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ABSTRACT 

 

DYNAMICS OF WEST NILE VIRUS EVOLUTION DURING INFECTION OF WILD 

BIRDS, MOSQUITOES, AND THE HUMAN BRAIN: UNRAVELING THE 

COMPELEXITIES OF SELECTION, DRIFT, AND FITNESS 

 

Over the last half century diseases caused by RNA viruses have emerged with increasing 

frequency. Emerging viral diseases have profound public health and economic consequences as 

highlighted by the recent epidemics of Ebolavirus in West Africa, MERS coronavirus in the 

Middle East, and avian influenza A(H7N9) virus in China. Furthermore, the recent emergence of 

several arthropod-borne viruses (arboviruses) in the Americas are of significant concern. West 

Nile virus (WNV) was introduced to the United States in 1999 and is now the leading cause of 

viral encephalitis in North America. Chikungunya virus (CHIKV) caused more than 1.7 million 

human infections in the Western Hemisphere since its introduction in 2013. Zika virus (ZIKV) 

was first detected in Brazil in 2015 and is associated with thousands of severe birth defects. 

RNA virus emergence can in large part be attributed to their rapid rates of evolution. Low 

fidelity of viral RNA polymerases (10-6 to 10-4 substitutions per nucleotide copied), coupled with 

rapid replication rates leads to the formation of large and genetically complex intrahost 

populations. Intrahost diversity provide viruses with the ability to quickly adapt to shifting 

fitness landscapes, either as a product of infecting new hosts or host environments. These 

intrahost variants can also collectively contribute to the phenotype of the population, influencing 

viral fitness and disease. Moreover, the dynamic nature of viral populations provides a “moving 

target” for antiviral defenses and severely limits our ability to develop new drugs and vaccines.  
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Arbovirus transmission imposes unique evolutionary pressures due to the requirement to 

constantly replicate in disparate hosts. Several studies using WNV have assessed how different 

host types impact arbovirus population structure, revealing that viral populations are more 

diverse in mosquitoes compared to birds. In mosquitoes, purifying selection is weak and virus 

diversification is driven by the action of RNA interference, which creates an intracellular milieu 

that favors rare genotypes. In contrast, purifying selection in birds is strong and the innate 

antiviral response is suspected to be dominated by type I interferon. This cycling of genetic 

diversification in mosquitoes and selective constraint in birds leads to slower rates of evolution 

compared to many single-host viruses. Despite these constraints, adaptations to local mosquitoes 

facilitated invasions of WNV and CHIKV. The mechanisms for arbovirus adaptation, however, 

are incompletely understood.   

Within hosts, genetically and phenotypically complex viral populations are formed by 

genetic drift and natural selection. Defining these processes in different hosts can help to predict 

future emergence, inform treatment paradigms, and enhance control efforts. Accordingly, we 

allowed WNV to replicate in wild-caught American crows, house sparrows and American robins 

to assess how natural selection shapes RNA virus populations in ecologically relevant hosts that 

differ in susceptibility to virus-induced mortality. After five sequential passages in each bird 

species, we examined the phenotype and population diversity of WNV through fitness 

competition assays and next-generation sequencing (NGS). We demonstrate that fitness gains 

occur in a species-specific manner, with the greatest replicative fitness gains in robin-passaged 

WNV and the least in WNV passaged in crows. Sequencing data revealed that intrahost WNV 

populations were strongly influenced by purifying selection and that the overall complexity of 

the viral populations was similar among passaged hosts. However, the selective pressures that 
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control WNV populations seem to be dependent on the bird species. Specifically, crow-passaged 

WNV populations contained the most unique mutations and defective genomes, but the lowest 

average mutation frequency. Therefore, our data suggest that WNV replication in the most 

disease-susceptible bird species is positively associated with virus mutational tolerance, likely 

via complementation, and negatively associated with the strength of selection.  

Different bird species clearly differ in their impacts on WNV population structure, but the 

role of distinct mosquito vector species on viral population genetics has not been addressed. We 

sought to determine whether important enzootic (Culex tarsalis, Cx. quinquefasciatus, and Cx. 

pipiens) and bridge vectors (Aedes aegypti) of WNV have differential impacts on viral 

mutational diversity and relative fitness. Using NGS, we report high genetic diversity during 

WNV infection of mosquitoes, with species dependent impacts on rates of WNV evolution (~2× 

greater divergence within Cx. quinquefasciatus). Within mosquitoes, WNV that escaped known 

anatomical barriers to transmission also underwent stochastic reductions in genetic diversity that 

was subsequently recovered during intratissue population expansions. Cycles of genetic drift and 

weak purifying selection within a single mosquito infection resulted in accumulation of 

deleterious mutations in the virus population (i.e. mutational load). Consequently, the 

expectorated (i.e. transmitted) WNV had lower relative fitness in avian cells compared to input 

virus. These findings demonstrate that the adaptive potential associated with mosquito 

transmission carries a significant fitness cost in vertebrates and that this fitness cost arises during 

a single systemic infection in a wide array of mosquitoes. 

The structure of WNV populations transmitted to humans from mosquitoes likely 

influences whether infection progresses into severe, acute encephalitis. However, WNV 

replication and population structures within specific human brain regions have not been studied 
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and could reveal important insights into the virus-host interactions that occur during acute 

encephalitis. We describe a fatal case of WNV encephalitis in which we analyzed tissue obtained 

from specific brain regions at autopsy using NGS and immunohistochemistry. Despite similar 

levels of WNV replication between the cortical and subcortical regions, injury was only observed 

in the subcortical grey matter brain regions. In addition, expression of specific interferon-

stimulated genes and WNV amino acid variation was higher in injured tissues. Analysis of WNV 

populations revealed no evidence for bottlenecks between tissues, indicating that the viral 

populations could move relatively freely among the regions studied and viral genetic diversity is 

more likely shaped by natural selection than genetic drift. Therefore, this observational, patient-

based data suggests that neuronal injury and the strength of viral selection pressure may be 

associated with the level of the innate immune response; however, confirmation is needed with 

additional human samples and in animal models. 

Taken together, these results reveal important insights into the deterministic and 

stochastic forces that shape WNV populations during infection of different hosts and tissues. In 

general, birds maintain fitness through natural selection and mosquitoes randomly shuffle the 

variant repertoire, decreasing relative fitness. Therefore, arboviruses cycle between levels of 

relative fitness as they cycle between hosts. Moreover, we can now make predictions about the 

evolutionary rates, fitness outcomes, and adaptive potential from specific transmission cycles. 

For example, WNV may evolve more rapidly while maintaining higher relative fitness from a 

Cx. quinquefasciatus-robin cycle than a Cx. pipiens-crow cycle, which will increase adaptive 

potential and facilitate emergence.  
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Chapter 1: Literature Review 

 

Historical perspective 

 Arthropod-borne viruses (arboviruses) have been significant causes of morbidity and 

mortality over a long history of human interaction. Clinical descriptions similar to dengue virus 

(DENV) infections were reported as early as the 3rd Century in China [1]. After centuries of 

silence, similar reports surfaced from the French West Indies and Panama in the 1600s [1]. By 

the 1700s and 1800s, DENV had gone global, perhaps aided by commercial sailing ships [2]. 

Likewise, yellow fever virus (YFV) and its mosquito vector, Aedes aegypti, probably emerged in 

the Americas via the slave trade, and became one of the most important tropical diseases of the 

15th to 20th centuries [3,4].  

The role of arthropods for the transmission of these pathogens would be overlooked for 

thousands of years. Early reports of DENV-like disease were described as “water poison”, and 

even the mosquito-borne parasitic disease known as malaria literally translates to “bad air”. Not 

until landmark discoveries by Carlos Finlay (1881 [5]), Sir Ronald Ross (1897 [6]), and Walter 

Reed (1901 [7]) was it known that mosquitoes could be vectors of pathogens, and even more 

important, that these diseases could be combated with vigilant mosquito control programs. 

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

successes, however, the rapid emergence of insecticide resistance – and the push to reduce their 

use due to environmental concerns – greatly reduced their effectiveness [5,8].  

Today, greater than a third of the global population is at risk of DENV infection [9-11], 

and the number of human cases are predicted to continuously rise [12]. Other arboviruses, such 

as West Nile virus (WNV), chikungunya virus (CHIKV), and Zika virus (ZIKV), have emerged 
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from previously restricted foci to cause disease outbreaks around the world [13-15]. Even YFV 

has resurged despite an efficacious human vaccine [16]. Thus, the unfortunate reality is that 

arboviruses and humans will likely have a long future together. 

  

Diversity of arboviruses 

Arboviruses must replicate in arthropod vectors and vertebrate hosts to maintain 

biological transmission, however, they are ubiquitous in nature and can be found worldwide. To 

achieve this feat, arboviruses utilize several diverse hematophagous (blood feeding) arthropods, 

including mosquitoes (order Diptera: family Culicidae [17]), biting midges (Diptera: 

Ceratopogonidae [18]), sand flies (Diptera: Psychodidae [19]), and ticks (Ixodida: Ixodidae and 

Argasidae [20]), as competent vectors. Likewise, arboviruses can cause substantial viremia to 

sustain transmission in a wide variety of vertebrates, primarily mammals and birds, but also 

reptiles and possibly amphibians [21-23]. This convergent evolution and adaptive radiation to 

perpetuate in several ecological niches means that arboviruses are themselves numerous and 

taxonomically diverse. In fact, there are > 500 suspected and confirmed arbovirus species, most 

of which have RNA genomes. These include the flaviviruses (family Flaviviridae: genus 

Flavivirus), alphaviruses (Togaviridae: Alphavirus), bunyaviruses (Bunyaviridae: 

Orthobunyavirus, Nairovirus, and Phlebovirus), orbiviruses (Reoviridae: Orbivirus), 

vesiculoviruses (Rhabdoviridae: Vesiculovirus), and thogotoviruses (Orthomyxoviridae: 

Thogotovirus). African swine fever virus (Asfarviridae: Asfarvirus) is the only known 

representative with a DNA genome [24-27]. Despite their diversity, the vast majority of the 

medically important arboviruses belong to the flavivirus, alphavirus, and bunyavirus groups. 
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The flaviviruses include some of the world’s most important and pervasive arboviruses. 

Their RNA genomes are single stranded, positive sense, and contain a single open reading frame 

(ORF) (discussed in detail below) [26]. The genus can be divided into viruses that are 

transmitted between vertebrate hosts by 1) mosquitoes or 2) ticks, 3) that infect vertebrates with 

no known vector, and 4) that infect mosquitoes but cannot replicate in vertebrates. The mosquito-

borne group can be further subdivided into viruses primarily vectored by Aedes spp. (e.g. DENV 

and ZIKV) or Culex spp. (e.g. WNV and Japanese encephalitis virus [JEV]). The tick-borne 

viruses can be also subdivided by their host-vector pairings: 1) mammals and ixodid (hard) ticks 

and 2) seabirds and argasid (soft) ticks [28,29]. Mammalian tick-borne flaviviruses comprise 

some of the most pathogenic arboviruses known, sometimes causing encephalitis (e.g. Tick-

borne encephalitis and Powassan viruses [30]) or hemorrhagic fever (e.g. biosafety level 4 Omsk 

hemorrhagic fever and Kyasanur Forest disease viruses). The last two flavivirus groups can only 

replicate in vertebrate cells (e.g. Rio Bravo virus in bats [31]) or arthropod cells (e.g. Culex 

flavivirus [32]) and are not considered arboviruses.  

 The alphaviruses also have single stranded, positive sense RNA genomes, but unlike the 

flaviviruses, they contain two ORFs (one for each set of non-structural and structural 

polyproteins) [26]. Most of the ~30 species are enzootic mosquito-borne viruses that use rodents 

and birds as reservoir hosts [33]. However, notable exceptions include CHIKV which has a 

mosquito-primate cycle, the mosquito-specific Eilat virus [34], the potentially louse-borne 

Southern elephant seal virus [35], and the non-vectored salmon pancreas disease virus [36]. The 

mosquito-borne alphaviruses can be subdivided by geography: New World (i.e. the Americas) 

and Old World (i.e. Africa, Europe, and Asia). The New World alphaviruses (e.g. eastern, 

western, and Venezuelan equine encephalitis viruses [VEEV]), as their names indicate, can cause 



4 

 

severe encephalitic disease in mammals and have the potential for use as biological weapons 

[33,37]. The Old World alphaviruses (e.g. CHIKV, Sindbis virus [SINV], and o’nyong-nyong 

virus [ONNV]), on the other hand, are typically associated with nonfatal but debilitating 

rheumatic disease, commonly polyarthralgia and/or polyarthritis [38].    

The third major group of arboviruses, the bunyaviruses, have a genomic architecture 

quite different from the flaviviruses and alphaviruses. They have tripartite genomes consisting of 

large, medium, and small negative sense and single-stranded RNA segments [26]. These viruses 

are incredibly diverse, not only fueled by their high mutation rates, but they can also rapidly 

diverge by genome reassortment in dually infected hosts (i.e. genetic shift) [39-41]. Many of the 

nearly 300 distinct bunyaviruses are pathogens of humans and livestock [42,43]; therefore a 

more complete understanding of the ecology and evolution of these understudied viruses is of 

critical need. The orthobunyaviruses (e.g. La Crosse virus) occur almost world-wide and have 

been isolated from a variety of vertebrates (e.g. humans, cattle, rodents, marsupials, and bats) 

and arthropods (e.g. mosquitoes and midges) [44,45]. Phleboviruses are named after their 

association with phlebotomine sand flies; however they are not exclusively limited to these 

vectors [46]. For example, the most notorious member, Rift Valley fever virus, is vectored by 

several species of mosquitoes but has never been isolated from sand flies. Moreover, it was 

recently discovered that phleboviruses causing severe disease in humans can also be transmitted 

by ticks (e.g. Heartland virus [47]). Nairoviruses, on the other hand, are predominantly tick-

borne, and appeared to have coevolved with their hard and soft tick vectors [48]. 

The scarcity of DNA viruses suggests that the highly error prone RNA virus replication 

[49-51] is likely required for the arthropod-borne lifestyle (i.e. host-switching). However, the 

arbovirus families utilize a variety of replication strategies and genome architectures, and is 
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exemplified by the RNA genomes of the orbiviruses (double-stranded and segmented), 

vesiculoviruses (negative sense, single-stranded, and monopartite), and thogotoviruses (negative 

sense, single stranded, and segmented) in addition to what was described above. This indicates 

that arboviruses, along with hematophagy in arthropods [52], likely arose independently several 

times (i.e. convergent evolution) [53]. This also indicates that arboviruses from different groups 

will follow divergent evolutionary trajectories set forth by their specific environments.  

 

Global emergence of arboviruses 

Today there are many viruses that were once considered as endemic pathogens of Africa 

that can now be found all around the world. The emergences of WNV and CHIKV are of 

particular interest due to the speed at which they traveled the globe and the explosive outbreaks 

they caused. They also happened in an era with advanced molecular diagnostics, allowing their 

introductions to be chronicled like none other before [13,15]. WNV was originally isolated in 

1937 from a febrile native of the West Nile district of Uganda [54], and subsequently was 

associated with sporadic outbreaks throughout Africa, Eurasia, and Australia [13]. Outbreaks 

were generally mild (few cases of neurological disease) and small in scale during this period. 

Then things started to change in the 1990s when frequent WNV epidemics occurred in Romania, 

Europe, and the Mediterranean Basin [55]. These outbreaks were striking for three reasons: 1) 

they were often large, 2) they were associated with neurological symptoms and high case-fatality 

rates (~10% in Romania [56]), and 3) they occurred in temperate regions. The increasing trend of 

the disease burden caused by WNV continued into North America after it was first detected in 

the New York City area in 1999 [57]. WNV demonstrated a remarkable ability to act as an 

ecological generalist and utilized many different native mosquito vector and avian host species. 
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This allowed WNV to rapidly spread throughout North America and into South America in 5 to 

10 years [13,58,59]. 

The history of CHIKV follows a similar narrative. The virus was first isolated in what is 

now called Tanzania in 1953 [60], then was associated with intermittent outbreaks of arthralgia 

throughout sub-Saharan Africa and Asia in the 1950s and 1960s [15]. In 2004, a drought helped 

to fuel an outbreak on the Kenyan coast [61]. From there CHIKV spilled over onto several 

Indian Ocean islands and to India, sparking epidemics that infected millions of people [15]. 

Infected travelers from the outbreak regions returned home with the virus [62-64] and in some 

cases initiated autochthonous transmission in temperate regions [65]. Travelers from the 2006-

2009 CHIKV epidemics did not initiate outbreaks in the Americas despite the opportunities [64], 

however its introduction was inevitable. In December 2013, local transmission of CHIKV was 

confirmed on the islands of St. Martin and Martinique. A month later autochthonous cases were 

reported from several Caribbean islands, then in Central America, northern South America, and 

Florida within a year [66-69]. According to the Pan America Health Organization, the suspected 

CHIKV case count in the Americas now exceeds 1.7 million from 45 countries or territories [70]. 

These examples demonstrate that when the stage is set for arbovirus emergence they can do so at 

a rapid pace and have significant consequences. But what sets the stage? 

Arbovirus transmission is primarily constrained by the availability of competent vectors 

and hosts. Nevertheless, arboviruses can emerge from tightly restricted enzootic foci by several 

processes including the natural movement of vectors and hosts, human activities, and virus 

adaptive potential. Patterns of arbovirus dispersal vary considerably depending on the 

movements of their hosts. Mosquitoes can travel several kilometers over consecutive days 

[71,72], not only helping to locally disperse viruses within a season, but potentially across larger 
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expanses of land over the course of several years [73]. A wide taxonomic range of vertebrates 

serve as hosts, and therefore their impacts on daily, seasonal, and perennial viral dispersal also 

vary substantially. Birds, however, are the most common arbovirus host. This coincides with the 

tendancy for many mosquito species to prefer avian bloodmeals [74,75], likely stemming from 

their long-shared evolutionary history [76,77]. In addition to being competent amplifying hosts 

for many arboviruses, birds also greatly aid in arbovirus radiation and global emergence. For 

example, it is hypothesized that alphaviruses originated in the Americas and were distributed 

multiple times to the Old World by migratory birds then evolved independently after thousands 

of years of isolation [78-81]. Additionally, dense groups of migratory birds, such as thrushes, 

gulls, and storks, are potential sources of transcontinental introductions of WNV [56,82-85]. 

Anthropogenic processes of globalization, urbanization, and industrialization also 

facilitate arbovirus emergence [59]. First, humans broke down biogeographical barriers and 

connected the world through the ever increasing amount of global travel. The story of Ae. 

aegypti highlights the dangers of globalization [86]. Ae. aegypti is believed to have originated in 

North Africa and spread throughout Africa via the trans-Saharan trade network. Then the 

mosquitoes boarded ships and colonized much of the tropical and subtropical world during the 

fifteenth to seventeenth centuries. Once Ae. aegypti became established in the Americas, the 

stage was set for the introduction of several important Ae. aegypti-borne viruses. First came YFV 

and DENV via the trans-Atlantic commerce and slave trade [87,88]. An effective vaccine 

developed in the 1930s (17D) successfully eliminated YFV in all but the unvaccinated regions of 

the Americas and Africa [89,90], but DENV persisted to alarming levels [88,91]. The DENV 

burden was exacerbated by several other anthropogenic processes such as the increased 

dispersion of Ae. aegypti, introduction of new serotypes, and human population expansion. 
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Furthermore, humans took all of the critical pieces required for sylvatic transmission (competent 

vectors, mosquito breeding sites, and competent primate amplifying hosts [i.e. humans]) and 

conveniently placed them in dense urban centers to create new endemic and epidemic cycles. 

These same factors also enabled the recent emergences of CHIKV and ZIKV in the Americas 

[14,15] and even helped to perpetuate arboviruses that do not use humans as amplifying hosts. 

For example, both agriculture and urbanization can increase the risk of human WNV incidence 

by providing suitable habitats for important avian hosts and mosquito vectors [59,92]. Finally, 

the unintended consequences of industrialization, namely greenhouse gas emissions, are 

continuing to induce climate change at an unprecedented rate. Rainfall, temperature, and other 

climate variables can directly impact many facets of arbovirus transmission, including mosquito 

abundance, behavior, and vector competence [61,93-96]. These are just a few examples of how 

humans are altering arbovirus ecology. Since these activities are unlikely to cease, it is unlikely 

that human participation in arbovirus emergence will also cease.  

Dispersion and habit changes offer the opportunities for viral emergence, but their ability 

to undergo rapid evolution allows them to adapt and thrive in novel environments. A central 

feature of RNA virus biology is they have high mutation rates and form genetically complex 

populations [49-51]. This provides the viruses with opportunities for rapid selection, and 

therefore adaptation [97,98]. WNV and CHIKV are well documented examples of RNA virus 

evolution leading to successful integration into new environments. The unfortunate events 

following WNV introduction into North America also provided scientists with the perfect 

laboratory to follow the adaptive steps a virus takes to survive in a foreign environment. 

Repeated analysis of WNV sequences revealed a few key events. First, there appeared to be a 

single point of introduction into the New York City area in 1999 demonstrated by the extreme 
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genetic homogeneity during the first two years of transmission [57,99,100]. Then a new subtype 

of WNV (WN02) with single nucleotide substitution conferring a conservative amino acid 

change in the envelope protein (A159V) was detected [101]. The new WN02 strain had a shorter 

extrinsic incubation period (EIP) in mosquitoes compared to the original subtype (NY99) 

[93,102,103], which increased vectorial capacity (the basic reproductive rate of vector borne 

pathogens [104]) and likely led to the displacement of NY99 [102,105]. Finally, replication 

within North American birds imposed selective pressures for increased viral replication and 

pathogenesis (possibly by overcoming the host’s antiviral response) [106-111], which again 

increased transmission potential. In the end, WNV managed to become endemic with only a few 

important adaptive changes. 

The 2006-2009 Indian Ocean CHIKV epidemic was vectored by Ae. albopictus [15,65], a 

highly invasive species that recently colonized much of the world, including several temperate 

regions [112]. Previous CHIKV epidemics, however, were driven by the urban Ae. aegypti 

mosquitoes, and Ae. albopictus was not implicated as a major vector. The older Asian CHIKV 

lineage is significantly less infective in Ae. albopictus than Ae. aegypti, making Ae. albopictus a 

less efficient vector [113]. In addition, the Asian CHIKV lineage is genetically constrained in its 

ability to adapt to Ae. albopictus [114]. So what changed? The emerging CHIKV strains during 

the Indian Ocean epidemic came from Africa and were able to acquire multi-step Ae. albopictus-

adaptive mutations that were unavailable to the Asian strains [113-116]. The envelope 

glycoprotein 1 (E1) A226V mutation was the first step and provided a 50-100 fold fitness 

increase [113], followed by additional fitness increases by the secondary E2-L210Q mutation 

[115,116]. These mutations allowed CHIKV to better utilize Ae. albopictus as a vector and 

fueled an epidemic involving millions of people.  
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An interesting aspect of the CHIKV story is that the adaptive mutations were also created 

de novo experimentally [117], and several other second-step mutations are hypothesized to 

further enhance CHIKV fitness in Ae. albopictus [115]. These studies force us to ask the 

question, “What can be predicted about virus evolution and emergence?”. Specific predictions 

about viral emergence, such as when and where, are likely to be difficult, but forecasting how 

viruses will adapt to new environments should be feasible as long as genetic variation is driven 

by natural selection [118-120]. While emergence may never be predicted with any certainty, 

moving experimental evolution towards a predictive science is a challenge worth pursuing.  

 

Unique aspects of arbovirus evolution 

Seminal studies conducted from the late 1970s to the mid-1990s discovered that the 

formation of genetically complex viral populations presented a challenge to the traditional 

paradigms of population genetics: evolution was rapid, population sizes were near-infinite, and 

selection could act at the level of population [49-51,121-123]. The quasispecies theory, a 

mathematical formulation for the rapid evolution and self-organization of RNA-like molecules 

[124,125], was adopted to help describe the complex evolutionary dynamics of RNA viruses 

[126-128]. Currently a viral quasispecies is defined as a population of related but non-identical 

virus genomes (i.e. mutant swarms or mutant clouds) under continuous processes of mutation, 

inter-variant competition, and selection for the fittest groups of variants in a given landscape 

[129,130]. Thus variants within a quasispecies can collectively contribute to the phenotype of the 

population, including viral fitness and host disease, through cooperative interactions [131-134]. 

These important theories and experiments provided the framework for understanding the 

molecular mechanisms underlying viral genetic diversity and fitness during host infection. 
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Multihost pathogens present another complex challenge [135]. Multihost viruses, like 

arboviruses, are no different than single host RNA viruses in that they form large intrahost 

populations of related but non-identical viral genomes [117,136-139]; however, their 

evolutionary trajectories are uniquely different because they must constantly replicate in 

different hosts. Moreover, compared to some other multihost viruses, like ebolaviruses that 

occasionally “jump” between rodents, bats, and humans (all mammals), arboviruses must cycle 

between hosts of different phyla (Arthropoda and Chordata) to persist. Therefore arbovirus 

populations possess qualities unlike most other classes of viruses. Releasing arboviruses from 

their dual host cycles removes genetic constraint and facilitates host-specific adaptation, much 

like single host viruses [140-144]. Yet natural transmission does not favor host specialization, 

rather they are predicted to be selected for as generalists [145,146]. So why do arboviruses exist 

in dual host cycles? What are the costs? While many resources have been dedicated to these 

questions, the answers are still not entirely clear.  

 It seems that a major consequence of replication in disparate hosts is that it leads to 

slower rates of evolution than their single host counterparts [147-150]. A hypothesis is that 

adaptive mutations in mosquitoes can be deleterious in the vertebrate hosts (and vice versa), thus 

leading to fitness trade-offs and less positive selection [151,152]. However, this hypothesis is 

controversial because experimental evolution studies provided conflicting results. Some studies 

reject [140,153-156], partially reject [141,157], and support [142,144] that alternating replication 

cycles lead to overall fitness declines in both hosts. These differing results may represent the 

complex nature of virus-host interactions and the vast differences among the experimental 

models. For example, evolution of flaviviruses in Culex-bird cycles [141,156] may not be similar 

to alphaviruses in Aedes-rodent cycles [142]. Most of these studies were also performed in vitro 
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[140,144,153-155,157] and these idealized conditions may less accurately reflect evolution in 

nature than in vivo experiments [141,142,156]. The general sentiment from these studies is that 

there are fitness trade-offs in vertebrates but not in mosquitoes.  

The relative stasis of arbovirus evolution may not be due to fitness tradeoffs per se, but 

perhaps by incongruent fitness landscapes that constrain genetic diversity [143]. Replication in 

mosquitoes may select for variants to better recognize specific receptor molecules and evade the 

arthropod antiviral response, however, many of these variants may start in a fitness landscape 

valley when transmitted to birds and will likely be removed by mass selection [98]. The overall 

effect of shifting landscapes may not change the fitness of the viral population, but would be 

predicted to massively purge genetic diversity. In vivo experiments and analysis of natural 

populations reinforce the idea that the arbovirus lifecycle limits genetic diversity [137,158-160]. 

In fact, three studies that reject the fitness trade-off hypothesis still demonstrate that there was 

less acquired genetic diversity after host alternation than after sequentially passaging in one or 

both hosts individually (i.e. lowered genetic diversity did not directly affect the measured fitness) 

[140,153,154]. Again, these studies disagree as to which host contributes the most to genetic 

diversity. Experimental and natural infections with WNV [131,137,161] or St. Louis encephalitis 

virus (SLEV [156]) demonstrate that viral populations are more diverse in Culex mosquitoes 

than birds. Meanwhile, infections with DENV reveal that the levels of genetic diversity are 

similar, if not a bit higher in humans than Aedes mosquitoes [158-160]. In vitro studies with 

DENV and two alphaviruses also state that genetic diversity is higher in mammalian than 

mosquito cells [137,156,161]. However, all three of those studies were conducted using Ae. 

albopictus C6/36 cells which lack a functional RNA interference (RNAi) response [162,163] that 

drives viral diversification [164,165] and therefore the results should be interpreted with caution. 
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Nonetheless, there may be host- and virus-dependent processes that greatly contribute to viral 

evolution [157,166].     

 Arbovirus evolution is best described to date in the WNV-Culex-bird system. There is 

substantial data demonstrating that WNV genetic diversity is higher in mosquitoes than birds, 

and that WNV genetic diversity in mosquitoes is generated by strong diversifying selection and 

maintained by weak purifying selection [131,137,161,164,165,167,168]. Diversifying selection 

is driven by the primary innate antiviral response in mosquitoes, RNAi, where viral RNA is 

targeted for degradation by sequence complementarity to a small template RNA loaded into the 

RNA-induced silencing complex (RISC) [169,170]. Mutated viruses are less susceptible to 

sequence complementation, and thus silencing (degradation), than are un-mutated viruses, 

creating an intracellular milieu where rare viral haplotypes are favored and have a competitive 

advantage [164,165,171]. The continued measurement of high (> 1) dN/dS ratios from intra-

mosquito WNV populations is highly suggestive of weak purifying selection [131,137,161]. This 

could be directly related to the RNAi response, where selection happens at the nucleotide level 

and neither synonymous nor nonsynonymous mutations are favored. Complementation of 

multiple viral genomes and proteins within mosquito cells may also decrease purifying selection 

as they allow for the persistence of low fitness and deleterious mutations [121,167,172]. 

However, cellular multiplicities of infection (MOI) and complementation have yet to be directly 

tested for their direct impacts on selection within mosquitoes.  

The mosquito replicative environment allows WNV to explore a broader sequence space 

and facilitates rapid adaptation during shifting fitness landscapes, as predicted by some of the 

fundamental theories of natural selection [97,98]. The fitness landscape of birds, as one would 

expect, is vastly different from that of mosquitoes. For one, WNV replication in birds does not 
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allow for the accumulation of nonsynonymous mutations, likely because the primary innate 

antiviral response, the type I interferon (IFN) pathway [173], acts primarily upon the amino acids 

(i.e. phenotype). The WNV master sequence is hypothesized to already sit at a high fitness peak, 

encoding for key properties leading to resistance to IFN, replicative fitness, and virulence [174]. 

Therefore any amino acid substitution could alter the infection phenotype [131], decrease fitness, 

and be rapidly removed by strong purifying (removal of deleterious variants) or mass selection 

(outcompeted by more fit variants) [131,137,161]. These processes in birds are predicted to 

constantly revert mutations accumulated in mosquitoes back towards the master sequence, and 

argue for evolutionary stasis. However, Jerzak et al. showed that alternating WNV replication 

between mosquitoes and birds over the course of 20 passages led to similar nucleotide diversity 

as WNV replicating in mosquitoes alone [161], suggesting that genetic constraint may be due to 

infection of birds and not necessarily by alternating hosts (i.e. genetic diversity is rapidly 

reintroduced by mosquitoes). 

To date, arbovirus evolution is primarily defined by its generalities and is far from a 

predictive science. The notion that arboviruses have slow rates of evolution is widely accepted 

but paradoxically contrasts other aspects of RNA virus biology: generation of genetically diverse 

populations and rapid adaptation. More detailed descriptions of the minority variant dynamics 

during arbovirus transmission are needed to further understand how arboviruses maintain 

complex intrahost populations and rapidly adapt to novel conditions in the context of minor long-

term change to their master sequence. Specifically, studies are urgently needed to understand 

how replication within different cells, tissues, and species can alter arbovirus diversity and 

fitness. These data will also help to define the innate mechanisms that drive arbovirus evolution 

and the ecological conditions that alter its path. Advancing the knowledge base of the WNV-
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Culex-bird system, along with spillover into humans, is a direct route towards achieving these 

goals. The features of the WNV life cycle that impact both stochastic (random genetic drift) and 

deterministic (selection) processes of evolution and the knowledge gaps are discussed in detail. 

 

West Nile virus as a model to study arbovirus evolution 

WNV is an excellent model to study arbovirus evolution and emergence. First and 

foremost, WNV is an important human pathogen that caused the largest outbreaks of viral 

neuroinvasive disease ever reported in the Western Hemisphere (in 2003 and 2012) [175]. 

Second, WNV is an ecological generalist and infects a wide-range of bird and mosquito species 

that can easily be maintained in a laboratory setting [176-178]. Conversely, to replicate the 

transmission cycle of DENV and CHIKV, difficult primate or often inappropriate rodent animal 

models are required [179,180]. Finally, the WNV system is well defined, from its ecology [181] 

and emergence [13] to its replication [182] and pathology [173]. These traits enable experimental 

manipulation of the WNV replication environment to track infections with diverse outcomes and 

to better understand how arboviruses respond to novel and dynamic conditions. In this way, the 

microhabitat-specific aspects of arbovirus transmission, such as different avian and mosquito 

species, can be examined for their influence on arbovirus evolution. From there the finer details 

of selective pressures from different cell types and immune response that could alter WNV 

population structure can start to be uncovered.  

 

Ecology 

WNV is found in tropical and temperate latitudes and on every continent except 

Antarctica, making it perhaps the most widely distributed arbovirus in the world [13,181]. It is 
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maintained in an enzootic cycle primarily by ornithophagic (bird “loving”) Culex mosquitoes and 

passerine birds. Given its global distribution, several species of Culex mosquitoes and birds have 

been implicated as competent vectors and hosts. The possible WNV vectors include Cx. 

univittatus and Cx. neavei in Africa [183-185], Cx. molestus and Cx. perexiguus in Europe [186], 

Cx. annulirostris in Australia [187], Cx. bitaeniorhynchus, Cx. vishnui, Cx. pseudovishnui, and 

Cx. tritaeniorhynchus in Asia and the Middle East [188-190], Cx. tarsalis, Cx. restuans, Cx. 

nigripalpus, and Cx. salinarius in North America [177,178,191-194], and members of the Cx. 

pipiens complex (e.g. Cx. pipiens pipiens and Cx. p. quinquefasciauts) around the world 

[177,178,185,191,192,195-197]. In addition, several species of Aedes and Culiseta mosquitoes 

serve as secondary vectors or act as bridge vectors to dead-end mammalian hosts, including 

humans [178,191,194,197-199]. The role of different mosquito species in WNV transmission is 

largely determined by microhabitat conditions, such as availability of breeding sites and avian 

hosts [200-205], and macrohabitat conditions, such as climate [95,206-208].  

WNV can amplify to sufficient titers in many different bird species, predominately in the 

order Passeriformes, to sustain mosquito transmission (~104 plaque forming units [PFU]/mL) 

[176,209-214]. In the Americas, these include important amplifying hosts such as corvids (e.g. 

American crows [Corvux brachyrhynchos], fish crows [C. ossifragus], and blue jays [Cyanocitta 

cristata]), thrushes (e.g. American robins [Turdus migratorius] and Swainsons’s thrushes 

[Catharus ustulatus]), and sparrows (e.g. house sparrows [Passer domesticus]), as well as other 

diverse bird taxa such as Columbiformes (e.g. doves), Galliformes (e.g. grouse), and 

Anseriformes (e.g. mallards) [214]. In addition, young birds are generally more susceptible to 

arbovirus infection [215-218], therefore chicks and juveniles born to refractory adults may still 

be competent hosts and/or succumb to disease [219,220]. For example, adult domestic chickens 
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develop very low WNV viremia levels [185], but days-old chicks produce enough virus to 

sustain transmission and are often used as laboratory models for bird infection 

[131,141,161,221].  

Again, the avian species involved in local enzootic WNV cycles are also dependent upon 

several ecological factors that influence species distribution and diversity, such as urbanization 

(which decreases avian diversity) [222]. Perhaps even more essential are the various blood 

feeding preferences of local Culex mosquitoes [74,75,223-226]. For example, in the highly 

urbanized environments in Chicago, IL and Washington, DC, Cx. pipiens preferentially choose 

to take blood meals from American robins (highly competent WNV hosts [176]) despite their 

relatively low abundance [74,226]. Meanwhile in a more suburban/rural environment in Weld 

County, CO, Cx. tarsalis often choose Eurasian collared-doves and mourning doves (moderately 

competent WNV hosts [176,227]) over robins [75]. Adding to the complexity is that mosquito 

blood feeding shifts with seasonal patterns [228], as exemplified by the continent-wide 

decreasing preferences for robin bloodmeals from early to late summer [74,75,225,229]. The 

shift appears to be related to the robin roosting period [230]. Nestling birds have minimal feather 

coverage and weak defensive behaviors making them easy and preferred targets for mosquito 

bloodmeals [231-233]. This concentration of highly competent hosts greatly amplifies the 

number of WNV-infected mosquitoes which then seek out new sources of bloodmeals after the 

robins disperse in late summer [230], often leading them to humans [74,75,229].  

The dynamic and often synergistic ecological conditions of local WNV transmission 

cycles can have significant consequences on transmission intensity and can help to fuel WNV 

epidemics [59,229]. George Macdonald’s expansion of the basic reproductive rate for vector-

borne pathogens, called vectorial capacity (VC), is a tool often used to model these conditions 
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[104]. His formula is founded on a few basic intrinsic and extrinsic principles of vector-borne 

pathogen transmission: 

�� =
�����	

−log��
 

where m is the density of mosquitoes, a is the biting rate, b is the vector competence, p is the 

mosquito survival rate, and n is the EIP. Local and seasonal conditions, such temperature and 

rainfall, can directly influence several of these variables [203,207]. For example, increased 

temperatures can increase Culex population sizes (m) [234], shorten the length of the gonotrophic 

cycle (i.e. time between bloodmeals, and therefore increase a) [235], increase viral dissemination 

rates (b) [236], and  shorten the EIP (n) [93]. Slight alterations to VC can have significant effects 

on the outcome of local WNV transmission, and likely virus evolution. 

  These dynamic variables underscore the heterogeneity of WNV transmission and suggest 

that the fitness landscapes must be constantly changing. It is not known, however, how much the 

landscapes change. How different are the replication environments between different species of 

Culex vectors, or between Culex and Aedes? Brackney et al. demonstrated that WNV populations 

change temporally in mosquitoes [167]; therefore, environmental factors that influence the biting 

rates (e.g. gonotrophic cycles and availability of bloodmeals) and EIP could also alter the 

transmitted WNV populations. WNV is also likely to evolve differently in bird species with 

different levels of susceptibility to infection and disease. Even intrinsic and extrinsic 

temperatures can have a significant impact on virus diversification. Flamand estimated that the 

frequency of spontaneous vesiculovirus mutation doubles when the temperature is raised from 

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

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

effectively WNV can adapt given the constraints of the arbovirus lifecycle.  

 

Cellular infection and the replication cycle 

 The ~50 nm diameter enveloped WN virions attach to a wide range of cell types, possibly 

by interacting with several different or conserved host surface proteins (including DC-SIGNR 

expressed on dendritic cells [238]). They enter the cells via receptor-mediated endocytosis of 

clathrin-coated pits, the endosome acidifies, and the viral envelope (E) proteins fuse to the 

endosomal membrane [239-241]. The inner surface of the virus becomes exposed to the 

cytoplasmic environment, so the capsid (C) proteins associate with the viral genome to protect 

from host nucleases and RNA sensors while the genome prepares for replication and translation 

[242,243]. The capped positive sense genome serves as the viral mRNA (despite the lack of a 

poly A tail) and therefore viral proteins can be immediately translated. The single WNV ORF is 

composed of three structural (C, pre-membrane [prM], and E) and seven nonstructural protein 

coding regions (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) [26]. The polyprotein is co- 

and post-translationally cleaved into mature proteins by the viral serine protease complex 

(NS2B-NS3) and cellular proteases [244].  

The genome also serves as the template for complementary minus strand synthesis 

(template for replication), but the RNA must cyclize first. The 5’ and 3’ termini untranslated 

regions (UTRs) form conserved secondary structures that are used for long distance cis-acting 

RNA-RNA interactions [245-248]. This cyclization is critical for viral replication and mutations 

that alter the RNA structures and base pairing can be highly deleterious [249]. All of the NS 

proteins are involved in the formation of viral replication complexes on the endoplasmic 
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reticulum (ER). The membrane-spanning proteins, NS2A, NS2B, NS4A, and NS4B, cause 

invaginations in the ER and anchor the complex [250-253]. NS1 co-localizes with the replication 

complex on the luminal side of the ER and is required to initiate RNA synthesis [182]. NS3 and 

NS5 are located on the cytoplasmic side of the ER and accept the minus strand viral RNA as the 

template for replication. NS5 replicates the RNA (RNA-dependent RNA polymerase [RdRp] 

[254]) and adds a 5’ cap (m7GpppAmp methyltransferase [255]). NS3 dephosphorylates the 5’ 

end of the nascent RNA prior to capping (5’triphosphatase [256]) and splits the bonds (RNA-

stimulated nucleoside triphosphatase [257]) and unwinds the double-stranded RNA 

(ARPase/helicase [258]). During the exponential phases of replication, multiple positive strand 

RNAs are simultaneously copied from a single template, exit into the cytoplasmic side, then 

associate with the structural viral proteins anchored to the ER [259-261]. The structural proteins 

bud into the lumen, transport through the Golgi network to the plasma membrane to be released 

by exocytosis [182]. Mature virions are typically released starting at 8-10 hours post infection 

and peaks at 24 hours.        

 The replication process, though efficient, is far from error proof. Eukaryotic cells can 

correct mismatched bases during DNA replication to stabilize their cellular genomes [262]. RNA 

viruses, on the other hand, encode for a RdRp that lacks proofreading activity [49]. The intrinsic 

error rates of viral RNA polymerases are 10-6 to 10-4 per nucleotide [263,264]. WNV is estimated 

to mutate at a rate of ~1 to 3 substitutions per round of genome replication [137,265]; therefore 

with a genome size of ~11,000 nucleotides it is theoretically possible that all single nucleotide 

substitutions could be generated within 104 rounds of replication. There is evidence suggesting 

that these mutation rates are selected for optimal viral fitness [266-270]. Increasing replication 

fidelity (i.e. decreasing mutation rates of the RdRp) restricts genetic diversity and limits 
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phenotypic plasticity. Decreasing replication fidelity continuously lowers population fitness 

through the irreversible accumulation of lethal mutations, a process analogous to a ratchet 

[122,271,272].   

 Separate cycles of viral replication and translation means that newly synthesized RNA 

genomes can be replicated by or form virions with proteins with different genetic backgrounds. 

For example, a WNV RNA genome is translated and cleaved into functional structural and NS 

proteins. The negative strand copy of the genome is copied with several errors, one of which 

would alter the coding sequence of the E protein and reduce its ability to infect new cells. Yet at 

this stage, the genome can still associate with the non-mutated structural proteins to create an 

infectious virion. The lethality of the genome, and selection to remove it, is not applied until the 

genome is translated in new cells, produces new virions with the mutated E protein, and then 

tries to infect a third set of susceptible cells.  

These epistatic interactions of intra-cellular viral genomes and proteins (i.e. 

complementation) can significantly impact the viral population structure and are highly 

influenced by the number of viruses infecting a cell (i.e. density-dependent selection) [121,273]. 

When the MOI is high, complementation of viral genomes allows for the maintenance of specific 

mutations as part of a viral population [121,273-275]. Even defective viruses can be maintained 

when they co-infect cells with functional viruses [172,276,277]. Conversely, complementation 

can also help mutants reach adaptive landscapes where they have a fitness advantage and target 

organs where they can significantly alter the infection phenotype [132]. When the MOI is low, 

and therefore complementation is minimal, the frequency of any one virus in the population is 

roughly equal to its fitness, and the relative fitness of the entire population is high [121]. 

Moreover, a single high fitness virus can rapidly become dominant and homogenize the 
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population. However, a recent study by Combe et al. complicates the density-dependence theory 

[278]. They demonstrate that multiple viral genomes can be transmitted within a single infectious 

unit, implying that complementation can even arise when the MOI is very low, helping to 

maintain genetic diversity. The influence of MOI, genetic diversity, and fitness needs to be 

further investigated for arboviruses that infect many different hosts and cell types. Specifically, 

does complementation work the same in mosquito midgut epithelial cells as they do in avian 

dendritic cells? Is there a correlation between complementation and transmission fitness, and 

would it work to select for specific levels of viremia in birds? Intracellular WNV evolution is 

certainly a critical component of long-term viral success.  

  

Mosquito infection and the exo-siRNA pathway 

WNV must pass through several anatomical barriers within mosquitoes for transmission 

to occur [279]. The first and most important barrier to viral infection is the mosquito mesenteron 

(midgut). This section of the alimentary canal is composed of a single layer of epithelial cells 

encircled by a multilayer extracellular matrix called the basal lamina [279,280]. In some cases, 

viruses may be able to bypass this barrier through “leaky” midguts [281,282]. However, in most 

competent species, infection is initiated at the posterior portion of the midgut where contents of 

the bloodmeal are absorbed. Eventually the virus must pass through the basal lamina of the 

midgut and infect hemocytes (invertebrate immune cells [283]), fat bodies, neurons, and muscle 

tissue throughout the mosquito hemocoel (i.e. a disseminated infection) [279,284]. It is 

hypothesized that infection of these cells is a part of an important amplification step to overcome 

the next major barrier, infection of the salivary glands [284,285].  
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Mosquito salivary glands are lobed structures that consist of a single layer of cells 

surrounding the salivary duct [280,286]. The distal regions of the lateral lobes are the first to 

become infected followed by the spread to all of the salivary gland cells [284,287,288]. After 

replication in the cytoplasm, mature virions are transported by intracellular vacuoles and/or are 

directly released through the plasma membrane into an extracellular acinus (a holding place for 

saliva proteins). The contents of the acinus, including the salivary proteins and virus, are emptied 

and expectorated during mosquito probing and feeding. The acinus is refilled soon after so that 

the process can continue with the next feeding attempt [289,290]. Styer et al. estimates that 

Culex expectorate 104-106 PFU of WNV during bloodfeeding, about 10-100× more than Aedes 

[291].  

The ability of an arbovirus population to overcome these anatomical barriers is the 

foundation of vector competence and a key component of vectorial capacity. However, 

overcoming these barriers may have significant costs to the viral population. While Brackney et 

al. showed that WNV genetic diversity is maintained throughout Cx. quinquefasciatus infection, 

many other studies document the existence of population bottlenecks within the barriers that can 

lead to fitness declines [160,292-296]. Studies using virus-like particles to track binding and 

internalization of WNV and VEEV in Cx. quinquefasciatus and Ae. taeniorhynchus, 

respectively, demonstrate that midgut infection is established by only a few cells and then 

spreads from these foci [293,294]. The extent of the bottleneck upon midgut infection is 

dependent upon the diversity and amount of virus in the bloodmeal that infects the few 

susceptible cells [292,295,296]. At higher doses, more viruses infect the midgut which helps to 

maintain the integrity of the founding population despite the few number of susceptible cells 

[295]. Therefore, the midgut bottleneck may be less severe when Culex mosquitoes feed upon 
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American crows that can produce WNV viremia levels >1010 PFU/ml of serum compared to 

mourning doves that produce a maximum of ~106 PFU/ml. At low oral doses of VEEV fed to 

Cx. taeniopus (~105 PFU/ml), Forrester et al. estimated that as few as two virions seeded the 

midgut infection and as few as one disseminated into the hemoceol [295]. Given the potential for 

severe bottlenecks, it makes sense statistically that higher frequency haplotypes are more likely 

to survive [292]. However, defective virus genomes present at low frequencies are known to 

persist through anatomical barriers [167] and multiple rounds of transmission [172]. These data 

suggest that the bottleneck sizes are dynamic and contingent on many factors including mosquito 

species and tissue, virus dose and diversity, and perhaps ecological factors, such as temperature.      

Seminal work by Ernst Mayr (founder principle [297]) and H.J. Muller (Muller’s ratchet 

[271]) predicts that small populations formed by random sampling at bottlenecks (i.e. non-

selective) are prone to accumulating deleterious mutations and severe fitness declines [122,272]. 

If this is true, then how is virus replication in mosquitoes supported? For one, the severity of 

bottlenecks at mosquito anatomical barriers may not be as extreme as previously reported. 

Perhaps using genetically marked viral clones and PCR assays [292,295] are not comprehensive 

enough to calculate the true bottleneck sizes because they cannot account for locally acquired de 

novo haplotypes. In addition, the demonstration that multiple genomes can be transmitted within 

a single infectious unit lends support that some genetic diversity can be maintained even under 

extreme genetic bottlenecks [278]. The consequences of bottlenecks may also be offset by rapid 

regeneration of genetic diversity and compensatory mutations. However, it appears that these 

factors do not remove all of the deleterious alleles [298]. Deardorf et al. showed that passaging 

WNV within mosquitoes led to fitness decreases in birds but not in mosquitoes [141], so perhaps 

the mosquito environment is very tolerant of mutations that are deleterious in birds. High dN/dS 
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ratios from intra-mosquito WNV populations support this statement [131,137,161], but the virus 

and mosquito factors that govern this tolerance are unknown. 

The most widely used measure of virus-mosquito interactions is vector competence, 

which is determined by a highly complex relationship of biotic and abiotic factors [285,299]. As 

discussed above, external conditions such as temperature certainly can alter viral replication and 

vector competence [93,236]. Genetics of the vector and the virus [93,102,300], previous viral 

infections (i.e. superinfection exclusion) [301-303], and the mosquito microbiome [304] also 

impact susceptibility to infection. As demonstrated with Anopheles and hemoparasite 

Plasmodium  [305], the mosquito innate immune response is likely a critical component of 

controlling systemic WNV infection [169]. RNAi, specifically the exogenous small interfering 

RNA (exo-siRNA) pathway, is the primary antiviral immune response in arthropods [169,306]. 

Studies using various arthropod-virus pairings, including Drosphila-SINV [307], An. gambiae-

ONNV [308], Ae. aegypti-SINV [309], and Ae. aegypti-DENV [310], demonstrate that the exo-

siRNA pathway helps to limit arthropod mortality and viral replication. However, the extent to 

which it contributes to vector competence is not yet known.   

The exo-siRNA pathway is expected to play a major role in the generation of viral 

genetic diversity [164,165]. This “virus-induced gene silencing” [311] pathway is activated when 

viral dsRNAs that naturally occur during replication and as secondary structures are recognized 

by Dicer-2. This RNase III enzyme cleaves the RNA into 19-23 base pair fragments 

(predominately 21 base pairs) which are loaded into the RISC. One strand of the cleaved RNA is 

discarded and the remaining strand, termed the guide strand, remains to recognize new target 

viral RNA by sequence complementarity. Finally, Argonaute-2, which has endonuclease activity, 

“slices” the target RNA and “silences” the virus [169]. The exo-siRNA pathway is sensitive to 
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mismatches between the guide strand and the target viral RNA [312], therefore RNAi can drive 

diversification by selecting for point mutations that differ from the guide strands [164,313,314]. 

It is also hypothesized that RNAi, which is less prominent as an antiviral defense in vertebrates 

(a debated subject [315]), is at least partially responsible for the greater WNV genetic diversity 

in mosquitoes than birds [131,137,161]. In fact, genetic diversity itself likely provides a fitness 

benefit in mosquitoes [171], and the decreased fitness associated with high fidelity WNV in 

mosquitoes may be related to its relative inability to generate RNAi escape mutants [269].  

There are still many questions regarding intra-mosquito WNV evolution. For a start, there 

is little known about the temporal and spatial dynamics. Brackney et al. found that genetic 

diversity decreases overtime, but this may have been confounded by the use of an unnaturally 

diverse input population [167]. There is also evidence that genetic diversity is different between 

mosquito tissues (including saliva) [117,158,167], but it is not yet known if this is solely due to 

bottlenecks or if other areas of mosquito-virus interactions (e.g. RNAi) play a significant role. 

Second, vector competence is highly variable between mosquito populations and environmental 

conditions [93,178,191-193,236]. The high genetic diversity produced within mosquitoes likely 

means that even minor alterations to vector competence can significantly impact viral population 

structure. However, a correlation between vector competence and viral genetic diversity has not 

been directly investigated. Comparing intrahost evolution, fitness of transmitted populations, and 

RNAi responses to WNV between different mosquito species and strains will start to address 

some of the major knowledge gaps of arbovirus evolution. Moreover, there seems to be two 

opposing forces within mosquitoes: RNAi and bottlenecks which act to diversify and 

homogenize populations, respectively. Yet both forces share a commonality in that they act upon 

the viral genome and not the protein, which does not always optimize viral fitness. Perhaps 
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arboviruses may be successful despite their requirements to replicate within mosquitoes and 

selection in birds may remove enough of the deleterious mutations to sustain future transmission. 

Or it might just be a numbers game when at any given foci literally thousands of infected 

mosquitoes may be seeking hosts to continue the transmission cycle. Likely a more detailed 

understanding of vector competence, WNV evolution within mosquitoes, and the fitness costs 

associated with mosquito replication is needed to fully grasp how arbovirus transmission is 

maintained despite the many reasons why it should not.   

 

Avian susceptibility and infection 

 WNV primarily causes disease in birds that has devastated North American populations 

since its introduction in 1999 [316-319]. LaDeau et al. demonstrated that American crows, a 

highly susceptible species [176,320,321], experienced a 45% population decline within 5 years 

after the arrival of WNV [316]. More recently, George et al. found that 47% of 49 bird species 

studied in the United States were negatively affected by the introduction of WNV [319]. Some 

species, such as the field sparrow (Spizella pusilla), experienced sharp population declines that 

quickly recovered. However, 25% of the species, including the purple finch (Caprodacus 

purpureus) experienced population declines that have not yet recovered. Susceptibility to 

infection and mortality, which are influenced by the bird’s age [215-220] and immune response 

[214,320], are obvious factors that affect avian populations. There are also several ecological 

factors, including climate [322], microhabitat conditions [323], and human land use 

[59,200,324], that are more likely to put birds at risk to infection and/or alter their overall health. 

Taken together, these factors suggest that there is a complex and somewhat unknown network of 
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interactions that determines the fate of a WNV-exposed bird population, and ultimately, virus 

transmission.  

 WNV clinical disease is primarily caused by virus dissemination into the major organs: 

the lungs, heart, liver, kidneys, spleen, and the central nervous system (CNS). The clinical 

symptoms are often non-specific and include fever, ataxia, and anorexia. Some WNV-susceptible 

birds experience rapid systemic infection, multiple organ failure, and death within a few days, 

while acute disease is infrequent in others [176,214,320,321]. Alternatively, chronic infections 

are known to occur when viral RNA persists for months in various tissues and may contribute to 

virus overwintering [325-327]. The underlying reasons for differences in clinical outcome among 

bird species are not clear, but are likely dependent upon the viral load, inflammatory response, 

and production of neutralizing antibodies. While there is a great deal of knowledge about WNV 

pathogenesis and the host immune response in mammals (reviewed in the next section), 

unfortunately very little is known about birds. Birds that clear infection often experience a rise in 

antibody titers (primarily IgM) around 5-7 days post infection and peak in about one month (IgY, 

avian equivalent of IgG) [214,320,328,329]. The critical links between the innate and adaptive 

immune responses [330] have not been studied in the WNV-bird system, therefore there is little 

understanding of how certain bird species can clear infection. Limiting the advancement of 

research are the general lack of commercially available reagents for ecologically relevant hosts 

(such as antibodies to IFN components), difficulties in obtaining birds (often need to be caught), 

and special animal biosafety level 3 facilities for WNV-infected birds.  

WNV evolution within both naturally infected wild birds [137] and experimentally 

infected young chickens [131,161] is dominated by purifying selection. Since WNV tends to 

cause acute infection and transmission to mosquitoes occurs before the development of a 
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neutralizing antibody response, the selective pressures are likely a reflection of the early innate 

immune response. In addition, there is some evidence that wild birds paradoxically select for 

particular WNV variants. Pesko et al. detected large in frame deletions within some of the WNV 

genomes recovered from dead lorikeets [331]. These variants acted as defective interfering 

particles and reduced infection in Vero cell culture and mosquitoes, but did not decrease 

pathogenesis in mice. Moreover, Brault et al. reported a single T249P amino acid substitution in 

the NS3 helicase coding region that was positively selected by and significantly increased 

virulence in American crows [106]. While these examples represent important findings, they do 

not provide enough data to understand the role of particular birds as drivers of viral evolution 

and emergence. Does the selection strength vary between hosts? Is it correlated with disease or 

viral replication? And how does it impact viral fitness in birds and mosquitoes? 

Filling in some of these knowledge gaps about WNV-bird interactions will significantly 

increase our ability to understand virus evolution. Viruses and hosts are under continuous 

pressures from one another to increase their own defenses, an evolutionary conflict to maintain 

fitness described by the ‘Red Queen’ hypothesis (i.e. race to stay in the same place) [332]. 

Furthermore, host immunity modulates viral adaptation [333]. Maximum viral adaptation occurs 

at the crossing point of the strength of selection and viral abundance, which often occurs with a 

moderate immune response. This is the point where the virus-host conflict is the most intense. 

Deviations from this response will decrease the net viral adaptation rate. At the extremes when 

there is either no effective host response (no selection) or overwhelming immune pressure (all 

virus is cleared), there is no adaptation. Unlike HIV, where the intrahost dynamics and adaption 

rates are well characterized [334,335], strong predictions about WNV evolution cannot be made 
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without further investigation into virus-bird interactions. Moreover, we cannot predict in which 

bird species the evolutionary conflict is the most intense.   

 WNV evolution within birds is expected to directly impact disease in humans. When 

WNV spills-over into humans and other mammals, it can replicate, attenuate host antiviral 

responses, and cause pathogenesis [173], but the selective pressures from the mammalian 

immune system cannot drive WNV evolution because they are dead-end hosts. Even so, 

outbreaks of WNV encephalitis in Europe in 2008 [336] and in Australia in 2011 [337] are 

examples of human and equine disease caused by WNV strains previously described with low 

neuroinvasiveness. Therefore, these virulence changes most likely evolved during the natural 

transmission cycle and could be the result of bird-specific WNV adaptations coopted for 

enhanced cell entry, replication, and/or immune evasion in mammals. When these assumptions 

are applied to the evidence that WNV is becoming more virulent in birds by co-evolving with 

North American house sparrows [107], it suggests that WNV may also be becoming more 

virulent in humans. Investigation of ecologically relevant avian hosts infected with WNV may 

help us understand the mechanisms that drive virulence in humans and perhaps even predict 

future change. Of course, this assumes that the viral mechanisms of pathogenicity are similar in 

avian and mammalian hosts, which may not be true and also requires further examination. 

 

Mammalian infection, type-I interferon, and neuroinvasive disease 

Experimental WNV infection in mice and hamsters provided key information about viral 

dissemination and the host innate immune response. Following subcutaneous transmission of 

WNV from a mosquito, early phase WNV replication is thought to primarily occur in fibroblasts, 

keratinocytes, and Langerhans cells [173,338]. Infected Langerhans cells, or bone marrow-
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derived epidermal dendritic cells, migrate from the skin to the draining lymph nodes [339]. 

WNV replication in the lymph nodes seeds the establishment of primary viremia and visceral-

organ dissemination. Secondary WNV replication occurs in cells such as dendritic cells and 

macrophages of the peripheral tissues [173,340,341]. In humans, most WNV infections are 

asymptomatic (70-80%), about a quarter develop acute disease without neurologic involvement, 

and very few (<1%) progress to severe West Nile neuroinvasive disease (WNND) [56,342,343]. 

WNV is both neuroinvasive and neurotropic, but the very low proportion of individuals that 

develop WNND suggests that host restriction is robust.   

The first and primary line of host defense against WNV replication is the innate immune 

response, dominated by type I IFN (α/β) [344]. Cells recognize WNV infection by sensing 

double- and single-stranded viral RNA using pattern recognition receptors. Engagement of these 

receptors leads to the production of chemokines and cytokines, including, IFN-α and –β. The 

secreted type I IFNs activate a signal transduction pathway in a paracrine and autocrine manner 

to induce hundreds of antiviral effector IFN-stimulated genes (ISGs) [345,346]. These ISGs can 

either directly or indirectly impede WNV replication. Important ISGs include RSAD2 (aka 

viperin, restricts early WNV replication and promotes IFN induction [347]), OAS1 (binds to 

dsRNA to activate an endoribonuclease [348]), IFIT1 (binds to translation factors and sequesters 

5’-triphosphate RNA [349]), IRF-1 (induces IFN and other ISGs, aids CD8+ T cell expansion 

[350]), and IFI-27 (aka ISG12, sensitizes cells to apoptosis [351,352]). Additionally, several 

studies have demonstrated that there are cell- and tissue-specific antiviral responses to WNV 

infection due to distinct transcriptional programs [346,352-354]. This dynamic IFN-induced 

antiviral state is often powerful enough to prevent viral dissemination and clear infection.  
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To counteract, WNV has evolved functions to evade and antagonize the IFN response 

and the antiviral actions of ISGs. WNV suppresses early replication and hides its RNA in 

replication complexes to avoid detection and the antiviral actions of ISGs [355,356]. The viral 

encoded 2’-O methyltransferase caps the 5’ end of the viral genome to evade host restriction by 

IFIT proteins [357,358]. Several WNV NS proteins can also directly antagonize the host 

response. NS1 can disrupt IFN and ISG induction by altering toll-like receptor 3 activation [359]. 

Both NS4B and NS5 (and maybe other NS proteins) can obstruct ISG expression by activating a 

pathway to degrade the IFN receptor (i.e. IFNAR1) and blocking the phosphorylation of several 

signal transduction components (i.e. JAK1, Tyk2, STAT1 and STAT2) [360-363]. If the virus 

can successfully counteract the host defenses, or if the host is immunocompromised, then the 

virus has a chance to reach the CNS. 

The blood-brain-barrier (BBB) is formed by tight junctions between the microvasculature 

endothelial cells at the interface of the CNS. It is not entirely clear how WNV overcomes this 

formidable physical barrier [364]. One option is the hematogenous route where viruses enter by 

directly infecting the endothelial cells [365] or infecting immune cells that can pass freely into 

the CNS (i.e. a “Trojan horse”) [366]. Data also suggest that the proinflammatory response to 

WNV infection facilitates neuroinvasion by compromising the integrity of the BBB [367,368]; 

however, subsequent studies found that inflammatory cytokines, including IFN α/β, act to tighten 

the junctions [369,370]. Alternatively, or in parallel, WNV may enter the CNS by the transneural 

route via peripheral neurons [371,372] or olfactory nerves [364]. Once in the CNS, WNV spread 

is thought to be limited by the relative susceptibilities of different neurons to infection and IFN 

protection [352,373]. The subcortical region, particularly the thalamus, medulla, pons, midbrain, 

basal ganglia, and the anterior horn of the spinal cord are especially vulnerable to neuronal loss 
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and injury, while the cortical neurons are left unharmed [374]. WNND can develop into 

meningitis, encephalitis, or poliomyelitis [375]. Meningitis, the most common (~40% of 

WNND), is also the least severe (<1% case fatality rate). Approximately 20% of the cases that 

develop encephalitis succumb to infection with symptoms of encephalitis including altered 

mental status, weakness, and movement disorders. Poliomyelitis, the most severe form of the 

disease, is often accompanied by abrupt and asymmetric weakness or paralysis and a case fatality 

rate of 10-50%. Unfortunately, the symptoms of WNND commonly persist as neurologic 

sequelae in survivors. 

Despite the wealth of knowledge about WNV-host interactions, the intrahost dynamics of 

WNV evolution are vastly understudied. This is a significant shortcoming because several 

studies demonstrated that the viral population structure can directly impact viral fitness and 

disease [131-134]. Since viral populations can be formed in virtually endless possibilities, 

experimentation is needed to define the important structures. Mouse models that were developed 

to dissect the role of specific IFN pathway components during WNV infection, such as Rsad2-/- 

and [347] and Ifnar-/- [352] knockout mice, can be used to uncover their role in intrahost WNV 

evolution. Temporal sampling of various tissues can reveal how the dynamic host responses and 

potential bottlenecks shape viral populations during systemic infection [376]. Together, the 

pressures within a host may create distinct viral subpopulations with specific properties that can 

aid in viral dissemination. Some of these factors may help highly virulent strains of WNV reach 

the brain and cause severe disease. Taken further, understanding the selective pressures imposed 

by components of the host IFN response and knowing why certain variants make it to the brain 

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

dependent impacts on population structure and competitive fitness 

 

Introduction 

RNA viruses pose some of the most complex, persistent and challenging problems facing 

public health and medicine. The ongoing outbreaks of avian influenza A(H7N9) virus 

(Orthomyxoviridae) in China [377], Ebola virus (Filoviridae) in West Africa [378], and 

chikungunya virus (CHIKV, Togaviridae, Alphavirus) and West Nile virus (WNV, Flaviviridae, 

Flavivirus) in the Americas [13,15] highlight the health and societal impacts imposed by RNA 

virus-induced diseases. Several factors contribute to the emergence of these agents and the 

continued burdens they impose on human health. Among these is their ability to undergo rapid 

evolution in new and/or changing environments. Well documented examples of RNA virus 

evolution leading to increased virus transmission include WNV and CHIKV. In both cases, 

small, conservative amino acid substitutions (residues with similar physiochemical properties) to 

the viral envelope proteins resulted in more efficient transmission by mosquito vectors 

[102,113]. Adaptive changes to RNA virus genomes first arise as minority components within a 

genetically complex population of related but non-identical virus variants. The genetic diversity 

present in naturally occurring RNA virus populations has been clearly shown through a large and 

expanding body of observational and experimental studies to be critical to their biology. For 

example, several studies have demonstrated that the diversity of an intrahost viral population, 

rather than the fitness of individual variants, correlates with pathogenesis, disease progression 

and therapeutic outcome [132,379,380]. Moreover RNA viruses have the capacity for rapid 
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evolutionary change because within infected hosts, all single nucleotide mutations may be 

generated. 

This has been particularly clear in the case of WNV, an arthropod-borne virus (arbovirus) 

that persists in nature in enzootic cycles between ornithophilic mosquitoes (mainly Culex spp.) 

and birds. After its initial identification in the New York City area in 1999, WNV spread 

throughout the continental United States, producing the largest outbreaks of flaviviral 

encephalitis ever recorded in North America. The explosive spread of the virus was accompanied 

by the displacement of the introduced genotype by a derived strain that is more efficiently 

transmitted by local Culex mosquitoes [105]. Studies of intrahost population dynamics of WNV 

demonstrated that genetic diversity is greater in mosquitoes than in birds [131]. The selective 

basis for the host-specific patterns of WNV genetic diversity is that the strong purifying selection 

that predominates in birds is relaxed in mosquitoes [131,137]. In addition, the RNA interference-

based antiviral response in mosquitoes creates an environment where negative frequency-

dependent selection may drive rare variants to higher population frequency [164]. Moreover, 

WNV maintains both adaptive plasticity and high fitness by alternating between hosts that 

impose different selective forces on the virus population [141]. 

  Nonetheless, important gaps remain in our understanding of how error-prone replication 

interacts with selective and stochastic reductions in viral genetic diversity under natural 

conditions. This is particularly the case for arboviruses, which tend to cause acute infection in 

vertebrates, with transmission occurring before the development of a neutralizing antibody 

response. Therefore, well-described mechanisms of immune selection such as those that occur 

during chronic hepatitis C and human immunodeficiency virus infections are comparatively 

weak during acute arbovirus infection of vertebrates. Thus, the ways that ecologically relevant, 
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natural hosts can influence arbovirus genetic diversity remain poorly understood. WNV in 

particular provides an excellent experimental system to study the influences of natural vertebrate 

hosts on viral evolution. The virus infects a large number of wild bird species [177] with a wide-

range of infection outcomes [176]. In addition, several studies have provided evidence that 

particular WNV variants may arise through adaptation to birds [106,331].  

Therefore, we sought to determine whether different wild bird species may have distinct 

impacts on WNV population structure. Specifically, we allowed WNV to replicate in wild-

caught American crows (Corvus brachyrhynchos), house sparrows (Passer domesticus), and 

American robins (Turdus migratorius), bypassing the mosquito portion of the arbovirus cycle in 

order to focus on the impact of different vertebrate environments on virus populations during 

acute infection. Virus was passaged in individuals of each species five times in order to amplify 

host-specific patterns of selection that may remain cryptic after a single passage. Bird species 

were selected on the basis of ecological relevance and resistance to WNV-induced mortality. 

American crows experience high viremia and mortality following inoculation with WNV [321] 

and can directly transmit virus to roost mates without mosquito involvement [381]; house 

sparrows experience high viremia and intermediate mortality [382] and are frequently involved 

in WNV perpetuation [383]; and American robins experience intermediate viremia but very low 

mortality [328] and can be drivers for human WNV risk [229]. Virus populations were 

characterized using next generation sequencing (NGS) and through in vivo fitness competition 

studies in birds and mosquitoes. Our findings demonstrate that relevant vertebrate hosts with 

varying levels of disease susceptibility differentially 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 and Wildlife Service (#MB91672A-0) and 

Colorado Parks and Wildlife (#13TRb2106) permits and with permissions from landowners. No 

endangered or protected species were caught or harmed during the study. Experiments involving 

animals were conducted in accordance with protocols approved by the Colorado State University 

(CSU) Institutional Animal Care and Use Committee (#12-3694A) and the recommendations set 

forth in the Guide for the Care and Use of Laboratory Animals of the National Institutes of 

Health.  

 

Serial passage of WNV in wild-caught birds 

A WNV infectious clone (WNVic) was previously constructed from an American crow 

kidney isolate collected during the 2000 outbreak in New York City [99,384]. The WNVic 

contains a naturally selected proline at amino acid site 249 in nonstructural protein 3 (NS3) 

allowing it to replicate to high titers in wild birds [106,109]. Wild birds were collected in 

Northern Colorado from 2013 to 2014 using mist nets (house sparrows and American robins) and 

cannon nets (American crows). All birds were bled prior to inoculation and serum was tested by 

plaque reduction neutralization test to confirm that all birds used for subsequent studies were 

WNV seronegative. The virus strain used to initiate the passage series was derived from a 

WNVic as previously described [384]. Virus was harvested from the supernatant of BHK cells 

transfected with linearized plasmid, stored at -80˚C and used without further passage. Viruses 

were administered to birds by subcutaneous inoculation to the breast region with 1,000 WNV 

plaque forming units (PFU)/100 µl, a dose similar to mosquito transmission [291], in inoculation 
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medium (endotoxin and cation-free phosphate buffered saline with 1% FBS). Birds were bled 

from the jugular vein at the time of peak viremia on 3 days post-infection (dpi). Serum was 

titered by standard plaque assay on African green monkey kidney cells (Vero, ATCC CCL-81) 

and stored at -80˚C until used for subsequent passage or sequencing as described below. The first 

passage series utilized seven birds for each wild-caught species and the three birds with the 

median viral titers were used to start three independent replicate lineages, each including three 

naïve birds (i.e. replicates ‘a’, ‘b’, and ‘c’). From each group of three birds, the serum with the 

median viral titer was used to continue passaging to another cohort until five serial passages 

were completed. The WNVic derived virus was also passaged once in three young chickens for 3 

dpi and two individual Cx. quinquefasciatus mosquitoes for 14 dpi to compare viral populations 

from commonly used laboratory vertebrate host and invertebrate vector models, respectively.  

Wild-caught birds were housed in 0.5 to 1m3 cages in groups of 3-4 with space for 

limited flight (sparrows and robins) and fed ad libitum water and a mixture of dry dog food 

(crows and robins), raisons (robins), earth worms (robins) and/or bird seed (sparrows) as 

described previously [321,328,382,385]. Chickens (two-days old) were hatched from specific 

pathogen free eggs (Charles River Specific Pathogen Free Avian Services, Franklin, CT) and 

maintained as described previously [131]. Cx. quinquefasciatus mosquitoes were reared from a 

long laboratory-established colony. Mosquitoes were maintained at 26-27°C and 70-80% relative 

humidity with a 16:8 L:D photoperiod. Water and 10% sucrose was provided ad libitum. Adult 

mosquitoes used for experiments were 4-7 days post-emergence. All animal infections were 

conducted within the Colorado State University ABSL-3. 
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Phenotypic assessment 

The infection phenotype of each WNV lineage after five passages (p5) in wild-caught 

birds was compared to the unpassaged (p0) WNV in the same bird species as virus passage, 

young chickens (two-days old), and Cx. quinquefasciatus mosquitoes (4-7 days post emergence). 

Viremia and survival was measured from birds were inoculated with 1,000 PFU of p5 or p0 

WNV (n = 4-5 birds/virus) for up to 6 dpi. As defined here, competitive fitness compares the 

replication of a competitor virus (i.e. serial passaged p5 WNV) and a standard WNV reference 

(WNV-REF) during infection of the same host. Competitive fitness is quantified by the 

proportion of competitor to WNV-REF genotypes using sequence chromatograms (i.e. 

quantitative sequencing) [386]. The WNV-REF was created using site-directed mutagenesis 

[248]. Five sequential synonymous changes were made to nucleotide positions 8313-8317 in the 

NS5 region of the genome, changing the parental sequence CTC TCA CGG to CTa agc aGG. 

The non-coding changes to WNV-REF did not affect the replication kinetics and infectivity 

compared to the WNVic [171], making WNV-REF a useful standard to measure the fitness 

changes of WNVic after serial passage in birds [141,171]. 

Birds were co-inoculated with 1000 PFU of equally mixed WNV-REF and p5 competitor 

virus (n = 4-5 birds/competition) and serum was collected 3 dpi as described above. Cx. 

quinquefasciatus mosquitoes were intrathoracically (IT) inoculated with 10 PFU/69 nl of equally 

mixed WNV-REF and p5 competitor virus (n = 40-60 mosquitoes/competition) using a Nanoject 

II (Drummond Scientific Company, Boomall, PA). Injected mosquitoes were held in quart-sized 

cardboard containers with water and 10% sucrose provided ad libitum. After 14 dpi, the 

mosquitoes were anesthetized with triethylamine and saliva was collected in capillary tubes for 

30 minutes as previously described [387]. Individual whole mosquito bodies were homogenized 
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in 100 µl of cell culture medium (Eagle’s minimum essential medium, 10% heat-inactivated fetal 

bovine serum, 100 units/ml penicillin/streptomycin, 50µg/ml gentamicin, 1x L-glutamine and 

125ng/ml fungizone) and a ball bearing using a Mixer Mill MM300 (Qiagen, Valencia, CA) for 

30 s at 24 cycles/s. The homogenates were clarified by centrifugation for 5 min at 10,000 × g. 

Additionally, 6 log10 PFU/ml of crow p5 viruses mixed equally with WNV-REF was offered to 

mosquitoes in an infectious bloodmeal (n = 30-60 mosquitoes each). Mosquito midguts, 

legs/wings and saliva were collected from individual mosquitoes at 14 dpi and homogenized. 

Total RNA was isolated from 50 µl of bird serum, mosquito tissue homogenates and mosquito 

saliva using the Mag-Bind Viral DNA/RNA 96 kit (Omega Bio-Tek, Norcross, GA) on the 

KingFisher Flex Magnetic Particle Processor (Thermo Fisher Scientific, Waltham, MA ), 

according to manufacturer’s protocols, and RNA eluted in 50 µl of nuclease-free water. 

 

Sequencing and data analysis 

Viral RNA was extracted from 50 µl of bird serum or mosquito body homogenate as 

described above with the addition of 1 µl of the RNase inhibitor SUPERase-In (Ambion, Austin, 

TX) and 0.5 µl of linear polyacrylamide (Ambion) added to the RNA followed by Turbo DNase 

treatment (Ambion). Total RNA was amplified using the NuGEN Ovation RNA-Seq System V2 

(San Carlos, CA) and cDNA amplicons were sheared using the Covaris S2 Focused-

ultrasonicator (Covaris, Woburn, MA) according to the manufacturer’s recommendations. 

Sequencing libraries were prepared from 22-100 ng of sheared cDNA using NuGEN’s Ovation 

Ultralow Library Kit according to the manufacturer’s recommendations. Agencourt RNAclean 

XP beads (Beckman Coulter Genomics, Pasadena, CA) were used for all purification steps. 

WNV genome equivalents (GE)/ml concentrations were quantified following 1) RNA extraction, 
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2) DNase treatment and 3) RNA-Seq cDNA synthesis steps by qRT-PCR using the iScript One-

step RT-PCR Kit for probes (Bio-Rad Laboratories Inc., Hercules, CA) and a previously 

described probe and primer set [388]. Briefly, 25 µl reactions were amplified using the CFX96 

Real-Time instrument (Bio-Rad Laboratories Inc.), standard amplification conditions and WNV 

RNA standards prepared as previously described [167]. Finished libraries were analyzed for 

correct size distribution using the Agilent Bioanalyzer High Sensitivity DNA chips (Agilent, 

Santa Clara, CA). Deep sequencing was performed using the Illumina HiSeq 2000 platform at 

Beckman Coulter Genomics (Danvers, MA) and 20-30 uniquely barcoded libraries were 

multiplexed per lane. 

Fastq files containing 100nt paired-end read data were demultiplexed using CASAVA 

and custom scripts that impose high stringency (0 mismatches) in the barcode region of each 

read. The sequence of the input WNV strain was determined from three independent biological 

sequencing replicates of the input virus using the Trinity assembler [389]. 100 nt paired-end 

reads were then aligned to this “input” sequence using MOSAIK [390]. Duplicate reads were 

removed using the MarkDuplicates tool within Picard to limit the influence of PCR artifacts and 

multiply sequenced clusters on variant calling with Vphaser2 [391]. Variants with significant 

strand bias were removed to reduce the potential for false-positives [392]. Variants called using 

Vphaser2 were used for subsequent data analysis unless otherwise specified. Analysis was 

limited to the protein coding sequences; and intrahost single nucleotide variants (iSNVs) and 

intrahost length variants (iLVs, includes both insertions and deletions) were analyzed separately.  

Hamming distances from the p0 “input” virus were calculated for each population by 

dividing the total number of polymorphisms by the average coding sequencing coverage. Mean 
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viral population complexity was calculated by the normalized Shannon entropy (SN) at each site 

using the following equation [393]: 

SN = − pi(Lnpi) + (1-pi)(Ln(1-pi)) / LnN, 

where p is the frequency of the iSNV at site i and N is the coverage at that site. At a single 

nucleotide position, a SN score of 0 indicates a single nucleotide was present (i.e. no 

polymorphism) while a score of 1 represents maximum complexity (i.e. equal numbers of 

alternate nucleotides). The SN at all protein coding sequence nucleotides loci were averaged to 

estimate the viral population complexity.  

 High frequency iSNVs were subjected to an additional analysis to reduce the possibility 

that conclusions drawn from the complete dataset were dependent on extremely rare variants. To 

establish a threshold for “high frequency” iSNVs, all of the Vphaser2 accepted variants detected 

in this study (n = 6052) were log10 transformed, increased by 3.75 (to make all of the values 

positive) and fit to a gamma distribution, where α = µ2/s2 and β = E[µ]/s2, using R (data did not 

fit a beta distribution). An iSNV frequency >0.02 was determined to be in the upper 5% of the 

gamma distribution and was used to define high frequency SNVs detected through WNV 

passage in birds (n = 341 individual SNVs). The sequencing reads from p0, p1 and p5 were 

aligned to the WNV genome using mpileup from the VarScan2 software package [394] and 

haplotypes were reconstructed using QuasiRecomb 1.2 [395] with the flags ‘-r 97-10395’, to 

reconstruct haplotypes from the entire coding sequence with respect to reference genome 

numbering, ‘-K 1-10’, to use a bigger interval of generators and ‘-noRecomb”, to disable the 

recombination process because it was not expected from the viral population and to reduce the 

runtime. To increase haplotype specificity, the flag ‘-conservative’ was employed and analysis 

was restricted to haplotypes containing high frequency SNVs (i.e. >0.02).  
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 The proportion of mutations in each population that were nonsynonymous (pN) and the 

ratios of nonsynonymous to synonymous variants per site (dN/dS) were used to test for intrahost 

selection [147]. DnaSP (version 5) [396] was used to determine the number of nonsynonymous 

and synonymous sites to calculate dN/dS using the Nei-Gojorori method [397] with the following 

modifications for NGS data. Nd and Sd (i.e. the numbers of detected nonsynonymous and 

synonymous mutations, respectively) were calculated for each viral population by the sum of 

individual nonsynonymous and synonymous VPhaser2 accepted iSNV frequencies and the 

passage consensus sequence was used to determine the number of nonsynonymous and 

synonymous sites. The number of nonsynonymous (7843.67) and synonymous (2455.33) sites in 

the ancestral p0 consensus sequence were used to determine that pN prior to selection is ~ 0.76. 

In addition, 50 most frequent haplotypes reconstructed from p1 and p5 from each bird species 

were analyzed using the Fu and Li’s F [398] and Fay and Wu’s H [399] statistical tests of 

neutrality in DnaSP with a window length of 100, a step size of 25 and the p0 consensus 

sequence as an outgroup to infer the ancestral nucleotide state.  

 The standardized variance in iSNV frequencies (FST) was used to estimate the extent of 

interhost genetic divergence using a scale between 0 and 1, and the extent of FST change between 

populations represents the degree of genetic divergence. Specifically, in-house FORTAN scripts 

were used to calculate FST using equations 1, 2 and 4 by Fumagalli et al. [400]. Intrahost SNV 

frequencies determined by mpileup and readcounts from the VarScan2 software package [394] 

were used to estimate the per site heterozygosity in biological replicates compared to the total 

population (e.g. all biological replicates within passage) at a single passage (i.e. intra-passage) 

and the per site heterozygosity between passage replicates (i.e. inter-passage). 
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 For estimation of the probability of resampling for the iLV data, we used the phyper 

command in R (www.R-project.org). We calculated that a total of 51,490 single nucleotide iLVs 

were possible by multiplying the length of the coding sequence (10,299 nt) by the 5 different 

kinds of iLVs that could occur at each site (one deletion and four different nt insertions). We 

then used phyper to obtain the probability of sampling overlap of 400 iLVs out of 600 sampled 

(reflecting a reasonable approximation of our observed data for crows) given that 51,490 iLVs 

are possible. Simulation studies were conducted in R by randomly sampling 600 individuals, 

with replacement, from a set of 51,490 and comparing the sets. T-tests, Kruskal Wallis tests, and 

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

 

Results 

Virus passage and phenotypic assessment 

The WNV used in these studies was derived from an infectious clone of the NY99 

genotype and is described in detail elsewhere [384]. Clone-derived WNV was passaged five 

times in wild-caught American crows, house sparrows and American robins. To avoid 

systematically selecting high- or low-replicating strains and population bottlenecks during 

passage, and since titers are highly variable in wild-caught birds, the sera from the individuals 

with the intermediate viral load were passed into the next cohort at a standard dose of 1000 PFU. 

Virus titer was variable but did not change significantly or consistently during the course of 

passage (Figure 2.1A). Further, five passages in wild birds did not alter viremia production or 

mortality in crows and sparrows (Figure 2.2A-B). WNV replication and fitness after passage 

was assessed using young chickens and Culex quinquefasciatus mosquitoes to directly compare 

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

(p0) in peak viremia production in chickens (i.e. at 2 and 3 dpi) (Figure 2.1B). 

 

 

Figure 2.1. Passage of WNV in birds results in competitive fitness increases while viremia 
remains unchanged. (A) WNV titers during passage. Open symbols represent samples with 
median viremias that were used for subsequent passage. (B) Viremia production after sequential 
passage, measured in young chickens (mean ± SD, n = 12-15 chickens each, data from passage 
replicates combined, *, P < 0.01,two-way ANOVA with Tukey’s correction). Dashed lines 
indicate the assay detection limits. (C) Competitive replicative fitness in young chickens (left; *, 
P = 0.0339; ****, P < 0.0001, unpaired t-test) and mosquitoes (right; ns, not significant; *, P < 
0.05, unpaired t-test for both bodies and saliva). Passage replicates are colored as in (A) and 
horizontal lines represent the mean proportion of bird-passed WNV. Phenotypic assessment of 
wild bird passaged virus in its passaged host and in orally infected mosquitoes are in Figure 2.2.   
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Figure 2.2. Phenotypic analysis in wild-caught birds and bloodfed mosquitoes. (A) Wild-
caught crows infected with crow-passaged WNV (n = 4 each) were assessed daily for viremia 
production (represented as the mean ± SD of WNV plaque forming units [pfu]/ml of serum) and 
survival were compared by two-way ANOVAs with Tukey’s corrections for multiple 
comparisons. Left: *, crow-passage 5 replicate “b” (p5b) vs p0 at 2, 3 and 4 days post infection 
(dpi), P = 0.0206, 0.0382 and 0.0185, respectively. Right inset: *, p5b vs p0, P = 0.0309. 
However, this significance is likely due to lower than expected WNVic p0 virus titers (100× 
lower at 3 dpi than the first passage of WNVic shown in Figure 2.1). Crow passages p5a and p5c 
did not lead to significant differences in viremia and survival. Due to decreasing sample sizes 
caused by mortality, analysis was limited to 1-4 dpi. The dashed lines indicate the assay 
detection limits. (B) Wild-caught sparrows infected with sparrow-passaged WNV were assessed 
as described in (A) and led to no significant differences in viremia and survival compared to p0 
viruses (n = 4 each). (C) WNV competitive fitness was measured by the change of mean 
proportion of the competitor (i.e. p5 WNV) from the inocula compared to after 3 days post 
infection (dpi) in crows and sparrows by unpaired t-tests (crows, P = 0.0017; sparrows P 
<0.0001). The biological replicates are shown as magenta squares (replicate ‘a’), yellow triangles 
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(replicate ‘b’) and teal circles (replicate ‘c’). (D) Crow p5 WNV competitive fitness in Culex 
quinqefasciatus mosquitoes 14 dpi by oral inoculation was determined as described in (C) 
(bodies, P = 0.0258; legs/wings and saliva, not significant).  
 

Fitness assays were used to directly compare passaged viruses to a standard reference 

WNV in head-to-head competition. These assays can detect subtle fitness differences that are 

inapparent in comparative studies. Competitive fitness of all wild-bird p5 WNV was 

significantly enhanced in chickens. Crow-passaged virus had the smallest fitness gains and 

robin-passaged virus the largest (Figure 2.1C). Fitness studies conducted in wild birds produced 

the same results as those in chickens (Figure 2.2C). Competitive fitness was slightly increased in 

mosquitoes, but no bird-specific differences were noted (Figure 2.1C, Figure 2.2D).  

 

Patterns of intrahost mutational diversity  

At each passage virus was examined by NGS to determine whether the consensus 

sequence changed during passage and to characterize the diversity of intrahost viral populations 

(Figure 2.3). WNV genome coverage was variable across the genome and between samples 

(Figure 2.3A), and positively correlated with viral population size (Figure 2.3C). The lower 

relative WNV genome coverage from robin sera can in part be explained by smaller intrahost 

viral population sizes and smaller virus to host RNA ratios. Approximately 68%, 29% and 7% of 

NGS reads aligned to the WNV genome from crow, sparrow and robin sera, respectively. 

Comparatively, 20% and 0.5% of the NGS reads aligned to the WNV genome from chicken sera 

and mosquito bodies, respectively. 
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Figure 2.3. Sequencing coverage of the virus genome is correlated with intrahost virus 
population sizes. (A) WNV sequencing coverage plotted by genome position for the input virus 
used to initiate passaging (sequenced as technical replicates, p0a-p0c) and after five passages in 
wild-caught crows, sparrow and robin viruses (sequenced as biological replicates, p5a-p5c). (B) 
Intrahost virus population sizes measured by genome equivalents (GE)/ml of bird serum after 
each sequential passage. (C) Correlations of sequencing coverage of the WNV genome to the 
intra-host virus population sizes from each bird species using individuals were made by the 
Pearson’s correlation coefficient (crows, r = 0.5249, P = 0.0445; sparrows, r = 0.9145, P = 
<0.0001; robins r = 0.7041, P = 0.0034). 

 
Three nucleotide mutations that led to consensus amino acid substitutions were detected 

though passaging in birds, but none became fixed (i.e. frequency = 1) in the population. In 

contrast, three consensus amino acid substitutions were detected after a single mosquito passage.  

We estimated intrahost variation from NGS data to determine whether WNV population 

diversity was bird species-dependent. The mean number of unique iSNVs in each virus 

population was relatively constant between passages, but differences were apparent among bird 

species (Figure 2.4A). WNV populations passaged in crows five times (p5) had significantly 

more unique iSNVs than WNV passaged in sparrows and robins. In addition, the frequency of 

individual iSNVs increased during passage in a species-dependent manner: The mean iSNV 
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frequency after p5 in robins was significantly higher than after p5 in crows or sparrows (Figure 

2.4B). Despite these differences, the viral populations had similar SN, Hamming distances (i.e. 

SNVs per coding sequence) and amino acid substitutions per coding sequence after p5 in 

different species (Figure 2.4C). 

  
Figure 2.4. Disparate adaptive routes in birds lead to similar overall intrahost population 
complexity and diversity. The number (A, mean ± range) and frequency (B, geometric mean ± 
95% CI) of unique intrahost single nucleotide variants (iSNVs,) from the WNV coding sequence 
during passage in wild-caught crows, sparrows or robins (*, P < 0.05, Kruskal-Wallis test with 
Dunn’s correction). (C) Mean (± range) normalized Shannon entropy (SN, measure of population 
complexity) (left), Hamming distance from the p0 consensus sequence (SNVs per coding 
sequence) (middle) and the number of amino acid (AA) substitutions per coding sequence (right) 
(ns, not significant).  
 

We examined the ratio of viral GE to PFUs and intrahost single nucleotide length variants 

(iLVs, including both insertions and deletions) to assess defective viral genomes in WNV 

populations during passage. Crow-passaged WNV had the highest GE:PFU ratio (Figure 2.5A) 

and the most unique iLVs (Figure 2.5B). In addition, a greater proportion of the iLVs in crows 
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were found in subsequent passages compared to sparrows and robins (Figure 2.5C). The number 

of iLVs per coding sequence was positively correlated with the titer of infectious virus (Figure 

2.5D). We then evaluated the possibility that greater levels of iLV carry though in crows, which 

can only occur via complementation (Figure 2.5C), were due to sampling artifacts. To do this, 

we used a hypergeometric test implemented in R that indicated that selecting 400 common iLVs 

in two samples of 600 from the total pool of available single-nuceotide iLVs (n=51,490) was 0. 

Simulation studies confirmed that it is extremely unlikely that random sampling produced the 

observed data. 

 

Figure 2.5. Intrahost virus population density contributes to the accumulation of 
deleterious mutations. (A) WNV genome equivalent to plaque-forming unit (GE:PFU) ratio 
from all bird passages (n = 15 per species; *, P < 0.05, Kruskal-Wallis test with Dunn’s 
correction). (B) Unique intrahost length variants (iLVs, i.e. single nucleotide insertions and 
deletions,mean ± range) from the WNV coding sequence (*, crow p5 vs robin p5, P = 0.0219, 
Kruskal-Wallis test with Dunn’s correction) and (C) proportion of unique iLVs detected in the 
subsequent replicate series passages (e.g. carry-through from p1a to p2a) calculated after each 
passage (**, P = 0.0084; ***, P = 0.0005, Kruskal-Wallis test with Dunn’s correction). (D) 
Correlation of virus population sizes (PFU/ml) to the number of iLVs per coding sequence from 
each individual (Pearson r = 0.6150, P < 0.001).  
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Intrahost selective pressures 

Evidence for natural selection was assessed in WNV populations using intrahost 

neutrality tests. The pN and dN/dS ratios were the highest in the input p0 WNV population and 

decreased significantly during passage in each bird species (Table 2.1). Separate analysis of dN 

and dS shows that dN did not significantly increase during passage while dS increased 

significantly at p5 in all bird species, a hallmark of purifying selection. The Fu and Li’s F and 

Fay and Wu’s H statistics were obtained from reconstructed haplotypes. The F statistic at p1 and 

p5 was consistently negative, indicating that the haplotypes contained excessive amounts of rare 

SNVs, again indicative of purifying selection (Table 2.1). The H statistic measures an excess of 

high compared to intermediate frequency SNVs. The insignificant H values suggest that the 

deviations from neutrality were due to natural selection rather than selective sweeps (Table 2.1).  

Analysis of reconstructed haplotypes that arose during passage and high frequency iSNVs (i.e. 

frequency > 0.02) was conducted to minimize the impact of differences in sequencing coverage 

and to assess positive selection. 0.02 was selected as a cutoff for “high frequency” mutations 

because it includes the top 5% of a gamma distribution of all VPhaser2-accepted iSNVs. The 

proportion of iSNVs that were high frequency after p5 was the greatest within robin-passaged 

WNV populations (16.5%) compared to sparrows (4.9%) and crows (4.8%) (Figure 2.6A). 

Reconstructed haplotypes from high frequency iSNVs were then used to assess the 

selective pressures that lead to haplotype replacement during passage (Figure 2.6B). The 

ancestral p0 virus population was composed of a single dominant haplotype that remained 

dominant after a single passage in all bird species. After p5, the ancestral haplotype remained 

dominant in crows, but not in sparrows and robins. Furthermore, high frequency iSNVs from 

crows contributed significantly fewer amino acid substitutions per coding sequence compared to 
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robins after p5 (Figure 2.6C). Examination of dN/dS, amino acid diversity and high frequency 

nonsynonymous iSNVs across the WNV genome demonstrated that, in general, selection was the 

strongest in the structural protein coding regions (Figure 2.6D-E). Specifically, passage in 

robins imposed significant selective pressures on the envelope (E) protein coding region that 

heavily targeted ectodomains (ED) I and II. The apparent selection of the nonstructural protein 

4B (NS4B) from sparrow passaging is the result of a single high frequency nonsynonymous 

iSNV. Individual high frequency iSNVs fluctuated in frequency through passaging and all 

nonsynonymous high frequency iSNVs were unique to its passage lineage (i.e. no “signature 

mutations” were detected that served as markers for replication in any particular bird species).   

Table 2.1. Intrahost tests of neutrality. 
Passage pN dN/dS dN dS Fu and Li's F Fay and Wu's H 
p0 0.84 1.57 2 × 10-5 1 × 10-5 NA NA 
Crow p1 0.80 1.22 5 × 10-5 4 × 10-5 -0.62029 0.36792 
Crow p5 0.35* 0.18* 4 × 10-5 3 × 10-4*  -4.17419** 0.77866 
Sparrow p1 0.45 0.25 3 × 10-5 1 × 10-4 -1.83693 0.4298 
Sparrow p5 0.33* 0.23* 6 × 10-5 6 × 10-4*  -1.16389 1.87529 
Robin p1 0.73 0.84 4 × 10-5 4 × 10-5 -0.83631 0.22204 
Robin p5 0.46* 0.25* 9 × 10-5 4 × 10-4*  -1.21878 1.85143 

*, P < 0.05, compared to p0 by the Kruskal-Wallis test with Dunn’s correction for multiple 
comparisons.  
**, P < 0.02, critical values compared by two tailed tests in DnaSP. 
NA, not applicable because there was only one dominant haplotype.  
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Figure 2.6. High-frequency iSNVs contribute to haplotype displacement in a bird-species 
dependent manner. (A) iSNVs from input virus (p0) and after passage 5 (p5, all replicates 
combined) plotted according to genome position. Red and black dots represent sunonymous and 
nonsynonymous iSNVs, respectively. Dotted line represents division between high and low 
frequency iSNVs (0.02). (B) Haplotypes were reconstructed from high frequency iSNVs 
represented by the number of SNVs per haplotype (i.e. Hamming 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) substitutions per coding sequence from high 
frequency iSNVs at p5 in each bird species (*, crow p5 vs robin p5, P = 0.0429, Kruskal-Wallis 
test with Dunn’s correction). (D) Mean (± range) ratios of nonsynonymous to synonymous 
variants per site (dN/dS) (left) and amino acid diversity (right) from p0 and p5 for each WNV 
protein coding region. Left: * E protein, P = 0.0284; **, nonstructural protein 2A (NS2A), P = 
0.0064; *, NS4B, P = 0.0175. dN/dS was set at 1 for replicates without synonymous single 
nucleotide variants (SNVs) and 0 without nonsynonymous SNVs in the coding region. Right: *, 
E, P = 0.0284; *, NS4B, P = 0.0328, Kruskal-Wallis test. (E) High frequency nonsynonymous 
iSNVs from all bird passages were plotted according to their position in the WNV genome. 
 

Interhost genetic divergence 

FST was then estimated from the coding sequence to determine the degree of genetic 

divergence among replicates within a passage and between passages (Figure 2.7). Viral 

populations from robins were more divergent compared to those from crows and sparrows. FST 

from WNV passaged once in young chickens was similar to wild-caught birds, but WNV 

passaged once in mosquitoes was much more divergent. These results are supported by analysis 

of haplotypes (Figure 2.8). The p0 haplotype was still dominant in chicken p1 populations with 

a small minority of haplotypes containing single iSNVs, similar to wild birds (Figure 2.6B). In 

mosquitoes the ancestral haplotype became a minority after a single passage.   
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Figure 2.7. Differential interhost divergence of viral populations between individuals, 
sequential passage and host species. Circle diameters represent divergence (FST) between 
individuals within a passage. Lines connecting circle centers represent between-passage 
divergence and were measured using combined replicates. FST from replicate means at p5 among 
crows (2 × 10-4), sparrows (4 × 10-4) and robins (6 × 10-4) were significantly different (P = 
0.0500). FST was similar after a single passage in wild birds and chickens (~2 × 10-4) and 
significantly different from FST after a single mosquito passage (2 × 10-3, P = 0.0174, Kruskal-
Wallis test).  

 
Figure 2.8. Haplotype reconstruction of viral populations passaged in chickens and 
mosquitoes. Haplotypes were reconstructed from the high frequency iSNVs (i.e. > 0.02) from 
input WNV and after one passage in young chickens and Culex quinquefasciatus mosquitoes and 
are represented by the number of single nucleotide variants (SNVs) per haplotype (Hamming 
distance from the p0 haplotype). 
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Discussion 
 
Virus passage and phenotypic assessment 

We examined WNV genetic diversity during the course of passage in birds that 

experience varying mortality due to WNV infection to assess how different hosts influence virus 

population structure and fitness. Passage in each host was accomplished in three concurrent 

biological replicates in order to control for the impact of individual wild-caught birds that may 

vary in several ways that could impact virus replication. Titers during passage were highly 

variable between individuals. However, mean titers did not significantly change during the 

course of passage, indicating that replication competence was retained and that overt increases in 

competitive fitness were not selected through our passage strategy.  

Wild-bird passaged virus was similar to unpassaged WNV in viremia production. Only 

when more sensitive in vivo competitive fitness assays (i.e. comparative replication of the 

passaged and reference WNV in the same host) were conducted were changes apparent. Note 

that our definition of fitness here is restricted to the specific competition environment (within the 

bird or mosquito) and does not consider the larger ecological fitness required for maintenance in 

a complex arbovirus transmission cycle. Passage in all birds resulted in significant competitive 

fitness gains during replication in chickens. Interestingly, the fitness gains were smallest after 

WNV was passaged in the host that experiences the most mortality (crows), and largest in the 

most disease-resistant avian host (robins). Fitness gains were far less clear when virus 

competition was measured in mosquitoes. A limitation to our mosquito studies is that 

competition was conducted via intrathoracic inoculation, which bypasses the midgut, a major 

physiological barrier in mosquitoes. Intrathoracic inoculation was used because the volume of 

blood available and the virus titers would have likely made oral infection highly inefficient. 
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Importantly, our results on WNV replication and fitness are supported by previous observations 

[141] indicating that high fitness is maintained through purifying selection in vertebrates, and 

that no tradeoff occurs when the virus is re-introduced into mosquitoes. Moreover, replicative 

fitness increases occur during passage in ecologically relevant wild birds, and these gains occur 

in a species-specific manner. 

 

Patterns of intrahost mutational diversity and selective pressures  

To investigate the viral genetic and population determinants of the observed fitness gains, 

we characterized WNV at each passage using NGS. Our data suggests that although the overall 

complexity of the virus population was similar among different bird species, its composition, and 

the selective pressures that produced it appear to be bird species-dependent. Interestingly, WNV 

replication in the most disease-susceptible bird species seems to be positively associated with the 

number of unique iSNVs (i.e. mutational tolerance) and negatively associated with iSNV 

frequency (i.e. strength of selection). This observation requires further investigation using 

additional resistant and susceptible birds, but may provide important insights into which bird 

species are most likely to drive virus evolution toward fitness gains. Our data thus far suggests 

that more disease resistant birds such as robins would be most likely to fill this role as long as 

they produce sufficiently high titers to infect mosquitoes. 

In this study we used various neutrality tests to determine whether intrahost WNV 

populations from each bird species were evolving non-randomly through purifying selection. 

While these tests all measure slightly different aspects of genetic diversity, all clearly 

demonstrate purifying selection in birds. This result confirms previous studies of WNV passaged 

in young chickens [131], and indicates that our approaches to sequencing and analysis, although 
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they differ significantly from those reported previously, produce results consistent with other 

methods. 

Our studies also provide some evidence for positive selection during bird infection. We 

found that WNV passage in robins resulted in more amino acid substitutions that reach high 

frequency compared to crows. In addition, the ancestral haplotype tended to be displaced by 

novel mutants that arose during passage in sparrows and robins. These data suggest that positive 

selection within hosts is stronger in less susceptible bird species [107].  

Examination of patterns of variation across the WNV genome provides additional 

evidence for differences in host selective environment. We found, consistent with previous 

reports on dengue virus populations [139], the highest variant frequencies in ectodomains I and 

II of the E coding sequence of WNV passaged in robins. The mechanisms that lead to the 

emergence of these variants are not currently clear. Although the E protein contains most 

neutralizing epitopes, the earliest neutralizing antibody responses observed in birds generally 

occur at around 5 to 7 days post infection [214,328]. Other mechanisms that could impact 

selection on the E protein include resistance to the early antiviral states induced by type I 

interferon [174,373] and alternate methods for virus entry and uncoating of the viral RNA [182]; 

though these mechanisms need further investigation, especially in birds. Our results suggest that 

in relatively resistant hosts, novel variants may rise to high frequency within the context of 

purifying selection. The notion that positive selection occurs in robins is further supported by our 

data showing that virus diverged most during replication in them. It is, however, balanced by a 

lack of evidence of a selective sweep, i.e. a rapid reduction in genetic diversity as a novel variant 

becomes very prominent in the population. Clearly further studies are needed to confirm whether 

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

Compared to other RNA viruses, arboviruses have low long-term rates of amino acid 

substitution [150]. This is at least partially due to the fact that most mutations are deleterious 

because of evolutionary constraints on arbovirus genomes [152]. We provide evidence that 

accumulation of deleterious mutations, or defective viral genomes, is unequal between hosts; 

WNV populations replicating in wild-caught crows accumulate the most defective genomes, and 

WNV replicating in robins accumulate the least. Defective genomes are often found during 

laboratory and natural virus infections [331,401] and can persist through multiple rounds of 

transmission [172,277]. Using both bioassays (i.e. GE:PFU) and sequencing data (i.e. iLVs per 

coding sequence), we found that the accumulation of WNV defective genomes during infection 

was positively correlated with viral load. This apparent density-dependent selection of 

deleterious mutations likely occurs via functional complementation, which becomes more 

efficient as effective multiplicity of infection (MOI, i.e. intrahost viral load) increases [274,275]. 

In addition, high MOI environments tend to tolerate neutral mutations that can become 

deleterious in a new environment [402]. Taken together, these studies provide a framework to 

understand how WNV replication in high-viremic crows leads to a broader network of 

potentially deleterious mutations and limited selection for adaptive amino acid substitutions, 

especially when compared to WNV replication in robins. The rather modest fitness gains 

experienced by crow-passaged WNV support this observation.  

 

Conclusions 

The results presented here shed light on the selective forces that shape WNV populations 

in nature. We demonstrate that selective pressures that control WNV populations seem to occur 
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in a species-specific manner (Figure 2.9). All three bird species evaluated have been suggested 

to be significant drivers of WNV outbreaks, with robins receiving particular attention due to 

findings indicating that this species is more frequently fed upon by mosquito vectors [229]. 

During intrahost WNV replication, our studies suggest that disease-susceptibility is positively 

associated with mutational tolerance and negatively associated with the strength of selection. 

This means that robins also may better maintain high fitness in WNV populations than do birds 

that are more susceptible to disease. While it is tempting to speculate that robins are significant 

generators of WNV genetic diversity, we also confirm herein that mosquitoes are much more 

efficient in generating mutational diversity in the WNV system. Moreover, these data suggest 

that intrahost virus evolutionary dynamics are associated with host resistance to disease in 

several ways and provide an important insight towards the genetic and ecological factors that 

influence RNA virus emergence. 
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Figure 2.9. Species-specific composition of WNV populations and competitive fitness. Host 
mortality and intrahost WNV population sizes are associated with WNV population structure and 
competitive fitness. The WNV populations from all bird species contain ~1 mutation per 
genome. However in the crow environment, WNV populations are more tolerant of unique and 
deleterious mutations (e.g. insertions and deletions), but few mutations rise to high frequency. In 
the most disease-resistant bird species, robins, the WNV populations are under stronger selection 
pressures. Robin-associated WNV populations are less tolerant of unique and deleterious 
mutations, and more mutations reach high frequency. The selective environment of more 
disease-resistant birds was also positively associated with competitive fitness in young chickens, 
but not in mosquitoes. Population size: each “virus” represents a log10 of GE/ml. Mutant spectra: 
“X” represents deleterious mutations, “diamonds” represent neutral or advantageous mutations, 
and diamonds of the same color represents the same mutation.       
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Chapter 3: Genetic drift during systemic arbovirus infection of mosquito vectors leads to 

decreased relative fitness during host switching 

 

Introduction 

The emergence of arthropod-borne RNA viruses (arboviruses) is an ongoing problem that 

imposes significant heath and economic burdens on communities worldwide. West Nile (WNV), 

chikungunya (CHIKV), dengue (DENV), and Zika viruses are all in various states of emergence 

at local or global scales [13-15]. The mechanisms underlying arbovirus emergence are complex 

and include, for example, altered land use and increased global travel. In addition, RNA viruses 

have an inherent ability to rapidly mutate and thus generate opportunities for adaptation in novel 

environments through an error-prone polymerase [50]. WNV is an excellent example of an 

introduced RNA virus that adapted to a new environment (i.e. new genotype linked to a shorter 

extrinsic incubation period in local mosquitoes), promoting its spread throughout the Americas 

[103]. Several studies have assessed how different host types impact WNV population structure, 

and have shown that WNV populations are more diverse in mosquitoes compared to birds 

[131,137]. In mosquitoes, purifying selection is weak and virus diversification is driven by the 

action of RNA interference (RNAi), which creates an intracellular milieu that favors rare 

genotypes [164,165]. In contrast, purifying selection in birds is strong and the innate antiviral 

responses are dominated by type I interferon [161]. Thus, in the WNV system, mosquitoes and 

birds have distinct impacts on virus population biology: Mosquitoes allow for increased adaptive 

plasticity, while birds maintain high fitness through purifying selection [141]. 

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

conditions. CHIKV is capable of adapting to transmission by Aedes albopictus during a single 
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round of infection [117]. WNV evolutionary dynamics have been shown to vary in response to 

environmental conditions [201,202]. Indeed, different avian hosts of WNV have distinct impacts 

on virus population structure and fitness (Chapter 2). The impacts of different mosquito species 

on WNV population biology and fitness, however, have not been directly addressed. This is a 

critical shortcoming in the field because throughout its distribution, WNV is maintained in its 

enzootic cycle by several Culex species, including Culex tarsalis, Cx. pipiens quinquefasciatus, 

and Cx. pipiens pipiens [13]. In addition, mosquitoes of several divergent genera have been 

found infected and/or demonstrated to be competent vectors [177,178]. These include Aedes 

mosquitoes that may act as a “bridge” between enzootic cycles and mammals, including humans 

[198]. Although it seems clear that infection of mosquitoes leads to genetically complex virus 

populations [117,160,161], the impact of any particular mosquito species on WNV population 

biology has not been determined. In addition, the full range of selective forces acting on WNV 

during systemic infection of mosquitoes is poorly understood, and important inconsistencies 

persist in the literature. For example, whereas some studies have documented the existence of 

population bottlenecks during arbovirus transmission by mosquitoes [292,293,295], others have 

not [167,296]. The genetic implications of high mutational diversity coupled with population 

bottlenecks during mosquito transmission have not been fully elaborated, and the impacts of 

different vector species on virus population diversity and fitness are not known. 

Therefore, we determined the extent to which mosquito vectors of WNV differ in their 

propensity to drive virus diversification and impact fitness. In particular, using next-generation 

sequencing (NGS) we characterized virus populations within distinct tissue compartments 

including midguts, hemolymph, salivary glands and expectorated saliva of Cx. tarsalis, Cx. 

quinquefasciatus, Cx. pipiens, and Ae. aegypti during a single mosquito infection. Taken 
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together, our results 1) demonstrate that mosquito species have differential impacts on virus 

evolution, 2) illustrate sequential reductions and expansions in virus population size that occur 

during the spread of virus from one mosquito compartment to another, and 3) confirm the 

importance of purifying selection during vertebrate infection in maintaining WNV fitness. 

Ironically, our results document a profound loss in relative fitness imposed by arthropod 

transmission of an arbovirus. 

 

Materials and methods 

Mosquito infections 

The WNV infectious clone (WNVic) of the NY99 strain collected during the 2000 

outbreak in New York City was produced as described [384]. Laboratory colonies of Cx. 

quinquefasciatus, Cx. pipiens, Cx. tarsalis, and Ae. aegypti mosquitoes were reared, fed 

bloodmeals containing ~2 × 108 plaque forming units (PFU)/mL of WNVic, dissected, and 

processed as described in Chapter 2. Mosquito midguts, legs, salivary glands, and saliva were 

collected after 14 days extrinsic incubation for NGS and midguts, legs, and bodies (without 

midguts and legs) were collected after 3-7 and 10 days extrinsic incubation for viral growth 

curves. 

 

Production of mutant viruses  

The WNVic (NY99 strain) was used to generate mutations that were recovered from 

mosquito saliva. Mutations were engineered using mutagenic primers and fragments containing 

overlapping sequences were cloned using AQUA cloning [403] and subsequently transformed 

into NEB Stable competent cells (NEB). Resulting bacterial colonies were grown overnight in 
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LB media and plasmid was purified using the Zippy Plasmid Miniprep kit (Zymo Research). The 

presence of desired mutations was confirmed with Sanger sequencing. Following sequence 

validation, the plasmid was amplified using rolling circle amplification with the Templiphi 

Amplification Kit (GE Healthcare) and then linearized using XbaI (NEB). The linearized 

construct was then column purified with the NucleoSpin PCR clean-up kit (Macherey-Nagel). 

Capped infectious RNA was then produced using the HiScribe T7 ARCA mRNA kit (NEB) for 4 

hours at 37 ˚C. RNA was subsequently quantified using the Qubit HS RNA kit (Invitrogen). 10 

µg of RNA was then used for electroporation in 1 × 107 BHK-21 cells using a BTX ECM 630 

electroporator with settings 450 V, 1200 Ω, and 150 µF using two pulses. After electroporation, 

cells were seeded in T25 flasks and placed in a 37 ˚C incubator. Supernatant was harvested after 

3-5 days of incubation, clarified by centrifugation, and aliquots were made and stored at -80 ˚C. 

Virus concentrations were determined via plaque assay in Vero cells (PFU) and qRT-PCR 

(genome equivalents [GE]) (Table 3.1). 
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Table 3.1. WNV clones made with the highest frequency nonsynonymous mutation detected in each saliva sample compared to 
the input (WNVic) and reference (WNV-REF) viruses. 

       Virus rescued in BHK cellsb 

Species Rep. 
Genome 
position 

nt 
change 

Coding 
region 

aa 
changea 

iSNV 
freq GE/ml PFU/ml GE:PFUc 

Cx. tarsalis A 1066 AT Envelope M34L 0.86 6.1×1011 9.0×107 6,769 
 B 6107 TC NS3 I499T 0.07 6.8×1011 5.8×108 1,174 
 C 6257 AG NS3 Y549C 0.05 1.9×1011 5.3×107 3,514 
Cx. quinquefasciatus A 434 TC Capsid V113A 0.69 6.4×1011 2.3×108 2,742 
 B 428 TC Capsid I111T 1.00 4.4×1011 1.0×108 4,319 
 C 1703 AT Envelope H246L 0.04 1.3×1011 1.4×107 9,614 
Ae. aegypti Ad 10104 GT NS5 W808C 0.03 2.9×109 N.D.e N.D. 
 B 2763 GT NS1 K98N 0.30 6.0×1011 1.5×108 4,059 
 C 2056 GA Envelope V364M 0.03 5.3×1011 2.2×107 24,472 
WNV-REF  8313-8317f  NS5   6.0×1011 1.7×108 3,660 
WNVicg       7.7×1011 2.3×108 3,420 

a Amino acid (aa) substitution position based on coding region position. 
b Clones with point mutations were constructed as described [403], amplified by rolling circle amplification, linearized, capped, and 
rescued in BHK-21 cells. WNV genome equivalents (GE) and plaque forming units (PFU) were determined by qRT-PCR and 
standard plaque assays, respectively. 
c The GE:PFU ratio is an inverse proxy for viral infectivity. For example, a viral stock with a ratio of 100 contains a higher proportion 
of infectious particles than a viral stock with a ratio of 1000. 
d The highest frequency mutation in this sample encoded for a stop codon in the NS5 region (frequency = 0.04) and was not 
engineered into the WNVic due the assumption that the mutation is lethal. 
e The recovered virus replicated in BHK-21 cells as determined by qRT-PCR but failed to form plaques in Vero cells. A GE:PFU ratio 
of 10,000 was used to estimate the viral titer for replicative fitness studies. 
f Five sequential synonymous changes were made to nucleotide positions 8313-8317 in the NS5 region of the WNV-REF genome, 
changing the parental sequence CTC TCA CGG to CTa agc aGG. 
g Parental virus to all point mutation clones and WNV-REF. 
nt, nucleotide; aa, amino acid; iSNV, intrahost single nucleotide variant; GE, genome equivalents; PFU, plaque forming units. 
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Phenotypic assessment 

Replication fitness of the reconstructed WNV mutants was compared to the WNVic 

during infection of chicken fibroblast DF-1 cells (ATCC no. CRL-12203) and Ae. albopicutus 

clone C6/36 cells (ATCC no. CRL-1660) at a multiplicity of cellular infection (MOI) of 0.01 for 

1-6 days post infection. RNA was extracted from 50 µl of cell culture supernatant, homogenized 

mosquito tissues, and saliva collected in diluent using the Mag-Bind Viral DNA/RNA 96 kit 

(Omega Bio-Tek) on the KingFisher Flex Magnetic Particle Processor (Thermo Fisher 

Scientific) and the RNA was eluted in 50 µl of nuclease-free water. Viral GE was determined by 

qRT-PCR of the WNV envelope coding region using the following forward primer (5’-TCA 

GCG ATC TCT CCA CCA AAG-3’), reverse primer (5’-GGG TCA GCA CGT TTG TCA 

TTG-3’), and probe (5’-TGC CCG ACC ATG GGA GAA GCT C-3’) sequences [388] and was 

standardized by the total sample volume. Viral PFUs were determined by standard plaque assay 

in Vero cells. Competitive fitness of saliva WNV populations and the reconstructed WNV 

mutants (competitors) was determined by directly comparing their replication to a reference 

WNV during co-infection in DF-1 cells [171]. Reference and competitors were equally mixed 

and added to DF-1 cells in 24-well plates at MOIs of ~ 0.0008 for the recovered saliva 

populations and 0.01 for the reconstructed WNV mutants. Supernatants were collected at 2, 4, 

and 6 days post infection and RNA was extracted as described above. Quantitative Sanger 

sequencing was used to determine the proportion of competitor (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 after 14 days extrinsic incubation were  

amplified and prepared for NGS as described in Chapter 2. 100 nt paired-end reads were 

generated using the Illumina HiSeq 2500 platform at Beckman Coulter Genomics. All NGS data 

can be accessed from the NCBI BioProject PRJNA311123. 

Demultiplexed reads were aligned to the WNVic sequence using MOSAIK [390] and 

duplicate reads were removed using the MarkDuplicates tool within Picard to limit the influence 

of PCR artifacts. Intrahost single nucleotide variants (iSNVs) and intrahost length variants (iLVs, 

includes both insertions and deletions) were called using VPhaser2 [391] and variants with 

significant strand bias were removed. Analysis was limited to the protein coding sequences and 

was done separately for iSNVs and iLVs. Richness was calculated by the sum of the iSNV sites 

detected in each population and was normalized by the number of WNV reads (i.e. sites per 

million WNV reads). Genetic distance was calculated by the sum of the iSNV and amino acid 

substitution frequencies from each population and reported as the iSNVs and amino acid variants 

per coding sequence, respectively. Shannon entropy (S) was calculated for each intrahost 

population (i) using the iSNV frequency (p) at each nucleotide position (s): 

 ��.� =	−���ln��� +	�1 − ��� × 	ln�1 − ��� (1) 

The mean S from all sites s is used to estimate the mutant spectra complexity.  

The standardized variance in iSNV frequencies (FST) was used to estimate genetic 

divergence between two viral populations as described [400]: 
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where pi,s, pj,s, and ps are the frequencies of the input WNV consensus nucleotide at site s from 

populations i, j, and combined, respectively. Only VPhaser2-called iSNVs were used, all other 

sites p = 1. The number of individuals sampled, n, was set to the average WNV coverage depth 

(12,599 nt) to normalize for sequencing variations. The estimate of FST for the protein coding 

locus of m sites (10,299 nt) is: 

 )*+
�,-./0� =	 ∑ �2�

2=1 	
∑ ��2+�2�
�
2=1 	 (4) 

  High frequency (HF) variants were calculated by log10 transforming the variant 

frequency, increasing the values to make them all positive (iSNVs increased by 3.68 and iLVs 

increased by 4.3), and each data set was fitted to a gamma distribution (iSNVs n = 5265 and 

iLVs n = 6828). iSNV frequencies > 0.034 (n = 259) and iLV frequencies > 0.007 (n = 346) were 

determined to be in the upper 5% of their respective gamma distributions. Haplotypes were 

reconstructed using QuasiRecomb 1.2 [395] using parameters described in Chapter 2 and 

manually edited to only include HF iSNVs. The thirty most common predicted haplotypes from 

each population were used estimate how the viral demographics were changing within each host 

by calculating Tajima’s D [404] and Harpending’s raggedness index [405,406] using DnaSP (v5) 

[396]. Haplotype phylogenies were constructed using the Bayesian Markov chain Monte Carlo 

method in BEAUti and BEAST (v1.8) [407] with a HKY substitution and gamma site 

heterogeneity model and a lognormal relaxed molecular clock. 
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The number of founder genomes (i.e. effective population size [Ne]) initiating infection in 

the mosquito midguts was determined by the genetic variance within and between populations 

using FST [408]: 

 34 =	 (%	567
567
8 	%	567

 (5)  

where FST is the genetic variance between the input populations (bloodmeal) and F’ST is the 

genetic variance between the midgut populations. FST was calculated from all replicate 

combinations for species (i.e. replicate A vs B, A vs C, and B vs C) using equations 2-4. To 

minimize the influence of selection on variant frequencies, only third codon synonymous iSNVs 

not predicted to co-occur on haplotypes with nonsynonymous mutations (remove genetic hitch-

hiking) were used in FST calculations.   

Intrahost selection was estimated by the ratio of nonsynonymous (dN) to synonymous (dS) 

SNVs per site (dN/dS) using the Jukes-Cantor formula [409]: 

   9: =	%;	×<	�(%����=�/;�
�

 (6) 

and 

   9> =	%;	×<	�(%������/;�
�

 (7) 

where pn equals Nd (sum of the synonymous iSNV and iLV frequencies accepted by VPhaser2) 

divided by the number of nonsynonymous sites and ps equals Sd (sum of the synonymous 

iSNVs) divided by the number of synonymous sites. DnaSP  was used to determine the number 

of nonsynonymous (7843.67) and synonymous (2455.33) sites from the ancestral input WNV 

consensus sequence using the Nei-Gojorori method [397]. dN/dS values >1 for divergent lineages 

are the hallmark of positive selection, but the power of dN/dS to detect positive selection within 

hosts is very low considering that the majority of the nonsysnonymous mutations are under 
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strong purifying selection [410]. Therefore we only used the dN/dS ratio to cautiously estimate the 

strength of purifying selection. Statistical comparisons were performed using GraphPad Prism 

(version 6.04) for Windows. 

 

Results 

Vector competence and anatomical barriers to virus transmission 

Arboviruses must overcome anatomical barriers within mosquitoes for transmission to 

occur (Figure 3.1A). Three enzootic vectors, Cx. tarsalis, Cx. quinquefasciatus, and Cx. pipiens, 

and one representative of Aedes mosquitoes acting as a potential bridge vector, Ae. aegypti, were 

exposed to WNVic derived from the NY99 genotype to evaluate vector competence and obtain 

samples for analysis. Vector competence was determined by examining the percent of midguts, 

legs (containing hemolymph), salivary glands, and saliva infected with WNV. After 14 days 

extrinsic incubation, 75% of Cx. tarsalis, 38% of Cx. quinquefasciatus and Ae. aegypti, and 28% 

of Cx. pipiens had WNV RNA in their saliva (Figure 3.1B). These differences in overall vector 

competence were related to differences in the strengths of barriers to infection and escape from 

the midguts and salivary glands of tested mosquitoes (Figure 3.1B). Furthermore, the 

mosquitoes with the highest viral GE in their salivary glands were more likely to have virus 

detected in their saliva (Figure 3.1C and Figure 3.2, p < 0.05 Mann-Whitney test). However, 

viral GE in the midguts and saliva were not significantly different among mosquito species 

(Figure 1C, p > 0.05 by Kruskal-Wallis-Dunn’s corrections) despite species-specific differences 

in susceptibility to oral infection and transmission, respectively. Moreover, the rates of WNV 

replication in the midguts are not directly correlated with the midgut infection and escape 
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barriers (Figure 3.1D). Importantly, these data demonstrate a context-dependent relationship 

between the strength of any given anatomical barrier and viral load.  

 
Figure 3.1. Vector competence of mosquitoes and characterization of specimens used in this 
study. (A) Overview of the anatomical barriers to virus transmission. Infected tissues indicate 
that WNV could overcome the barrier (e.g. infected legs indicate there was not a midgut escape 
barrier in that mosquito). (B) Percent of tissues and saliva with WNV RNA determined by qRT-
PCR (n = 32 mosquitoes for each species) at 14 days post exposure. (C) WNV GE per tissue or 
saliva sample from only the WNV-infected tissues determined by qRT-PCR (*, p < 0.05; ns, not 
significant). (D) WNV replication rates determined by collecting midguts at 3-7 and 14 days post 
infection (n = 16). 
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Figure 3.2. Viral load is related to the salivary gland escape barrier. Comparison of WNV 
genome equivalents (GE) per set of salivary glands from paired saliva WNV positive and 
negative samples (geometric mean with 95% confidence interval, *p < 0.05, Mann-Whitney 
test).  
   
 
Intrahost WNV population structure is mosquito species-dependent 

Three mosquitoes from each species that had detectable WNV RNA in all four 

compartments were used to assemble three biological replicates of each tissue per species. WNV 

RNA was examined using NGS to define species- or tissue-dependent impacts on virus 

mutational diversity. Approximately 6% of > 22 million reads obtained from each specimen 

aligned to WNV, resulting in > 12,000× coverage depth across the viral genome (Figure 3.3). 

However, the coverage depth from one biological replicate of Cx. pipiens salivary glands and all 

three Cx. pipiens saliva was much lower (< 100×) precluding viral population analysis. Analysis 

of the remaining samples was limited to the protein coding sequence (nucleotide positions 97-

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

(presumably caused by secondary structures in these regions). 
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Figure 3.3. Percent reads and coverage of the WNV genome. (A) Mosquito tissues and saliva 
were randomly amplified and sequenced on the Illumina HiSeq2500, averaging ~23 million 100-
nt reads per library and were aligned to the WNV genome. (B) Mean fold coverage of the WNV 
genome (average number of nucleotides sequenced per site). The minimum coverage for 
intrahost viral population analysis used in this study was 1500× (dashed line). 
 

iSNVs from each biological replicate were combined by species and tissue to assess their 

genome positions and frequencies (Figure 3.4, Table S2). As expected, the relatively 

homogenous input WNVic population diversified within each mosquito species (i.e. iSNVs 

reached higher frequency, Figure 3.4). However, the number of iSNV sites that reached HF ( > 

0.034, upper 5% of a gamma distribution), changed the consensus sequence (frequency > 0.5), 

and went to fixation (frequency = 1) were mosquito species- and tissue- dependent (Table 3.2). 

The most HF iSNVs, consensus changes, and fixations were found in Cx. quinquefasciatus and 

Cx. tarsalis tissues, however most of the consensus sequence changes detected in the salivary 

glands of Cx. tarsalis were not found in the saliva (Table 3.3). In addition, none of the observed 

consensus changes (Table 3.3) resemble known WNV lineage-defining mutations (e.g. V to A 

substitution at envelope codon position 159 that place it in the “WN02” lineage [102]). 
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Figure 3.4. More high frequency single nucleotide variants are generated during virus 
replication in Cx. quinquefasciatus and Cx. tarsalis. iSNVs from each biological replicate (n = 
3) were plotted by their position on the WNV genome and their frequency in each mosquito 
species and tissue. The WNV genome consists of three structural protein coding regions (shown 
in yellow), capsid (C), premembrane (prM), and envelope (E), and seven nonstructural (NS) 
protein coding regions (shown in purple). The cut-offs for high frequency iSNVs (0.034, dotted 
line) and consensuses sequence changes (0.5, dashed line) are shown. iSNV sites are categorized 
by frequency in Table 3.2 and all consensus sequence changes are listed in Table 3.3. 
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Table 3.2. Categorization of WNV iSNV sites by frequency. 
  Total variant sites from the combined biological replicates 
Mosquito species Tissue iSNVa HF iSNVb Consensus  changesc Fixationsd 
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.e 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 

a All intrahost single nucleotide variant (iSNV) sites detected in the WNV coding sequence. 
b High frequency (HF) includes all iSNV sites with a frequency > 0.034. See materials and 
methods for calculation. 
c Consensus changes include all iSNV sites with a frequency > 0.5. For one Cx. pipiens salivary 
gland and all Cx. pipiens saliva, consensus changes were assessed using low-coverage 
assemblies (Figure 3.3). 
d Fixations include all iSNVs that completely replaced the consensus nucleotide, frequency = 1.  
e Not determined (N.D.) due to insufficient coverage depth. 
Cx. quinques, Cx. quinquefasciatus; WNVic, West Nile virus infectious clone; M, midgut; L, 
legs; SG, salivary glands; S, saliva.  
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Table 3.3. WNV consensus changes during systemic mosquito infection. 
 
Mosquito species 

Tissue 
(replicate) 

Genome 
position 

nt 
change 

Coding 
region S/N aa change 

iSNV 
freq 

Cx. tarsalis M (B) 1375 TC envelope N Y427Hb 0.94 
  4418 AG NS2B N E1441Gc 0.65 
 L (A) 1066a AT envelope N M324L 0.71 
  6139 TC NS3 N Y221Hb 0.60 
 SG (A) 759 AG prM S  1 
  1066a AT envelope N M324L 1 
  1681 TC envelope S  0.92 
  3668 GT NS2A N G1191Vd 1 
  4179 TC NS2A S  0.82 
  7996 GA NS5 N G2634Se 1 
  8105 CG NS5 N T2670S 0.57 
 S (A) 1066a AT envelope N M324L 0.86 
Cx. quinques L (A) 434a TC capsid N V113A 1 
 L (B) 428a TC capsid N I111Tf 1 
 L (C) 1383a GA envelope S  1 
  5214a AC NS3 S  0.99 
  7029a GA NS4B S  1 
 SG (A) 434a TC capsid N V113A 1 
 SG (B) 428a TC capsid N I111Tf 1 
  1447 GA envelope N A161Tf 0.91 
  6620 TG NS4A N T2175Rg 0.98 
  6624 GA NS4A S  0.98 
 SG (C) 2427 AG envelope S  1 
 S (A) 434a TC capsid N V113A 0.69 
 S (B) 428a TC capsid N I111Tf 1 
  1682 TC envelope N L529Sf 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) 9723a CT NS5 S  1 
 SG (A) 9723a CT NS5 S  1 
 S (A) 9723a CT NS5 S  0.60 

a iSNV was detected in multiple tissues. 
b Amino acid side chain change from hydrophobic to positive charged. 
c Amino acid side chain change from negative charged to special case. 
d Amino acid side chain change from special case to hydrophobic. 
e Amino acid side chain change from special case to polar uncharged. 
f Amino acid side chain change from hydrophobic to polar uncharged. 
g Amino acid side chain change from polar uncharged to positive charged. 
nt, nucleotide; S/N, synonymous or nonsynonymous mutation; aa, amino acid; iSNV freq, 
intrahost single nucleotide frequency; Cx. quinques, Cx. quinquefasciatus; M, midgut; L, legs; 
SG, salivary glands; S, saliva.   
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Intrahost viral population structure was further assessed using several genetic diversity 

indices: genetic richness (number of unique iSNV sites per million WNV reads, Figure 3.5A), 

complexity (the proportion of different variants in a mutant spectrum, estimated by the Shannon 

entropy, Figure 3.5B), distance (iSNVs and amino acid substitutions per coding sequence, 

Figure 3.5C-3D), and divergence (accumulation of independent mutations between two isolated 

populations, estimated by FST [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 in Cx. quinquefasciatus and Cx. tarsalis contained greater genetic diversity at both 

the iSNV (Figure 3.5C) and amino acid levels (Figure 3.5D) , and diverged further from the 

input WNV as compared to WNV in Cx. pipiens and Ae. aegypti (Figure 3.5E, Figure 3.6). The 

increased genetic diversity in Cx. quinquefasciatus, and to a lesser extent Cx. tarsalis, was 

largely due to increased accumulation of HF iSNVs (including consensus changes and fixations, 

Figure 3.4).  

iSNVs generated during replication in all mosquito species seemed to be distributed 

uniformly across the viral coding sequence (Figure 3.4). To investigate this further, we 

combined the WNV populations from each tissue to determine whether particular WNV genomic 

regions were more diverse (Figure 3.6). Nucleotide and amino acid diversities were greatest in 

Cx. quinquefasciatus and Cx. tarsalis, and were uniformly distributed across the protein coding 

sequence. In Cx. quinquefasciatus, the capsid coding region was more diverse due to a relatively 

small number of HF iSNVs (Table 3.3). 
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Figure 3.5. Diversification of WNV during systemic infection of mosquitoes. (A-D) Intrahost 
genetic diversity was characterized by measuring (A) richness, (B) complexity (the proportion of 
different variants in a mutant spectrum), (C) iSNV distance, and (D) amino acid distance. Data 
shown as means with 95% confidence intervals (*, p < 0.05). (E) Mean genetic divergence 
(accumulation of independent mutations between two isolated populations) of each population 
from the input virus (y-axis), between tissues (x-axis, cumulative), and among biological 
replicates (circles, shown to axis scale). Individual comparisons are shown in Figure 3.6. 
 



80 

 

 
Figure 3.6. Genetic divergence between viral populations. (A-C) Genetic divergence (FST) of 
(A) each population from the input virus, (B) between tissues (matched within same mosquito), 
and (C) among biological replicates (within a tissue). The bars represent the means which were 
used to create Figure 3.5E. FST was calculated using equations 2-4 [400]. 
  
 

Viral population declines and expansions during systemic mosquito infection 

To assess population bottlenecks during mosquito infection we tracked the spread of 

individual unique iSNVs (Figure 3.7A) and the 30 most common predicted haplotypes 
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(conservatively predicted using only HF iSNVs, Figure 3.7B) during systemic spread between 

mosquito tissues. Most input (e.g. < 5% in saliva, Figure 3.8A) and locally-derived (Figure 

3.7A) unique iSNVs were not transferred between tissues. For example, > 90% of iSNVs 

detected in the saliva were not detected in other tissues. In addition, the original WNVic input 

haplotype was dominant in most tissues, except in Cx. quinquefasciatus. In this species a new 

dominant haplotype was detected in the hemolymph (Figure 3.7B). These observations led us to 

hypothesize that bottlenecks within mosquitoes limit haplotype spread. We thus evaluated intra-

tissue viral demographics using Tajima’s D (i.e. comparison of pairwise mismatches and 

segregating sites) [404] and Harpending’s raggedness index (i.e. the distribution of pairwise 

mismatches) [405,406]. D values were consistently negative and not significantly different 

among species, tissues, or replicates (mean = -0.73, p > 0.05 by Kruskal-Wallis-Dunn’s 

corrections); and the distributions of pairwise mismatches (Figure 3.7C) revealed several 

multimodal curves. Phylogenies reconstructed from predicted haplotypes were also consistent 

with population declines and expansions (Figure 3.7D). In tissues with extensive diversification, 

the trees demonstrated strong spatial structure (clades corresponded to intra-tissue populations) 

and star-like branching topologies (see biological replicates A and B in Cx. tarsalis and A, B, 

and C in Cx. quiquefasciatus). Together, these results suggest periodic population declines 

followed by expansions and are consistent with sequential population bottlenecks and recoveries 

involving founder’s effects. 
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Figure 3.7. Recovery of viral genetic diversity during intra-tissue population expansions 
following bottlenecks. (A) Proportion of iSNVs found in the subsequent viral population (e.g. 
carry-through from bloodmeal to the midgut) (mean with 95% confidence interval). (B) 
Haplotypes were predicted from each viral population were characterized by compartment of 
origin (e.g. haplotype in a saliva population was originally detected in the legs). The average 
composition of haplotype origins is shown for each tissue. (C) The distribution of pairwise 
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mismatches between haplotypes. Shown are the average mismatch distributions for each tissue 
and the expected distribution for a constant population size (dashed line). “Ragged” lines 
indicate recent population expansions following declines. (D) Phylogenies of all of the predicted 
haplotypes from each species. The letters represent distinct clades from biological replicates (A, 
B, and C) and the asterisk marks the input virus branch. (E) Genetic divergence of neutral alleles 
was calculated to determine the amount of genetic variance between populations caused by 
bottlenecks and drift. Larger FST values indicate a more severe bottleneck (smaller Ne). 
 

       
Figure 3.8. Carry-though of input iSNVs and genetic distances of predicted viral 
haplotypes. (A) Proportion of input iSNVs found in subsequent tissues. (B) Predicted WNV 
haplotypes were sorted by genetic distance (the number of nucleotide differences or Hamming 
distance) from the dominant WNVic (input virus) haplotype (mean with 95% confidence 
interval).  
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The number of founder WNV genomes in the midgut from the bloodmeal was calculated 

to determine the population bottleneck size at the point of initial mosquito infection (i.e. Ne). We 

estimated Ne by the genetic variance within and between populations caused by drift by 

calculating FST from neutral alleles (third codon synonymous iSNVs not predicted to co-occur on 

haplotypes with nonsynonymous mutations, Table 3.4) [400,408]. Between 52 and 129 WNV 

genomes initiated mosquito midgut infection and were not significantly different among species 

(p > 0.05 by Kruskal-Wallis-Dunn’s corrections). Ne calculations between the other tissues 

produced highly variable results and could not be confidently estimated in this study (data not 

shown). However, we were able to determine the relative bottleneck severity between tissues and 

discovered a correlation with the anatomical barrier strength (Figure 3.7E). 

 

Table 3.4. The effective population size (Ne) estimated between the bloodmeal and midgut 
WNV populations using genetic variance (FST).  

 F’ ST between replicatesa Ne at the midgut infection barrierb 

Species A-B A-C B-C A-B A-C B-C Mean 
95% 
CI c 

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 

a Calculated using equations 2-4 [400] and only the third codon synonymous iSNVs not 
predicted to co-occur on haplotypes with nonsynonymous mutations (see Tables S4-S7). 
b Calculated using equation 5 [408]. FST between the input bloodmeal replicates is 0.001.  
c 95% confidence intervals (CI) calculated from the standard deviation between replicates. 
Cx. quinques, Cx. quinquefasciatus. 
 

The phylogenies also showed that some prevalent de novo haplotypes that were 

transferred between tissues acquired additional, locally derived, secondary mutations (Figure 

3.7D). Populations containing these haplotypes were also the most divergent (Figure 3.8).  

Haplotypes in the salivary glands and saliva with mutations shared with haplotypes arising in the 
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midguts or legs acquired on average 2.5× more locally derived mutations than haplotypes 

without common mutations (2.4 compared to 0.9, p < 0.05 - Mann-Whitney test). 

 

Intrahost purifying selection is host-dependent 

Selection becomes the predominant force changing variant frequencies as Ne increases. 

We estimated the rates of intra-tissue Ne expansion and Ne at the time of sequencing using GE as 

a proxy. Viral GE increased at faster rates during replication in Cx. tarsalis and Cx. 

quinquefasciatus midguts (Figure 3.1D) even though the number of GEs in the midguts at the 

time of sequencing were not significantly different between species (Figure 3.1C, p > 0.05), and 

these differences may also influence selection.  

Viral iLVs (including single and double nucleotide insertions and deletions) in the coding 

sequence are predicted to be deleterious and thus rapidly removed by selection. Therefore we 

first assessed the level of purifying selection by measuring the accumulation of HF iLVs per 

coding sequence (Figure 3.9A). The input WNVic did not contain any HF iLVs, therefore all HF 

iLVs must have accumulated during replication in mosquitoes. We did not detect species or 

tissue-dependent effects on viral iLVs accumulation (p > 0.05, Kruskal-Wallis-Dunn’s 

corrections). Next we calculated the ratio of dN to dS substitutions per coding sequence site 

(dN/dS) using both iSNVs and iLVs. Viral populations from the species in which WNV diverged 

the most, Cx. tarsalis and Cx. quinquefasciatus, had higher dN/dS ratios (Figure 3.9B) and dN 

rates (Figure 3.9C) compared to Cx. pipiens and Ae. aegypti, but similar dS rates (Figure 3.9D). 

These data suggest that slight differences in mosquito-specific selection may lead to higher 

population divergence. Specifically, more controlled viral replication during infection of Cx. 
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pipiens and Ae. aegypti midguts (Figure 3.1D), is likely apparent in our data as stronger 

purifying selection (Figure 3.9B). 

In addition, these data, combined with previously reported data on intrahost population 

dynamics of WNV in various avian species (Chapter 2), demonstrate that purifying selection is 

weaker in mosquitoes compared to birds. 

 

Figure 3.9. Host-specific strength of purifying selection in vivo. (A-D) The strengths of 
purifying selection were compared between mosquito species and between mosquitoes and birds. 
Wild caught birds (American crows, house sparrows, and American robins) and 2 days old 
chicks (n = 3 for each species) were previously inoculated with the same WNVic used in this 
study and the serum was sequenced at 3 days post infection (Chapter 2). (A) Accumulation of 
potentially deleterious mutations was estimated by the number of high frequency iLVs. (B) The 
ratios of nonsynonymous (dN) to synonymous (dS) substitutions per nonsynonymous and 
synonymous coding sequence site, respectively (dN/dS, > 1 [dotted line] weak purifying selection, 
< 1 strong purifying selection), (C) the dN rates, and (D) the dS rates were used to infer the 
strength of purifying selection. All data were summarized using the mean (A, B) or geometric 
mean (C, D) and the 95% confidence interval from each tissue and biological replicate per host 
(*, p < 0.05; ns, not significant).  
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Fitness of saliva WNV populations is lower in avian cells relative to the input virus 

The fitness of WNV within mosquito saliva was estimated using two methods. First, 

relative fitness was measured using in vitro competition against a genetically marked reference 

virus (Figure 3.10A, Figure 3.11A). The saliva-derived viruses were mixed 1:1 with the 

reference virus and added to a monolayer of chicken DF-1 cells. WNV in mosquito saliva was 

consistently displaced by the reference virus during direct competition. WNV recovered from 

Cx. quinquefasciatus represented only 10-20% of the total following 8 days of competition and 

was significantly lower than the proportion of the WNVic during competition (p > 0.05, Mann-

Whitney test). WNV from Cx. tarsalis, Cx. pipiens, and Ae. aegypti saliva was undetectable by 2 

days post infection. However, the range of high accuracy for the quantitative sequencing assay is 

0.1 to 0.9 [171], therefore we can only determine that the undetectable competitor WNV is < 

10%. Second, we calculated the ratios of viral GE to PFUs to determine if lower relative 

fitnesses were due to losses in infectivity (Figure 3.10B). We found no significant differences 

among species or in comparison to the input WNV (p > 0.05, Kruskal-Wallis-Dunn’s 

corrections). 

 The competitive fitness data suggests that several mutations with decreased relative 

fitness are incorporated into the WNV populations during systemic mosquito infection and are 

transmitted in the expectorated saliva. Therefore we tested the relative fitness of the highest 

frequency nonsynonymous mutation detected in each sequenced saliva sample by engineering 

the mutations into the WNVic (Table 3.1). Five of the nine mutations lowered the fitness in DF-

1 cells relative to the WNVic and the remaining four had no effect (Figure 3.10C, Figure 

3.11B). A I449T mutation to the WNV nonstructural protein 3 (NS3) derived from Cx. tarsalis 

also had severe replication defects in DF-1 cells (Figure 3.10D), while mutation NS5-W808C 
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from Ae. aegypti had diminished replication in both avian (DF-1) and mosquito cells (Ae. 

albopictus clone C6/36) relative to the WNVic (Figure 3.11C). These data are consistent with 

the findings that ~60% of SNVs are predicted to be deleterious or lethal [411]. 

    
Figure 3.10. Viral populations in mosquito saliva have a lower fitness in bird cells relative 
to the input virus. (A) Competitive replicative fitness in DF-1 cells of the WNVic and WNV 
recovered from mosquito saliva (competitors) compared to a WNV reference (WNV-REF) 
during co-infection. The proportion of the competitor genotypes from the DF-1 supernatants 
were determined by quantitative sequencing (Figure 3.11A) and were normalized by the fold 
change (log2 transformed) from the inoculum. Values below the dotted line at 0 represent 
samples with decreased competitive fitness compared to WNV-REF. The proportion of 
competitor from saliva samples that went to extinction (proportion = 0) was reset to 0.01 for fold 
change calculations. Cx. quinques, Culex quinquefasciatus. (B) WNV GE:PFU ratios from the 
bloodmeal and all saliva samples containing virus were calculated to determine if differences in 
relative fitness were due to differences in infectivity (mean with 95% confidence interval; ns, not 
significant). (C-D)  The highest nonsynonymous variant detected in each recovered saliva 
sample was engineered into the WNVic to determine the fitness of mosquito-derived mutations 
(Table 3.1). (C) Competitive fitness of the mutants relative to the WNVic during DF-1 cell 
infection was determined as described in (A) (Figure 3.11B). (D) Replicative fitness of the 
mutants compared to the WNVic and WNV-REF during DF-1 cell infection was determined by 
qRT-PCR (n = 4 for each virus). Replication fitness in Ae. albopictus clone C6/36 cells is shown 
in Figure 3.11C. Cx.t, Culex tarsalis; Cx.q, Cx. quinquefasciatus; Ae.a, Aedes aegypti. 
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Figure 3.11. Competitive fitness of viral populations recovered from mosquito saliva and 
mosquito-derived mutations relative to the input virus. (A-B) Competitive replicative fitness 
in chicken fibroblasts (DF-1 cells) of the WNV infectious clone (WNVic) and (A) WNV 
recovered from mosquito saliva and (B) mosquito-derived mutations (competitors) compared to 
a WNV reference (WNV-REF) during co-infection. The proportion of the competitor genotypes 
from the DF-1 supernatants were determined by quantitative sequencing [386] and the dotted 
lines at 0.1 and 0.9 indicate the range of high accuracy [171]. The mosquito-derived mutations 
were the highest nonsynonymous variant detected in each recovered saliva sample and 
engineered into the WNVic (Table 3.1). (C) Replicative fitness of the mutants compared to the 
WNVic and WNV-REF during Aedes albopictus clone C6/36 cell infection was determined by 
qRT-PCR targeting the WNV envelope coding sequence (n = 4 for each virus). Cx.t, Culex 
tarsalis; Cx.q, Cx. quinquefasciatus; Ae.a, Aedes aegypti. 
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Discussion 

Species-dependent impacts on viral genetic diversity  

Using NGS we characterized WNV populations during systemic mosquito infection from 

individuals of four important WNV vectors. Our data confirm that replication in mosquitoes 

promotes WNV diversification [137,161,164]. Importantly, however, our data also show that the 

degree of viral divergence is species-dependent. Our first observation was that a much greater 

number of WNV consensus mutations occurred during replication in the tissues of Cx. 

quinquefasciatus and Cx. tarsalis as compared to Cx. pipiens and Ae aegypti. Measures of 

genetic distance from the input virus also demonstrated that WNV replication in Cx. 

quinquefasciatus and Cx. tarsalis produced twice as many iSNVs compared to Cx. pipiens and 

Ae. aegypti. The nucleotide diversity from Cx. pipiens naturally infected with WNV [137] and 

field-derived Ae. aegypti experimentally infected with DENV [160] were similar to our intrahost 

WNV data from the same species (~1 per genome). However our calculations of WNV 

nucleotide diversity during replication in Ae. aegypti were about 4× lower than what was 

reported during CHIKV infection [117]. These results suggest that the evolutionary outcomes of 

RNA virus transmission by an arthropod are the product of specific virus-vector interactions that 

influence genetic drift and selection.  

 

Repeated stochastic reductions in genetic diversity 

Vector competence is largely determined by barriers to infection and escape from key 

mosquito tissues, principally the midgut and salivary glands. These anatomical barriers impose 

bottlenecks as arboviruses spread in mosquito tissues [292,295]. Several aspects of our data 

suggest that RNA viruses undergo stochastic reductions in genetic diversity in mosquitoes. First, 
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the majority of the iSNVs and novel haplotypes generated within one tissue were not detected in 

the subsequent tissue (e.g. iSNVs generated in the midguts were rarely detected in the legs). 

Second, Tajima’s D (negative values), Harpending’s raggedness (multimodal mismatch 

distributions), and the phylogenies (spatial structure and star-like topologies) suggest that genetic 

bottlenecks arise when new tissues are colonized [404-406,412].  

The magnitude of these bottlenecks is however dependent upon the virus diversity, and 

amount of virus in the bloodmeal, and virus-vector pairing. We exposed mosquitoes to a high 

dose (~2 × 108 PFUs) of virus containing one dominant haplotype and several very low 

frequency variants. Ciota et al. found that high frequency haplotypes (≥ 0.15) are more likely to 

survive the bottlenecks within Cx. pipiens [292]. The same was true of WNV infection in Cx. 

tarsalis and Ae. aegypti wherein the input haplotype was dominant in all tissues, but not in Cx. 

quinquefasciatus in which the input haplotype went to extinction in the legs. Forester et al. 

determined the bottleneck severity is inversely proportional to amount of virus in the bloodmeal 

[295]. Therefore transmission cycles involving vertebrate hosts with high peak viremia, such as 

birds infected with WNV [176], may have less severe midgut bottlenecks compared to cycles 

involving hosts that develop lower viremias, such as rodents infected with some subtypes of 

Venezuelan equine encephalitis virus [413]. The high dose that we used for this experiment is 

representative of the dose present in natural avian bloodmeals; therefore the observation that 

midgut infection has the weakest bottleneck (52-129 founder genomes) among the barriers tested 

likely reflects natural WNV transmission. Moreover, the midgut infection bottleneck size is also 

dependent upon the virus strain and mosquito species pair. For example, Gutierrez et al. 

calculated about a 6× greater number of founder genomes with enzootic VEEV strain paired with 

Cx. taeniopus (Ne ~ 520) than with an epizootic strain paired with Ae. taeniorhynchus (Ne ~ 83) 
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[296]. Our data demonstrate that population bottlenecks occur across a range of mosquito vectors 

of WNV and that bottleneck severity (i.e. small Ne) may be related to the strength of the 

anatomical barrier (small proportion of infected tissues). Specifically, within Cx. 

quinquefasciatus we predict that the least severe bottlenecks occur during midgut infection 

(~100% infection rate) and the strongest during egress into the saliva (~45%).  

 

Recovery of genetic diversity during population expansions 

Following stochastic reductions in genetic diversity, we observed rapid recovery in virus 

population size and diversity during expansions in the next tissue/compartment that was likely 

promoted by RNAi [164,165]. However, our data does not support that differences in RNAi 

targeting were responsible for the differences in intra-tissue divergence detected among species. 

RNAi promotes diversification by selecting for rare haplotypes until they are no longer rare. This 

diversifying selection is best measured by Shannon entropy where genetic complexity is the 

greatest when the frequencies of two alleles at a locus are both 0.5 and complexity decreases as 

one allele becomes more dominant. Therefore diversifying selection as imposed by RNAi will 

act to increase genetic complexity more so than divergence. During mosquito infection, WNV 

complexity was not significantly different among species while more variants trended towards 

fixation during replication in Cx. quinquefascaitus and Cx. tarsalis. This suggests that 

bottlenecks and selection are more likely responsible for the species differences in viral 

divergence than RNAi.  

Stochastic forces alter the genetic composition of the viral populations as they pass 

through the mosquito anatomical barriers, but as the population expands, even weak selection 

may play a role in WNV replication. All viral populations studied developed large numbers of 
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deleterious mutations (i.e. iLVs), but our measures of dN/dS suggest that selection may effect 

intra-tissue divergence. Specifically, the mosquito species with the most intra-tissue divergence, 

Cx. quinquefasciatus and Cx. tarsalis, also had the highest nonsynonymous mutation rates (dN) 

despite Cx. pipiens and Ae. aegytpi having similar dS values. These variations appear to be due to 

differences in the strength of purifying selection and may be mediated by mosquito’s ability to 

control WNV replication. Pressure against viral replication removes the least fit genomes first 

(e.g. nonsynonymous mutations with lowered fitness), and control of replication, such as in Cx. 

pipiens and Ae. aegypti midguts, lowers dN. Thus, the comparatively rapid rates of WNV 

population expansion within Cx. tarsalis and Cx. quinquefasciatus may facilitate higher genetic 

divergence because there is less pressure from purifying selection. 

Haplotypes arising de novo in mosquitoes were more likely to accumulate further 

mutations than the input haplotype (~2.5×). In fact, the intra-tissue populations with the most 

genetic diversity (especially within Cx. quinquefasciatus) appear to have been seeded by a 

haplotype that arose within mosquitoes (rather than the input WNV haplotype). We hypothesized 

that the mutations arising on de novo haplotypes could have 1) decreased the replication fidelity 

or 2) helped the virus to explore an adaptive landscape. Increased viral genetic diversity has been 

shown to be beneficial in mosquitoes [171], possibly by providing a mechanism for escaping 

RNAi [164,165] or by cooperative interactions between haplotypes and viral proteins [414]. 

However, decreased fidelity haplotypes often have lower relative fitness through accumulation of 

deleterious mutations [266,269]. De novo haplotypes increased in frequency and persisted in 

multiple tissues but did not cause an accumulation of iLVs compared to the other species; 

therefore it is not likely that these mutations caused changes in replication fidelity. Multi-step 

pathways that cause accumulations of viral mutations have been discovered in other viral 
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systems [415,416], including arboviruses [115,117]. The principle of a multi-step pathway is that 

even weak selection for a beneficial mutation allows a network of secondary adaptive mutations. 

Overall, our results suggest that multi-step adaptive pathways may arise during a single systemic 

mosquito infection. 

 

Lower relative fitness in avian cells 

Repeated reductions in genetic diversity may lead to the accumulation of mutations that 

confer low fitness [122,272]. As has been suggested for DENV [160], the immediate deleterious 

effects of bottlenecks and high mutation rates appeared to be avoided by WNV through the rapid 

recovery of viral genetic diversity during intra-tissue replication. However, rapidly expanding 

populations and high MOIs may allow mosquito tissues to tolerate new mutations, which could 

be either costly or beneficial in a new environment [402]. Surprisingly, we detected a severely 

lower competitive fitness of the saliva derived WNV populations relative to the input virus in 

avian cells. Several changes to the viral population structure may account for the relative fitness 

declines in the absence of notable consensus changes in the recovered saliva populations. All 

viral populations in our studies accumulated abundant iLVs (> 0.1 per coding sequence, all 

frame-shifting) and nonsynonymous mutations (> 0.5 per amino acid sequence), most of which 

are predicted to be lethal or deleterious [411]. In fact, five of most frequent nonsynonymous 

mutations detected from the nine recovered saliva populations engineered into the WNVic 

decreased the relative fitness of the virus. Furthermore, limiting our analysis to the protein 

coding sequence likely missed potentially import mutations to the untranslated regions that may 

have negatively influence RNA structure and fitness [417]. However, the viral genetic diversity 

detected in mosquito saliva may have benefits not measured in our experiments that could 
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facilitate rapid adaptation in new environments. In addition, the mechanisms of fitness recovery 

in a highly purifying avian environment require further study. 

Arbovirus transmission cycles lead to slow rates of evolution [148]. A common 

explanation for this is that mutations occurring in mosquitoes are deleterious in vertebrates (and 

vice versa), leading to fitness trade-offs. However, this hypothesis has been debated due to 

conflicting results [140,142,157]. These data, combined with our previous studies [141,418], 

support a fitness trade-off in birds but not in mosquitoes. The difference between studies may be 

partially attributable to methods for measuring relative fitness (competitive vs replicative), MOI 

differences (low MOIs to allow for variants to reach their true fitness levels [121]), and the 

replication environment (in vivo vs in vitro). These differing results may also represent the 

complex nature of virus-host interactions. For example, flavivirus-Culex-bird and alphavirus-

Aedes-rodent cycles may fundamentally differ in their evolutionary dynamics. 

 

Conclusions 

In addition to RNAi, inter-tissue bottlenecks and intra-tissue selection pressures can 

significantly alter viral populations. Our data demonstrate that Cx. quinquefasciatus may be 

significant drivers of WNV divergence and are more likely to transmit virus with consensus 

sequence changes compared to other mosquito species examined. We previously demonstrated in 

wild birds that WNV disease-susceptibility was negatively associated with maintaining viral 

fitness (Chapter 2). Taken together, we hypothesize that transmission cycles involving Cx. 

quinquefasciatus and American robins (disease resistant) would be more likely to produce novel 

WNV genotypes while maintaining high viral fitness than transmission cycles involving Cx. 

pipiens and American crows (disease susceptible). In addition, we have outlined the stochastic 
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and deterministic forces that continuously shape viral populations (Figure 3.12). At anatomical 

barriers, viral populations undergo population bottlenecks that greatly reduced genetic diversity 

through drift and founder’s effects. A small virus population seeds subsequent tissues and then 

rapidly expands. Population fluctuations and genetic diversity led to tissue-specific viral 

haplotypes distinct from the input virus population. The impacts of repeated bottlenecks on the 

virus populations are important for two main reasons. 1) The high variance in variant frequencies 

detected among the mosquito-borne viruses should allow the populations to explore very 

different adaptive landscapes [97,98], such as would be expected between mosquitoes and birds. 

2) However, genetic drift coupled with weak purifying selection in mosquitoes may also lead to 

the accumulation of deleterious mutations (i.e. mutational load). Therefore, the collective fitness 

of the expectorated WNV from mosquitoes started at a point of lower relative fitness (i.e. in a 

fitness landscape valley) than the input viruses during avian cell infection. Thus, most of the 

mosquito-derived viruses were rapidly removed by strong purifying selection and/or were 

displaced by the more fit input viruses during mass selection. The observed lower fitness relative 

to the input virus is reminiscent of that predicted to occur as a result of Muller’s ratchet [271], 

which has been observed to result in virus fitness declines in vitro [122,272], but not previously 

in vivo. Taken together, our results illustrate the irony of arthropod transmission, and may 

explain why arboviruses have low long-term rates of amino acid substitution compared to other 

host-specific RNA viruses [148]. 
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Figure 3.12. Impacts of anatomical barriers and mosquito species on viral population 
structure. (A) Mosquitoes feed upon a bloodmeal containing a relatively homogenous WNV 
population than seeded infection in the midgut epithelial cells. Within the tissue, the viruses 
rapidly diversified during a phase of population expansion and weak purifying selection. Only a 
few viruses escaped and seeded infection in the next set of cells, reducing genetic diversity. The 
cycling of stochastic reductions and rapid diversification led to unique subpopulations in each 
tissue and transmitted in the saliva. (B) The genetic diversity of the transmitted viral populations 
is dependent upon the vector species, but all accumulate potentially deleterious mutations such as 
frame-shifting insertions and deletions and low fitness amino acid substitutions (mutations per 
genome represent both iSNVs and HF iLVs). The virus and mutation colors represent tissue of 
origin (bloodmeal = black, midgut = orange, hemolymph (legs) = red, salivary glands = green, 
saliva = blue) and “X” represents predicted deleterious mutations.  
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Chapter 4: Region specific patterns of West Nile virus population structure, injury, and 

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

 

Introduction 

West Nile virus (WNV) is a mosquito-borne virus that can result in human neuroinvasive 

disease (WNND) [419]. Postmortem studies from patients with WNV encephalitis reveal 

characteristic neuronal loss and glial nodules in the grey matter of the thalamus, medulla, pons, 

midbrain, basal ganglia, and anterior horn of the spinal cord [420]. However, cortical neurons do 

not display pathologic injury. In mice, regional neuronal susceptibility is in part due to type I 

interferon-dependent restriction of WNV infection through the induction of interferon-stimulated 

genes (ISGs) [373,421]. In human cases, the underlying distribution of ISG expression, WNV 

quantitative loads, viral genetic diversity, and the degree to which they associate with central 

nervous system (CNS) injury are not known. Accordingly, we examined these factors in distinct 

brain regions of a patient with WNND. Our data suggest that thalamic regions displaying 

neuropathologic and neuroimaging evidence of injury also exhibit high ISG expression and viral 

loads associated with increased WNV amino acid diversity. In comparison, cortical neuronal 

regions exhibit unexpectedly high viral loads but minimal injury, decreased ISG expression, and 

lower viral amino acid diversity.  

       

Materials and methods 

Tissue collection and immunohistochemistry 

 CNS tissue was placed in RNAlater (LifeTechnologies) or 10% formalin for downstream 

analysis and total RNA isolated using the High Pure Viral RNA kit (Roche). Fixed brain tissue 
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samples were prepared for immunohistochemistry (IHC) analysis with an additional step of three 

subsequent 7 min treatments of 0.1% sodium borohydride in PBS to remove background 

autofluorescence. Tissues were labeled with rabbit monoclonal antibody against cleaved-caspase 

3 (CC3, Cell Signaling #9664) and mouse monoclonal antibody to WNV envelope (ATCC, clone 

E18, VR-1611) at a dilution of 1:100 overnight at 4 °C. TritC conjugated Goat anti-IgG (Jackson 

Immunoresearch) was used for secondary staining. Coverslips were mounted with ProLong Gold 

antifade reagent (Life Technologies), images obtained using an Olympus VS120 Virtual Slide 

system, and analyzed using Olympus VS-Desktop software. Secondary only labeling controls 

were used to calibrate exposures for each tissue type. All research has been reviewed and 

approved by the University of Colorado Institutional Biosafety Committee and Colorado 

Multiple Institutional Review Board (COMIRB). 

 

RNA isolation and sequencing 

 WNV RNA copies per mg of tissue were determined from total RNA isolated from each 

indicated CNS region using previously described primers and qRT-PCR [388]. Ribosomal 

depleted (RiboMinus, Waltham, MA) total RNA from each brain region was prepared for next-

generation sequencing (NGS) using the Ovation RNA-Seq System V2 and Ultralow Library kits 

(NuGEN, San Carlos, CA), as described in Chapter 2, on the NextSeq 500 platform (Illumina; 

sequenced at Colorado State University IDRC Genomics Core). The 150 nucleotide (nt) paired-

end reads were demultiplexed using BaseSpace (Illumina). To determine ISG expression, reads 

were aligned to human Stat1 (GenBank accession no. NM_007315), Rsad2 (NM_080657), Ifi27 

(NM_001288957), Irg1 (NM_001258406), Irf1 (NM_002198), Oas1 (NM_016816), and Ifit1 

(NM_001548) using MOSAIK [390].  
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To obtain the consensus WNV sequence from this patient and to define viral genetic 

diversity, WNV reads from the frontal cortex were assembled using Trinity [389] to create a 

reference sequence (KT020853) for guided assembly from each region using MOSAIK. Intra-

tissue WNV minority nucleotide variants were analyzed using Vphaser2 [391]. 

 

Results 

Case report  

 A 51 year-old female presented with 2 days of increasing altered mental status and 

decreasing responsiveness. Illness was preceded by 4 days of fever, nausea, and diarrhea. The 

patient’s past medical history was remarkable for a history of rheumatoid arthritis treated with 

methotrexate and prednisone, last on treatment 1 year prior to presentation. The patient was 

evaluated in the emergency room, intubated for airway protection, and lumbar puncture 

performed to obtain cerebral spinal fluid (CSF), which exhibited 163 white blood cells/ml with a 

differential of 99% lymphocytes. Magnetic resonance imaging (MRI) revealed increased signal 

in the insula, medial temporal lobe, medial left thalamus, and left cerebral peduncle (Figure 

4.1A-B). CSF was positive for WNV IgG (1.82, normal <1.29 IV) and IgM (8.74, normal <0.89 

IV; Focus Diagnostics ELISA), but CSF and serum were negative for WNV RNA by RT-PCR 

(ARUP Laboratories, Roche Molecular Systems Inc.). With these data, the patient was diagnosed 

with WNV encephalitis. During hospitalization in the intensive care unit, the patient was weaned 

from sedation, remained comatose, and had an electroencephalogram (EEG) showing diffuse 

slowing. The patient did exhibit brain stem function but minimal peripheral responses with a 

physical exam consistent with loss of lower motor neuron function in all four extremities. MRI 

of the spine exhibited no spinal cord lesions. Despite aggressive supportive care, the patient 
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passed away following a cardiac arrest at day 11 of hospitalization. Autopsy was initiated 22 

hours and 30 minutes after death and found no evidence of myocardial infarction or coronary 

artery disease. Brain tissue was collected at time of autopsy. 

 
Figure 4.1.  Regional MRI injury patterns correlate with apoptosis and ISG expression. 
MRIs (T2 sequences) showing increased signal intensity in the (A) midbrain substantia nigra and 
left mesial temporal lobe (arrows) and (B) the thalamus and right caudate nucleus (arrows). (C) 
IHC staining for cleaved-caspase 3 (cy3, red) and WNV envelope antigen (TRITC, green) from 
indicated brain regions. Bar=50µm. Percent of cells per high-power field positive for (D) 
cleaved-caspase-3 (CC3) and (E) WNV envelope antigen. *p < 0.0001, unpaired T-test. (F) 
Reads per kilobase per million mapped reads (RPMK) to ISGs from different brain regions were 
determined by next-generation sequencing. Grey bars indicate brain regions with neuronal 
injury. 
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Brain injury and ISG expression  

 MRI evidence of injury in the thalamus correlated with a 10-fold increase (p<0.0001) in 

expression of cells positive for a marker of apoptosis (CC3) when compared to an uninjured 

region in the temporal lobe (17.8 ± 2.6 vs 1.7 ± 0.67, mean positive cells per HPF ± SEM, 

Figure 4.1C-D). CC3 expression was not correlated with WNV envelope antigen expression 

(Figure 4.1E). Using NGS of whole tissue RNA, we determined the relative expression of ISGs 

found to be important in murine neuronal control of WNV [352] between indicated regions of 

the CNS during acute human WNV encephalitis (Figure 4.1F). We found that, in general, ISG 

expression was the highest in the subcortical tissues of the thalamus and basal ganglia (caudate 

nucleus and putamen) that also exhibit injury. 

 

Viral loads  

 As detailed above, CSF was positive for WNV IgG and IgM but negative for WNV 

RNA. However, the frontal cortex, thalamus, and anterior horn of the spinal cord exhibited in 

excess of 1x107 WNV RNA copies per mg of tissue; whereas, the midbrain, caudate nucleus, 

putamen, and temporal lobe all exhibited less than 1x106 WNV RNA copies per mg of tissue 

(Figure 4.2A). From NGS, each tissue yielded 25-33 million sequencing reads and 0.04% 

(frontal cortex) to 0.00004% (temporal lobe) of these aligned to WNV genetic sequences. WNV 

population size (WNV RNA copies) directly correlated with the WNV sequencing coverage as 

previously described (Figure 4.2B) (Chapter 2). The consensus WNV genome sequence 

obtained from this patient belonged to the WN02 genotype (Figure 4.3); however, the WNV 

consensus sequence contained several novel amino acid substitutions found mostly within the 

viral nonstructural proteins (Figure 4.2C, Table 4.1). 
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Figure 2. Variations of WNV copies and population structure among brain regions. (A) 
WNV RNA was quantified from different brain tissues, prepared for next-generation sequencing, 
and (B) aligned to the WNV genome (displayed as number of aligning reads per million reads 
sequenced). The colored bars represent tissues with enough WNV coverage for subsequent 
population genetic analysis. (C) The consensus WNV sequences from each tissue were analyzed 
and each line represents an amino acid change compared to the prototype strain NY99 (pink lines 
represent novel mutations, see also Table 1). The percent of all sequenced WNV (D) nucleotides 
and (E) amino acids with substitutions were compared to published reports of WNV and dengue 
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virus in other vertebrate samples and WNV in mosquitoes. (F) Individual intra-tissue WNV 
variants were plotted across the genome. Diamonds represent amino acid substitutions and 
circles represent silent mutations. *data adapted from Chapter 2; † data adapted from reference 

[137]; ‡ data adapted from reference [422].     
  

 

Figure 4.2. WN02 genotype WNV recovered from the patient’s brain.  Phylogenies were 
constructed using the Bayesian Markov chain Monte Carlo method in BEAUti and BEAST 
(v1.8) [407] with a HKY substitution and gamma site heterogeneity model and a lognormal 
relaxed molecular clock. Star = brain sequence, black = NY99 genotype, blue = WN02 genotype, 
green = SW03. 
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Table 1: WNV amino acid substitutions compared to the prototype strain NY99. 
WNV genome nucleotide position 

Strain (source, 
year, state) 

Pairwise 
identity 

Nt 
changes 268 1442 4025 4208 4294 4599 4749 5717 6350 7635 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 ●/T A ● ● G T 
Midbrain*  A C A ● G ●/T -- T ● G T 
Thalamus 99.2 85 A C A ● G ●/T A ● ● G T 
Caudate*  A -- A T -- ●/T A ● C G T 
Putamen*  A -- A ● -- -- -- -- ●/C -- -- 
Frontal cortex 99.2 86 A C A ● G T/● A ● ● G T 

Protein aa # A58T V159A R167K N228I I26V Q94H F46L G369C H580Q I240M K314M 

Protein C E NS2A NS2A NS2B NS2B NS3 NS3 NS3 NS4B NS5 
Nt, nucleotide; aa, amino acid; C, capsid; E, envelope; NS, nonstructural; ●, ancestral nucleotide. 
*, could not determine pairwise identity or the number of nucleotide differences due to incomplete coverage of the coding sequence.



106 

 

Intratissue WNV genetic diversity 

 Due to low sequencing coverage of WNV from some tissues, only the cortex, thalamus, 

and anterior horn regions were analyzed for WNV population diversity. The percent of 

nucleotides and amino acids with substitutions found within these brain regions was comparable 

to that previously reported for WNV and dengue virus isolated from other vertebrate tissues, but 

less than from mosquitoes (Figures 4.2D-E) [137,422](Chapter 2). The thalamic and cortical 

tissues contained similar nucleotide diversity, but most of the WNV variants detected in the 

cortex were silent mutations (i.e. do not change the amino acid sequence) (Figure 4.2F). The 

thalamus contained considerably more WNV amino acid substitutions in comparison to the 

cortex. The intra-tissue WNV nucleotide variants tended to be concentrated in the nonstructural 

genome regions, except for three envelope variants found in the cortex (Figure 4.2F). Four 

nucleotides were maintained as minority variants between at least two different regions, but the 

majority of the nucleotide variants were found only in a single brain region (Figure 4.2F). We 

found additional evidence for region-specific differences in WNV populations by comparing the 

partial consensus sequences from all of the brain tissues obtained (Table 4.1). 

       

Discussion  

Neuronal injury is independent of viral replication 

The presented clinical symptoms and injury patterns, defined by neuroimaging and 

immunohistochemistry, in the subcortical grey matter of the thalamus, basal ganglia, and 

midbrain were representative of a typical brain associated with WNV encephalitis [423,424]. To 

our surprise, we found high viral loads in the frontal cortex despite showing little injury, while 

regions exhibiting injury exhibited highly variable viral loads. These data suggest that in human 
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WNND, neuronal injury may be independent of viral replication and injury in the brain may be 

due to regional factors.  

 

Differential ISG expression is associated with neuronal injury 

Postmortem studies have shown that injury patterns correlate with inflammatory 

infiltrates in the brain [420]; suggesting that inflammation and innate neuronal subtype 

susceptibility to injury are important determinants of disease. The ISGs Irf1, Irg1, Ifi27, and 

Rsad2 were shown to inhibit WNV replication in cortical neurons and they were more highly 

expressed in the cerebellum compared to the cortex of mice [352]. In this patient, we also show 

that expression of Irf1, Ifi27, and Rsad2, in addition to Stat1, Oas1, and Ifit1, are regionally 

heterogeneous, with the high levels generally found in the subcortical regions of the brain. Thus, 

it may be that regional differences in ISG expression may contribute to the regional patterns of 

neuronal injury. 

 

WNV selection is stronger in injured regions 

Our data on region-specific patterns of WNV genetic diversity further suggest that WNV 

encounters different selective pressures and/or stochastic bottlenecks (i.e. random selection of 

viral variants) as it spreads throughout brain. As with injury, the regional differences in immune 

responses and susceptibility of neuronal subtypes may contribute to the strength of selection. For 

example, WNV populations in the thalamus exhibited an increased frequency of amino acid 

substitutions when compared to the cortex, suggesting an association between increased ISG 

expression and selection in the CNS. Although consensus amino acid differences between the 

WNV populations of the cortex and the thalamus were minimal, an expanding body of evidence 
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demonstrates that minority variants may directly and significantly influence WNV phenotype 

[131,168].  

 

Future directions 

This work is from a single patient; therefore, the findings are hypothesis generating and 

need to be verified in experimental models. However, the confluence of human clinical data and 

timely acquisition and analysis of human brain tissue is difficult to complete for this sporadic 

infection. In this one host, we used NGS to show evidence of intra-regional variation in viral 

populations and ISG expression, which was similar to the findings presented from a mouse 

model [352]. Still, other hosts (or patients) with differing ISG patterns may exhibit different 

regional viral genetic variation. Thus, further studies of minority WNV variants and immune 

activation in the human CNS will be needed to identify mechanisms of viral selection that are 

associated with injury and disease. 

 

Conclusions 

We report the first comprehensive study of WNV variation within a human case of viral 

encephalitis and describe possible associations between viral nucleotide substitutions, 

neuroradiographic and pathologic injury patterns, and ISG expression. These data should guide 

future investigations into the role of inflammatory responses in selective viral pressures and 

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

 

Application of new technology to West Nile virus evolution 

Arboviruses such as West Nile virus (WNV), chikungunya virus (CHIKV), and Zika 

virus are emerging and re-emerging threats to human health worldwide. Genetic complexity of 

viruses within hosts contributes to their ability to rapidly adapt to new environments [49-51], 

cause disease [131-134], and evade antiviral defenses [425]. It is therefore critical that we 

develop a more detailed understanding of the virus-host interactions that influence viral 

population structures and fitness. Previous in vitro studies provided the framework for the viral 

quasispecies theory and many other aspects of intrahost virus evolution [49-51,121-123], but the 

challenge of today is to apply these concepts to more natural settings. Advancements in 

molecular technology, particularly next-generation sequencing (NGS), helped to reveal details 

about the evolutionary dynamics of viral populations during intrahost dissemination, 

transmission, and disease outbreaks at incredible resolution [117,139,158,160,378,426,427]. 

Applying these advancements to experimental evolutionary studies of arboviruses within 

ecologically relevant hosts will help to unravel the complexities of the transmission cycles and 

predict evolutionary patterns.  

 The work contained in this dissertation sought to describe the formation of WNV 

populations during infection of important avian hosts (Chapter 2), mosquito vectors (Chapter 3), 

and a human brain from a fatal case of encephalitis (Chapter 4). Taken together, one conclusion 

is fairly obvious: WNV evolution is highly dependent upon the host environment. There are 

major differences between the WNV population structures formed within mosquitoes and birds, 

but also subtle differences with significant consequences between species. It demonstrates that 
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WNV and other arbovirus populations constantly encounter unique pressures that alter its 

evolutionary trajectory. Fitting together these complicated pathways will help us to create a more 

refined model of arbovirus evolution. 

 

Selection vs genetic drift 

 We first describe that the dominant WNV sequence is commonly maintained during wild 

bird infection. In fact, in the 45 birds analyzed (3 species, 5 passages, and 3 replicates/passage), 

only 14 mutations arose to > 50% frequency in the serum and only three were nonsynonymous. 

The lack of genetic shuffling shows that selection rather than random genetic drift is the 

prevailing force in birds. This also indicates that there are not severe population bottlenecks 

between the site of infection (subcutaneous layer of the breast plate) and the serum. Similarly, 

we did not find evidence for bottlenecks among the anterior horn of the spinal cord, thalamus, 

and frontal cortex regions in the human brain. Perhaps this indicates that within vertebrates, 

WNV populations remain large enough to be constantly molded by natural selection (or remain 

too large to be affected by drift). Mosquitoes, on the contrary, impose several population 

bottlenecks during systemic WNV infection. The bottlenecks prevented most of the viral variants 

from passing between tissues and compartments, forcing the viruses to evolve in isolation and 

creating unique subpopulations. Random sampling of variants at tissue barriers can redistribute 

the WNV mutant spectra, further increasing the differences between subpopulations. Therefore, 

genetic drift is much stronger in mosquitoes than in vertebrates.  

The rarity of high frequency amino acid substitutions detected in birds demonstrates that 

1) the dominant WNV sequence used to initiate infection sits at a high fitness peak and 2) 

purifying selection is very strong. Confined by selection, WNV could only accumulate a small 
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amount of genetic diversity during avian infection which was similar between bird species (as 

measured by genetic complexity [Shannon entropy] and distance). As predicted [131,137,161], 

WNV populations in mosquitoes were not confined by strong purifying selection and 

accumulated significantly more genetic diversity than from birds (Figure 5.1). The increased 

genetic diversity in mosquitoes is likely due to a combination of genetic drift and RNA 

interference (RNAi)-mediated diversifying selection [164,165]. As with birds, genetic diversity, 

as measured by richness and complexity, was similar between mosquito species. Even though we 

detected bird and mosquito species-dependent impacts on a few mutations that arose to high 

frequency, these data advocate for a universal set of rules that govern intrahost genetic diversity. 

One broad hypothesis is that there is an equilibrium between viral diversification and host 

restriction within an insular replication environment (like within a mosquito or bird). This was 

borrowed from a similar type of governance formulated by MacAuthor and Wilson to understand 

the regulation of animal species on an island [428]. They proposed that where the rates of 

immigration (viral diversification) and extinction (host restriction) intersected would represent an 

equilibrium and the total number of species (viral variants) present within the island (host or 

tissue). Furthermore, the equilibrium can change and is set by island size and distance from 

mainland. In our case, the equilibrium is likely set by specific virus and host factors, meaning 

that the equilibrium is higher in mosquitoes than birds but may not be the same between different 

arboviruses. It is possible that many different patterns follow similar rules; however, this requires 

direct testing for intrahost viral genetic diversity.      

 

 

 



112 

 

 
Figure 5.1. Genetic diversity is greater in mosquito saliva than bird serum. Viral intrahost 
genetic diversity from bird serum (Chapter 2) and mosquito saliva (Chapter 3) was characterized 
by measuring (A) richness, (B) complexity (the proportion of different variants in a mutant 
spectrum), and (C) iSNV distance. Data shown as means with 95% confidence 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 between the WNV population structures 

among the infected crows, sparrows, and robins. In the birds most susceptible to disease (crows, 

100% mortality rate), we detected more unique variant loci (genetic richness) and deleterious 

mutations (frame-shifting insertions and deletions). In the bird least susceptible to disease 

(robins, 0% mortality), new variants and haplotypes arose to higher frequency. Many of these 

high frequency WNV mutations found in robins altered the amino acid sequence and were not 

found in the other bird species. This suggests that there may be some weak positive selection 

occurring in robins, and it may be associated with a more robust antiviral response that limits 

viral replication and susceptibility to disease. A similar trend was found in the different brain 

regions. The thalamus, which expressed the highest levels of interferon-stimulated genes, also 

had the highest levels of amino acid substitutions among the regions analyzed. The changes to 
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the WNV amino acid sequence were mostly found in the nonstructural protein coding regions 

that are important for viral counter-defenses to the host innate immune response. The data 

presented here fit the predictions described by Grenfell et al. that during infection of susceptible 

hosts (and tissues), viral adaptation increases (commonly estimated by amino acid changes) with 

the strength of the immune response [333]. The scale obviously tips when the immune response 

is too strong, but since viral replication was still occurring, we assume the strength did not 

progress much beyond “moderate”.  

During infection of mosquitoes, we also found differences in WNV population structure 

among the species associated with rate of WNV population expansion. Purifying selection was 

stronger in mosquitoes better at controlling the rates of intra-tissue WNV population expansion 

(i.e. within Cx. pipiens and Ae. aegypti midguts). The presence of severe bottlenecks, however, 

randomly altered the distribution of variants and made it difficult to detect positive selection. 

Therefore, we can suggest an association between viral replication control, possibly mediated by 

a stronger innate immune response, and the level of purifying selection within mosquitoes, but 

not positive selection.      

Interestingly, no mutations to the protein coding sequence were reproducible at high 

frequencies among any of the sequenced samples. This is somewhat surprising because the WNV 

that was used in Chapters 2 and 3 was from the NY99 genotype that was quickly displaced by 

WN02 [101], suggesting there was room for adaptation that was not explored during our 

experiments. Even more surprising was that the WN02 mutation to the envelope protein, A159V, 

was never detected in any of our samples, even at low frequencies. However, there were 

mosquito- and bird-specific mutations that occurred in the 3’ stem loop (3’SL) of the 

untranslated region (UTR) that were highly reproducible. Analyses of both UTRs were not 
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included in the research chapters because not every sample had enough coverage at the extreme 

ends of the genome to enable proper population genetic statistical analysis. Yet, in the samples 

with sufficient coverage, we consistently detected distinct UTR mutations in 3-15% of the 

haplotypes (Figure 5.2). In birds, there were three U-to-C mutations at sites 10956, 10957, and 

10959 all found on the same haplotype that “loosened” the 3’SL. Conversely in mosquitoes, 

there were four single nucleotide mutations and one insertion co-occurring on the same 

haplotype made the entire stem a perfect double-stranded RNA match. Why and how these 

haplotypes form is not known. Intermediates with only some of the described mutations were 

never found, so perhaps these arise via host RNA editing similar to APOBEC3G editing of HIV 

[429]. If these mutations are arising in birds via RNA editing, then by what mechanism? U-to-C 

editing is known to occur, however it is very rare [430]. Perhaps a more logical explanation is 

that adenosine deaminases may be performing the more common A-to-I editing on the negative 

viral RNA strand [431] and then being copied as U-to-C changes on the positive strand. 

However, it is not even clear at this point if they provide a virus or host advantage. One thing 

that is clear though is that they were never found at higher than 15-16% frequency; therefore, 

some force is limiting their accumulation. Further experimentation is necessary to determine how 

these haplotypes are infective on their own, if long distance cis acting RNA-RNA interactions 

required for negative-strand synthesis are impaired [245-248], or if they can somehow present 

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

 

Fitness trade-off hypothesis 

A significant consequence of WNV replication in crows is lower relative fitness in chicks 

compared to WNV derived from sparrows and robins. We believe this to be a product of the 

large WNV population sizes generated during infection of crows, potentially leading to increases 

in intrahost MOI and thereby complementation. Indeed, WNV populations recovered from crow 

serum contained more genetic load (deleterious mutations such as insertions and deletions) and 

evidence for weaker purifying selection compared to the other species, supporting the MOI-

complementation hypothesis. Populations carrying extra genetic load would need to be purged in 

the next host, as was seen in our fitness competitions in chicks. However, the replication 

environments in the different birds did not significantly alter the relative fitness of the WNV 
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populations when transmitted to mosquitoes. Combined with previous data [141,171], it appears 

that mosquitoes are very tolerant of several different WNV population structures, again 

indicating that purifying selection is weak. Then it should not be surprising that a replication 

environment dominated by weak purifying selection, genetic drift, and RNAi-dependent 

diversification (which does not act to maintain amino acid integrity) would lead to severe relative 

fitness declines in hosts dominated by selection – birds. As a result there is not a fitness trade-off 

in mosquitoes, but a severe fitness trade-off in birds. Furthermore, this conclusion is independent 

of the bird and mosquito species involved in transmission. 

 

Refining the transmission model 

 The data presented in this dissertation can be used to create a more detailed map of the 

WNV demographic changes as they travel through mosquitoes, birds, and occasionally into a 

human brain. From an ingested bloodmeal, the viral population faces many barriers before it can 

infect a vertebrate again. First, only a few viruses within the population will seed infection in the 

midgut [293,294], though the exact number of viruses are estimated to range from one to 

thousands [292,295,296]. The population bottleneck severity will determine the amount of 

genetic diversity randomly lost from the bloodmeal to the midgut; however, genetic diversity is 

rapidly recovered during intratissue population expansion by mutation, diversifying selection 

from RNAi [164,165], weak purifying selection, and sometimes, given the correct circumstances, 

positive selection [117]. WNV populations that make it to the saliva must endure these cycles of 

random genetic reductions and recoveries at each additional anatomical barrier (midgut escape, 

salivary gland infection, and release into the saliva). How far the viral population diverged from 

its starting point in the bloodmeal is dependent on mosquito species-dependent factors – possibly 
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including bottleneck severities, RNAi targeting, selective sweeps, and intrahost MOIs. 

Moreover, the genetic diversity accumulated within mosquitoes may paradoxically provide 

advantages in divergent fitness landscapes. 

 The WNV population in the mosquito saliva contains a high proportion of low fitness and 

deleterious variants; therefore the 104-106 PFU founding WNV population transmitted to birds 

[291] will undergo a significant reduction in genetic diversity through immediate purifying 

selection as infection is established. The pathway of infection in birds is likely similar to 

mammals. Primary replication occurs in the fibroblasts, keratinocytes, and Langerhans cells near 

the site of infection [173,338]. Birds, however, lack lymph nodes, so perhaps the infected 

Langerhans cells travel to dermal lymphoid nodules [433] to seed primary viremia and visceral-

organ dissemination [173,340,341]. Our data suggests that the viral populations do not encounter 

severe population bottlenecks during this process, but the selective constraints limits the amount 

and type of genetic diversity that accumulates (most are synonymous mutations). The strengths 

of purifying selection are predicted to lessen as the population size, MOIs, and intracellular 

complementation increases (deleterious mutations are harbored by high fitness variants within 

the same cells). Nonetheless, the viral population that reaches sufficient blood titers for 

transmission back to mosquitoes contains less deleterious mutations than the population 

transmitted to the bird, allowing it to have greater fitness. The cost of switching between 

stochastic (mosquitoes) and deterministic (birds) pressures during this arbovirus cycle is 

probably the cause of their apparent slow rates of evolution.      

 What happens when the WNV population spills over into humans is not entirely clear. If 

the bird data gives us any indication, then the population likely undergoes initial purifying 

selection then establishes systemic infection without many dramatic changes to the population. 
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What variants make it beyond the blood brain barrier (BBB) is another mystery. Jerzak et al. 

showed the high amount of WNV genetic diversity accumulated during passage in mosquitoes 

decreased the lethality of a homogenous starting population [131]. Therefore, the master WNV 

sequence can lose pathogenesis when it is mixed with variants containing random mutations, 

either because it easier for the host to clear the infection or the variants cannot pass through the 

BBB. On the contrary, Vignuzzi et al. demonstrated that more diverse polio virus populations are 

better at crossing the BBB than homogenous ones [132]. These population-dependent impacts on 

neuroinvasion suggest that there could be a stochastic and/or deterministic bottleneck at the 

BBB. The variants that make it into the central nervous system, however, looked as if they could 

move freely between the different regions without encountering bottlenecks. This was supported 

by 1) identical mutations between tissues sequenced as similar frequencies and 2) similar levels 

of viral RNA extracted between the regions. Thus, once virus is in the brain, injury to specific 

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

 

What can we predict about WNV evolution? 

 Unlike Stapleford et al. who experimentally reproduced the emergence of a recent 

epidemic strain of CHIKV [132], we did not detect positive selection for any mutation with 

emergence potential. Therefore, we cannot predict any specific details about further adaptive 

potential of WNV in North America. We can, however, make predictions about fitness and 

population structure during different transmission cycles involving the mosquitoes and birds 

studied within this dissertation. For example, a transmission cycle involving Culex 

quinquefasciatus (pushes WNV to diverge the furthest) and American robins (maintains the 

highest fitness, selects for variants to reach higher frequency) will result in faster rates of WNV 
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evolution (i.e. more consensus sequence changes) while maintaining higher fitness than any 

other combination of vectors and hosts examined. On the other side, a transmission cycle 

involving Cx. pipiens (pushes WNV to diverge the least) and American crows (maintains lower 

fitness, keeps mutations at low frequency) will result in slower rates of WNV evolution while 

maintaining lower fitness (accumulate more deleterious mutations).  

We can make further generalized predictions about the role of birds by saying that any 

species that cannot control infection (i.e. produce very high viremia and often succumb to 

infection similar to American crows, such as the common grackle [176]) will push WNV 

populations into a lower fitness landscape by preserving more deleterious mutations. Whereas 

susceptible birds that can control infection and limit viremia (e.g. mourning doves and Eurasian 

collared-doves [176,227]) will drive selection for highly fit variants. Thus, perhaps we can use 

simple viremia studies to make broad inferences about evolution in birds, though knowing more 

details about the virus-host interactions will help to refine these extrapolations.  

In mosquitoes, however, it is much more difficult to make predictions about difference 

species. Genetic complexity, which is most likely influenced by RNAi, was not significantly 

different among tissues and species. This is not to diminish the role of RNAi in generating viral 

genetic diversity during systemic mosquito infection, but suggests that RNAi targeting is not so 

different between these species (Cx. tarsalis, Cx. quinquefasciatus, Cx. pipiens, and Ae. aegypti) 

to significantly alter the evolutionary trajectory of the WNV infectious clone. We did discover 

that aspects of vector competence may directly influence intra-mosquito WNV evolution. First, 

mosquitoes that allow for more rapid viral replication will have weaker purifying selection than 

from mosquitoes that are better at controlling WNV replication. Second, we found an association 

between the dissemination rate and the bottleneck size between two mosquito tissues. For 
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example, we expect to find a more severe population bottleneck at the midgut escape barrier 

when there is a 50% compared to a 75% dissemination rate. Together, we can use these data to 

construct a rational hypothesis towards why WNV diverged approximately 3× more during 

replication in Cx. quinquefasciatus than within the other species. WNV reaches peak titers 

during replication in Cx. tarsalis and Cx. quinquefasciatus faster than in Cx. pipiens and Ae. 

aegypti, allowing the accumulation more nonsynonymous mutations. In addition, the anatomical 

barriers are more severe within Cx. quinquefasciatus than Cx. tarsalis which act to randomly 

alter the variant distribution and lead to further divergence. Therefore, it is possible to use basic 

PCR or plaque assays to estimate the rate of WNV evolution, but compared to birds, it will take 

analyzing several different tissues and time points. However, more detailed studies are necessary 

to discover the mechanisms that govern vector competence in order to really know what drives 

viral evolution within mosquitoes. Even so, the results presented in this dissertation represent a 

major advancement in the understanding and prediction of WNV evolution during transmission.  
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