Equivalent inbreeding depression under 
laboratory and field conditions in a tree-hole-breeding mosquito. Proc R Soc Lond B Biol 
Sci 267:1939–1945. 

42.  Jong Z-W, Kassim NFA, Naziri MA, Webb CE. 2017. The effect of inbreeding and larval 
feeding regime on immature development of Aedes albopictus. J Vector Ecol 42:105–
112. 

43.  Ross PA, Endersby‐Harshman NM, Hoffmann AA. 2019. A comprehensive assessment of 
inbreeding and laboratory adaptation in Aedes aegypti mosquitoes. Evol Appl 12:572–
586. 

44.  Bradley MP, Nagamine CM. 2017. Animal Models of Zika Virus. Comp Med 67:242–252. 
45.  Goddard LB, Roth AE, Reisen WK, Scott TW. 2002. Vector competence of California 

mosquitoes for West Nile virus. Emerg Infect Dis 8:1385–1391. 
46.  Franz A, Kantor A, Passarelli A, Clem R. 2015. Tissue Barriers to Arbovirus Infection in 

Mosquitoes. Viruses 7:3741–3767. 
47.  Scholle F, Girard YA, Zhao Q, Higgs S, Mason PW. 2004. trans -Packaged West Nile 

Virus-Like Particles: Infectious Properties In Vitro and in Infected Mosquito Vectors. J 
Virol 78:11605–11614. 

48.  Coffey LL, Vasilakis N, Brault AC, Powers AM, Tripet F, Weaver SC. 2008. Arbovirus 
evolution in vivo is constrained by host alternation. Proc Natl Acad Sci 105:6970–6975. 

49.  Vasilakis N, Deardorff ER, Kenney JL, Rossi SL, Hanley KA, Weaver SC. 2009. 
Mosquitoes Put the Brake on Arbovirus Evolution: Experimental Evolution Reveals 
Slower Mutation Accumulation in Mosquito Than Vertebrate Cells. PLoS Pathog 
5:e1000467. 

50.  Grubaugh ND, Weger-Lucarelli J, Murrieta RA, Fauver JR, Garcia-Luna SM, Prasad AN, 
Black WC, Ebel GD. 2016. Genetic Drift during Systemic Arbovirus Infection of Mosquito 
Vectors Leads to Decreased Relative Fitness during Host Switching. Cell Host Microbe 
19:481–492. 

51.  Grubaugh ND, Fauver JR, Rückert C, Weger-Lucarelli J, Garcia-Luna S, Murrieta RA, 
Gendernalik A, Smith DR, Brackney DE, Ebel GD. 2017. Mosquitoes transmit unique 
West Nile virus populations during each feeding episode. Cell Rep 19:709–718. 

52.  Pompon J, Morales-Vargas R, Manuel M, Huat Tan C, Vial T, Hao Tan J, Sessions OM, 
Vasconcelos P da C, Ng LC, Missé D. 2017. A Zika virus from America is more efficiently 
transmitted than an Asian virus by Aedes aegypti mosquitoes from Asia. Sci Rep 7:1215. 

53.  Ciota AT, Bialosuknia SM, Zink SD, Brecher M, Ehrbar DJ, Morrissette MN, Kramer LD. 
2017. Effects of Zika virus strain and Aedes mosquito species on vector competence. 
Emerg Infect Dis 23:1110–1117. 

54.  Weger-Lucarelli J, Rückert C, Chotiwan N, Nguyen C, Garcia Luna SM, Fauver JR, Foy 
BD, Perera R, Black WC, Kading RC, Ebel GD. 2016. Vector competence of American 
mosquitoes for three strains of Zika Virus. PLoS Negl Trop Dis 10:e0005101. 



 38

55.  Gloria-Soria A, Brackney DE, Armstrong PM. 2022. Saliva collection via capillary method 
may underestimate arboviral transmission by mosquitoes. Parasit Vectors 15:103. 

56.  Ramírez AL, Hall-Mendelin S, Doggett SL, Hewitson GR, McMahon JL, Ritchie SA, van 
den Hurk AF. 2018. Mosquito excreta: A sample type with many potential applications for 
the investigation of Ross River virus and West Nile virus ecology. PLoS Negl Trop Dis 
12:e0006771. 

57.  Armstrong PM, Ehrlich HY, Magalhaes T, Miller MR, Conway PJ, Bransfield A, Misencik 
MJ, Gloria-Soria A, Warren JL, Andreadis TG, Shepard JJ, Foy BD, Pitzer VE, Brackney 
DE. 2020. Successive blood meals enhance virus dissemination within mosquitoes and 
increase transmission potential. Nat Microbiol 5:239–247. 

58.  Winokur OC, Main BJ, Nicholson J, Barker CM. 2020. Impact of temperature on the 
extrinsic incubation period of Zika virus in Aedes aegypti. PLoS Negl Trop Dis 
14:e0008047. 

59.  Kamiya T, Greischar MA, Wadhawan K, Gilbert B, Paaijmans K, Mideo N. 2020. 
Temperature-dependent variation in the extrinsic incubation period elevates the risk of 
vector-borne disease emergence. Epidemics 30:100382. 

60.  Vaidyanathan R, Fleisher AE, Minnick SL, Simmons KA, Scott TW. 2008. Nutritional Stress 
Affects Mosquito Survival and Vector Competence for West Nile Virus. Vector-Borne 
Zoonotic Dis 8:727–732. 

61.  Alto BW, Lounibos LP, Mores CN, Reiskind MH. 2008. Larval competition alters 
susceptibility of adult Aedes mosquitoes to dengue infection. Proc R Soc B Biol Sci 
275:463–471. 

62.  Herd CS, Grant DG, Lin J, Franz AWE. 2021. Starvation at the larval stage increases the 
vector competence of Aedes aegypti females for Zika virus. PLoS Negl Trop Dis 
15:e0010003. 

63.  Dodson BL, Kramer LD, Rasgon JL. 2011. Larval Nutritional Stress Does Not Affect Vector 
Competence for West Nile Virus (WNV) in Culex tarsalis. Vector-Borne Zoonotic Dis 
11:1493–1497. 

64.  Alomar AA, Eastmond BH, Alto BW. 2020. The effects of exposure to pyriproxyfen and 
predation on Zika virus infection and transmission in Aedes aegypti. PLoS Negl Trop Dis 
18. 

65.  Wong P-SJ, Li MI, Chong C-S, Ng L-C, Tan C-H. 2013. Aedes (Stegomyia) albopictus: A 
potential vector of Zika virus in Singapore. PLoS Negl Trop Dis 7:e2348. 

66.  Li MI, Wong PSJ, Ng LC, Tan CH. 2012. Oral Susceptibility of Singapore Aedes 
(Stegomyia) aegypti (Linnaeus) to Zika Virus. PLoS Negl Trop Dis 6:e1792. 

67.  Hall-Mendelin S, Pyke AT, Moore PR, Mackay IM, McMahon JL, Ritchie SA, Taylor CT, 
Moore FAJ, van den Hurk AF. 2016. Assessment of local mosquito species incriminates 
Aedes aegypti as the potential vector of Zika virus in Australia. PLoS Negl Trop Dis 
10:e0004959. 

68.  Hugo LE, Stassen L, La J, Gosden E, Ekwudu O, Winterford C, Viennet E, Faddy HM, 
Devine GJ, Frentiu FD. 2019. Vector competence of Australian Aedes aegypti and Aedes 
albopictus for an epidemic strain of Zika virus. PLoS Negl Trop Dis 13:e0007281. 

69.  Roundy CM, Azar SR, Rossi SL, Huang JH, Leal G, Yun R, Fernandez-Salas I, Vitek CJ, 
Paploski IAD, Kitron U, Ribeiro GS, Hanley KA, Weaver SC, Vasilakis N. 2017. Variation 
in Aedes aegypti mosquito competence for Zika virus transmission. Emerg Infect Dis 
23:625–632. 

70.  Boyer S, Calvez E, Chouin-Carneiro T, Diallo D, Failloux A-B. 2018. An overview of 
mosquito vectors of Zika virus. Microbes Infect 20:646–660. 

71.  Main BJ, Nicholson J, Winokur OC, Steiner C, Riemersma KK, Stuart J, Takeshita R, 
Krasnec M, Barker CM, Coffey LL. 2018. Vector competence of Aedes aegypti, Culex 



 39

tarsalis, and Culex quinquefasciatus from California for Zika virus. PLoS Negl Trop Dis 
12:e0006524. 

72.  Powell JR, Tabachnick WJ. 2013. History of domestication and spread of Aedes aegypti - 
A Review. Mem Inst Oswaldo Cruz 108:11–17. 

73.  Chippaux J-P, Chippaux A. 2018. Yellow fever in Africa and the Americas: a historical and 
epidemiological perspective. J Venom Anim Toxins Trop Dis 24:20. 

74.  Sutter PS. 2007. Nature’s Agents or Agents of Empire?: Entomological Workers and 
Environmental Change during the Construction of the Panama Canal. Isis 98:724–754. 

75.  Gubler DJ. 1998. Dengue and Dengue Hemorrhagic Fever. Clin Microbiol Rev 11:480–
496. 

76.  Soper FL. 1967. Dynamics of Aedes aegypti distribution and density. Seasonal fluctuations 
in the Americas. Bull World Health Organ 36:536–538. 

77.  Bennett KL, Gómez Martínez C, Almanza A, Rovira JR, McMillan WO, Enriquez V, Barraza 
E, Diaz M, Sanchez-Galan JE, Whiteman A, Gittens RA, Loaiza JR. 2019. High 
infestation of invasive Aedes mosquitoes in used tires along the local transport network of 
Panama. Parasit Vectors 12:264. 

78.  Delatte H, Desvars A, Bouétard A, Bord S, Gimonneau G, Vourc’h G, Fontenille D. 2010. 
Blood-Feeding Behavior of Aedes albopictus, a Vector of Chikungunya on La Réunion. 
Vector-Borne Zoonotic Dis 10:249–258. 

79.  Lin C-H, Schiøler KL, Ekstrøm CT, Konradsen F. 2018. Location, seasonal, and functional 
characteristics of water holding containers with juvenile and pupal Aedes aegypti in 
Southern Taiwan: A cross-sectional study using hurdle model analyses. PLoS Negl Trop 
Dis 12:e0006882. 

80.  Overgaard HJ, Olano VA, Jaramillo JF, Matiz MI, Sarmiento D, Stenström TA, Alexander 
N. 2017. A cross-sectional survey of Aedes aegypti immature abundance in urban and 
rural household containers in central Colombia. Parasit Vectors 10. 

81.  Steffler LM, Dolabella SS, Ribolla PEM, Dreyer CS, Araújo ED, Oliveira RG, Martins WFS, 
La Corte R. 2016. Genetic variability and spatial distribution in small geographic scale of 
Aedes aegypti (Diptera: Culicidae) under different climatic conditions in Northeastern 
Brazil. Parasit Vectors 9. 

82.  Leta S, Beyene TJ, De Clercq EM, Amenu K, Kraemer MUG, Revie CW. 2018. Global risk 
mapping for major diseases transmitted by Aedes aegypti and Aedes albopictus. Int J 
Infect Dis 67:25–35. 

83.  Braks MAH, Honório NA, Lourenço-De-Oliveira R, Juliano SA, Lounibos LP. 2003. 
Convergent Habitat Segregation of Aedes aegypti and Aedes albopictus (Diptera: 
Culicidae) in Southeastern Brazil and Florida. J Med Entomol 40:785–794. 

84.  Black WC, Rai KS, Turco BJ, Arroyo DC. 1989. Laboratory Study of Competition Between 
United States Strains of Aedes albopictus and Aedes aegypti (Diptera: Culicidae). J Med 
Entomol 26:260–271. 

85.  Ho BC, Ewert A, Chew L-M. 1989. Interspecific Competition Among Aedes aegypti, Ae. 
albopictus, and Ae. triseriatus (Diptera: Culicidae): Larval Development in Mixed Cultures. 
J Med Entomol 26:615–623. 

86.  Camara DCP, Codeço CT, Juliano SA, Lounibos LP, Riback TIS, Pereira GR, Honorio NA. 
2016. Seasonal Differences in Density But Similar Competitive Impact of Aedes 
albopictus (Skuse) on Aedes aegypti (L.) in Rio de Janeiro, Brazil. PLOS ONE 
11:e0157120. 

87.  Juliano SA, Lounibos LP, O’Meara GF. 2004. A field test for competitive effects of 
<i>Aedes albopictus<i> on A. aegypti in South Florida: differences between sites of 
coexistence and exclusion? Oecologia 139:583–593. 

88.  Clements AN. 1992. Biology of Mosquitoes : Development Nutrition and Reproduction. 
CABI Publishing. 



 40

89.  Rezende GL, Martins AJ, Gentile C, Farnesi LC, Pelajo-Machado M, Peixoto AA, Valle D. 
2008. Embryonic desiccation resistance in Aedes aegypti: presumptive role of the 
chitinized Serosal Cuticle. BMC Dev Biol 8:82. 

90.  Juliano SA, O’Meara GF, Morrill JR, Cutwa MM. 2002. Desiccation and thermal tolerance 
of eggs and the coexistence of competing mosquitoes. Oecologia 130:458–469. 

91.  Judson CL. 1960. The Physiology of Hatching of Aedine Mosquito Eggs: Hatching 
Stimulus. Ann Entomol Soc Am 53:688–691. 

92.  Focks DA, Haile DG, Daniels E, Mount GA. 1993. Dynamic Life Table Model for Aedes 
aegypti (Diptera: Culicidae): Analysis of the Literature and Model Development. J Med 
Entomol 30:1003–1017. 

93.  Bar-Zeev M. 1958. The Effect of Temperature on the Growth Rate and Survival of the 
Immature Stages of Aëdes aegypti (L.). Bull Entomol Res 49:157–163. 

94.  Clements AN, Kerkut GA. 2013. The physiology of mosquitoes. Elsevier Science, 
Burlington. 

95.  Foster WA. 1995. Mosquito Sugar Feeding and Reproductive Energetics. Annu Rev 
Entomol 40:443–474. 

96.  Müller GC, Beier JC, Traore SF, Toure MB, Traore MM, Bah S, Doumbia S, Schlein Y. 
2010. Field experiments of Anopheles gambiae attraction to local fruits/seedpods and 
flowering plants in Mali to optimize strategies for malaria vector control in Africa using 
attractive toxic sugar bait methods. Malar J 9:262. 

97.  Foster WA. 2008. Phytochemicals as Population Sampling LureS. J Am Mosq Control 
Assoc 24:138–146. 

98.  Fikrig K, Johnson BJ, Fish D, Ritchie SA. 2017. Assessment of synthetic floral-based 
attractants and sugar baits to capture male and female Aedes aegypti (Diptera: 
Culicidae). Parasit Vectors 10:32. 

99.  Olson MF, Garcia-Luna S, Juarez JG, Martin E, Harrington LC, Eubanks MD, Badillo-
Vargas IE, Hamer GL. 2020. Sugar Feeding Patterns for Aedes aegypti and Culex 
quinquefasciatus (Diptera: Culicidae) Mosquitoes in South Texas. J Med Entomol 
57:1111–1119. 

100.  Harrington LC, Edman JD, Scott TW. 2001. Why Do Female <I>Aedes aegypti</I> 
(Diptera: Culicidae) Feed Preferentially and Frequently on Human Blood? J Med Entomol 
38:411–422. 

101.  Scott TW, Chow E, Strickman D, Kittayapong P, Wirtz RA, Lorenz LH, Edman JD. 1993. 
Blood-Feeding Patterns of Aedes aegypti (Diptera: Culicidae) Collected in a Rural Thai 
Village. J Med Entomol 30:922–927. 

102.  Braks MAH, Juliano SA, Lounibos LP. 2006. Superior reproductive success on human 
blood without sugar is not limited to highly anthropophilic mosquito species. Med Vet 
Entomol 20:53–59. 

103.  Sissoko F, Junnila A, Traore MM, Traore SF, Doumbia S, Dembele SM, Schlein Y, Traore 
AS, Gergely P, Xue R-D, Arheart KL, Revay EE, Kravchenko VD, Beier JC, Müller GC. 
2019. Frequent sugar feeding behavior by Aedes aegypti in Bamako, Mali makes them 
ideal candidates for control with attractive toxic sugar baits (ATSB). PLOS ONE 
14:e0214170. 

104.  Gonzales KK, Tsujimoto H, Hansen IA. 2015. Blood serum and BSA, but neither red blood 
cells nor hemoglobin can support vitellogenesis and egg production in the dengue vector 
Aedes aegypti. PeerJ 3:e938. 

105.  Barredo E, DeGennaro M. 2020. Not Just from Blood: Mosquito Nutrient Acquisition from 
Nectar Sources. Trends Parasitol 36:473–484. 

106.  Wasinpiyamongkol L, Patramool S, Luplertlop N, Surasombatpattana P, Doucoure S, 
Mouchet F, Séveno M, Remoue F, Demettre E, Brizard J-P, Jouin P, Biron DG, Thomas 



 41

F, Missé D. 2010. Blood-feeding and immunogenic Aedes aegypti saliva proteins. 
PROTEOMICS 10:1906–1916. 

107.  Li X, Yang J, Pu Q, Peng X, Xu L, Liu S. 2019. Serine hydroxymethyltransferase controls 
blood-meal digestion in the midgut of Aedes aegypti mosquitoes. Parasit Vectors 12:460. 

108.  Valzania L, Mattee MT, Strand MR, Brown MR. 2019. Blood feeding activates the 
vitellogenic stage of oogenesis in the mosquito Aedes aegypti through inhibition of 
glycogen synthase kinase 3 by the insulin and TOR pathways. Dev Biol 454:85–95. 

109.  Guégan M, Zouache K, Démichel C, Minard G, Tran Van V, Potier P, Mavingui P, Valiente 
Moro C. 2018. The mosquito holobiont: fresh insight into mosquito-microbiota 
interactions. Microbiome 6:49. 

110.  Minard G, Mavingui P, Moro C. 2013. Diversity and function of bacterial microbiota in the 
mosquito holobiont. Parasit Vectors 6:146. 

111.  Coon KL, Vogel KJ, Brown MR, Strand MR. 2014. Mosquitoes rely on their gut microbiota 
for development. Mol Ecol 23:2727–2739. 

112.  Coon KL, Brown MR, Strand MR. 2016. Mosquitoes host communities of bacteria that are 
essential for development but vary greatly between local habitats. Mol Ecol 25:5806–
5826. 

113.  Coon KL, Valzania L, McKinney DA, Vogel KJ, Brown MR, Strand MR. 2017. Bacteria-
mediated hypoxia functions as a signal for mosquito development. Proc Natl Acad Sci 
114:E5362–E5369. 

114.  Akpodiete NO, Diabate A, Tripet F. 2019. Effect of water source and feed regime on 
development and phenotypic quality in Anopheles gambiae (s.l.): prospects for improved 
mass-rearing techniques towards release programmes. Parasit Vectors 12:210. 

115.  Hill CL, Sharma A, Shouche Y, Severson DW. 2014. Dynamics of midgut microflora and 
dengue virus impact on life history traits in Aedes aegypti. Acta Trop 140:151–157. 

116.  Ramirez JL, Souza-Neto J, Torres Cosme R, Rovira J, Ortiz A, Pascale JM, Dimopoulos 
G. 2012. Reciprocal tripartite interactions between the Aedes aegypti midgut microbiota, 
innate immune system and dengue virus influences vector competence. PLoS Negl Trop 
Dis 6:e1561. 

117.  Scolari F, Casiraghi M, Bonizzoni M. 2019. Aedes spp. and Their Microbiota: A Review. 
Front Microbiol 10:2036. 

118.  Mancini MV, Damiani C, Accoti A, Tallarita M, Nunzi E, Cappelli A, Bozic J, Catanzani R, 
Rossi P, Valzano M, Serrao A, Ricci I, Spaccapelo R, Favia G. 2018. Estimating bacteria 
diversity in different organs of nine species of mosquito by next generation sequencing. 
BMC Microbiol 18:126. 

119.  Coatsworth H, Bozic J, Carrillo J, Buckner EA, Rivers AR, Dinglasan RR, Mathias DK. 
2022. Intrinsic variation in the vertically transmitted core virome of the mosquito Aedes 
aegypti. Mol Ecol mec.16412. 

120.  Haddow AD, Guzman H, Popov VL, Wood TG, Widen SG, Haddow AD, Tesh RB, Weaver 
SC. 2013. First isolation of Aedes flavivirus in the Western Hemisphere and evidence of 
vertical transmission in the mosquito Aedes (Stegomyia) albopictus (Diptera: Culicidae). 
Virology 440:134–139. 

121.  McMeniman CJ, Lane RV, Cass BN, Fong AWC, Sidhu M, Wang Y-F, O’Neill SL. 2009. 
Stable introduction of a life-shortening Wolbachia infection into the mosquito Aedes 
aegypti. Sci New Ser 323:141–144. 

122.  Salter SJ, Cox MJ, Turek EM, Calus ST, Cookson WO, Moffatt MF, Turner P, Parkhill J, 
Loman NJ, Walker AW. 2014. Reagent and laboratory contamination can critically impact 
sequence-based microbiome analyses. BMC Biol 12:87. 

123.  Timmermann SE, Briegel H. 1996. Effect of plant, fungal and animal diets on mosquito 
development. Entomol Exp Appl 80:173–176. 



 42

124.  Souza RS, Virginio F, Riback TIS, Suesdek L, Barufi JB, Genta FA. 2019. Microorganism-
Based Larval Diets Affect Mosquito Development, Size and Nutritional Reserves in the 
Yellow Fever Mosquito Aedes aegypti (Diptera: Culicidae). Front Physiol 10:152. 

125.  Thiery I, Nicolas L, Rippka R, Tandeau de Marsac N. 1991. Selection of cyanobacteria 
isolated from mosquito breeding sites as a potential food source for mosquito larvae. Appl 
Environ Microbiol 57:1354–1359. 

126.  Vázquez-martínez MG, Rodríguez MH, Arredondo-Jiménez JI, Méndez-Sánchez JD, 
Bond-Compeán JG, Gold-Morgan M. 2002. Cyanobacteria Associated with Anopheles 
albimanus (Diptera: Culicidae) Larval Habitats in Southern Mexico. J Med Entomol 
39:825–832. 

127.  Moll RM, Romoser WS, Modrakowski MC, Moncayo AC, Lerdthusnee K. 2001. Meconial 
peritrophic membranes and the fate of midgut bacteria during mosquito (Diptera: 
Culicidae) metamorphosis. J Med Entomol 38:29–32. 

128.  Terenius O, Lindh JM, Eriksson-Gonzales K, Bussière L, Laugen AT, Bergquist H, Titanji 
K, Faye I. 2012. Midgut bacterial dynamics in Aedes aegypti. FEMS Microbiol Ecol 
80:556–565. 

129.  Wang Y, Gilbreath TM, Kukutla P, Yan G, Xu J. 2011. Dynamic Gut Microbiome across 
Life History of the Malaria Mosquito Anopheles gambiae in Kenya. PLoS ONE 6:e24767. 

130.  Strand MR. 2017. The Gut Microbiota of Mosquitoes, p. 185–199. In Arthropod Vector: 
Controller of Disease Transmission, Volume 1. Elsevier. 

131.  Gimonneau G, Tchioffo MT, Abate L, Boissière A, Awono-Ambéné PH, Nsango SE, 
Christen R, Morlais I. 2014. Composition of Anopheles coluzzii and Anopheles gambiae 
microbiota from larval to adult stages. Infect Genet Evol 28:715–724. 

132.  Choo Y-M, Buss GK, Tan K, Leal WS. 2015. Multitasking roles of mosquito labrum in 
oviposition and blood feeding. Front Physiol 6. 

133.  Hegde S, Khanipov K, Albayrak L, Golovko G, Pimenova M, Saldaña MA, Rojas MM, 
Hornett EA, Motl GC, Fredregill CL, Dennett JA, Debboun M, Fofanov Y, Hughes GL. 
2018. Microbiome interaction networks and community structure from laboratory-reared 
and field-collected Aedes aegypti, Aedes albopictus, and Culex quinquefasciatus 
mosquito vectors. Front Microbiol 9. 

134.  David MR, Santos LMB dos, Vicente ACP, Maciel-de-Freitas R. 2016. Effects of 
environment, dietary regime and ageing on the dengue vector microbiota: evidence of a 
core microbiota throughout Aedes aegypti lifespan. Mem Inst Oswaldo Cruz 111:577–
587. 

135.  Oliveira JHM, Gonçalves RLS, Lara FA, Dias FA, Gandara ACP, Menna-Barreto RFS, 
Edwards MC, Laurindo FRM, Silva-Neto MAC, Sorgine MHF, Oliveira PL. 2011. Blood 
meal-derived heme decreases ROS levels in the midgut of Aedes aegypti and allows 
proliferation of intestinal microbiota. PLoS Pathog 7:e1001320. 

136.  Kumar S, Molina-Cruz A, Gupta L, Rodrigues J, Barillas-Mury C. 2010. A Peroxidase/Dual 
Oxidase System Modulates Midgut Epithelial Immunity in Anopheles gambiae. Science 
327:1644–1648. 

137.  Muturi EJ, Dunlap C, Ramirez JL, Rooney AP, Kim C-H. 2018. Host blood meal source has 
a strong impact on gut microbiota of Aedes aegypti. FEMS Microbiol Ecol 
https://doi.org/10.1093/femsec/fiy213. 

138.  Onyango MG, Bialosuknia SM, Payne AF, Mathias N, Kuo L, Vigneron A, DeGennaro M, 
Ciota AT, Kramer LD. 2020. Increased temperatures reduce the vectorial capacity of 
Aedes mosquitoes for Zika virus. Emerg Microbes Infect 9:67–77. 

139.  Onyango MG, Payne AF, Stout J, Dieme C, Kuo L, Kramer LD, Ciota AT. 2020. Potential 
for transmission of Elizabethkingia anophelis by Aedes albopictus and the role of 
microbial interactions in Zika vector competence. bioRxiv. 



 43

140.  Apte-Deshpande A, Paingankar M, Gokhale MD, Deobagkar DN. 2012. Serratia odorifera - 
a midgut inhabitant of Aedes aegypti mosquito enhances its susceptibility to dengue-2 
virus. PLoS ONE 7:e40401. 

141.  Ryan PA, Turley AP, Wilson G, Hurst TP, Retzki K, Brown-Kenyon J, Hodgson L, Kenny N, 
Cook H, Montgomery BL, Paton CJ, Ritchie SA, Hoffmann AA, Jewell NP, Tanamas SK, 
Anders KL, Simmons CP, O’Neill SL. 2020. Establishment of wMel Wolbachia in Aedes 
aegypti mosquitoes and reduction of local dengue transmission in Cairns and surrounding 
locations in northern Queensland, Australia. Gates Open Res 3:1547. 

142.  Sinkins SP. 2004. Wolbachia and cytoplasmic incompatibility in mosquitoes. Insect 
Biochem Mol Biol 34:723–729. 

143.  Sinkins SP, Braig HR, O’Neill SL. 1995. Wolbachia superinfections and the expression of 
cytoplasmic incompatibility. Proc R Soc Lond B Biol Sci 261:325–330. 

144.  Correa MA, Matusovsky B, Brackney DE, Steven B. 2018. Generation of axenic Aedes 
aegypti demonstrate live bacteria are not required for mosquito development. Nat 
Commun 9. 

145.  Scholte E-J, Knols BGJ, Takken W. 2006. Infection of the malaria mosquito Anopheles 
gambiae with the entomopathogenic fungus Metarhizium anisopliae reduces blood 
feeding and fecundity. J Invertebr Pathol 91:43–49. 

146.  Dittmer J, Alafndi A, Gabrieli P. 2019. Fat body–specific vitellogenin expression regulates 
host-seeking behaviour in the mosquito Aedes albopictus. PLOS Biol 17:e3000238. 

147.  Lee JB, Park K-E, Lee SA, Jang SH, Eo HJ, Jang HA, Kim C-H, Ohbayashi T, Matsuura Y, 
Kikuchi Y, Futahashi R, Fukatsu T, Lee BL. 2017. Gut symbiotic bacteria stimulate insect 
growth and egg production by modulating hexamerin and vitellogenin gene expression. 
Dev Comp Immunol 69:12–22. 

148.  Shao L, Devenport M, Jacobs-Lorena M. 2001. The peritrophic matrix of hematophagous 
insects. Arch Insect Biochem Physiol 47:119–125. 

149.  Baia-da-Silva DC, Alvarez LCS, Lizcano OV, Costa FTM, Lopes SCP, Orfanó AS, Pascoal 
DO, Nacif-Pimenta R, Rodriguez IC, Guerra M das GVB, Lacerda MVG, Secundino NFC, 
Monteiro WM, Pimenta PFP. 2018. The role of the peritrophic matrix and red blood cell 
concentration in Plasmodium vivax infection of Anopheles aquasalis. Parasit Vectors 
11:148. 

150.  Rodgers FH, Gendrin M, Wyer CAS, Christophides GK. 2017. Microbiota-induced 
peritrophic matrix regulates midgut homeostasis and prevents systemic infection of 
malaria vector mosquitoes. PLOS Pathog 13:e1006391. 

151.  Gaio A de O, Gusmão DS, Santos AV, Berbert-Molina MA, Pimenta PF, Lemos FJ. 2011. 
Contribution of midgut bacteria to blood digestion and egg production in Aedes aegypti 
(diptera: culicidae) (L.). Parasit Vectors 4:105. 

152.  Caragata EP. 2019. Curious entanglements: interactions between mosquitoes, their 
microbiota, and arboviruses. Curr Opin Virol 11. 

153.  Gabrieli P, Caccia S, Varotto-Boccazzi I, Arnoldi I, Barbieri G, Comandatore F, Epis S. 
2021. Mosquito Trilogy: Microbiota, Immunity and Pathogens, and Their Implications for 
the Control of Disease Transmission. Front Microbiol 12:630438. 

154.  Shin SW, Kokoza V, Bian G, Cheon H-M, Kim YJ, Raikhel AS. 2005. REL1, a homologue 
of Drosophila dorsal, regulates Toll antifungal immune pathway in the female mosquito 
Aedes aegypti. J Biol Chem 280:16499–16507. 

155.  Xi Z, Ramirez JL, Dimopoulos G. 2008. The Aedes aegypti Toll pathway controls dengue 
virus infection. PLoS Pathog 4:e1000098. 

156.  Angleró-Rodríguez YI, MacLeod HJ, Kang S, Carlson JS, Jupatanakul N, Dimopoulos G. 
2017. Aedes aegypti Molecular Responses to Zika Virus: Modulation of Infection by the 
Toll and Jak/Stat Immune Pathways and Virus Host Factors. Front Microbiol 8:2050. 



 44

157.  Dong Y, Morton JC, Ramirez JL, Souza-Neto JA, Dimopoulos G. 2012. The 
entomopathogenic fungus Beauveria bassiana activate Toll and JAK-STAT pathway-
controlled effector genes and anti-dengue activity in Aedes aegypti. Insect Biochem Mol 
Biol 42:126–132. 

158.  Barletta ABF, Trisnadi N, Ramirez JL, Barillas-Mury C. 2019. Mosquito Midgut 
Prostaglandin Release Establishes Systemic Immune Priming. iScience 19:54–62. 

159.  Khan MB, Liew JWK, Leong CS, Lau Y-L. 2016. Role of NF-kβ factor Rel2 during 
Plasmodium falciparum and bacterial infection in Anopheles dirus. Parasit Vectors 9:525. 

160.  Li H-H, Cai Y, Li J-C, Su MP, Liu W-L, Cheng L, Chou S-J, Yu G-Y, Wang H-D, Chen C-H. 
2020. C-Type Lectins Link Immunological and Reproductive Processes in Aedes aegypti. 
iScience 23:101486. 

161.  Barletta ABF, Nascimento-Silva MCL, Talyuli OAC, Oliveira JHM, Pereira LOR, Oliveira 
PL, Sorgine MHF. 2017. Microbiota activates IMD pathway and limits Sindbis infection in 
Aedes aegypti. Parasit Vectors 10:103. 

162.  Brown S, Hu N, Hombrı́a JC-G. 2001. Identification of the first invertebrate interleukin 
JAK/STAT receptor, the Drosophila gene domeless. Curr Biol 11:1700–1705. 

163.  Souza-Neto JA, Sim S, Dimopoulos G. 2009. An evolutionary conserved function of the 
JAK-STAT pathway in anti-dengue defense. Proc Natl Acad Sci 106:17841–17846. 

164.  Jupatanakul N, Sim S, Angleró-Rodríguez YI, Souza-Neto J, Das S, Poti KE, Rossi SL, 
Bergren N, Vasilakis N, Dimopoulos G. 2017. Engineered Aedes aegypti JAK/STAT 
pathway-mediated immunity to dengue virus. PLoS Negl Trop Dis 11:e0005187. 

165.  Paradkar PN, Duchemin J-B, Voysey R, Walker PJ. 2014. Dicer-2-Dependent Activation of 
Culex Vago Occurs via the TRAF-Rel2 Signaling Pathway. PLoS Negl Trop Dis 8:e2823. 

166.  Paradkar PN, Trinidad L, Voysey R, Duchemin J-B, Walker PJ. 2012. Secreted Vago 
restricts West Nile virus infection in Culex mosquito cells by activating the Jak-STAT 
pathway. Proc Natl Acad Sci 109:18915–18920. 

167.  Gupta L, Molina-Cruz A, Kumar S, Rodrigues J, Dixit R, Zamora RE, Barillas-Mury C. 
2009. The STAT Pathway Mediates Late-Phase Immunity against Plasmodium in the 
Mosquito Anopheles gambiae. Cell Host Microbe 5:498–507. 

168.  Kumar A, Srivastava P, Sirisena P, Dubey S, Kumar R, Shrinet J, Sunil S. 2018. Mosquito 
Innate Immunity. Insects 9:95. 

169.  El-Sherbini M, Hamed A, Abdeltawab M. 2022. The Mosquito Microbiota Interplay in 
Immune Signalling, Vector competence, and Control Prospects. Egypt Acad J Biol Sci G 
Microbiol 14:101–112. 

170.  Weber F, Wagner V, Rasmussen SB, Hartmann R, Paludan SR. 2006. Double-Stranded 
RNA Is Produced by Positive-Strand RNA Viruses and DNA Viruses but Not in Detectable 
Amounts by Negative-Strand RNA Viruses. J Virol 80:5059–5064. 

171.  Gestuveo RJ, Parry R, Dickson LB, Lequime S, Sreenu VB, Arnold MJ, Khromykh AA, 
Schnettler E, Lambrechts L, Varjak M, Kohl A. 2022. Mutational analysis of Aedes aegypti 
Dicer 2 provides insights into the biogenesis of antiviral exogenous small interfering 
RNAs. PLOS Pathog 18:e1010202. 

172.  Varjak M, Donald CL, Mottram TJ, Sreenu VB, Merits A, Maringer K, Schnettler E, Kohl A. 
2017. Characterization of the Zika virus induced small RNA response in Aedes aegypti 
cells. PLoS Negl Trop Dis 11:e0006010. 

173.  Sánchez-Vargas I, Scott JC, Poole-Smith BK, Franz AWE, Barbosa-Solomieu V, Wilusz J, 
Olson KE, Blair CD. 2009. Dengue virus type 2 infections of Aedes aegypti are modulated 
by the mosquito’s RNA interference pathway. PLoS Pathog 5:e1000299. 

174.  Brackney DE, Beane JE, Ebel GD. 2009. RNAi Targeting of West Nile Virus in Mosquito 
Midguts Promotes Virus Diversification. PLoS Pathog 5:e1000502. 

175.  Blair CD. 2011. Mosquito RNAi is the major innate immune pathway controlling arbovirus 
infection and transmission. Future Microbiol 6:265–277. 



 45

176.  Schnettler E, Ratinier M, Watson M, Shaw AE, McFarlane M, Varela M, Elliott RM, 
Palmarini M, Kohl A. 2013. RNA Interference Targets Arbovirus Replication in 
Culicoides</i> Cells. J Virol 87:2441–2454. 

177.  Brennecke J, Aravin AA, Stark A, Dus M, Kellis M, Sachidanandam R, Hannon GJ. 2007. 
Discrete Small RNA-Generating Loci as Master Regulators of Transposon Activity in 
Drosophila. Cell 128:1089–1103. 

178.  Morazzani EM, Wiley MR, Murreddu MG, Adelman ZN, Myles KM. 2012. Production of 
Virus-Derived Ping-Pong-Dependent piRNA-like Small RNAs in the Mosquito Soma. 
PLoS Pathog 8:e1002470. 

179.  Vodovar N, Bronkhorst AW, van Cleef KWR, Miesen P, Blanc H, van Rij RP, Saleh M-C. 
2012. Arbovirus-Derived piRNAs Exhibit a Ping-Pong Signature in Mosquito Cells. PLoS 
ONE 7:e30861. 

180.  Scott JC, Brackney DE, Campbell CL, Bondu-Hawkins V, Hjelle B, Ebel GD, Olson KE, 
Blair CD. 2010. Comparison of Dengue Virus Type 2-Specific Small RNAs from RNA 
Interference-Competent and –Incompetent Mosquito Cells. PLoS Negl Trop Dis 4:e848. 

181.  Hess AM, Prasad AN, Ptitsyn A, Ebel GD, Olson KE, Barbacioru C, Monighetti C, 
Campbell CL. 2011. Small RNA profiling of Dengue virus-mosquito interactions implicates 
the PIWI RNA pathway in anti-viral defense. BMC Microbiol 11:45. 

182.  Saldaña MA, Etebari K, Hart CE, Widen SG, Wood TG, Thangamani S, Asgari S, Hughes 
GL. 2017. Zika virus alters the microRNA expression profile and elicits an RNAi response 
in Aedes aegypti mosquitoes. PLoS Negl Trop Dis 11:e0005760. 

183.  Léger P, Lara E, Jagla B, Sismeiro O, Mansuroglu Z, Coppée JY, Bonnefoy E, Bouloy M. 
2013. Dicer-2- and Piwi-Mediated RNA Interference in Rift Valley Fever Virus-Infected 
Mosquito Cells. J Virol 87:1631–1648. 

184.  Aliota MT, Peinado SA, Velez ID, Osorio JE. 2016. The wMel strain of Wolbachia reduces 
transmission of Zika virus by Aedes aegypti. Sci Rep 6:28792. 

185.  Caragata EP, Rocha MN, Pereira TN, Mansur SB, Dutra HLC, Moreira LA. 2019. Pathogen 
blocking in Wolbachia-infected Aedes aegypti is not affected by Zika and dengue virus 
co-infection. PLoS Negl Trop Dis 13:e0007443. 

186.  Carrington LB, Tran BCN, Le NTH, Luong TTH, Nguyen TT, Nguyen PT, Nguyen CVV, 
Nguyen HTC, Vu TT, Vo LT, Le DT, Vu NT, Nguyen GT, Luu HQ, Dang AD, Hurst TP, 
O’Neill SL, Tran VT, Kien DTH, Nguyen NM, Wolbers M, Wills B, Simmons CP. 2018. 
Field- and clinically derived estimates of Wolbachia -mediated blocking of dengue virus 
transmission potential in Aedes aegypti mosquitoes. Proc Natl Acad Sci 115:361–366. 

187.  Liu W-L, Yu H-Y, Chen Y-X, Chen B-Y, Leaw SN, Lin C-H, Su M-P, Tsai L-S, Chen Y, 
Shiao S-H, Xi Z, Jang AC-C, Chen C-H. 2022. Lab-scale characterization and semi-field 
trials of Wolbachia Strain wAlbB in a Taiwan Wolbachia introgressed Ae. aegypti strain. 
PLoS Negl Trop Dis 16:e0010084. 

188.  O’Connor L, Plichart C, Sang AC, Brelsfoard CL, Bossin HC, Dobson SL. 2012. Open 
Release of Male Mosquitoes Infected with a Wolbachia Biopesticide: Field Performance 
and Infection Containment. PLoS Negl Trop Dis 6:e1797. 

189.  O’Neill SL. 2018. The Use of Wolbachia by the World Mosquito Program to Interrupt 
Transmission of Aedes aegypti Transmitted Viruses, p. 355–360. In Hilgenfeld, R, 
Vasudevan, SG (eds.), Dengue and Zika: Control and Antiviral Treatment Strategies. 
Springer Singapore, Singapore. 

190.  Ramirez JL, Short SM, Bahia AC, Saraiva RG, Dong Y, Kang S, Tripathi A, Mlambo G, 
Dimopoulos G. 2014. Chromobacterium Csp_P reduces malaria and dengue infection in 
vector mosquitoes and has entomopathogenic and In vitro anti-pathogen activities. PLoS 
Pathog 10:e1004398. 

191.  Favia G, Ricci I, Damiani C, Raddadi N, Crotti E, Marzorati M, Rizzi A, Urso R, Brusetti L, 
Borin S, Mora D, Scuppa P, Pasqualini L, Clementi E, Genchi M, Corona S, Negri I, 



 46

Grandi G, Alma A, Kramer L, Esposito F, Bandi C, Sacchi L, Daffonchio D. 2007. Bacteria 
of the genus Asaia stably associate with Anopheles stephensi, an Asian malarial 
mosquito vector. Proc Natl Acad Sci 104:9047–9051. 

192.  Minard G, Tran FH, Raharimalala FN, Hellard E, Ravelonandro P, Mavingui P, Valiente 
Moro C. 2013. Prevalence, genomic and metabolic profiles of Acinetobacter and Asaia 
associated with field-caught Aedes albopictus from Madagascar. FEMS Microbiol Ecol 
83:63–73. 

193.  Bongio NJ, Lampe DJ. 2015. Inhibition of Plasmodium berghei development in mosquitoes 
by effector proteins secreted from Asaia sp. bacteria using a novel native secretion 
signal. PLOS ONE 10:e0143541. 

194.  Apte-Deshpande AD, Paingankar MS, Gokhale MD, Deobagkar DN. 2014. Serratia 
odorifera mediated enhancement in susceptibility of Aedes aegypti for chikungunya virus. 
Indian J Med Res 139:762–768. 

195.  Wu P, Sun P, Nie K, Zhu Y, Shi M, Xiao C, Liu H, Liu Q, Zhao T, Chen X, Zhou H, Wang 
P, Cheng G. 2019. A gut commensal bacterium promotes mosquito permissiveness to 
arboviruses. Cell Host Microbe 25:101-112.e5. 

196.  Angleró-Rodríguez YI, Talyuli OA, Blumberg BJ, Kang S, Demby C, Shields A, Carlson J, 
Jupatanakul N, Dimopoulos G. 2017. An Aedes aegypti-associated fungus increases 
susceptibility to dengue virus by modulating gut trypsin activity. eLife 6. 

197.  Bolling BG, Olea-Popelka FJ, Eisen L, Moore CG, Blair CD. 2012. Transmission dynamics 
of an insect-specific flavivirus in a naturally infected Culex pipiens laboratory colony and 
effects of co-infection on vector competence for West Nile virus. Virology 427:90–97. 

198.  Romo H, Kenney JL, Blitvich BJ, Brault AC. 2018. Restriction of Zika virus infection and 
transmission in Aedes aegypti mediated by an insect-specific flavivirus. Emerg Microbes 
Infect 7:1–13. 

199.  Ye G, Wang Y, Liu X, Dong Q, Cai Q, Yuan Z, Xia H. 2020. Transmission competence of a 
new mesonivirus, Yichang virus, in mosquitoes and its interference with representative 
flaviviruses. PLoS Negl Trop Dis 14:e0008920. 

200.  Nasar F, Erasmus JH, Haddow AD, Tesh RB, Weaver SC. 2015. Eilat virus induces both 
homologous and heterologous interference. Virology 484:51–58. 

201.  Öhlund P, Lundén H, Blomström A-L. 2019. Insect-specific virus evolution and potential 
effects on vector competence. Virus Genes 55:127–137. 

202.  Yadav KK, Bora A, Datta S, Chandel K, Gogoi HK, Prasad GBKS, Veer V. 2015. Molecular 
characterization of midgut microbiota of Aedes albopictus and Aedes aegypti from 
Arunachal Pradesh, India. Parasit Vectors 8. 

203.  Yadav KK, Datta S, Naglot A, Bora A, Hmuaka V, Bhagyawant S, Gogoi HK, Veer V, Raju 
PS. 2016. Diversity of cultivable midgut microbiota at different stages of the Asian tiger 
mosquito, Aedes albopictus from Tezpur, India. PLOS ONE 11:e0167409. 

204.  Minard G, Tran FH, Van VT, Goubert C, Bellet C, Lambert G, Kim KLH, Thuy THT, 
Mavingui P, Valiente Moro C. 2015. French invasive Asian tiger mosquito populations 
harbor reduced bacterial microbiota and genetic diversity compared to Vietnamese 
autochthonous relatives. Front Microbiol 6. 

205.  Valiente Moro C, Tran FH, Nantenaina Raharimalala F, Ravelonandro P, Mavingui P. 
2013. Diversity of culturable bacteria including Pantoea in wild mosquito Aedes 
albopictus. BMC Microbiol 13:70. 

206.  Minard G, Tran F-H, Tran Van V, Fournier C, Potier P, Roiz D, Mavingui P, Valiente Moro 
C. 2018. Shared larval rearing environment, sex, female size and genetic diversity shape 
Ae. albopictus bacterial microbiota. PLOS ONE 13:e0194521. 

207.  Audsley MD, Ye YH, McGraw EA. 2017. The microbiome composition of Aedes aegypti is 
not critical for Wolbachia-mediated inhibition of dengue virus. PLoS Negl Trop Dis 
11:e0005426. 



 47

208.  Dickson LB, Ghozlane A, Volant S, Bouchier C, Ma L, Vega-Rúa A, Dusfour I, Jiolle D, 
Paupy C, Mayanja MN, Kohl A, Lutwama JJ, Duong V, Lambrechts L. 2018. Diverse 
laboratory colonies of Aedes aegypti harbor the same adult midgut bacterial microbiome. 
Parasit Vectors 11. 

209.  Gusmão DS, Santos AV, Marini DC, Bacci M, Berbert-Molina MA, Lemos FJA. 2010. 
Culture-dependent and culture-independent characterization of microorganisms 
associated with Aedes aegypti (Diptera: Culicidae) (L.) and dynamics of bacterial 
colonization in the midgut. Acta Trop 115:275–281. 

210.  Muturi EJ, Ramirez JL, Rooney AP, Kim C-H. 2017. Comparative analysis of gut 
microbiota of mosquito communities in central Illinois. PLoS Negl Trop Dis 11:e0005377. 

211.  Muturi EJ, Lagos-Kutz D, Dunlap C, Ramirez JL, Rooney AP, Hartman GL, Fields CJ, 
Rendon G, Kim C-H. 2018. Mosquito microbiota cluster by host sampling location. Parasit 
Vectors 11. 

212.  Dutra HLC, Rocha MN, Dias FBS, Mansur SB, Caragata EP, Moreira LA. 2016. Wolbachia 
blocks currently circulating Zika virus isolates in Brazilian Aedes aegypti mosquitoes. Cell 
Host Microbe 19:771–774. 

213.  Dusfour I, Vontas J, David J-P, Weetman D, Fonseca DM, Corbel V, Raghavendra K, 
Coulibaly MB, Martins AJ, Kasai S, Chandre F. 2019. Management of insecticide 
resistance in the major Aedes vectors of arboviruses: Advances and challenges. PLoS 
Negl Trop Dis 13:e0007615. 

214.  World Health Organization. 2021. Global insecticide use for vector-borne disease control: a 
10-year assessment (2010–2019)6th ed. World Health Organization, Geneva. 
https://apps.who.int/iris/handle/10665/345573. Retrieved 12 October 2022. 

215.  Vontas J, Kioulos E, Pavlidi N, Morou E, della Torre A, Ranson H. 2012. Insecticide 
resistance in the major dengue vectors Aedes albopictus and Aedes aegypti. Pestic 
Biochem Physiol 104:126–131. 

216.  Silva-Filha MHNL. 2021. Bacterial Toxins Active against Mosquitoes: Mode of Action and 
Resistance 37. 

217.  Carvalho K da S, Crespo MM, Araújo AP, da Silva RS, de Melo-Santos MAV, de Oliveira 
CMF, Silva-Filha MHNL. 2018. Long-term exposure of Aedes aegypti to Bacillus 
thuringiensis svar. israelensis did not involve altered susceptibility to this microbial 
larvicide or to other control agents. Parasit Vectors 11:673. 

218.  Tetreau G, Stalinski R, David J-P, Després L. 2013. Monitoring resistance to Bacillus 
thuringiensis subsp. israelensis in the field by performing bioassays with each Cry toxin 
separately. Mem Inst Oswaldo Cruz 108:894–900. 

219.  Rossi P, Ricci I, Cappelli A, Damiani C, Ulissi U, Mancini MV, Valzano M, Capone A, Epis 
S, Crotti E, Chouaia B, Scuppa P, Joshi D, Xi Z, Mandrioli M, Sacchi L, O’Neill SL, Favia 
G. 2015. Mutual exclusion of Asaia and Wolbachia in the reproductive organs of mosquito 
vectors. Parasit Vectors 8:278. 

220.  Costa-da-Silva AL, Ioshino RS, Araújo HRC de, Kojin BB, Zanotto PM de A, Oliveira DBL, 
Melo SR, Durigon EL, Capurro ML. 2017. Laboratory strains of Aedes aegypti are 
competent to Brazilian Zika virus. PLOS ONE 12:e0171951. 

221.  Gutiérrez-Bugallo G, Boullis A, Martinez Y, Hery L, Rodríguez M, Bisset JA, Vega-Rúa A. 
2020. Vector competence of Aedes aegypti from Havana, Cuba, for dengue virus type 1, 
chikungunya, and Zika viruses. PLoS Negl Trop Dis 14:e0008941. 

222.  Kain MP, Skinner EB, Athni TS, Ramirez AL, Mordecai EA, van den Hurk AF. 2022. Not all 
mosquitoes are created equal: A synthesis of vector competence experiments reinforces 
virus associations of Australian mosquitoes. PLoS Negl Trop Dis 16:e0010768. 

223.  Taracena ML, Bottino-Rojas V, Talyuli OAC, Walter-Nuno B, Oliveira JHM, Wells MB, 
Dimopoulos G, Oliveira PL, Paiva-Silva GO. 2018. Regulation of midgut cell proliferation 
impacts Aedes aegypti susceptibility to dengue virus 21. 



 48

224.  Benoit JB, Vigneron A, Broderick NA, Wu Y, Sun JS, Carlson JR, Aksoy S, Weiss BL. 
2017. Symbiont-induced odorant binding proteins mediate insect host hematopoiesis. 
eLife 6:e19535. 

225.  Hun LV, Okamoto N, Imura E, Maxson R, Bittar R, Yamanaka N. 2022. Essential functions 
of mosquito ecdysone importers in development and reproduction. Proc Natl Acad Sci 
119:e2202932119. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 49

 

CHAPTER 2 

 

Microbial Composition in Larval Water Enhances Aedes aegypti Development but 

Reduces Transmissibility of Zika Virus 
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Table S1. Water sources, collection dates, and data references for Ae. aegypti used in rearing 

experiments. LW is laboratory water, and EW is environmental water. 
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Figure S1. Bacterial ASVs shared in various life stages. A) Shared and distinct ASVs detected 

in rearing water, larvae, pupae, and adult mosquitoes. Text box lists shared bacteria by genus. 

Red text indicates genera that were also detected in eggs after surface sterilization. B) Relative 

abundance of the 19 genera shared among water, larvae, pupae, and adult mosquitoes grouped 

by bacteria taxa. 
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Figure S2. Development times of Los Angeles Ae. aegypti, plotted by individual experimental 

replicates. Pupation differences between A) EW vs. LW variations in Fig 2B, and B) LW vs. EW 

dilutions in Fig 3B. Black lines denote the average % pupation of replicate experiments. 
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Supplemental Figure 3. ZIKV RNA levels in individual mosquitoes that ingested bloodmeals 

containing 105.4 (A) or 105.3 (B) PFU/ml ZIKV or blood with no virus (mock), summarized in Fig 

4B. A) Ae. aegypti colonized from Los Angeles, CA were presented with PR15 ZIKV. B) Ae. 

aegypti colonized from Clovis, CA were presented with ZIKV BR15. Mosquitoes with no 

detectable ZIKV RNA are reported at the limit of detection (LOD) of the assay, which averaged 

101.3 ZIKV genome copies/mosquito in both A and B. 
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Figure S4. Alpha diversity of EW1, EW4, and LW mosquitoes. 
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Figure S5. Differentially abundant taxa determined by DESeq2. Each dot represents an ASV 

from the respective genus (y-axis), that was differentially abundant among mosquitoes 

according to infection status or water type which are separated by the vertical red line. ASVs to 

the left of the dividing line were more abundant in the left group while ASVs to the right of the 
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dividing line were more abundant in the right group. Bacterial taxa from DESeq2 were 

significantly different if the adjusted p-value cut-off (alpha) was below 0.05. No differentially 

abundant ASVs were found between Not infected/ Infected and Blood-only/ZIKV-exposed 

mosquitoes in LW mosquitoes. 
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Figure S6. Random forest modelling of significant bacterial taxa. A) Top 5-7 predictors of 

mosquito groups were plotted, and B) relative abundance of the top 5-7 selected predictors 

were plotted using ggplot2. ‘Ctrl’ indicates mosquitoes that ingested blood only but no ZIKV. 
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CHAPTER 3 

 

Microbes reduce susceptibility of Aedes aegypti to Zika virus by enhancing blood 

digestion and limiting midgut cell infection 
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midgut that influence vector competence are supported by prior studies. The commensal 105 

bacterium Serratia marcescens increases susceptibility of Ae. aegypti for CHIKV by secreting a 106 

protein that digests membrane-bound mucins coating the gut epithelium, rendering the 107 

epithelium more accessible to the virus (21). The bacterium Bacillus thuringiensis svar. 108 

israelensis (Bti) expresses -endotoxins that create pores in midgut cells of larval mosquitoes, 109 

which is lethal and has been a mainstay of larvicidal vector control for decades (22,23). We 110 

predicted that elimination of microbes disrupts midgut integrity, increasing ZIKV access to or 111 

traversion of the midgut epithelium, resulting in increased midgut cell infection and higher 112 

dissemination rates Ae. aegypti. We reared Ae. aegypti larvae in microbe-rich environmental 113 

water. Half of the experimental cohorts were administered antibiotics in water during the pupal 114 

stage to ablate microbes. Some cohorts of adults were also treated with antibiotics administered 115 

in sugar water after eclosion and prior to exposure to ZIKV-spiked bloodmeals. We measured 116 

physiological differences in the midgut in blood-engorged mosquitoes across cohorts treated 117 

with or without antibiotics and treated at different life stages. Microscopy was used to evaluate 118 

midgut anatomy and integrity and to quantify ZIKV-infected midgut cells. The magnitude and 119 

rate of bloodmeal digestion was measured by quantifying hemoglobin levels. RNA sequencing 120 

(RNA seq) was used to identify differential gene expression in cohorts of Ae. aegypti treated 121 

with or without antibiotics at different life stages and in response to blood with or without ZIKV. 122 

We observed that Ae. aegypti treated with antibiotics as pupae and adults and as adults only 123 

are more susceptible to ZIKV infection and dissemination compared to mosquitoes that were not 124 

antibiotic-treated, and that susceptibility is highest after antibiotic exposure at both pupal and 125 

adult stages. Antibiotic treatment of pupae and adults also increased midgut permeability, the 126 

number of ZIKV-infected midgut cells, and impaired bloodmeal digestion. Gene ontology 127 

analyses of ZIKV-exposed mosquitoes revealed enrichment of PM-associated genes, with more 128 

genes related to blood protein metabolism upregulated in mosquitoes harboring microbiota. 129 

Together our results show that exposure to a microbe-rich community throughout the life of Ae. 130 
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Figure 1. Antibiotic treatment of Ae. aegypti pupae and adults from Los Angeles, 

California, increases ZIKV susceptibility. A) Experimental design. Microbes from cemetery 

headstones were added to tap water during larvae rearing. Pupae in the antibiotic (Abx) groups 

were treated by adding an antibiotic cocktail to pupal water. No antibiotics (No Abx) groups 

received no antibiotics. Antibiotics were delivered orally in sugar to adult Abx (AbxA) groups; the 

No Abx group received sugar only. Mosquitoes from each group and life stage were sequenced 

to verify the efficacy of antibiotic treatment. Adult mosquitoes were presented with either of 2 

doses of ZIKV spiked into bloodmeals, and ZIKV vector competence was assessed by 

measuring ZIKV RNA levels in bodies to determine infection, legs/wings to assess 

dissemination, and in saliva to measure transmission, which were measured as rates in cohorts 

and mean levels from individuals. B) Antibiotic treatment reduces bacterial DNA in 

mosquitoes. Bacteria was quantified in mosquitoes by 16S qPCR. Each point represents a 

single mosquito (N larvae, pupae, No Abx = 5; N AbxA, AbxPA = 10). 16S copies were 

normalized to the Ae. aegypti RPS17 gene. The limit of detection (LOD) was a 0.1 16S:RPS17 

ratio; below this value, 16S was not detected. Statistical significance across all groups was 

determined by a Kruskal-Wallis test with multiple comparisons. C) Vector competence of 

antibiotic treated mosquitoes for ZIKV. Bar graphs show ZIKV infection, dissemination, and 

transmission rates in individual mosquitoes as determined by ZIKV RNA RT-qPCR. The 

summary table shows the same data as in the bar graphs. Rates were calculated as the number 

of bodies, legs/wings, or expectorates, respectively, that yielded at detectable ZIKV RNA, 

divided by the total number of individuals that ingested blood within a cohort. Statistical 

significance across all treatments was determined by Fisher’s exact test. Vector competence 

experiments were conducted once. D) Dose response to infection, dissemination, and 

transmission. Differences in infection, dissemination, and transmission rates after ingestion of 

high versus low dose ZIKV bloodmeals (data from panel C). ZIKV RNA levels in mosquito 

tissues after ingestion low (E) and high (F) dose ZIKV-spiked bloodmeals. Each dot shows 
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the mean value for an individual mosquito based on triplicate measurements. The average LOD 

across all experiments was 3 copies per mosquito. For B, D, and E, geometric means are 

shown, and error bars show standard deviations among positive individuals. *denotes P < 0.05 

**denotes P < 0.01 Kolmogorov-Smirnov tests were used to compare RNA levels across 

antibiotic groups. 
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Figure 2. Antibiotic treatment modifies the structure and increases permeability and ZIKV 

infection of the Ae. aegypti midgut. A) Schematic of bloodfeeding experiment and sample 

preparation for immunofluorescence microscopy. Bloodmeal contained 1 µg dextran-FITC 

(green) and 3.3 x 106 PFU/mL ZIKV. Whole mosquitoes were harvested 0 days post-feed (dpf), 

cryosectioned, DAPI stained, and examined using fluorescence microscopy. Midguts from the 

same cohort were harvested at 2, and 3 dpf, and ZIKV antigen and DAPI-stained before 

fluorescence microscopy. B) Antibiotic treatment disrupts regularity of DAPI staining in 

midgut epithelium. Anterior-zoomed cross sections of whole, Ae. aegypti at 0 dpf about 30 to 

60 minutes post-engorgement visualized at 10X magnification. C) Antibiotic treatment of 

pupae and adults reduces midgut cell density. Cell density was calculated as the number of 
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cell nuclei (blue) per 100 µm length of gut. Each symbol represents one mosquito. D) Dextran 

fluorescence quantification method that was used to generate data in panel E. Fluorescence 

ratios were calculated in triplicate randomly selected areas in a single midgut slice, and each 

point represents the average of three slices in a single mosquito. E) Antibiotic treatment of 

pupae and adults increases midgut permeability, evidenced by reduced relative dextran 

inside versus outside the gut lumen. Dextran permeation was calculated as the ratio of 

fluorescence intensity inside the gut lumen to fluorescence intensity outside the gut lumen. Each 

symbol represents 9 measurements from one mosquito. Grey arrows indicate the individual 

represented in panel B. F) Antibiotic treated pupae and adults have more ZIKV-infected 

midgut epithelial cells. The number of ZIKV-infected cells, as determined by ZIKV antigen 

staining, were counted for each ZIKV-positive midgut on 2 and 3 dpf. Data from both days is 

shown. Each symbol represents one mosquito. G) Antibiotic treated ZIKV-positive midguts 

at 2 and 3 dpf. Midguts examined under immunofluorescence at 10X magnification, at 2 and 3 

dpf. Cell nuclei (blue) and ZIKV antigen (red) are shown with the combined (merged) channels. 

Images reflect representative observations for each antibiotic treatment. Lines show means and 

error bars show standard deviations. * denotes P < 0.05, ns is not significantly different at 

p<0.05. 

 



 113

 



 114

Figure 3. Bloodmeal digestion kinetics in antibiotic treated Ae. aegypti. A) Experimental 

design for detection of hemoglobin in homogenized antibiotic treated mosquitoes that 

fed on blood with or without ZIKV. B) Despite ingesting equivalent bloodmeal sizes, 

antibiotic treatment reduces blood digestion in the absence of ZIKV at 2 and 3 dpf. Ae. 

aegypti that fed on blood (N: No Abx = 12, AbxA = 10, AbxPA = 15 per day) were assayed 0, 1, 

2 and 3 dpf. C) Despite ingesting equivalent bloodmeal sizes, antibiotic treatment reduces 

blood digestion with ZIKV at 1 and 2 dpf.  Ae. aegypti that fed on blood spiked with 2.1 x 106 

PFU/mL ZIKV (N: No Abx = 18, AbxA = 12, AbxPA = 15 per day) were assayed 0, 1 and 2 dpf. 

D) Mosquitoes not treated with antibiotics or treated only as adults that ingested ZIKV 

show increased blood digestion compared to mosquitoes treated with antibiotics as 

pupae and adults. The bar graphs show the percent reduction in hemoglobin at 1 and 2 dpf 

compared to the 0 dpf, calculated for all Abx groups and between ZIKV challenged and 

unchallenged groups. Bars show mean and error bars indicate the standard deviation (raw 

values are shown in panels B and C). E) Antibiotic treatment of pupae and adults results in 

higher ZIKV dissemination rates 3 dpf. Legs and wings of individual bloodfed females from 

the same cohort were assayed by ZIKV RT-qPCR at three dpf. * denotes P < 0.05; ** denotes 

P < 0.01; ns is not significantly different. Each symbol in B, C and E shows the mean value for 1 

mosquito. 
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Figure 4. Antibiotic treatment of Ae. aegypti pupae and adults from Clovis, California, 

decreases bloodmeal digestion and increases ZIKV susceptibility. A) Experimental 

design using the same assays as in Figures 1 and 3 applied to an Ae. aegypti colony 

from Clovis, CA. B) Despite ingesting equivalent bloodmeal sizes, antibiotic treatment 

reduces blood digestion with ZIKV at 2 dpf in Clovis mosquitoes. Error bars show the 

means and standard deviations (N = 15 for each treatment per day). C) Antibiotic treatment of 

pupae and adults results in higher ZIKV dissemination rates at 14 dpf in Clovis 
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mosquitoes. ZIKV RNA levels from bloodfed Clovis Ae. aegypti at 14 dpf. Error bars denote the 

geometric means and standard deviations. The dotted line denotes the average LOD at 62 RNA 

copies/mosquito. The number of positives per number exposed is listed under the x-axis. 

Samples under the LOD included in rate measurements are not shown in panel C. (* is P < 0.05; 

** is P < 0.01; ns is not significantly different). Each symbol in B and C shows the mean value for 

1 mosquito. 
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Figure 5. Differentially expressed genes between antibiotic-treated adult Ae. aegypti 

females before and after a bloodmeal. A) Experimental design showing Ae. aegypti from 

Los Angeles, CA, pooling and RNA sequencing approach. For each antibiotic treatment and 

each bloodfeeding state, triplicate pools of 5 whole, legless mosquito bodies were RNA-

extracted, pre-processed, and sequenced. B) Transcriptome profile differs more by 

bloodmeal status than by antibiotic treatment. PCA plot after variance stabilized 

transformation. Shapes indicate the bloodmeal status while colors represent the antibiotic 

treatments. Separate PCAs for individual variables, for ease of visibility, are shown in Figure S3. 

C) ZIKV-responsive DEGs are shared among between Ae. aegypti not antibiotic-treated 

and antibiotic-treated as adults. Venn diagram of DEGs before and after bloodfeeding by Ae. 

aegypti for each antibiotic treatment. D) DEGs correspond to metabolic processes, 

thermogenesis, and unknown genes for all antibiotic treatments. KEGG Pathway ID 

assignment of DEGs in panel C. E) DEGs between mosquitoes treated with antibiotics as 

pupae and adults compared to as adults only and ZIKV-bloodmeals or blood only do not 

correspond to known immune response genes. Comparison of immune response gene 

expression between AbxA and AbxPA groups. Relative expression of select known and 

suspected immune-related genes from relevant literature (41–50,53–58). Expression is higher in 

AbxA if the log2-fold change is positive, while expression is higher in AbxPA if log2-fold change 

is negative. Points are considered significant (red) if the adjusted P value is < 0.01. 

Comparisons of the same genes between AbxA or AbxPA and the control treatment, No Abx, 

are shown in Figure S4. 
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Figure 6. Gene Ontology assignment of DEGs and identity of most enriched/depleted 

genes. Gene Ontology (GO) analysis of significant DEGs comparing antibiotic treatment 

mosquitoes that ingested ZIKV in bloodmeals versus blood only. A) Upregulated GO hits for 

mosquitoes treated with antibiotics as adults or untreated primarily map to general 

translational processes and proteolysis. Mosquitoes treated with antibiotics as pupae and 

adults demonstrate a reduced complement of proteolysis associated genes, and B) GO 

enrichments in genes showing reduced transcript abundance for all antibiotic treatments 

primarily map to DNA synthesis and repair mechanisms. GO terms for the DEGs 

(determined from Figures 5C-D) and their descriptions on the y-axis, and statistical significance 

(P-values, Fisher’s exact test) of the GO term on the x-axis, with the exact number of DEGs 

within the colored circles. DEGs farther to the left (lower P-values) are more significant. C) 

ZIKV-responsive DEGs demonstrating the highest magnitude fold change are distinct 
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between AbxPA and No Abx treatment groups. The top 10 upregulated and top 10 

downregulated DEGs, by magnitude log2-fold change for each antibiotic treatment. A positive 

log2-fold change refers to more transcripts after a ZIKV-spiked bloodmeal, while a negative 

value refers to fewer transcripts. The right y-axis is the gene description from annotations 

retrieved from transcriptome metadata as well as VectorBase (32). Red text indicates the top 

genes shared between No Abx and AbxA. Purple text indicates the top genes shared between 

AbxPA and AbxA. 

 

 

Figure 7. Working model of Ae. aegypti microbiota effects on ZIKV dissemination. 
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Figure S1. Histology of bloodfed female midguts. Cross sections of whole, bloodfed female 

Ae. aegypti along the median sagittal plane. H&E staining and bright field microscopy with a 

focus on the blood bolus perimeter was used to assess and identify potential structural artifacts 
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during sample preparation that could confound immunofluorescence observations. Both 20X 

and 40X magnification of the same section are shown side-by-side. MG epithelium = midgut 

epithelium. PM region = peritrophic matrix region (where the fully formed PM would be seen). 

RBCs = red blood cells, from bloodmeal. 

 

 

Figure S2. Validation of hemoglobin colorimetric assay kit for bloodfed mosquitoes. A) 

Serial 1:2-fold dilutions of heparinized sheep blood were tested in parallel with the kit 

hemoglobin standard at the absorbance extremes of 560nm and 580nm. Lines indicate 

standard curves generated from linear regression that were used in the hemoglobin assays. B) 

Absorbance values of sheep blood hemoglobin after heat-treating at 60°C for 10 minutes in 

duplicates (rep = replicate). 
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Figure S3. DEGs from bloodfed antibiotic-treated mosquitoes, without ZIKV. A) Individual 

PCA plots, by a single variable, representing the same data in Figure 5B. Shapes indicate the 

bloodmeal status while colors represent the antibiotic treatments. B) DEGs between bloodfed 

and sugarfed Ae. aegypti. 
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Figure S4. Change in immune response gene expression across antibiotic-treated groups 

of Ae. aegypti. A positive log2-fold change indicates enrichment in AbxA or AbxPA, while a 

negative log2-fold change indicates enrichment in No Abx. 

 

Closest bacterial species to sequences from 

Ae. aegypti not treated with antibiotics 

E-

value 

Percent 

identity 

Accession 

Number 

Culture 

medium 

Hemolytic 

activity? 

Elizabethkingia ursingii strain EM514-03 3.00E-

124 

99% ON714894.1 R2A agar, 

sheep blood 

agar 

no 

Elizabethkingia bruuniana strain KMUH55 3.00E-

124 

99% ON714884.1 R2A agar, 

sheep blood 

agar 

no 

Elizabethkingia miricola strain BM10 7.00E-

56 

85% CP011059.1 R2A agar, 

sheep blood 

agar 

no 

Pseudomonas sp. MF0 3.00E-

125 

99% AY331340.1 R2A agar NA 

Pseudacidovorax intermedius strain HMF4787 1.00E-

124 

99% MN595029.1 R2A agar NA 

Salmonella clone (uncultured) 8.00E-

126 

99% EF605247.1 R2A agar, 

sheep blood 

agar 

no 

Table S1. Bacterial isolates from adult Ae. aegypti that were not treated with antibiotics 

(No Abx). Cultured and isolated bacterial colonies from adult female Ae. aegypti, 3-5 dpe were 

Sanger sequenced at the V4 region of the 16S gene. Sequences were input into nucleotide 

BLAST, and the closest hits are reported. Hemolytic activity was tested by presence of ring of 

clearance around colonies (from lysed red blood cells) when cultured on sheep blood agar at 

37°C. NA indicates hemolytic activity was not evaluated. 
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Gene 
Log2Fold
Change 

Adjusted 
P 

GO accession GO term Gene description 

AAEL021374 -4.99 0.019 NA NA NA 

AAEL020586 -2.88 0.000 GO:0016020 membrane NA 

AAEL003626 -1.27 0.047 GO:0016021 
integral component 

of membrane 
sodium/chloride dependent 

amino acid transporter 

AAEL019793 -1.00 0.026 GO:0005524 ATP binding NA 

AAEL010711 -1.00 0.005 GO:0005524 ATP binding eph receptor tyrosine kinase 

AAEL020123 -0.95 0.040 NA NA NA 

AAEL019444 -0.87 0.022 GO:0003723 RNA binding NA 

AAEL004715 -0.86 0.041 GO:0008285 
negative regulation 
of cell population 

proliferation 
b-cell translocation protein 

AAEL017280 -0.85 0.040 GO:0003677 DNA binding NA 

AAEL007041 -0.83 0.033 GO:0005509 calcium ion binding 
low-density lipoprotein 

receptor (ldl) 

AAEL027453 1.49 0.019 GO:0004550 
nucleoside 

diphosphate kinase 
activity 

NA 

AAEL012832 1.88 0.026 GO:0031902 
late endosome 

membrane 
cytochrome B561 

AAEL000384 3.58 0.000 GO:0055085 
transmembrane 

transport 
vesicular acetylcholine 

transporter 

AAEL012340 4.56 0.026 GO:0016788 
hydrolase activity, 

acting on ester 
bonds 

lipase 1 precursor 

AAEL029026 8.16 0.026 NA NA NA 

AAEL014561 8.47 0.040 GO:0005576 extracellular region NA 

Table S2. DEGs between sugarfed Ae. aegypti without antibiotics and antibiotic-treated 

as pupae and adults. A negative Log2fold-change refers to downregulation in AbxPA vs No 

Abx, while a positive Log2fold-change refers to upregulation in AbxPA vs No Abx. 
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CONCLUDING REMARKS 

 

The culmination of this work demonstrates Ae. aegypti vector competence for ZIKV is 

microbially dependent. Moreover, Ae. aegypti microbiota exhibit taxonomic variability even 

across experimental replicates, though their effects on an infection phenotype are consistent. 

This suggests functional redundancy wherein disparate microbial community compositions can 

influence mosquito physiology in similar ways. The effects that microbiota have on ZIKV 

dissemination susceptibility are life-stage dependent and likely through nonstructural 

modifications of the mosquito midgut. Many interesting questions arise about the mechanisms 

and generalizability of these interactions. How much microbial variation exists across larval 

microhabitats? Do differences in these microhabitats affect vector competence in different 

ways? What nonstructural modifications do microbiota bestow to mosquito gut physiology, and 

how important is immunometabolism in this regard? And finally, how does this translate to 

heterogeneity in intrapopulation transmission potential among Ae. aegypti? Probing the 

differential effects of larval microhabitats, each with their own unique microbial communities, on 

ZIKV transmission potential is an interesting future endeavor.  

 The upcoming decades are expected to experience the most tenacious arbovirus activity 

that we have ever seen in human history. Even as researchers continue to study genetic 

determinants of arbovirus emergence, development of pan-arbovirus vaccines, novel vector 

control techniques, and advanced sequencing and surveillance tools, of which all have merit, 

however, these endeavors alone will not suffice. Global climate change is increasing the range 

of permissive environments for major vector mosquitoes, including Ae. aegypti, and societal 

resource stratification is shifting environmental and societal dynamics in ways that are likely to 

alter vector borne disease transmission. Thus, integrated public health endeavors that combine 

the described efforts with environmental considerations (temperatures, microhabitat diversity, 

and microbiome interactions) are required. 
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Unfortunately, complete elimination of mosquito-borne diseases is unlikely, at least in 

the foreseeable future. To do so requires marriage of thorough biological knowledge 

(transmission dynamics, vector species range, environmental drivers, and arbovirus evolution) 

with accessible medical technology (i.e. vaccines, diagnostic systems), all within an agreeable 

sociopolitical landscape. However, multi-tiered, multi-faceted public health systems have the 

potential to aggressively mitigate the disease burden of major arboviruses at the local level. This 

work represents only a minute fraction of the potential for microbe-mediated suppression of 

arboviruses. 

 The works described in this dissertation represent an underappreciated approach to 

studying viral transmission by mosquitoes. We found that Ae. aegypti, when reared as larvae in 

microbe-rich water more reflective of their natural habitat, become less competent vectors for 

ZIKV than previously thought. This is mediated by microbial exposure during the early 

developmental stages, though the resulting acquired microbiota is highly variable. Maximizing 

microbial exposure through developmental maturity is required for reducing ZIKV dissemination 

susceptibility. The mechanism by which this occurs is linked to gut functionality and blood 

digestion, though specific molecular interactions remain nebulous. Further investigation of 

mosquito-microbe-arbovirus interactions can drive more holistic approaches to vector control 

that are desperately needed for sustainable and equitable public health. 




