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Population bottlenecks and
founder effects: implications for
mosquito-borne arboviral emergence

Scott C. Weaver

Arthropod-borne viruses (arboviruses) are transmitted
to vertebrates by arthropod vectors (mainly mosquitoes
and ticks)' (FIG. 1). Most of the more than 500 known
arboviruses are zoonotic agents that use wild animals
as amplification and/or reservoir hosts (BOX 1). A small
fraction of these (about 100) are human-pathogenic and
cause disease via ‘spillover” infections (that is, enzootic
or bridge vectors bite humans following infection from
an enzootic vertebrate host). Notable examples include
West Nile virus (WNV) and Japanese encephalitis virus,
which use avian hosts but can be highly virulent when
humans are infected by Culex spp. mosquito vectors.
However, four arboviruses with non-human primate
enzootic hosts have initiated human-amplified trans-
mission cycles that last from months to centuries, which
increases their ability to infect humans and to cause
human disease. These include dengue virus (DENV),
which infects nearly 400 million humans annually
throughout many tropical and subtropical regions and
causes disease in nearly 100 million individuals, thus
making DENV the most important arbovirus’; and
yellow fever virus (YFV), which despite the availability
of an effective vaccine for nearly a century still infects
tens of thousands of humans annually, with recent epi-
demics in Brazil’, Nigeria* and Angola’. In addition, the
past 15 years have brought unexpected outbreaks caused
by two other human-amplified arboviruses, namely chi-
kungunya virus (CHIKV) and Zika virus (ZIKV). Like
DENYV and YFYV, these viruses are transmitted by the
anthropophilic mosquitoes Aedes (Stegomyia) aegypti and
sometimes Aedes (Stegomyia) albopictus. The expansion
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Abstract | Transmission of arthropod-borne viruses (arboviruses) involves infection and replication
in both arthropod vectors and vertebrate hosts. Nearly all arboviruses are RNA viruses with high
mutation frequencies, which leaves them vulnerable to genetic drift and fitness losses owing to
population bottlenecks during vector infection, dissemination from the midgut to the salivary
glands and transmission to the vertebrate host. However, despite these bottlenecks, they seem to
avoid fitness declines that can result from Muller’s ratchet. In addition, founder effects that occur
during the geographic introductions of human-amplified arboviruses, including chikungunya
virus and Zika virus, can affect epidemic and endemic circulation, as well as virulence. In this
Review, we discuss the role of genetic drift following population bottlenecks and founder effects
in arboviral evolution and spread, and the emergence of human disease.

of these mosquitoes from Africa (A. aegypti) or Asia
(A. albopictus) increased the disease burden through-
out much of the tropics and permitted transmission in
temperate regions (A. albopictus)°. However, our under-
standing of the emergence mechanisms remains incom-
plete. For example, why was CHIKV relatively inactive in
the urban setting between the 1960s and 2005, and why
were no ZIKV outbreaks documented before 20072 The
ability of all arboviruses to survive and circulate despite
adverse weather conditions (for example, droughts or
winters when vectors and sometimes vertebrate hosts
are inactive or limited in number) remains largely enig-
matic, although current research is beginning to shed
light on overwintering mechanisms’~’.

Nearly all arboviruses have RNA genomes that repli-
cate in the absence of error correction mechanisms, and
thus they exhibit high mutation frequencies in the range
of 107 to 10~° per nucleotide replicated'’. Populations of
RNA viruses exist as mutant swarms (FIC. 2), often selected
at the population level as quasispecies. These swarms
comprise a range of mutants (representing intra-host
variation) that are dominated by a master sequence,
which is typically characterized by high fitness in the
current replicative environment. These mutant distri-
butions are thought to enable RNA viruses to rapidly
adapt to changing environments, which sometimes
results in the emergence of epidemic and/or epizootic
disease. Despite their potential for rapid evolution,
many arboviruses exhibit high degrees of consensus
genome sequence stability in nature, which may reflect,
in part, the requirement to maintain fitness for infection
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Enzootic

Ancestral, often continuous,
transmission cycles of zoonotic
arboviruses involving wild
animals serving as amplification
and/or reservoir hosts.

Anthropophilic mosquitoes
Mosquitoes with a preference
for and typically a tendency to
bite humans.

Mutant swarms

A population of RNA viruses
with numerous, randomly
derived mutations resulting
from low-fidelity RNA replica-
tion (lack of proofreading).
Mutant swarms are also
termed quasispecies when
they are selected and evolve
as populations rather than as
individual genetic variants.

Quasispecies

A diverse RNA (virus)
population that contains many
mutants closely related to a
master sequence (usually the
most abundant) and selected
as a population, rather than as

individuals, during its evolution.

Population bottlenecks
Major reductions in the
population size of organisms,
often used in the context

of near-extinction events.
Population bottlenecks result
in aloss in genetic diversity
and can also fix mutations

at random. Population
bottlenecks also represent

a form of genetic drift.
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Fig. 1| Infection and transmission of arthropod-borne viruses by mosquitoes and bottlenecks. Arthropod-borne
viruses (arboviruses) undergo repeated bottlenecks during vector infection, dissemination from the midgut to the salivary
glands and transmission to the vertebrate host. All of these population bottlenecks can present fitness challenges for

the virus and may result in drift related to founder effects at each step outlined below. Infection of the mosquito midgut
occurs upon ingestion of an infectious bloodmeal (steps 1, 2). Depending on the virus and the mosquito, the number of
epithelial cells infected varies greatly (typically between 10 and most of the cells in the single layer of midgut epithelial
cells)'™”. The severity of the midgut entry bottleneck seems to primarily depend on the titre of the initial infection and

the genetic diversity of the virus population, as reductions in titre and diversity both result in severe reduction in the
population to as little as 1-10 virus particles that found the next population following dissemination. Following infection
and replication in the midgut cells, the arbovirus disseminates into the haemocoel (or open body cavity) (step 3). Then,
access is gained to diverse secondary target organs and tissues such as the fat body, neurons and muscles, which support
replication and may enhance infection of the salivary glands. Dissemination into the haemocoel is considered the major
bottleneck during mosquito infection. The mechanism remains obscure, but generally the virus infects the midgut
epithelium and then inefficiently disseminates into the haemocoel, either through microperforations in the basal lamina
or during basal lamina remodelling after blood feeding. Infection of the salivary glands is essential for transmission, and
evidence suggests that there is a small bottleneck at this stage, probably because the arbovirus must pass through a basal
lamina surrounding this organ (step 4). However, the impact and severity of this bottleneck remains to be determined.
Following replication in the salivary gland acinar cells and shedding into the apical cavities, transmission can occur during a
subsequent bloodmeal when saliva is injected during mosquito probing and feeding on blood vessels (step 5). The severity
of this virus population bottleneck has been estimated to average between approximately 10infectious units for some
alphaviruses and over 10*infectious units for West Nile virus. However, most of these estimates come from in vitro saliva
collection, and few have been confirmed experimentally during in vivo transmission. Both dissemination from the midgut
and infection of the salivary glands necessitate passage through basal laminae, predominantly consisting of collagen IV and
laminin. The midgut basal lamina seems to become permissive for virus passage during bloodmeal digestion'’ and stretching
during a subsequent bloodmeal can create microperforations that seem to enhance dissemination®, but passage through

the salivary gland basal lamina remains poorly understood.

of divergent vertebrate and arthropod hosts, and may
involve fitness trade-offs''. However, studies of some
arboviruses such as WNV fail to support this trade-off
hypothesis'’. Alternative views include that the different
host replicative environments are sufficiently similar to
avoid a ‘trade-off” or that one host may dominate as the
driving force in arbovirus evolution®.

One critical challenge to arbovirus survival is rep-
resented by sequential anatomic barriers, especially
in the vector (FIG. 1). These anatomic barriers to viral
dissemination result in repeated population bottlenecks,
which strongly reduce the number (to as little as one) of

virus particles available to maintain infection and permit
transmission'*.

Population bottlenecks during the transmission
cycle combined with the high mutation frequencies
suggest that arboviruses undergo major challenges to
maintain their fitness. Efficient natural selection (posi-
tive; or, more typically, purifying selection to remove
random and potentially deleterious mutations) usually
dominates virus evolution when populations are large.
By contrast, reductions in virus populations reduce
the efficiency of selection, which can result in stochas-
tic changes in mutant frequencies and loss of genetic
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Genetic drift

Random changes in the genetic
make-up of a population due
to chance, random sampling.
Drift can dominate the
evolution of a virus when
population sizes remain small,
reducing the efficiency of
selection and genetic diversity.

Founder effects

The loss of genetic variation,
sometimes resulting in the
fixation of random mutations.
Founder effects occur when a
new population is established
by a small number of indivi-
duals (founder population)
randomly derived from a larger
ancestral population. Founder
effects represent a form of
genetic drift.

variation (genetic drift). Such population reductions can
occur when arboviruses orally infect or disseminate
inefficiently within the vector prior to transmission,
or during transmission of small populations to the
vertebrate host (FIG. 1).

Reductions in virus populations can also manifest at
the level of infected hosts when viruses are transported
by a single vector or amplifying host (the latter seems
to be much more common for urban arboviruses) to
initiate point-source transmission. This scenario, where
a founder population is established by a small number
of individuals from a larger, ancestral population, can
result in a loss in genetic variation and even the fixation
of random mutations, termed a founder effect'>~'” (FIC. 2).
Therefore, founder effects typically represent a popula-
tion bottleneck, although some definitions of the latter
focus exclusively on the random extermination of most
of a population. Along with the loss of genetic variation
that accompanies a founder effect comes a stochastic
sampling of the founder genomes that establish the new

population, many of which may, by chance, include del-
eterious or neutral mutations that become fixed in the
new population in the absence of strong natural selec-
tion. Founder effects, therefore, are a form of genetic
drift, whereby the frequency of a given genotype in a
population changes due to stochastic sampling rather
than due to selection. Each individual vector infec-
tion event and transmission to a vertebrate host can
be thought of as a founder event. However, in the case
of many parallel chains of transmission, as is typical of
endemic-enzootic or epidemic-epizootic transmission,
these events probably have far less influence compared
with a new geographic introduction that begins with a
single transmission chain.

Despite the apparent benefits for RNA viruses to
respond to changing fitness landscapes, high muta-
tion frequencies may leave arboviruses vulnerable to
drift and fitness declines following repeated population
bottlenecks due to the phenomenon termed Muller’s
ratchet'® (FIG. 2). Without efficient recombination or

Box 1| Arbovirus transmission cycles and emergence

Arbovirus transmission involves two ecologically and genetically c

distinct cycles: the enzootic cycle (often called the sylvatic cycle)
and the human-amplified cycle (often called the urban cycle)
(see the figure). Zoonotic viruses, such as West Nile virus (WNV)
and western equine encephalitis virus (WEEV) (see the figure,
part a), use various wild animals as enzootic hosts, with spillover

a b

transmission for ZIKV)

Human-vector-human (also
sexual, vertical human-human

Direct spillover from
enzootic cycles

Secondary amplification
in domesticated animals

N\

infections affecting humans. Some viruses, such as Venezuelan o

equine encephalitis virus (VEEV) (see the figure, part b), undergo

secondary amplification involving domesticated animals, which
increases spillover to humans in agricultural settings. Several of

the most medically important viruses, including dengue virus
(DENV), chikungunya virus (CHIKV), yellow fever virus (YFV)

and Zika virus (ZIKV), use humans as direct amplification hosts

(see the figure, part c), resulting in endemic and/or epidemic
transmission and sometimes severe outbreaks.

For mosquito-borne viruses such as ZIKV, DENV and CHIKV,
extant, ancestral virus strains cycle between various arboreal

Aedes mosquito species and non-human primates (NHPs)®, and

remain active in several parts of Africa and Southeast Asia
(Asian enzootic transmission demonstrated only for DENV).
During the human cycle, viruses circulate between humans
(amplification hosts), and peridomestic Aedes albopictus and
domestic Aedes aegypti mosquitoes (see the figure, part c).

\
b

Enzootic cycle
A aegypti

A albopictus

\ CHIKV, DENV, ZIKV, YFV \ o

Human-amplified cycle

Epizootic cycle

Other Aedes mosquito species, mostly belonging to the
subgenus Stegomyia, may vector these viruses in niche
geographic regions within this endemic and/or epidemic cycle.

In rural areas of Africa and Asia, also known as the ‘zone
of emergence’, these viruses can transferred between NHPs
and humans through direct spillover, whereby an enzootic or
a bridge vector transmits the virus from an enzootic host
to a human. Under appropriate conditions, this can result in a
transition from the enzootic cycle to a human-mosquito-human cycle
(see the figure, part c).

Arboviruses with this potential for human-amplified transmission are among
the most important for public health, such as ZIKV and CHIKV. They are likely
to have emerged from the forest, associated with clearing of forests and
development of human settlements. On the basis of phylogenetic analyses
and detection in NHPs and A. aegypti mosquitoes, ZIKV spread to Asia at
least decades ago®*''%'?2, By contrast, CHIKV is believed to have spread to
Asia and the Americas centuries ago through the sailing ship trade®. The first
ZIKV outbreak outside Africa was detected in Micronesia in 2007, followed
by another outbreak in French Polynesia in 2013, before being introduced
into South America and reaching pandemic levels (reviewed in REF.'%).

i3 oy

WNV, WEEV

The historical emergence of CHIKV from Africa (from the East/Central/
South African (ECSA) enzootic lineage) has been traced through
phylogenetics to South and Southeast Asia, where the emergent Asian
strain continues to circulate and was the source of a recent introduction
into the Americas'?*. Currently, a distinct ECSA strain introduced
directly into Brazil co-circulates with Asian lineage strains in South
America'”. A second recent emergence from Africa (Indian Ocean lineage
(IOL)) affected the islands of the Indian Ocean, India, Southeast Asia and
Europe. Spread of all epidemic strains involved transmission mainly by
A. aegypti, except for IOL strains that in some locations have adapted
through a series of envelope glycoprotein substitutions for efficient
transmission by A. albopictus'?".

VEEV
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ratchet has been demonstrated to occur experimentally
with several arboviruses'>*, which underscores the risk
they face if they are subjected to repeated bottlenecks
during their transmission cycle (requiring replication
and spread in divergent hosts)*'.

In this Review, we discuss viral population genetic
factors that have recently been shown to be involved
in arboviral spread and emergence of human disease.
Adaptive evolution has been the focus of several recent,
well-publicized examples of arboviral emergence?~>.
However, genetic drift has been far less investigated and
has received less attention despite its potential to have an
equally strong impact on arboviral spread and disease
emergence. Therefore, we discuss new evidence — best
exemplified by recent studies of CHIKV and ZIKV —
that genetic drift following founder effects accompa-
nying geographic introductions, and other population
bottlenecks (FIG. 2), can also have dramatic influences
on arboviral epidemics and disease. Although we focus on
Population expansion during horizontal transmission, many arboviruses also undergo
viraemia; new populationwith | vertical, trans-ovarial transmission, which may also

randomly derived genetic influence their evolution (but this is not discussed in
variants and possibly reduced

Mutant swarm

Master sequence

(&) Further bottlenecks
N ks

fitness (elimination of master this Review).
sequence)
Bottlenecks during transmission
Further bottlenecks ° Infection of and dzsse-mmat-lo.n in the v?ctor. Inf.ectlon of
oo the mosquito vector is a driving force in arbovirus evo-
0 lution, given the persistent nature of the infection as well
- as the length of time it takes for the virus to disseminate
from the site of primary infection to the salivary glands.

It has long been understood that the anatomy of the
mosquito, in particular the basal laminae that surround
the midgut, salivary glands and other organs, imposes
bottlenecks on arboviral populations (FIC. 1). Thus, there
has been great interest in the response of arboviruses
to these bottlenecks and how they overcome them for
transmission. We discuss three critical stages of infection
with regard to the bottlenecks: infection of the mosquito
midgut; dissemination into the haemocoel; and infection
of the salivary glands.

Infection of the midgut represents the first bottleneck
Fig. 2 | The impacts of founder effects and population bottlenecks on the evolution encountered by arboviruses (FIG. 1). This bottleneck was

Muller’s ratchet: fixation
of random red mutation,
elimination of master
sequence

Fixed random mutation

of human-amplified arthropod-borne viruses. Schematic depicting diverse viral first thought to represent an anatomical barrier, a notion
populations (mutant swarms) that circulate. These swarms comprise a range of mutants supported by early work on the transmission of WNV by
that are dominated by a master sequence, which is typically characterized by high fitness  Cylex pipiens quinquefasciatus® and Venezuelan equine
in the current replicative environment. An infected human traveller initiates a founder encephalitis virus (VEEV) by Aedes (Ochlerotatus)

effect by introducing a virus into a new geographic region, which results in a new
population with randomly derived genetic variants, some of which may have reduced
fitness depending on whether the master sequence is eliminated stochastically.
Following population expansion during viraemia in the human host, further bottlenecks
occur during infection of the vector and dissemination in the vector, as well as during

taeniorhynchus”, showing infection of only a subset of
epithelial cells. Whether this small number of infected
cells resulted from differences or changes in cell sus-
ceptibility, even though most are absorptive/digestive

transmission to another human host. Founder effects and other bottlenecks lead to the enterocytes with common functions, or inefficient entry
loss of genetic variation and fitness declines that can result from Muller’s ratchet, as into the small number of these cells where infection is
random mutations become sequentially fixed in the population in the absence of efficient  initiated, remains to be determined. However, recent
recombination to restore master sequences without infrequent direct reversions'®. work with the enzootic subtype IE VEEV vector Culex

taeniopus suggests the latter. When infection of this
Muller’s ratchet highly susceptible vector occurs by a high-titre blood-
The step-wise fixation following ~ re-assortment mechanisms, repeated bottlenecks may  meal, most cells become infected, which is a substantial
population bottlenecks of result in the stepwise accumulation of deleterious muta-  departure from previous work*. However, these findings

random mutations, which are tions in a ratchet-like manner. Each of these mutations  may reflect the long-term co-evolution of enzootic sub-
typically deleterious, resulting

in'a decline in fitness that is . 1as a low probability of direct reversion unless the pop-  type IE VEEV-C. taeniopus compared with more recent
ficult to restore in the absence ulation size remains above ~10* (the reciprocal of the ~WNV-vector interactions in North America, and may
of efficient recombination. mutation frequency for a given nucleotide). Muller’s  therefore represent an outlier for human pathogenic
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Vector competence

The intrinsic ability of an
arthropod to become infected
and transmit a pathogen.

arboviruses. Patterns and efficiency of vector infection by
different arbovirus taxa (for example, alphaviruses com-
pared with flaviviruses) may also differ. Further work
examining multiple arboviruses including co-evolved
virus-vector systems is needed to clarify these poten-
tial differences. Similar studies have not been carried
out with DENV, ZIKV or CHIKY, but the few studies
of midgut infections suggest that there is great variation
among the virus—vector pairings as to the number of
cells initially infected”>*. Studies investigating the mid-
gut infection barrier using reporter-marked viral clones
show that changes in the titre of the bloodmeal have a
major impact on the severity of the bottleneck'. A lim-
itation of all these studies is that these infections are
generally initiated using high oral doses; yet, although
the susceptibility of the midgut is important, the lower
titres typical of natural infection are likely to reduce the
number of infected cells during a typical infection, thus
substantially increasing the bottleneck in the midgut
during initial infection. This view is supported by stud-
ies examining infections of mosquito vectors with VEEV,
showing that reducing the bloodmeal titre from 10° to
10° pfuml™ reduces the number of virions that infect
the C. taeniopus midgut by 100-fold'. Similar studies
with DENV have estimated that 5-100 virions initiate
infection®*”. As natural vertebrate viraemia levels reach
titres from 10 to 10°pfuml™, it is likely that the bottle-
neck associated with natural midgut infection is much
greater than we observe in laboratory infections.

Another major factor that influences midgut infec-
tion and transmission competence is the mosquito
microbiome, which could enhance the impact of bot-
tlenecks by altering the immune status of the vector and
susceptibility to oral infection (reviewed previously™);
however, a detailed discussion is beyond the scope of
this Review. Moreover, recent studies on insect-specific
viruses and endogenous viral elements, which are natu-
rally found in various mosquito species, suggest they
may also have a role in vector competence, warranting
further investigation®*.

In addition, the virus itself represents a bottleneck
during midgut infection. Arboviruses exhibit high muta-
tion rates during replication, but most of the mutations
do not become fixed within the population. Studies of
viral diversity during infection have shown that arbovi-
ruses generate diverse populations during infection of the
midgut’>*. Sampling viral diversity during early infection
revealed that the amount of diversity observed during
infection days 1-4 is lower than that observed through
days 12-19 (REFS***’). However, for DENV, no reduc-
tion in viral diversity was observed but substantial
bottlenecks were detected at each stage of dissemination
within the vector®, which suggests that sequence diver-
sity was restored following each bottleneck’'. Moreover,
mosquitoes with disseminated infections tend to have
higher viral diversity than those without dissemination
from the midgut. This suggests that viral diversity has
a role in overcoming the midgut infection barrier” as
well as the midgut escape barrier discussed below, as any
alteration in viral polymerase fidelity and mutational
frequency tends to reduce the ability of the virus to
overcome the bottleneck®.

The mechanism of arbovirus dissemination from
the midgut into the haemocoel (FIG. 1) remains poorly
understood. In addition to periodic basal lamina remod-
elling, which may permit virions to penetrate the other-
wise exclusionary structure, the bloodmeal stretches the
midgut basal lamina due to the approximately 20-fold
increase in luminal volume. This results in basal lam-
ina tears near the surrounding circular and longitudinal
muscles**°. When midguts of CHIKV-infected mosqui-
toes were studied using transmission electron micros-
copy, virions were present in the basal lamina 24 h after
feeding, and by 48 h the virus had disseminated from the
midgut®. Structural alterations and microperforations
provide a likely escape mechanism for the virus from
the midgut, especially in A. aegypti mosquitoes that feed
more frequently than most other species. Recent studies
examining the effect of repeated feeding suggest that a
second, non-infectious bloodmeal expedites dissemi-
nation from the midgut of arboviruses infecting via an
initial bloodmeal, probably due to similar mechanisms
of microperforations®.

Despite these physical mechanisms that promote
arbovirus dissemination from the midgut, the dissem-
ination barrier still presents a population bottleneck as
demonstrated for CHIKV*, ZIKV*, VEEV", WNV*
and DENV™. Depending on the virus-vector pair-
ing, this bottleneck can be more or less stringent. For
example, in subtype IE VEEV-C. taeniopus, the bot-
tleneck has been estimated to reduce the population to
approximately 2-50 virions, depending on the titre of
the bloodmeal. However, 95% of infected mosquitoes
support dissemination into the haemocoel. For WNV
and CHIKYV, the number of mosquitoes that develop dis-
seminated infections is generally between 50 and 80%,
again depending on the strains of mosquito and virus.
Regardless of the severity of the bottleneck, arboviruses
seem to recover genetic diversity quickly; for example,
VEEV in approximately 8 days* and DENV even more
quickly®’. The ability of arboviruses to restore diver-
sity following a bottleneck probably enables them to
complete dissemination and, ultimately, transmission.

Prior to horizontal transmission, arboviruses must
infect the salivary glands™ (FIG. 1). Regardless of how the
virus passes through the surrounding basal lamina to
infect the salivary glands, a population bottleneck occurs.
Using intrathoracic infections that bypass the midgut
bottleneck, several studies have demonstrated that a
salivary gland infection bottleneck nevertheless per-
sists'**"!. These founder effects have not been demon-
strated to the same degree for alphaviruses as for WNV
because the former are generally transmitted in much
smaller amounts, which results in technical challenges
to assessing the alphavirus populations in saliva.

For completion of the transmission cycle, an arbo-
virus must be present in the saliva of the vector during
a bloodmeal subsequent to the infectious meal (FIG. 1).
Some mosquitoes, especially A. aegypti, take frequent,
partial bloodmeals and others only take one per repro-
ductive cycle, which lasts approximately 1 week. The
extrinsic incubation period, the minimum time between
infection and transmission potential, can be as little as
2 days for CHIKV and a few other viruses™. Given the
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difficulties in establishing experimental transmission
by infected mosquitoes in the laboratory, where in vitro
collection of saliva can overestimate the amount of virus
transmitted™, it is unclear how stringent this transmis-
sion bottleneck is. This is especially true due to the arti-
ficial methods of expectoration typically used to assess
virus titres in mosquito saliva. Flaviviruses such as YFV
or DENV can transmit as large populations with titres up
to 10°infectious units™**, whereas alphaviruses such as
CHIKV* and VEEV™ are present in saliva at much lower
titres, which suggests a more stringent transmission
bottleneck.

Replication and viraemia in the vertebrate host. The
early stages of arboviral replication and resulting virae-
mia in the vertebrate host are not well understood, in
part because of limitations in the ability of animal mod-
els to reproduce natural hosts. For many arboviruses,
critical sites of initial infection are immune cells near the
site of the vector bite that precede dissemination to
the lymphoid system and then transition to the circula-
tory system for viraemia. Studies with WNV suggest that
the initial sites of replication are keratinocytes™, which
may represent a staging point from which the virus
then spreads to the blood and other tissues and organs.
Of the few arboviral population genetic studies in verte-
brates, one showed that there was little to no bottleneck
involved in generating viraemia for VEEV*. A second
study with ZIKV indicated few bottlenecks during the
first 7 days of non-human primate infection®, which
suggests that vectors represent a more important bottle-
neck challenge than vertebrate hosts. This conclusion is
also supported by studies with WNV that suggest limited
bottlenecks and a strong purifying selection in birds®®.
Thus, it is likely that the level of viraemia and the degree
of viral diversity within the viraemia population are the
major factors in transmission from vertebrates to arthro-
pods, if only because this influences the degree to which
mosquitoes are infected.

Arbovirus evolution and emergence

Overall, the above reviewed findings suggest that arbo-
viruses regularly undergo major population bottlenecks
at several stages of their transmission cycle. Therefore,
they may face a major challenge of avoiding fitness
declines due to drift when population sizes become
too small for effective natural selection. Because total
mutation frequencies of arboviruses are typically about
10~* per nucleotide replicated, resulting in a per-genome
frequency of about 1, direct reversion of the same muta-
tion fixed in a population by drift occurs less frequently
(once in about 10* genomes), and repeated bottlenecks
can rapidly reduce the fitness of a population due to the
accumulation of random mutations that are typically
deleterious (FIG. 2). This phenomenon, Muller’s ratchet,
occurs in the absence of efficient recombination, which
can quickly and at higher frequency restore the wild-type
sequence if two different genomes with deleterious
mutations in different genome regions recombine. Some
arboviruses have segmented genomes that may facilitate
recombination via segment re-assortment, but most
do not. Experimental studies of arboviruses including

REVIEWS

vesicular stomatitis virus'” and eastern equine encepha-
litis virus® have shown that Muller’s ratchet reduces fit-
ness when repeated plaque cloning is used to introduce
bottlenecks to in vitro evolution systems.

However, considerable evidence suggests that many
arboviruses avoid major fitness losses and continue to
circulate efficiently in the face of both genetic and envi-
ronmental challenges. In fact, their consensus sequences
can be remarkably stable in nature*, which suggests that
they can avoid major drift and its potentially deleterious
effects. One of the few exceptions of an arbovirus that
stably circulates in nature is western equine encephali-
tis virus, an avian virus that during the mid nineteenth
century caused tens of thousands of annual spillover
infections of equids and humans in North America,
with high rates of mortality. However, western equine
encephalitis virus underwent a dramatic reduction in
its enzootic circulation, as well as human and equine
disease, during the late twentieth century for unknown
reasons®’'. Recent reverse genetic studies provided no
evidence of overall fitness declines, which suggests that
ecological factors might have had a role in the decline of
western equine encephalitis virus®.

One potential explanation for the ability of arbo-
viruses to avoid Muller’s ratchet is that, following bot-
tlenecks during various stages of mosquito infection
and transmission (FIC. 1), the mutant swarm is quickly
restored via rapid, low-fidelity replication. This hypoth-
esis is supported by several population-level sequencing
studies, most recently involving deep sequencing?"*"*.
Population-level sequencing of specific mosquito tissues
has shown that arboviruses generate specific minority
variants that may increase the likelihood of dissemina-
tion and transmission®. There are at least two hypo-
theses for this: the first is that, following initial infection,
there is ‘leakage’ from the midgut, which restores viral
diversity, including the most fit variants. Alternatively,
it is possible that arboviruses have optimized their
genome structure and mutation frequencies such that
specific mutations, which confer some benefits during
mosquito infection and dissemination, are consistently
produced*>***. If these hypotheses are true, this may be
yet another way arboviruses overcome the deleterious
effects of the numerous bottlenecks during transmission
cycles.

Although recombination has seldom been detected
in nature for most unsegmented arboviruses, studies
of recombination involving the formation of defec-
tive interfering viral RNA genomes suggest that tem-
plate switching, thought to be the major mechanism
of recombination, occurs regularly®. However, the
frequency at which appropriate recombinants, capa-
ble of restoring a master sequence, occur is unknown.
To confirm that natural recombination leading to the
transmission of the recombinant strain indeed occurs,
the following prerequisites should be met: the recombi-
nant crossover should be demonstrated in a single PCR
amplicon following cloning to ensure that it occurs
in a single cDNA molecule; the recombination event
should be demonstrated repeatedly in clonal popu-
lations of viable virus (for example, a plaque-purified
or limited end point dilutions); and the recombinant
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should maintain adequate sequence conservation during
post-recombination evolution®. These conditions have
rarely been met in descriptions of arbovirus recombi-
nants in the literature, although recombinants between
closely related genomes would be technically challenging
to detect.

Although drift would be frequently expected imme-
diately following major bottlenecks regardless of mutant
swarm restoration, its impacts may be minimized across
multiple arboviral lineages. Discrete viral lineages within
individual transmission chains may indeed undergo fit-
ness declines in nature due to drift. However, very large
numbers of individual transmission chains circulate in
an active focus or region. This large number of lineages
may ensure that, by chance, high-fitness genomes with
master sequences remain propagated in nature to out-
compete those that are affected by bottleneck-associated
drift. Therefore, the ability of arboviruses to sustain huge
numbers of transmission chains during efficient circula-
tion in endemic or enzootic locations may enable them
to avoid deleterious effects on their fitness, and thus per-
mit them to persist with the ability to emerge via positive
selection under favourable conditions.

Geographic spread and founder effects

In addition to the virus population bottlenecks encoun-
tered during the transmission cycle as described above,
arboviruses frequently undergo bottlenecks during
spread into new geographic regions or during reintro-
ductions following dry seasons or winters that are not
conducive to continuous circulation or persistence.
In recent years, WNV®, ZIKV® and CHIKV" spread
for the first time in the modern scientific era to the New
World. Although other arboviruses, especially DENV,
also undergo frequent geographic introductions, their
more widespread distribution for many decades may
render the associated fitness effects less dramatic.
Although the mechanism for the introduction of WNV
into New York in 1999 remains enigmatic, modelling and
phylogenetic studies suggest that most introductions of
human-amplified ZIKV, CHIKV and DENV occurred via
infected air travellers or individuals travelling by ship” -
rather than through mosquitoes that have been inadvert-
ently transported™ (FIC. 2). Although nearly all expansions
of the geographic ranges of these arboviruses seem to
represent point-source introductions®®”>’%, detailed stud-
ies of ZIKV in Florida in 2016 demonstrated multiple
independent introductions, with only a few of these initi-
ating prolonged transmission of weeks to a few months™.
For a stable geographic introduction, the arrival of an
infected traveller must be followed by exposure to a com-
petent vector (or vectors) that survives extrinsic incu-
bation and then bites a susceptible person to initiate a
transmission chain. This is presumably rare, considering
the large numbers of infected travellers diagnosed with
CHIKYV, ZIKV and DENYV in permissive regions such as
the southern United States, and almost always without
evidence of ensuing vector-borne circulation. However,
when an infected traveller upon arrival is exposed to
large populations of vectors such as A. aegypti, a major
epidemic may occasionally ensue, as detected in multiple
locations for all of these viruses.

The above geographic spread scenario includes sev-
eral bottlenecks that provide the potential for founder
effects (FIC. 2) to result in suboptimal transmission
efficiency and altered amplification and/or virulence
in humans. Based on the experimental evidence dis-
cussed above, in the case of many arboviruses, including
CHIKV*? and ZIKV”%, the infected traveller is likely to
be inoculated with a small number of infectious viri-
ons present in mosquito saliva (FIG. 1), with the poten-
tial for this population to contain random, sometimes
fixed, deleterious mutations. When the infected trav-
eller is subsequently bitten by a susceptible vector, the
mosquito is likely to be infected by a small number of
virions owing to the poor susceptibility of A. aegypti
to these viruses and the midgut bottleneck described
above®. Thus, point-source introduction of these
viruses by infected travellers probably involves at least
two major arboviral bottlenecks during traveller infec-
tion and initial vector infection. Random mutations
are far more likely by chance to be deleterious because
non-synonymous mutations outnumber synonymous
mutations, and random amino acid changes usually
reduce protein function. Therefore, random mutations
often result in less efficient vector transmission and/or
host viraemia (sometimes with an accompanying reduc-
tion in virulence) than beneficial effects that increase
transmission efficiency. Thus, these bottlenecks may
influence emergence and human disease. Because large
numbers of transmission chains, which may overcome
drift as described above, do not initially exist following
a new introduction, founder effects may have more
dramatic impacts than the bottlenecks that all arbovi-
ruses undergo during the transmission cycle. Below,
we discuss the evidence that these bottlenecks result in
substantial fitness changes that affect the potential for
arboviral outbreaks, further spread and disease severity.

Chikungunya virus. In the modern scientific era, sev-
eral geographic CHIKV introductions have resulted
in ongoing and amplified human-mosquito-human
transmission chains that resulted in major disease out-
breaks. In 2004, an epidemic was initiated by an East/
Central/South African (ECSA) (FIC. 3) enzootic (sylvatic
mosquito-non-human primate cycle) (BOX 1) strain
in coastal Kenya®', followed by its spread into islands in
the Indian Ocean® and also, independently, from Kenya
into South Asia®, and subsequently to Southeast Asia®.
Spread of this ECSA-derived Indian Ocean lineage (IOL)
was characterized by severe arthralgia with high rates
of chronic disease, and the virus exhibited a series of
envelope glycoprotein E2/E3 and E1 mutations that
adapted some IOL strains for more efficient transmis-
sion by the recently invasive mosquito, A. albopictus™*%
(FIC. 3). Compared with all other ECSA strains examined,
descendant IOL strains exhibit similar mosquito infec-
tion phenotypes and virulence in a mouse model®’, with
no indication of fitness declines following the emergence
in 2004. Thus, any founder effects and bottlenecks asso-
ciated with the 2004-2005 CHIKV emergence did not
reduce fitness, possibly because of multiple introduc-
tions from coastal Kenya. Although IOL strains were
exported from Asia via infected travellers to initiate
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Fig. 3 | Phylogenetic tree of CHIKV. Phylogenetic tree based on 45 representative
complete open-reading frame nucleotide sequences of chikungunya virus (CHIKV).
Evolutionary distances were computed using the maximum composite likelihood method.
The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test are shown next to the branches (1,000 replicates). Evolutionary analyses
were performed in MEGA X'*! using the neighbour-joining method. CHIKV strains are
labelled by GenBank Accession number, followed by country and year of collection.
Coloured arrows show the branches that include mutations known to affect CHIKV fit-
ness. The duplication mutation in the 3" untranslated region (UTR; green), which is asso-
ciated with increased fitness upon introduction of an Asian lineage CHIKV strain into the
Caribbean, may represent a rare beneficial founder effect. The deletion mutation in

the 3’ UTR (red) was associated with the introduction into Asia of an East/Central/South
African (ECSA) African strain prior to 1959. Other mutations (indicated in blue), including
the convergent (evolved at least four times) envelope glycoprotein 1 (E1)-A226V substi-
tution and several E2/E3 substitutions, led to an increase in fitness for infection of Aedes
albopictus mosquitoes. Red asterisk indicates the epistatic founder mutation (E1-A98T)
and blue asterisks indicate ECSA strains with E2-2111; both of these amino acids decrease
the ability of CHIKV to efficiently transmit via A. albopictus in Asia and the Americas

(that is, decreasing the beneficial effect conferred by the E1-A226V mutation).

small outbreaks in Italy and France between 2007 and
2017, they did not initiate detectable transmission in the
Americas despite thousands of introductions®.

Prior to the emergence of the IOL in 2004, the first
phylogenetically delineated spread from Africa resulted
from the earlier introduction of an ECSA enzootic
strain in South and Southeast Asia approximately
60-100 years ago’¥. This endemic and/or epidemic
strain, called the Asian lineage (FIC. 3), has continued to
circulate in Southeast Asia ever since the first outbreaks
were reported in the 1950s. These outbreaks in Asia were
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generally less severe than those caused by the IOL begin-
ning in 2005, and it was initially unclear whether this
reflected higher levels of human herd immunity during
the 1950s compared with 2005, lower transmission effi-
ciency during the earlier outbreaks or lower virulence of
Asian lineage strains. Compared with African and IOL
CHIKYV strains, there is little or no difference in infec-
tivity for A. aegypti, the principal urban CHIKV vector
in most locations. However, based on epidemiologic™ >
and animal model® studies, the Asian lineage strains
seem to be less virulent in terms of apparent to inappar-
ent human infection ratios and rates of chronic arthral-
gia. In 2013, this Asian CHIKYV lineage was introduced
into the Caribbean island of Saint Martin, followed by
the extensive spread through much of the New World
tropics and subtropics®.

In contrast to the IOL that underwent adaptive evolu-
tion for more efficient mosquito transmission, evidence
indicates that the Asian CHIKV lineage underwent
founder effects and fitness losses following its intro-
duction from Africa many decades ago. Asian strains
possess a unique, low-fitness (in all hosts examined)
3’ untranslated region (UTR) that is much longer than
that of African or IOL CHIKYV strains, which strongly
suggests a founder effect. The determinants of the lower
virulence of the Asian lineage have not been thoroughly
investigated, but phylogenetic reconstructions of the
3" UTR indicate that the progenitor arrived from Africa
with a major deletion in two direct sequence repeats,
which reduced its fitness for replication in both mos-
quito and vertebrate cells”. This fitness loss of the Asian
lineage was partially restored over time by a series of
point mutations and repeated sequence duplications.
However, in every CHIKV sequence studied so far,
the 3" UTR of the Asian lineage remains debilitated
(it results in reduced fitness for all hosts examined
when placed using reverse genetics into the backbone
of any major CHIKYV lineage) compared with the ances-
tral ECSA and IOL 3" UTR sequences”. Furthermore,
the 3’ UTR was also implicated in a probable founder
effect following the 2013 introduction of the Asian line-
age into the Americas’. All Asian/American CHIKV
strains contain a unique 177-nucleotide duplication in
the repeated sequence region of the 3" UTR (FIC. 3). This
insertion increases fitness for replication in mosquito
cells™, which suggests that CHIKV founder effects can
also confer fitness advantages (as expected in a minor-
ity of introductions based on the majority of random
mutations expected to be deleterious).

In addition to the direct 3’ UTR-mediated fitness
effects resulting from the introductions of the Asian
CHIKV lineage into Asia and the Americas, other
founder effects have limited the ability of this strain to
adapt for more efficient urban transmission. The detec-
tion of convergent evolution of the initial envelope gly-
coprotein 1 (E1)-A226V substitution in IOL strains as
they spread into the Indian Ocean basin and South Asia
suggested a strong selective advantage of this mutation
for epidemic transmission®*. This hypothesis was sup-
ported by the major fitness advantage conferred by this
mutation for infection of A. albopictus®>*, which had
spread from its ancestral range in Asia to many regions
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Epistasis of Africa, southern Europe and the Americas since 1985
Interactions of genes or (REF*). However, the lack of Asian lineage CHIKV strains
mutations such that one can with the E1-226V residue seemed paradoxical because
suppress the effect of another  thjg Jineage had circulated in Asia, native territory for
on a phenotype. A. albopictus, for many decades without evidence of the
same adaptive mutation. This conundrum was resolved
when subsequent reverse genetic studies demonstrated
that the E1-A226V substitution does not appreciably
increase infectivity of the Asian lineage CHIKV for
A. albopictus due to epistasis”. The generation of chi-
meric Asian-IOL viruses followed by mutagenesis of
an Asian lineage clone showed that a single epistatic E1
glycoprotein threonine residue at position 98 is respon-
sible for the inability of the Asian strain to benefit from
the E1-A226V mutation (FIC. 3). Furthermore, the pres-
ence of the implicated E1-98T in all Asian strains and
the lack of this residue in any other CHIKYV strain,
including those collected in Africa (all have E1-98A),
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Fig. 4 | Phylogenetic tree of ZIKV. Phylogenetic tree based on 73 representative,
complete open-reading frame nucleotide sequences of Zika virus (ZIKV). Evolutionary
distances were computed using the maximum likelihood method. The percentage of
replicate trees in which the associated taxa clustered together in the bootstrap test are
shown next to the branches (1,000 replicates). Evolutionary analyses were performed in
MEGA X' ZIKV strains are labelled by GenBank Accession number, followed by strain
and country and year of collection. Coloured arrows indicate the substitutions in the
capsid (C-A106T), precursor membrane (PrM-A1V), non-structural protein 1 (NS1-V188A)
and non-structural protein 5 (NS5-V872M) that occurred during the early circulation of
ZIKV in Asia, presumably due to founder effects or another form of genetic drift during
early circulation. These same substitutions reverted just prior to its introduction into the
South Pacific and the Americas, which resulted in increased fitness for transmission by
Aedes aegypti mosquitoes among humans'®.
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along with the lack of a detectable phenotype for this
mutation alone, strongly suggest that the threonine at
position 98 in the Asian lineage resulted from a founder
effect that accompanied the 3’ UTR mutation upon
introduction into Asia many decades ago.

In summary, major founder effects that accompanied
the introduction of an ECSA CHIKYV strain into Asia
many decades ago probably limited its ability to cause
major outbreaks due to 3’ UTR-mediated fitness reduc-
tions that were difficult to restore, along with an amino
acid substitution in the E1 envelope glycoprotein that
prevented adaptation for transmission by A. albopictus.
The latter epistatic constraint was implicated in limiting the
spread of the Asian and/or American CHIKYV strains into
temperate regions, a notion that is supported by the lack
of the E1-226V residue in any sequenced CHIKYV strain
from the Americas, as well as by a lack of evidence for
transmission in the Americas by A. albopictus®.

Zika virus. The pathway and timing of the recent ZIKV
introduction into the Americas is remarkably similar to
that of CHIKV (FIG. 4). Following its evolution in sub-
Saharan Africa in enzootic cycles involving arboreal
mosquitoes and non-human primates, ZIKV was intro-
duced many decades ago into Asia”. Following many
decades without evidence of causing severe human
disease, the first recognized outbreaks occurred during
2007 in Gabon'” and Yap Island'”". Then, in 2013, ZIKV
spread into the South Pacific followed by Brazil, before
causing a major epidemic that spread throughout the
American tropics, subtropics and beyond”>'*.

The reasons for the sudden emergence of ZIKV
accompanied by Guillain-Barré syndrome and congen-
ital Zika syndrome remain at least partially unresolved.
Studies examining a mutation that occurred just prior
to the spread of ZIKV into the South Pacific suggest
that the virus adapted for more efficient urban trans-
mission, similar to what was observed for the CHIKV
IOL. An amino acid in the non-structural protein 1
(NS1-188) (FIC. 4) differs among ancestral African, some
Asian and American ZIKV strains, with all African
and American strains including valine and early Asian
strains alanine. When the valine residue was engineered
into a pre-epidemic 2010 Cambodian ZIKV strain, the
resultant virus generated slightly increased infectivity
for A. aegypti mosquitoes'”, the principal urban ZIKV
vector'**', Furthermore, phylogenetic reconstruction
of the evolution of this NS1-188 residue (FIC. 4) reveals
that the pre-epidemic A188V substitution actually
reflects the direct reversion of an earlier V188A sub-
stitution that occurred following the introduction of
ZIKV into Asia, or soon thereafter. This strongly sug-
gests that the V188A substitution confers reduced
fitness for infection of A. aegypti. This substitution
therefore likely resulted from a founder effect, much
like the CHIKV 3’ UTR and E1-A98V mutations that
accompanied the same geographic introduction from
Africa to Asia. In addition, three additional substitu-
tions in the capsid (C-A106T), precursor membrane
(PrM-A1V) and non-structural protein 5 (NS5-V872M),
also representing direct reversions of earlier mutations,
confer enhanced transmission by A. aegypti and/or
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enhanced viraemia in human cell or mouse models of
human viraemia'*. However, comparisons of ancestral
African strains with Asian and American ZIKV strains
suggest that the ability to infect A. aegypti has not been
completely restored by these four mutations, as indi-
cated by the greater transmissibility of African strains by
A. aegypti®>'”'% as well as higher virulence in models of
human viraemia when compared with American strains
with the same residues'*'”. This lack of complete fitness
restoration despite decades of presumed urban trans-
mission by A. aegypti, as suggested by a 1966 isolation
from this mosquito species in Malaysia'"’, is surprising
and underscores potential evolutionary constraints of
the ability of arboviruses to adapt to new transmission
opportunities due to their complex transmission cycles'''.
Recently, another transmission-adaptive mutation that
occurred shortly before the American outbreaks was
identified. A substitution of methionine for valine in the
envelope glycoprotein (E-V473M) enhances viraemia
in mice and cynomolgus macaques, which suggests that
it increased the epidemic potential via greater human
viraemia'”. However, unlike the four revertant substi-
tutions, E-V473M did not involve reversion of a prior
mutation, which suggests classic Darwinian evolution.

The similarity in the geographic spread and fitness
histories of ZIKV and CHIKYV, with founder effects fol-
lowed by direct reversions (ZIKV) or pseudo-reversions
(CHIKYV 3’ UTR) to only partially restore fitness, under-
scores the importance of founder effects in determining
the emergence and epidemic potential of arboviruses.
Both viruses reached the Americas only after many
decades of circulation in Asia, with only partial restora-
tion of the ancestral fitness exhibited by African strains.
In the case of CHIKYV, this limited vector usage (not by
A. albopictus) and virulence in the Americas, whereas
there was no direct evidence that ZIKV virulence was
affected by founder effects or drift (NS1-A188V does not
affect this phenotype). Thus, founder effects may limit
both the timing and magnitude of emergence events,
and their stochastic nature is likely to limit our ability to
predict future epidemics.

Conclusions

There is compelling evidence that arboviruses face major
population bottlenecks during several steps of their
transmission cycles: infection of the mosquito midgut,
dissemination from the midgut into the haemocoel,
infection of the salivary glands and transmission to the
vertebrate host. These bottlenecks can result in the sto-
chastic fixation of random mutations that result from the
inherently error-prone RNA virus replication, a form of
genetic drift. Despite these bottlenecks and their poten-
tial for fitness losses via Muller’s ratchet, arboviruses are
typically genetically stable in nature with no evidence
of frequent fitness losses. These ubiquitous bottlenecks
may be overcome through the rapid regeneration of the
genetically diverse population following subsequent rep-
lication, along with large numbers of viral lineages in
independent transmission chains from which lineages
with master or high-fitness sequences can be selected.
Founder effects, also a form of a bottleneck that can
fix stochastic mutations via drift, can affect emergence
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trajectories in particularly unpredictable ways. They
seem to have negatively affected the fitness of CHIKV
and ZIKV following their introduction from Africa to
Asia, possibly accompanied by drift from initially inef-
ficient urban circulation in Asia. Although only one
of several CHIKV lineages introduced from Africa to
Asia or the Americas shows evidence for such a founder
effect-related fitness decline, it is likely that this resulted
in constraints on its vector usage and probably also
affected its virulence. The emergence of ZIKV into the
Americas followed the partial restoration of its fitness
following founder effect-mediated drift and fitness loss.
The lack of detected outbreaks caused by the ancestral
African ZIKV lineage seems counter-intuitive, and con-
trasts with the observations of African CHIKV epidem-
ics. However, the low symptomatic to asymptomatic
ratio of ZIKV infections, compared with CHIKV, may
result in greater under-reporting of the former virus.
Furthermore, the greater experimental evidence of epi-
demic potential (A. aegypti infection and viraemia in
animal models) of African ZIKV strains compared with
Asian and American strains could also reflect limitations
of the animal models.

It is important to recognize that predicting most arbo-
viral emergence events remains nearly impossible due
to the random nature of the mutations that accompany
founder effects and bottleneck-mediated drift. Neither
the emergence of the Asian lineage of CHIKV nor the
emergence of ZIKV into the Americas could have been
predicted without the retrospectively acquired informa-
tion reviewed above. Nonetheless, some important infer-
ences for the potential of a pathogen to emerge can be
deduced through comprehensive surveillance, modelling
and carefully controlled experimental studies'"">*! 115,

Finally, drift and founder effects are only a few of
many evolutionary mechanisms known to affect arbo-
viral emergence. Other major drivers include changes
in land use, increased international commerce and
travel, all of which have been key for the spread of urban
arboviruses''®. These factors have not been shown to
directly impact bottlenecks that accompany arbovirus
circulation, and more research is required. During past
centuries, DENV, YFV and CHIKV (and possibly ZIKV)
have spread regularly but more slowly from Africa to Asia
and the Americas on ships, with only seasonal persistence
in many temperate locations. However, the widespread
dissemination of A. aegypti centuries ago, and that of
A. albopictus since 1985 resulting from used tyre and
other trades, along with urban population growth, espe-
cially in the tropics, has greatly accelerated global arbovi-
rus spread'””. Huge populations of uncontrolled A. aegypti
in large cities in the tropics have only compounded the
risk for efficient transmission, along with resistance to
insecticides by this and other arbovirus vectors. Finally,
adaptation to vectors and hosts can also have substan-
tial effects on arboviral spread, as underscored by both
ZIKV'*>!2 and CHIKV" All of these emergence driv-
ers require concerted, sustained study, and overcoming
their effect on human health will necessitate innovative
combinations of control approaches.
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