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ABSTRACT

DYNAMICS OF WEST NILE VIRUS EVOLUTION DURING INFECTON OF WILD
BIRDS, MOSQUITOES, AND THE HUMAN BRAIN: UNRAVELINGTHE

COMPELEXITIES OF SELECTION, DRIFT, AND FITNESS

Over the last half century diseases caused by RiN&as have emerged with increasing
frequency. Emerging viral diseases have profourdiphealth and economic consequences as
highlighted by the recent epidemics of Ebolavitu\iest Africa, MERS coronavirus in the
Middle East, and avian influenza A(H7N9) virus ihi@a. Furthermore, the recent emergence of
several arthropod-borne viruses (arboviruses)enAimericas are of significant concern. West
Nile virus (WNV) was introduced to the United State 1999 and is now the leading cause of
viral encephalitis in North America. Chikungunyaua (CHIKV) caused more than 1.7 million
human infections in the Western Hemisphere sirscmitoduction in 2013. Zika virus (ZIKV)
was first detected in Brazil in 2015 and is asdedavith thousands of severe birth defects.

RNA virus emergence can in large part be attribtettheir rapid rates of evolution. Low
fidelity of viral RNA polymerases (10to 10 substitutions per nucleotide copied), coupled with
rapid replication rates leads to the formationanfié and genetically complex intrahost
populations. Intrahost diversity provide viruseshithe ability to quickly adapt to shifting
fithess landscapes, either as a product of infgetew hosts or host environments. These
intrahost variants can also collectively contribicteéhe phenotype of the population, influencing
viral fitness and disease. Moreover, the dynamianeaof viral populations provides a “moving

target” for antiviral defenses and severely linoits ability to develop new drugs and vaccines.



Arbovirus transmission imposes unique evolutior@gssures due to the requirement to
constantly replicate in disparate hosts. Seveudias using WNV have assessed how different
host types impact arbovirus population structugeealing that viral populations are more
diverse in mosquitoes compared to birds. In mosesitpurifying selection is weak and virus
diversification is driven by the action of RNA interence, which creates an intracellular milieu
that favors rare genotypes. In contrast, purifygetgction in birds is strong and the innate
antiviral response is suspected to be dominatdgtg®y| interferon. This cycling of genetic
diversification in mosquitoes and selective constra birds leads to slower rates of evolution
compared to many single-host viruses. Despite tbesstraints, adaptations to local mosquitoes
facilitated invasions of WNV and CHIKV. The mechsmis for arbovirus adaptation, however,
are incompletely understood.

Within hosts, genetically and phenotypically comxpl&al populations are formed by
genetic drift and natural selection. Defining thpsecesses in different hosts can help to predict
future emergence, inform treatment paradigms, ahdmece control efforts. Accordingly, we
allowed WNYV to replicate in wild-caught Americaroars, house sparrows and American robins
to assess how natural selection shapes RNA virpslations in ecologically relevant hosts that
differ in susceptibility to virus-induced mortalitifter five sequential passages in each bird
species, we examined the phenotype and populatvensdy of WNV through fitness
competition assays and next-generation sequenkiG&). We demonstrate that fithess gains
occur in a species-specific manner, with the getasplicative fithess gains in robin-passaged
WNYV and the least in WNV passaged in crows. Sequgritata revealed that intrahost WNV
populations were strongly influenced by purifyiredextion and that the overall complexity of

the viral populations was similar among passagetishélowever, the selective pressures that



control WNV populations seem to be dependent orbitiespecies. Specifically, crow-passaged
WNYV populations contained the most unique mutatemd defective genomes, but the lowest
average mutation frequency. Therefore, our datgestghat WNV replication in the most
disease-susceptible bird species is positivelyaatam with virus mutational tolerance, likely
via complementation, and negatively associated thighstrength of selection.

Different bird species clearly differ in their imgga on WNV population structure, but the
role of distinct mosquito vector species on vir@pplation genetics has not been addressed. We
sought to determine whether important enzodigléx tarsalis Cx. quinquefasciatysndCx.
pipieng and bridge vectorsAgdes aegyptof WNV have differential impacts on viral
mutational diversity and relative fitness. Using 8lGve report high genetic diversity during
WNYV infection of mosquitoes, with species dependmmacts on rates of WNV evolution (~2x
greater divergence withi@x. quinquefasciatysWithin mosquitoes, WNV that escaped known
anatomical barriers to transmission also undenstudhastic reductions in genetic diversity that
was subsequently recovered during intratissue dipual expansions. Cycles of genetic drift and
weak purifying selection within a single mosquitdeiction resulted in accumulation of
deleterious mutations in the virus population (meitational load). Consequently, the
expectorated (i.e. transmitted) WNV had lower re&fitness in avian cells compared to input
virus. These findings demonstrate that the adaibtential associated with mosquito
transmission carries a significant fitness costartebrates and that this fitness cost arises gurin
a single systemic infection in a wide array of mogups.

The structure of WNV populations transmitted to lams from mosquitoes likely
influences whether infection progresses into se\arete encephalitis. However, WNV

replication and population structures within spedifuman brain regions have not been studied



and could reveal important insights into the vingst interactions that occur during acute
encephalitis. We describe a fatal case of WNV ehakis in which we analyzed tissue obtained
from specific brain regions at autopsy using NG& iammunohistochemistry. Despite similar
levels of WNV replication between the cortical aubcortical regions, injury was only observed
in the subcortical grey matter brain regions. Idiidn, expression of specific interferon-
stimulated genes and WNV amino acid variation wghkér in injured tissues. Analysis of WNV
populations revealed no evidence for bottlenecksdxn tissues, indicating that the viral
populations could move relatively freely among tbgions studied and viral genetic diversity is
more likely shaped by natural selection than gerdeift. Therefore, this observational, patient-
based data suggests that neuronal injury and tésegsh of viral selection pressure may be
associated with the level of the innate immuneaasp; however, confirmation is needed with
additional human samples and in animal models.

Taken together, these results reveal importangtsiinto the deterministic and
stochastic forces that shape WNV populations dunfegtion of different hosts and tissues. In
general, birds maintain fitness through naturaé&@n and mosquitoes randomly shuffle the
variant repertoire, decreasing relative fithessréfore, arboviruses cycle between levels of
relative fitness as they cycle between hosts. M@eave can now make predictions about the
evolutionary rates, fithess outcomes, and adapitential from specific transmission cycles.
For example, WNV may evolve more rapidly while ntaining higher relative fitness from a
Cx. quinquefasciatusobin cycle than &€x. pipienscrow cycle, which will increase adaptive

potential and facilitate emergence.
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Chapter 1: Literature Review

Historical perspective

Arthropod-borne viruses (arboviruses) have begmifstant causes of morbidity and
mortality over a long history of human interacti@iinical descriptions similar to dengue virus
(DENV) infections were reported as early as tileC@ntury in China [1]. After centuries of
silence, similar reports surfaced from the FrenasiWndies and Panama in the 1600s [1]. By
the 1700s and 1800s, DENV had gone global, peraigiesl by commercial sailing ships [2].
Likewise, yellow fever virus (YFV) and its mosquitector,Aedes aegyptprobably emerged in
the Americas via the slave trade, and became otleeahost important tropical diseases of the
15" to 20" centuries [3,4].

The role of arthropods for the transmission of ¢heathogens would be overlooked for
thousands of years. Early reports of DENV-like dsewere described as “water poison”, and
even the mosquito-borne parasitic disease knownadaria literally translates to “bad air”. Not
until landmark discoveries by Carlos Finlay (188]),[Sir Ronald Ross (1897 [6]), and Walter
Reed (1901 [7]) was it known that mosquitoes cdadd/ectors of pathogens, and even more

important, that these diseases could be combatédigilant mosquito control programs.

Armed with insecticides, a world war against mosmgs began. These programs had many early

successes, however, the rapid emergence of inskectgsistance — and the push to reduce their
use due to environmental concerns — greatly redtie@deffectiveness [5,8].

Today, greater than a third of the global poputatgat risk of DENV infection [9-11],
and the number of human cases are predicted tonoonsly rise [12]. Other arboviruses, such

as West Nile virus (WNV), chikungunya virus (CHIK\Ngnd Zika virus (ZIKV), have emerged



from previously restricted foci to cause diseastbi@aks around the world [13-15]. Even YFV
has resurged despite an efficacious human vactBje Thus, the unfortunate reality is that

arboviruses and humans will likely have a long fettogether.

Diversity of arboviruses

Arboviruses must replicate in arthropod vectors aerdebrate hosts to maintain
biological transmission, however, they are ubiquston nature and can be found worldwide. To
achieve this feat, arboviruses utilize several igdhematophagous (blood feeding) arthropods,
including mosquitoes (order Diptera: family Culia&l[17]), biting midges (Diptera:
Ceratopogonidae [18]), sand flies (Diptera: Psyathel [19]), and ticks (Ixodida: Ixodidae and
Argasidae [20]), as competent vectors. Likewisbpairuses can cause substantial viremia to
sustain transmission in a wide variety of vertedsaprimarily mammals and birds, but also
reptiles and possibly amphibians [21-23]. This @gent evolution and adaptive radiation to
perpetuate in several ecological niches meansathaviruses are themselves numerous and
taxonomically diverse. In fact, there are > 50Qpgased and confirmed arbovirus species, most
of which have RNA genomes. These include the fiawvses (familyFlaviviridae: genus
Flavivirus), alphavirusesTogaviridae Alphavirug, bunyavirusesRunyaviridae
OrthobunyavirusNairovirus andPhlebovirug, orbiviruses Reoviridae Orbivirus),
vesiculovirusesRhabdoviridaeVesiculoviru, and thogotoviruse©fthomyxoviridae
Thogotovirug. African swine fever virusAsfarviridae Asfarvirug is the only known
representative with a DNA genome [24-27]. Despigrtdiversity, the vast majority of the

medically important arboviruses belong to the flawus, alphavirus, and bunyavirus groups.



The flaviviruses include some of the world’s masportant and pervasive arboviruses.
Their RNA genomes are single stranded, positiveeseand contain a single open reading frame
(ORF) (discussed in detail below) [26]. The genas lbe divided into viruses that are
transmitted between vertebrate hosts by 1) mosegio 2) ticks, 3) that infect vertebrates with
no known vector, and 4) that infect mosquitoesdaunot replicate in vertebrates. The mosquito-
borne group can be further subdivided into virys@marily vectored byAedesspp. (e.g. DENV
and ZIKV) orCulexspp. (e.g. WNV and Japanese encephalitis virus]|)JJEWe tick-borne
viruses can be also subdivided by their host-vagaamings: 1) mammals and ixodid (hard) ticks
and 2) seabirds and argasid (soft) ticks [28,2%mivhalian tick-borne flaviviruses comprise
some of the most pathogenic arboviruses known, sorag causing encephalitis (e.g. Tick-
borne encephalitis and Powassan viruses [30]) mohdhagic fever (e.g. biosafety level 4 Omsk
hemorrhagic fever and Kyasanur Forest diseaseesju$he last two flavivirus groups can only
replicate in vertebrate cells (e.g. Rio Bravo vimnugats [31]) or arthropod cells (e@Qulex
flavivirus [32]) and are not considered arboviruses

The alphaviruses also have single stranded, pesgnse RNA genomes, but unlike the
flaviviruses, they contain two ORFs (one for eaehad non-structural and structural
polyproteins) [26]. Most of the ~30 species are etizanosquito-borne viruses that use rodents
and birds as reservoir hosts [33]. However, notaktzptions include CHIKV which has a
mosquito-primate cycle, the mosquito-specific Evatis [34], the potentially louse-borne
Southern elephant seal virus [35], and the nonevedtsalmon pancreas disease virus [36]. The
mosquito-borne alphaviruses can be subdivided bgrgghy: New World (i.e. the Americas)
and Old World (i.e. Africa, Europe, and Asia). Thew World alphaviruses (e.g. eastern,

western, and Venezuelan equine encephalitis vify4ekV]), as their names indicate, can cause



severe encephalitic disease in mammals and haymthatial for use as biological weapons
[33,37]. The Old World alphaviruses (e.g. CHIKVn#8bis virus [SINV], and o’nyong-nyong
virus [ONNV]), on the other hand, are typically asisited with nonfatal but debilitating
rheumatic disease, commonly polyarthralgia andébyarthritis [38].

The third major group of arboviruses, the bunyases) have a genomic architecture
quite different from the flaviviruses and alphages. They have tripartite genomes consisting of
large, medium, and small negative sense and ssiieded RNA segments [26]. These viruses
are incredibly diverse, not only fueled by theigihimutation rates, but they can also rapidly
diverge by genome reassortment in dually infectestdh(i.e. genetic shift) [39-41]. Many of the
nearly 300 distinct bunyaviruses are pathogensiofans and livestock [42,43]; therefore a
more complete understanding of the ecology andutiool of these understudied viruses is of
critical need. The orthobunyaviruses (e.g. La Gragsis) occur almost world-wide and have
been isolated from a variety of vertebrates (eugndns, cattle, rodents, marsupials, and bats)
and arthropods (e.g. mosquitoes and midges) [44R48¢boviruses are named after their
association with phlebotomine sand flies; howeflieytare not exclusively limited to these
vectors [46]. For example, the most notorious matRet Valley fever virus, is vectored by
several species of mosquitoes but has never bekted from sand flies. Moreover, it was
recently discovered that phleboviruses causingrsaedisease in humans can also be transmitted
by ticks (e.g. Heartland virus [47]). Nairoviruses, the other hand, are predominantly tick-
borne, and appeared to have coevolved with thed &ad soft tick vectors [48].

The scarcity of DNA viruses suggests that the lyigitor prone RNA virus replication
[49-51] is likely required for the arthropod-borifestyle (i.e. host-switching). However, the

arbovirus families utilize a variety of replicatistrategies and genome architectures, and is



exemplified by the RNA genomes of the orbivirusdsuple-stranded and segmented),
vesiculoviruses (negative sense, single-strandetingonopartite), and thogotoviruses (negative
sense, single stranded, and segmented) in adtitiwhat was described above. This indicates
that arboviruses, along with hematophagy in artbdsd52], likely arose independently several
times (i.e. convergent evolution) [53]. This aledicates that arboviruses from different groups

will follow divergent evolutionary trajectories setrth by their specific environments.

Global emergence of arboviruses

Today there are many viruses that were once camesidges endemic pathogens of Africa
that can now be found all around the world. The rgreces of WNV and CHIKV are of
particular interest due to the speed at which theayeled the globe and the explosive outbreaks
they caused. They also happened in an era witnaddamolecular diagnostics, allowing their
introductions to be chronicled like none other befld3,15]. WNV was originally isolated in
1937 from a febrile native of the West Nile distioé Uganda [54], and subsequently was
associated with sporadic outbreaks throughout Afriturasia, and Australia [13]. Outbreaks
were generally mild (few cases of neurological ds&) and small in scale during this period.
Then things started to change in the 1990s wheyuémet WNV epidemics occurred in Romania,
Europe, and the Mediterranean Basin [55]. Thesereaks were striking for three reasons: 1)
they were often large, 2) they were associated metlrological symptoms and high case-fatality
rates (~10% in Romania [56]), and 3) they occurre@mperate regions. The increasing trend of
the disease burden caused by WNV continued intéthNaomerica after it was first detected in
the New York City area in 1999 [57]. WNV demonstat remarkable ability to act as an

ecological generalist and utilized many differeative mosquito vector and avian host species.



This allowed WNYV to rapidly spread throughout Noftimerica and into South America in 5 to
10 years [13,58,59].

The history of CHIKV follows a similar narrative. €lvirus was first isolated in what is
now called Tanzania in 1953 [60], then was assediafith intermittent outbreaks of arthralgia
throughout sub-Saharan Africa and Asia in the 136@51960s [15]. In 2004, a drought helped
to fuel an outbreak on the Kenyan coast [61]. Ftihene CHIKV spilled over onto several
Indian Ocean islands and to India, sparking epidsitfiat infected millions of people [15].
Infected travelers from the outbreak regions reddrhome with the virus [62-64] and in some
cases initiated autochthonous transmission in tesigpeegions [65]. Travelers from the 2006-
2009 CHIKV epidemics did not initiate outbreakdhie Americas despite the opportunities [64],
however its introduction was inevitable. In Decemd@l13, local transmission of CHIKV was
confirmed on the islands of St. Martin and Martireg A month later autochthonous cases were
reported from several Caribbean islands, then mr@eAmerica, northern South America, and
Florida within a year [66-69]. According to the Pamerica Health Organization, the suspected
CHIKV case count in the Americas now exceeds 1liianifrom 45 countries or territories [70].
These examples demonstrate that when the stagefar sirbovirus emergence they can do so at
a rapid pace and have significant consequencesvBattsets the stage?

Arbovirus transmission is primarily constrainedthg availability of competent vectors
and hosts. Nevertheless, arboviruses can emengetigbtly restricted enzootic foci by several
processes including the natural movement of ve@odshosts, human activities, and virus
adaptive potential. Patterns of arbovirus disperag} considerably depending on the
movements of their hosts. Mosquitoes can travedrsgkilometers over consecutive days

[71,72], not only helping to locally disperse viegswithin a season, but potentially across larger



expanses of land over the course of several y&adisA wide taxonomic range of vertebrates
serve as hosts, and therefore their impacts og,dahsonal, and perennial viral dispersal also
vary substantially. Birds, however, are the moshiemn arbovirus host. This coincides with the
tendancy for many mosquito species to prefer abiaodmeals [74,75], likely stemming from
their long-shared evolutionary history [76,77] alddition to being competent amplifying hosts
for many arboviruses, birds also greatly aid iroartus radiation and global emergence. For
example, it is hypothesized that alphaviruses oaigd in the Americas and were distributed
multiple times to the Old World by migratory birtteen evolved independently after thousands
of years of isolation [78-81]. Additionally, dengeups of migratory birds, such as thrushes,
gulls, and storks, are potential sources of tramscental introductions of WNV [56,82-85].
Anthropogenic processes of globalization, urbaroraiand industrialization also
facilitate arbovirus emergence [59]. First, humbarake down biogeographical barriers and
connected the world through the ever increasinguemnof global travel. The story @fe.
aegyptihighlights the dangers of globalization [88F. aegyptis believed to have originated in
North Africa and spread throughout Africa via thens-Saharan trade network. Then the
mosquitoes boarded ships and colonized much dfelpéal and subtropical world during the
fifteenth to seventeenth centuries. OAee aegyptbecame established in the Americas, the
stage was set for the introduction of several ingdAe. aegyptborne viruses. First came YFV
and DENYV via the trans-Atlantic commerce and skasde [87,88]. An effective vaccine
developed in the 1930s (17D) successfully elimih&EV in all but the unvaccinated regions of
the Americas and Africa [89,90], but DENV persistedilarming levels [88,91]. The DENV
burden was exacerbated by several other anthropogetesses such as the increased

dispersion ofAe. aegyptiintroduction of new serotypes, and human poputegixpansion.



Furthermore, humans took all of the critical piecsguired for sylvatic transmission (competent
vectors, mosquito breeding sites, and competentgte amplifying hosts [i.e. humans]) and
conveniently placed them in dense urban centerestite new endemic and epidemic cycles.
These same factors also enabled the recent emegeh€HIKV and ZIKV in the Americas
[14,15] and even helped to perpetuate arbovirdsssdo not use humans as amplifying hosts.
For example, both agriculture and urbanizationinarease the risk of human WNV incidence
by providing suitable habitats for important aviasts and mosquito vectors [59,92]. Finally,
the unintended consequences of industrializatiamety greenhouse gas emissions, are
continuing to induce climate change at an unpretederate. Rainfall, temperature, and other
climate variables can directly impact many facdtarbovirus transmission, including mosquito
abundance, behavior, and vector competence [66R3FBese are just a few examples of how
humans are altering arbovirus ecology. Since theteities are unlikely to cease, it is unlikely
that human participation in arbovirus emergencéaisio cease.

Dispersion and habit changes offer the opportunite viral emergence, but their ability
to undergo rapid evolution allows them to adapt tmide in novel environments. A central
feature of RNA virus biology is they have high ntiga rates and form genetically complex
populations [49-51]. This provides the viruses vagportunities for rapid selection, and
therefore adaptation [97,98]. WNV and CHIKV are Maicumented examples of RNA virus
evolution leading to successful integration intavrenvironments. The unfortunate events
following WNV introduction into North America algarovided scientists with the perfect
laboratory to follow the adaptive steps a viruetato survive in a foreign environment.
Repeated analysis of WNV sequences revealed adgwe\kents. First, there appeared to be a

single point of introduction into the New York Cityea in 1999 demonstrated by the extreme



genetic homogeneity during the first two yearsrafsmission [57,99,100]. Then a new subtype
of WNV (WNO02) with single nucleotide substitutionrderring a conservative amino acid
change in the envelope protein (A159V) was detefd@@dl]. The new WNO2 strain had a shorter
extrinsic incubation period (EIP) in mosquitoes gamed to the original subtype (NY99)
[93,102,103], which increased vectorial capacite (basic reproductive rate of vector borne
pathogens [104]) and likely led to the displacenudritY99 [102,105]. Finally, replication

within North American birds imposed selective ptess for increased viral replication and
pathogenesis (possibly by overcoming the host'wiaaltresponse) [106-111], which again
increased transmission potential. In the end, WNAhaged to become endemic with only a few
important adaptive changes.

The 2006-2009 Indian Ocean CHIKV epidemic was vettdyAe. albopictugl5,65], a
highly invasive species that recently colonized matthe world, including several temperate
regions [112]. Previous CHIKV epidemics, howeveergvdriven by the urbake. aegypti
mosquitoes, ande. albopictusvas not implicated as a major vector. The oldeaA£HIKV
lineage is significantly less infective Ae. albopictughanAe. aegyptimakingAe. albopictusa
less efficient vector [113]. In addition, the Asi@RIKV lineage is genetically constrained in its
ability to adapt tAe. albopictug114]. So what changed? The emerging CHIKV strdungng
the Indian Ocean epidemic came from Africa and vedde to acquire multi-stefe. albopictus
adaptive mutations that were unavailable to th@Astrains [113-116]. The envelope
glycoprotein 1 (E1) A226V mutation was the firs¢stand provided a 50-100 fold fitness
increase [113], followed by additional fithess ie&ses by the secondary E2-L210Q mutation
[115,116]. These mutations allowed CHIKV to betiglize Ae. albopictuss a vector and

fueled an epidemic involving millions of people.



An interesting aspect of the CHIKV story is that tdaptive mutations were also created
de novoexperimentally [117], and several other secong-statations are hypothesized to
further enhance CHIKYV fitness ie. albopictug115]. These studies force us to ask the
guestion, “What can be predicted about virus evatuand emergence?”. Specific predictions
about viral emergence, such as when and wherékalgto be difficult, but forecasting how
viruses will adapt to new environments should lzsitde as long as genetic variation is driven
by natural selection [118-120]. While emergence meyer be predicted with any certainty,

moving experimental evolution towards a prediceeence is a challenge worth pursuing.

Unique aspects of arbovirus evolution

Seminal studies conducted from the late 1970sdortial-1990s discovered that the
formation of genetically complex viral populatiomsesented a challenge to the traditional
paradigms of population genetics: evolution wasdigpopulation sizes were near-infinite, and
selection could act at the level of population p19121-123]. The quasispecies theory, a
mathematical formulation for the rapid evolutiordaelf-organization of RNA-like molecules
[124,125], was adopted to help describe the comglekutionary dynamics of RNA viruses
[126-128]. Currently a viral quasispecies is dedims a population of related but non-identical
virus genomes (i.e. mutant swarms or mutant clouddgr continuous processes of mutation,
inter-variant competition, and selection for thiget groups of variants in a given landscape
[129,130]. Thus variants within a quasispeciesaalectively contribute to the phenotype of the
population, including viral fithess and host dissakrough cooperative interactions [131-134].
These important theories and experiments providedramework for understanding the

molecular mechanisms underlying viral genetic ditgrand fitness during host infection.
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Multihost pathogens present another complex chgéi¢h35]. Multihost viruses, like
arboviruses, are no different than single host RiWAses in that they form large intrahost
populations of related but non-identical viral geres [117,136-139]; however, their
evolutionary trajectories are uniquely differentéese they must constantly replicate in
different hosts. Moreover, compared to some othdtinost viruses, like ebolaviruses that
occasionally “jump” between rodents, bats, and msx(all mammals), arboviruses must cycle
between hosts of different phyla (Arthropoda andi@hta) to persist. Therefore arbovirus
populations possess qualities unlike most othessela of viruses. Releasing arboviruses from
their dual host cycles removes genetic constraidtfacilitates host-specific adaptation, much
like single host viruses [140-144]. Yet naturahsmission does not favor host specialization,
rather they are predicted to be selected for asrgésts [145,146]. So why do arboviruses exist
in dual host cycles? What are the costs? While mesgurces have been dedicated to these
guestions, the answers are still not entirely clear

It seems that a major consequence of replicatia@hsparate hosts is that it leads to
slower rates of evolution than their single hostragerparts [147-150]. A hypothesis is that
adaptive mutations in mosquitoes can be deleterrotise vertebrate hosts (and vice versa), thus
leading to fitness trade-offs and less positiveden [151,152]. However, this hypothesis is
controversial because experimental evolution stugievided conflicting results. Some studies
reject [140,153-156], partially reject [141,157hdasupport [142,144] that alternating replication
cycles lead to overall fithess declines in botht§i.0Bhese differing results may represent the
complex nature of virus-host interactions and thst differences among the experimental
models. For example, evolution of flavivirusegdualexbird cycles [141,156] may not be similar

to alphaviruses idedesrodent cycles [142]. Most of these studies wese glerformedn vitro
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[140,144,153-155,157] and these idealized conditioay less accurately reflect evolution in
nature tharn vivo experiments [141,142,156]. The general sentinremt these studies is that
there are fitness trade-offs in vertebrates buimatosquitoes.

The relative stasis of arbovirus evolution may l®tdue to fitness tradeoffer se but
perhaps by incongruent fitness landscapes thatreamgenetic diversity [143]. Replication in
mosquitoes may select for variants to better releegspecific receptor molecules and evade the
arthropod antiviral response, however, many oféh@siants may start in a fithess landscape
valley when transmitted to birds and will likely bmmoved by mass selection [98]. The overall
effect of shifting landscapes may not change ttmes$is of the viral population, but would be
predicted to massively purge genetic diverdityvivo experiments and analysis of natural
populations reinforce the idea that the arboviifiegycle limits genetic diversity [137,158-160].
In fact, three studies that reject the fitnessedraff hypothesis still demonstrate that there was
less acquired genetic diversity after host alteomatan after sequentially passaging in one or
both hosts individually (i.e. lowered genetic dsigy did not directly affect the measured fitness)
[140,153,154]. Again, these studies disagree atoh host contributes the most to genetic
diversity. Experimental and natural infections withNV [131,137,161] or St. Louis encephalitis
virus (SLEV [156]) demonstrate that viral populascare more diverse @ulexmosquitoes
than birds. Meanwhile, infections with DENV revéadt the levels of genetic diversity are
similar, if not a bit higher in humans thAedesmosquitoes [158-160In vitro studies with
DENV and two alphaviruses also state that genetiersity is higher in mammalian than
mosquito cells [137,156,161]. However, all thre¢hafse studies were conducted ushey
albopictusC6/36 cells which lack a functional RNA interfecenRNAI) response [162,163] that

drives viral diversification [164,165] and thereddhe results should be interpreted with caution.
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Nonetheless, there may be host- and virus-depempdecesses that greatly contribute to viral
evolution [157,166].

Arbovirus evolution is best described to datehiem WNV-Culexbird system. There is
substantial data demonstrating that WNV genetiemity is higher in mosquitoes than birds,
and that WNV genetic diversity in mosquitoes isegated by strong diversifying selection and
maintained by weak purifying selection [131,137,16%,165,167,168]. Diversifying selection
is driven by the primary innate antiviral respoimsenosquitoes, RNAI, where viral RNA is
targeted for degradation by sequence complementara small template RNA loaded into the
RNA-induced silencing complex (RISC) [169,170]. Miad viruses are less susceptible to
sequence complementation, and thus silencing (datiom), than are un-mutated viruses,
creating an intracellular milieu where rare viraplotypes are favored and have a competitive
advantage [164,165,171]. The continued measureafdmgh (> 1)dn/ds ratios from intra-
mosquito WNV populations is highly suggestive ofakeurifying selection [131,137,161]. This
could be directly related to the RNAI response, mhselection happens at the nucleotide level
and neither synonymous nor nonsynonymous mutationfavored. Complementation of
multiple viral genomes and proteins within mosquédls may also decrease purifying selection
as they allow for the persistence of low fitnesd daleterious mutations [121,167,172].
However, cellular multiplicities of infection (MOBnd complementation have yet to be directly
tested for their direct impacts on selection witlnasquitoes.

The mosquito replicative environment allows WN\et@lore a broader sequence space
and facilitates rapid adaptation during shiftingdiss landscapes, as predicted by some of the
fundamental theories of natural selection [97,98E fitness landscape of birds, as one would

expect, is vastly different from that of mosquitoésr one, WNYV replication in birds does not

13



allow for the accumulation of nonsynonymous mutatidikely because the primary innate
antiviral response, the type | interferon (IFN)pady [173], acts primarily upon the amino acids
(i.e. phenotype). The WNV master sequence is hgsmtld to already sit at a high fitness peak,
encoding for key properties leading to resistandéN, replicative fitness, and virulence [174].
Therefore any amino acid substitution could alkerihfection phenotype [131], decrease fitness,
and be rapidly removed by strong purifying (remasadieleterious variants) or mass selection
(outcompeted by more fit variants) [131,137,161]eSdnprocesses in birds are predicted to
constantly revert mutations accumulated in mosegsitmack towards the master sequence, and
argue for evolutionary stasis. However, Jerzak.eth@wed that alternating WNV replication
between mosquitoes and birds over the course pag6ages led to similar nucleotide diversity
as WNV replicating in mosquitoes alone [161], swgigg that genetic constraint may be due to
infection of birds and not necessarily by altemmgthosts (i.e. genetic diversity is rapidly
reintroduced by mosquitoes).

To date, arbovirus evolution is primarily defineglits generalities and is far from a
predictive science. The notion that arboviruseslsadow rates of evolution is widely accepted
but paradoxically contrasts other aspects of RNAsvbiology: generation of genetically diverse
populations and rapid adaptation. More detailedigsons of the minority variant dynamics
during arbovirus transmission are needed to funtinderstand how arboviruses maintain
complex intrahost populations and rapidly adaptdeel conditions in the context of minor long-
term change to their master sequence. Specificliglies are urgently needed to understand
how replication within different cells, tissuesdaspecies can alter arbovirus diversity and
fitness. These data will also help to define theate mechanisms that drive arbovirus evolution

and the ecological conditions that alter its paftivancing the knowledge base of the WNV-
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Culexbird system, along with spillover into humansaidirect route towards achieving these
goals. The features of the WNV life cycle that iroaoth stochastic (random genetic drift) and

deterministic (selection) processes of evolutiod tre knowledge gaps are discussed in detail.

West Nile virus as a model to study arbovirus evolion

WNYV is an excellent model to study arbovirus eviolnitand emergence. First and
foremost, WNV is an important human pathogen thased the largest outbreaks of viral
neuroinvasive disease ever reported in the Westemisphere (in 2003 and 2012) [175].
Second, WNV is an ecological generalist and infactgde-range of bird and mosquito species
that can easily be maintained in a laboratoryreg{tl 76-178]. Conversely, to replicate the
transmission cycle of DENV and CHIKYV, difficult pniate or often inappropriate rodent animal
models are required [179,180]. Finally, the WNVteys is well defined, from its ecology [181]
and emergence [13] to its replication [182] anchpltgy [173]. These traits enable experimental
manipulation of the WNV replication environmentttack infections with diverse outcomes and
to better understand how arboviruses respond telramd dynamic conditions. In this way, the
microhabitat-specific aspects of arbovirus transmois, such as different avian and mosquito
species, can be examined for their influence oo\arbs evolution. From there the finer details
of selective pressures from different cell typed emmune response that could alter WNV

population structure can start to be uncovered.

Ecology

WNV is found in tropical and temperate latitudes @an every continent except

Antarctica, making it perhaps the most widely dgtted arbovirus in the world [13,181]. It is
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maintained in an enzootic cycle primarily by oropagic (bird “loving”)Culexmosquitoes and
passerine birds. Given its global distribution,esaV species dfulexmosquitoes and birds have
been implicated as competent vectors and hostspd$sble WNV vectors includéx.
univittatusandCx. neavein Africa [183-185],Cx. molestusindCx. perexiguusn Europe [186],
Cx. annulirostrisn Australia [187],Cx. bitaeniorhynchysCx. vishnui Cx. pseudovishnuand
Cx. tritaeniorhynchugn Asia and the Middle East [188-19@x. tarsalis Cx. restuansCx.
nigripalpus andCx. salinariusin North America [177,178,191-194], and memberthelCx.
pipienscomplex (e.gCx. pipiens pipienandCx. p. quinquefasciautaround the world
[177,178,185,191,192,195-197]. In addition, sevepacies oAedesandCulisetamosquitoes
serve as secondary vectors or act as bridge veotdesad-end mammalian hosts, including
humans [178,191,194,197-199]. The role of diffemaosquito species in WNV transmission is
largely determined by microhabitat conditions, sastavailability of breeding sites and avian
hosts [200-205], and macrohabitat conditions, siscblimate [95,206-208].

WNV can amplify to sufficient titers in many diffemt bird species, predominately in the
order Passeriformes, to sustain mosquito transomigsild plaque forming units [PFU}/mL)
[176,209-214]. In the Americas, these include inignaramplifying hosts such as corvids (e.g.
American crows€orvux brachyrhynchgsfish crows [C. ossifragul and blue jaysQyanocitta
cristatd]), thrushes (e.g. American robinByrdus migratoriusand Swainsons’s thrushes
[Catharus ustulaty¥ and sparrows (e.g. house sparroRadser domesticl)s as well as other
diverse bird taxa such as Columbiformes (e.g. do¥&alliformes (e.g. grouse), and
Anseriformes (e.g. mallards) [214]. In additionuyg birds are generally more susceptible to
arbovirus infection [215-218], therefore chicks gueniles born to refractory adults may still

be competent hosts and/or succumb to disease I]9Ror example, adult domestic chickens
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develop very low WNV viremia levels [185], but daytl chicks produce enough virus to
sustain transmission and are often used as labgnaiodels for bird infection
[131,141,161,221].

Again, the avian species involved in local enzoWiidV cycles are also dependent upon
several ecological factors that influence specissidution and diversity, such as urbanization
(which decreases avian diversity) [222]. Perhagshewore essential are the various blood
feeding preferences of loc@ulexmosquitoes [74,75,223-226]. For example, in thélyig
urbanized environments in Chicago, IL and WashingRC,Cx. pipiengreferentially choose
to take blood meals from American robins (highlynp@tent WNV hosts [176]) despite their
relatively low abundance [74,226]. Meanwhile in arensuburban/rural environment in Weld
County, COCx. tarsalisoften choose Eurasian collared-doves and mouwtongs (moderately
competent WNV hosts [176,227]) over robins [75]dikd) to the complexity is that mosquito
blood feeding shifts with seasonal patterns [228]exemplified by the continent-wide
decreasing preferences for robin bloodmeals frory éalate summer [74,75,225,229]. The
shift appears to be related to the robin roostegogl [230]. Nestling birds have minimal feather
coverage and weak defensive behaviors making tlasyand preferred targets for mosquito
bloodmeals [231-233]. This concentration of higbdynpetent hosts greatly amplifies the
number of WNV-infected mosquitoes which then seatknew sources of bloodmeals after the
robins disperse in late summer [230], often lead®gn to humans [74,75,229].

The dynamic and often synergistic ecological coodg of local WNV transmission
cycles can have significant consequences on trasgmiintensity and can help to fuel WNV
epidemics [59,229]. George Macdonald’s expansiah®basic reproductive rate for vector-

borne pathogens, called vectorial capacity (VC tsol often used to model these conditions
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[104]. His formula is founded on a few basic insimand extrinsic principles of vector-borne
pathogen transmission:

_ ma’bp"
—logep

Ve
wherem s the density of mosquitoesjs the biting rateb is the vector competengejs the
mosquito survival rate, andis the EIP. Local and seasonal conditions, sutipégature and
rainfall, can directly influence several of thesgiables [203,207]. For example, increased
temperatures can increaSalexpopulation sizesnf) [234], shorten the length of the gonotrophic
cycle (i.e. time between bloodmeals, and therdafreeasen) [235], increase viral dissemination
rates b) [236], and shorten the EIR)([93]. Slight alterations to VC can have signifiitaffects
on the outcome of local WNV transmission, and lkélus evolution.

These dynamic variables underscore the heterageri@VNV transmission and suggest
that the fitness landscapes must be constantlygohgnit is not known, however, how much the
landscapes change. How different are the replicaio/ironments between different species of
Culexvectors, or betweeGulexandAede® Brackney et al. demonstrated that WNV populations
change temporally in mosquitoes [167]; thereforjrenmental factors that influence the biting
rates (e.g. gonotrophic cycles and availabilitplmiodmeals) and EIP could also alter the
transmitted WNV populations. WNV is also likelygwolve differently in bird species with
different levels of susceptibility to infection adease. Even intrinsic and extrinsic
temperatures can have a significant impact on \divsrsification. Flamand estimated that the
frequency of spontaneous vesiculovirus mutatiorbtesuwhen the temperature is raised from

just 39 to 39.8 °C [237]. These data indicate WatV mutation rates could increase when their

avian hosts develop a fever, or even more profquimdrease when the mosquito environmental
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temperatures increase. In all, little is known aliba ecology of WNV evolution and how

effectively WNV can adapt given the constraintshaf arbovirus lifecycle.

Cellular infection and the replication cycle

The ~50 nm diameter enveloped WN virions attaciwide range of cell types, possibly
by interacting with several different or conservedt surface proteins (including DC-SIGNR
expressed on dendritic cells [238]). They enterciilés via receptor-mediated endocytosis of
clathrin-coated pits, the endosome acidifies, &edviral envelope (E) proteins fuse to the
endosomal membrane [239-241]. The inner surfatlkeoltirus becomes exposed to the
cytoplasmic environment, so the capsid (C) protassociate with the viral genome to protect
from host nucleases and RNA sensors while the germapares for replication and translation
[242,243]. The capped positive sense genome sas/éee viral MRNA (despite the lack of a
poly A tail) and therefore viral proteins can bemediately translated. The single WNV ORF is
composed of three structural (C, pre-membrane [paviyl E) and seven nonstructural protein
coding regions (NS1, NS2A, NS2B, NS3, NS4A, NS4 AS5) [26]. The polyprotein is co-
and post-translationally cleaved into mature prstday the viral serine protease complex
(NS2B-NS3) and cellular proteases [244].

The genome also serves as the template for comptanyeminus strand synthesis
(template for replication), but the RNA must cyelifzrst. The 5’ and 3’ termini untranslated
regions (UTRs) form conserved secondary structilnasare used for long distancis-acting
RNA-RNA interactions [245-248]. This cyclizationgstical for viral replication and mutations
that alter the RNA structures and base pairingbeahighly deleterious [249]. All of the NS

proteins are involved in the formation of viral lieption complexes on the endoplasmic
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reticulum (ER). The membrane-spanning proteins, ASIS2B, NS4A, and NS4B, cause
invaginations in the ER and anchor the complex {258]. NS1 co-localizes with the replication
complex on the luminal side of the ER and is rezplitio initiate RNA synthesis [182]. NS3 and
NS5 are located on the cytoplasmic side of the BdRacept the minus strand viral RNA as the
template for replication. NS5 replicates the RNA@ERdependent RNA polymerase [RARp]
[254]) and adds a 5’ cap (@pppAmp methyltransferase [255]). NS3 dephosphteylthe 5’

end of the nascent RNA prior to capping (5'triphaesgase [256]) and splits the bonds (RNA-
stimulated nucleoside triphosphatase [257]) andinaswthe double-stranded RNA
(ARPase/helicase [258]). During the exponentialsplsaf replication, multiple positive strand
RNAs are simultaneously copied from a single teteplexit into the cytoplasmic side, then
associate with the structural viral proteins anelddo the ER [259-261]. The structural proteins
bud into the lumen, transport through the Golgiwmek to the plasma membrane to be released
by exocytosis [182]. Mature virions are typicalBlgased starting at 8-10 hours post infection
and peaks at 24 hours.

The replication process, though efficient, isffam error proof. Eukaryotic cells can
correct mismatched bases during DNA replicatiostédilize their cellular genomes [262]. RNA
viruses, on the other hand, encode for a RdRddbks proofreading activity [49]. The intrinsic
error rates of viral RNA polymerases are®16 10* per nucleotide [263,264]. WNYV is estimated
to mutate at a rate of ~1 to 3 substitutions pendaaf genome replication [137,265]; therefore
with a genome size of ~11,000 nucleotides it is tbtecally possible that all single nucleotide
substitutions could be generated withitf fdunds of replication. There is evidence sugggstin
that these mutation rates are selected for optirall fitness [266-270]. Increasing replication

fidelity (i.e. decreasing mutation rates of the RilRestricts genetic diversity and limits
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phenotypic plasticity. Decreasing replication fidetontinuously lowers population fithess
through the irreversible accumulation of lethal atigins, a process analogous to a ratchet
[122,271,272].

Separate cycles of viral replication and transfatneans that newly synthesized RNA
genomes can be replicated by or form virions witttgins with different genetic backgrounds.
For example, a WNV RNA genome is translated anaved into functional structural and NS
proteins. The negative strand copy of the genorsepsed with several errors, one of which
would alter the coding sequence of the E protethraduce its ability to infect new cells. Yet at
this stage, the genome can still associate witinémemutated structural proteins to create an
infectious virion. The lethality of the genome, a®lection to remove it, is not applied until the
genome is translated in new cells, produces neangrwith the mutated E protein, and then
tries to infect a third set of susceptible cells.

These epistatic interactions of intra-cellular M@anomes and proteins (i.e.
complementation) can significantly impact the vpapulation structure and are highly
influenced by the number of viruses infecting d @ied. density-dependent selection) [121,273].
When the MOl is high, complementation of viral geres allows for the maintenance of specific
mutations as part of a viral population [121,273]2Even defective viruses can be maintained
when they co-infect cells with functional virusdg2,276,277]. Conversely, complementation
can also help mutants reach adaptive landscape® wiey have a fithess advantage and target
organs where they can significantly alter the iitecphenotype [132]. When the MOl is low,
and therefore complementation is minimal, the feggpy of any one virus in the population is
roughly equal to its fitness, and the relativedgs of the entire population is high [121].

Moreover, a single high fitness virus can rapidbgdime dominant and homogenize the
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population. However, a recent study by Combe etahplicates the density-dependence theory
[278]. They demonstrate that multiple viral genoroas be transmitted within a single infectious
unit, implying that complementation can even awben the MOI is very low, helping to
maintain genetic diversity. The influence of MOg&ngtic diversity, and fitness needs to be
further investigated for arboviruses that infecinpdifferent hosts and cell types. Specifically,
does complementation work the same in mosquito mtidgithelial cells as they do in avian
dendritic cells? Is there a correlation betweenmementation and transmission fitness, and
would it work to select for specific levels of vinga in birds? Intracellular WNV evolution is

certainly a critical component of long-term viraksess.

Mosquito infection and the exo-siRNA pathway

WNV must pass through several anatomical barriéisinvmosquitoes for transmission
to occur [279]. The first and most important barteeviral infection is the mosquito mesenteron
(midgut). This section of the alimentary canalosnposed of a single layer of epithelial cells
encircled by a multilayer extracellular matrix eallthe basal lamina [279,280]. In some cases,
viruses may be able to bypass this barrier thrélegky” midguts [281,282]. However, in most
competent species, infection is initiated at thst@aor portion of the midgut where contents of
the bloodmeal are absorbed. Eventually the virustmpass through the basal lamina of the
midgut and infect hemocytes (invertebrate immunis ¢283]), fat bodies, neurons, and muscle
tissue throughout the mosquito hemocoel (i.e. sedignated infection) [279,284]. It is
hypothesized that infection of these cells is & phan important amplification step to overcome

the next major barrier, infection of the salivatsigls [284,285].
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Mosquito salivary glands are lobed structures thasist of a single layer of cells
surrounding the salivary duct [280,286]. The distglions of the lateral lobes are the first to
become infected followed by the spread to all efshlivary gland cells [284,287,288]. After
replication in the cytoplasm, mature virions asngported by intracellular vacuoles and/or are
directly released through the plasma membraneaintextracellular acinus (a holding place for
saliva proteins). The contents of the acinus, uidg the salivary proteins and virus, are emptied
and expectorated during mosquito probing and fegdihe acinus is refilled soon after so that
the process can continue with the next feedingrgat¢289,290]. Styer et al. estimates that
Culexexpectorate 1910° PFU of WNV during bloodfeeding, about 10-100x mtiranAedes
[291].

The ability of an arbovirus population to overcothese anatomical barriers is the
foundation of vector competence and a key compoofevectorial capacity. However,
overcoming these barriers may have significantsctusthe viral population. While Brackney et
al. showed that WNV genetic diversity is maintaitiesughoutCx. quinquefasciatusmfection,
many other studies document the existence of ptpalbottlenecks within the barriers that can
lead to fitness declines [160,292-296]. Studieagisirus-like particles to track binding and
internalization of WNV and VEEV i€x. quinquefasciatuandAe. taeniorhynchys
respectively, demonstrate that midgut infectioastablished by only a few cells and then
spreads from these foci [293,294]. The extent efitbttleneck upon midgut infection is
dependent upon the diversity and amount of viruténbloodmeal that infects the few
susceptible cells [292,295,296]. At higher dosesrenviruses infect the midgut which helps to
maintain the integrity of the founding populatioesgite the few number of susceptible cells

[295]. Therefore, the midgut bottleneck may be E=gere wheulexmosquitoes feed upon
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American crows that can produce WNV viremia level§'° PFU/mI of serum compared to
mourning doves that produce a maximum of~2BU/ml. At low oral doses of VEEV fed to
Cx. taeniopug~1C PFU/mI), Forrester et al. estimated that as fetwasvirions seeded the
midgut infection and as few as one disseminatexthe hemoceol [295]. Given the potential for
severe bottlenecks, it makes sense statisticadlyttigher frequency haplotypes are more likely
to survive [292]. However, defective virus genorpessent at low frequencies are known to
persist through anatomical barriers [167] and mldtrounds of transmission [172]. These data
suggest that the bottleneck sizes are dynamic amihgent on many factors including mosquito
species and tissue, virus dose and diversity, anabps ecological factors, such as temperature.
Seminal work by Ernst Mayr (founder principle [2P@hd H.J. Muller (Muller’s ratchet
[271]) predicts that small populations formed bgdam sampling at bottlenecks (i.e. non-
selective) are prone to accumulating deleteriousatimns and severe fitness declines [122,272].
If this is true, then how is virus replication irosguitoes supported? For one, the severity of
bottlenecks at mosquito anatomical barriers mayeas extreme as previously reported.
Perhaps using genetically marked viral clones a8 Bssays [292,295] are not comprehensive
enough to calculate the true bottleneck sizes lsecthey cannot account for locally acquided
novohaplotypes. In addition, the demonstration thaltigle genomes can be transmitted within
a single infectious unit lends support that someetje diversity can be maintained even under
extreme genetic bottlenecks [278]. The consequenidesttlenecks may also be offset by rapid
regeneration of genetic diversity and compensatariations. However, it appears that these
factors do not remove all of the deleterious ali¢#98]. Deardorf et al. showed that passaging
WNV within mosquitoes led to fitness decreasesiidsobut not in mosquitoes [141], so perhaps

the mosquito environment is very tolerant of matagsi that are deleterious in birds. Hidjids
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ratios from intra-mosquito WNV populations suppbit statement [131,137,161], but the virus
and mosquito factors that govern this toleranceuakaown.

The most widely used measure of virus-mosquita&u#ons is vector competence,
which is determined by a highly complex relatiopsbi biotic and abiotic factors [285,299]. As
discussed above, external conditions such as tetpercertainly can alter viral replication and
vector competence [93,236]. Genetics of the vemaorthe virus [93,102,300], previous viral
infections (i.e. superinfection exclusion) [301-BG&d the mosquito microbiome [304] also
impact susceptibility to infection. As demonstrateth Anophelesand hemoparasite
Plasmodium[305], the mosquito innate immune response idylikecritical component of
controlling systemic WNV infection [169]. RNAI, spécally the exogenous small interfering
RNA (exo-siRNA) pathway, is the primary antiviraimune response in arthropods [169,306].
Studies using various arthropod-virus pairingsluding DrosphilaSINV [307], An. gambiae
ONNYV [308], Ae. aegyptSINV [309], andAe. aegyptDENV [310], demonstrate that the exo-
SsiRNA pathway helps to limit arthropod mortalitycawiral replication. However, the extent to
which it contributes to vector competence is ndtkyswn.

The exo-siRNA pathway is expected to play a mayte in the generation of viral
genetic diversity [164,165]. This “virus-inducedngesilencing” [311] pathway is activated when
viral dsRNAs that naturally occur during replicatiand as secondary structures are recognized
by Dicer-2. This RNase Il enzyme cleaves the RN# i19-23 base pair fragments
(predominately 21 base pairs) which are loadedtimtdRISC. One strand of the cleaved RNA is
discarded and the remaining strand, termed theegatrdnd, remains to recognize new target
viral RNA by sequence complementarity. Finally, aingqute-2, which has endonuclease activity,

“slices” the target RNA and “silences” the viru6@]. The exo-siRNA pathway is sensitive to
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mismatches between the guide strand and the targeRNA [312], therefore RNAI can drive
diversification by selecting for point mutationsithiiffer from the guide strands [164,313,314].
It is also hypothesized that RNAI, which is lessrpment as an antiviral defense in vertebrates
(a debated subject [315]), is at least partialgpmnsible for the greater WNV genetic diversity
in mosquitoes than birds [131,137,161]. In facheage diversity itself likely provides a fithess
benefit in mosquitoes [171], and the decreaseddgrassociated with high fidelity WNV in
mosquitoes may be related to its relative inabtlitgenerate RNAi escape mutants [269].
There are still many questions regarding intra-maed/VNV evolution. For a start, there
is little known about the temporal and spatial dyies. Brackney et al. found that genetic
diversity decreases overtime, but this may have lbeafounded by the use of an unnaturally
diverse input population [167]. There is also emmkethat genetic diversity is different between
mosquito tissues (including saliva) [117,158,1®1i, it is not yet known if this is solely due to
bottlenecks or if other areas of mosquito-virugiiattions (e.g. RNAI) play a significant role.
Second, vector competence is highly variable batvweesquito populations and environmental
conditions [93,178,191-193,236]. The high genetesity produced within mosquitoes likely
means that even minor alterations to vector conmgetean significantly impact viral population
structure. However, a correlation between vectonmetence and viral genetic diversity has not
been directly investigated. Comparing intrahost@vwan, fitness of transmitted populations, and
RNAI responses to WNV between different mosquitecsgs and strains will start to address
some of the major knowledge gaps of arbovirus dwmiuMoreover, there seems to be two
opposing forces within mosquitoes: RNAI and bottlelks which act to diversify and
homogenize populations, respectively. Yet bothdershare a commonality in that they act upon

the viral genome and not the protein, which dodsaiveays optimize viral fithess. Perhaps
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arboviruses may be succesdakpitetheir requirements to replicate within mosquitaad
selection in birds may remove enough of the daetatermutations to sustain future transmission.
Or it might just be a numbers game when at anyrgigei literally thousands of infected
mosquitoes may be seeking hosts to continue thermiigsion cycle. Likely a more detailed
understanding of vector competence, WNV evolutigthiw mosquitoes, and the fithess costs
associated with mosquito replication is neededilly §irasp how arbovirus transmission is

maintained despite the many reasons why it shaatld n

Avian susceptibility and infection

WNV primarily causes disease in birds that hasad&ated North American populations
since its introduction in 1999 [316-319]. LaDeawaktdemonstrated that American crows, a
highly susceptible species [176,320,321], expeadrac45% population decline within 5 years
after the arrival of WNV [316]. More recently, Ggeret al. found that 47% of 49 bird species
studied in the United States were negatively agi@dtty the introduction of WNV [319]. Some
species, such as the field sparr@pigella pusilly experienced sharp population declines that
quickly recovered. However, 25% of the specieduiiag the purple finchGaprodacus
purpureu$ experienced population declines that have notg@ivered. Susceptibility to
infection and mortality, which are influenced b third’s age [215-220] and immune response
[214,320], are obvious factors that affect aviapuylations. There are also several ecological
factors, including climate [322], microhabitat carehs [323], and human land use
[59,200,324], that are more likely to put birdsiak to infection and/or alter their overall health

Taken together, these factors suggest that thereaesnplex and somewhat unknown network of
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interactions that determines the fate of a WNV-&egabbird population, and ultimately, virus
transmission.

WNV clinical disease is primarily caused by vidissemination into the major organs:
the lungs, heart, liver, kidneys, spleen, and #rdral nervous system (CNS). The clinical
symptoms are often non-specific and include featarxia, and anorexia. Some WNV-susceptible
birds experience rapid systemic infection, multipigan failure, and death within a few days,
while acute disease is infrequent in others [174,220,321]. Alternatively, chronic infections
are known to occur when viral RNA persists for nfienin various tissues and may contribute to
virus overwintering [325-327]. The underlying reasdor differences in clinical outcome among
bird species are not clear, but are likely depenhdpan the viral load, inflammatory response,
and production of neutralizing antibodies. Whilerthis a great deal of knowledge about WNV
pathogenesis and the host immune response in manfreaiewed in the next section),
unfortunately very little is known about birds. @srthat clear infection often experience a rise in
antibody titers (primarily IgM) around 5-7 days pogection and peak in about one month (IgY,
avian equivalent of 1gG) [214,320,328,329]. Theicai links between the innate and adaptive
immune responses [330] have not been studied iWIH¥-bird system, therefore there is little
understanding of how certain bird species can aigaction. Limiting the advancement of
research are the general lack of commercially alsbglreagents for ecologically relevant hosts
(such as antibodies to IFN components), difficslife obtaining birds (often need to be caught),
and special animal biosafety level 3 facilities VN V-infected birds.

WNV evolution within both naturally infected wildrds [137] and experimentally
infected young chickens [131,161] is dominated bifging selection. Since WNV tends to

cause acute infection and transmission to moscaidoeurs before the development of a
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neutralizing antibody response, the selective pressare likely a reflection of the early innate
immune response. In addition, there is some evelémat wild birds paradoxically select for
particular WNV variants. Pesko et al. detecteddarngframe deletions within some of the WNV
genomes recovered from dead lorikeets [331]. Thagants acted as defective interfering
particles and reduced infection in Vero cell cidtand mosquitoes, but did not decrease
pathogenesis in mice. Moreover, Brault et al. reggba single T249P amino acid substitution in
the NS3 helicase coding region that was positigelgcted by and significantly increased
virulence in American crows [106]. While these exédas represent important findings, they do
not provide enough data to understand the roladfqular birds as drivers of viral evolution
and emergence. Does the selection strength vanebathosts? Is it correlated with disease or
viral replication? And how does it impact viralni@ss in birds and mosquitoes?

Filling in some of these knowledge gaps about WNM-mteractions will significantly
increase our ability to understand virus evolutidmuses and hosts are under continuous
pressures from one another to increase their of@ndes, an evolutionary conflict to maintain
fitness described by the ‘Red Queen’ hypothess (@ce to stay in the same place) [332].
Furthermore, host immunity modulates viral adaptaiB33]. Maximum viral adaptation occurs
at the crossing point of the strength of selectind viral abundance, which often occurs with a
moderate immune response. This is the point winer@itus-host conflict is the most intense.
Deviations from this response will decrease thevirat adaptation rate. At the extremes when
there is either no effective host response (natel® or overwhelming immune pressure (all
virus is cleared), there is no adaptation. Unlik¥ Hvhere the intrahost dynamics and adaption

rates are well characterized [334,335], strongiptieshs about WNV evolution cannot be made
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without further investigation into virus-bird intetions. Moreover, we cannot predict in which
bird species the evolutionary conflict is the miagtnse.

WNV evolution within birds is expected to directigpact disease in humans. When
WNV spills-over into humans and other mammalsait ceplicate, attenuate host antiviral
responses, and cause pathogenesis [173], butldutise pressures from the mammalian
immune system cannot drive WNV evolution becausg dre dead-end hosts. Even so,
outbreaks of WNV encephalitis in Europe in 2008938nd in Australia in 2011 [337] are
examples of human and equine disease caused by $ifhivis previously described with low
neuroinvasiveness. Therefore, these virulence @swampst likely evolved during the natural
transmission cycle and could be the result of bpdeific WNV adaptations coopted for
enhanced cell entry, replication, and/or immunesmrain mammals. When these assumptions
are applied to the evidence that WNV is becomingenvirulent in birds by co-evolving with
North American house sparrows [107], it suggests WINV may also be becoming more
virulent in humans. Investigation of ecologicalglavant avian hosts infected with WNV may
help us understand the mechanisms that drive viceleh humans and perhaps even predict
future change. Of course, this assumes that taémiechanisms of pathogenicity are similar in

avian and mammalian hosts, which may not be trdea¢so requires further examination.

Mammalian infection, type-| interferon, and neuroinvasive disease

Experimental WNV infection in mice and hamstersvited key information about viral
dissemination and the host innate immune respémi®wing subcutaneous transmission of
WNYV from a mosquito, early phase WNV replicatiorthsught to primarily occur in fibroblasts,

keratinocytes, and Langerhans cells [173,338]cheftt Langerhans cells, or bone marrow-
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derived epidermal dendritic cells, migrate from shen to the draining lymph nodes [339].
WNV replication in the lymph nodes seeds the eshbylent of primary viremia and visceral-
organ dissemination. Secondary WNV replication eetu cells such as dendritic cells and
macrophages of the peripheral tissues [173,340,3dbhumans, most WNV infections are
asymptomatic (70-80%), about a quarter developeadigease without neurologic involvement,
and very few (<1%) progress to severe West Nilegiruasive disease (WNND) [56,342,343].
WNYV is both neuroinvasive and neurotropic, but\ibey low proportion of individuals that
develop WNND suggests that host restriction is sbbu

The first and primary line of host defense agaWidtV replication is the innate immune
response, dominated by type | IFMf) [344]. Cells recognize WNYV infection by sensing
double- and single-stranded viral RNA using pattegognition receptors. Engagement of these
receptors leads to the production of chemokinescgtakines, including, IFNt and 8. The
secreted type | IFNs activate a signal transdugiathway in a paracrine and autocrine manner
to induce hundreds of antiviral effector IFN-stiratgd genes (ISGs) [345,346]. These ISGs can
either directly or indirectly impede WNV replicatiolmportant ISGs include RSAD2 (aka
viperin, restricts early WNV replication and prorestFN induction [347]), OAS1 (binds to
dsRNA to activate an endoribonuclease [348]), IHI@ihds to translation factors and sequesters
5'-triphosphate RNA [349]), IRF-1 (induces IFN amither ISGs, aids CD8+ T cell expansion
[350]), and IFI-27 (aka ISG12, sensitizes cellgpoptosis [351,352]). Additionally, several
studies have demonstrated that there are celltissue-specific antiviral responses to WNV
infection due to distinct transcriptional prograf846,352-354]. This dynamic IFN-induced

antiviral state is often powerful enough to prevardl dissemination and clear infection.
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To counteract, WNV has evolved functions to evautkantagonize the IFN response
and the antiviral actions of ISGs. WNV suppressel/eeplication and hides its RNA in
replication complexes to avoid detection and theveal actions of ISGs [355,356]. The viral
encoded 2'-O methyltransferase caps the 5’ enbefiral genome to evade host restriction by
IFIT proteins [357,358]. Several WNV NS proteins @so directly antagonize the host
response. NS1 can disrupt IFN and ISG inductioalt®ring toll-like receptor 3 activation [359].
Both NS4B and NS5 (and maybe other NS proteinspbatruct ISG expression by activating a
pathway to degrade the IFN receptor (i.e. IFNAR1J blocking the phosphorylation of several
signal transduction components (i.e. JAK1, Tyk2, $TAnd STAT2) [360-363]. If the virus
can successfully counteract the host defensestlog host is immunocompromised, then the
virus has a chance to reach the CNS.

The blood-brain-barrier (BBB) is formed by tightptions between the microvasculature
endothelial cells at the interface of the CNSs Ihot entirely clear how WNV overcomes this
formidable physical barrier [364]. One option is tlematogenous route where viruses enter by
directly infecting the endothelial cells [365] afecting immune cells that can pass freely into
the CNS (i.e. a “Trojan horse”) [366]. Data alsggest that the proinflammatory response to
WNYV infection facilitates neuroinvasion by compr@myg the integrity of the BBB [367,368];
however, subsequent studies found that inflammatgigkines, including IFN/p, act to tighten
the junctions [369,370]. Alternatively, or in pded) WNV may enter the CNS by the transneural
route via peripheral neurons [371,372] or olfactoeyves [364]. Once in the CNS, WNV spread
is thought to be limited by the relative suscefitibs of different neurons to infection and IFN
protection [352,373]. The subcortical region, pautarly the thalamus, medulla, pons, midbrain,

basal ganglia, and the anterior horn of the sgioed are especially vulnerable to neuronal loss
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and injury, while the cortical neurons are left arthed [374]. WNND can develop into
meningitis, encephalitis, or poliomyelitis [375].eMingitis, the most common (~40% of
WNND), is also the least severe (<1% case fatadity). Approximately 20% of the cases that
develop encephalitis succumb to infection with stongs of encephalitis including altered
mental status, weakness, and movement disorddrenBelitis, the most severe form of the
disease, is often accompanied by abrupt and asymecmetakness or paralysis and a case fatality
rate of 10-50%. Unfortunately, the symptoms of WNBnmonly persist as neurologic
sequelae in survivors.

Despite the wealth of knowledge about WNV-hostraxté&ons, the intrahost dynamics of
WNYV evolution are vastly understudied. This isgn#ficant shortcoming because several
studies demonstrated that the viral populationcttine can directly impact viral fitness and
disease [131-134]. Since viral populations candoméd in virtually endless possibilities,
experimentation is needed to define the importantgires. Mouse models that were developed
to dissect the role of specific IFN pathway compuaseluring WNV infection, such &sad2"
and [347] andfnar” [352] knockout mice, can be used to uncover tiwé in intrahost WNV
evolution. Temporal sampling of various tissues ra@al how the dynamic host responses and
potential bottlenecks shape viral populations dusystemic infection [376]. Together, the
pressures within a host may create distinct viul®pulations with specific properties that can
aid in viral dissemination. Some of these factoay melp highly virulent strains of WNV reach
the brain and cause severe disease. Taken funtheeystanding the selective pressures imposed
by components of the host IFN response and knowigcertain variants make it to the brain

may aid the development of novel antiviral treattaen
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Chapter 2: Experimental evolution of an RNA virus n wild birds: evidence for host-

dependent impacts on population structure and comggive fithess

Introduction

RNA viruses pose some of the most complex, pertisted challenging problems facing
public health and medicine. The ongoing outbredks/@mn influenza A(H7N9) virus
(Orthomyxoviridagin China [377], Ebola virug{loviridae) in West Africa [378], and
chikungunya virus (CHIKVTogaviridae, Alphavirusand West Nile virus (WNVFlaviviridae,
Flavivirus) in the Americas [13,15] highlight the health aatietal impacts imposed by RNA
virus-induced diseases. Several factors contritiutke emergence of these agents and the
continued burdens they impose on human health. Antloese is their ability to undergo rapid
evolution in new and/or changing environments. Vlletumented examples of RNA virus
evolution leading to increased virus transmissiaude WNV and CHIKV. In both cases,
small, conservative amino acid substitutions (ressdwith similar physiochemical properties) to
the viral envelope proteins resulted in more effititransmission by mosquito vectors
[102,113]. Adaptive changes to RNA virus genomest irise as minority components within a
genetically complex population of related but ndantical virus variants. The genetic diversity
present in naturally occurring RNA virus populasdmas been clearly shown through a large and
expanding body of observational and experimentaliss to be critical to their biology. For
example, several studies have demonstrated thdivbesity of an intrahost viral population,
rather than the fitness of individual variants,retates with pathogenesis, disease progression

and therapeutic outcome [132,379,380]. Moreover RiNAses have the capacity for rapid
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evolutionary change because within infected h@stsingle nucleotide mutations may be
generated.

This has been particularly clear in the case of WalVarthropod-borne virus (arbovirus)
that persists in nature in enzootic cycles betwsarthophilic mosquitoes (mainigulexspp.)
and birds. After its initial identification in thidew York City area in 1999, WNV spread
throughout the continental United States, produtiwegargest outbreaks of flaviviral
encephalitis ever recorded in North America. Thel@xve spread of the virus was accompanied
by the displacement of the introduced genotype tgraved strain that is more efficiently
transmitted by locaCulexmosquitoes [105]. Studies of intrahost populatignamics of WNV
demonstrated that genetic diversity is greaterasauitoes than in birds [131]. The selective
basis for the host-specific patterns of WNV gendii@rsity is that the strong purifying selection
that predominates in birds is relaxed in mosquif@84,137]. In addition, the RNA interference-
based antiviral response in mosquitoes createsxaroament where negative frequency-
dependent selection may drive rare variants todrigbpulation frequency [164]. Moreover,
WNV maintains both adaptive plasticity and higindéiss by alternating between hosts that
impose different selective forces on the virus pafen [141].

Nonetheless, important gaps remain in our undedstg of how error-prone replication
interacts with selective and stochastic reductiangral genetic diversity under natural
conditions. This is particularly the case for aripeses, which tend to cause acute infection in
vertebrates, with transmission occurring beforediénelopment of a neutralizing antibody
response. Therefore, well-described mechanismswitine selection such as those that occur
during chronic hepatitis C and human immunodeficyevirus infections are comparatively

weak during acute arbovirus infection of vertelsatéhus, the ways that ecologically relevant,
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natural hosts can influence arbovirus genetic dityieremain poorly understood. WNV in
particular provides an excellent experimental syste study the influences of natural vertebrate
hosts on viral evolution. The virus infects a langenber of wild bird species [177] with a wide-
range of infection outcomes [176]. In addition, es& studies have provided evidence that
particular WNV variants may arise through adaptatmbirds [106,331].

Therefore, we sought to determine whether diffevalt bird species may have distinct
impacts on WNV population structure. Specificallye allowed WNV to replicate in wild-
caught American crow<rvus brachyrhynchdshouse sparrow@sser domesticysand
American robinsTurdus migratoriuy bypassing the mosquito portion of the arbovayde in
order to focus on the impact of different vertebratvironments on virus populations during
acute infection. Virus was passaged in individwdleach species five times in order to amplify
host-specific patterns of selection that may rencayptic after a single passage. Bird species
were selected on the basis of ecological relevandeesistance to WNV-induced mortality.
American crows experience high viremia and mostdbtiowing inoculation with WNV [321]
and can directly transmit virus to roost mates aithmosquito involvement [381]; house
sparrows experience high viremia and intermediatgatty [382] and are frequently involved
in WNV perpetuation [383]; and American robins exgece intermediate viremia but very low
mortality [328] and can be drivers for human WN$kr{229]. Virus populations were
characterized using next generation sequencing @& throughn vivo fithess competition
studies in birds and mosquitoes. Our findings destrate that relevant vertebrate hosts with
varying levels of disease susceptibility differatti shape WNV population structure with direct

impacts on fitness during host shifts.
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Materials and methods

Ethics statement

Wild birds were collected from under US Fish anddlife Service (#MB91672A-0) and
Colorado Parks and Wildlife (#13TRb2106) permitd anth permissions from landowners. No
endangered or protected species were caught oeldattaring the study. Experiments involving
animals were conducted in accordance with protoggsoved by the Colorado State University
(CSU) Institutional Animal Care and Use Committ822-3694A) and the recommendations set
forth in the Guide for the Care and Use of Labasaenimals of the National Institutes of

Health.

Serial passage of WNV in wild-caught birds

A WNYV infectious clone (WNVic) was previously constted from an American crow
kidney isolate collected during the 2000 outbreaklew York City [99,384]. The WNVic
contains a naturally selected proline at amino ait&249 in nonstructural protein 3 (NS3)
allowing it to replicate to high titers in wild lois [106,109]. Wild birds were collected in
Northern Colorado from 2013 to 2014 using mist ifletaise sparrows and American robins) and
cannon nets (American crows). All birds were bledmto inoculation and serum was tested by
plaque reduction neutralization test to confirnt tilabirds used for subsequent studies were
WNYV seronegative. The virus strain used to initihite passage series was derived from a
WNVic as previously described [384]. Virus was lested from the supernatant of BHK cells
transfected with linearized plasmid, stored at@88hd used without further passage. Viruses
were administered to birds by subcutaneous indoulab the breast region with 1,000 WNV

plaque forming units (PFU)/1Q0, a dose similar to mosquito transmission [291 Jjnioculation
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medium (endotoxin and cation-free phosphate buffeetine with 1% FBS). Birds were bled
from the jugular vein at the time of peak viremrad®days post-infection (dpi). Serum was
titered by standard plague assay on African greemkey kidney cells (Vero, ATCC CCL-81)
and stored at -80°C until used for subsequent passasequencing as described below. The first
passage series utilized seven birds for each vaildylet species and the three birds with the
median viral titers were used to start three indepat replicate lineages, each including three
naive birds (i.e. replicates ‘a’, ‘b’, and ‘c’).dm each group of three birds, the serum with the
median viral titer was used to continue passagranbther cohort until five serial passages
were completed. The WNVic derived virus was alssspged once in three young chickens for 3
dpi and two individuaCx. quinquefasciatusosquitoes for 14 dpi to compare viral populations
from commonly used laboratory vertebrate host andriebrate vector models, respectively.
Wild-caught birds were housed in 0.5 to*lzages in groups of 3-4 with space for
limited flight (sparrows and robins) and fad libitumwater and a mixture of dry dog food
(crows and robins), raisons (robins), earth wommabi(is) and/or bird seed (sparrows) as
described previously [321,328,382,385]. Chickem®{tlays old) were hatched from specific
pathogen free eggs (Charles River Specific Pathégea Avian Services, Franklin, CT) and
maintained as described previously [131}. quinquefasciatusiosquitoes were reared from a
long laboratory-established colony. Mosquitoes weaintained at 26-27°C and 70-80% relative
humidity with a 16:8 L:D photoperiod. Water and 18%erose was provided ad libitum. Adult
mosquitoes used for experiments were 4-7 dayserastgence. All animal infections were

conducted within the Colorado State University ABSL
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Phenotypic assessment

The infection phenotype of each WNV lineage aftez passages (p5) in wild-caught
birds was compared to the unpassaged (p0) WNVeisdme bird species as virus passage,
young chickens (two-days old), a@c. quinquefasciatusnosquitoes (4-7 days post emergence).
Viremia and survival was measured from birds weoeulated with 1,000 PFU of p5 or p0
WNV (n = 4-5 birds/virus) for up to 6 dpi. As dedid here, competitive fithess compares the
replication of a competitor virus (i.e. serial pagsd p5 WNV) and a standard WNV reference
(WNV-REF) during infection of the same host. Conipet fitness is quantified by the
proportion of competitor to WNV-REF genotypes ussegiuence chromatograms (i.e.
guantitative sequencing) [386]. The WNV-REF wasatzd using site-directed mutagenesis
[248]. Five sequential synonymous changes were rtadecleotide positions 8313-8317 in the
NS5 region of the genome, changing the parentalesesg CTC TCA CGG to CTa agc aGG.
The non-coding changes to WNV-REF did not affeetrigplication kinetics and infectivity
compared to the WNVic [171], making WNV-REF a usdshandard to measure the fitness
changes of WNVic after serial passage in birds [141].

Birds were co-inoculated with 1000 PFU of equalixead WNV-REF and p5 competitor
virus (n = 4-5 birds/competition) and serum wadextdéd 3 dpi as described abo@e.
guinquefasciatusnosquitoes were intrathoracically (IT) inoculateith 10 PFU/69 nl of equally
mixed WNV-REF and p5 competitor virus (n = 40-60sguitoes/competition) using a Nanoject
Il (Drummond Scientific Company, Boomall, PA). Infjed mosquitoes were held in quart-sized
cardboard containers with water and 10% sucrosagedad libitum After 14 dpi, the
mosquitoes were anesthetized with triethylaminesaiida was collected in capillary tubes for

30 minutes as previously described [387]. Individmaole mosquito bodies were homogenized
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in 100yl of cell culture medium (Eagle’s minimum essentr@dium, 10% heat-inactivated fetal
bovine serum, 100 units/ml penicillin/streptomydug/ml gentamicin, 1x L-glutamine and
125ng/ml fungizone) and a ball bearing using a MiMdl MM300 (Qiagen, Valencia, CA) for
30 s at 24 cycles/s. The homogenates were clabfyetkntrifugation for 5 min at 10,000 x g.
Additionally, 6 logo PFU/mI of crow p5 viruses mixed equally with WNVER was offered to
mosquitoes in an infectious bloodmeal (n = 30-6@guitoes each). Mosquito midguts,
legs/wings and saliva were collected from individuasquitoes at 14 dpi and homogenized.
Total RNA was isolated from 5@ of bird serum, mosquito tissue homogenates ansbjoito
saliva using the Mag-Bind Viral DNA/RNA 96 kit (Omga Bio-Tek, Norcross, GA) on the
KingFisher Flex Magnetic Particle Processor (TheFisher Scientific, Waltham, MA ),

according to manufacturer’s protocols, and RNAedunh 50ul of nuclease-free water.

Sequencing and data analysis

Viral RNA was extracted from 5@ of bird serum or mosquito body homogenate as
described above with the addition ofillof the RNase inhibitor SUPERase-In (Ambion, Ansti
TX) and 0.5ul of linear polyacrylamide (Ambion) added to the Riollowed by Turbo DNase
treatment (Ambion). Total RNA was amplified usimg tNUGEN Ovation RNA-Seq System V2
(San Carlos, CA) and cDNA amplicons were sheareatyuke Covaris S2 Focused-
ultrasonicator (Covaris, Woburn, MA) according he tmanufacturer’s recommendations.
Sequencing libraries were prepared from 22-100frspeared cDNA using NUGEN’s Ovation
Ultralow Library Kit according to the manufacturerecommendations. Agencourt RNAclean
XP beads (Beckman Coulter Genomics, Pasadena, €/ used for all purification steps.

WNV genome equivalents (GE)/ml concentrations vegrantified following 1) RNA extraction,
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2) DNase treatment and 3) RNA-Seq cDNA synthesgigssby gRT-PCR using the iScript One-
step RT-PCR Kit for probes (Bio-Rad Laboratories ItHercules, CA) and a previously
described probe and primer set [388]. Briefly y2Beactions were amplified using the CFX96
Real-Time instrument (Bio-Rad Laboratories Indgnslard amplification conditions and WNV
RNA standards prepared as previously described [Hatished libraries were analyzed for
correct size distribution using the Agilent Bioayrdr High Sensitivity DNA chips (Agilent,
Santa Clara, CA). Deep sequencing was performe tise Illumina HiSeq 2000 platform at
Beckman Coulter Genomics (Danvers, MA) and 20-3Qualy barcoded libraries were
multiplexed per lane.

Fastq files containing 100nt paired-end read daeewlemultiplexed using CASAVA
and custom scripts that impose high stringency i€nmatches) in the barcode region of each
read. The sequence of the input WNV strain wasraeted from three independent biological
sequencing replicates of the input virus usingTtheity assembler [389]. 100 nt paired-end
reads were then aligned to this “input” sequen@eguslOSAIK [390]. Duplicate reads were
removed using the MarkDuplicates tool within Picardimit the influence of PCR artifacts and
multiply sequenced clusters on variant calling Wigthaser2 [391]. Variants with significant
strand bias were removed to reduce the potentidafse-positives [392]. Variants called using
Vphaser2 were used for subsequent data analygssiatherwise specified. Analysis was
limited to the protein coding sequences; and imtsakingle nucleotide variants (ISNVs) and
intrahost length variants (iLVs, includes both nig&s and deletions) were analyzed separately.

Hamming distances from the pO “input” virus weré&uaéated for each population by

dividing the total number of polymorphisms by tiwerge coding sequencing coverage. Mean
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viral population complexity was calculated by tregmalized Shannon entropy\()Sat each site
using the following equation [393]:

Su=—pi(Lnpi) + (1i)(Ln(1-pi)) / LnN,
wherep is the frequency of the iISNV at sitandN is the coverage at that site. At a single
nucleotide position, axSscore of 0 indicates a single nucleotide was prtgge. no
polymorphism) while a score of 1 represents maxincomplexity (i.e. equal numbers of
alternate nucleotides). The &t all protein coding sequence nucleotides locevaveraged to
estimate the viral population complexity.

High frequency iISNVs were subjected to an add#@i@malysis to reduce the possibility
that conclusions drawn from the complete datase¢ Wwependent on extremely rare variants. To
establish a threshold for “high frequency” iISNVE ad the Vphaser2 accepted variants detected
in this study (n = 6052) were lggransformed, increased by 3.75 (to make all oivtilaes
positive) and fit to a gamma distribution, where p%/s* andp = E[u]/s% using R (data did not
fit a beta distribution). An iISNV frequency >0.02svdetermined to be in the upper 5% of the
gamma distribution and was used to define highueagy SNVs detected through WNV
passage in birds (n = 341 individual SNVs). Theuseging reads from p0, pl1 and p5 were
aligned to the WNV genome usingpileupfrom the VarScan2 software package [394] and
haplotypes were reconstructed using QuasiRecomf83332 with the flags ‘-r 97-10395’, to
reconstruct haplotypes from the entire coding segei@vith respect to reference genome
numbering, -K 1-10’, to use a bigger interval @ngrators and ‘-noRecomb”, to disable the
recombination process because it was not expexaadthe viral population and to reduce the
runtime. To increase haplotype specificity, thg flxonservative’ was employed and analysis

was restricted to haplotypes containing high freqyeSNVs (i.e. >0.02).
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The proportion of mutations in each population thate nonsynonymougN) and the
ratios of nonsynonymous to synonymous variantsiperdn/ds) were used to test for intrahost
selection [147]. DnaSP (version 5) [396] was useddtermine the number of nonsynonymous
and synonymous sites to calculdi@ds using the Nei-Gojorori method [397] with the fallimg
modifications for NGS datdNgand$; (i.e. the numbers of detected nonsynonymous and
synonymous mutations, respectively) were calculédeéach viral population by the sum of
individual nonsynonymous and synonymous VPhaser@med iISNV frequencies and the
passage consensus sequence was used to deterenmarther of nonsynonymous and
synonymous sites. The number of nonsynonymous (88%and synonymous (2455.33) sites in
the ancestral pO consensus sequence were usetmihe thapN prior to selection is ~ 0.76.
In addition, 50 most frequent haplotypes reconstaifrom pl and p5 from each bird species
were analyzed using the Fu and LfF$398] and Fay and Wu'kl [399] statistical tests of
neutrality in DnaSP with a window length of 10Gstap size of 25 and the pO consensus
sequence as an outgroup to infer the ancestra¢otidé state.

The standardized variance in iISNV frequen¢igs) was used to estimate the extent of
interhost genetic divergence using a scale betWesrd 1, and the extentB§r change between
populations represents the degree of genetic ey Specifically, in-house FORTAN scripts
were used to calculatgst using equations 1, 2 and 4 by Fumagalli et al0J4trahost SNV
frequencies determined Inypileupandreadcountdrom the VarScan2 software package [394]
were used to estimate the per site heterozygasityological replicates compared to the total
population (e.g. all biological replicates withiagsage) at a single passage (i.e. intra-passage)

and the per site heterozygosity between passatieateg (i.e. inter-passage).
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For estimation of the probability of resampling tbe iLV data, we used the phyper
command in R (www.R-project.org). We calculated théotal of 51,490 single nucleotide iLVs
were possible by multiplying the length of the ecagisequence (10,299 nt) by the 5 different
kinds of iLVs that could occur at each site (onketien and four different nt insertions). We
then used phyper to obtain the probability of sangpbverlap of 400 iLVs out of 600 sampled
(reflecting a reasonable approximation of our obseidata for crows) given that 51,490 iLVs
are possible. Simulation studies were conductd®l lny randomly sampling 600 individuals,
with replacement, from a set of 51,490 and compatie sets. T-tests, Kruskal Wallis tests, and

correlation statistics were obtained using R anabGPad Prism (La Jolla, CA).

Results
Virus passage and phenotypic assessment

The WNV used in these studies was derived frorm#aciious clone of the NY99
genotype and is described in detail elsewhere [3Bhe-derived WNV was passaged five
times in wild-caught American crows, house sparramg American robins. To avoid
systematically selecting high- or low-replicatirtgagns and population bottlenecks during
passage, and since titers are highly variable id-eaught birds, the sera from the individuals
with the intermediate viral load were passed ih®riext cohort at a standard dose of 1000 PFU.
Virus titer was variable but did not change sigraftly or consistently during the course of
passageHigure 2.1A). Further, five passages in wild birds did noealtiremia production or
mortality in crows and sparrowBigure 2.2A-B). WNV replication and fitness after passage
was assessed using young chickens@uidx quinquefasciatumosquitoes to directly compare

the viral populations in hosts not used for passagnd to remove the variability of wild-caught
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birds (e.g. age and infection history) (Fig 1B-1Bassaged virus (p5) was similar to the WNVic

(pO) in peak viremia production in chickens (i.e2and 3 dpi)Figure 2.1B).
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Figure 2.1. Passage of WNV in birds results in congpitive fithess increases while viremia
remains unchanged(A) WNYV titers during passage. Open symbols represamiples with
median viremias that were used for subsequent gas@) Viremia production after sequential
passage, measured in young chickens (mean = S02Al5 chickens each, data from passage
replicates combined, *, P < 0.01,two-way ANOVA willakey’s correction). Dashed lines
indicate the assay detection limit€) (Competitive replicative fitness in young chickélest; *,

P =0.0339; **** P < 0.0001, unpaired t-test) and mosquitoes (rigbtnot significant; *P <
0.05, unpaired t-test for both bodies and salirassage replicates are colored as in (A) and
horizontal lines represent the mean proportionitf-passed WNV. Phenotypic assessment of
wild bird passaged virus in its passaged host amaally infected mosquitoes arekigure 2.2
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Figure 2.2. Phenotypic analysis in wild-caught bird and bloodfed mosquitoeqA) Wild-
caught crows infected with crow-passaged WNV (neadh) were assessed daily for viremia
production (represented as the mean + SD of WNYy#dorming units [pfu]/ml of serum) and
survival were compared by two-way ANOVAs with Tulsegorrections for multiple
comparisons. Left: *, crow-passage 5 replicate(fi8b) vs p0 at 2, 3 and 4 days post infection
(dpi), P =0.0206, 0.0382 and 0.0185, respectively. Rigeet: *, pSb vs p(R = 0.0309.

However, this significance is likely due to lowbah expected WNVic p0 virus titers (100x
lower at 3 dpi than the first passage of WNVic shawFigure 2.1). Crow passages p5a and p5c
did not lead to significant differences in virenaiad survival. Due to decreasing sample sizes
caused by mortality, analysis was limited to 1-4 dpe dashed lines indicate the assay
detection limits. B) Wild-caught sparrows infected with sparrow-passa@/NV were assessed
as described inX) and led to no significant differences in vireraiad survival compared to p0
viruses (n = 4 each)C) WNV competitive fitness was measured by the ckarfgnean

proportion of the competitor (i.e. p5 WNV) from thmcula compared to after 3 days post
infection (dpi) in crows and sparrows by unpaitaests (crowsP = 0.0017; sparrowB

<0.0001). The biological replicates are shown agenta squares (replicate ‘a’), yellow triangles
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(replicate ‘b’) and teal circles (replicate ‘c’P)Y Crow p5 WNV competitive fitness iBulex
qguingefasciatusnosquitoes 14 dpi by oral inoculation was deteadias described irlC{
(bodies,P = 0.0258; legs/wings and saliva, not significant).

Fitness assays were used to directly compare peds@gses to a standard reference
WNYV in head-to-head competition. These assays etattsubtle fithess differences that are
inapparent in comparative studies. Competitiveetof all wild-bird p5 WNV was
significantly enhanced in chickens. Crow-passaged\had the smallest fithess gains and
robin-passaged virus the largeBSigure 2.1C). Fitness studies conducted in wild birds produced

the same results as those in chickéngure 2.2C). Competitive fitness was slightly increased in

mosquitoes, but no bird-specific differences wevted Figure 2.1C, Figure 2.2D).

Patterns of intrahost mutational diversity

At each passage virus was examined by NGS to detenvhether the consensus
sequence changed during passage and to charadkeridversity of intrahost viral populations
(Figure 2.3). WNV genome coverage was variable across thergeramd between samples
(Figure 2.3A), and positively correlated with viral populatisize Eigure 2.3C). The lower
relative WNV genome coverage from robin sera capairt be explained by smaller intrahost
viral population sizes and smaller virus to hostARidtios. Approximately 68%, 29% and 7% of
NGS reads aligned to the WNV genome from crow,rgpaand robin sera, respectively.
Comparatively, 20% and 0.5% of the NGS reads atigoghe WNV genome from chicken sera

and mosquito bodies, respectively.
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Figure 2.3. Sequencing coverage of the virus genonsecorrelated with intrahost virus
population sizes(A) WNV sequencing coverage plotted by genome posftothe input virus
used to initiate passaging (sequenced as techmigiatates, pOa-p0c) and after five passages in
wild-caught crows, sparrow and robin viruses (segad as biological replicates, p5a-p58)) (
Intrahost virus population sizes measured by genequie/alents (GE)/ml of bird serum after
each sequential passagg) Correlations of sequencing coverage of the WNKogee to the
intra-host virus population sizes from each birdages using individuals were made by the
Pearson’s correlation coefficient (crows, r = 0924 = 0.0445; sparrows, r = 0.9145%5=
<0.0001; robins r = 0.704P,= 0.0034).

Three nucleotide mutations that led to consensus@atid substitutions were detected
though passaging in birds, but none became fixedfequency = 1) in the population. In
contrast, three consensus amino acid substitutiens detected after a single mosquito passage.

We estimated intrahost variation from NGS datadtednine whether WNV population
diversity was bird species-dependent. The mean euoflunique iISNVs in each virus
population was relatively constant between passdgrslifferences were apparent among bird
speciesfigure 2.4A). WNV populations passaged in crows five timeg (pid significantly
more unique iISNVs than WNV passaged in sparrowsalpids. In addition, the frequency of

individual iISNVs increased during passage in aiggetependent manner: The mean iSNV
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frequency after p5 in robins was significantly reglthan after p5 in crows or sparrovi@gure
2.4B). Despite these differences, the viral populatioag similar §, Hamming distances (i.e.
SNVs per coding sequence) and amino acid subsitisifier coding sequence after p5 in

different speciesHigure 2.40).
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Figure 2.4. Disparate adaptive routes in birds leado similar overall intrahost population
complexity and diversity. The numberA4, mean + range) and frequen®;, geometric mean *
95% CI) of unique intrahost single nucleotide varsa(iSNVs,) from the WNV coding sequence
during passage in wild-caught crows, sparrows bmnso(*, P < 0.05, Kruskal-Wallis test with
Dunn’s correction).€) Mean (+ range) normalized Shannon entropy (8easure of population
complexity) (left), Hamming distance from the pthsensus sequence (SNVs per coding
sequence) (middle) and the number of amino acid) @stitutions per coding sequence (right)
(ns, not significant).

We examined the ratio of viral GE to PFUs and imbst single nucleotide length variants
(iLVs, including both insertions and deletionsktssess defective viral genomes in WNV
populations during passage. Crow-passaged WNVHetighest GE:PFU ratid-igure 2.5A)

and the most unique iLV$igure 2.5B). In addition, a greater proportion of the iLVscdrows
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were found in subsequent passages compared t@agaand robinsKigure 2.5C). The number
of iLVs per coding sequence was positively coredatith the titer of infectious virugigure
2.5D). We then evaluated the possibility that greageels of iLV carry though in crows, which
can only occur via complementatidiigure 2.5C), were due to sampling artifacts. To do this,
we used a hypergeometric test implemented in Ritlkdatated that selecting 400 common iLVs
in two samples of 600 from the total pool of avaléasingle-nuceotide iLVs (n=51,490) was 0.
Simulation studies confirmed that it is extremetyikely that random sampling produced the

observed data.
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Figure 2.5. Intrahost virus population density contibutes to the accumulation of

deleterious mutations.(A) WNV genome equivalent to plaque-forming unit (BEU) ratio

from all bird passages (n = 15 per species; *, (P05, Kruskal-Wallis test with Dunn’s
correction). B) Unique intrahost length variants (iLVs, i.e. demgucleotide insertions and
deletions,mean + range) from the WNV coding seqadhccrow p5 vs robin p3 = 0.0219,
Kruskal-Wallis test with Dunn’s correction) an@)(proportion of unique iLVs detected in the
subsequent replicate series passages (e.g. caongthfrom pla to p2a) calculated after each
passage (**P = 0.0084; *** P = 0.0005, Kruskal-Wallis test with Dunn’s correxct). D)
Correlation of virus population sizes (PFU/ml) be number of iLVs per coding sequence from
each individual (Pearson r = 0.6150< 0.001).
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Intrahost selective pressures

Evidence for natural selection was assessed in \Wdplations using intrahost
neutrality tests. ThpN anddy/ds ratios were the highest in the input pO0 WNV popataand
decreased significantly during passage in eachdpediesTable 2.1). Separate analysis df
andds shows thatly did not significantly increase during passage &hlincreased
significantly at p5 in all bird species, a hallmadfipurifying selection. The Fu and Lisand
Fay and Wu'H statistics were obtained from reconstructed hgpkst. The- statistic at p1 and
p5 was consistently negative, indicating that thplbtypes contained excessive amounts of rare
SNVs, again indicative of purifying selectiohable 2.1). TheH statistic measures an excess of
high compared to intermediate frequency SNVs. Tisgghnificant H values suggest that the
deviations from neutrality were due to natural sieda rather than selective sweepsalfle 2.1).
Analysis of reconstructed haplotypes that arosendyrassage and high frequency iSNVs (i.e.
frequency > 0.02) was conducted to minimize theaowpf differences in sequencing coverage
and to assess positive selection. 0.02 was selastactutoff for “high frequency” mutations
because it includes the top 5% of a gamma distabudf all VPhaser2-accepted iSNVs. The
proportion of iISNVs that were high frequency aftérwas the greatest within robin-passaged
WNV populations (16.5%) compared to sparrows (4.8%@ crows (4.8%)Higure 2.6A).

Reconstructed haplotypes from high frequency iISM¥se then used to assess the
selective pressures that lead to haplotype replaseduring passagé€&igure 2.6B). The
ancestral p0 virus population was composed of glesilominant haplotype that remained
dominant after a single passage in all bird speéitter p5, the ancestral haplotype remained
dominant in crows, but not in sparrows and robisthermore, high frequency iSNVs from

crows contributed significantly fewer amino acidstitutions per coding sequence compared to
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robins after pSKigure 2.6C). Examination ofiy/ds, amino acid diversity and high frequency
nonsynonymous iSNVs across the WNV genome demaedtthat, in general, selection was the
strongest in the structural protein coding regi@fgure 2.6D-E). Specifically, passage in

robins imposed significant selective pressuresheretivelope (E) protein coding region that
heavily targeted ectodomains (ED) | and Il. Theaappt selection of the nonstructural protein
4B (NS4B) from sparrow passaging is the result sihgle high frequency nonsynonymous
iISNV. Individual high frequency iSNVs fluctuatedfirequency through passaging and all
nonsynonymous high frequency iSNVs were uniquéstpassage lineage (i.e. no “signature

mutations” were detected that served as markenefbication in any particular bird species).

Table 2.1. Intrahost tests of neutrality.

Passage pN dv/ds  dy ds Fuand Li's F Fay and Wu'sH
p0 0.84 157 2x10° 1x10° NA NA
Crow pl 0.80 1.22 5x10° 4x10° -0.62029 0.36792

Crow p5 0.35* 0.18* 4x10° 3x10% -4.17419*  0.77866
Sparrowpl 0.45  0.25 3x10° 1x10" -1.83693 0.4298

Sparrow p5 0.33*  0.23* 6x10° 6 x10™ -1.16389 1.87529
Robinpl 073 084 4x10° 4x10° -0.83631 0.22204
Robinp5  0.46* 0.25* 9x10° 4x10%* -1.21878 1.85143
*, P <0.05, compared to p0 by the Kruskal-Wallis tegh Dunn’s correction for multiple
comparisons.

** P <0.02, critical values compared by two taileddes DnaSP.
NA, not applicable because there was only one damihaplotype.
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Figure 2.6.High-frequency iSNVs contribute to haplotype displaement in a bird-species
dependent manner(A) iISNVs from input virus (p0) and after passage, @ll replicates

combined) plotted according to genome position. &sdlblack dots represent sunonymous and

nonsynonymous iSNVSs, respectively. Dotted line @spnts division between high and low
frequency iSNVs (0.02)B) Haplotypes were reconstructed from high frequaStyvs
represented by the number of SNVs per haplotypeiamming distance from the p0
haplotype, £ SEM) (ns, not significant;P,= 0.0250; **,P = 0.0036, Kruskal-Wallis test)C|
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Mean (£ range) number of amino acid (AA) substitnd per coding sequence from high
frequency iSNVs at p5 in each bird species (*, cp®Baws robin p5P = 0.0429, Kruskal-Wallis
test with Dunn’s correction)) Mean (z range) ratios of nonsynonymous to synasysn
variants per sitedg/ds) (left) and amino acid diversity (right) from p@dp5 for each WNV
protein coding region. Left: * E proteiR,= 0.0284; **, nonstructural protein 2A (NS2A),=
0.0064; *, NS4BP = 0.0175d\/ds was set at 1 for replicates without synonymouglsin
nucleotide variants (SNVs) and 0 without nonsynooysmiSNVs in the coding region. Right: *,
E,P =0.0284; *, NS4BP = 0.0328, Kruskal-Wallis testEj High frequency nonsynonymous
ISNVs from all bird passages were plotted accordantpeir position in the WNV genome.
Interhost genetic divergence

Fstwas then estimated from the coding sequence @rdate the degree of genetic
divergence among replicates within a passage ameeba passageFi@ure 2.7). Viral
populations from robins were more divergent comgh@nethose from crows and sparrowsy
from WNV passaged once in young chickens was sirtolavild-caught birds, but WNV
passaged once in mosquitoes was much more divejede results are supported by analysis
of haplotypesKigure 2.8). The p0 haplotype was still dominant in chickdnpgopulations with

a small minority of haplotypes containing singl®&\ss, similar to wild birds Figure 2.6B). In

mosquitoes the ancestral haplotype became a myraitér a single passage.
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Figure 2.7. Differential interhost divergence of wial populations between individuals,
sequential passage and host speci€drcle diameters represent divergenEgr between
individuals within a passage. Lines connectingleioenters represent between-passage
divergence and were measured using combined reggi€ar from replicate means at p5 among
crows (2 x 1), sparrows (4 x Ity and robins (6 x If) were significantly differentR =
0.0500).Fstwas similar after a single passage in wild birds emickens (~2 x 1) and
significantly different fronFst after a single mosquito passage (2 ¥,1= 0.0174, Kruskal-
Wallis test).
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Figure 2.8. Haplotype reconstruction of viral popuétions passaged in chickens and
mosquitoes.Haplotypes were reconstructed from the high frequéB8NVs (i.e. > 0.02) from
input WNV and after one passage in young chickeasCallex quinquefasciatumosquitoes and
are represented by the number of single nucleotdi@nts (SNVs) per haplotype (Hamming
distance from the pO haplotype).
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Discussion
Virus passage and phenotypic assessment

We examined WNV genetic diversity during the cowspassage in birds that
experience varying mortality due to WNYV infectianassess how different hosts influence virus
population structure and fitness. Passage in eastwas accomplished in three concurrent
biological replicates in order to control for thegact of individual wild-caught birds that may
vary in several ways that could impact virus regtiien. Titers during passage were highly
variable between individuals. However, mean titkdsnot significantly change during the
course of passage, indicating that replication catence was retained and that overt increases in
competitive fithess were not selected through @sspge strategy.

Wild-bird passaged virus was similar to unpassafyétl/ in viremia production. Only
when more sensitivie vivo competitive fithess assays (i.e. comparative capbn of the
passaged and reference WNV in the same host) waducted were changes apparent. Note
that our definition of fitness here is restrictedhie specific competition environment (within the
bird or mosquito) and does not consider the laggetogical fithess required for maintenance in
a complex arbovirus transmission cycle. Passag# birds resulted in significant competitive
fithess gains during replication in chickens. legtingly, the fithess gains were smallest after
WNV was passaged in the host that experiences tis¢ mmortality (crows), and largest in the
most disease-resistant avian host (robins). Fitgass were far less clear when virus
competition was measured in mosquitoes. A limitatmour mosquito studies is that
competition was conducted via intrathoracic inottatg which bypasses the midgut, a major
physiological barrier in mosquitoes. Intrathoraacioculation was used because the volume of

blood available and the virus titers would havelykmade oral infection highly inefficient.
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Importantly, our results on WNV replication anchéss are supported by previous observations
[141] indicating that high fitness is maintainedatiigh purifying selection in vertebrates, and
that no tradeoff occurs when the virus is re-intigetl into mosquitoes. Moreover, replicative
fitness increases occur during passage in ecolbgredevant wild birds, and these gains occur

in a species-specific manner.

Patterns of intrahost mutational diversity and seletive pressures

To investigate the viral genetic and populatioredeinants of the observed fitness gains,
we characterized WNV at each passage using NGSd&arsuggests that although the overall
complexity of the virus population was similar argatdifferent bird species, its composition, and
the selective pressures that produced it appdae tord species-dependent. Interestingly, WNV
replication in the most disease-susceptible bigtgs seems to be positively associated with the
number of unique iISNVs (i.e. mutational toleranael negatively associated with iISNV
frequency (i.e. strength of selection). This oba@on requires further investigation using
additional resistant and susceptible birds, but prayide important insights into which bird
species are most likely to drive virus evolutiow#nd fitness gains. Our data thus far suggests
that more disease resistant birds such as robingvib@ most likely to fill this role as long as
they produce sufficiently high titers to infect ngogoes.

In this study we used various neutrality testsdtednine whether intrahost WNV
populations from each bird species were evolving-ramdomly through purifying selection.
While these tests all measure slightly differeqtesss of genetic diversity, all clearly
demonstrate purifying selection in birds. This tesanfirms previous studies of WNV passaged

in young chickens [131], and indicates that ourrapphes to sequencing and analysis, although
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they differ significantly from those reported prewsly, produce results consistent with other
methods.

Our studies also provide some evidence for pos#alection during bird infection. We
found that WNV passage in robins resulted in monéa acid substitutions that reach high
frequency compared to crows. In addition, the amaklsaplotype tended to be displaced by
novel mutants that arose during passage in spa@odsobins. These data suggest that positive
selection within hosts is stronger in less susbépbird species [107].

Examination of patterns of variation across the Wiviome provides additional
evidence for differences in host selective envirentnWe found, consistent with previous
reports on dengue virus populations [139], the ésglvariant frequencies in ectodomains | and
Il of the E coding sequence of WNV passaged inng@bl'he mechanisms that lead to the
emergence of these variants are not currently.ciddrough the E protein contains most
neutralizing epitopes, the earliest neutralizingently responses observed in birds generally
occur at around 5 to 7 days post infection [214],3@&er mechanisms that could impact
selection on the E protein include resistance ¢oetirly antiviral states induced by type |
interferon [174,373] and alternate methods forwieatry and uncoating of the viral RNA [182];
though these mechanisms need further investigagspecially in birds. Our results suggest that
in relatively resistant hosts, novel variants mag to high frequency within the context of
purifying selection. The notion that positive séil@a occurs in robins is further supported by our
data showing that virus diverged most during regpian in them. It is, however, balanced by a
lack of evidence of a selective sweep, i.e. a raguliction in genetic diversity as a novel variant
becomes very prominent in the population. Clearlytfer studies are needed to confirm whether

and how positive selection contributes to WNV paioh structure in birds.
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Defective genomes

Compared to other RNA viruses, arboviruses havelémg-term rates of amino acid
substitution [150]. This is at least partially doethe fact that most mutations are deleterious
because of evolutionary constraints on arboviruoges [152]. We provide evidence that
accumulation of deleterious mutations, or defectival genomes, is unequal between hosts;
WNV populations replicating in wild-caught crowscamulate the most defective genomes, and
WNYV replicating in robins accumulate the least. éxtifze genomes are often found during
laboratory and natural virus infections [331,404d @an persist through multiple rounds of
transmission [172,277]. Using both bioassays GE:PFU) and sequencing data (i.e. iLVs per
coding sequence), we found that the accumulatioNdV defective genomes during infection
was positively correlated with viral load. This apgnt density-dependent selection of
deleterious mutations likely occurs via functionamplementation, which becomes more
efficient as effective multiplicity of infection (M, i.e. intrahost viral load) increases [274,275].
In addition, high MOI environments tend to toleragitral mutations that can become
deleterious in a new environment [402]. Taken togetthese studies provide a framework to
understand how WNV replication in high-viremic cioileads to a broader network of
potentially deleterious mutations and limited setecfor adaptive amino acid substitutions,
especially when compared to WNV replication in rahiThe rather modest fitness gains

experienced by crow-passaged WNV support this bsen.

Conclusions
The results presented here shed light on the saddorces that shape WNV populations

in nature. We demonstrate that selective pressha¢sontrol WNV populations seem to occur
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in a species-specific mann&idure 2.9). All three bird species evaluated have been sigde
to be significant drivers of WNV outbreaks, withbnas receiving particular attention due to
findings indicating that this species is more freatly fed upon by mosquito vectors [229].
During intrahost WNV replication, our studies susfgat disease-susceptibility is positively
associated with mutational tolerance and negatias$pciated with the strength of selection.
This means that robins also may better maintaih higess in WNV populations than do birds
that are more susceptible to disease. While @ngpting to speculate that robins are significant
generators of WNV genetic diversity, we also conflierein that mosquitoes are much more
efficient in generating mutational diversity in ttNV system. Moreover, these data suggest
that intrahost virus evolutionary dynamics are asged with host resistance to disease in
several ways and provide an important insight tolwdne genetic and ecological factors that

influence RNA virus emergence.
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Figure 2.9. Species-specific composition of WNV pafations and competitive fitnessHost
mortality and intrahost WNV population sizes arsoasated with WNV population structure and
competitive fitness. The WNV populations from ahdospecies contain ~1 mutation per
genome. However in the crow environment, WNV pofales are more tolerant of unique and
deleterious mutations (e.g. insertions and delsjidsut few mutations rise to high frequency. In
the most disease-resistant bird species, robiaMNV populations are under stronger selection
pressures. Robin-associated WNV populations asstédsrant of unique and deleterious
mutations, and more mutations reach high frequeRhiog.selective environment of more
disease-resistant birds was also positively assatiaith competitive fitness in young chickens,
but not in mosquitoes. Population size: each “Virepresents a lag of GE/ml. Mutant spectra:
“X” represents deleterious mutations, “diamondgiresent neutral or advantageous mutations,
and diamonds of the same color represents the sartaion.
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Chapter 3: Genetic drift during systemic arbovirusinfection of mosquito vectors leads to

decreased relative fitness during host switching

Introduction

The emergence of arthropod-borne RNA viruses (arbses) is an ongoing problem that
imposes significant heath and economic burden®omanities worldwide. West Nile (WNV),
chikungunya (CHIKV), dengue (DENV), and Zika virgsare all in various states of emergence
at local or global scales [13-15]. The mechanisndedying arbovirus emergence are complex
and include, for example, altered land use anceas®d global travel. In addition, RNA viruses
have an inherent ability to rapidly mutate and theserate opportunities for adaptation in novel
environments through an error-prone polymerase [NV is an excellent example of an
introduced RNA virus that adapted to a new envirentifi.e. new genotype linked to a shorter
extrinsic incubation period in local mosquitoespmoting its spread throughout the Americas
[103]. Several studies have assessed how difflisittypes impact WNV population structure,
and have shown that WNV populations are more déversnosquitoes compared to birds
[131,137]. In mosquitoes, purifying selection isakend virus diversification is driven by the
action of RNA interference (RNAI), which createsiatracellular milieu that favors rare
genotypes [164,165]. In contrast, purifying selaetin birds is strong and the innate antiviral
responses are dominated by type | interferon [ITBAds, in the WNV system, mosquitoes and
birds have distinct impacts on virus populationdmyy: Mosquitoes allow for increased adaptive
plasticity, while birds maintain high fitness thghupurifying selection [141].

A wide array of studies has suggested that arbsegcan adapt to microhabitat-specific

conditions. CHIKV is capable of adapting to transsion byAedes albopictuduring a single
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round of infectiorf117]. WNV evolutionary dynamics have been shown to vamgsponse to
environmental conditions [201,202]. Indeed, différavian hosts of WNV have distinct impacts
on virus population structure and fitness (Chapje he impacts of different mosquito species
on WNV population biology and fitness, however, &iaot been directly addressed. This is a
critical shortcoming in the field because throughtaidistribution, WNV is maintained in its
enzootic cycle by sever@lulexspecies, includin@ulex tarsalis, Cx. pipiens quinquefasciatus
andCx pipiens pipieng13]. In addition, mosquitoes of several divergganera have been
found infected and/or demonstrated to be compe®stors [177,178]. These includedes
mosquitoes that may act as a “bridge” between dizogcles and mammals, including humans
[198]. Although it seems clear that infection ofsqaitoes leads to genetically complex virus
populations [117,160,161], the impact of any patéic mosquito species on WNV population
biology has not been determined. In addition, therénge of selective forces acting on WNV
during systemic infection of mosquitoes is poontgarstood, and important inconsistencies
persist in the literature. For example, whereasessiudies have documented the existence of
population bottlenecks during arbovirus transmisdip mosquitoes [292,293,295], others have
not [167,296]. The genetic implications of high atidnal diversity coupled with population
bottlenecks during mosquito transmission have penlully elaborated, and the impacts of
different vector species on virus population diitgrand fitness are not known.

Therefore, we determined the extent to which mdequectors of WNV differ in their
propensity to drive virus diversification and impétmess. In particular, using next-generation
sequencing (NGS) we characterized virus populatmattsn distinct tissue compartments
including midguts, hemolymph, salivary glands argdeetorated saliva d@x. tarsalis Cx.

quinquefasciatuLx. pipiensandAe. aegyptduring a single mosquito infection. Taken
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together, our results 1) demonstrate that mosgpeies have differential impacts on virus
evolution, 2) illustrate sequential reductions arg@ansions in virus population size that occur
during the spread of virus from one mosquito cormpant to another, and 3) confirm the
importance of purifying selection during vertebratiection in maintaining WNV fitness.
Ironically, our results document a profound lossdlative fithess imposed by arthropod

transmission of an arbovirus.

Materials and methods

Mosquito infections

The WNV infectious clone (WNVic) of the NY99 straiollected during the 2000
outbreak in New York City was produced as descri3&8d]. Laboratory colonies &x.
guinquefasciatuLx. pipiensCx. tarsalis andAe. aegyptmosquitoes were reared, fed
bloodmeals containing ~2 1¢ plaque forming units (PFU)/mL of WNVic, dissectead
processed as described in Chaptévi@squito midguts, legs, salivary glands, and saezae
collected after 14 days extrinsic incubation for $l&d midguts, legs, and bodies (without
midguts and legs) were collected after 3-7 anday® extrinsic incubation for viral growth

curves.

Production of mutant viruses

The WNVic (NY99 strain) was used to generate matetithat were recovered from
mosquito saliva. Mutations were engineered usintagenic primers and fragments containing
overlapping sequences were cloned using AQUA cp03] and subsequently transformed

into NEB Stable competent cells (NEB). Resultingtbaal colonies were grown overnight in
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LB media and plasmid was purified using the Zippgskid Miniprep kit (Zymo Research). The
presence of desired mutations was confirmed witig8asequencing. Following sequence
validation, the plasmid was amplified using rollicigcle amplification with the Templiphi
Amplification Kit (GE Healthcare) and then lineagdzusing Xbal (NEB). The linearized
construct was then column purified with the NuclpmSPCR clean-up kit (Macherey-Nagel).
Capped infectious RNA was then produced using tiseiibe T7 ARCA mRNA kit (NEB) for 4
hours at 37 °C. RNA was subsequently quantifiedgitiie Qubit HS RNA kit (Invitrogen). 10
g of RNA was then used for electroporation in 10XxBHK-21 cells using a BTX ECM 630
electroporator with settings 450 V, 1200 and 150 pF using two pulses. After electroporatio
cells were seeded in T25 flasks and placed in‘&€3rAcubator. Supernatant was harvested after
3-5 days of incubation, clarified by centrifugati@md aliquots were made and stored at -80 °C.
Virus concentrations were determined via plaguayassVero cells (PFU) and gRT-PCR

(genome equivalents [GE]JJ &ble 3.1).
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Table 3.1. WNV clones made with the highest frequey nonsynonymous mutation detected in each salivarsple compared to
the input (WNVic) and reference (WNV-REF) viruses.

Virus rescued in BHK cell&

Genome nt Coding aa ISNV

Species Rep. position change region changé freq GE/ml PFU/ml GE:PFU°
Cx. tarsalis A 1066 AT  Envelope M34L 0.86 6.1x10" 9.0x1d 6,769
B 6107 TC NS3 1499T 0.07 6.8x13* 5.8x1F 1,174
C 6257 AG NS3  Y549C 0.05 1.9x1d! 5.3x10 3,514
Cx. quinquefasciatus A 434 TC Capsid V113A 0.69 6.4x10' 2.3x1¢ 2,742
B 428 TC Capsid 1111T 1.00 4.4x13* 1.0x1¢ 4,319
C 1703 AT  Envelope H246L 0.04 1.3x10' 1.4x1d 9,614
Ae. aegypti A¢ 10104 GT NS5 W808C 0.03 2.9x1d N.DE N.D.
B 2763 GT NS1 KO8N 0.30 6.0x13* 1.5x1d 4,059
C 2056 GA  Envelope V364M 0.03 5.3x10! 2.2x1d0 24,472
WNV-REF 8313-831% NS5 6.0x13* 1.7x1d 3,660
WNVic? 7.7x13' 2.3x1F 3,420

& Amino acid (aa) substitution position based onilngdegion position.

P Clones with point mutations were constructed aswdleed [403], amplified by rolling circle amplifition, linearized, capped, and
rescued in BHK-21 cells. WNV genome equivalents \&#d plaque forming units (PFU) were determined/Ry-PCR and
standard plague assays, respectively.

“ The GE:PFU ratio is an inverse proxy for virakictivity. For example, a viral stock with a ratibl®0 contains a higher proportion
of infectious particles than a viral stock withadio of 1000.

4 The highest frequency mutation in this sample daddor a stop codon in the NS5 region (frequen6y04) and was not
engineered into the WNVic due the assumption tainutation is lethal.

® The recovered virus replicated in BHK-21 cellslatermined by gRT-PCR but failed to form plaque¥éno cells. A GE:PFU ratio
of 10,000 was used to estimate the viral titerémlicative fitness studies.

" Five sequential synonymous changes were madecteatide positions 8313-8317 in the NS5 regiorhefWNV-REF genome,
changing the parental sequence CTC TCA CGG to Qta&G.

9 Parental virus to all point mutation clones and WREF.

nt, nucleotide; aa, amino acid; iSNV, intrahosg@mucleotide variant; GE, genome equivalents; Ritafue forming units.
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Phenotypic assessment

Replication fitness of the reconstructed WNV musamés compared to the WNVic
during infection of chicken fibroblast DF-1 cel&TCC no. CRL-12203) anfe. albopicutus
clone C6/36 cells (ATCC no. CRL-1660) at a multty of cellular infection (MOI) of 0.01 for
1-6 days post infection. RNA was extracted fromub0f cell culture supernatant, homogenized
mosquito tissues, and saliva collected in diluemag the Mag-Bind Viral DNA/RNA 96 kit
(Omega Bio-Tek) on the KingFisher Flex Magnetictiebs Processor (Thermo Fisher
Scientific) and the RNA was eluted in pDof nuclease-free water. Viral GE was determingd b
gRT-PCR of the WNV envelope coding region usingftilewing forward primer (5’-TCA
GCG ATC TCT CCA CCA AAG-3"), reverse primer (5-GGBCA GCACGT TTG TCA
TTG-3’), and probe (5-TGC CCG ACC ATG GGA GAA G{J-3’) sequences [388] and was
standardized by the total sample volume. Viral PiRdee determined by standard plague assay
in Vero cells. Competitive fitness of saliva WNVqdations and the reconstructed WNV
mutants (competitors) was determined by directiyparing their replication to a reference
WNYV during co-infection in DF-1 cells [171]. Refex@e and competitors were equally mixed
and added to DF-1 cells in 24-well plates at MGls 6.0008 for the recovered saliva
populations and 0.01 for the reconstructed WNV miigtaSupernatants were collected at 2, 4,
and 6 days post infection and RNA was extractedeasribed above. Quantitative Sanger
sequencing was used to determine the proporti@empetitor (saliva and mutants) to reference

WNV genotypes [386].
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Library preparations and viral population analysis

Total RNA from mosquito tissues and saliva afteddags extrinsic incubation were
amplified and prepared for NGS as described in @n&b 100 nt paired-end reads were
generated using the lllumina HiSeq 2500 platforrBetkman Coulter Genomics. All NGS data
can be accessed from the NCBI BioProject PRINA33112

Demultiplexed reads were aligned to the WNVic segeaising MOSAIK [390] and
duplicate reads were removed using the MarkDums#dol within Picard to limit the influence
of PCR artifacts. Intrahost single nucleotide vatsaiSNVs) and intrahost length variants (iLVs,
includes both insertions and deletions) were calkdg VPhaser2 [391] and variants with
significant strand bias were removed. Analysis Iaged to the protein coding sequences and
was done separately for iSNVs and iLVs. Richness egdculated by the sum of the iISNV sites
detected in each population and was normalizeth&ytumber of WNV reads (i.e. sites per
million WNV reads). Genetic distance was calculdigdhe sum of the iISNV and amino acid
substitution frequencies from each population ambrted as the iSNVs and amino acid variants
per coding sequence, respectively. Shannon en{®pyas calculated for each intrahost

population {) using the iISNV frequency) at each nucleotide positiog)(

Si.s = —Ds (lnps) + (1 - ps) X ln(l - ps) 1)
The mearsfrom all sitessis used to estimate the mutant spectra complexity.
The standardized variance in iISNV frequenéigs) was used to estimate genetic

divergence between two viral populations as deedr[400]:
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2 2
d. = 4ni(pi,s - ps) + 4nj(pj,s - ps) — bs @)
s 2(2nin;j/(ni+n;))

and

b ni(2pis(1-pis) +nj(2pjs(1-pjs)
S

= ®3)

nl-+nj -1

wherepi s, pj,s, andps are the frequencies of the input WNV consensugeotide at sites from
populationg, j, and combined, respectively. Only VPhaser2-call®tVs were used, all other
sitesp = 1. The number of individuals samplegwas set to the average WNV coverage depth
(12,599 nt) to normalize for sequencing variatioftse estimate dfst for the protein coding

locusof msites (10,299 nt) is:

(locus) __ YiL,as
F = _Zs=1% 4
ST Zgn:l(as+b5) ( )

High frequency (HF) variants were calculated dxyd transforming the variant
frequency, increasing the values to make themaglitipe (iISNVs increased by 3.68 and iLVs
increased by 4.3), and each data set was fittadggomma distribution (iISNMs= 5265 and
iLVs n=6828). iSNV frequencies > 0.034£ 259) and iLV frequencies > 0.007 £ 346) were
determined to be in the upper 5% of their respeagamma distributions. Haplotypes were
reconstructed using QuasiRecomb 1.2 [395] usingrpaters described in Chapter 2 and
manually edited to only include HF iISNVs. The thihost common predicted haplotypes from
each population were used estimate how the viralodgaphics were changing within each host
by calculating Tajima’® [404] and Harpending’s raggedness index [405,486]g DnaSP (v5)
[396]. Haplotype phylogenies were constructed uiiegBayesian Markov chain Monte Carlo
method in BEAUti and BEAST (v1.8) [407] with a HK&Ubstitution and gamma site

heterogeneity model and a lognormal relaxed moéeaibck.
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The number of founder genomes (i.e. effective pafpuh size Ng]) initiating infection in
the mosquito midguts was determined by the geratiance within and between populations
usingFst [408]:

1- FgT

N, = ()

Fsp = Fst
whereFst is the genetic variance between the input popaniat{bloodmeal) anB’ st is the
genetic variance between the midgut populatibgswas calculated from all replicate
combinations for species (i.e. replicate A vs Bys*C, and B vs C) using equations 2-4. To
minimize the influence of selection on variant fieqcies, only third codon synonymous iSNVs
not predicted to co-occur on haplotypes with nonsymous mutations (remove genetic hitch-
hiking) were used ifrst calculations.

Intrahost selection was estimated by the ratiooofsynonymousdy) to synonymousds)

SNVs per sitedy/ds) using the Jukes-Cantor formula [409]:

dy —3 XLn(1-((4Pn)/3)

= (6)

4
and

-3 xLn(1-((4ps)/3
dg = XLn( 4((10)/) 7)

wherep, equalaNd (sum of the synonymous iSNV and iLV frequenciesepted by VPhaser2)
divided by the number of nonsynonymous sites@ratjualsSd(sum of the synonymous

iISNVs) divided by the number of synonymous siteasa®P was used to determine the number
of nonsynonymous (7843.67) and synonymous (245%i83) from the ancestral input WNV
consensus sequence using the Nei-Gojorori meth®d.[Gv/ds values >1 for divergent lineages
are the hallmark of positive selection, but the powfd\/ds to detect positive selection within

hosts is very low considering that the majoritytttg nonsysnonymous mutations are under
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strong purifying selection [410]. Therefore we onbBed thely/ds ratio to cautiously estimate the
strength of purifying selection. Statistical compans were performed using GraphPad Prism

(version 6.04) for Windows.

Results
Vector competence and anatomical barriers to virusransmission

Arboviruses must overcome anatomical barriers withosquitoes for transmission to
occur Figure 3.1A). Three enzootic vector€x. tarsalis Cx. quinquefasciatyandCx. pipiens
and one representative Aédesmosquitoes acting as a potential bridge veeter,aegyptiwere
exposed to WNVic derived from the NY99 genotypevaluate vector competence and obtain
samples for analysis. Vector competence was detedrby examining the percent of midguts,
legs (containing hemolymph), salivary glands, aat/a infected with WNV. After 14 days
extrinsic incubation, 75% dIx. tarsalis,38% ofCx. quinquefasciatuandAe. aegyptiand 28%
of Cx. pipienshad WNV RNA in their salivaKigure 3.1B). These differences in overall vector
competence were related to differences in the gtinsrof barriers to infection and escape from
the midguts and salivary glands of tested mosgsiiféigure 3.1B). Furthermore, the
mosquitoes with the highest viral GE in their sativglands were more likely to have virus
detected in their salivd{gure 3.1CandFigure 3.2 p < 0.05 Mann-Whitney test). However,
viral GE in the midguts and saliva were not sigmafitly different among mosquito species
(Figure 1Cp > 0.05 by Kruskal-Wallis-Dunn’s corrections) dgeppecies-specific differences
in susceptibility to oral infection and transmissioespectively. Moreover, the rates of WNV

replication in the midguts are not directly cortethwith the midgut infection and escape
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barriers Figure 3.1D). Importantly, these data demonstrate a contepédgent relationship

between the strength of any given anatomical baane viral load.
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Figure 3.1. Vector competence of mosquitoes and alaaterization of specimens used in this
study. (A) Overview of the anatomical barriers to virus smaassion. Infected tissues indicate
that WNV could overcome the barrier (e.g. infedigk indicate there was not a midgut escape
barrier in that mosquito)B{) Percent of tissues and saliva with WNV RNA deteed by qRT-
PCR 6 = 32 mosquitoes for each species) at 14 dayseppsisure.C) WNV GE per tissue or
saliva sample from only the WNV-infected tissuetedained by qRT-PCR ( < 0.05; ns, not
significant).(D) WNV replication rates determined by collectingdignits at 3-7 and 14 days post
infection ( = 16).
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Figure 3.2. Viral load is related to the salivary ¢and escape barrier.Comparison of WNV
genome equivalents (GE) per set of salivary gldraia paired saliva WNV positive and
negative samples (geometric mean with 95% confielémerval, p < 0.05, Mann-Whitney
test).
Intrahost WNV population structure is mosquito spedes-dependent

Three mosquitoes from each species that had dbted&NV RNA in all four
compartments were used to assemble three biolagipktates of each tissue per species. WNV
RNA was examined using NGS to define species-ssu&-dependent impacts on virus
mutational diversity. Approximately 6% of > 22 nolh reads obtained from each specimen
aligned to WNV, resulting in > 12,000x% coveragettiegcross the viral genomEigure 3.3).
However, the coverage depth from one biologicalicefe ofCx. pipienssalivary glands and all
threeCx. pipienssaliva was much lower (< 100x) precluding virapplation analysis. Analysis
of the remaining samples was limited to the proteiding sequence (nucleotide positions 97-

10,395) due to large variation in the sequencingeage of the untranslated regions

(presumably caused by secondary structures in teggens).
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Figure 3.3. Percent reads and coverage of the WN\egome.(A) Mosquito tissues and saliva
were randomly amplified and sequenced on the IhankiSeq2500, averaging ~23 million 100-
nt reads per library and were aligned to the WNXayee. B) Mean fold coverage of the WNV
genome (average number of nucleotides sequencett@gerThe minimum coverage for
intrahost viral population analysis used in thigdgtwas 1500x (dashed line).

ISNVs from each biological replicate were combihgdspecies and tissue to assess their
genome positions and frequencieg(re 3.4, Table SJ. As expected, the relatively
homogenous input WNVic population diversified wittgach mosquito species (i.e. iSNVs
reached higher frequendyigure 3.4). However, the number of iISNV sites that reach&d( &
0.034, upper 5% of a gamma distribution), changedcbnsensus sequence (frequency > 0.5),
and went to fixation (frequency = 1) were mosqgsipecies- and tissue- dependdrdlile 3.2.

The most HF iISNVs, consensus changes, and fixatiens found inCx. quinquefasciatuand
Cx. tarsalistissues, however most of the consensus sequenogeh detected in the salivary
glands ofCx. tarsaliswere not found in the salivddble 3.3. In addition, none of the observed

consensus changeBaple 3.3 resemble known WNYV lineage-defining mutationg)(&/ to A

substitution at envelope codon position 159 thateiit in the “WNO02” lineage [102]).
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Figure 3.4. More high frequency single nucleotideariants are generated during virus
replication in Cx. quinquefasciatusand Cx. tarsalis iISNVs from each biological replicata €

3) were plotted by their position on the WNV gencanel their frequency in each mosquito
species and tissue. The WNV genome consists o stractural protein coding regions (shown
in yellow), capsid (C), premembrane (prM), and déope (E), and seven nonstructural (NS)
protein coding regions (shown in purple). The difit-6or high frequency iISNVs (0.034, dotted
line) and consensuses sequence changes (0.5, des)ede shown. iISNV sites are categorized
by frequency infable 3.2and all consensus sequence changes are listebia 3.3
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Table 3.2. Categorization of WNV iSNV sites by fregency.
Total variant sites from the combined biological r@licates
Mosquito species Tissue SNV HFiSNV®  Consensus changés Fixations®

Cx. tarsalis M 295 20 2 0
L 197 16 2 0
SG 211 13 7 3
S 105 9 1 0
Cx. quinques M 411 5 0 0
L 159 23 5 4
SG 512 17 6 3
S 305 14 7 5
Cx. pipiens M 419 5 0 0
L 240 13 1 0
SG 339 2 0 0
S N.D. N.D. 0 0
Ae. aegypti M 600 5 1 0
L 578 3 1 1
SG 494 8 1 1
S 144 8 1 0
WNVic BM 286 0 0 0

& All intrahost single nucleotide variant (iISNV)estdetected in the WNV coding sequence.

P High frequency (HF) includes all iISNV sites wittfraquency > 0.034. See materials and
methods for calculation.

¢ Consensus changes include all iISNV sites witlequiency > 0.5. For or@x. pipienssalivary
gland and alCx. pipienssaliva, consensus changes were assessed usingl@nage

assemblies (Figure 3.3).

9 Fixations include all iISNVs that completely reédhe consensus nucleotide, frequency = 1.
® Not determined (N.D.) due to insufficient coveragpth.

Cx. quinquesCx. quinquefasciatysVNVic, West Nile virus infectious clone; M, midgu,

legs; SG, salivary glands; S, saliva.
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Table 3.3. WNV consensus changes during systemic sgaiito infection.

Tissue Genome nt Coding iISNV
Mosquito species (replicate) position change region S/N  aachange freq
Cx. tarsalis M (B) 1375 TC envelope N  Y427H  0.94
4418 AG NS2B N E1441G  0.65
L (A) 1066 AT envelope N M324L 0.71
6139 TC NS3 N  Y221H  0.60
SG (A) 759 AG prm S 1
1066 AT envelope N M324L 1
1681 TC envelope S 0.92
3668 GT NS2A N G1191V 1
4179 TC NS2A S 0.82
7996 GA NS5 N G2634S 1
8105 CG NS5 N  T2670S 0.57
S (A) 1066 AT envelope N M324L 0.86
Cx. quinques L (A) 434 TC capsid N  V113A 1
L (B) 428 TC capsid N 11117 1
L (C) 1383 GA envelope S 1
5214 AC NS3 S 0.99
7029 GA NS4B S 1
SG (A) 434 TC capsid N  V113A 1
SG (B) 428 TC capsid N 11117 1
1447 GA envelope N A161T 0.91
6620 TG NS4A N  T2175F 0.98
6624 GA NS4A S 0.98
SG (C) 2427 AG envelope S 1
S (A) 434 TC capsid N  V113A 0.69
S (B) 428 TC capsid N 11117 1
1682 TC envelope N  L529S 0.74
3866 TA NS2A N F1257Y 1
S (C) 1383 GA envelope S 1
5214 AC NS3 S 1
7029 GA NS4B S 1
Cx. pipiens L (B) 4341 TC NS2B S 0.53
Ae. aegypti M (C) 9982 CT NS5 S 0.53
L (A) 9723 CT NS5 S 1
SG (A) 9723 CT NS5 S 1
S (A) 9723 CT NS5 S 0.60

#iSNV was detected in multiple tissues.

P Amino acid side chain change from hydrophobicdsifive charged.

¢ Amino acid side chain change from negative chatgespecial case.

4 Amino acid side chain change from special cage/tivophobic.

¢ Amino acid side chain change from special cagmtar uncharged.

" Amino acid side chain change from hydrophobicdtapuncharged.

9 Amino acid side chain change from polar unchatggubsitive charged.

nt, nucleotide; S/N, synonymous or nonsynonymoutatian; aa, amino acid; iSNV freq,
intrahost single nucleotide frequen€x. quinquesCx. quinquefasciatyd, midgut; L, legs;
SG, salivary glands; S, saliva.
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Intrahost viral population structure was furthesessed using several genetic diversity
indices: genetic richness (number of unique iISN¥ssper million WNV reads;igure 3.5A),
complexity (the proportion of different variantsamrmutant spectrum, estimated by the Shannon
entropy,Figure 3.5B), distance (iISNVs and amino acid substitutionsgoeling sequence,

Figure 3.5C-3D), and divergence (accumulation of independent timns between two isolated
populations, estimated g1 [400], Figure 3.5E, Figure 3.6). Despite similar levels of richness
and complexity figure 3.5A-B, p > 0.05 by Kruskal-Wallis -Dunn’s corrections), WNV
populations inCx. quinquefasciatusndCx. tarsaliscontained greater genetic diversity at both
the iISNV Figure 3.5C and amino acid level${gure 3.5D), and diverged further from the
input WNV as compared to WNV i@x. pipiensandAe. aegypt{Figure 3.5E, Figure 3.6). The
increased genetic diversity @x. quinquefasciatysind to a lesser exte@k. tarsalis was

largely due to increased accumulation of HF iSNsl(ding consensus changes and fixations,
Figure 3.4).

iISNVs generated during replication in all mosquip@cies seemed to be distributed
uniformly across the viral coding sequenEg(re 3.4). To investigate this further, we
combined the WNV populations from each tissue termeine whether particular WNV genomic
regions were more diversEigure 3.6). Nucleotide and amino acid diversities were grstain
Cx. quinquefasciatusndCx. tarsalis and were uniformly distributed across the protsding
sequence. IE€x. quinquefasciatyshe capsid coding region was more diverse daertatively

small number of HF iSNVsT@able 3.3.
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Figure 3.5. Diversification of WNV during systemicinfection of mosquitoes(A-D) Intrahost
genetic diversity was characterized by measumgichness, B) complexity (the proportion of
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Figure 3.6. Genetic divergence between viral popuians. (A-C) Genetic divergencd-§y) of

(A) each population from the input virug)(between tissues (matched within same mosquito),
and C) among biological replicates (within a tissue)eTars represent the means which were
used to creatBigure 3.5E Fstwas calculated using equations 2-4 [400].

Viral population declines and expansions during syemic mosquito infection
To assess population bottlenecks during mosquiéziion we tracked the spread of

individual unique iISNVsKigure 3.7A) and the 30 most common predicted haplotypes
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(conservatively predicted using only HF iSNV&gure 3.7B) during systemic spread between
mosquito tissues. Most input (e.g. < 5% in salkigure 3.8A) and locally-derivedKigure

3.7A) unique iISNVs were not transferred between tisse@sexample, > 90% of iISNVs
detected in the saliva were not detected in othsués. In addition, the original WNVic input
haplotype was dominant in most tissues, exce@xinquinquefasciatusn this species a new
dominant haplotype was detected in the hemolyrudufe 3.7B). These observations led us to
hypothesize that bottlenecks within mosquitoestlimaplotype spread. We thus evaluated intra-
tissue viral demographics using Tajim&gi.e. comparison of pairwise mismatches and
segregating sites) [404] and Harpending’s raggesimekex (i.e. the distribution of pairwise
mismatches) [405,406D values were consistently negative and not sicgmifily different

among species, tissues, or replicates (mean =,40.%8.05 by Kruskal-Wallis-Dunn’s
corrections); and the distributions of pairwise magches Figure 3.7C) revealed several
multimodal curves. Phylogenies reconstructed froatjeted haplotypes were also consistent
with population declines and expansioRgy(re 3.7D). In tissues with extensive diversification,
the trees demonstrated strong spatial structuaelé€sl corresponded to intra-tissue populations)
and star-like branching topologies (see biologieglicates A and B ix. tarsalisand A, B,

and C inCx. quiquefasciatysTogether, these results suggest periodic papulaeclines
followed by expansions and are consistent with setial population bottlenecks and recoveries

involving founder’s effects.
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Figure 3.7. Recovery of viral genetic diversity dung intra-tissue population expansions
following bottlenecks.(A) Proportion of iISNVs found in the subsequent vrapulation (e.g.
carry-through from bloodmeal to the midgut) (meath\®5% confidence intervaljB)
Haplotypes were predicted from each viral popufatiere characterized by compartment of
origin (e.g. haplotype in a saliva population wagioally detected in the legs). The average
composition of haplotype origins is shown for etisbue. C) The distribution of pairwise
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mismatches between haplotypes. Shown are the aversgnatch distributions for each tissue
and the expected distribution for a constant pdmrissize (dashed line). “Ragged” lines
indicate recent population expansions followinglides. ©) Phylogenies of all of the predicted
haplotypes from each species. The letters repreksinct clades from biological replicates (A,
B, and C) and the asterisk marks the input virastin.(E) Genetic divergence of neutral alleles
was calculated to determine the amount of genati@rce between populations caused by
bottlenecks and drift. Larg&ist values indicate a more severe bottleneck (smidier
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distance) from the dominant WNVic (input virus) hagpe (mean with 95% confidence
interval).
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The number of founder WNV genomes in the midgutiftbe bloodmeal was calculated
to determine the population bottleneck size apthiat of initial mosquito infection (i.éNg). We
estimated\ by the genetic variance within and between popaiatcaused by drift by
calculatingFst from neutral alleles (third codon synonymous iSNié$ predicted to co-occur on
haplotypes with nonsynonymous mutatiohable 3.4 [400,408]. Between 52 and 129 WNV
genomes initiated mosquito midgut infection andenswt significantly different among species
(p > 0.05 by Kruskal-Wallis-Dunn’s correction®e calculations between the other tissues
produced highly variable results and could notd&fidently estimated in this study (data not
shown). However, we were able to determine theiveldottleneck severity between tissues and

discovered a correlation with the anatomical basieength Figure 3.7F).

Table 3.4.The effective population sizeN¢) estimated between the bloodmeal and midgut
WNV populations using genetic varianceKsr).

F’ 57 between replicate® N, at the midgut infection barrier®

95%
Species A-B A-C B-C AB A-C B-C Mean Cl¢
Cx. tarsalis 0.010 0.017 0.022 119 64 48 77 1-170
Cx. quinques 0.011 0.009 0.013 104 130 87 107 54-161
Cx. pipiens 0.013 0.012 0.010 86 87 90 100 52-127
Ae. aegypti 0.314 0.324 0.006 3 3 229 90 1-401
Combined 90 52-129

& Calculated using equations 2-4 [400] and onlyttivel codon synonymous iSNVs not
Eredicted to co-occur on haplotypes with nonsynamysmmutations (see Tables S4-S7).

Calculated using equation 5 [408}t between the input bloodmeal replicates is 0.001.
€ 95% confidence intervals (Cl) calculated from st@ndard deviation between replicates.
Cx. quinquesCx. quinquefasciatus

The phylogenies also showed that some prevdemovohaplotypes that were
transferred between tissues acquired additionedllipderived, secondary mutatiofsqure

3.7D). Populations containing these haplotypes weethis most divergenE{gure 3.8).

Haplotypes in the salivary glands and saliva withtations shared with haplotypes arising in the
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midguts or legs acquired on average 2.5x morelipdakived mutations than haplotypes

without common mutations (2.4 compared to §.4,0.05 - Mann-Whitney test).

Intrahost purifying selection is host-dependent

Selection becomes the predominant force changingntdrequencies as. increases.

We estimated the rates of intra-tistggexpansion andlle at the time of sequencing using GE as
a proxy. Viral GE increased at faster rates duremdication inCx. tarsalisandCx.
quinquefasciatumidguts Figure 3.1D) even though the number of GEs in the midguthat t
time of sequencing were not significantly differ&etween specie§igure 3.1C p > 0.05), and
these differences may also influence selection.

Viral iLVs (including single and double nucleotigesertions and deletions) in the coding
sequence are predicted to be deleterious and aipidly removed by selection. Therefore we
first assessed the level of purifying selectiomimasuring the accumulation of HF iLVs per
coding sequencéd-{gure 3.9A). The input WNVic did not contain any HF iLVs, tle¢ore all HF
iLVs must have accumulated during replication insopatoes. We did not detect species or
tissue-dependent effects on viral iLVs accumulafmr 0.05, Kruskal-Wallis-Dunn’s
corrections). Next we calculated the ratialgfto ds substitutions per coding sequence site
(dn/ds) using both iISNVs and iLVs. Viral populations frdhre species in which WNV diverged
the mostCx. tarsalisandCx. quinquefasciatysiad highedy/ds ratios Figure 3.9B) anddy
rates Figure 3.9C compared t&€x. pipiensandAe. aegyptibut similards rates Figure 3.9D).
These data suggest that slight differences in mtuzsgpecific selection may lead to higher

population divergence. Specifically, more contrdaral replication during infection a@x.
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pipiensandAe. aegyptmidguts Figure 3.1D), is likely apparent in our data as stronger
purifying selection Eigure 3.9B).

In addition, these data, combined with previousiyarted data on intrahost population
dynamics of WNV in various avian species (Chap)ed2monstrate that purifying selection is

weaker in mosquitoes compared to birds.
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Figure 3.9. Host-specific strength of purifying sactionin vivo. (A-D) The strengths of
purifying selection were compared between mosagperies and between mosquitoes and birds.
Wild caught birds (American crows, house sparramsl American robins) and 2 days old
chicks g = 3 for each species) were previously inoculatéd the same WNVic used in this
study and the serum was sequenced at 3 days pesion (Chapter 2).AX) Accumulation of
potentially deleterious mutations was estimatethieynumber of high frequency iLVEB) The
ratios of nonsynonymously) to synonymousds) substitutions per nonsynonymous and
synonymous coding sequence site, respectivkigld, > 1 [dotted line] weak purifying selection,
< 1 strong purifying selection)C{ thedy rates, andl¥) theds rates were used to infer the
strength of purifying selection. All data were suarired using the meadA(B) or geometric
mean C, D) and the 95% confidence interval from each tisswe biological replicate per host
(*, p < 0.05; ns, not significant).
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Fitness of saliva WNV populations is lower in aviarcells relative to the input virus

The fitness of WNV within mosquito saliva was esdted using two methods. First,
relative fithess was measured usingitro competition against a genetically marked reference
virus (Figure 3.10A Figure 3.11A). The saliva-derived viruses were mixed 1:1 wité t
reference virus and added to a monolayer of chiéXeri cells. WNV in mosquito saliva was
consistently displaced by the reference virus dudmect competition. WNV recovered from
Cx. quinquefasciatusepresented only 10-20% of the total followinga8/sl of competition and
was significantly lower than the proportion of WNVic during competitiong§ > 0.05, Mann-
Whitney test). WNV fronCx. tarsalis Cx. pipiensandAe. aegyptsaliva was undetectable by 2
days post infection. However, the range of highueacy for the quantitative sequencing assay is
0.1 to 0.9 [171], therefore we can only determima the undetectable competitor WNV is <
10%. Second, we calculated the ratios of viral GBEUs to determine if lower relative
fitnesses were due to losses in infectiviiiglre 3.108. We found no significant differences
among species or in comparison to the input WN% 0.05, Kruskal-Wallis-Dunn’s
corrections).

The competitive fitness data suggests that sewautdtions with decreased relative
fitness are incorporated into the WNV populationsrmy systemic mosquito infection and are
transmitted in the expectorated saliva. Therefaedested the relative fitness of the highest
frequency nonsynonymous mutation detected in eaghenced saliva sample by engineering
the mutations into the WNVicT@ble 3.1). Five of the nine mutations lowered the fithes®F-

1 cells relative to the WNVic and the remainingrfbad no effectKigure 3.10C Figure
3.11B). A 1449T mutation to the WNV nonstructural proté (NS3) derived fronTx. tarsalis

also had severe replication defects in DF-1 céligure 3.10D), while mutation NS5-W808C
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from Ae. aegypthad diminished replication in both avian (DF-13lanosquito cellsAe.
albopictusclone C6/36) relative to the WNVi€igure 3.11Q. These data are consistent with

the findings that ~60% of SNVs are predicted to &let@rious or lethal [411].
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Figure 3.10. Viral populations in mosquito saliva lave a lower fitness in bird cells relative

to the input virus. (A) Competitive replicative fithess in DF-1 cellstbé WNVic and WNV
recovered from mosquito saliva (competitors) coragdao a WNV reference (WNV-REF)
during co-infection. The proportion of the compatigenotypes from the DF-1 supernatants
were determined by quantitative sequenciigyre 3.11A) and were normalized by the fold
change (logtransformed) from the inoculum. Values below tbéet line at O represent
samples with decreased competitive fithess compar®dNV-REF. The proportion of
competitor from saliva samples that went to extorc{proportion = 0) was reset to 0.01 for fold
change calculation€x. quinquesCulex quinquefasciatugB) WNV GE:PFU ratios from the
bloodmeal and all saliva samples containing viresexcalculated to determine if differences in
relative fitness were due to differences in infati(mean with 95% confidence interval; ns, not
significant).(C-D) The highest nonsynonymous variant detectedch eecovered saliva
sample was engineered into the WNVic to deterntieditness of mosquito-derived mutations
(Table 3.1). (C) Competitive fitness of the mutants relative te WNVic during DF-1 cell
infection was determined as describedAn (Figure 3.11B. (D) Replicative fitness of the
mutants compared to the WNVic and WNV-REF duringDe€ell infection was determined by
gRT-PCR (1 = 4 for each virus). Replication fithessAe. albopictuslone C6/36 cells is shown
in Figure 3.11C Cx.t, Culex tarsalis Cx.q Cx. quinquefasciatu#®\e.g Aedes aegypti
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Figure 3.11. Competitive fitness of viral populatios recovered from mosquito saliva and
mosquito-derived mutations relative to the input vius. (A-B) Competitive replicative fitness
in chicken fibroblasts (DF-1 cells) of the WNV ieoteus clone (WNVic) andX) WNV
recovered from mosquito saliva arig) (nosquito-derived mutations (competitors) compaoced
a WNV reference (WNV-REF) during co-infection. Timportion of the competitor genotypes
from the DF-1 supernatants were determined by da#iieé sequencing [386] and the dotted
lines at 0.1 and 0.9 indicate the range of higluesmy [171]. The mosquito-derived mutations
were the highest nonsynonymous variant detectedch recovered saliva sample and
engineered into the WNVid able 3.1). (C) Replicative fithess of the mutants compared & th
WNVic and WNV-REF duringAedes albopictuslone C6/36 cell infection was determined by
gRT-PCR targeting the WNV envelope coding sequé¢nee4 for each virus)Cx.t, Culex
tarsalis Cx.q Cx. quinquefasciaty#\e.g Aedes aegypti
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Discussion
Species-dependent impacts on viral genetic divergit

Using NGS we characterized WNV populations duriggfeamic mosquito infection from
individuals of four important WNV vectors. Our datanfirm that replication in mosquitoes
promotes WNYV diversification [137,161,164]. Impartly, however, our data also show that the
degree of viral divergence is species-dependentfi@tiobservation was that a much greater
number of WNV consensus mutations occurred dupdjaation in the tissues &x.
quinquefasciatuandCx. tarsalisas compared t€x. pipiensandAe aegyptiMeasures of
genetic distance from the input virus also demaetr that WNV replication i€x.
guinquefasciatuandCx. tarsalisproduced twice as many iSNVs compare@o pipiensand
Ae. aegyptiThe nucleotide diversity fro@x. pipiensnaturally infected with WNV [137] and
field-derivedAe. aegyptexperimentally infected with DENV [160] were sianilto our intrahost
WNYV data from the same species (~1 per genome). iHemaur calculations of WNV
nucleotide diversity during replication Ae. aegyptwere about 4x lower than what was
reported during CHIKYV infection [117]. These resuduggest that the evolutionary outcomes of
RNA virus transmission by an arthropod are the peb@df specific virus-vector interactions that

influence genetic drift and selection.

Repeated stochastic reductions in genetic diversity

Vector competence is largely determined by barterafection and escape from key
mosquito tissues, principally the midgut and sainglands. These anatomical barriers impose
bottlenecks as arboviruses spread in mosquitoess92,295]. Several aspects of our data

suggest that RNA viruses undergo stochastic realein genetic diversity in mosquitoes. First,
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the majority of the iISNVs and novel haplotypes gatexl within one tissue were not detected in
the subsequent tissue (e.g. iISNVs generated imithguts were rarely detected in the legs).
Second, Tajima’® (negative values), Harpending’s raggedness (mattahmismatch
distributions), and the phylogenies (spatial stiteetand star-like topologies) suggest that genetic
bottlenecks arise when new tissues are coloniz@4-§06,412].

The magnitude of these bottlenecks is however diperupon the virus diversity, and
amount of virus in the bloodmeal, and virus-ve@airing. We exposed mosquitoes to a high
dose (~2 x 1DPFUSs) of virus containing one dominant haplotype several very low
frequency variants. Ciota et al. found that higgtrency haplotypes (0.15) are more likely to
survive the bottlenecks withi@x. pipiend292]. The same was true of WNV infectionGx.
tarsalisandAe. aegyptivherein the input haplotype was dominant in aBuies, but not iGx.
guinquefasciatug which the input haplotype went to extinctiorti legs. Forester et al.
determined the bottleneck severity is inverselyppraonal to amount of virus in the bloodmeal
[295]. Therefore transmission cycles involving ebrate hosts with high peak viremia, such as
birds infected with WNV [176], may have less sevaidgut bottlenecks compared to cycles
involving hosts that develop lower viremias, sushr@ents infected with some subtypes of
Venezuelan equine encephalitis virus [413]. Thé ligse that we used for this experiment is
representative of the dose present in natural ad@rdmeals; therefore the observation that
midgut infection has the weakest bottleneck (52-ft2@&der genomes) among the barriers tested
likely reflects natural WNV transmission. Moreovtre midgut infection bottleneck size is also
dependent upon the virus strain and mosquito sp@eie. For example, Gutierrez et al.
calculated about a 6x greater number of foundeom@s with enzootic VEEV strain paired with

Cx. taeniopugNe ~ 520) than with an epizootic strain paired wAil taeniorhynchu@N. ~ 83)
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[296]. Our data demonstrate that population botités occur across a range of mosquito vectors
of WNV and that bottleneck severity (i.e. sndl) may be related to the strength of the
anatomical barrier (small proportion of infectesbsties). Specifically, withi@x.

guinquefasciatusve predict that the least severe bottlenecks adweung midgut infection

(~100% infection rate) and the strongest during ®yimato the saliva (~45%).

Recovery of genetic diversity during population expnsions

Following stochastic reductions in genetic diversite observed rapid recovery in virus
population size and diversity during expansionthanext tissue/compartment that was likely
promoted by RNAI [164,165]. However, our data doessupport that differences in RNAI
targeting were responsible for the differencesitrartissue divergence detected among species.
RNAI promotes diversification by selecting for rdraplotypes until they are no longer rare. This
diversifying selection is best measured by Sharemdropy where genetic complexity is the
greatest when the frequencies of two alleles atad are both 0.5 and complexity decreases as
one allele becomes more dominant. Therefore diyamngi selection as imposed by RNAI will
act to increase genetic complexity more so thaardence. During mosquito infection, WNV
complexity was not significantly different amongesges while more variants trended towards
fixation during replication ifCx. quinquefascaituandCx. tarsalis This suggests that
bottlenecks and selection are more likely respdaddy the species differences in viral
divergence than RNAI.

Stochastic forces alter the genetic compositiothefviral populations as they pass
through the mosquito anatomical barriers, but agpthpulation expands, even weak selection

may play a role in WNV replication. All viral popations studied developed large numbers of
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deleterious mutations (i.e. iLVs), but our measuriedy/ds suggest that selection may effect
intra-tissue divergence. Specifically, the mosqgsjtecies with the most intra-tissue divergence,
Cx. quinquefasciatuandCx. tarsalis also had the highest nonsynonymous mutation (e{g¢s
despiteCx. pipiensandAe. aegytphaving similards values. These variations appear to be due to
differences in the strength of purifying selectaomd may be mediated by mosquito’s ability to
control WNV replication. Pressure against viralliegiion removes the least fit genomes first
(e.g. nonsynonymous mutations with lowered fitneasyl control of replication, such asGm.
pipiensandAe. aegyptmidguts, lowergly. Thus, the comparatively rapid rates of WNV
population expansion withi@x. tarsalisandCx. quinquefasciatusay facilitate higher genetic
divergence because there is less pressure frofyipgrselection.

Haplotypes arisinge novan mosquitoes were more likely to accumulate feirth
mutations than the input haplotype (~2.5%). In fdwo, intra-tissue populations with the most
genetic diversity (especially withi@x. quinquefasciatysppear to have been seeded by a
haplotype that arose within mosquitoes (rather tharinput WNV haplotype). We hypothesized
that the mutations arising ale novahaplotypes could have 1) decreased the replicétietity
or 2) helped the virus to explore an adaptive laads. Increased viral genetic diversity has been
shown to be beneficial in mosquitoes [171], pogdiyl providing a mechanism for escaping
RNAI [164,165] or by cooperative interactions betwdnaplotypes and viral proteins [414].
However, decreased fidelity haplotypes often haveel relative fitness through accumulation of
deleterious mutations [266,26%}e novohaplotypes increased in frequency and persisted in
multiple tissues but did not cause an accumulaifahVs compared to the other species;
therefore it is not likely that these mutationsszdichanges in replication fidelity. Multi-step

pathways that cause accumulations of viral mutatlave been discovered in other viral
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systems [415,416], including arboviruses [115,1TF principle of a multi-step pathway is that
even weak selection for a beneficial mutation al@wnetwork of secondary adaptive mutations.
Overall, our results suggest that multi-step adagtathways may arise during a single systemic

mosquito infection.

Lower relative fitness in avian cells

Repeated reductions in genetic diversity may leati¢ accumulation of mutations that
confer low fitness [122,272]. As has been suggesteDENV [160], the immediate deleterious
effects of bottlenecks and high mutation rates apmzkto be avoided by WNV through the rapid
recovery of viral genetic diversity during intrague replication. However, rapidly expanding
populations and high MOIs may allow mosquito tissteetolerate new mutations, which could
be either costly or beneficial in a new environmdoR]. Surprisingly, we detected a severely
lower competitive fitness of the saliva derived WINdpulations relative to the input virus in
avian cells. Several changes to the viral populasioucture may account for the relative fitness
declines in the absence of notable consensus chamgee recovered saliva populations. All
viral populations in our studies accumulated abahda/s (> 0.1 per coding sequence, all
frame-shifting) and nonsynonymous mutations (>g&6amino acid sequence), most of which
are predicted to be lethal or deleterious [411fakbt, five of most frequent nonsynonymous
mutations detected from the nine recovered salbpulations engineered into the WNVic
decreased the relative fitness of the virus. Funtioee, limiting our analysis to the protein
coding sequence likely missed potentially importations to the untranslated regions that may
have negatively influence RNA structure and fitn@d4s]. However, the viral genetic diversity

detected in mosquito saliva may have benefits resisured in our experiments that could
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facilitate rapid adaptation in new environmentsadiaition, the mechanisms of fithess recovery
in a highly purifying avian environment requirethugr study.

Arbovirus transmission cycles lead to slow rateswaflution [148]. A common
explanation for this is that mutations occurringrinsquitoes are deleterious in vertebrates (and
vice versa), leading to fitness trade-offs. Howetas hypothesis has been debated due to
conflicting results [140,142,157]. These data, comad with our previous studies [141,418],
support a fitness trade-off in birds but not in oquosoes. The difference between studies may be
partially attributable to methods for measurin@gtigke fithess (competitive vs replicative), MOI
differences (low MOlIs to allow for variants to réateir true fitness levels [121]), and the
replication environmenirg vivovsin vitro). These differing results may also represent the
complex nature of virus-host interactions. For eglanflavivirus-Culexbird and alphavirus-

Aedesrodent cycles may fundamentally differ in theiokitionary dynamics.

Conclusions

In addition to RNAI, inter-tissue bottlenecks antla-tissue selection pressures can
significantly alter viral populations. Our data damstrate tha€x. quinquefasciatusay be
significant drivers of WNV divergence and are midkely to transmit virus with consensus
sequence changes compared to other mosquito sgeersned. We previously demonstrated in
wild birds that WNV disease-susceptibility was negdy associated with maintaining viral
fitness (Chapter 2). Taken together, we hypothdsiaetransmission cycles involvirgx.
guinquefasciatuand American robins (disease resistant) would beeriikely to produce novel
WNV genotypes while maintaining high viral fitnebsn transmission cycles involvil@x.

pipiensand American crows (disease susceptible). In mxiditve have outlined the stochastic

95



and deterministic forces that continuously shapal yiopulationsKigure 3.12. At anatomical
barriers, viral populations undergo population leoicks that greatly reduced genetic diversity
through drift and founder’s effects. A small vigpgpulation seeds subsequent tissues and then
rapidly expands. Population fluctuations and gendiirersity led to tissue-specific viral
haplotypes distinct from the input virus populatidhe impacts of repeated bottlenecks on the
virus populations are important for two main reasdr) The high variance in variant frequencies
detected among the mosquito-borne viruses sholaa #he populations to explore very

different adaptive landscapes [97,98], such as avbalexpected between mosquitoes and birds.
2) However, genetic drift coupled with weak punifgiselection in mosquitoes may also lead to
the accumulation of deleterious mutations (i.e.anahal load). Therefore, the collective fithess
of the expectorated WNV from mosquitoes starteal @bint of lower relative fitness (i.e. in a
fitness landscape valley) than the input virusesdiavian cell infection. Thus, most of the
mosquito-derived viruses were rapidly removed lbgrsj purifying selection and/or were
displaced by the more fit input viruses during msedection. The observed lower fitness relative
to the input virus is reminiscent of that predicteaccur as a result of Muller’s ratchet [271],
which has been observed to result in virus fitresginesn vitro [122,272], but not previously

in vivo. Taken together, our results illustrate the irohgrthropod transmission, and may
explain why arboviruses have low long-term ratearafno acid substitution compared to other

host-specific RNA viruses [148].
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Figure 3.12. Impacts of anatomical barriers and maguito species on viral population
structure. (A) Mosquitoes feed upon a bloodmeal containing atikedly homogenous WNV
population than seeded infection in the midgutheghial cells. Within the tissue, the viruses
rapidly diversified during a phase of populatiopaxsion and weak purifying selection. Only a
few viruses escaped and seeded infection in thesagxf cells, reducing genetic diversity. The
cycling of stochastic reductions and rapid divécation led to unique subpopulations in each
tissue and transmitted in the salivi) The genetic diversity of the transmitted virapptations

is dependent upon the vector species, but all aslatenpotentially deleterious mutations such as
frame-shifting insertions and deletions and lowd&s amino acid substitutions (mutations per
genome represent both iSNVs and HF iLVs). The vamd mutation colors represent tissue of
origin (bloodmeal = black, midgut = orange, hemghynglegs) = red, salivary glands = green,
saliva = blue) and “X” represents predicted deletey mutations.
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Chapter 4: Region specific patterns of West Nile vius population structure, injury, and

interferon-stimulated gene expression in the brairfirom a fatal case of encephalitis

Introduction

West Nile virus (WNV) is a mosquito-borne virustiean result in human neuroinvasive
disease (WNND) [419]. Postmortem studies from pésievith WNV encephalitis reveal
characteristic neuronal loss and glial nodulefiengrey matter of the thalamus, medulla, pons,
midbrain, basal ganglia, and anterior horn of {hiea cord [420]. However, cortical neurons do
not display pathologic injury. In mice, regionalunenal susceptibility is in part due to type |
interferon-dependent restriction of WNV infectidimdugh the induction of interferon-stimulated
genes (ISGs) [373,421]. In human cases, the undgrtjstribution of ISG expression, WNV
guantitative loads, viral genetic diversity, and tlegree to which they associate with central
nervous system (CNS) injury are not known. Accogtlinwe examined these factors in distinct
brain regions of a patient with WNND. Our data segjghat thalamic regions displaying
neuropathologic and neuroimaging evidence of inalsp exhibit high ISG expression and viral
loads associated with increased WNV amino acidrditye In comparison, cortical neuronal
regions exhibit unexpectedly high viral loads bumimal injury, decreased ISG expression, and

lower viral amino acid diversity.

Materials and methods

Tissue collection and immunohistochemistry
CNS tissue was placed in RNAlater (LifeTechnolsyi@ 10% formalin for downstream

analysis and total RNA isolated using the High Rdiral RNA kit (Roche). Fixed brain tissue
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samples were prepared for immunohistochemistry Jl&t@alysis with an additional step of three
subsequent 7 min treatments of 0.1% sodium boradsyain PBS to remove background
autofluorescence. Tissues were labeled with rabbitoclonal antibody against cleaved-caspase
3 (CC3, Cell Signaling #9664) and mouse monoclangbody to WNV envelope (ATCC, clone
E18, VR-1611) at a dilution of 1:100 overnight &Gl TritC conjugated Goat anti-IgG (Jackson
Immunoresearch) was used for secondary stainingerSlips were mounted with ProLong Gold
antifade reagent (Life Technologies), images oleinsing an Olympus VS120 Virtual Slide
system, and analyzed using Olympus VS-Desktop so&wSecondary only labeling controls
were used to calibrate exposures for each tissaee B8l research has been reviewed and
approved by the University of Colorado InstitutibBéosafety Committee and Colorado

Multiple Institutional Review Board (COMIRB).

RNA isolation and sequencing

WNV RNA copies per mg of tissue were determineanftotal RNA isolated from each
indicated CNS region using previously describedprs and qRT-PCR [388]. Ribosomal
depleted (RiboMinus, Waltham, MA) total RNA fromobabrain region was prepared for next-
generation sequencing (NGS) using the Ovation RM4-System V2 and Ultralow Library kits
(NUGEN, San Carlos, CA), as described in Chapten2zhe NextSeq 500 platform (lllumina;
sequenced at Colorado State University IDRC Gene@are). The 150 nucleotide (nt) paired-
end reads were demultiplexed using BaseSpace (Ha)mTo determine ISG expression, reads
were aligned to humaBtatl(GenBank accession no. NM_0073183ad2(NM_080657) Jfi27
(NM_001288957)|rg1l (NM_001258406)|rf1 (NM_002198)0Oas1(NM_016816), andfitl

(NM_001548) using MOSAIK [390].
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To obtain the consensus WNV sequence from thigmpadind to define viral genetic
diversity, WNV reads from the frontal cortex wessambled using Trinity [389] to create a
reference sequence (KT020853) for guided asseminty €ach region using MOSAIK. Intra-

tissue WNV minority nucleotide variants were analyzising Vphaser2 [391].

Results
Case report

A 51 year-old female presented with 2 days ofeasing altered mental status and
decreasing responsiveness. lliness was precedédlays of fever, nausea, and diarrhea. The
patient’s past medical history was remarkable fbrséory of rheumatoid arthritis treated with
methotrexate and prednisone, last on treatmenéd préor to presentation. The patient was
evaluated in the emergency room, intubated forarprotection, and lumbar puncture
performed to obtain cerebral spinal fluid (CSF)jshhexhibited 163 white blood cells/ml with a
differential of 99% lymphocytes. Magnetic resonamsaging (MRI) revealed increased signal
in the insula, medial temporal lobe, medial le&ilgmus, and left cerebral pedundfeglre
4.1A-B). CSF was positive for WNV 1gG (1.82, normal <1129 and IgM (8.74, normal <0.89
IV; Focus Diagnostics ELISA), but CSF and serumensggative for WNV RNA by RT-PCR
(ARUP Laboratories, Roche Molecular Systems InWith these data, the patient was diagnosed
with WNV encephalitis. During hospitalization inetintensive care unit, the patient was weaned
from sedation, remained comatose, and had an eéextephalogram (EEG) showing diffuse
slowing. The patient did exhibit brain stem funaotlout minimal peripheral responses with a
physical exam consistent with loss of lower moteunon function in all four extremities. MRI

of the spine exhibited no spinal cord lesions. Miesygressive supportive care, the patient
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passed away following a cardiac arrest at day Ifospitalization. Autopsy was initiated 22
hours and 30 minutes after death and found no ee&lef myocardial infarction or coronary

artery disease. Brain tissue was collected at tifaitopsy.
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Figure 4.1. Regional MRI injury patterns correlate with apoptosis and ISG expression

MRIs (T2 sequences) showing increased signal irtteimsthe (A) midbrain substantia nigra and
left mesial temporal lobe (arrows) ar®) the thalamus and right caudate nucleus (arrai@s3).
IHC staining for cleaved-caspase 3 (cy3, red) amtMeénvelope antigen (TRITC, green) from
indicated brain regions. Bar=50um. Percent of qadishigh-power field positive foD|
cleaved-caspase-3 (CC3) al) WNV envelope antigen.pr< 0.0001, unpaired T-tesE)

Reads per kilobase per million mapped reads (RPtdKIGs from different brain regions were
determined by next-generation sequencing. Greyibdrsate brain regions with neuronal
injury.
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Brain injury and ISG expression

MRI evidence of injury in the thalamus correlatith a 10-fold increase (p<0.0001) in
expression of cells positive for a marker of aps@@¢CC3) when compared to an uninjured
region in the temporal lobe (17.8 £ 2.6 vs 1.7&/Qmean positive cells per HPF + SEM,
Figure 4.1C-D). CC3 expression was not correlated with WNV eopelantigen expression
(Figure 4.1F). Using NGS of whole tissue RNA, we determinedrilative expression of ISGs
found to be important in murine neuronal controYdV [352] between indicated regions of
the CNS during acute human WNV encephalfigre 4.1F. We found that, in general, ISG
expression was the highest in the subcortical éssif the thalamus and basal ganglia (caudate

nucleus and putamen) that also exhibit injury.

Viral loads

As detailed above, CSF was positive for WNV Ig@ &M but negative for WNV
RNA. However, the frontal cortex, thalamus, andceant horn of the spinal cord exhibited in
excess of 1xIOWNV RNA copies per mg of tissue; whereas, the mailh) caudate nucleus,
putamen, and temporal lobe all exhibited less thelitf WNV RNA copies per mg of tissue
(Figure 4.2A). From NGS, each tissue yielded 25-33 million s#aping reads and 0.04%
(frontal cortex) to 0.00004% (temporal lobe) ofgbaligned to WNV genetic sequendad\Vv
population size (WNV RNA copies) directly correldt@ith the WNV sequencing coverage as
previously described~gure 4.2B) (Chapter 2). The consensus WNV genome sequence
obtained from this patient belonged to the WNOZoggme Figure 4.3); however, the WNV
consensus sequence contained several novel amdhsustitutions found mostly within the

viral nonstructural proteing-{gure 4.2C, Table 4.]).
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Figure 2. Variations of WNV copies and population sucture among brain regions. (A)

WNV RNA was quantified from different brain tissyu@separed for next-generation sequencing,
and (B) aligned to the WNV genome (displayed aslmemof aligning reads per million reads
sequenced). The colored bars represent tissueenatigh WNV coverage for subsequent
population genetic analysisC)Y The consensus WNV sequences from each tissueamatgzed
and each line represents an amino acid change cedthfiathe prototype strain NY99 (pink lines
represent novel mutations, see also Table 1). €heept of all sequenced WNY) nucleotides
and €) amino acids with substitutions were compareduiolished reports of WNV and dengue
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virus in other vertebrate samples and WNV in masgsi. £) Individual intra-tissue WNV
variants were plotted across the genome. Diamapesent amino acid substitutions and
circles represent silent mutations. *data adaptech lChapter 21 data adapted from reference
[137]; § data adapted from reference [422].
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Figure 4.2. WNO2 genotype WNV recovered from the geent’s brain. Phylogenies were
constructed using the Bayesian Markov chain Morggddmnethod in BEAUti and BEAST

(v1.8) [407] with a HKY substitution and gamma dieterogeneity model and a lognormal
relaxed molecular clock. Star = brain sequencekibaNY99 genotype, blue = WNO2 genotype,
green = SWO03.
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Table 1: WNV amino acid substitutions compared totie prototype strain NY99.
WNV genome nucleotide position

Strain (source, Pairwise Nt

year, state) identity changes 268 1442 4025 4208 4294 4599 4749 5717 63535 8621

NY99 (flamingo,

1999, NY) G T G A A A C G T A A

04-214CO (human,

2004, CO) 99.8 25 ° C [ [ [ ) ) ) ° ° °

CO5-07 (human,

2007, CO) 99.6 41 ° C ) ) ) ) ) ° ° ° G

BSL6-11 (human,

2011, MS) 99.4 61 ° C ° ° G ° T ° ° G °

AVA1202600

(Culex 2012, TX) 99.4 64 ° C ) ) ) ) ) ) ° ° °

FtC-3699 Culex

2012, CO) 99.4 64 ° C ° ° ° ° ° ° ° ° °

BSL2-10 (human,

2010, AZ) 99.3 68 ° C [ [ [ [ [ ° ° G G

Spinal cord/ant

horn 99.2 85 A C A ° G o/T A ° ° G T

Midbrain* A C A ° G o/T -- T ° G T

Thalamus 99.2 85 A C A ° G o/T A ° ° G T

Caudaté A - A T - o/T A ° C G T

Putamen A - A ° - - - - o/C - -

Frontal cortex 99.2 86 A C A ° G T/e A ° ° G T
Proteinaa# A58T VI159A RI167K N228l1 126V Q94H F46L G369C H580Q 1240M K314M

Protein C E NS2A NS2A NS2B NS2B NS3 NS3 NS3 NS4B NS5

Nt, nucleotide; aa, amino acid; C, capsid; E, empe] NS, nonstructuras;, ancestral nucleotide.
*, could not determine pairwise identity or the rhanof nucleotide differences due to incompleteecage of the coding sequence.
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Intratissue WNV genetic diversity

Due to low sequencing coverage of WNV from sorasues, only the cortex, thalamus,
and anterior horn regions were analyzed for WNVypaipon diversity. The percent of
nucleotides and amino acids with substitutions tbwithin these brain regions was comparable
to that previously reported for WNV and dengue siigolated from other vertebrate tissues, but
less than from mosquitoeBigures 4.2D-B [137,422](Chapter 2). The thalamic and cortical
tissues contained similar nucleotide diversity, iost of the WNV variants detected in the
cortex were silent mutations (i.e. do not changeatmino acid sequencé&jigure 4.2F). The
thalamus contained considerably more WNV amino aaluktitutions in comparison to the
cortex. The intra-tissue WNV nucleotide variantsdied to be concentrated in the nonstructural
genome regions, except for three envelope varfantsd in the cortexKigure 4.2F). Four
nucleotides were maintained as minority variantsvben at least two different regions, but the
majority of the nucleotide variants were found oima single brain regior={gure 4.2F. We
found additional evidence for region-specific diéfieces in WNV populations by comparing the

partial consensus sequences from all of the bissnés obtainedr@ble 4.7).

Discussion
Neuronal injury is independent of viral replication

The presented clinical symptoms and injury pattedefined by neuroimaging and
immunohistochemistry, in the subcortical grey nratfethe thalamus, basal ganglia, and
midbrain were representative of a typical brairoagged with WNV encephalitis [423,424]. To
our surprise, we found high viral loads in the tedicortex despite showing little injury, while

regions exhibiting injury exhibited highly variabl@al loads. These data suggest that in human
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WNND, neuronal injury may be independent of viglication and injury in the brain may be

due to regional factors.

Differential ISG expression is associated with neanal injury

Postmortem studies have shown that injury patteon®late with inflammatory
infiltrates in the brain [420]; suggesting thatlamhmation and innate neuronal subtype
susceptibility to injury are important determinaofslisease. The ISGd1, Irgl, Ifi27, and
Rsad2were shown to inhibit WNV replication in cortica¢urons and they were more highly
expressed in the cerebellum compared to the coftexce [352]. In this patient, we also show
that expression dffl, Ifi27, andRsad?2 in addition toStatl Oasl andlfitl, are regionally
heterogeneous, with the high levels generally foarttie subcortical regions of the brain. Thus,
it may be that regional differences in ISG expm@ssnay contribute to the regional patterns of

neuronal injury.

WNYV selection is stronger in injured regions

Our data on region-specific patterns of WNV genéiuersity further suggest that WNV
encounters different selective pressures and/chastic bottlenecks (i.e. random selection of
viral variants) as it spreads throughout brainwi$ injury, the regional differences in immune
responses and susceptibility of neuronal subtypesauontribute to the strength of selection. For
example, WNV populations in the thalamus exhibaadncreased frequency of amino acid
substitutions when compared to the cortex, sugggsin association between increased ISG
expression and selection in the CNS. Although casise amino acid differences between the

WNV populations of the cortex and the thalamus wer@mal, an expanding body of evidence
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demonstrates that minority variants may directlgt aignificantly influence WNV phenotype

[131,168].

Future directions

This work is from a single patient; therefore, timelings are hypothesis generating and
need to be verified in experimental models. Howgthex confluence of human clinical data and
timely acquisition and analysis of human brainuesss difficult to complete for this sporadic
infection. In this one host, we used NGS to shoidewe of intra-regional variation in viral
populations and ISG expression, which was simddhé findings presented from a mouse
model [352]. Still, other hosts (or patients) witiffering ISG patterns may exhibit different
regional viral genetic variation. Thus, furtherdies of minority WNV variants and immune
activation in the human CNS will be needed to idgmhechanisms of viral selection that are

associated with injury and disease.

Conclusions

We report the first comprehensive study of WNV &ian within a human case of viral
encephalitis and describe possible associationgeleet viral nucleotide substitutions,
neuroradiographic and pathologic injury patterms] ESG expression. These data should guide
future investigations into the role of inflammataggsponses in selective viral pressures and

injury patterns in the brain following viral infechs.
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Chapter 5: Concluding Remarks

Application of new technology to West Nile virus ewlution

Arboviruses such as West Nile virus (WNV), chikunga virus (CHIKV), and Zika
virus are emerging and re-emerging threats to humeaith worldwide. Genetic complexity of
viruses within hosts contributes to their abilibyrapidly adapt to new environments [49-51],
cause disease [131-134], and evade antiviral desgdd25]. It is therefore critical that we
develop a more detailed understanding of the uas-interactions that influence viral
population structures and fitness. Previousitro studies provided the framework for the viral
guasispecies theory and many other aspects ohostairus evolution [49-51,121-123], but the
challenge of today is to apply these concepts teematural settings. Advancements in
molecular technology, particularly next-generatsaoguencing (NGS), helped to reveal details
about the evolutionary dynamics of viral populas@uring intrahost dissemination,
transmission, and disease outbreaks at incredstaution [117,139,158,160,378,426,427].
Applying these advancements to experimental evaratly studies of arboviruses within
ecologically relevant hosts will help to unraved tomplexities of the transmission cycles and
predict evolutionary patterns.

The work contained in this dissertation sougtddscribe the formation of WNV
populations during infection of important avian teo&hapter 2), mosquito vectors (Chapter 3),
and a human brain from a fatal case of encephélitimpter 4). Taken together, one conclusion
is fairly obvious: WNV evolution is highly dependearpon the host environment. There are
major differences between the WNV population strceet formed within mosquitoes and birds,

but also subtle differences with significant consstces between species. It demonstrates that
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WNV and other arbovirus populations constantly emter unique pressures that alter its
evolutionary trajectory. Fitting together these pticated pathways will help us to create a more

refined model of arbovirus evolution.

Selection vs genetic drift

We first describe that the dominant WNV sequesaammmonly maintained during wild
bird infection. In fact, in the 45 birds analyzédspecies, 5 passages, and 3 replicates/passage),
only 14 mutations arose to > 50% frequency in #grerm and only three were nonsynonymous.
The lack of genetic shuffling shows that selectiatier than random genetic drift is the
prevailing force in birds. This also indicates ttiare are not severe population bottlenecks
between the site of infection (subcutaneous lafénebreast plate) and the serum. Similarly,
we did not find evidence for bottlenecks amongaheerior horn of the spinal cord, thalamus,
and frontal cortex regions in the human brain. Restthis indicates that within vertebrates,
WNV populations remain large enough to be consgantllded by natural selection (or remain
too large to be affected by drift). Mosquitoes tba contrary, impose several population
bottlenecks during systemic WNV infection. The ltecks prevented most of the viral variants
from passing between tissues and compartmentsndpiize viruses to evolve in isolation and
creating unique subpopulations. Random samplingoénts at tissue barriers can redistribute
the WNV mutant spectra, further increasing theedéhces between subpopulations. Therefore,
genetic drift is much stronger in mosquitoes thawartebrates.

The rarity of high frequency amino acid substita@etected in birds demonstrates that
1) the dominant WNV sequence used to initiate imdecsits at a high fithess peak and 2)

purifying selection is very strong. Confined byesgion, WNV could only accumulate a small
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amount of genetic diversity during avian infectighich was similar between bird species (as
measured by genetic complexity [Shannon entropgljdistance). As predicted [131,137,161],
WNV populations in mosquitoes were not confinedstrpng purifying selection and
accumulated significantly more genetic diversitgrtirom birds Figure 5.1). The increased
genetic diversity in mosquitoes is likely due toambination of genetic drift and RNA
interference (RNAI)-mediated diversifying selectid®4,165]. As with birds, genetic diversity,

as measured by richness and complexity, was silmgaveen mosquito species. Even though we
detected bird and mosquito species-dependent is\paca few mutations that arose to high
frequency, these data advocate for a universafsetes that govern intrahost genetic diversity.
One broad hypothesis is that there is an equilibtoetween viral diversification and host
restriction within an insular replication environmélike within a mosquito or bird). This was
borrowed from a similar type of governance formedaby MacAuthor and Wilson to understand
the regulation of animal species on an island [42Bgy proposed that where the rates of
immigration (viral diversification) and extinctighost restriction) intersected would represent an
equilibrium and the total number of species (Waliants) present within the island (host or
tissue). Furthermore, the equilibrium can changeisaset by island size and distance from
mainland. In our case, the equilibrium is likely bg specific virus and host factors, meaning
that the equilibrium is higher in mosquitoes thad$but may not be the same between different
arboviruses. It is possible that many differentgrais follow similar rules; however, this requires

direct testing for intrahost viral genetic diveysit
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Figure 5.1. Genetic diversity is greater in mosqud saliva than bird serum.Viral intrahost
genetic diversity from bird serum (Chapter 2) amasquito saliva (Chapter 3) was characterized
by measuringA) richness, B) complexity (the proportion of different variantsa mutant
spectrum), andQ®) iISNV distance. Data shown as means with 95% denfie intervals (*p <
0.05, **, p < 0.01 by Kruskal-Wallis-Dunn’s corrections).

Virus-host interactions that drive viral adaptation

There were some very interesting differences beatvtlee WNV population structures
among the infected crows, sparrows, and robinthdrbirds most susceptible to disease (crows,
100% mortality rate), we detected more unique vatiaci (genetic richness) and deleterious
mutations (frame-shifting insertions and deletiomis}the bird least susceptible to disease
(robins, 0% mortality), new variants and haplotypssse to higher frequency. Many of these
high frequency WNV mutations found in robins altetbe amino acid sequence and were not
found in the other bird species. This suggeststiieae may be some weak positive selection
occurring in robins, and it may be associated withore robust antiviral response that limits
viral replication and susceptibility to diseasesifilar trend was found in the different brain
regions. The thalamus, which expressed the higeesis of interferon-stimulated genes, also
had the highest levels of amino acid substituteam®ng the regions analyzed. The changes to
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the WNV amino acid sequence were mostly found énrtbnstructural protein coding regions
that are important for viral counter-defenses ®libst innate immune response. The data
presented here fit the predictions described byfaheet al. that during infection of susceptible
hosts (and tissues), viral adaptation increasasrfaanly estimated by amino acid changes) with
the strength of the immune response [333]. TheesmlaViously tips when the immune response
is too strong, but since viral replication wasl tdcurring, we assume the strength did not
progress much beyond “moderate”.

During infection of mosquitoes, we also found diéieces in WNV population structure
among the species associated with rate of WNV @iaul expansion. Purifying selection was
stronger in mosquitoes better at controlling thieg®f intra-tissue WNV population expansion
(i.e. withinCx. pipiensandAe. aegyptmidguts). The presence of severe bottlenecks, hene
randomly altered the distribution of variants analde it difficult to detect positive selection.
Therefore, we can suggest an association betweareplication control, possibly mediated by
a stronger innate immune response, and the ley@irnifiying selection within mosquitoes, but
not positive selection.

Interestingly, no mutations to the protein codiegeence were reproducible at high
frequencies among any of the sequenced samplesisTéomewhat surprising because the WNV
that was used in Chapters 2 and 3 was from the Njé@@type that was quickly displaced by
WNO2 [101], suggesting there was room for adaptatiat was not explored during our
experiments. Even more surprising was that the WikQtion to the envelope protein, A159V,
was never detected in any of our samples, eveswnatrequencies. However, there were
mosquito- and bird-specific mutations that occuirethe 3’ stem loop (3'SL) of the

untranslated region (UTR) that were highly reprobigc Analyses of both UTRs were not
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included in the research chapters because not saemple had enough coverage at the extreme
ends of the genome to enable proper populationtigestatistical analysis. Yet, in the samples
with sufficient coverage, we consistently detededinct UTR mutations in 3-15% of the
haplotypesKigure 5.2. In birds, there were three U-to-C mutationsitaiss10956, 10957, and
10959 all found on the same haplotype that “loodéttee 3'SL. Conversely in mosquitoes,
there were four single nucleotide mutations andingertion co-occurring on the same
haplotype made the entire stem a perfect doubderdéd RNA match. Why and how these
haplotypes form is not known. Intermediates withly@ome of the described mutations were
never found, so perhaps these arise via host Rithgdimilar to APOBEC3G editing of HIV
[429]. If these mutations are arising in birds RiMA editing, then by what mechanism? U-to-C
editing is known to occur, however it is very rg480]. Perhaps a more logical explanation is
that adenosine deaminases may be performing the coonmon A-to-I editing on the negative
viral RNA strand [431] and then being copied akEtchanges on the positive strand.
However, it is not even clear at this point if thegvide a virus or host advantage. One thing
that is clear though is that they were never foainkigher than 15-16% frequency; therefore,
some force is limiting their accumulation. Furtlegperimentation is necessary to determine how
these haplotypes are infective on their own, ifjloilstancecis acting RNA-RNA interactions
required for negative-strand synthesis are impdd8-248], or if they can somehow present

themselves as a decoy to maintain fitness of tipellation (a true quasispecies trait).
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Figure 5.3. Species-dependent alterations to the VWN3’ stem loop.Mutations co-occurring
on the same sequences were detected during WNMatph in birds (Chapter 2) and
mosquitoes (Chapter 3), and were not found in gposite host or the input WNV infectious
clone (WNVic). Changes to Gibbs free enerd] was calculated using Mfold [432].

Fithess trade-off hypothesis

A significant consequence of WNV replication inwsois lower relative fithess in chicks
compared to WNV derived from sparrows and robins. Mlieve this to be a product of the
large WNV population sizes generated during intecof crows, potentially leading to increases
in intrahost MOI and thereby complementation. Irtja&¥NV populations recovered from crow
serum contained more genetic load (deleterioustmatasuch as insertions and deletions) and
evidence for weaker purifying selection comparethtother species, supporting the MOI-
complementation hypothesis. Populations carryirtgpeyenetic load would need to be purged in
the next host, as was seen in our fitness compegiin chicks. However, the replication

environments in the different birds did not sigeafintly alter the relative fitness of the WNV
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populations when transmitted to mosquitoes. Conubwi¢gh previous data [141,171], it appears
that mosquitoes are very tolerant of several @fieMNV population structures, again

indicating that purifying selection is weak. Théshould not be surprising that a replication
environment dominated by weak purifying selectigenetic drift, and RNAi-dependent
diversification (which does not act to maintain amacid integrity) would lead to severe relative
fithess declines in hosts dominated by selectibirds. As a result there is not a fitness trade-off
in mosquitoes, but a severe fitness trade-off idiFurthermore, this conclusion is independent

of the bird and mosquito species involved in traigsin.

Refining the transmission model

The data presented in this dissertation can be tasereate a more detailed map of the
WNV demographic changes as they travel through onteseg, birds, and occasionally into a
human brain. From an ingested bloodmeal, the pwalulation faces many barriers before it can
infect a vertebrate again. First, only a few visiggthin the population will seed infection in the
midgut [293,294], though the exact number of vieugee estimated to range from one to
thousands [292,295,296]. The population bottlerseslerity will determine the amount of
genetic diversity randomly lost from the bloodmiathe midgut; however, genetic diversity is
rapidly recovered during intratissue populationamgon by mutation, diversifying selection
from RNAI [164,165], weak purifying selection, asdmetimes, given the correct circumstances,
positive selection [117]. WNV populations that maiki the saliva must endure these cycles of
random genetic reductions and recoveries at eatiti@thl anatomical barrier (midgut escape,
salivary gland infection, and release into thevsaliHow far the viral population diverged from

its starting point in the bloodmeal is dependentrmsquito species-dependent factors — possibly
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including bottleneck severities, RNAI targetinglestive sweeps, and intrahost MOls.
Moreover, the genetic diversity accumulated wittmosquitoes may paradoxically provide
advantages in divergent fitness landscapes.

The WNV population in the mosquito saliva contaartsigh proportion of low fitness and
deleterious variants; therefore thé"10° PFU founding WNV population transmitted to birds
[291] will undergo a significant reduction in geieadiversity through immediate purifying
selection as infection is established. The pathefagfection in birds is likely similar to
mammals. Primary replication occurs in the fibrabdakeratinocytes, and Langerhans cells near
the site of infection [173,338]. Birds, howeveigkdymph nodes, so perhaps the infected
Langerhans cells travel to dermal lymphoid nod{d88] to seed primary viremia and visceral-
organ dissemination [173,340,341]. Our data suggbst the viral populations do not encounter
severe population bottlenecks during this prodagsthe selective constraints limits the amount
and type of genetic diversity that accumulates (racs synonymous mutations). The strengths
of purifying selection are predicted to lessenh@sgopulation size, MOIs, and intracellular
complementation increases (deleterious mutatiomfiarbored by high fitness variants within
the same cells). Nonetheless, the viral populatahreaches sufficient blood titers for
transmission back to mosquitoes contains lessatedes mutations than the population
transmitted to the bird, allowing it to have greditmess. The cost of switching between
stochastic (mosquitoes) and deterministic (birde¥gures during this arbovirus cycle is
probably the cause of their apparent slow rates/ofution.

What happens when the WNV population spills om&s humans is not entirely clear. If
the bird data gives us any indication, then theupston likely undergoes initial purifying

selection then establishes systemic infection watimany dramatic changes to the population.
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What variants make it beyond the blood brain bafB&B) is another mystery. Jerzak et al.
showed the high amount of WNV genetic diversityuscalated during passage in mosquitoes
decreased the lethality of a homogenous startipglation [131]. Therefore, the master WNV
sequence can lose pathogenesis when it is mixédvwartants containing random mutations,
either because it easier for the host to cleamteetion or the variants cannot pass through the
BBB. On the contrary, Vignuzzi et al. demonstrateat more diverse polio virus populations are
better at crossing the BBB than homogenous oneX.[TBese population-dependent impacts on
neuroinvasion suggest that there could be a sttctaasl/or deterministic bottleneck at the

BBB. The variants that make it into the centravoers system, however, looked as if they could
move freely between the different regions withautauntering bottlenecks. This was supported
by 1) identical mutations between tissues sequeaseaimilar frequencies and 2) similar levels
of viral RNA extracted between the regions. Thusseovirus is in the brain, injury to specific

regions is more likely to result from host- rathesn virus-dependent factors.

What can we predict about WNV evolution?

Unlike Stapleford et al. who experimentally reproed the emergence of a recent
epidemic strain of CHIKV [132], we did not detedsgitive selection for any mutation with
emergence potential. Therefore, we cannot predigspecific details about further adaptive
potential of WNV in North America. We can, howeverake predictions about fithess and
population structure during different transmissignles involving the mosquitoes and birds
studied within this dissertation. For example,asmission cycle involvinGulex
guinquefasciatugpushes WNV to diverge the furthest) and Ameriagins (maintains the

highest fitness, selects for variants to reachdmndtequency) will result in faster rates of WNV
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evolution (i.e. more consensus sequence changele) mwaintaining higher fitness than any
other combination of vectors and hosts examinedth@rmother side, a transmission cycle
involving Cx. pipiengpushes WNV to diverge the least) and Americamvsr@maintains lower
fitness, keeps mutations at low frequency) wilutes) slower rates of WNV evolution while
maintaining lower fitness (accumulate more deletesimutations).

We can make further generalized predictions aldmitale of birds by saying that any
species that cannot control infection (i.e. produesy high viremia and often succumb to
infection similar to American crows, such as thenawon grackle [176]) will push WNV
populations into a lower fitness landscape by px@sg more deleterious mutations. Whereas
susceptible birds that can control infection andtlviremia (e.g. mourning doves and Eurasian
collared-doves [176,227]) will drive selection faghly fit variants. Thus, perhaps we can use
simple viremia studies to make broad inferencesiabeoolution in birds, though knowing more
details about the virus-host interactions will hielpefine these extrapolations.

In mosquitoes, however, it is much more difficoltnhake predictions about difference
species. Genetic complexity, which is most likeifluenced by RNAI, was not significantly
different among tissues and species. This is ndinnish the role of RNAI in generating viral
genetic diversity during systemic mosquito infectibut suggests that RNAI targeting is not so
different between these speci€x(tarsalis Cx. quinquefasciaty€x. pipiensandAe. aegypli
to significantly alter the evolutionary trajectarf/the WNV infectious clone. We did discover
that aspects of vector competence may directlyamte intra-mosquito WNV evolution. First,
mosquitoes that allow for more rapid viral replioatwill have weaker purifying selection than
from mosquitoes that are better at controlling Wi¥lication. Second, we found an association

between the dissemination rate and the bottleneek®tween two mosquito tissues. For

119



example, we expect to find a more severe populdtaitieneck at the midgut escape barrier
when there is a 50% compared to a 75% disseminedten Together, we can use these data to
construct a rational hypothesis towards why WN\Wedied approximately 3x more during
replication inCx. quinquefasciatughan within the other species. WNV reaches pdaksti

during replication irCx. tarsalisandCx. quinquefasciatuiaster than irCx. pipiensandAe.
aegyptj allowing the accumulation more nonsynonymous trarta. In addition, the anatomical
barriers are more severe witldx. quinquefasciatudanCx. tarsaliswhich act to randomly

alter the variant distribution and lead to furtderergence. Therefore, it is possible to use basic
PCR or plague assays to estimate the rate of WN\Mgwen, but compared to birds, it will take
analyzing several different tissues and time poidtsvever, more detailed studies are necessary
to discover the mechanisms that govern vector ctgnpe in order to really know what drives
viral evolution within mosquitoes. Even so, theulespresented in this dissertation represent a

major advancement in the understanding and predicti WNV evolution during transmission.
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