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Abstract  
Mosquitoes are not autonomous vectors, but rather a collection of organisms and their surrounding environments 
(ecological units). The phenotype of mosquitoes is a result of the interactions of the insect host, surrounding 
microorganisms, invasive viruses, and the surrounding environment. This paper aims to describe the effects on 
mosquitoes from their bacterial microbiota, fungal associates, insect viruses, and other microbes on mosquito 
physiology, antiviral immunity, vector competence, and the evolution of arboviruses. From studies done on Aedes 
mosquitoes, it is shown that certain gut microbes can modify nutrient availability, epithelial barrier integrity, signaling 
pathways that deal with reactive oxygen, antimicrobial responses, and the crossing of an arbovirus from the gut to the 
salivary glands. The best example is Wolbachia. Decreases in arbovirus replication have been demonstrated in several 
laboratory strains. These laboratory strains have also been able to diminish dengue cases in field deployments, though 
this effect is conditional on strain density, temperature, tissue distribution, and the host genetics. Some insect-specific 
viruses can inhibit or even reverse replication of arboviruses through superinfection exclusion, but more studies are 
required for the Arbomycota. The Holobiont approach defines the limits of vector competence. This approach defines 
vector competence as a system of interacting factors rather than as the traditional fixed trait of a mosquito and a virus. 
This approach also poses evolutionary questions for the factors that influence arbovirus selection and diversity during 
transmission. More consistent field studies, longitudinal studies, integrated omics, and greater emphasis on causation 
over correlation are required. 
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1. INTRODUCTION  
Controlling mosquito-borne diseases is challenging because 
one or many of a number of biological processes, which can 
vary by context and be highly specific between different 
mosquito populations, may be involved in vector 
transmission [1-3]. Vector competence is generally defined 
as a mosquito’s ability to become infected; infection 
maintenance as the sheath of the proboscis is maintained; 
dissemination; and the infection of the salivary glands. 
Although this definition is useful, it is too simplistic when 
considering the vector as a sterile container [4-5]. Both adult 
and immature mosquitoes host vertically transmitted, 
transstadially transmitted and larvally acquired bacterial, 
fungal, viral and other microbial pathogens. Mosquitoes can 
alter the development, feeding, reproduction, survival, 
digestion, and the immune response and host susceptibility 
to pathogenesis of the organisms it carries. Integrating 
vectors with their associated microorganisms supports the 
holobiont concept. The holobiont is not static. The structure 
of the microbiota of the mosquito is dependent on the 
species and genotype of the mosquito, its age and sex, 
whether it has taken a blood meal, its location, the 
laboratory colony, the temperature, and the quality of the 
habitat [6-7]. For these reasons, the microbiota observed in 
a particular experimental context cannot be generalized to 
other contexts, and therefore the holobiont perspective 
should be adopted to understand vector competence [8–10]. 
 
2. Composition, Acquisition, and Spatial Organization of 
the Holobiont 
The mosquito microbiome is compartmentalized. Different 
communities of bacteria have been described to colonize the 
midgut, salivary glands, reproductive tissues, crop, 
Malpighian tubules, and the cuticle. 
Wolbachia, Asaia, Serratia, Enterobacter, Pseudomonas, 
Elizabethkingia, and Chromobacterium are some of the 
mostly described bacteria in mosquitoes. Diversity of other 
organisms including fungi and viruses specific to insects is 
greater. These organisms are established in the breeding 
water and detritus, consumed by mosquito larvae. During 
metamorphosis, many organisms are lost due to an 
ecological filter. Some are able to cross the filter, but most 
are lost and must be recolonized after emergence. The adult 
mosquito's blood, sugar, and even oviposition site can have 
a large effect on the bacterial community. Blood feeding is 
the most important biological factor [8,10]. The 
introduction of blood into the digestive system begins to 
change the digestive system and immune system within 
hours. This rapid response can change the pH, redox state, 
and availability of nutrients. Blood feeding also has an 
effect on the microbial community. The microbial 
community that is present during feeding is often different 
from that present at the establishment of a virus. It has been 
noted that insectary rearing of mosquitoes alters the 
microbiome of the organism. The strongest effect on the 
microbiome is from the geographic location of the 
organism. To determine the role of specific microbes in 
vector competence, longitudinal and tissue-resolved 
sampling is essential. 

 
Table 1. Major components of the mosquito holobiont 
 

Component Examples Principal 
functions 

Relevance to 
transmission 

Bacteria 

Wolbachia, 
Asaia, 
Serratia, 
Enterobacter 

Nutrition, 
immune tone, 
metabolite 
production 

Can inhibit or 
enhance 
arbovirus 
establishment 

Insect-
specific 
viruses 

Flavivirus-, 
alphavirus-, 
bunyavirus-
like ISVs 

Persistent 
infection, 
viral 
interference 

May alter 
replication 
through 
superinfection 
exclusion 

Fungi 
Yeasts and 
filamentous 
fungi 

Metabolism, 
competition, 
immune 
stimulation 

Functional 
effects remain 
understudied 

Host tissues 

Midgut, 
salivary 
glands, 
reproductive 
tract 

Barrier 
function and 
tissue-
specific 
immunity 

Define 
infection, 
dissemination, 
and 
transmission 
bottlenecks 

Environment 

Larval water, 
diet, 
temperature, 
chemicals 

Shapes 
microbial 
acquisition 
and stability 

Modifies both 
microbiome 
and vector 
competence 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Major interacting biological components of the 
mosquito holobiont and their tissue and environmental 

context. 
 
3. Immune Homeostasis and Mechanisms of Microbiome–
Virus Interaction 

 
Microbes that colonize mosquitoes elicit the same pathways 
as arboviruses when they engage the mosquito’s innate 
immune system. Signal transduction pathways Toll, IMD, 
JAK-STAT, RNAi, and the complement cascade will all be 
activated, and microbial reactive oxygen species and 
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antimicrobial peptides will be produced [24-26]. Mosquitos 
will respond to microbes with an antiviral-inclined basal 
immune response. Over-activation of the immune response 
will cause damage to the tissue and disrupt normal functions 
[27]. Microbes will have both direct and indirect effects. 
Bacteria may produce antivirals or disrupt the balance of 
lipids and amino acids. Some microbes may alter the 
availability of cholesterol, digestive enzymes, epithelial 
barrier permeability, and occupy attachment sites. Other 
bacteria may support viral infection by degrading the 
peritrophic matrix, suppressing the immune system, or 
producing metabolites that promote viral replication [28-
31]. The presence of microbes does not indicate the 
direction of the effect. The community, abundance, and 
location matter. Studies based on the depletion of antibiotics 
support the role of microbes in changing the outcome of 
host-pathogen interactions and even disrupting host energy 
balance [32]. Other studies have more potential for drawing 
inferences. Specifically, the role of microbes in viral 
infection of mosquitos can be addressed by metabolite 
rescue and controlled microbial transplantation. The most 
promising studies will measure the abundance of microbes, 
the host immune response, and the viruses in concert. [33-
35]. 
 
4. Bacterial Determinants Beyond Wolbachia 
 
Beyond Wolbachia, certain bacterial species promote, while 
others impede, infection by arboviruses. Serratia behaves 
contextually. Some strains of this species can efficiently 
colonize the gut, either through direct interactions with 
other members of the gut bacterial community, or indirectly 
through interactions with other members of gut bacterial 
community, or by interacting directly with epithelial 
integrity. Other strains of Asaia are examples of stable 
colonization strains and can be used in paratransgenesis 
[24]. Also, certain strains of Enterobacter, 
Chromobacterium, and Pseudomonas are capable of 
producing antimicrobial or antiviral metabolites [25-28]. 
Labeling a genus can lead one to believe products that are 
secreted in a similar manner, which can be misleading, since 
closely related isolates can have differences in secretions, 
colonization, and even immunostimulation and persistence. 
The phenotype that a high dose of a bacterial species is able 
to produce may not occur at lower, natural, levels of 
colonization [29]. A strong causal statement would require 
the isolation of candidate strains, natural recolonization at 
numbers that are close to natural levels, and testing of 
several replicated strains in more than one mosquito genetic 
background. Recent studies that connect microbial 
sphingolipid metabolism to Aedes vector competence are 
applicable and important in this context, since they connect 
correlation to a possible functioning mechanism [30-31]. 
These studies would also help justify the use of metabolites 
as biomarkers instead of broad taxonomic surveys. 
However, these survey types would need to be conducted at 
additional fermentable substrate levels and across multiple 
multispecies communities in order to consider microbial 
species appropriate candidate control agents. [32-35] 

Table 2. Selected microbial taxa and plausible effects on 
arbovirus competence 
 
Taxon Reported 

interaction 
Mechanisti
c theme 

Interpretive 
caution 

Wolbachia 

Often 
suppresses 
dengue/Zika 
replication 

Lipid 
competition, 
membrane 
remodeling, 
immune/redox 
effects 

Strain-, 
density-, 
tissue-, and 
temperature-
dependent 

Serratia 

Can alter 
colonization, 
gut barrier, 
and infection 

Community 
interaction and 
epithelial 
effects 

Strong strain 
dependence 

Asaia 

Stable 
colonizer; 
candidate 
paratransgenic 
chassis 

Tissue 
colonization 
and engineered 
delivery 

Field 
persistence 
and biosafety 
require 
evaluation 

Chromobacte
rium 

Some strains 
produce anti-
pathogen 
metabolites 

Secreted 
metabolites 

Dose and isolate 
specificity 

Enterobacter/
Pseudomonas 

Variable 
antiviral or 
physiological 
effects 

Immune 
stimulation 
and 
metabolites 

Genus-level 
labels are 
insufficient 

 

Figure 2. Mechanistic routes by which microbiome 
composition can inhibit or enhance arbovirus acquisition, 

dissemination, and transmission. 
 

5. Wolbachia as a Model of Microbiome-Mediated 
Pathogen Blocking 

Presently, the most advanced microbial example for the 
control of arboviruses (dengue and Zika viruses) is 
Wolbachia. Some Wolbachia strains induce cytoplasmic 
incompatibility, enabling population replacement and 
elimination of dengue and Zika infections in Aedes aegypti. 
There is not a singular, defined pathway for blocking, and 
the available data suggest a variety of mechanisms, 
including competition for lipids and cholesterol, alteration 
of the endoplasmic-reticulum membrane, change in redox 
biology, immune priming, resource competition in the cells, 
and density dependent exclusion. The best evidence for 
Wolbachia blocking viruses is when it is present at viral 
density in tissues involved in reproduction and in tissues 
involved in virus replication and transmission. There are 
combinations of Wolbachia strain and mosquito 
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backgrounds, which show lowering of maternal density 
and/or maternal transmission of the bacterial symbiont at 
low temperatures.  
The effects of these studies may be useful, but cannot be 
directly applied in the field. The results are encouraging for 
translational evidence for the Yogyakarta study. This study 
randomly released wMel and then monitored virologically 
confirmed cases of dengue. A decrease was seen for the first 
time at the population level in the control of pathogen 
blocking, but other studies with the use of wAlbB or 
Wolbachia mediated sterility reported a decrease in dengue 
elsewhere. 
Many factors that influence pathogen-blocking abilities are 
currently under research. These include the evolution and 
adaptation of pathogens and mosquitoes; the influence of 
Wolbachia; imprecise introgression; heat stress; and their 
movement. The best programs combine several strategies, 
which may include research in various fields, including 
genomic, epidemiological, ecological, and entomological 
research. 
 
6. Virome and Insect-Specific Viruses 
Some viromes of mosquitoes encompassing insect-specific 
flaviviruses, alphavirus-like and bunyavirus-like viruses, 
densoviruses and others, have been analyzed and described 
using metagenomics. The detection of these viruses can not 
be considered insignificant merely for cataloguing. One of 
the medically important viruses can be maintained as a 
persistent infection in a mosquito. Persistent infection of a 
mosquito alters cellular pathways and the environment of 
the insect’s immune system along with the milieu in which 
the mosquito-transmitted virus replicates. When a cell is 
superinfected with a second virus, it is able to block the 
replication of the first virus. This has been shown in the 
laboratory where an insect-specific virus has been found to 
block the replication of either dengue or any other 
arbovirus, however the effect was weak or even absent in 
some cases. Vertical transmission of an insect-specific virus 
leads to the formation of different mosquito populations and 
structured viromes within different regions and geographic 
areas, where differences in vector competence may be 
observed. Infecting an arbovirus may lead to changes to the 
resident insect viruses and vice versa. This reciprocal effect 
will complicate the causality assessment. More studies are 
needed to determine the quantity of viral loads rather than 
their presence. To determine the virome state of insects, 
defined viral isolates along with the whole laboratory 
population should be studied. Contamination, index 
hopping and unassigned low abundance sequences should 
be validated.  
Comparative viromics can help describe population 
structures of mosquitoes and will improve population 
ecology of mosquitoes [11–23, 68–76]. 
The main goal of this type of research is to develop 
descriptions and tools that help with the diagnosis and 
control of vector-borne pathogens. Such tools and 
descriptions will help researchers understand the prevalence 
of vector-borne diseases [11–23, 68–76]. 
 

Table 3. Wolbachia evidence relevant to dengue control 
 
Evidence 
level 

Representative 
finding Strength Remaining 

issue 

Laboratory 

Reduced 
dengue/Zika 
infection in 
transinfected 
Aedes 

Mechanistically 
reproducible 

Host 
background and 
thermal 
sensitivity 

Field 
entomology 

Stable 
introgression and 
high prevalence 
in target 
populations 

Demonstrates 
ecological 
feasibility 

Long-term 
density and 
spatial 
heterogeneity 

Randomized 
community 
trial 

Lower 
virologically 
confirmed 
dengue after 
wMel 
deployment 

Strong causal 
epidemiological 
evidence 

Transferability 
to other settings 

Operational 
programs 

Incidence 
reductions 
reported with 
replacement or 
suppression 
strategies 

Real-world 
scalability 

Cost, 
surveillance, 
and 
implementation 
variation 

 
 

Figure 3. Convergent mechanisms proposed for 
Wolbachia-mediated arbovirus blocking in Aedes 

mosquitoes. 
 

7. Mycobiome and Other Understudied Partners 
Research on the fungi seen in mosquito-related 
microbiomes lags behind that of bacteria. Environmental 
fungi like yeasts and molds can grow on breeding sites and 
feed on nectar, and entomopathogenic fungi can negatively 
affect survival and alter the immune response. Fungal 
metabolites can potentially interact with bacteria and/or 
viruses. Many studies lack sufficient details and are 
vulnerable to low biomass contamination. Vector-
competence models integrate protozoan associates and 
other eukaryotic microbes even less. A holobiont 
perspective should not treat the microbiome as the 
bacteriome, and should study cross-kingdom interactions, 
and if fungi or protists can reshape microbiota, modify 
nutritional or immune responses [33-35]. 
 
8. Environmental Modulation of Microbiome Effects 
Temperature, larval nutrition, chemistry of water, the 
presence of pesticides and antibiotics, crowding, humidity, 
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and the source of blood meals all can change both microbial 
communities and the traits of mosquitoes involved in 
pathogen transmission. Temperature has particularly 
profound effects on most of the processes involved in 
microbial and viral replication and the intrinsic or extrinsic 
incubation periods of some pathogens. Thus, bench top 
studies may observe microbial associations that are unstable 
under field conditions. A microbial association that is 
observed in the laboratory and maintained at a constant 
temperature may, in the field, change, reverse, or intensify. 
Antibiotic exposure may deplete some pathogenic species, 
while selection of resistant taxa and a change in host 
metabolism may occur. Insecticides may also lead to 
changes in community structure of microbial species 
associated with insects. Larval habitat may imprint an adult 
microbial state; however, this signal may be greatly 
diminished by metamorphosis. Blood-meal host species 
may change the nutrient supply and may select different 
microbial communities in the digestive system. The 
combined factors of microbial state, genotype of the 
mosquito, and genotype of the virus along with 
environmental factors limit the extent of one-factor 
laboratory studies. longitudinal field studies are most 
informative when used in conjunction with the previously 
mentioned factors [25–35, 64–67, 85–91]. 
 
Table 4. Experimental approaches for mosquito 
holobiont research 
Method Primary 

output Strength Limitation 

16S/ITS 
amplicon 
sequencing 

Bacterial/fun
gal 
community 
profiles 

Scalable and 
relatively 
inexpensive 

Composition
al and 
limited 
functional 
resolution 

Shotgun 
metagenomics 

Genes, 
pathways, 
strain 
information 

Higher 
functional 
resolution 

Cost and 
host-DNA 
burden 

Metatranscriptom
ics/viromics 

Active 
transcripts 
and viral 
community 

Captures 
functional 
activity 

Low 
abundance 
and 
contaminatio
n challenges 

Metabolomics 
Small-
molecule 
mediators 

Connects 
microbes to 
mechanism 

Annotation 
and causal 
attribution 

Gnotobiotic 
reconstruction 

Controlled 
causal 
perturbation 

Direct 
mechanistic 
testing 

Artificial 
ecology and 
rearing 
effects 

 

 

Figure 4. Environmental determinants that restructure 
mosquito microbial communities and thereby modify host 

physiology and vector competence. 
 

9. Vector Competence as a Barrier-by-Barrier Systems 
Phenotype 

An arbovirus must traverse many infectious barriers after a 
blood meal. These barriers include digestion, infection of 
the midgut epithelium, invasion of the hemocoel, 
distribution to tissues, invasion of the salivary glands, and 
attainment of the saliva at an infectious concentration. All 
stages are susceptible to influencing factors, such as midgut 
bacteria. They impact the epithelial barrier, the peritrophic 
matrix, availability of metabolites and signaling 
components of the immune system. Additionally, systemic 
microbes or products may have a role in the dissemination 
while tissue resident symbionts may influence the salivary 
gland infection. Therefore, the infection rate, dissemination 
rate, and transmission rate must be analyzed individually. 
Protection against infection of the midgut may be perceived 
as strong protection, while protection against invasion of the 
salivary gland may leave the body infection unaltered while 
decreasing the transmission. Standardized methods will 
allow comparisons of studies. Measurements of salivary 
output rather than the mosquito bodies will give more 
epidemiologically relevant results. Host genetics will also 
define the barriers, explaining the differences in effects of 
microbial interventions in different populations of 
mosquitoes [1-10, 77-87]. 
 
10. Arbovirus Evolution Within the Holobiont 
Mosquitoes act as evolutionary filters on viruses. Viral 
populations are restricted at each of the following steps: 
crossing the midgut, escaping the midgut, dissemination to 
other tissues, migration to the salivary glands, and even 
during saliva transmission. Changes in the microbiome can 
influence the strength and even the direction of bottlenecks 
via alterations in host-immunity, host-metabolism, and host-
tissue. Repeated persistent exposure to Wolbachia or other 
microbes that would activate the host’s immune response 
would likely favor more fit viral variants. Conversely, 
severe bottlenecks would reduce viral fitness and 
adaptability. Of the two, documented fitness effects of the 
microbiome on viruses far outnumber documented 
evolutionary effects. Thus, separating evolutionary theory 
from observed genotype-frequency distributions should be 
facilitated. Using experimental evolution in combination 
with deep-sequencing of multiple generations of 
mosquitoes and viral populations will provide insight into 
the evolutionary trajectories of a microbiome intervention. 
Long-term control strategies rely on the ability to predict the 
evolution of the viral genome. This necessitates a rapid 
response to ensure control strategies minimize the selection 
pressure exerted on the target genome. Control strategies 
should focus on the viral genome and ensure subsection 
both the density of infected mosquitoes and the genetic 
diversity of the virus is minimized [55, 71–76, 86–91]. 
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Table 5. Microbiome-based vector-control strategies 
 

Strategy Biological 
principle 

Potential 
advantage 

Key 
risk/limitati
on 

Wolbachia 
replacement 

Cytoplasmic 
incompatibili
ty plus 
pathogen 
blocking 

Demonstrat
ed dengue 
reduction 

Thermal, 
spatial, and 
evolutionary 
stability 

Wolbachia 
suppression 

Incompatible 
mating 
reduces 
mosquito 
abundance 

No 
permanent 
introgressio
n required 

Requires 
sustained 
release 
logistics 

Paratransgene
sis 

Engineered 
symbiont 
delivers anti-
pathogen 
effector 

Potential 
tissue-
specific 
action 

Containment, 
stability, 
horizontal 
transfer 

Natural 
inhibitory 
strains 

Select or 
augment 
protective 
bacteria 

May use 
native 
ecology 

Colonization 
can be 
inconsistent 

Microbial 
metabolite 
targeting 

Manipulate 
functional 
molecules 
rather than 
taxa 

Potentially 
more 
standardize
d 

Delivery and 
off-target 
effects 

 
 

 
Figure 5. Conceptual model of the mosquito holobiont as 
an evolutionary filter imposing sequential selection and 

transmission bottlenecks on arbovirus populations. 
 

11. Experimental and Multi-Omic Approaches 
There isn’t a single method to study the community of the 
mosquito holobiont as a whole. The analysis of the 
communities of bacteria and fungi by amplicon sequencing 
is relatively cheap, but it suffers from a lack of resolution 
and composition bias. DNA-basedshotgun metagenomics 
and RNA-based shotgun metatranscriptomics offer more 
resolution of pathways and strains, respectively. To 
characterize community virome, viromics is employed. The 
structural and functional connections of the community are 
characterized by functional proteomics and functional 
metabolomics, respectively [29-35]. To define community 
structure and interactions of mosquitoes with other 
members of different compartments, the whole mosquito 
homogenates are used. These whole mosquito homogenates 

provide a composite picture of community structure from 
all the compartments and thus, limit the functional 
interactions. The main causality question can be addressed 
by gnotobiotics, as these methods define microbiota of 
choice for a given host [59-61]. Full axenic rearing can 
disturb the development and the physiology of the host. 
Gnotobiotics for mosquitoes address many of the drawbacks 
associated with other methods used to eliminate microbes 
[62-64]. Different techniques need to be used to achieve the 
goal of proposing a hypothesis based on the mechanisms 
that are likely to be operative and testing it, rather than 
taking the presence of associational networks to be an 
adequate representation of mechanisms [65–67]. 
 
12. Microbiome Engineering, Paratransgenesis, and 
Translational Control 
The advantages of microbiome engineering include all 
techniques that reduce vector abundance or pathogen 
transmission by controlling the abundance and composition 
of microbes found on or in an organism. Techniques include 
introducing the microbiome to manipulate or replace a 
population with Wolbachia, designing symbionts that 
produce antivirals, selecting naturally occurring microbial 
inhibitors, modifying the microbiome, integrating 
microbial, sterile-insect, genetic, and other control methods. 
Although paratransgenesis is an attractive approach, a 
culturable symbiont is much easier to manipulate than the 
mosquito genome. Additionally, the symbiont must colonize 
target tissues, persist through the life stages, and retain 
genetic stability and predictable spread. There are also 
considerable concerns regarding biosafety and with the 
potential for disrupting ecosystems and non-target 
organisms through horizontal gene transfer and ecological 
persistence. The positive effects of microbe-based control 
on public health demonstrated with the Wolbachia programs 
show that these successes should not be extended to other 
symbionts. The focus of translation should be on the 
characterization of the strain and the mechanism of action, 
contained ecological studies, semi-field validation, and 
assessment by regulatory agencies and the community, as 
well as post-release surveillance. The science of microbial 
ecology should be integrated to ensure that the laboratory 
phenotype is stable in the field. 
 
13. Knowledge Gaps and Future Directions 
There are several limitations to the predictability of the 
holobiont concept. First, many studies depend more on 
taxonomic descriptions than on experiments. Second, the 
environmental and microbial diversity of mosquito 
laboratory colonies pales in comparison to field 
populations. Third, strain variation can influence 
phenotype, yet most studies ignore absolute abundance and 
strain. Fourth, the interactions among bacteria, fungi, and 
resident viruses are rarely studied. Fifth, the complexity of 
the microbiome association with other variables can be 
further complicated by environmental factors. Research 
should shift to combination of field sampling and 
experimental studies. This should be coupled with multi-
omics, high-resolution imaging, metabolomics, 
measurements of viral and host genomes. Viral signatures 
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may be discovered using machine learning. However, 
model-based interpretations should also be used to explain 
identified features. Other efforts aimed at integration and 
standardization should be used. 
 
Integrative Synthesis 
Distinctive characteristics of microbes are attributed to a 
variety of factors. Classification of microbes involves the 
genotype of the host and the relative abundance of the 
microbes. Shifts in microbes’ diet and the temperature 
microbes experience play an important role as well. Instead 
of trying to erase all statistical noise, scientists should 
identify context that these host-microbe interactions occur 
in. These host-microbe interactions will require the 
collection of data concerning the larval and adult feeding 
habitats, nutrition, exposure to pesticides, blood meal 
source, type of mosquito, and type of virus. The role of 
microbiomes will have to be established. This will 
determine the best possible way to distinguish the role of the 
microbiome from the other factors. The mechanisms of 
interest will be determined by shifting from associative to 
perturbative. This can be done by isolating each of the 
candidate strains, controlled reconstruction of host-microbe 
defined communities, and measuring metabolite, host 
pathway and infection phenotype restoration by the addition 
of candidate components. The effect of competitive 
exclusion, dispersal, horizontal gene transfer, and seasonal 
bottlenecks will also have to be studied. The consideration 
of the introgression of symbionts is also essential. For deep 
sequencing to produce useful data for evolutionary studies, 
it needs to be done in the context of several independent 
simultaneous events to allow variability. Making public 
health methods available will require assessing the cost of 
the methods, the infection rate, and the community's 
acceptance of the methods, and the persistence of the 
benefits. 
Another component of the research is designing the 
descriptive and functional taxonomy of the microbiome. 
Two populations of mosquitos can overlap in bacterial 
genera while differing in the production of 
metabolites/immune factors. Equally taxonomically distinct 
mosquito populations can overlap extensively in the 
production of metabolites/immune factors while having 
significant strain-level differences. To address these issues, 
research will incorporate analysis of the absolute 
microbiome together with metagenomics, 
metatranscriptomics, metabolomics, and trials on the 
integrity of the barrier and the activation of the immune 
system and viral replication. Integration across these will 
deepen our functional understanding of the microbiome, 
leading to greater reproducibility of studies by identifying 
stable mechanisms in the microbiome that are consistent in 
the face of variation in the microbial community. 
Fundamental improvements in reference materials, the 
inclusion of standard negative controls and mock 
communities, will also enhance the reproducibility of 
studies. In trying to answer the research questions, the 
importance of the biological level of causation should be 
kept in mind. For example, even with full-body sequencing, 
it may be difficult to find phenomena that are specific to the 

midgut, salivary glands, reproductive tissues, or the crop. 
Even with a massive depletion of viral RNA in the body, it 
would be unclear if mosquitoes can transmit the virus. 
Research should focus on the duration and the stages of 
infection and the spread and transmission of the virus from 
the mosquito saliva. These studies may determine if 
microbes limit access to saliva and impede the spread of the 
virus. Some microbes may even inhibit the first infection. 
Making use of microbiome-directed control technologies 
should aim to complement existing public health methods 
and systems. Though heavily controlling effects of microbes 
such as Wolbachia are feasible, other endosymbionts are a 
lot more complex and will require a lot more research to 
even evaluate for intentional release. The evaluation of the 
proposed technique should also consider genetic stability 
and the persistence of the system. Non-target disruption and 
reversibility should also be considered. Lastly, the method's 
evolutionary stability should also be evaluated. The 
biological effects of the technique should be also evaluated 
to determine if the goal is achieved. Integrated pest 
management techniques are almost always better than 
constantly developing new techniques. The biological, 
ecological, evolutionary and epidemiological research of 
holobiont will help estimate the disruption and effectiveness 
of microbial control outside a contained system. The 
primary mosquito colonies and community should be used 
as the research will help predict the duration of effectiveness 
and help evaluate the potential for disrupting microbial 
control. Research involving negative controls, analytical 
and sequencing codes with accompanying metadata for all 
manipulated isolates will help comparative research. 
 
14. Conclusion 
The reconstruction of vector competence in the mosquito 
holobiont gaps existing vector competence and integrates 
the mosquito and the microbiome as a unified system. 
Elements of the microbiome modulate mosquito immunity 
and metabolism, tissue barriers and feeding, survival of the 
mosquito and selection pressures on arboviruses. An 
example of a symbiont manipulation toward the control of 
a human disease vector is Wolbachia. Other relationships of 
bacteria, fungi and viruses are in preliminary stages of this 
process. The main obstacle for the next line of studies will 
be identifying the interactions that are effective, consistent, 
and transferable to other contexts. This will be resolved 
through the integration of multi-omics and long-term 
evolution studies. Given the adaptability of the microbiome, 
they must be considered in integrated control efforts. 
Declarations: 
Ethics approval and consent to participate 
Consent for publication: All authors provided written 
informed consent to publish this study. 
Availability of data and materials: No new data sets were 
generated or analysed during the preparation of this review 
article. All information discussed in this manuscript is 
derived from previously published studies, which are cited 
in the reference list. 
Competing Interests: The authors declare no competing 
interests. 
Funding: Not applicable 



Journal of Animal Environment, Vol. 18, No. 7s, Spring 2026  

1221  

Authors Contributions 
Kiran Bala Bhuyan developed the conceptual framework for 
the review and contributed to the scientific framework and 
critical revision of the manuscript. Jayaprakash Malik 
contributed to the literature review, interpretation of 
published findings, and manuscript drafting. Santhosh Goud 
contributed to the literature synthesis, manuscript 
preparation, organization of the content, and final revision. 
All authors read and approved the final version of the 
manuscript. 
Acknowledgements: The authors gratefully acknowledge 
the contributions of researchers whose published work has 
provided the scientific foundation for this review. The 
authors also acknowledge their respective institutions for 
providing an academic environment conducive to scholarly 
work. 

 
References 
1. Ferreira, Q. R., Lemos, F. F. B., Moura, M. N., Nascimento, 

J. O. S., Novaes, A. F., Barcelos, I. S., Fernandes, L. A., 
Amaral, L. S. B., Barreto, F. K., & Melo, F. F.  (2023). 
Role of the Microbiome in Aedes spp. Vector 
Competence: What Do We Know?. Viruses. 
https://doi.org/10.3390/v15030779 

2. Ragini, G., Mani, M. K., Sharma, R., Bharadwaj, N., 
Subramanian, M., Nagarajan, S. A., & Rahi, M. (2025). 
Microbiome diversity in mosquitoes and sand flies: 
implications for vector competence. Parasites & Vectors. 
https://doi.org/10.1186/s13071-025-06964-z 

3. Harrison, R. E., Yang, X., Eum, J. H., Martinson, V. G., 
Dou, X., Valzania, L., ... & Strand, M. R. (2023). The 
mosquito Aedes aegypti requires a gut microbiota for 
normal fecundity, longevity and vector competence. 
Communications Biology. 
https://doi.org/10.1038/s42003-023-05545-z  

4. Utarini, A., Indriani, C., Ahmad, R. A., Tantowijoyo, W., 
Arguni, E., Ansari, M. R., ... & Simmons, C. P. (2021). 
Efficacy of Wolbachia-Infected Mosquito Deployments 
for the Control of Dengue. New England Journal of 
Medicine. https://doi.org/10.1056/NEJMoa2030243 

5. Hugo, L. E., Rašić, G., Maynard, A. J., Ambrose, L., 
Liddington, C., Thomas, C. J., ... & Devine, G. J. (2022). 
Wolbachia wAlbB inhibit dengue and Zika infection in the 
mosquito Aedes aegypti with an Australian background. 
PLoS Neglected Tropical Diseases. 
https://doi.org/10.1371/journal.pntd.0010786 

6. Ahmad, N. A., Mancini, M. V., Ant, T. H., Martinez, J., 
Kamarul, G. M., Nazni, W. A., ... & Sinkins, S. P. (2021). 
Wolbachia strain wAlbB maintains high density and 
dengue inhibition following introduction into a field 
population of Aedes aegypti. Philosophical Transactions 
of the Royal Society B. 
https://doi.org/10.1098/rstb.2019.0809 

7. Sun, X., Wang, Y., Yuan, F., Zhang, Y., Kang, X., Sun, J., ... 
& Zou, Z. (2024). Gut symbiont-derived sphingosine 
modulates vector competence in Aedes mosquitoes. 
Nature Communications. https://doi.org/10.1038/s41467-
024-52566-1 

8. Indriani, C., Tantowijoyo, W., Rancès, E., Andari, B., 
Prabowo, E., Yusdi, D., ... & Utarini, A. (2020). Reduced 

dengue incidence following deployments of Wolbachia-
infected Aedes aegypti in Yogyakarta, Indonesia. Gates 
Open Research. 
https://doi.org/10.12688/gatesopenres.13122.1  

9. Cansado-Utrilla, C., Zhao, S. Y., McCall, P. J., Coon, K. L., 
& Hughes, G. L. (2021). The microbiome and mosquito 
vectorial capacity: rich potential for discovery and 
translation. Microbiome. https://doi.org/10.1186/s40168-
021-01073-2 

10. Flores, H. A., Taneja de Bruyne, J., O’Donnell, T. B., 
Tuyet Nhu, V., Thi Giang, N., Thi Xuan Trang, H., ... & 
Carrington, L. B. (2020). Multiple Wolbachia strains 
provide comparative levels of protection against dengue 
virus infection in Aedes aegypti. PLoS Pathogens. 
https://doi.org/10.1371/journal.ppat.1008433 

11. Moonen, J. P., Schinkel, M., van der Most, T., Miesen, P., 
& van Rij, R. P. (2023). Composition and global 
distribution of the mosquito virome - A comprehensive 
database of insect-specific viruses. One Health. 
https://doi.org/10.1016/j.onehlt.2023.100490 

12. Hixson, B., Chen, R., & Buchon, N. (2024). Innate 
immunity in Aedes mosquitoes: from pathogen resistance 
to shaping the microbiota. Philosophical Transactions of 
the Royal Society B. 
https://doi.org/10.1098/rstb.2023.0063 

13. Gangopadhayya, A., Lole, K., Ghuge, O., Ramdasi, A., 
Kamble, A., Roy, D., ... & Cherian, S. (2024). 
Metagenomic Analysis of Viromes of Aedes Mosquitoes 
across India. Viruses. https://doi.org/10.3390/v16010109 

14. Parry, R., James, M. E., & Asgari, S. (2021). Uncovering 
the worldwide diversity and evolution of the virome of the 
mosquitoes Aedes aegypti and Aedes albopictus. 
Microorganisms, 9(8), 1653. 
https://doi.org/10.3390/microorganisms9081653. 

15. Abbo, S. R., de Almeida, J. P., Olmo, R. P., Balvers, C., 
Griep, J. S., Linthout, C., ... & Marques, J. T. (2023). The 
virome of the invasive Asian bush mosquito Aedes 
japonicus in Europe. Virus Evolution, 9(2), vead041. 

16. Gómez, M., Martínez, D., Páez-Triana, L., Luna, N., 
Ramírez, A., Medina, J., ... & Ramírez, J. D. (2024). 
Influence of dengue virus serotypes on the abundance of 
Aedes aegypti insect-specific viruses (ISVs). Journal of 
Virology, 98(1), e01507-23. 

17. Olmo, R. P., Todjro, Y. M., Aguiar, E. R., de Almeida, J. P. 
P., Ferreira, F. V., Armache, J. N., ... & Marques, J. T. 
(2023). Mosquito vector competence for dengue is 
modulated by insect-specific viruses. Nature 
Microbiology. https://doi.org/10.1038/s41564-022-
01289-4 

18. Carvalho, V. L., & Long, M. T. (2021). Insect-Specific 
Viruses: An overview and their relationship to arboviruses 
of concern to humans and animals. Virology. 
https://doi.org/10.1016/j.virol.2021.01.007 

19. White, A. V., Fan, M., Mazzara, J. M., Roper, R. L., & 
Richards, S. L. (2021). Mosquito-infecting virus Espirito 
Santo virus inhibits replication and spread of dengue 
virus. Journal of Medical Virology. 
https://doi.org/10.1002/jmv.26686 

20. Shi, C., Zhao, L., Atoni, E., Zeng, W., Hu, X., 
Matthijnssens, J., ... & Xia, H. (2020). Stability of the 



Journal of Animal Environment, Vol. 18, No. 7s, Spring 2026  

1222  

Virome in Lab- and Field-Collected Aedes albopictus. 
mSystems. https://doi.org/10.1128/msystems.00640-20 

21. Hollingsworth, B. D., Grubaugh, N. D., Lazzaro, B. P., & 
Murdock, C. C. (2023). Leveraging insect-specific viruses 
to elucidate mosquito population structure and dynamics. 
PLoS Pathogens. 
https://doi.org/10.1371/journal.ppat.1011588 

22. Coatsworth, H., Bozic, J., Carrillo, J., Buckner, E. A., 
Rivers, A. R., Dinglasan, R. R., & Mathias, D. K. (2022). 
Intrinsic variation in the vertically transmitted core 
virome of the mosquito Aedes aegypti. Molecular 
Ecology. https://doi.org/10.1111/mec.16412 

23. Shi, C., Beller, L., Wang, L., Rosales Rosas, A., De 
Coninck, L., Héry, L., ... & Matthijnssens, J. (2022). 
Bidirectional Interactions between Arboviruses and the 
Bacterial and Viral Microbiota in Aedes aegypti and Culex 
quinquefasciatus. mBio. 
https://doi.org/10.1128/mbio.01021-22 

24. Kozlova, E. V., Hegde, S., Roundy, C. M., Golovko, G., 
Saldaña, M. A., Hart, C. E., ... & Hughes, G. L. (2021). 
Microbial interactions in the mosquito gut determine 
Serratia colonization and blood-feeding propensity. ISME 
Journal. https://doi.org/10.1038/s41396-020-00763-3 

25. Garcia--Van Smévoorde, M., Calvez, E., Quétel, I., Dollin, 
C., Breurec, S., & Vega-Rúa, A. (2024). Ingestion of 
amoxicillin-clavulanic acid during blood meal impacts 
Aedes aegypti microbiota and dengue virus transmission. 
Scientific Reports. https://doi.org/10.1038/s41598-024-
64221-2 

26. Muturi, E. J., Njoroge, T. M., Dunlap, C., & Cáceres, C. 
E. (2021). Blood meal source and mixed blood-feeding 
influence gut bacterial community composition in Aedes 
aegypti. Parasites & Vectors. 
https://doi.org/10.1186/s13071-021-04579-8 

27. Caragata, E. P., Otero, L. M., Tikhe, C. V., Barrera, R., & 
Dimopoulos, G. (2022). Microbial Diversity of Adult 
Aedes aegypti and Water Collected from Different 
Mosquito Aquatic Habitats in Puerto Rico. Microbial 
Ecology. https://doi.org/10.1007/s00248-021-01743-6 

28. Akintola, A. A., & Hwang, U. W. (2024). Microbiome 
profile of South Korean vector mosquitoes. Acta Tropica, 
255, 107213. 
https://doi.org/10.1016/j.actatropica.2024.107213 

29 Villegas, L. E. M., Radl, J., Dimopoulos, G., & Short, S. 
M. (2023). Bacterial communities of Aedes aegypti 
mosquitoes differ between crop and midgut tissues. PLoS 
Neglected Tropical Diseases. 
https://doi.org/10.1371/journal.pntd.0011218 

30. Hegde, S., Brettell, L. E., Quek, S., Etebari, K., Saldaña, 
M. A., Asgari, S., ... & Hughes, G. L. (2024). Aedes 
aegypti gut transcriptomes respond differently to 
microbiome transplants from field-caught or laboratory-
reared mosquitoes. Environmental Microbiology. 
https://doi.org/10.1111/1462-2920.16576 

31. Steven, B., Hyde, J., LaReau, J. C., & Brackney, D. E. 
(2021). The Axenic and Gnotobiotic Mosquito: Emerging 
Models for Microbiome Host Interactions. Frontiers in 
Microbiology. 
https://doi.org/10.3389/fmicb.2021.714222 

32. Schrieke, H., Maignien, L., Constancias, F., Trigodet, F., 
Chakloute, S., Rakotoarivony, I., ... & Reveillaud, J. 
(2022). The mosquito microbiome includes habitat-
specific but rare symbionts. Computational and Structural 
Biotechnology Journal. 
https://doi.org/10.1016/j.csbj.2021.12.019 

33. Malassigné, S., Valiente Moro, C., & Luis, P. (2020). 
Mosquito Mycobiota: An Overview of Non-
Entomopathogenic Fungal Interactions. Pathogens. 
https://doi.org/10.3390/pathogens9070564 

34. Tawidian, P., Coon, K. L., Jumpponen, A., Cohnstaedt, L. 
W., & Michel, K. (2021). Host-Environment Interplay 
Shapes Fungal Diversity in Mosquitoes. mSphere. 
https://doi.org/10.1128/mSphere.00646-21 

35. Medeiros, M. C., Seabourn, P. S., Rollins, R. L., & 
Yoneishi, N. M. (2022). Mosquito Microbiome Diversity 
Varies Along a Landscape-Scale Moisture Gradient. 
Microbial Ecology. https://doi.org/10.1007/s00248-021-
01865-x 

36. Loterio, R. K., Monson, E. A., Templin, R., de Bruyne, J. 
T., Flores, H. A., Mackenzie, J. M., ... & Fraser, J. E. 
(2024). Antiviral Wolbachia strains associate with Aedes 
aegypti endoplasmic reticulum membranes and induce 
lipid droplet formation to restrict dengue virus replication. 
mBio. https://doi.org/10.1128/mbio.02495-23 

37. Duong Thi Hue, K., da Silva Goncalves, D., Tran Thuy, 
V., Thi Vo, L., Le Thi, D., Vu Tuyet, N., ... & Simmons, 
C. P. (2023). Wolbachia wMel strain-mediated effects on 
dengue virus vertical transmission from Aedes aegypti to 
their offspring. Parasites & Vectors. 
https://doi.org/10.1186/s13071-023-05921-y 

38. Mancini, M. V., Ant, T. H., Herd, C. S., Martinez, J., 
Murdochy, S. M., Gingell, D. D., ... & Sinkins, S. P. 
(2021). High Temperature Cycles Result in Maternal 
Transmission and Dengue Infection Differences Between 
Wolbachia Strains in Aedes aegypti. mBio. 
https://doi.org/10.1128/mBio.00250-21 

39. Hoffmann, A. A., Ahmad, N. W., Keong, W. M., Ling, C. 
Y., Ahmad, N. A., Golding, N., ... & Sinkins, S. P. (2024). 
Introduction of Aedes aegypti mosquitoes carrying 
wAlbB Wolbachia sharply decreases dengue incidence in 
disease hotspots. iScience. 
https://doi.org/10.1016/j.isci.2024.108942 

40. Hussain, M., Zhang, G., Leitner, M., Hedges, L. M., & 
Asgari, S. (2023). Wolbachia RNase HI contributes to 
virus blocking in the mosquito Aedes aegypti. iScience. 
https://doi.org/10.1016/j.isci.2022.105836 

41. Fraser, J. E., O’Donnell, T. B., Duyvestyn, J. M., O’Neill, 
S. L., Simmons, C. P., & Flores, H. A. (2020). Novel 
phenotype of Wolbachia strain wPip in Aedes aegypti 
challenges assumptions on mechanisms of Wolbachia-
mediated dengue virus inhibition. PLoS Pathogens. 
https://doi.org/10.1371/journal.ppat.1008410 

42. Kaur, R., Meier, C. J., McGraw, E. A., Hillyer, J. F., & 
Bordenstein, S. R. (2024). The mechanism of cytoplasmic 
incompatibility is conserved in Wolbachia-infected Aedes 
aegypti mosquitoes deployed for arbovirus control. PLoS 
Biology. https://doi.org/10.1371/journal.pbio.3002573 

43. Mushtaq, I., Sarwar, M. S., & Munzoor, I. (2024). A 
comprehensive review of Wolbachia-mediated 



Journal of Animal Environment, Vol. 18, No. 7s, Spring 2026  

1223  

mechanisms to control dengue virus transmission in 
Aedes aegypti through innate immune pathways. 
Frontiers in Immunology. 
https://doi.org/10.3389/fimmu.2024.1434003 

44. Liang, X., Liu, J., Bian, G., & Xi, Z. (2020). Wolbachia 
Inter-Strain Competition and Inhibition of Expression of 
Cytoplasmic Incompatibility in Mosquito. Frontiers in 
Microbiology. https://doi.org/10.3389/fmicb.2020.01638 

45. Gu, X., Ross, P. A., Rodriguez‐Andres, J., Robinson, K. 
L., Yang, Q., Lau, M. J., & Hoffmann, A. A. (2022). A 
wMel Wolbachia variant in Aedes aegypti from field-
collected Drosophila melanogaster with increased 
phenotypic stability under heat stress. Environmental 
Microbiology. https://doi.org/10.1111/1462-2920.15966 

46. Duran-Ahumada, S., Karrer, L., Cheng, C., Roeske, I., 
Pilchik, J., Jimenez-Vallejo, D., ... & Vazquez-Prokopec, 
G. (2024). Wolbachia pipientis mediated effects on fitness 
and performance of Aedes aegypti under variable 
temperatures and larval densities. Journal of Medical 
Entomology. https://doi.org/10.1093/jme/tjae088 

47. Cardona Salgado, D., Campo Duarte, D. E., Sepúlveda 
Salcedo, L. S., Vasilieva, O., & Svinin, M. (2021). 
Optimal release programs for dengue prevention using 
Aedes aegypti transinfected with wMel or wMelPop. 
Mathematical Biosciences and Engineering. 
https://doi.org/10.3934/mbe.2021149 

48. Dainty, K. R., Hawkey, J., Judd, L. M., Pacidônio, E. C., 
Duyvestyn, J. M., Gonçalves, D. S., ... & Flores, H. A. 
(2021). wMel Wolbachia genome remains stable after 7 
years in Australian Aedes aegypti field populations. 
Microbial Genomics. 
https://doi.org/10.1099/mgen.0.000641  

49. Fox, T., Sguassero, Y., Chaplin, M., Rose, W., Doum, D., 
Arevalo-Rodriguez, I., & Villanueva, G. (2024). 
Wolbachia-carrying Aedes mosquitoes for preventing 
dengue infection. Cochrane Database of Systematic 
Reviews. 
https://doi.org/10.1002/14651858.CD015636.pub2 

50. Lim, J. T., Bansal, S., Chong, C. S., Dickens, B., Ng, Y., 
Deng, L., ... & Ng, L. C. (2024). Efficacy of Wolbachia-
mediated sterility to reduce the incidence of dengue: a 
synthetic control study in Singapore. Lancet Microbe. 
https://doi.org/10.1016/S2666-5247(23)00397-X 

51. Chow, J. Y., Bansal, S., Dickens, B. S., Ma, P., Hoffmann, 
A., Cheong, Y. L., ... & Lim, J. T. (2024). Assessing the 
direct and spillover protective effectiveness of Wolbachia-
mediated introgression to combat dengue. EBioMedicine. 
https://doi.org/10.1016/j.ebiom.2024.105456 

52. Mancini, M. V., Murdochy, S. M., Bilgo, E., Ant, T. H., 
Gingell, D., Gnambani, E. J., ... & Sinkins, S. P. (2024). 
Wolbachia strain wAlbB shows favourable characteristics 
for dengue control use in Aedes aegypti from Burkina 
Faso. Environmental Microbiology. 
https://doi.org/10.1111/1462-2920.16588 

53. Leitner, M., Bishop, C., & Asgari, S. (2021). 
Transcriptional Response of Wolbachia to Dengue Virus 
Infection in Cells of Aedes aegypti. mSphere. 
https://doi.org/10.1128/mSphere.00433-21 

54. Koh, C., Islam, M. N., Ye, Y. H., Chotiwan, N., Graham, 
B., Belisle, J. T., ... & McGraw, E. A. (2020). Dengue 

virus dominates lipid metabolism modulations in 
Wolbachia-coinfected Aedes aegypti. Communications 
Biology. https://doi.org/10.1038/s42003-020-01254-z 

55. Edenborough, K. M., Flores, H. A., Simmons, C. P., & 
Fraser, J. E. (2021). Using Wolbachia to Eliminate 
Dengue: Will the Virus Fight Back?. Journal of Virology. 
https://doi.org/10.1128/JVI.02203-20 

56. York, A. (2021). Defeating dengue with Wolbachia. 
Nature Reviews Microbiology. 
https://doi.org/10.1038/s41579-021-00594-9 

57. Dufault, S. M., Tanamas, S. K., Indriani, C., Utarini, A., 
Ahmad, R. A., Jewell, N. P., ... & Anders, K. L. (2022). 
Disruption of spatiotemporal clustering in dengue cases 
by wMel Wolbachia in Yogyakarta, Indonesia. Scientific 
Reports. https://doi.org/10.1038/s41598-022-13749-2 

58. Ross, P. A. (2021). Designing effective Wolbachia release 
programs for mosquito and arbovirus control. Acta 
tropica, 222, 106045. https://doi.org/ 
10.1016/j.actatropica.2021.106045 

59. Möhlmann, T. W., Vogels, C. B., Göertz, G. P., Pijlman, G. 
P., Ter Braak, C. J., Te Beest, D. E., ... & Koenraadt, C. J. 
(2020). Impact of Gut Bacteria on the Infection and 
Transmission of Pathogenic Arboviruses by Biting 
Midges and Mosquitoes. Microbial Ecology. 
https://doi.org/10.1007/s00248-020-01517-6 

60. Palinauskas, V., Abdelali, S. K., & Cabezas-Cruz, 
A. (2024). The Mosquito Microbiota: A Key Player in 
Vector Competence and Disease Dynamics. Pathogens. 
https://doi.org/10.3390/pathogens13121101 

61. Liu, H., Yin, J., Huang, X., Zang, C., Zhang, Y., Cao, J., & 
Gong, M. (2024). Mosquito Gut Microbiota: A Review. 
Pathogens. https://doi.org/10.3390/pathogens13080691 

62. Worku, A. T., Sciarretta, A., Guarnieri, A., Falcone, M., 
Brancazio, N., Minwuyelet, A., ... & Petronio Petronio, G. 
(2025). Microbial gatekeepers: midgut bacteria in Aedes 
mosquitoes as modulators of arboviral transmission and 
targets for sustainable vector control. Frontiers in 
Microbiology. 
https://doi.org/10.3389/fmicb.2025.1656709 

63. Yin, Y., Liu, Y., Fan, J., Yu, L., Nie, M., Zhang, Z., ... & 
Liao, C. (2025). Analysis of Midgut Bacterial 
Communities in Larvae and Adult Mosquitoes of Aedes 
aegypti Invaded by Three Different Microorganisms. 
Microorganisms. 
https://doi.org/10.3390/microorganisms13020248 

64. Brettell, L. E., Hoque, A. F., Joseph, T. S., Dhokiya, V., 
Hornett, E. A., Hughes, G. L., & Heinz, E.  (2025). 
Mosquitoes Reared in Nearby Insectaries at the Same 
Institution Have Significantly Divergent Microbiomes. 
Environmental Microbiology. 
https://doi.org/10.1111/1462-2920.70027 

65. Kataki, A. S. (2025). A review of the microbiome role in 
resistance evolution and life-history trait variation in 
mosquitoes. Journal of Vector Borne Diseases. 
https://doi.org/10.4103/jvbd.Jvbd_147_25 

66. ul Malook, S., Arora, A. K., & Wong, A. C. N. (2025). The 
role of microbiomes in shaping insecticide resistance: 
current insights and emerging paradigms. Current 
Opinion in Insect Science. 
https://doi.org/10.1016/j.cois.2025.101346 



Journal of Animal Environment, Vol. 18, No. 7s, Spring 2026  

1224  

67. Mosquera, K. D., Martínez Villegas, L. E., Rocha 
Fernandes, G., Rocha David, M., Maciel-de-Freitas, R., 
A. Moreira, L., & Lorenzo, M. G. (2023). Egg-laying by 
female Aedes aegypti shapes the bacterial communities of 
breeding sites. BMC Biology. 
https://doi.org/10.1186/s12915-023-01605-2 

68. Laureti, M., Paradkar, P. N., Fazakerley, J. K., & 
Rodriguez-Andres, J. (2020). Superinfection Exclusion in 
Mosquitoes and Its Potential as an Arbovirus Control 
Strategy. Viruses. https://doi.org/10.3390/v12111259 

69. de Faria, I. J., de Almeida, J. P., & Marques, J. T. (2024). 
Impact of symbiotic insect-specific viruses on mosquito 
vector competence for arboviruses. Current Opinion in 
Insect Science. 
https://doi.org/10.1016/j.cois.2024.101194 

70. Jansen, S., Cadar, D., Lühken, R., Pfitzner, W. P., Jöst, H., 
Oerther, S., ... & Heitmann, A. (2021). Vector Competence 
of the Invasive Mosquito Species Aedes koreicus for 
Arboviruses and Interference with a Novel Insect Specific 
Virus. Viruses. https://doi.org/10.3390/v13122507 

71. Reitmayer, C. M., Levitt, E., Basu, S., Atkinson, B., 
Fragkoudis, R., Merits, A., ... & Alphey, L. (2023). 
Mimicking superinfection exclusion disrupts alphavirus 
infection and transmission in Aedes aegypti. Proceedings 
of the National Academy of Sciences. 
https://doi.org/10.1073/pnas.2303080120 

72. Weaver, S. C., Forrester, N. L., Liu, J., & Vasilakis, N. 
(2021). Population bottlenecks and founder effects: 
implications for mosquito-borne arboviral emergence. 
Nature Reviews Microbiology. 
https://doi.org/10.1038/s41579-020-00482-8 

73. Yu, X., & Cheng, G. (2022). Adaptive Evolution as a 
Driving Force of the Emergence and Re-Emergence of 
Mosquito-Borne Viral Diseases. Viruses. 
https://doi.org/10.3390/v14020435 

74. Dickson, L. B., Merkling, S. H., Gautier, M., Ghozlane, 
A., Jiolle, D., Paupy, C., ... & Lambrechts, L. (2020). 
Exome-wide association study reveals largely distinct 
gene sets underlying specific resistance to DENV types 1 
and 3 in Aedes aegypti. PLoS Genetics. 
https://doi.org/10.1371/journal.pgen.1008794 

75. de Mendonça, S. F., Baldon, L. V., Todjro, Y. M., Marçal, 
B. A., Rodrigues, M. E., Moreira, R. L., ... & Moreira, L. 
A. (2025). Oropouche orthobunyavirus in Urban 
Mosquitoes: Vector Competence, Coinfection, and 
Immune System Activation in Aedes aegypti. Viruses. 
https://doi.org/10.3390/v17040492 

76. Tabata, K., Itakura, Y., Toba, S., Uemura, K., Kishimoto, 
M., Sasaki, M., ... & Orba, Y. (2022). Serological 
characterization of lineage II insect-specific flaviviruses 
compared with pathogenic mosquito-borne flaviviruses. 
Biochemical and Biophysical Research Communications. 
https://doi.org/10.1016/j.bbrc.2022.05.080 

77. Madewell, Z. J. (2020). Arboviruses and Their Vectors. 
Southern Medical Journal. 
https://doi.org/10.14423/SMJ.0000000000001152 

78. Fikrig, K., & Harrington, L. C. (2021). Understanding and 
interpreting mosquito blood feeding studies: the case of 
Aedes albopictus. Trends in Parasitology. 
https://doi.org/10.1016/j.pt.2021.07.013 

79. Gao, H., Cui, C., Wang, L., Jacobs-Lorena, M., & Wang, 
S. (2020). Mosquito Microbiota and Implications for 
Disease Control. Trends in Parasitology. 
https://doi.org/10.1016/j.pt.2019.12.001 

80. Beranek, M. D., Giayetto, O., Fischer, S., & Diaz, 
A.(2024). Assessment of Mayaro virus vector competence 
of the mosquito Aedes aegypti populations in Argentina 
using dose-response assays. Medical and Veterinary 
Entomology. https://doi.org/10.1111/mve.12712 

81. Amoa-Bosompem, M., Kobayashi, D., Itokawa, K., 
Murota, K., Faizah, A. N., Azerigyik, F. A., ... & Isawa, H. 
(2021). Determining vector competence of Aedes aegypti 
from Ghana in transmitting dengue virus serotypes 1 and 
2. Parasites & Vectors. https://doi.org/10.1186/s13071-
021-04728-z 

82. Wei, Y., Wang, J., Wei, Y. H., Song, Z., Hu, K., Chen, Y., 
... & Zheng, X. (2021). Vector Competence for DENV-2 
Among Aedes albopictus Populations in China. Frontiers 
in Cellular and Infection Microbiology. 
https://doi.org/10.3389/fcimb.2021.649975 

83. Baldon, L. V., de Mendonça, S. F., Ferreira, F. V., Rezende, 
F. O., Amadou, S. C., Leite, T. H., ... & Ferreira, A. G. 
(2022). AG129 Mice as a Comprehensive Model for the 
Experimental Assessment of Mosquito Vector 
Competence for Arboviruses. Pathogens. 
https://doi.org/10.3390/pathogens11080879 

84. Gloria-Soria, A., Payne, A. F., Bialosuknia, S. M., Stout, 
J., Mathias, N., Eastwood, G., ... & Armstrong, P. M. 
(2020). Vector Competence of Aedes albopictus 
Populations from the Northeastern United States for 
Chikungunya, Dengue, and Zika Viruses. American 
Journal of Tropical Medicine and Hygiene. 
https://doi.org/10.4269/ajtmh.20-0874 

85. Alomar, A. A., & Alto, B. W. (2022). Temperature-
Mediated Effects on Mayaro Virus Vector Competency of 
Florida Aedes aegypti Mosquito Vectors. Viruses. 
https://doi.org/10.3390/v14050880 

86. Rodriguez-Andres, J., Axford, J., Hoffmann, A., & 
Fazakerley, J. (2024). Mosquito transgenerational 
antiviral immunity is mediated by vertical transfer of virus 
DNA sequences and RNAi. iScience. 
https://doi.org/10.1016/j.isci.2023.108598 

87. Lewis, J., Gallichotte, E. N., Randall, J., Glass, A., Foy, B. 
D., Ebel, G. D., & Kading, R. C. (2023). Intrinsic factors 
driving mosquito vector competence and viral evolution: 
a review. Frontiers in Cellular and Infection 
Microbiology. 
https://doi.org/10.3389/fcimb.2023.1330600 

88. Katak, R. D. M., Cintra, A. M., Burini, B. C., Marinotti, 
O., Souza-Neto, J. A., & Rocha, E. M. (2023). 
Biotechnological Potential of Microorganisms for 
Mosquito Population Control and Reduction in Vector 
Competence. Insects. 
https://doi.org/10.3390/insects14090718 

89. Morais, P., Trovão, N. S., Abecasis, A. B., & Parreira, R. 
(2021). Genetic lineage characterization and 
spatiotemporal dynamics of classical insect-specific 
flaviviruses: outcomes and limitations. Virus Research. 
https://doi.org/10.1016/j.virusres.2021.198507 



Journal of Animal Environment, Vol. 18, No. 7s, Spring 2026  

1225  

90. Auguste, A. J., Langsjoen, R. M., Porier, D. L., Erasmus, 
J. H., Bergren, N. A., Bolling, B. G., ... & Weaver, S. C. 
(2021). Isolation of a novel insect-specific flavivirus with 
immunomodulatory effects in vertebrate systems. 
Virology. https://doi.org/10.1016/j.virol.2021.07.004 

91. Manzano-Alvarez, J., Terradas, G., Holmes, C. J., Benoit, 
J. B., & Rasgon, J. L. (2023). Dehydration stress and 
Mayaro virus vector competence in Aedes aegypti. 
Journal of Virology. https://doi.org/10.1128/jvi.00695-23 

92. Guarido, M. M., Govender, K., Riddin, M. A., Schrama, 
M., Gorsich, E. E., Brooke, B. D., ... & Venter, M. (2021). 
Detection of Insect-Specific Flaviviruses in Mosquitoes in 
Northeastern Regions of South Africa. Viruses. 
https://doi.org/10.3390/v13112148 

93. Chiuya, T., Masiga, D. K., Falzon, L. C., Bastos, A. D., 
Fèvre, E. M., & Villinger, J. (2021). A survey of mosquito-
borne and insect-specific viruses in hospitals and 
livestock markets in western Kenya. PLoS One. 
https://doi.org/10.1371/journal.pone.0252369 

94. Wang, L., Rosales Rosas, A. L., De Coninck, L., Shi, C., 
Bouckaert, J., Matthijnssens, J., & Delang, L. (2021). 
Establishment of Culex modestus in Belgium and a 
Glance into the Virome of Belgian Mosquito Species. 
mSphere. https://doi.org/10.1128/mSphere.01229-20 

95. Wilkman, L., Kaarle, E., Luande, V. N., Lantto, R., 
Evander, M., & Lwande, O. W. (2025). Insect-specific 
viruses: transmission dynamics and biological control 
strategies against arboviruses. Frontiers in Microbiology. 
https://doi.org/10.3389/fmicb.2025.1624662 

96. Nichols, H. L., & Coon, K. L.  (2025). Leveraging 
microbial ecology for mosquito-borne disease control. 
Trends in Parasitology. 
https://doi.org/10.1016/j.pt.2025.06.010 

97. Cansado-Utrilla, C., Saldaña, M. A., Golovko, G., 
Khanipov, K., Watson, R. K., Wild, A. L., ... & Hughes, 
G. L. (2025). Mosquito host background impacts 
microbiome-Zika virus interactions in field- and 
laboratory-reared Aedes aegypti. Animal Microbiome. 
https://doi.org/10.1186/s42523-025-00482-0 

98. Mantilla-Granados, J. S., Castellanos, J. E., & Velandia-
Romero, M. L. (2024). A tangled threesome: 
understanding arbovirus infection in Aedes spp. and the 
effect of the mosquito microbiota. Frontiers in 
Microbiology. 
https://doi.org/10.3389/fmicb.2023.1287519 

99. Zhang, H., & Lui, R. (2020). Releasing Wolbachia-
infected Aedes aegypti to prevent the spread of dengue 
virus: A mathematical study. Infectious Disease 
Modelling. https://doi.org/10.1016/j.idm.2019.12.004 

100. Ser, S. L., Ware-Gilmore, F., Dennington, N. L., Miller, 
A., McNulty, B. P., Harris, M. L., ... & McGraw, E. A. 
(2025). Repeated thermal stress exposure in Aedes 
aegypti co-infected with Wolbachia and dengue virus. 
mSphere. https://doi.org/10.1128/msphere.00129-25 

 
  


