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A B S T R A C T

Arthropod-borne viruses (arboviruses) are transmitted by hematophagous insects, primarily mosquitoes. The
geographic range and prevalence of mosquito-borne viruses and their vectors has dramatically increased over
the last 50 years. As a result, the most medically important arboviurses now co-exist in many regions, resulting in
an increased frequency of co-infections in hosts and vectors. In addition to concurrent infections with human
pathogens, mosquito-only viruses and/or enzootic viruses not associated with human disease are ubiquitous in
mosquito populations. Moreover, mosquito-borne viruses are largely RNA viruses that exist within individual
hosts as a diverse and dynamic swarm of closely related genotypes. Interactions among co-infecting viruses and
genotypes can have profound effects on virulence, fitness and evolution. Here, we review our understanding of
how these complex interactions influence transmission of mosquito-borne viruses, focusing on the often-ne-
glected virus interactions in the mosquito vector, and identify gaps in our knowledge that should guide future
studies.

1. Introduction

Arthropod-borne viruses (arboviruses) are transmitted by hemato-
phagous insects, primarily mosquitoes. There are over 140 arboviruses
known to be associated with human disease and approximately 50
additional arboviruses known to cause disease in wild and/or domestic
animals (Gubler, 2001, 2002; Huang et al., 2019; Hubalek et al., 2014).
The most prevalent and widespread arboviruses classified as human
pathogens are mosquito-borne viruses belonging to the families Flavi-
viridae and Togaviridae. Flaviviruses (Flaviviridae) of medical importance
include dengue virus (DENV), West Nile virus (WNV), Zika virus (ZIKV),
yellow fever virus (YFV), Japanese encephalitis virus (JEV), St. Louis en-
cephalitis virus (SLEV) and Murray Valley encephalitis virus (MVEV).
Prevalent alphaviruses (Togaviridae) of medical importance include chi-
kungunya virus (CHIKV), Ross River virus (RRV), O’nyong-nyong virus
(ONNV), sindbis virus (SINV), Barmah Forest virus (BFV) and Mayaro
virus (MAYV), as well as Western, Eastern and Venezuelan equine en-
cephalitis viruses (WEEV, VEEV, and EEEV, respectively). Additional
human pathogens in the family Peribunyaviridae include LaCrosse virus
(Peribunyaviridae;orthobunyavirus; LACV) and Rift Valley fever virus
(Peribunyaviridae, phlebovirus; RVFV). The geographic range and pre-
valence of these arboviruses and their mosquito vectors has dramati-
cally increased over the last 50 years. As a result, the most medically
important arboviruses now co-exist in many regions (Barzon, 2018;

Gould et al., 2017; Huang et al., 2019; Mayer et al., 2017) (Fig. 1). In
addition to the obvious public health burden, this has created novel
diagnostic challenges, particularly for viruses that are serologically and
genetically related (Fig. 2). For instance, there are regions in the
Americas where the flaviviruses ZIKV, WNV, DENV 1–4, SLEV and YFV,
in addition to alphaviruses CHIKV and MAYV are all now endemic
(Fig. 1). Diagnostic challenges stem from both overlapping sympto-
mology and cross-reactive clinical assays, a problem that has been a
particular challenge when attempting to serologically distinguish DENV
and ZIKV in recent years (Priyamvada et al., 2016). The co-circulation
of these pathogens has resulted in an increased frequency of co-infec-
tions (Caron et al., 2012; Dupont-Rouzeyrol et al., 2015; Furuya-
Kanamori et al., 2016; Roth et al., 2014; Rothan et al., 2018; Waggoner
et al., 2016a; Zambrano et al., 2016). The consequences of concurrent
infections in terms of disease manifestations can be severe. While in-
creases in disease severity are well characterized for sequential infec-
tions with heterologous DENV serotypes (Guzman et al., 2013;
Hammon, 1973), there is also evidence of enhanced virulence resulting
from co- and/or sequential infections with different species, including
DENV and ZIKV (Bardina et al., 2017). Although co-infections of mos-
quitoes are less likely due to shorter lifespans and less frequent ex-
posures, multiple pathogens have been detected from individual mos-
quitoes and the likelihood of this is increasing with more frequent
outbreaks and global expansions. In addition to co-infections with
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heterologous viruses or strains, co-infections with the same viruses
occur. Indeed, as all these pathogens are highly mutable RNA viruses,
each individual infection is itself a diverse swarm of closely related, co-
infecting haplotypes. Beyond interactions between heterologous and
homologous RNA pathogens, there are also numerous mosquito-only
viruses that have been identified in recent years (Ohlund et al., 2019).
In addition to this diverse virome, there are diverse and abundant mi-
crobial co-infections that are known to influence transmissibility

(Hegde et al., 2015). Here, we review our understanding of how these
complex and diverse interactions influence transmission of mosquito-
borne viruses, focusing on the often-neglected virus interactions in the
vector, and identify gaps in our knowledge that should guide future
studies.

Fig. 1. The geographic range of mosquito-borne viruses of medical importance. Presence of individual viruses are estimated based on reports of human cases, virus
isolation and/or serological evidence. Flaviviruses (Flaviviridae), including dengue virus (DENV), West Nile virus (WNV), Zika virus (ZIKV), yellow fever virus (YFV),
Japanese encephalitis virus (JEV), St. Louis encephalitis virus (SLEV) and Murray Valley encephalitis virus (MVEV), are indicated by circles with blue outlines.
Alphaviruses (Togaviridae), including chikungunya virus (CHIKV), Ross River virus (RRV), sindbis virus (SINV), O’nyong-nyong virus (ONNV), Mayaro virus
(MAYV), Barmah Forest virus (BFV), western equine encephalitis virus (WEEV), eastern equine encephalitis virus (EEEV) and Venezuelan equine encephalitis virus
(VEEV), are indicated by circles with red outlines. Viruses in the family Peribunyaviridae including LaCrosse virus (Peribunyaviridae; orthobunyavirus; LACV) and
Rift Valley fever virus (Peribunyaviridae, phlebovirus; RVFV) are indicated by circles with green outlines.

Fig. 2. Genetic relatedness of mosquito-borne viruses of medical importance. An alignment of representative genotypes was created using the software Geneious
11.1.5 and a maximum likelihood tree was generated with 500 bootstraps. Posterior probabilities of all branches are greater than 0.75. Tree editing was completed
using FigTree v1.4.
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2. Viral co-infection in mosquitoes

Co-infections can occur either simultaneously or sequentially and
can result in myriad interactions. These include: (a) competitive in-
teractions ranging from exclusion to resource sequestration resulting in
suppression of one or both viruses; (b) cooperative interactions, re-
source sharing or immune evasion resulting in enhancement of one or
both viruses; or (c) a benign coexistence in which interactions do not
significantly alter fitness and transmission of either virus. Although not
well-studied on a cellular level in vivo, competitive exclusion, both by
the same virus (homologous interference) and different viruses (het-
erologous interference) has been frequently reported in mosquito cell
culture (Abrao and da Fonseca, 2016; Johnston et al., 1974; Karpf et al.,
1997a). While this has most often been reported with superinfection,
interference has also been noted with simultaneous infections. Sup-
pression has often been attributed to competition for intracellular host
factors as RNA which is transfected into persistently infected cells
generally fails to replicate (Stollar and Shenk, 1973). As homologous
exclusion and heterologous exclusion among closely related viruses is
more common than exclusion with more distantly related viruses, there
is some specificity to the mechanisms, perhaps due to trans-acting
proteases that process non-structural proteins (Karpf et al., 1997a). For
instance, interference has been noted between DENV and YFV (Abrao
and da Fonseca, 2016), as well as SINV and RRV, yet not between SINV
and YFV (Karpf et al., 1997a). While there is less data on simultaneous
infections in cell culture, LACV-SINV co-infection enhanced replication
of SINV without affecting LACV replication in mosquito cells (Bara and
Muturi, 2014). Co-infections of mosquito cells with different strains or
serotypes of DENV, on the other hand, were generally suppressive
(Pepin and Hanley, 2008; Pepin et al., 2008).

Although the magnitude of cellular co-infection may not be as ex-
tensive within a vector, the potential for direct and indirect interactions
is more complex. The majority of in vitro studies have been completed
in C6/36 cells, which lack a functional RNA interference (RNAi) re-
sponse. RNAi is the primary invertebrate immune response to RNA
virus infections (Blair, 2011). Although RNAi targeting is highly spe-
cific, upregulation of the pathway could either work to enhance re-
activity to co-infecting RNA pathogens or sequester this response for an
individual pathogen due to limited resources, thus permitting increased
replication of the co-infecting pathogen, i.e. multiple fronts costs
(McKean et al., 2008). Additional suppression of the RNAi pathway
could be achieved through specific viral inhibitors, for instance the
flavivirus NS4B protein (Kakumani et al., 2013). Classical innate im-
mune pathways normally associated with bacterial infections including
IMD, Toll and JAK-STAT, as well as conserved signals of cellular da-
mage resulting in autophagy, have also been associated with viral in-
fections of invertebrates (Eng et al., 2016; Paradkar et al., 2012; Souza-
Neto et al., 2009; Xi et al., 2008). Primary infections could similarly
divert or enhance the capacity of these pathways to react to co-infecting
pathogens. Secreted flavivirus NS1 protein, present in blood of infected
hosts, has also been shown to be important in flavivirus infectiousness
of mosquitoes, likely through regulation of the ROS pathway (Liu et al.,
2016). While there is some strain and virus specificity with this me-
chanism (Liu et al., 2017), the general effect on innate immunity in Ae.
aegypti suggests that an indirect influence on co-infecting viruses is
likely (Liu et al., 2016). It is important to note that, while these viruses
persistently infect mosquitoes and are not known to be highly patho-
genic to their invertebrate hosts, most evidence supports the idea that
arboviruses have the potential to impart measurable virulence in
mosquitoes. In fact, the maintenance of specific, canonical pathways to
combat these viruses would make little evolutionary sense if un-
controlled infections were not virulent. Indeed, when the RNAi re-
sponse is inhibited, longevity of infected invertebrates has been shown
to decrease (Poirier et al., 2018). In addition, pathology, as well as
decreased longevity and fecundity has been noted in mosquitoes in-
fected with WNV, DENV, CHIKV, WEEV and EEEV (Ciota et al., 2013,

2011; Girard et al., 2005; Girard et al., 2007; Maciel-de-Freitas et al.,
2011; Martin et al., 2010; Moncayo et al., 2000; Scott and Lorenz, 1998;
Weaver et al., 1992). Characterizing this potential for virulence is cri-
tical if we are to accurately define the potential effect of co-infection on
transmissibility.

Recent experimental studies have focused largely on the highly in-
vasive and cosmopolitan Ae. aegypti, which is the primary vector of
DENV, ZIKV, YFV and CHIKV. With concurrent outbreaks now common
(Roth et al., 2014), incidents of co-infection with these pathogens in
both humans and mosquitoes have been reported more frequently in
recent years (Caron et al., 2012; Furuya-Kanamori et al., 2016; Norman
et al., 2016; Sardi et al., 2016; Waggoner et al., 2016a; Zambrano et al.,
2016). Magalhaes et al (2018) demonstrated that sequential infection of
Ae. aegypti with CHIKV and ZIKV resulted in co-transmission and en-
hanced ZIKV transmission at 7 days post-infection. Co-transmission of
CHIKV and ZIKV has also been demonstrated with simultaneous in-
fection (Goertz et al., 2017; Ruckert et al., 2017), and a similar en-
hancement of DENV replication in salivary glands was measured fol-
lowing simultaneous infection with CHIKV (Le Coupanec et al., 2017).
Co-infections with CHIKV and MAYV had no measurable effect on
transmission of either pathogen by Ae. aegypti, but superinfection ex-
clusion was noted for CHIKV in MAYV-infected mosquitoes (Kantor
et al., 2019). Ruckert et al measured vector competence following co-
and triple infection with DENV, CHIKV and ZIKV and found overall
effects to be generally modest and at times in contrast with previous
findings. Specifically, ZIKV infection rates and DENV dissemination
rates were slightly reduced with CHIKV co-infection and CHIKV trans-
mission rates were reduced following DENV infection. Importantly, this
study also demonstrated that simultaneous transmission of all three
pathogens by a single mosquito can occur. Together, these studies de-
monstrate the potential for co-infection and co-transmission and the
range of possible consequences of these interactions. The variability in
measurable effects could stem from virus strain or mosquito population
differences, and/or from the nuanced differences in experimental de-
sign including timing of sequential infections or age of mosquitoes.

In addition to understanding the effect that co-infections with
multiple human pathogens have on transmission, interactions between
RNA pathogens and insect-specific viruses (ISVs), which are likely
ubiquitous, are important to define (Chandler et al., 2015; Coffey et al.,
2014; Cook et al., 2013). These interactions many be quite specific
given that many ISVs belong to the same genera as human pathogens.
This is particularly the case with flaviviruses, for which at least 12 ISVs
have been identified, often in mosquito species which are primary
vectors of human pathogens (Blitvich and Firth, 2015). The ISV Nhu-
mirin virus (NHUV) has been shown to suppress replication of WNV, JEV
and SLEV (Kenney et al., 2014), while Palm Creek virus has the capacity
to suppress replication of WNV and MVEV (Hobson-Peters et al., 2013).
Similarly, the sole ISV identified in the alphavirus genus, Eliat virus, can
suppress replication of SINV, EEEV, VEEV, WEEV and CHIKV (Nasar
et al., 2015). Conversely, cells persistently infected with Culex flavivirus
(CxFV) do not suppress infection or replication of JEV and DENV, yet
enhanced cell pathology was noted in dual infections with JEV and
CxFV (Kuwata et al., 2015).

While fewer studies have evaluated how interactions with ISVs
could alter transmissibility in vivo, evidence for the potential im-
portance of these interactions exists. Surveillance data suggests an as-
sociation between CxFV and WNV positivity in mosquitoes (Newman
et al., 2011), yet experimental data is mixed. Specifically, Kent et al
(2010) demonstrated an enhancement of WNV infection with CxFV in
Cx. quinquefasciatus, yet Bolling et al (2012) demonstrated delayed
WNV transmission in Cx. pipiens (Bolling et al., 2012; Kent et al., 2010).
Differences between these species were also noted with NHUV, for
which co-inoculation with WNV decreased transmission of WNV in Cx.
quinquefasciatus but not Cx. pipiens (Goenaga et al., 2015). Establish-
ment of NHUV infection in Ae. aegypti was also found to significantly
decrease both infection and transmission of ZIKV (Romo et al., 2018).
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Similarly, EILV infection was found to delay CHIKV infection in Ae.
aegypti (Nasar et al., 2015). What remains unclear is the tropism of
these ISVs, if co-infections with human pathogens occur on a cellular
level, and how these viruses are maintained. These questions need to be
more thoroughly addressed before we can begin to understand the
mechanistic basis of these interactions and their effect on viral trans-
mission.

3. Mutant swarm dynamics and transmission

Although there are bottlenecks associated with transmission, in-
fection and traversing morphological barriers, diverse mutant swarms
are maintained throughout the life cycle of arboviruses and constantly
regenerated through high levels of error-prone replication. So, while
studies show that individual variants can be lost during the extrinsic
incubation period of arboviruses (time from mosquito exposure to
subsequent transmission; Ciota et al., 2012a; Forrester et al., 2012),
diverse swarms are still often transmitted by mosquitoes (Brackney
et al., 2011; Forrester et al., 2014). In addition, each subsequent
transmission event from a single mosquito could comprise unique sub-
populations (Grubaugh et al., 2017). Since the result of this intra-host
diversity is persistent co- and super-infection of closely related strains,
understanding mutant swarm dynamics is in essence simply an exten-
sion of the characterization of interactions of co-infections with more
taxonomically diverse pathogens. There have been a number of studies
that have characterized the phenotypic impact of these diverse mutant
swarms and the unique selective pressures they are subject to. As with
more taxonomically diverse viruses, interactions between genotypes
that comprise a viral swarm can be both direct and indirect and may be
largely dependent on the level of co-infection within individual cells. It
is well established that both the breadth and specific composition of the
RNA virus mutant swarm influences viral fitness, tropism, pathogenesis,
adaptability and evolutionary trajectories (Ciota et al., 2007a, b; Coffey
and Vignuzzi, 2011; Duarte et al., 1994; Ebel et al., 2011; Fitzpatrick
et al., 2010; Novella, 2003; Novella and Ebendick-Corp, 2004; Vignuzzi
et al., 2006). There are multiple explanations for why diverse swarms
are maintained within individual hosts, the simplest being mutation-
selection balance. Although mutation rates vary among RNA viruses, on
average arboviruses accumulate one new mutation in every nascent
genome (Drake and Holland, 1999). Given that these viruses may re-
plicate to levels as high as 1 billion RNA genomes in individual verte-
brate and invertebrate hosts, it is not surprising that intra-host diversity
is high. While new mutations are largely deleterious and therefore
subject to purifying selection, the strength and pace of this selection is
not likely sufficient to overcome the pace of mutation. In addition,
viruses under high mutation rates are predicted to evolve towards ro-
bust sequence space, which in effect decreases the probability that new
mutations will alter phenotype (Montville et al., 2005; Wilke et al.,
2001). Although there is indeed evidence for the evolution of robust-
ness (Montville et al., 2005), it has also been shown that genetic di-
versity does correspond to phenotypic diversity, i.e. diverse fitness
landscapes (Ciota et al., 2012b). There are a few possible explanations
for this. First, variants could at times be subject to density-dependent
selection. Given that RNAi is known to be highly specific in terms of
sequence targeting, rare variants with minor mutations could be at an
advantage in terms of RNAi escape. In support of this, a study with
WNV demonstrated that the regions of the genome that were most
frequently targeted by RNAi corresponded to regions for which intra-
host diversity was highest (Brackney et al., 2009). A second contributor
to the maintenance of diversity could be that unique hosts and intra-
host environments impose unique and dynamic selective pressures. In
other words, maintaining diverse swarms allows for the maintenance of
individual variants that are specialized for vertebrate or invertebrate
hosts and/or unique tissues within these hosts (Coffey et al., 2011;
Vignuzzi et al., 2006). Given the requirement for high levels of fitness in
taxonomically diverse hosts, this could be particularly advantageous for

arboviruses. Unique variants could be specialized for mosquito midgut
infection, midgut replication, midgut escape, replication in external
tissues, salivary gland infection, salivary gland replication, transmis-
sion, establishment of vertebrate infection, replication in diverse ver-
tebrate tissues and maximizing viremia. While these specialized var-
iants may be transiently selected against at some points during these
cycles, they can be maintained at low levels awaiting selection in
subsequent environments, a concept that has previously been referred
to as ‘molecular memory’ (Ruiz-Jarabo et al., 2000). Lastly, diversity
could be maintained as a result of cooperative interactions among co-
infecting variants. Studies with WNV in mosquito cells demonstrate that
co-infection can promote the maintenance of both genetic and pheno-
typic diversity through strain complementation, and that cooperative
interactions among co-infecting variants can result in population fitness
levels that exceed that of any individual variant (Ciota et al., 2012b).
Although the extent to which complementation could be a relevant
mechanism in vivo is not entirely clear, additional studies with WNV
demonstrated that attenuated non-consensus variants are generated and
maintained during mosquito infection despite suppressing fitness in vivo
(Ebel et al., 2011). Further, Aaskov et al (2006) previously reported the
maintenance and transmission of a defective DENV genome which was
repeatedly recovered from mixed wildtype populations. Studies with
measles virus have shown advantageous interaction through hetero-
ologomer formation of a viral protein (Shirogane et al., 2012, 2016).
While co-packaging would be one clear explanation for cooperative
interactions, such molecular mechanisms have not been well char-
acterized for arboviruses. All of these explanations for swarm main-
tenance predict that diversity is itself advantageous, rather than simply
a by-product of error-prone pathogens maximizing replicative fitness.
Indeed, high-fidelity variants of arboviruses have been shown to be
attenuated in mosquitoes and/or vertebrate hosts in the absence of
replication deficits (Coffey et al., 2011; Van Slyke et al., 2015), further
supporting the idea that the capacity to produce variability is in-
dependently bound to arbovirus fitness and transmission.

4. Concluding remarks and future directions

What is clear from all these studies is that understanding arbovirus
fitness and transmission requires consideration of the consortium of
interactions within hosts and vectors. The importance of these inter-
actions is also clearly applicable to other pathogen systems, and as the
global reach of pathogens expand, characterizing how these relation-
ships impact patterns of transmission becomes more critical. Beyond
the interactions between co-infecting viruses discussed here, it is ne-
cessary, while daunting, to additionally consider interactions with the
diverse and dynamic microbial communities of hosts and vectors. Both
extracellular bacteria and obligate intracellular bacteria such as
Wolbachia have been shown to have significant effects on competence
and transmission of arboviruses in mosquitoes (Hegde et al., 2015;
Rainey et al., 2014). As our capacity to sequence the holobiome in-
creases, as well as our ability to readily and efficiently generate tran-
scriptomic and metabolomic data, so too will our understanding of the
complexity of these relationships. Such studies should be used to inform
detailed experimental work to better define the mechanistic basis of
these interactions. Why do different studies with similar questions and
design report conflicting findings regarding suppression and enhance-
ment with co-infection? We need to understand the mechanistic nuance
in, for instance, how strain variability and timing of co-infections effect
outcomes, so that we are able to create better predictive models and
perhaps inform novel control strategies. In addition, the focus of mos-
quito studies thus far has been on the effect of co-infection on vector
competence only, yet competence is just one aspect of vectorial capa-
city (i.e. transmission potential). Even modest alterations to life-history
traits can have profound effects on the vectorial capacity of a popula-
tion. Since infections with individual arboviruses have been shown to
have the capacity to significantly alter mosquito longevity and feeding
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behavior (Ciota et al., 2013, 2011; Maciel-de-Freitas et al., 2011; Styer
et al., 2007) it seems likely that mixed infections could have a greater
influence in this regard. The last, and perhaps greatest challenge is to
not just characterize the consequences of interactions in the present,
but also to predict how the evolution of these interactions will influence
pathogen transmission in the future. As the frequency of co-infections
increase, and rising temperatures have the potential to accelerate the
evolutionary rates of viruses that replicate in ectothermic organisms,
unique evolutionary pressures exerted on co-infecting pathogens will
contribute more to shaping the evolutionary paths of these rapidly
mutating viruses. Antagonistic relationships now could ultimately
evolve to be synergistic if there is a viable evolutionary path to co-
operation that maximizes transmission. As shown with experiments
with bacteriophages (Sachs and Bull, 2005) distinct viral species with
appropriate selective pressures can evolve cooperative interactions that
increase fitness and result in novel molecular subtypes. The con-
sequences of this for transmission of human pathogens could be sub-
stantial.

Acknowledgments

I would like to thank Dr. Steven Zink for assistance with the pre-
paration of figures. In addition, I thank Elyse Banker and Haley
Caldwell for editorial input.

References

Aaskov, J., Buzacott, K., Thu, H.M., Lowry, K., Holmes, E.C., 2006. Long-term transmis-
sion of defective RNA viruses in humans and aedes mosquitoes. Science 311,
236–238.

Abrao, E.P., da Fonseca, B.A., 2016. Infection of mosquito cells (C6/36) by dengue-2 virus
interferes with subsequent infection by yellow fever virus. Vector Borne Zoonotic Dis.
16, 124–130.

Bara, J.J., Muturi, E.J., 2014. Effect of mixed infections of Sindbis and La Crosse viruses
on replication of each virus in vitro. Acta Trop. 130, 71–75.

Bardina, S.V., Bunduc, P., Tripathi, S., Duehr, J., Frere, J.J., Brown, J.A., Nachbagauer,
R., Foster, G.A., Krysztof, D., Tortorella, D., Stramer, S.L., Garcia-Sastre, A., Krammer,
F., Lim, J.K., 2017. Enhancement of Zika virus pathogenesis by preexisting anti-
flavivirus immunity. Science 356, 175–180.

Barzon, L., 2018. Ongoing and emerging arbovirus threats in Europe. J. Clin. Virol. 107,
38–47.

Blair, C.D., 2011. Mosquito RNAi is the major innate immune pathway controlling ar-
bovirus infection and transmission. Future Microbiol. 6, 265–277.

Blitvich, B.J., Firth, A.E., 2015. Insect-specific flaviviruses: a systematic review of their
discovery, host range, mode of transmission, superinfection exclusion potential and
genomic organization. Viruses 7, 1927–1959.

Bolling, B.G., Olea-Popelka, F.J., Eisen, L., Moore, C.G., Blair, C.D., 2012. Transmission
dynamics of an insect-specific flavivirus in a naturally infected Culex pipiens la-
boratory colony and effects of co-infection on vector competence for West Nile virus.
Virology 427, 90–97.

Brackney, D.E., Beane, J.E., Ebel, G.D., 2009. RNAi targeting of West Nile virus in mos-
quito midguts promotes virus diversification. PLoS Pathog. 5, e1000502.

Brackney, D.E., Pesko, K.N., Brown, I.K., Deardorff, E.R., Kawatachi, J., Ebel, G.D., 2011.
West Nile virus genetic diversity is maintained during transmission by Culex pipiens
quinquefasciatus mosquitoes. PLoS One 6 e24466.

Caron, M., Paupy, C., Grard, G., Becquart, P., Mombo, I., Nso, B.B., Kassa Kassa, F.,
Nkoghe, D., Leroy, E.M., 2012. Recent introduction and rapid dissemination of
Chikungunya virus and Dengue virus serotype 2 associated with human and mosquito
coinfections in Gabon, central Africa. Clin. Infect. Dis. 55 e45-53.

Chandler, J.A., Liu, R.M., Bennett, S.N., 2015. RNA shotgun metagenomic sequencing of
northern California (USA) mosquitoes uncovers viruses, bacteria, and fungi. Front.
Microbiol. 6, 185.

Ciota, A.T., Lovelace, A.O., Jones, S.A., Payne, A., Kramer, L.D., 2007a. Adaptation of two
flaviviruses results in differences in genetic heterogeneity and virus adaptability. J
Gen.Virol. 88, 2398–2406.

Ciota, A.T., Ngo, K.A., Lovelace, A.O., Payne, A.F., Zhou, Y., Shi, P.-Y., Kramer, L.D.,
2007b. Role of the mutant spectrum in adaptation and replication of West Nile virus.
J. Gen. Virol. 88, 865–874.

Ciota, A.T., Styer, L.M., Meola, M.A., Kramer, L.D., 2011. The costs of infection and re-
sistance as determinants of West Nile virus susceptibility in Culex mosquitoes. BMC
Ecol. 11, 23.

Ciota, A.T., Ehrbar, D.J., Van Slyke, G.A., Payne, A.F., Willsey, G.G., Viscio, R.E., Kramer,
L.D., 2012a. Quantification of intrahost bottlenecks of West Nile virus in Culex pi-
piens mosquitoes using an artificial mutant swarm. Infect. Genet. Evol. 12, 557–564.

Ciota, A.T., Ehrbar, D.J., Van Slyke, G.A., Willsey, G.G., Kramer, L.D., 2012b. Cooperative
interactions in the West Nile virus mutant swarm. BMC.Evol.Biol. 12, 58.

Ciota, A.T., Ehrbar, D.J., Matacchiero, A.C., Van Slyke, G.A., Kramer, L.D., 2013. The

evolution of virulence of West Nile virus in a mosquito vector: implications for ar-
bovirus adaptation and evolution. BMC Evol. Biol. 13, 71.

Coffey, L.L., Vignuzzi, M., 2011. Host alternation of chikungunya virus increases fitness
while restricting population diversity and adaptability to novel selective pressures.
J.Virol. 85, 1025–1035.

Coffey, L.L., Beeharry, Y., Borderia, A.V., Blanc, H., Vignuzzi, M., 2011. Arbovirus high
fidelity variant loses fitness in mosquitoes and mice. Proc. Natl. Acad. Sci. U. S. A.
108, 16038–16043.

Coffey, L.L., Page, B.L., Greninger, A.L., Herring, B.L., Russell, R.C., Doggett, S.L.,
Haniotis, J., Wang, C., Deng, X., Delwart, E.L., 2014. Enhanced arbovirus surveillance
with deep sequencing: Identification of novel rhabdoviruses and bunyaviruses in
Australian mosquitoes. Virology 448, 146–158.

Cook, S., Chung, B.Y., Bass, D., Moureau, G., Tang, S., McAlister, E., Culverwell, C.L.,
Glucksman, E., Wang, H., Brown, T.D., Gould, E.A., Harbach, R.E., de Lamballerie, X.,
Firth, A.E., 2013. Novel virus discovery and genome reconstruction from field RNA
samples reveals highly divergent viruses in dipteran hosts. PLoS One 8 e80720.

Drake, J.W., Holland, J.J., 1999. Mutation rates among RNA viruses. Proc. Natl. Acad. Sci.
U. S. A. 96, 13910–13913.

Duarte, E.A., Novella, I.S., Ledesma, S., Clarke, D.K., Moya, A., Elena, S.F., Domingo, E.,
Holland, J.J., 1994. Subclonal components of consensus fitness in an RNA virus
clone. J. Virol. 68, 4295–4301.

Dupont-Rouzeyrol, M., O’Connor, O., Calvez, E., Daures, M., John, M., Grangeon, J.P.,
Gourinat, A.C., 2015. Co-infection with Zika and dengue viruses in 2 patients, New
Caledonia, 2014. Emerg. Infect. Dis. 21, 381–382.

Ebel, G.D., Fitzpatrick, K.A., Lim, P.Y., Bennett, C.J., Deardorff, E.R., Jerzak, G.V.,
Kramer, L.D., Zhou, Y., Shi, P.Y., Bernard, K.A., 2011. Nonconsensus West Nile virus
genomes arising during mosquito infection suppress pathogenesis and modulate virus
fitness in vivo. J. Virol. 85, 12605–12613.

Eng, M.W., van Zuylen, M.N., Severson, D.W., 2016. Apoptosis-related genes control
autophagy and influence DENV-2 infection in the mosquito vector, Aedes aegypti.
Insect Biochem. Mol. Biol. 76, 70–83.

Fitzpatrick, K.A., Deardorff, E.R., Pesko, K., Brackney, D.E., Zhang, B., Bedrick, E., Shi,
P.Y., Ebel, G.D., 2010. Population variation of West Nile virus confers a host-specific
fitness benefit in mosquitoes. Virology 404, 89–95.

Forrester, N.L., Guerbois, M., Seymour, R.L., Spratt, H., Weaver, S.C., 2012. Vector-borne
transmission imposes a severe bottleneck on an RNA virus population. PLoS Pathog.
8, e1002897.

Forrester, N.L., Coffey, L.L., Weaver, S.C., 2014. Arboviral bottlenecks and challenges to
maintaining diversity and fitness during mosquito transmission. Viruses 6,
3991–4004.

Furuya-Kanamori, L., Liang, S., Milinovich, G., Soares Magalhaes, R.J., Clements, A.C.,
Hu, W., Brasil, P., Frentiu, F.D., Dunning, R., Yakob, L., 2016. Co-distribution and co-
infection of chikungunya and dengue viruses. BMC Infect. Dis. 16, 84.

Girard, Y.A., Popov, V., Wen, J., Han, V., Higgs, S., 2005. Ultrastructural study of West
Nile virus pathogenesis in Culex pipiens quinquefasciatus (Diptera: Culicidae). J.
Med. Entomol. 42, 429–444.

Girard, Y.A., Schneider, B.S., McGee, C.E., Wen, J., Han, V.C., Popov, V., Mason, P.W.,
Higgs, S., 2007. Salivary gland morphology and virus transmission during long-term
cytopathologic West Nile virus infection in culex mosquitoes. Am. J. Trop. Med. Hyg.
76, 118–128.

Goenaga, S., Kenney, J.L., Duggal, N.K., Delorey, M., Ebel, G.D., Zhang, B., Levis, S.C.,
Enria, D.A., Brault, A.C., 2015. Potential for co-infection of a mosquito-specific fla-
vivirus, Nhumirim virus, to block West Nile virus transmission in mosquitoes. Viruses
7, 5801–5812.

Goertz, G.P., Vogels, C.B.F., Geertsema, C., Koenraadt, C.J.M., Pijlman, G.P., 2017.
Mosquito co-infection with Zika and chikungunya virus allows simultaneous trans-
mission without affecting vector competence of Aedes aegypti. PLoS Negl. Trop. Dis.
11, e0005654.

Gould, E., Pettersson, J., Higgs, S., Charrel, R., de Lamballerie, X., 2017. Emerging ar-
boviruses: why today? One Health 4, 1–13.

Grubaugh, N.D., Fauver, J.R., Ruckert, C., Weger-Lucarelli, J., Garcia-Luna, S., Murrieta,
R.A., Gendernalik, A., Smith, D.R., Brackney, D.E., Ebel, G.D., 2017. Mosquitoes
transmit unique West Nile virus populations during each feeding episode. Cell Rep.
19, 709–718.

Gubler, D.J., 2001. Human arbovirus infections worldwide. Ann. N. Y. Acad. Sci. 951,
13–24.

Gubler, D.J., 2002. The global emergence/resurgence of arboviral diseases as public
health problems. Arch. Med. Res. 33, 330–342.

Guzman, M.G., Alvarez, M., Halstead, S.B., 2013. Secondary infection as a risk factor for
dengue hemorrhagic fever/dengue shock syndrome: an historical perspective and
role of antibody-dependent enhancement of infection. Arch. Virol. 158, 1445–1459.

Hammon, W.M., 1973. Dengue hemorrhagic fever–do we know its cause? Am. J. Trop.
Med. Hyg. 22, 82–91.

Hegde, S., Rasgon, J.L., Hughes, G.L., 2015. The microbiome modulates arbovirus
transmission in mosquitoes. Curr. Opin. Virol. 15, 97–102.

Hobson-Peters, J., Yam, A.W., Lu, J.W., Setoh, Y.X., May, F.J., Kurucz, N., Walsh, S.,
Prow, N.A., Davis, S.S., Weir, R., Melville, L., Hunt, N., Webb, R.I., Blitvich, B.J.,
Whelan, P., Hall, R.A., 2013. A new insect-specific flavivirus from northern Australia
suppresses replication of West Nile virus and Murray Valley encephalitis virus in co-
infected mosquito cells. PLoS One 8 e56534.

Huang, Y.S., Higgs, S., Vanlandingham, D.L., 2019. Emergence and re-emergence of
mosquito-borne arboviruses. Curr. Opin. Virol. 34, 104–109.

Hubalek, Z., Rudolf, I., Nowotny, N., 2014. Arboviruses pathogenic for domestic and wild
animals. Adv. Virus Res. 89, 201–275.

Johnston, R.E., Wan, K., Bose, H.R., 1974. Homologous interference induced by Sindbis
virus. J. Virol. 14, 1076–1082.

A.T. Ciota Virus Research 265 (2019) 88–93

92

http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0005
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0005
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0005
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0010
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0010
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0010
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0015
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0015
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0020
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0020
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0020
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0020
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0025
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0025
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0030
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0030
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0035
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0035
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0035
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0040
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0040
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0040
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0040
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0045
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0045
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0050
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0050
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0050
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0055
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0055
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0055
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0055
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0060
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0060
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0060
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0065
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0065
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0065
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0070
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0070
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0070
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0075
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0075
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0075
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0080
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0080
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0080
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0085
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0085
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0090
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0090
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0090
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0095
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0095
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0095
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0100
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0100
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0100
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0105
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0105
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0105
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0105
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0110
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0110
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0110
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0110
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0115
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0115
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0120
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0120
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0120
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0125
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0125
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0125
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0130
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0130
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0130
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0130
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0135
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0135
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0135
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0140
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0140
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0140
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0145
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0145
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0145
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0150
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0150
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0150
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0155
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0155
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0155
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0160
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0160
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0160
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0165
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0165
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0165
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0165
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0170
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0170
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0170
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0170
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0175
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0175
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0175
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0175
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0180
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0180
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0185
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0185
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0185
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0185
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0190
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0190
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0195
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0195
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0200
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0200
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0200
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0205
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0205
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0210
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0210
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0215
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0215
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0215
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0215
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0215
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0220
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0220
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0225
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0225
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0230
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0230


Kakumani, P.K., Ponia, S.S., R.K, S., Sood, V., Chinnappan, M., Banerjea, A.C., Medigeshi,
G.R., Malhotra, P., Mukherjee, S.K., Bhatnagar, R.K., 2013. Role of RNA interference
(RNAi) in dengue virus replication and identification of NS4B as an RNAi suppressor.
J. Virol. 87, 8870–8883.

Kantor, A.M., Lin, J., Wang, A., Thompson, D.C., Franz, A.W.E., 2019. Infection pattern of
Mayaro virus in Aedes aegypti (Diptera: Culicidae) and transmission potential of the
virus in mixed infections with Chikungunya virus. J. Med. Entomol.(January 22).
https://doi.org/10.1093/jme/tjy241.

Karpf, A.R., Lenches, E., Strauss, E.G., Strauss, J.H., Brown, D.T., 1997a. Superinfection
exclusion of alphaviruses in three mosquito cell lines persistently infected with
Sindbis virus. J. Virol. 71, 7119–7123.

Kenney, J.L., Solberg, O.D., Langevin, S.A., Brault, A.C., 2014. Characterization of a novel
insect-specific flavivirus from Brazil: potential for inhibition of infection of arthropod
cells with medically important flaviviruses. J. Gen. Virol. 95, 2796–2808.

Kent, R.J., Crabtree, M.B., Miller, B.R., 2010. Transmission of West Nile virus by Culex
quinquefasciatus say infected with Culex Flavivirus Izabal. PLoS Negl. Trop. Dis. 4,
e671.

Kuwata, R., Isawa, H., Hoshino, K., Sasaki, T., Kobayashi, M., Maeda, K., Sawabe, K.,
2015. Analysis of mosquito-borne flavivirus superinfection in Culex tritae-
niorhynchus (Diptera: Culicidae) cells persistently infected with Culex Flavivirus
(Flaviviridae). J. Med. Entomol. 52, 222–229.

Le Coupanec, A., Tchankouo-Nguetcheu, S., Roux, P., Khun, H., Huerre, M., Morales-
Vargas, R., Enguehard, M., Lavillette, D., Misse, D., Choumet, V., 2017. Co-infection
of mosquitoes with Chikungunya and Dengue viruses reveals modulation of the re-
plication of both viruses in midguts and salivary glands of Aedes aegypti mosquitoes.
Int. J. Mol. Sci. 18.

Liu, J., Liu, Y., Nie, K., Du, S., Qiu, J., Pang, X., Wang, P., Cheng, G., 2016. Flavivirus NS1
protein in infected host sera enhances viral acquisition by mosquitoes. Nat.
Microbiol. 1, 16087.

Liu, Y., Liu, J., Du, S., Shan, C., Nie, K., Zhang, R., Li, X.F., Zhang, R., Wang, T., Qin, C.F.,
Wang, P., Shi, P.Y., Cheng, G., 2017. Evolutionary enhancement of Zika virus in-
fectivity in Aedes aegypti mosquitoes. Nature 545, 482–486.

Maciel-de-Freitas, R., Koella, J.C., Lourenco-de-Oliveira, R., 2011. Lower survival rate,
longevity and fecundity of Aedes aegypti (Diptera: Culicidae) females orally chal-
lenged with dengue virus serotype 2. Trans. R. Soc. Trop. Med. Hyg. 105, 452–458.

Magalhaes, T., Robison, A., Young, M.C., Black, W.Ct., Foy, B.D., Ebel, G.D., Ruckert, C.,
2018. Sequential infection of Aedes aegypti mosquitoes with Chikungunya virus and
Zika virus enhances early Zika virus transmission. Insects 9.

Martin, E., Moutailler, S., Madec, Y., Failloux, A.B., 2010. Differential responses of the
mosquito Aedes albopictus from the Indian Ocean region to two chikungunya iso-
lates. BMC Ecol. 10, 8.

Mayer, S.V., Tesh, R.B., Vasilakis, N., 2017. The emergence of arthropod-borne viral
diseases: a global prospective on dengue, chikungunya and zika fevers. Acta Trop.
166, 155–163.

McKean, K.A., Yourth, C.P., Lazzaro, B.P., Clark, A.G., 2008. The evolutionary costs of
immunological maintenance and deployment. BMC Evol. Biol. 8, 76.

Moncayo, A.C., Edman, J.D., Turell, M.J., 2000. Effect of eastern equine en-
cephalomyelitis virus on the survival of Aedes albopictus, Anopheles quad-
rimaculatus, and Coquillettidia perturbans (Diptera: Culicidae). J. Med. Entomol. 37,
701–706.

Montville, R., Froissart, R., Remold, S.K., Tenaillon, O., Turner, P.E., 2005. Evolution of
mutational robustness in an RNA virus. PLoS Biol. 3, e381.

Nasar, F., Erasmus, J.H., Haddow, A.D., Tesh, R.B., Weaver, S.C., 2015. Eilat virus induces
both homologous and heterologous interference. Virology 484, 51–58.

Newman, C.M., Cerutti, F., Anderson, T.K., Hamer, G.L., Walker, E.D., Kitron, U.D., Ruiz,
M.O., Brawn, J.D., Goldberg, T.L., 2011. Culex flavivirus and West Nile virus mos-
quito coinfection and positive ecological association in Chicago, United States. Vector
Borne Zoonotic Dis. 11, 1099–1105.

Norman, F.F., Chamorro, S., Vazquez, A., Sanchez-Seco, M.P., Perez-Molina, J.A., Monge-
Maillo, B., Vivancos, M.J., Rodriguez-Dominguez, M., Galan, J.C., de Ory, F., Lopez-
Velez, R., 2016. Sequential Chikungunya and Zika virus infections in a traveler from
Honduras. Am. J. Trop. Med. Hyg. 95, 1166–1168.

Novella, I.S., 2003. Contributions of vesicular stomatitis virus to the understanding of
RNA virus evolution. Curr. Opin. Microbiol. 6, 399–405.

Novella, I.S., Ebendick-Corp, 2004. Molecular basis of fitness loss and fitness recovery in
vesicular stomatitis virus. J. Mol. Biol. 342, 1423–1430.

Ohlund, P., Lunden, H., Blomstrom, A.L., 2019. Insect-specific virus evolution and po-
tential effects on vector competence. Virus Genes 10 (January). https://doi.org/10.
1007/s11262-018-01629-9.

Paradkar, P.N., Trinidad, L., Voysey, R., Duchemin, J.B., Walker, P.J., 2012. Secreted
Vago restricts West Nile virus infection in Culex mosquito cells by activating the Jak-
STAT pathway. Proc. Natl. Acad. Sci. U. S. A. 109 (46), 18915–18920.

Pepin, K.M., Hanley, K.A., 2008. Density-dependent competitive suppression of sylvatic
dengue virus by endemic dengue virus in cultured mosquito cells. Vector Borne
Zoonotic Dis. 8, 821–828.

Pepin, K.M., Lambeth, K., Hanley, K.A., 2008. Asymmetric competitive suppression be-
tween strains of dengue virus. BMC Microbiol. 8, 28.

Poirier, E.Z., Goic, B., Tome-Poderti, L., Frangeul, L., Boussier, J., Gausson, V., Blanc, H.,
Vallet, T., Loyd, H., Levi, L.I., Lanciano, S., Baron, C., Merkling, S.H., Lambrechts, L.,
Mirouze, M., Carpenter, S., Vignuzzi, M., Saleh, M.C., 2018. Dicer-2-dependent
generation of viral DNA from defective genomes of RNA viruses modulates antiviral
immunity in insects. Cell Host Microbe 23 (353–365), e358.

Priyamvada, L., Quicke, K.M., Hudson, W.H., Onlamoon, N., Sewatanon, J., Edupuganti,
S., Pattanapanyasat, K., Chokephaibulkit, K., Mulligan, M.J., Wilson, P.C., Ahmed, R.,
Suthar, M.S., Wrammert, J., 2016. Human antibody responses after dengue virus
infection are highly cross-reactive to Zika virus. Proc. Natl. Acad. Sci. U. S. A. 113,
7852–7857.

Rainey, S.M., Shah, P., Kohl, A., Dietrich, I., 2014. Understanding the Wolbachia-medi-
ated inhibition of arboviruses in mosquitoes: progress and challenges. J. Gen. Virol.
95, 517–530.

Romo, H., Kenney, J.L., Blitvich, B.J., Brault, A.C., 2018. Restriction of Zika virus in-
fection and transmission in Aedes aegypti mediated by an insect-specific flavivirus.
Emerg. Microbes Infect. 7, 181.

Roth, A., Mercier, A., Lepers, C., Hoy, D., Duituturaga, S., Benyon, E., Guillaumot, L.,
Souares, Y., 2014. Concurrent outbreaks of dengue, chikungunya and Zika virus in-
fections – an unprecedented epidemic wave of mosquito-borne viruses in the Pacific
2012-2014. Euro Surveill. 19.

Rothan, H.A., Bidokhti, M.R.M., Byrareddy, S.N., 2018. Current concerns and perspec-
tives on Zika virus co-infection with arboviruses and HIV. J. Autoimmun. 89, 11–20.

Ruckert, C., Weger-Lucarelli, J., Garcia-Luna, S.M., Young, M.C., Byas, A.D., Murrieta,
R.A., Fauver, J.R., Ebel, G.D., 2017. Impact of simultaneous exposure to arboviruses
on infection and transmission by Aedes aegypti mosquitoes. Nat. Commun. 8 15412.

Ruiz-Jarabo, C.M., Arias, A., Baranowski, E., Escarmis, C., Domingo, E., 2000. Memory in
viral quasispecies. J.Virol. 74, 3543–3547.

Sachs, J.L., Bull, J.J., 2005. Experimental evolution of conflict mediation between gen-
omes. Proc. Natl. Acad. Sci. U. S. A. 102, 390–395.

Sardi, S.I., Somasekar, S., Naccache, S.N., Bandeira, A.C., Tauro, L.B., Campos, G.S., Chiu,
C.Y., 2016. Coinfections of Zika and Chikungunya viruses in Bahia, Brazil, identified
by metagenomic next-generation sequencing. J. Clin. Microbiol. 54, 2348–2353.

Scott, T.W., Lorenz, L.H., 1998. Reduction of Culiseta melanura fitness by eastern equine
encephalomyelitis virus. Am. J. Trop. Med. Hyg. 59, 341–346.

Shirogane, Y., Watanabe, S., Yanagi, Y., 2012. Cooperation between different RNA virus
genomes produces a new phenotype. Nat. Commun. 3, 1235.

Shirogane, Y., Watanabe, S., Yanagi, Y., 2016. Cooperative interaction within RNA Virus
mutant spectra. Curr. Top. Microbiol. Immunol. 392, 219–229.

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

Stollar, V., Shenk, T.E., 1973. Homologous viral interference in Aedes albopictus cultures
chronically infected with Sindbis virus. J. Virol. 11, 592–595.

Styer, L.M., Meola, M.A., Kramer, L.D., 2007. West Nile virus infection decreases fe-
cundity of Culex tarsalis females. J. Med. Entomol. 44, 1074–1085.

Van Slyke, G.A., Arnold, J.J., Lugo, A.J., Griesemer, S.B., Moustafa, I.M., Kramer, L.D.,
Cameron, C.E., Ciota, A.T., 2015. Sequence-specific fidelity alterations associated
with West Nile virus attenuation in mosquitoes. PLoS Pathog. 11 e1005009.

Vignuzzi, M., Stone, J.K., Arnold, J.J., Cameron, C.E., Andino, R., 2006. Quasispecies
diversity determines pathogenesis through cooperative interactions in a viral popu-
lation. Nature 439, 344–348.

Waggoner, J.J., Gresh, L., Vargas, M.J., Ballesteros, G., Tellez, Y., Soda, K.J., Sahoo, M.K.,
Nunez, A., Balmaseda, A., Harris, E., Pinsky, B.A., 2016a. Viremia and clinical pre-
sentation in Nicaraguan patients infected with Zika virus, Chikungunya virus, and
Dengue virus. Clin. Infect. Dis. 63, 1584–1590.

Weaver, S.C., Lorenz, L.H., Scott, T.W., 1992. Pathologic changes in the midgut of Culex
tarsalis following infection with western equine encephalomyelitis virus. Am. J. Trop.
Med. Hyg. 47, 691–701.

Wilke, C.O., Wang, J.L., Ofria, C., Lenski, R.E., Adami, C., 2001. Evolution of digital
organisms at high mutation rates leads to survival of the flattest. Nature 412,
331–333.

Xi, Z., Ramirez, J.L., Dimopoulos, G., 2008. The Aedes aegypti toll pathway controls
dengue virus infection. PLoS Pathog. 4 e1000098.

Zambrano, H., Waggoner, J.J., Almeida, C., Rivera, L., Benjamin, J.Q., Pinsky, B.A., 2016.
Zika virus and Chikungunya virus coinfections: a series of three cases from a single
center in Ecuador. Am. J. Trop. Med. Hyg. 95, 894–896.

A.T. Ciota Virus Research 265 (2019) 88–93

93

http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0235
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0235
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0235
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0235
https://doi.org/10.1093/jme/tjy241
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0245
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0245
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0245
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0250
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0250
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0250
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0255
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0255
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0255
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0260
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0260
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0260
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0260
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0265
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0265
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0265
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0265
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0265
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0270
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0270
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0270
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0275
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0275
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0275
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0280
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0280
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0280
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0285
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0285
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0285
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0290
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0290
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0290
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0295
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0295
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0295
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0300
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0300
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0305
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0305
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0305
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0305
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0310
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0310
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0315
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0315
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0320
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0320
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0320
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0320
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0325
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0325
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0325
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0325
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0330
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0330
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0335
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0335
https://doi.org/10.1007/s11262-018-01629-9
https://doi.org/10.1007/s11262-018-01629-9
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0345
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0345
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0345
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0350
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0350
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0350
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0355
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0355
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0360
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0360
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0360
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0360
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0360
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0365
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0365
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0365
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0365
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0365
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0370
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0370
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0370
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0375
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0375
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0375
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0380
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0380
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0380
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0380
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0385
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0385
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0390
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0390
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0390
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0395
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0395
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0400
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0400
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0405
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0405
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0405
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0410
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0410
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0415
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0415
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0420
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0420
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0425
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0425
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0425
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0430
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0430
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0435
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0435
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0440
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0440
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0440
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0445
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0445
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0445
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0450
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0450
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0450
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0450
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0455
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0455
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0455
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0460
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0460
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0460
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0465
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0465
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0470
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0470
http://refhub.elsevier.com/S0168-1702(19)30141-8/sbref0470

	The role of co-infection and swarm dynamics in arbovirus transmission
	Introduction
	Viral co-infection in mosquitoes
	Mutant swarm dynamics and transmission
	Concluding remarks and future directions
	Acknowledgments
	References




