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Abstract
Many examples of the emergence or re-emergence of infectious diseases involve the adaptation of
zoonotic viruses to new amplification hosts or to humans themselves. These include several
instances of simple mutational adaptations, often to hosts closely related to the natural reservoirs.
However, based on theoretical grounds, arthropod-borne viruses, or arboviruses, may face several
challenges for adaptation to new hosts. Here, we review recent findings regarding adaptive
evolution of arboviruses and its impact on disease emergence. We focus on the zoonotic
alphaviruses Venezuelan equine encephalitis and chikungunya viruses, which have undergone
adaptive evolution that mediated recent outbreaks of disease, as well as the flaviviruses dengue
and West Nile viruses, which have emerged via less dramatic adaptive mechanisms.
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Several examples of viral disease emergence involving host switching, in some cases
mediated by viral adaptation, have been studied in detail, including HIV [1], the SARS
coronavirus [2,3] and feline parvoviruses transferring to dogs [4]. Most of these examples
have involved viruses that infect a single host or a closely related group of hosts, such as
primates or canids. However, there is also considerable interest in the emergence
mechanisms of arthropod-borne viruses (arboviruses), most of which must infect and
replicate in highly disparate amplifying vertebrate hosts, as well as mosquitoes, ticks or
other hematophagous arthropods that transmit via infectious saliva. Many arboviruses, such
as dengue (DENV) and chikungunya viruses (CHIKV), infect millions of individuals
annually, with severe public health and economic consequences [5–7], and their ability to
repeatedly emerge into urban, human–mosquito transmission cycles represents both a major
public health challenge and a fascinating opportunity to study their adaptive landscapes.
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Speculation has long centered on the hypothesis that arboviruses' requirement for infection
of highly divergent hosts constrains their adaptive evolution because optimization for
replication in one may reduce fitness for infection of the other [8]. This concept can be
visualized as nonoverlapping adaptive landscapes in the vertebrate versus vector hosts,
resulting in few fitness peaks that coincide in both host landscapes (Figure 1). The
arboviruses must exist within the intersection of distinct vertebrate and vector landscapes,
which theoretically requires them to traverse wider fitness valleys in order to find rare peaks
that coincide in both host environments under different selective pressures. However, recent
studies of arbovirus emergence history and mechanisms demonstrate that, despite these
theoretical constraints on adaptive evolution, changes in host range and/or the efficiency of
infection and replication in key amplification hosts or vectors can and do occur via simple
point mutations. Examples include the emergence of Venezuelan equine encephalitis virus
(VEEV) epidemics via single-point mutations that enhance equine amplification viremia or
infection of mosquito bridge vectors [9], and CHIKV mutations that enhance infection of the
invasive epidemic mosquito vector, Aedes albopictus [10,11], resulting in the dramatic
geographic expansion of a major epidemic since 2004 [12].

Despite the emergence examples cited above, there are far more examples of the lack of
arboviral emergence for centuries despite apparent opportunities for the exploitation of
alternative vectors or amplifying hosts. Other arboviruses such as West Nile virus (WNV)
and DENV can apparently transfer into new geographic regions or habitats requiring the use
of alternative vectors and/or hosts with little or no adaptation. Even CHIKV and VEEV,
where emergence can involve single adaptive mutations in addition to population genetic
and ecological mechanisms, rarely do so, despite what would appear to be nearly continuous
opportunities, suggesting fundamental constraints on adaptive evolution that are poorly
understood.

Here, we review recent findings on the adaptive evolution of arboviruses with an emphasis
on the mechanisms implicated and constraints that may limit their frequency of adaptive
emergence events. We focus on two RNA arbovirus groups that have received considerable
attention: the genus Alphavirus in the family Togaviridae; and the genus Flavivirus in the
family Flaviviridae.

Arboviruses
Arboviruses are maintained via arthropod vector transmission among vertebrates that serve
as reservoir and/or amplification hosts [13]. Most arboviruses cycle horizontally with
transmission during blood feeding, while a few are maintained by vertical transmission from
adult arthropods to offspring or through venereal transmission during copulation. In enzootic
cycles, vertebrates, including birds, primates and small mammals, serve as amplifying hosts
by producing viremias (Figure 2). After ingestion from a viremic vertebrate host, the virus
infects midgut epithelial cells and then disseminates to secondary sites of infection in the
open body cavity (hemocoel) of the vector. Subsequent virus replication in salivary glands
and deposition into saliva allows for transmission during subsequent feeding. Human
arboviral disease usually results from spillover infections from enzootic cycles, and humans
are often dead-end hosts. By contrast, a few arboviruses undergo urban transmission, with
humans themselves acting as amplifying hosts via the generation of high-titered viremias.

Arboviruses typically exhibit relatively high host specificity for enzootic maintenance, with
each virus using one or a few vertebrate and invertebrate species. Despite specializing in one
or few host species, outbreaks of human or veterinary disease are sometimes associated with
host-range changes where arboviruses adapt to new vectors or vertebrates, as discussed
below.
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Alphaviruses
Alphaviruses comprise a diverse group of 29 species that are nearly globally distributed and
include three major categories: aquatic viruses, arthralgic viruses and encephalitic viruses
[14]. All alphaviruses are mosquito-borne, except the aquatic viruses salmon pancreatic
disease virus and southern elephant seal virus, which are either water-borne or vectored by
ectoparasitic lice. The other alphaviruses are transmitted between mosquitoes and avian or
mammalian hosts. The arthralgic alphaviruses are primarily found in the Old World, with
the exception of Mayaro virus, which occurs in South America. Of the arthralgic
alphaviruses, the most important human pathogen is CHIKV. Of the encephalitic
alphaviruses, the most important human pathogens are VEEV and eastern equine
encephalitis virus (EEEV). Finally, a `mosquito only' alphavirus, with vertebrate host
infection incompetence demonstrated at the level of viral RNA replication, was recently
described [15].

Alphaviruses are 70 nm in diameter, with nucleocapsids and enveloped outer shells that
assemble into icosahedral structures with T-4 symmetry (Figure 3) [16]. The single-
stranded, messenger sense, approximately 12-kb RNA genome is 5′-capped and 3′-
polyadenylated. It encodes two open reading frames (ORFs) separated by an intergenic
region and flanked by 5′- and 3′-untranslated regions (UTRs). Four nonstructural proteins
(nsP1–4) are expressed as a polyprotein during cap-dependent translation of the 5′-ORF,
and form the replicative complex that is responsible for viral genomic and subgenomic RNA
replication. A subgenomic RNA encodes three main structural proteins (capsid, E2 and E1).
A total of 240 copies of E2–E1 heterodimers form the outer shell of the alphavirus virion.
E2 interacts with incompletely characterized cell surface receptor(s), while the E1
glycoprotein lies mostly below E2 and catalyzes a multistep fusion reaction within acidic
endosomes to mediate entry. The viral genetic determinants associated with cross-species
jumps and emergence of alphaviruses into new mosquito–human cycles have, to date, only
been described for the E2 and E1 genes [9].

Flaviviruses
Flaviviruses include a highly diverse group of arboviruses with a global distribution and a
high human disease burden [17]. Among these are DENV and yellow fever virus, both of
which cause extensive human disease, especially in resource-poor countries. Flaviviruses
evolve in concert with their vectors, whereas the alphaviruses are more promiscuous in their
vector usage [18]. Flaviviruses can be subdivided broadly into four groups: tick-borne;
mosquito-borne (further subdivided into Culex- or Aedes-transmitted); no known vector;
and mosquito only (not capable of infecting vertebrates). The tick-borne viruses are
maintained mainly in the northern hemisphere, with tick-borne encephalitis virus stretching
from Siberia to eastern Europe [19]. These viruses evolve less quickly than the mosquito-
borne viruses due to the long life cycle of ticks, and therefore appear to be more constrained
by their vectors than mosquito-borne viruses. Mosquito-borne flaviviruses are present on
every continent except Antarctica, and their genetic relationship is highly correlated with
geographic location; exceptions include DENV, which has been introduced across the
tropics, yellow fever virus, which was introduced to South America with the slave trade,
and, most recently, WNV, which was introduced into the Americas. These geographic and
vector species constraints contrast with the alphaviruses, which are often transmitted by
more than one genus of mosquito [18]. Although alphaviruses and flaviviruses occur in very
similar niches, there is apparently a major disparity in the ability of flaviviruses to adapt to
new vectors.
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The flavivirus genome is encapsidated within an electron-dense core surrounded by a lipid
bilayer, forming small spherical particles approximately 50 nm in diameter (Figure 3)
[17,20]. The single-stranded, positive sense 11-kb RNA genome contains a single ORF that
is flanked by UTRs ranging from approximately 100 nucleotides at the 5′-UTR to
approximately 400–700 nucleotides at the 3′-UTR. Genomic RNA is translated to generate
all viral proteins, including three structural proteins (capsid [C], pre-membrane/membrane
[prM/M] and envelope [E]) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3,
NS4A, NS4B and NS5). The polyprotein is cleaved by host-encoded signal peptidases as
well as a virus-encoded serine protease during and after translation to yield the ten viral
proteins. The prM protein forms a scaffold for the viral E protein, which comprises the
majority of the surface area on the mature virion and is responsible for receptor binding, and
includes immunodominant epitopes, some of which appear to be under selective pressure
[20,21]. Some positively selected codons are located within T- or B-cell epitopes, indicating
they are probably involved in escaping host adaptive immunity, or in regions that enable
host cell binding and entry, and could explain the fixation of DENV lineages in specific
regions [20,21].

Historic evidence of arbovirus adaptive evolution
Venezuelan equine encephalitis virus

VEEV is so named because the disease it produces was first recognized in equids during the
1920s in Venezuela and Colombia [9]. Not until the 1950s was the connection made
between equine and human disease. Subsequently, even during the absence of equine
disease, sylvatic, enzootic and rodent–mosquito cycles of VEEV were discovered in
Colombia, Mexico and Panama, including spillover cases in humans, some of which were
fatal. Experimental equine infections combined with improved serological assays later
determined that the VEEV strains isolated during equine epizootics, which fell into antigenic
subtypes IAB and IC, were virulent for equids and generated viremia that was sufficient for
amplification via mosquito vectors, while the remaining strains in the VEE complex (VEEV
subtypes ID, IE and other species in the VEE complex of alphaviruses) were generally
equine amplification incompetent [9]. Historical data indicate that the equine-amplified
epizootics/epidemics occur every 10–20 years, with the last major outbreak in 1995
affecting approximately 100,000 persons in northern Venezuela and Colombia [9].
However, these epizootic/epidemic strains appear to persist only as long as susceptible
equids are available (a minority survive infection and survivors become immune for life),
and then disappear between outbreaks.

Because enzootic VEEV strains, which circulate continuously in forested or swamp habitats
among rodents transmitted by mosquitoes in the subgenus Culex (Melanoconion), are
antigenically distinct from the epizootic/epidemic strains, the origins of the latter remained
an enigma for many years [9]. Initially, the hypothesis that the epizootic/epidemic IAB and
IC strains evolve periodically and convergently from enzootic VEEV strains was supported
through comparative genetic analyses, and ultimately by reverse genetic studies
demonstrating that single amino acid substitutions in the E2 glycoprotein of subtype ID
enzootic strains mediated adaptation for efficient replication, viremia induction and
virulence in horses (Figure 2). Comparative infectivity studies also indicated that some
epizootic/epidemic VEEV strains were also more efficient at infecting mosquito bridge
vectors such as Aedes (Ochlerotatus) taeniorhynchus than enzootic strains [9]. Furthermore,
recent epizootics on the Pacific coast of southern Mexico appear to have benefited from
enhanced infection of this vector, mediated again by a single E2 amino acid substitution.
Thus, adaptation to both equine amplification hosts and bridge vectors, both involving as
little as single nucleotide substitutions, have major impacts on disease emergence.
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Chikungunya virus
CHIKV, similar to VEEV, is maintained in two distinct ecological cycles. Sylvatic or
enzootic CHIKV occurs throughout sub-Saharan Africa and employs forest-dwelling,
primatophilic Aedes mosquitoes as vectors and nonhuman primate hosts, although other
vertebrates may also participate in the cycle [9]. Spillovers from sylvatic cycles in west
Africa are relatively common and occur predominantly during rainy seasons on the outskirts
of villages, probably due to Aedes furcifer transmission [22]. Migration of viremic humans
likely introduces CHIKV into cities, which can result in urban transmission via the
anthropophilic Aedes aegypti and A. albopictus vectors. In contrast to Africa, CHIKV
maintenance in Asia has only been convincingly associated with urban cycles [9].

CHIKV has been repeatedly introduced into Asia from Africa starting as early as the 18th
century, with introductions from the 1920s to the 1950s, which led to the establishment of
the endemic Asian CHIKV genotype, and in 2005 by the Indian Ocean lineage (IOL)
[23,24]. The IOL evolved from the east-central-south-African (ECSA) enzootic genotype
that emerged in 2004 in coastal Kenya and subsequently spread to the Indian Ocean islands,
India, southeast Asia and Europe (Figure 4) [12,23,25]. A genetic adaptation of the IOL
strains to the novel urban vector A. albopictus via an E1 substitution (E1-A226V) appears to
be at least partly responsible for the evolutionary success of this emerging lineage [12,26],
although this adaptation was not responsible for the initial emergence into the Indian Ocean
archipelago, since early outbreak isolates lack the adaptive E1-226V mutation. E1-A226V
mediates increased midgut infectivity, dissemination and transmission by A. albopictus, yet
has little or no effect on infection of A. aegypti [10,26]. Epidemiological and phylogenetic
studies show that E1-A226V has been selected convergently on at least four separate
occasions from the ECSA CHIKV lineage in locations where A. aegypti is not known to
occur, but where A. albopictus served as the principal epidemic vector [27–30]. Endemic
Asian CHIKV strains, by contrast, which circulate in areas where both A. aegypti and A.
albopictus occur, have not adapted to A. albopictus. Recent Asian outbreaks are instead
attributed to introduced ECSA strains that are better adapted to A. albopictus.

In contrast to adaptive VEEV emergence, the E1-A226V CHIKV substitution appears to
have been only an initial event in a multistep process of CHIKV adaptation to A. albopictus.
Several second-step adaptive mutations have recently been identified, which also increase
CHIKV fitness in this mosquito [11]. One such mutation, E2-L210Q, was first described in
IOL strains circulating in south India in 2009 [11,31]. This mutation provides a four- to five-
fold increase in the ability of CHIKV to infect and disseminate in A. albopictus. However,
this effect is significantly weaker than the effect of E1-A226V (a 50–100-fold fitness
increase). Recently, novel second-step A. albopictus-adaptive mutations were found in IOL
sublineages: E2-K252Q in strains that caused a 2008–2009 outbreak in Thailand, Malaysia
and Singapore; and a double mutant E2-R198Q/E3-S18F, implicated in a 2008 outbreak in
Sri Lanka [TSETSARKIN K, WEAVER SC, UNPUBLISHED DATA]. These findings indicate that the evolution
of cross-species vector jumps for arboviruses can follow a multistep pattern similar to that
postulated for single-host viruses, including SARS and pandemic influenza A [8,32,33]. The
CHIKV adaptive cascade appears to have begun with a major jump on the fitness landscape
(E1-A226V), followed by the ascent of several nearby fitness peaks by a series of
optimizing, second-step adaptive mutations (Figure 1).

West Nile virus
WNV, first isolated in Uganda, traditionally caused epidemics in sub-Saharan Africa and the
Middle East, beginning in the 1950s [34]. However, since the early 1990s, epidemics have
been continuously reported in Europe. Genetically, WNV can be divided into at least four
lineages [35]. Lineage I, which is almost globally distributed, has caused most of the
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detected disease. Historically, WNV probably spread from Africa to India and Australia in
two separate incidents via trade, and then WNV adapted to new transmission cycles, usually
using related Culex species as well as avian hosts. WNV has also been responsible for the
best-studied introduction of a new virus into a new environment. In 1999, the first case of
WNV in the western hemisphere was observed in New York City, followed by rapid spread
across the USA and the establishment of endemicity. Since its introduction, several studies
have demonstrated the ability of WNV to infect many different mosquito and vertebrate
species [34]. However, WNV is generally maintained in an enzootic transmission cycle
between corvid birds and Culex pipiens, Culex quinquefasciatus or Culex tarsalis
mosquitoes.

Following its establishment in the USA, WNV has experienced limited adaptive genetic
changes, resulting in a novel genotype (WN02) that swept across the USA and displaced the
introduced 1999 strains. By 2005, it was thought that WNV had reached genetic
homeostasis, as the WN02 genotype was found throughout the USA [36] and there was little
or no consensus sequence difference among strains isolated at distant locations. Continued
surveillance to 2012 has shown that this is not entirely true. Recent WNV studies indicate
continued genetic change, with a new southwestern genotype spreading from the
southwestern USA across the rest of the country [37].

The mechanism of WNV introduction into the USA has been the subject of intense
speculation but remains unclear. Given the limited historical interhemispheric/
intercontinental spread of flaviviruses, the successful introduction of WNV into India,
Australia and the USA is surprising on the surface. No evidence has been presented for
adaptive WNV evolution to North American birds, and mosquito-adaptive evolution remains
controversial. Ebel et al. [38] and Moudy et al. [39] reported that the extrinsic incubation
period following oral infection with the WN02 genotype, which apparently displaced the
introduced, ancestral NY99 genotype following 2002, is shorter in C. pipiens and C. tarsalis
mosquitoes, suggesting adaptation for more rapid transmission. However, Anderson et al.
reported that C. tarsalis transmits both WNV genotypes with equal efficiency, suggesting
that there has been limited adaptation to this important vector in western North America
[40]. Experiments examining vector competence as well as vector feeding tropisms in
additional populations of all major vectors are needed to further evaluate the role of
mosquito-adaptive evolution in WNV establishment throughout the Americas.

Regardless of the extent of adaptive WNV evolution, few amino acid substitutions have
been associated with the introduction into North America. One arose soon after the initial
cases in 1999 (V159A in the envelope glycoprotein), which was rapidly fixed and partially
defined the WN02 genotype (reviewed in [37]). No other mutations associated with WNV
divergence and persistence in the Americas have been associated with phenotypic
differences in natural hosts or vectors, suggesting that genetic drift may be the dominant
mode of evolution.

The accumulated evidence that WNV has undergone limited adaptive evolution during 13
years of circulation in the Americas is surprising considering the dramatic adaptive changes
reviewed above for alphaviruses. The rapid establishment and spread of WNV following its
apparent 1999 introduction into New York suggests pre-existing fitness for North American
vectors and avian hosts, which is consistent with the dearth of evidence of strong selection
derived from WNV sequences [35]. This limited adaptive evolution could therefore reflect
the worldwide distribution of the principal vectors in the C. pipiens complex, including C.
quinquefasciatus, although there are significant differences in behavior and physiology
among populations that are relatively isolated genetically, but also include hybrids [41].
Similar to many arboviruses, WNV uses a variety of passerine birds as amplification hosts,
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and its success in North America may reflect this flexible evolutionary strategy. However,
the strong association of flavivirus lineages with particular vectors and vertebrate hosts,
which contrasts with the more promiscuous evolutionary patterns depicted in alphavirus
phylogenies, suggests that the former genus may also have intrinsic adaptive constraints
compared with the latter. The availability of next-generation sequencing will allow a greater
understanding of the viral diversity characteristic of these viruses, and may allow us to
identify differences between flavivirus and alphaviruses that will answer some of these
questions about adaptation to new environments.

Dengue virus
DENV, similar to CHIKV, has a sustained interhuman transmission cycle that is both
ecologically and evolutionarily distinct from its zoonotic ancestors [7]. Unlike other arbo-
viruses, DENV is restricted in its natural vertebrate host range, which most likely only
includes primates (reviewed in [42]). A recent report from Latin America suggesting
secondary transmission in a number of mammals (including bats, rodents and marsupials;
reviewed in [42]) is in question because many similar studies in other DENV-endemic
regions have not generated similar evidence of enzootic circulation. Although DENV has a
long history of human contact dating back to the third century in China [43], human
infections were first formally described in Philadelphia in 1789 [43], and for the next two
centuries, DENV was only recognized as a pathogen of humans. The existence of the
zoonotic transmission cycles was not documented until the 20th century, when DENV
serotypes 1, 2 and 4 were found to be transmitted among nonhuman primates by arboreal
Aedes spp. [43]. These cycles remain active in forests of southeast Asia (probably all
serotypes) and in West Africa (DENV-2 only). Similarly, in its human transmission cycle,
the four antigenically and genetically distinct serotypes (DENV-1–4) [21] are transmitted
between humans and domestic and peridomestic Aedes mosquitoes, particularly A. aegypti
and A. albopictus (Figure 5) [7]. While historical data suggest rolling epidemics that may
have been unsustained due to human herd immunity, the establishment of trading routes in
the 17th century, and more recently population movement facilitated by wars, social
upheavals, jet travel and uncontrolled urbanization, have all led to an explosive increase in
the geographic distribution of DENV. This has resulted in DENV hyperendemicity
(coexistence of multiple serotypes) and rolling pandemics where a nearly half of the global
population is at risk.

Emergence of human DENV transmission
While the origins of DENV have been debated for years, several lines of evidence provide
support for a southeast Asian origin (reviewed in [42,44]). Subsequently, the extant, distinct
human DENV serotypes have emerged independently and repeatedly in a series of
divergence events that occurred after the establishment of urban populations capable of
supporting the human transmission cycle (Figure 5) [43]. These emergences were facilitated
by: vector switching from arboreal Aedes mosquitoes to peridomestic and domestic Aedes
spp. mosquitoes; reservoir host switching from nonhuman primates to humans; and probably
allopatric and ecological partitioning of ancestral sylvatic DENV strains in different species
of nonhuman primates. The establishment of trading routes that facilitated the global spread
of A. aegypti and waves of large-scale human movement allowed for serotype dispersal.
Subsequently, antigenic divergence led to limited heterotypic cross-protection against
challenge exhibited by the extensive genetic diversity of current DENV strains [45].

DENV hyperendemicity has led to rolling DENV pandemics, which may be facilitated by
immune enhancement (augmented virus replication following heterologous infection), which
hypothetically selects for higher virus replication and transmission efficiency due to limited
cross-reactive immunity from previous, heterologous DENV infections [46]. Mosquitoes
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with limited oral susceptibility may also select for higher virus replication in humans via
more efficient transmission with higher viremia [47]. Moreover, the fundamental basis of
DENV genetic diversity can be attributed to its error-prone RNA-dependent RNA
polymerase (RdRp), which lacks proofreading ability and produces approximately one
mutation per round of genome replication [48]. As deep-sequencing technologies have
become widely available [49,50], the interplay between immune involvement and viral inter-
and intra-host evolution is becoming clearer, suggesting that immune responses (e.g., RNAi
in mosquitoes and interferon in vertebrates) can drive viral evolution during DENV
infection [51,52], and in general represent an important, understudied force shaping
arbovirus evolution.

Evidence for constraints on adaptive arbovirus evolution in nature
The historic evidence that VEEV epizootics/epidemics emerge only every 10–20 years has
been assumed to reflect the time required to replace susceptible equine amplification
populations following their decimation due to mortality and the elimination of many
survivors as potential amplifying hosts due to life-long immunity after infection [9].
However, the genetic link between enzootic subtype ID strains and epizootic/epidemic
subtype IAB/C emergence left this explanation incompletely satisfactory. Subtype ID strains
circulate from southern Florida (Everglades virus, subtype II in the VEEV complex, but
defined genetically as a ID variant [9]) to Bolivia [53] in at least six major lineages, yet only
one of these is known to generate epizootic/epidemic strains. The lack of outbreaks initiated
in regions where other ID lineages circulate, yet which have been traversed by spreading
epizootics/epidemics, suggests genetic constraints on the ability of most ID strains to adapt
for equine amplification. However, the historic lack of sustained equine vaccination
following VEEV outbreaks suggests that herd immunity cannot entirely explain the long
intervals between outbreaks if epizootic mutants are constantly generated. Mosquito vector
population sizes may also limit emergence, but another possible explanation for the limited
frequency of outbreaks is that the vertebrate host-adaptive mutations are selected
inefficiently in nature due to alternating host trade-offs or viral population genetic factors.
Although direct experimental confirmation is lacking to confirm the hypothesis that equine-
adaptive VEEV mutations may not be efficiently selected in nature, related studies shed
light on this question. Inefficient adaptive evolution may stem from the need for VEEV and,
by extension, other arboviruses, to maintain replication competence in both vertebrate and
invertebrate hosts, where `generalist' genomes of high fitness for both hosts would be
favored [54].

Despite the strong CHIKV fitness gains for A. albopictus transmission mediated by
envelope glycoprotein amino acid substitutions resulting from single nucleotide mutations
(see above) [10,11], these mutations occurred only after months to years of circulation in
regions inhabited by this mosquito. This may in part be explained by relatively infrequent
CHIKV–A. albopictus contact in areas where the vector primarily inhabits rural settings. In
addition, the E1-A226V substitution never occurred in the Asian strain circulating since the
1950s, also suggesting that natural selection is not efficient, although a second epistatic
mutation is apparently responsible for this constraint (see below) [24].

DENV-2 is believed to have undergone adaptive evolution after it emerged into the
epidemic [55–57] and urban cycles, but no direct evidence of adaptive evolution of any of
the DENV serotypes during urban emergence, or of DENV-1, -3 or -4 after emergence, has
been obtained. Finally, as discussed above, little or no adaptive evolution has occurred in
WNV since it was introduced into the Americas 13 years ago.
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This accumulated evidence of inefficient positive selection of arboviruses in nature suggests
a general evolutionary inefficiency, at least for members of two major genera, the
alphaviruses and flaviviruses.

Hypothetical explanations for adaptive constraints on arboviruses
Since the majority of arboviruses are RNA viruses that lack polymerases with error
correction, they exhibit error frequencies of approximately 10−4 per nucleotide copied [48].
These high mutation frequencies, coupled with large population sizes and fast replication,
afford RNA viruses the ability to rapidly adapt to fluctuating environments. Despite this,
sequence comparisons of strains of arboviruses isolated from nature show that their
sequences are relatively stable and genetic studies indicate that they are subject to strong
purifying selection [38,49,58,59]. This stability may stem from having to infect disparate
host types that present conflicting replication and adaptation challenges, and that could
constrain adaptation to either host alone by imposing a fitness cost where adaptations are
antagonistic [54]. Only mutations that are beneficial or neutral in both hosts are maintained,
resulting in the elimination of deleterious mutations by purifying selection.

As an extension to these observed genetic constraints on adaptation, phenotypic limitations
(i.e., fitness trade-offs or antagonistic pleiotropy) should also be imposed on arboviruses,
since phenotype is largely determined by genotype. A large number of experimental
arbovirus evolution studies have focused on understanding mechanisms of fitness trade-offs
in order to understand the unique ability of RNA arboviruses to simultaneously evolve in
alternate hosts. These studies employed similar experimental designs: arboviruses were
serially passaged in vertebrate or invertebrate cells, or alternately passaged between the two
cell types to simulate natural cycling, and the fitness of progeny viruses was assessed
relative to progenitors. Studies of this type reveal three general patterns of arbovirus
evolution: fitness gains after serial passage in vertebrate or invertebrate cells (except in
certain cases [60]) and losses in bypassed host cell types (DENV, EEEV, Sindbis, vesicular
stomatitis [VSV] and Rift Valley fever viruses) [18,61–64], reduced fitness in novel cell
types (VSV) [65] and fitness increases after alternating passage (DENV, EEEV, Sindbis and
VSV) [18,54,61,62]. Together, these in vitro studies suggest that constraints on fitness differ
in insect and vertebrate cells and can be virus-specific, but that arbovirus fitness in general is
not limited by alternating between vertebrate and invertebrate hosts.

Although these studies challenge the fitness trade-off hypothesis, artificial selective
pressures, such as adaptation for binding to heparan sulfate, which is not a natural receptor
for most arboviruses, suggest limited relevance of in vitro models to natural in vivo
arbovirus cycling. Furthermore, the results from some in vitro studies (St Louis encephalitis
virus [SLEV]; e.g., [66]) did not translate into in vivo adaptations, suggesting that cell
culture observations may not be relevant to natural arbovirus transmission, in that
monocultures do not accurately represent the complexity of multicellular hosts. Moreover,
some studies employing the same virus and similar experimental designs have also shown
incongruent results, suggesting that differences in cell infection conditions, including cell
type, temperature, multiplicities of infection, number and length of passage series, passage
histories of virus strains, use of cell lines with defective innate immune responses and ways
of measuring viral fitness, may affect outcomes. To circumvent these issues, in vivo
evolution studies using arthropod vectors and vertebrate models of infection that better
represent natural arbovirus transmissions have supplemented in vitro studies. Building on
related studies from 1975, which showed that the alphavirus Ross River virus serially
passaged in mice became more virulent while Ross River virus passaged alternately between
mice and A. aegypti did not (reviewed in [18]), observations from in vivo studies largely
support earlier in vitro conclusions. Artificially releasing an arbovirus from one host allows
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for specialization via increased fitness in the passaged host. VEEV passaged ten times in
hamsters was five-times more fit than its progenitor, and mosquito-passaged VEEV was
more infectious for mosquitoes [67]. In contrast to cell culture observations, alternately
passaged VEEV experienced no detectable fitness gains in either host, supporting the idea
that in vivo dual-host cycling selects for viruses that are adapted to both host types, but that
fitness increases in both hosts are not a requisite for maintenance in alternating cycling [67].
Serial passage of WNV via inoculation into the C. pipiens thorax (artificially bypassing
midgut infection) produced WNV that was more fit than its progenitor in C. pipiens, but that
experienced no replication cost in chicks [68]. Using a more natural oral infection route that
did not circumvent midgut infection, another WNV study found that chick-specialized virus
showed fitness gains in chicks and C. pipiens, whereas mosquito-passaged virus experienced
reduced fitness in chicks and little change in mosquitoes [69], again supporting cell culture
data showing that artificially releasing an arbovirus from host alternation allows for rapid
fitness gains in the passaged host. The fact that fitness losses are not always observed in
bypassed hosts in vivo suggests that while arboviruses experience fitness trade-offs via host
alternation, host-specific adaptation to sequential passage sometimes comes at little cost in
the bypassed host, especially for WNV. Studies with another flavivirus, SLEV, show
somewhat conflicting results. Neither mosquito-specialized SLEV passaged by intrathoracic
inoculation nor chick-passaged virus experienced gains in host-specific fitness, suggesting
that SLEV may already be highly adapted to both invertebrate and avian hosts [70]. The
disparities in patterns of in vivo adaptation between SLEV, WNV and VEEV may reflect
virus-specific evolutionary traits (e.g., differences in host utilization, genome organization,
rates of recombination, composition and breadth of mutant swarm, mechanisms of
transmission and seasonality) or, alternatively, could result from differences in experimental
designs. While intrathoracic inoculations ensured the infection of Culex mosquitoes in
SLEV and some WNV studies [68,70], infection, replication and dissemination from the
mosquito midgut may present additional selective constraints on the virus that were
experimentally circumvented. To ensure high-titer blood meals for serial mosquito cycling,
the VEEV study pooled multiple infected mosquitoes, which also potentially confounded
results by representing viruses from many vector infections instead of a single mosquito
[67]. Nevertheless, despite the problems of in vivo arbovirus evolution studies, the use of
vectors and relevant vertebrate hosts in lieu of cells better simulates the complex
environmental pressures faced by arboviruses.

Population genetic arboviral bottlenecks
Mosquito vectors present anatomical barriers to productive arbovirus transmission,
sometimes blocking midgut infection and other times preventing escape from the midgut
and dissemination into the hemocoel in order to reach the salivary glands for transmission.
The four stages of mosquito infection presenting anatomical barriers include: midgut
infection; midgut escape; salivary gland infection; and transmission to the vertebrate host
(Figure 6). Experimental infection studies using VEEV [71], WNV [72] and VEEV replicon
particles [71] expressing fluorescent proteins, which are capable of only a single round of
infection, showed that few midgut epithelial cells become infected, suggesting that only
certain `portal' cells are susceptible, even at high ingested doses. Interestingly, this was only
the case for an epidemic VEEV strain; for enzootic VEEV, the enzootic vector midgut is
uniformly susceptible, suggesting that a long-term vector–virus association may lead to
higher midgut infectivity [73].

Genetic bottlenecks corresponding to anatomical barriers may also affect mosquito infection
and transmission dynamics. Bottlenecks, so-called because they reduce genetic diversity and
distance (the number of mutations by which each RNA differs from consensus) of a virus
population compared with the input (but do not necessarily change the consensus), can
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profoundly affect arbovirus infection dynamics. This is because genetically diverse RNA
virus populations exhibit greater phenotypic plasticity than homogenous populations, since
they are more likely to possess variant genomes with adaptive mutations. However, despite
barriers that create bottlenecks, genetic variation in whole mosquitoes after experimental
WNV passage is much greater than that seen in birds [74], suggesting that arboviruses can
circumvent genetic bottlenecks due to anatomical barriers by regenerating diversity during
replication in downstream organs. Recent studies have focused on characterizing how the
mutant swarm changes during the four stages of mosquito infection (Figure 7). WNV
populations in C. quinquefasciatus midguts, hemolymph and saliva have comparable levels
of genetic diversity, and although some individual variants compartmentalize to specific
organs, as has been seen in poliovirus in mice [75], anatomical barriers do not impose
significant bottlenecks on WNV populations [76]. In support of WNV findings, a similar
experiment with VEEV revealed that, despite a bottleneck at midgut escape, measured as a
significant reduction in genetic diversity on the days following escape of the virus into the
hemocoel, the number of marked variants remained constant over time [77]. CHIKV studies
parallel WNV and VEEV findings; although population diversity in the midgut and salivary
gland was reduced compared with the blood meal input or midgut, respectively, diversity
was recovered downstream of each barrier [COFFEY LL, UNPUBLISHED DATA]. It is unclear how
diversity relates to the amount of virus transmitted by feeding mosquitoes; while A.
taeniorhynchus inoculate an average of 11 PFU of VEEV into mice [78] and transmitted
doses of WNV [76,79] and CHIKV [COFFEY LL, UNPUBLISHED DATA] range from 102 to 104 PFU,
no studies have examined how variant composition and diversity relate to transmitted doses.
Results from these three studies showing maintenance of diversity but changes in
composition of the arbovirus mutant spectrum contrast with findings from another WNV
study. WNV in C. pipiens showed a decrease in numbers of RNAs with mutations following
midgut infection and transmission, which correlated with time since infection of the
mosquito, suggesting that WNV swarms in that species are subject to temporal sweeps that
decrease intrahost diversity [80].

These results show that despite anatomical barriers to transmission, arboviruses typically
circumvent reductions in genetic diversity and distance during mosquito infection, and that
for WNV, C. pipiens and C. quinquefasciatus exert different pressures on population
dynamics, despite being closely related. Together, these studies suggest that arboviruses
retain high mutation frequencies in order to rapidly replenish diversity lost traversing
anatomical barriers. Indeed, a CHIKV strain unable to generate wild-type-like genetic
diversity showed reduced dissemination in vivo [81].

The mutant swarm of viral RNAs may in part determine arbovirus adaptability. Evolutionary
theory predicts that diverse populations of viral RNAs are more likely than homogeneous
populations to possess phenotypic plasticity and adaptability because, by chance, they
contain more variant genomes with potentially adaptive mutations. Error rates of RdRp
affect mutation frequencies in viral RNA populations and, in large part, control genetic
diversity. Studies with fidelity variants of the vertebrate-only RNA poliovirus showed that
reduced genetic diversity negatively affects virus dissemination and pathogenesis in mice
[82]. By similar reasoning, arbovirus populations with less diversity might also be less fit,
where fewer variant genomes would afford less phenotypic plasticity in both host types. In
vitro studies using CHIKV [83] and WNV [84] and in vivo WNV experiments [74] support
this concept. CHIKV populations alternately passaged between vertebrate and invertebrate
cells possessed less genetic diversity than populations passaged serially on either cell type
and were less capable of adapting to new cells or escaping neutralization. WNV after serial
or alternating mosquito–avian passages showed increases in intrahost diversity that
coincided with fitness increases (although alternately in vivo-passaged WNV, in contrast to
in vitro-passaged CHIKV, showed the greatest diversity [74]), suggesting that minority
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genomes can augment fitness. In further support of this mechanism, when 24 different
strains of WNV were mixed to create a population that was 1.5-or four-times more diverse
than populations comprising mixes of eight and four strains, respectively, the more diverse
populations out-competed the reference population better than the less diverse populations in
mosquitoes (but not in chickens) [85]. WNV diversity in serial chicken-passaged lineages
was also consistently lower than in mosquito-passaged lineages, suggesting that purifying
selection is relaxed during mosquito infection (although a caveat of these studies was the use
of intrathoracic inoculation of mosquitoes that circumvents midgut infection) [86].

The observed differences in diversity between serial versus alternately passaged arboviruses
suggests that selection during alternating passages is focused on maintaining replication
competence in both hosts. Greater genetic diversity (as observed in serial CHIKV passages
and in mosquito-passaged WNV) may not always be achievable after alternation because
minority mutations that would drift the mutant spectrum away from overlapping invertebrate
and vertebrate adaptive peaks would be removed by purifying selection with each
alternating passage. The expected outcome would be evolutionary stasis, which may, in part,
explain the relatively slow evolutionary rates exhibited by arboviruses [8]. Thus, cell culture
studies suggest that alternating host cycles restrict the expansion of genetic diversity
compared with single-host serial passages, but still increase fitness at the cost of less
adaptability. These in vitro and in vivo results indicate an evolutionary trade-off between
maximizing fitness for alternating host infections and maximizing adaptability, where the
most adaptable populations are those that have enhanced population diversity, but are not
necessarily the best generalists.

To experimentally modulate genetic diversity instead of just characterizing it after passage,
an arbovirus fidelity variant was isolated via selection of a mutagen-resistant variant with a
single amino acid change in the nsP4 RdRp gene that increases replication fidelity by
approximately 30%, but still replicates at wild-type levels [81]. Compared with its wild-type
parent, this high-fidelity CHIKV variant infects and disseminates less effectively in A.
aegypti and produces shorter viremias and lower organ titers in neonatal mice. These results
suggest that, as for poliovirus, increased arbovirus replication fidelity imposes a fitness cost
in both mosquitoes and vertebrates. This supports the idea that `sloppy' replication lends
itself to arbovirus adaptability and may in part explain why arboviruses do not evolve
higher-fidelity polymerases.

Epistatic constraints on CHIKV adaptation
As discussed above, CHIKV strains from the IOL have repeatedly adapted to A. albopictus
by acquiring a single alanine-to-valine substitution in the E1 glycoprotein (E1-A226V)
[10,26,29,30]. Interestingly, the same substitution has never been detected in any Asian-
genotype CHIKV strain. Laboratory studies showed that the infectivity of several Asian-
genotype CHIKV strains for A. albopictus is not significantly different from the ECSA
genotype, including IOL strains that lack the E1-A226V change [24]. This indicates that
although A. albopictus is highly abundant in southeast Asia, where the Asian genotype has
persisted for more than 60 years [23,87], CHIKV nevertheless has failed to efficiently adapt
to A. albopictus, and has probably used only A. aegypti for transmission and maintenance in
the region. However, the invasion and establishment of A. albopictus-adapted CHIKV
strains of the IOL into southeast Asia in recent years has demonstrated that A. albopictus
can be a highly efficient vector, enabling a dramatic CHIKV expansion [29,88–91]. Thus,
the inability of the Asian CHIKV lineage to occupy a human–A. albopictus niche, possibly
due to differences in the distributions of the two vectors in southeast Asia versus the Indian
Ocean islands and the Indian subcontinent, may have enabled the invasion and establishment
of the IOL in southeast Asia, which may eventually promote local extinction of the Asian
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genotype. Furthermore, A. aegypti may enable the spread of IOL in Asia, which are equally
infectious for this species compared with the Asian lineage, especially in areas where it
predominates over A. albopictus.

The failure of the Asian lineage to exploit the E1-A226V substitution is explained by
negative epistatic interactions with a threonine at position E1-98, which is invariant in
Asian-lineage CHIKV strains. All strains of the ECSA genotype, including IOL, have an
alanine at E1-98, which is neutral in its effect on the fitness of the E1-A226V substitution.
Therefore, epistatic interactions between E1-226V and E1-98T residues are responsible for
the increase in length of the fitness plateau (since two mutations are required instead of one)
that populations of Asian-lineage CHIKV strains would have to traverse in order to reach
the A. albopictus-adaptive peak. We call it a `plateau' instead of a `valley' because no
negative effect on CHIKV fitness was detected in the alternative mosquito vector (A.
aegypti) or in vertebrate hosts (newborn mice as a model for human infection). Since strains
of the IOL are not affected by this epistatic interaction, they traverse this plateau more
readily to occupy an A. albopictus-adaptive peak (via the E1-A226V mutation). Thus, the
existence of different adaptive landscapes for Asian-genotype and Indian Ocean CHIKV
lineages could explain the ongoing displacement of Asian-genotype strains by the IOL [24].

Constraints on adaptive WNV evolution
Similar to other RNA viruses, WNV exists as a swarm of mutants [74] that likely influences
infection of both vertebrate and invertebrate hosts. Mosquitoes sampled from nature possess
more WNV mutants compared with avian hosts. This result was confirmed by experiments
that released the virus from its dual-host replication pattern through serial passage in
chickens, mosquitoes, or alternately between chickens and mosquitoes, all of which were
passaged 20-times each. However, similar to the naturally sampled WNV described above,
40 passages of WNV released from dual host cycling generated a greater increase in
sequence diversity in mosquitoes than in chickens [92]. The level of intrahost diversity was
very low in chickens and the pattern of mutations indicated strong purifying selection.
However, the mosquito-only passages (intrathoracic infections that bypassed oral infection)
exhibited a high degree of change from the consensus sequence. Interestingly, these results
appear to contradict the standard dual-host trade-off hypothesis, which envisions that
alternating replication in vertebrates and invertebrates requires fitness compromises in both
hosts in order to maintain the transmission cycle. However, the chicken-only WNV passages
yielded equal fitness in both chicken and C. pipiens mosquitoes, but not in a related species
of mosquito [68,69,74]. The mosquito-only passages showed fitness increases in C. pipiens
but not in the related C. quinquefasciatus mosquitoes, but did show severe fitness losses in
chickens. Thus, at least for WNV, there appear to be several constraints involved in
infecting both hosts. These results suggest that WNV adaptation to mosquitoes is species-
specific, even in the congeneric mosquitoes C. pipiens and C. quinquefasciatus [92].

As discussed above, WNV may have constraints on the generation of high-fitness-adaptive
mutants. The mutant swarm appears to be critical to the successful infection of both
mosquito and avian hosts. In particular, the high diversity that is a consequence of mosquito
infection by WNV appears to suppress high-fitness variants that can arise in chickens
[84,93]. This apparent ability of the mutant swarm to affect the production of high-fitness
variants has implications for the further evolution of WNV in the Americas. The
experimental evidence suggests that WNV may be evolving towards a less lethal phenotype
in birds, but evidence from natural samples will be required to test this hypothesis.
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DENV intrahost genetic variation
Similar to other RNA viruses, DENV genetic diversity can be attributed to its error-prone
RdRp. Prior to the advent of deep sequencing, the presence of DENV intrahost genetic
diversity had been confirmed by sequencing large numbers of clonal amplicons derived
from unpassaged, natural isolates (reviewed in [94]). Surprisingly, the extent of diversity
included genomes with stop codons in their E genes, as well as mixed genotypes and
putative recombinants. Some of those defective RNA genomes (E gene stop codon variants)
were observed in human [50,95] and mosquito [95] samples, suggesting a mechanism of
long-term transmission maintenance through complementation. This would require the
preservation of relatively high multiplicities of infection throughout all stages of the
transmission cycle, which would require experimental validation in mosquitoes, where
transmission bottlenecks are likely to occur, based on studies of other mosquito-borne
flaviviruses [80] or alphaviruses [71]. Currently, the amount of DENV inoculated by
mosquitoes while probing or feeding on a live host is not known, although a recent report
suggested an average salivary secretion titer of 50 PFU [96]. This estimate is much lower
than that reported for WNV (102–104 PFU) [76,97]. Some studies suggest that the dose
transmitted may affect vertebrate viremia. Chicks that receive higher doses of WNV from
mosquitoes develop higher early viremias, and chicks infected by multiple mosquitoes
produce viremias up to 50-times higher than chicks infected by a single mosquito [97].
These results indicate that doses delivered by vectors correlate with viremia levels in hosts,
where higher viremias are sometimes associated with more severe disease. However, studies
estimating doses secreted by vectors are biased, in that mosquitoes that salivate in vitro eject
higher titers than they inoculate into vertebrates, and infection by needle, as is conventional
for most pathogenesis studies, may influence vertebrate pathogenesis [78]. Higher viremias
in vertebrates render them infectious to naive mosquitoes for longer periods. The minimum
viremia levels necessary for infection of vectors vary according to virus and vector species;
generally, primary vector species are identified by high susceptibility to infection at low
ingested titers.

Sylvatic DENV epidemics & human contact
DENV emergence and the role of adaptation to new hosts and vectors are important issues
for arbovirology and have enormous public health implications, especially considering the
potential for eradicating the human transmission cycle with the effective vaccines now under
development. Humans become infected with sylvatic DENV [98,99], probably very
regularly, as evidenced by serologic and surveillance studies in southeast Asia and west
Africa [42]. Spillover from sylvatic cycles could potentially generate large outbreaks [100].
However, the limited detection of sylvatic DENV is partially attributed to misdiagnosis of
human DENV infections or confusion with other etiological agents that share similar clinical
signs and symptoms, or nondetection due to subclinical presentation. Another possible
explanation for the limited spillover potential is the requirement for adaptation to
peridomestic vectors and/or human hosts. The latter hypothesis was tested experimentally
using surrogate models of human infection, in vitro model systems and in mosquitoes,
described below.

Vertebrate model studies of adaptive constraints on DENV evolution
Mechanisms of human DENV emergence due to host-range expansion of sylvatic strains by
adaptation to the use of humans as reservoirs (via increased magnitude of replication) were
evaluated in two surrogate models of human infection: monocyte-derived dendritic cells and
severe combined immune deficiency mice xenografted with human hepatoma cells [57].
Select DENV-2 strains representing all four genotypes, including Asian and African sylvatic
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strains, as well as Asian, African and American human strains of various pathogenic
potentials (classical dengue fever to severe dengue disease), were evaluated. In both models,
there was significant variation in mean replication titers of DENV-2 strains. However, there
was no overall difference in replication between sylvatic and endemic strains. Interestingly,
sylvatic strains replicated to lower titers than human Asian strains, but did not differ
consistently from the endemic American strains, suggesting that the American strains have
maintained or regained their ancestral phenotype. These observations suggest that the
historical emergence of DENV from the ancestral sylvatic transmission cycle into human
cycles may not have required adaptation in order to replicate in humans as reservoir hosts,
which implies that the probability of re-emergence into human transmission is high.

Mosquito model studies of adaptive constraints on DENV evolution
A number of studies have addressed the question of whether human DENV emergence was
mediated by adaptation to the peridomestic mosquito vectors A. aegypti and A. albopictus.
Moncayo et al. supported this hypothesis [101], but more recent studies that included an
expanded repertoire of DENV strains suggest that sylvatic and human DENV-2 strains are
equally infectious for both mosquito species, indicating that the emergence of sylvatic
DENV into human transmission did not require adaptation to these vectors [HANLEY K &
VASILAKIS N, UNPUBLISHED DATA], echoing observations from the vertebrate model studies
described above. Given the increased ecologic pressures and widespread conversion of
native forests into oil palm plantations and other agricultural settings in sylvatic DENV foci,
the question of whether human strains could reinvade the forest cycle becomes
epidemiologically relevant. Diallo and colleagues examined whether human DENV strains
have lost fitness for transmission by sylvatic vectors by comparing the vector competence of
sylvatic and various peridomestic populations of Senegalese mosquitoes using both human
and sylvatic DENV-2 strains (reviewed in [42]). The results of this study refuted the
hypothesis that any adaptation of human strains to domestic vectors was species specific,
and supported the hypothesis that human strains have the potential to become established in
a forest cycle.

In vitro studies of adaptive constraints on DENV evolution
The observed DENV intrahost genetic diversity suggests that variants play a dynamic role in
viral fitness, replication and their ability to successfully adapt to new environments, a
mechanism attributed to the trade-off hypothesis mentioned above. The extent of DENV
diversity was examined with similar methodologies as those used previously [8,61,67].
Early studies based on partial genomic consensus sequences indicated that adaptation in
mosquito cells, unlike adaptation in vertebrates or alternating cycles, has a minimal effect on
DENV evolution. These results contrasted with those for WNV [84,102], where genetic
diversity was shown to correspond to substantial phenotypic diversity. This discrepancy
could be attributed to the inherent limitation of consensus (Sanger) sequencing, where each
nucleotide at a given position of the viral genome only reflects the majority and does not
represent the true mutant swarm. Subsequently, a comprehensive study simulating the
DENV transmission cycle or adaptive specialization in vertebrate or mosquito cell lines
examined the trade-off hypothesis by employing clonal (plaque-purified, with a defined
sequence) or passaged, uncloned (where the determined sequence represents the consensus
of the population) DENV [62]. While an inherent limitation of this study was the utilization
of consensus sequencing to monitor the evolution of viral populations, which could mask the
presence of minority mutant populations, the data supported the hypothesis that releasing
DENV from host alternation facilitates adaptation. However, there was limited support for
the hypothesis that such alternation necessitates a fitness trade-off. An interesting
observation of this study was that alternately passaged clonal DENV exhibited fitness gains,
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an observation attributed to the acquisition of both host cell-specific and amphi-cell-specific
adaptations, or to recovery from fitness losses arising from bottlenecking due to biological
cloning [62]. An equally important observation indicated that DENV adapted exclusively in
the vertebrate cell line or alternating between vertebrate and mosquito host cells led to the
emergence of a qualitatively and quantitatively distinct mutation spectrum from exclusive
passage in the invertebrate cell line, which signifies the role of the depth and breadth of
intrahost genetic diversity in shaping the adaptive phenotype [84].

Constraints imposed by epistatic interactions
The process of cross-species jumps and adaptive evolution can be viewed as the movement
of viral populations across adaptive landscapes. Epistatic interactions (interdependent effects
of different genetic loci on viral fitness) could create multiple peaks in the fitness landscape,
which could constrain the evolution of given species by forcing a population to occupy a
local peak. The transition of a viral population to new peaks of possibly higher fitness in
recipient species would therefore be constrained by movement across adaptive valleys or
plateaus of lower fitness [8]. Although the existence of multipeaked landscapes in nature is
still debatable, several studies have confirmed their role in the constraints of bacterial and
viral evolution in laboratory settings [103–105]. Interestingly, the adaptive constraints of
Asian-genotype CHIKV to A. albopictus mosquitoes, discussed above, can also be
explained in terms of multipeaked landscapes.

Future perspective
There appear to be fundamental differences in the evolutionary patterns and mechanisms of
emergence among alphaviruses and flaviviruses. The alphaviruses, perhaps due to intrinsic
properties that are not fully understood, can sometimes undergo dramatic adaptive evolution,
while flaviviruses are associated with emergence through geographic expansion and
urbanization, with little or no evidence that adaptation plays a role in the initial
establishment of endemicity. There is evidence (which is stronger for alphaviruses than for
flaviviruses) that the requirement for alternating infection of vertebrate and invertebrate
hosts is a constraining force on adaptive evolution. In addition, for CHIKV, epistatic
interactions that vary among viral lineages can have dramatic effects of epidemic
emergence. Finally, for both alphaviruses and flaviviruses, marked changes in viral
population sizes, including significant bottlenecks that accompany midgut infection and
viral dissemination into the hemocoel, may limit the efficiency of natural selection.
Improvements in study design to sample populations immediately after a barrier has been
circumvented (instead of long after, where founder genomes may be masked by new
variants arising subsequently to the bottleneck) will better define how bottlenecks shape
populations. Studies of this type will be helpful in determining whether these bottlenecks
often lead to viral extinction, as predicted by Muller's ratchet [77], and if so, how the
arboviruses compensate in order to persist in nature.

The above conclusions suggest several risks for future arboviral emergence. First, the ability
of both alphaviruses and flaviviruses to urbanize and cause explosive epidemics through
transmission by A. aegypti and A. albopictus, as exemplified by DENV and CHIKV, as well
as yellow fever virus, is a major concern [106]. Several other viruses with known exposure
to tropical urban populations and the ability to infect these potential urban vectors, including
VEEV and Mayaro virus, as well as the flavivirus Zika virus, are of particular concern.
Mayaro virus is of special interest because it regularly infects people in major urban areas of
South America, but is grossly under-reported due to misdiagnosis as DENV. Undoubtedly,
there are also as-yet undiscovered arboviruses with emergence potential, and recent
advances in deep sequencing provide new opportunities to identify them contingent on
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continued surveillance activities, especially in the tropics, where viral diversity is highest.
The continuing global expansion of A. albopictus, which is a competent laboratory vector of
many arboviruses, will increase this risk, as well as climate change, which is predicted to
expand the distribution of A. aegypti further outside the tropics. A more complete
understanding of the molecular interactions associated with the adaptive emergence of
VEEV and CHIKV will be especially useful in improving our ability to predict the
likelihood of adaptive urbanization of Mayaro virus. Dramatic advances in determining the
structures of both alphavirus and flavivirus particles and envelope proteins [16,20,107] have
increased opportunities for advances in this area. However, the identification of key cellular
receptors for many alphaviruses and flaviviruses remains an obstacle to progress, especially
receptors in vector midguts, which are the key portals of entry leading to transmission.
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Executive summary

Arboviruses

■ Most arboviruses are zoonotic agents that can cause disease in domesticated
animals and/or humans via direct spillover from enzootic cycles, sometimes
after introduction into a new geographic region, amplification in
domesticated animals to increase circulation and human exposure or the
initiation of human–mosquito–human transmission cycles in peridomestic
habitats.

■ The latter two emergence mechanisms sometimes, but not always, involve
adaptive evolution in order to enhance transmission by mosquito vectors or
more efficient amplification by vertebrate hosts.

Historic evidence of arbovirus adaptive evolution

■ The alphaviruses Venezuelan equine encephalitis and chikungunya viruses
have undergone dramatic emergence via equine- and mosquito-adaptive
amino acid substitutions involving single-point mutations in their envelope
glycoprotein genes.

Evidence for constraints on adaptive arbovirus evolution in nature

■ Despite these examples of dramatic adaptive emergence mediated by single
mutations, and the high mutation frequencies exhibited by most if not all
arboviruses, these emergence events occur only occasionally, suggesting
fundamental constraints on the selection of adaptive mutations.

Hypothetical explanations for adaptive constraints on arboviruses

■ Evidence from retrospective studies of adaptive emergence, as well as
prospective studies of arbovirus adaptation, suggest three major constraint
mechanisms: the requirement for alternating infection and replication in
vertebrate and invertebrate hosts imposes constraints on adaptation due to
fitness trade-offs in the two hosts or differing fitness landscapes for the
infection of each; epistatic interactions that can differ dramatically between
closely related arboviral lineages sometimes limit the penetrance of adaptive
mutations in different geographic regions; and the arbovirus transmission
cycle imposes population bottlenecks that constrain adaptive evolution by
limiting the efficiency of selection.
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Figure 1. Fitness landscapes for arboviruses
(A) Theoretical, 3D landscape for infection of the vertebrate host; (B) theoretical, 3D
landscape for infection of the vector; (C) superimposition of vertebrate and vector
landscapes, demonstrating limited genotypes that are highly fit in both hosts (overlapping
peaks). Peaks with partial overlap (arrows) could result in subtle shifts in the mutant swarm
as an arbovirus alternates between vertebrate and vector infections. (D) Fitness landscape for
CHIKV transmission by the epidemic mosquito vector, Aedes albopictus. The three
envelope glycoprotein amino acids with major effects on A. albopictus infection are
indicated, demonstrating sequential adaptive envelope glycoprotein substitutions in the IOL
and epistatic limitations in the Asian lineage. The E2-L210Q mutation observed in India in
2009 is a second-step mutation that increases infectivity and dissemination. The Asian
genotype needs one additional substitution in the E1 protein (T98A) compared with the IOL
for the major fitness of the E1-A226V substitution to be manifested. This epistatic
interaction apparently has prevented the Asian lineage from adapting to A. albopictus for the
past six decades. Green lettering indicates ancestral residues; red lettering indicates derived
residues associated with adaptation to A. albopictus.
CHIKV: Chikungunya virus; IOL: Indian Ocean lineage.
Adapted with permission from [108].
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Figure 2. Arbovirus transmission cycles showing ancestral enzootic cycles, epizootic cycles
involving amplification by domesticated animals, such as horses, and endemic/epidemic cycles in
urban habitats involving human amplification hosts
CHIKV: Chikungunya virus; DENV: Dengue virus; VEEV: Venezuelan equine encephalitis
virus; WNV: West Nile virus.
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Figure 3. Virion morphology and genome organization for alphaviruses and flaviviruses
CAP: Capsid; E: Envelope; prM: Premembrane.
Adapted with permission from [109–112].
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Figure 4. Evolutionary history of Chikungunya virus emergence
(A) Recent history of CHIKV outbreaks and (B) phylogenetic relationships of CHIKV
genotypes. The phylogenetic tree for 26 representative CHIKV strains was constructed using
the maximum likelihood method. Amino acid residues at positions E1-226 and E1-98 are
indicated.
CHIKV: Chikungunya virus; ECSA: East-central-south-African; IOL: Indian Ocean lineage;
WA: West Africa.
Adapted with permission from [24].
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Figure 5. Emergence of urban dengue virus transmission cycles and lineages from sylvatic
progenitors
DENV: Dengue virus.
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Figure 6. Route of infection and potential bottlenecks during arbovirus infection of a mosquito
The route of virus dissemination from an infectious blood meal is shown by solid boxes, and
the anatomical placement of each stage is designated by the letters (A–F) on the mosquito.
The potential bottlenecks associated with physical barriers that the virus encounters during
dissemination are shown in dashed boxes.
Adapted with permission from [113].
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Figure 7. Arbovirus population dynamics in vector infection
Lines represent individual arbovirus genomes; colored dots show mutations. The average
sequence (consensus) in each population is shown, and is often unchanged during infection.
Studies with West Nile virus, Venezuelan equine encephalitis virus and Chikungunya virus
show that the composition of the mutant spectrum changes as viruses traverse anatomical
barriers and experience genetic bottlenecks (diminishing slope showing decreased
population size), including during infection and escape from the midgut epithelium, but that
replication in secondary tissues regenerates genetic diversity (increasing slope) at levels
comparable to populations ingested from the vertebrate host. In some cases,
compartmentalization of individual variants (e.g., purple transmitted mutation) occurs in
selected tissues, and some mutations (e.g., green) arise de novo in secondary tissues. In
general, these studies show that arboviruses can circumvent anatomical barriers that produce
genetic bottlenecks in mosquitoes, such that the size of the mutant spectrum that
disseminates and is transmitted by vectors is not significantly reduced.
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