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ABSTRACT

SARS-COV-2 EVOLUTION AND WITHIN-HOST VARIATION IN NONHUMAN ANIMALS

The COVID-19 pandemic originated following spillover of SARS-CoV-2 from non-human an-

imals into humans. Despite concentrated efforts before and after the pandemic, current research is

constrained by the impracticality of witnessing initial host shift events and transmission dynamics

that shape infectious disease emergence. SARS-CoV-2 transmission from humans to a range of

domestic and wild species has been well documented; furthermore, spillback into humans from

white-tailed deer, mink, hamsters, domestic cats, and lions has also been reported. SARS-CoV-2,

like other RNA viruses, has the ability to adapt rapidly following host shifts. These cross-species

transmission events can accelerate novel variant emergence through selection for genetic variation

that improves virus fitness in a novel host environment.

To evaluate the possibility that cross-species transmission accelerates SARS-CoV-2 evolution

and variant emergence, we sequenced viral genomes recovered from experimentally and naturally

infected animals to characterize within-host virus populations. We demonstrated the use of experi-

mental exposure studies as a controlled system to test hypotheses surrounding SARS-CoV-2 adap-

tation in cats (Felis catus), dogs (Canis lupus familiaris), hamsters (Mesocricetus auratus), ferrets

(Mustela putorius furo), deer mice (Peromyscus maniculatus), bushy-tailed woodrats (Neotoma

cinerea), Brazilian free-tailed bats (Tadarida brasiliensis), striped skunks (Mephitis mephitis), red

foxes (Vulpes vulpes) and mule deer (Odocoileus hemionus). We also evaluated publicly available

sequencing data from infected felids, and investigated within-host dynamics in natural infections

of Amur tigers (Panthera tigris altaica), African lions (Panthera leo), and spotted hyenas (Crocuta

crocuta) in a zoo environment.

Our initial work investigated SARS-CoV-2 evolution across three passages in Vero cells and

experimentally infected cats (n = 6), dogs (n = 3), hamsters (n = 3), and a ferret (n = 1). We
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observed the rapid selection and fixation of five SARS-CoV-2 mutations in Vero cells, followed

by their reversion in dogs, cats and hamsters 1-3 days post-infection. We noted 14 emergent

variants across the SARS-CoV-2 genome, including increased variation in the SARS-CoV-2 spike

protein. Emergent variants included mutations not detected in the original virus stocks used for

inoculation, and several defining mutations of variant lineages of concern in humans. Finally,

we noted increased signs of adaptation in dogs, which did not shed infectious virus, including six

nonsynonymous mutations in the SARS-CoV-2 open-reading frames (ORFs) encoding proteins for

virus replication. In particular, this work underscored the potential for accelerated viral evolution

in cell culture systems used commonly in virological research. This work has been published and

represents Chapter 2 of this dissertation.

Our next study built upon this work by investigating SARS-CoV-2 evolution in three experi-

mental cohorts of domestic cats (n=23) infected through direct inoculation and cat-to-cat contact

transmission. We observed high numbers of within-host variants in SARS-CoV-2 genomes recov-

ered from cats compared to what is documented in humans, over half of which were nonsynony-

mous changes. The number of variants detected was positively correlated with the experimental

dose of virus inoculum, and fewer variants were observed in contact cats. Similar to the previous

study, mutations occurring at the same positions as defining VOC mutations, and signatures of

positive selection in the viral spike (S) gene were observed. Our concurrent analysis of publicly

available SARS-CoV-2 sequences showed no evidence for independent evolutionary trajectories

associated with natural infections of domestic cats or other felids, and confirmed susceptibility

of felids to the breadth of variants circulating in human populations. This work has also been

published and represents Chapter 3 of this dissertation.

We subsequently investigated SARS-CoV-2 evolution in longitudinal samples collected from

Amur tigers (n=2), African lions (n=11), and spotted hyenas (n=4) infected during an outbreak

at the Denver Zoo. Longitudinal nasal swabs were collected from infected individuals over an

approximately three-month sampling period. We determined that the outbreak was caused by a

single introduction of the Delta sublineage AY.20, which was a rare variant circulating in human
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populations at the time. We inferred a transmission chain from tigers to lions to hyenas, which

was consistent with the appearance of clinical signs in infected animals. We observed expansion

and diversification of within-host virus populations, and signatures of both purifying and positive

selection. The strongest signs of positive selection were evident in the viral nucleocapsid (N) gene,

and in viruses recovered from hyenas. Four candidate species-specific adaptive mutations, two of

which are in the N gene, were identified in lions and hyenas (N A254V) and hyenas alone (ORF1ab

E1724D, S T274I, and N P326). This work is presented in Chapter 4 of this dissertation.

In Chapter 5, we evaluated a large dataset of peridomestic wildlife species experimentally in-

fected with two SARS-CoV-2 variants, WA01 and Delta. Study species included deer mice (n=3),

bushy-tailed woodrats (n=3), Brazilian free-tailed bats (n=4), striped skunks (n=5), red foxes (n=9),

and mule deer (n=6). Distinct dynamics were observed in within-host virus populations recovered

from WA01- and Delta- infected animals. This included increased within-host variation, rela-

tive effective population size, and genomic signatures of positive selection in WA01 animals. In

contrast to our first study in domestic dogs, Brazilian free-tailed bats, which also did not shed in-

fectious virus, did not show increased signs of adaptation. We also observed a potential host barrier

to infection in skunks and one fox, followed by the emergence of potential de novo mutations. Six

novel mutations were also detected in contact-exposed mule deer. Our findings suggest that mule

deer populations, similar to what has been documented in closely related white-tailed deer, should

be investigated for accelerated SARS-CoV-2 evolution.

Collectively, our work reveals the unique dynamics of SARS-CoV-2 evolution and transmission

in both naturally- and experimentally- infected felids. We observed rapid viral adaptation both in

vitro and in vivo, highlighting advantages and limitations of experimental animal infections for

studies of viral evolution. In each study, we used publicly available data to contextualize our

experimental data and identify broader patterns. Furthermore, we identified specific SARS-CoV-2

mutations and genomic regions under selective pressures across a range of animal species, setting

the groundwork for future mechanistic studies. Our findings underscore the importance of a One
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Health approach to understanding SARS-CoV-2 evolution, and the need for surveillance in animal

populations.
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Chapter 1

Introduction: SARS-CoV-2 evolution in the context of its broad host range

1.1 Significance: Why is it necessary to study SARS-CoV-2 evolution in non-human hosts?

The significance of virus evolution to One Health—the intersection of human and animal health

and the environment—cannot be overstated. The ability to infect multiple host species and evolve

rapidly in response to changing environments, are key characteristics of emerging zoonotic viruses.

The emergence of COVID-19 confirmed many scientists’ fears and predictions about the pan-

demic potential of zoonotic viruses. SARS-CoV-2 has adapted to human hosts following its initial

spillover into human populations in late 2019, and continues to evolve; in this time, it has retained

the ability to infect other animal species (Andersen, Rambaut, Lipkin, Holmes, & Garry, 2020;

F. Wu et al., 2020; Holmes et al., 2021). Over the past four years, the evolution of SARS-CoV-2

has developed into a primary global public health concern.

Remarkably, despite focused research efforts, the evolutionary origins of the divergent variant

lineages that have swept through human populations are still unknown. Three main hypotheses

exist for the evolutionary origins of new variant lineages: (1) they slowly evolved from existing

variants while remaining undetected over long periods of time in human populations, (2) the per-

sistent infection of immunocompromised human individuals resulted in the accumulation of a large

number of selectively beneficial mutations, and (3) spillover into non-human animals followed by

selective pressures in a new host species led to the emergence of a highly divergent variant. In

each of these scenarios, variants with enhanced replication and transmission kinetics would be

more readily transmitted to new, susceptible hosts, thus perpetuating emergence. Hypothesis (1)

is highly unlikely to have occurred for every variant, due to intense global genomic surveillance

during the pandemic. However, evidence exists in support of both hypotheses (2) and (3), though

this question may not be possible to answer definitively. The aim of this piece is to introduce and

review the study of SARS-CoV-2 evolution in the context of its broad host range, and to highlight

the fundamental importance of transmission in animals to its origins and continued evolution.
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1.2 Methods: What is required to study SARS-CoV-2 evolution in animals?

Many factors need to converge to successfully study virus evolution in non-human animals.

Multifaceted collaborations spanning the local, national, and international levels are often required

(WOAH, 2024). Successful collaborations engage research scientists, veterinarians and animal

care specialists employed by zoos, universities, animal shelters, farms, wildlife management agen-

cies, and a myriad of other professionals (Munnink et al., 2021; Sparrer et al., 2023; McAloose

et al., 2020). Once these collaborations are established, researchers employ a range of techniques

and technologies to generate the sequencing data that is required for evolutionary analyses. Whole

genome sequencing (WGS) of the SARS-CoV-2 virus using next-generation sequencing (NGS)

technologies is common, as compared to the targeted sequencing of particular genomic regions.

This data can be used for phylogenomic analysis, and has supported the description of SARS-

CoV-2 lineages that are characterized by large numbers of mutations and signatures of selection

spanning the virus genome.

Although there is variation in the methods employed to obtain SARS-CoV-2 sequence data

from a biological sample, they also share many basic steps. In the most common procedure,

RNA is isolated and reverse transcribed to cDNA, followed by a multiplex PCR that generates

amplicons spanning the full virus genome (Quick et al., 2017). The ARTIC Network has been

a leading source of SARS-CoV-2 primer design over the course of the pandemic, although com-

parable primer schemes have also been developed by private companies (ARTICNetwork, 2020).

Non-targeted, or metagenomics sequencing approaches are also in use, but the tiled amplicon pro-

tocol is more widely in use. SARS-CoV-2 sequencing libraries have been sequenced on every

variety of instrument currently in use, including most commonly Illumina and Oxford Nanopore

technologies.

A defining aspect of NGS-based research is quality control, and this has also played a large

role in the study of SARS-CoV-2 evolution. Notable limitations include errors introduced by

PCR amplification, dropout regions due to mutation or other technical failures, low sequencing

depth and incomplete genome coverage (Davis et al., 2021; DeMaio et al., 2020). Ultimately, it
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is important to consider the scientific goal of the study in question. If the goal is to investigate

evolution at the host population level, the main unit of analysis will be the consensus sequences

of the virus genome. However, if the goal is to capture variation in the virus populations within

one or more hosts, deeper sequencing will be required. After sequencing reads are generated,

next steps include sequence alignment and/or assembly, and variant calling and/or identification of

consensus-level mutations (SNPs). In the case of the targeted sequencing data commonly generated

for SARS-CoV-2, sequencing reads are aligned to one or more reference sequence to identify

changes relative to an ancestral SARS-CoV-2 genome.

Open sharing of genomic sequencing data has played a key role in the study of SARS-CoV-

2 evolution in animals and humans to date. In addition to well-established nationally supported

genetic databases, the most commonly used platform for sharing SARS-CoV-2 sequence data has

been the “Global initiative on sharing all influenza data,” or GISAID (Shu & McCauley, 2017).

Genomic surveillance in humans has included both the attempt to obtain general, “representative”

samples of infected human populations, and also targeted investigations of specific populations or

settings. As a result, disparities in the distribution of human SARS-CoV-2 sequencing data have

been widely observed (Brito et al., 2022; Chen et al., 2022). Although the breadth and resources di-

rected towards sequencing SARS-CoV-2 from non-human animals has been comparatively limited,

public databases like GISAID still provide an indication of the frequency and regularity of non-

human animal infections. Furthermore, they facilitate one of the first steps in evaluating SARS-

CoV-2 genomes recovered from animals: comparing them to genomic surveillance data in humans

from the same time and geographic location.

Evolutionary analyses of SARS-CoV-2 often focus on epidemiology, phylogenetics, and mu-

tation tracking. Importantly, scientists identify and designate emerging SARS-CoV-2 variant lin-

eages using phylogenetic tools (Hadfield et al., 2018; Rambaut et al., 2020; Aksamentov, Roe-

mer, Hodcroft, & Neher, 2021). Other important, but less well-trodden avenues for understanding

SARS-CoV-2 evolution include selection, within-host variation, and recombination analyses. Most

tools used for evolutionary analyses of SARS-CoV-2 are open source, and many scientists share
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their protocols and code in full, enabling reproducibility. Bioinformatic workflows are often or-

ganized into publicly available analysis pipelines. For example, the nf-core/viralrecon pipeline,

developed with the open-source workflow manager Nextflow, can be used to investigate low fre-

quency variants in SARS-CoV-2 samples (Di Tommaso et al., 2017; Ewels et al., 2020; Patel et

al., 2023). Analysis pipelines developed with this approach are highly documented, optimized and

validated by the coding community, supporting reproducibility. Furthermore, they are flexible, an

extremely valuable characteristic in the world of emerging zoonotic pathogens.

1.3 In practice: How have scientists approached SARS-CoV-2 in animals from an evolu-

tionary perspective?

The scientific literature describing SARS-CoV-2 evolution in animals can be roughly divided

into two categories: experimental exposures in laboratory settings, and natural infections in the

wider world. Generally speaking, most studies of SARS-CoV-2 evolution in natural infections

describe individual cases, and are limited by sampling constraints. On the other hand, most

laboratory-based animal studies are not limited by sampling, but can be highly translational, fo-

cusing on viral pathogenesis and interventions for human health. A subset of these studies has

been dedicated to evaluating the susceptibility of different host species (A. M. Bosco-Lauth et

al., 2020; Porter, Hartwig, Bielefeldt-Ohmann, Bosco-Lauth, & Root, 2022; Porter et al., 2024;

A. M. Bosco-Lauth et al., 2022, 2021). An even smaller number of studies describe virus evo-

lution in experimentally infected animals, including the research reported in Chapters 2, 3 and 5

of this dissertation (Bashor et al., 2021; Bashor, Gagne, Bosco-Lauth, Stenglein, & VandeWoude,

2022).

The most active initial research into the evolution of SARS-CoV-2 in non-human animals has

centered around its evolutionary origins prior to introduction into humans in late 2019. In the

early 2000s, the emergence of the first SARS in China, caused a global outbreak. Later research

indicated that SARS most likely originated in horseshoe bats (Rhinolophus) in China. The spillover

into humans occurred following transmission from bats through an intermediate host, likely the

civet cat, which was facilitated by trade in live animals. More recently, SARS-CoV-2 emerged
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in humans, leading to a global pandemic. Although it may not be possible to prove definitively,

existing scientific evidence is consistent with an origin in Rhinolophus bats, followed by spillover

into humans from wild animals, likely facilitated by live wildlife trade occurring at the Huanan

Seafood Market in Wuhan, China (Worobey et al., 2022; Liu et al., 2023). Interestingly, analysis

of the earliest cases of SARS-CoV-2 has revealed two distinct SARS-CoV-2 lineages, indicating

that multiple spillover events may have transpired (Pekar et al., 2022).

Now that the breadth of the host range of SARS-CoV-2 is better understood, it may not come

as a surprise to note that several of the earliest virus genome sequences form non-human animals

were recovered from cats and dogs. Two SARS-CoV-2 sequences from infected dogs in Hong

Kong were collected in February and March 2020, and the first sequence from an infected cat

in Belgium was collected in March 2020 (Shu & McCauley, 2017; Garigliany et al., 2020; Sit

et al., 2020). Since then, cases in domestic animals including cats, dogs, ferrets and hamsters

have been regularly reported. In these cases, NGS is generally employed to establish high identity

between the virus sequences obtained from the closest human contact and the animal, confirming

a cross-species transmission event has occurred. Sequences from these cases demonstrate high

polyphyly, and transmission events span the breadth of SARS-CoV-2 variant lineages observed

in human populations. Furthermore, onward transmission or “spillback” into humans from these

closely cohabitating species has also been reported in cats and hamsters (Yen et al., 2022; Sila et

al., 2022).

Despite the apparent regularity of human-to-pet cross-species transmission events, more re-

search is needed to confirm species-specific viral adaptation in domestic species. This may be

due in part to the rarity of sustained transmission within a species. Cat-to-cat, hamster-to-hamster,

and ferret-to-ferret transmission has been established in both natural and experimental settings,

whereas the viability of dog-to-dog transmission is uncertain. The limited number of studies in

dogs to date do suggest that they are less susceptible to infection than cats and hamsters. Although

it may not be completely accurate to call most household cases dead-end infections, research to

date shows they are not a source of independent SARS-CoV-2 evolutionary trajectories.
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The maintenance and evolution of SARS-CoV-2 in farmed mink and free-ranging white-tailed

deer stands in stark contrast to household-based outbreaks reported for domestic animals. Some of

the earliest discussions of SARS-CoV-2 evolution in non-human animals outside of pre-spillover

hosts were instigated by the widespread infection of mink. These outbreaks were first observed in

spring 2020 in the Netherlands and Denmark, but were not restricted to Europe, and also occurred

on especially large scales in the United States. Numerous densely cohabitating individuals allowed

for sustained mink-to-mink transmission, in addition to cross species transmissions to and from

humans in close contact (Munnink et al., 2021; Boklund et al., 2021; Oreshkova et al., 2020;

Hammer et al., 2021; Eckstrand et al., 2021; Rabalski et al., 2022; Lu et al., 2021; Larsen et al.,

2021). Researchers have used sequence data to provide evidence for these spillover and spillback

events, even identifying additional spillovers to domestic cats, dogs and free-ranging wild mink

(van Aart et al., 2021; Aguiló-Gisbert et al., 2021). Evolution-driven investigation of SARS-

CoV-2 sequences from these outbreaks have identified a number of candidate mutations for mink-

specific adaptation (Lassaunière et al., 2021; Hoffmann et al., 2021; Tan et al., 2022). Furthermore,

sequencing at one farm in Denmark indicated the evolution of mink-specific SARS-CoV-2 immune

escape mutations enabling widespread reinfection of seropositive mink (Rasmussen et al., 2021).

The rapidity of SARS-CoV-2 evolution in mink and their potential to act as viral reservoirs led to

the culling of millions of farmed mink in 2020 and 2021.

At this time, more than half of US states have reported SARS-CoV-2 in white-tailed deer

(APHIS, 2024a). The population size of the species as a whole is estimated at 30 million, with a

range extending across the United States and southern Canada (Hanberry, 2021). Serological and

viral RNA investigations have uncovered high (up to 40%) infection prevalence in free-ranging

deer populations, with circulation beginning as early as September 2020 (Kuchipudi et al., 2022;

Marques et al., 2022; Hale et al., 2021; Chandler et al., 2021; Palermo, Orbegozo, Watts, & Morrill,

2021). Sequencing data from these populations indicate that multiple introductions of every major

SARS-CoV-2 variant lineage including Alpha, Gamma, Delta, and Omicron, and extensive deer-

to-deer transmission have occurred (Kuchipudi et al., 2022; Marques et al., 2022; Hale et al., 2021;
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McBride et al., 2023; Vandegrift et al., 2022; Caserta et al., 2023). Virus genomes recovered from

infected deer are characterized by numerous mutations, most likely accumulated over time through

sustained intraspecies transmission. Remarkably, the evolutionary rate of SARS-CoV-2 in deer in

Ohio sampled in 2021 and 2022 was found to be three times higher than the evolutionary rate of

the virus in humans (McBride et al., 2023).

Phylogenomic analyses have provided evidence for multiple deer-to-human transmissions of

SARS-CoV-2 occurring as early as November 2021 (Pickering et al., 2022; Feng et al., 2023).

Moreover, research has also demonstrated the ongoing circulation of Alpha, Gamma, and Delta

variants in New York deer long past the period in which these lineages were last observed in

human populations (Caserta et al., 2023). Taken together, these findings raise the concern that deer

may act as viral reservoirs of divergent variant lineages. A worst-case scenario could involve the

spillback of an older, mutated lineage, divergent enough to evade current human immunity, which

is based on vaccination against and previous infection with more contemporary lineages.

Predictably, at the same time as free-ranging wildlife have been infected with SARS-CoV-2

through exposure to humans, captive wild animals, both white-tailed deer and other species, have

also been exposed at high rates (Roundy et al., 2022). Large felids in zoo settings have been

particularly frequently infected throughout the pandemic (Karikalan et al., 2021; Koeppel et al.,

2022; Grome et al., 2022; Mishra et al., 2021; Bartlett et al., 2021; Fernández-Bellon et al., 2021;

Mitchell et al., 2021; Nagy et al., 2022). The investigation of an outbreak at the Bronx Zoo in April

2020 generated some of the first publicly available SARS-CoV-2 sequences from naturally infected

non-human animals (McAloose et al., 2020). At that time, a natural spillover event from a human

to another species had not previously been captured. Later, sequence data collected at an earlier

date in 2020 from domestic cats and dogs would be made available. However, the sequences from

tigers, lions, and their caretakers at the Bronx Zoo initiated an important discussion surrounding

the contributions of cross-species transmission to SARS-CoV-2 evolution.

In the case of SARS-CoV-2 infections of domestic and wild felids around the world, NGS has

been employed mainly with the goal of identifying the causative virus variant, and characterizing
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the infection source, which often points towards close human contacts. Notably, viral spillback

from an African lion to humans has also been reported (Siegrist et al., 2023). There are now

139 virus sequences from members of the genus Panthera on GISAID (Shu & McCauley, 2017).

Including domestic cats and all members of the family Felidae, this number rises to 335. Inter-

estingly, felids have appeared to be more frequently infected than primates in zoo settings, and

domestic cats have been more commonly infected than any other domestic species (Nerpel et al.,

2022). However, there is no consensus on what factors, if any, might make felids more suscepti-

ble to infection than other species, particularly primates, which are much more closely related to

humans, and thus have higher ACE2 receptor identity and predicted binding to the SARS-CoV-2

spike protein (Damas et al., 2020). In contrast to outbreaks in mink and white-tailed deer, sustained

within-species transmission or maintenance of SARS-CoV-2 in a population of domestic or wild

felids has not been observed. This may highlight the potential for felid-specific evolution in feral

cat colonies, shelters or larger populations of big cats in zoos or other settings. Chapter 4 of this

dissertation describes persistent infection and evidence for SARS-CoV-2 host-adaptation in zoo

tigers, lions, and hyenas.

In experimental settings, SARS-CoV-2 evolution in animals has been described indirectly

through the use of non-human cell culture systems, and more directly with animal models. Vi-

ral adaptation following passage in Vero cells, originally derived from African green monkeys,

has been repeatedly documented (Sasaki et al., 2021; Bashor et al., 2021; Chaudhry et al., 2022;

Ogando et al., 2020). More specifically, mutations in the furin cleavage region of the SARS-CoV-2

spike gene have been shown to facilitate viral entry into Vero cells despite type II transmembrane

serine protease (TMPRSS2)-deficiency, although viruses may also use a TMPRSS2-independent,

cathepsin-mediated entry method. Early in the pandemic, mice were found to be resistant to SARS-

CoV-2 infection due to the divergence of mouse angiotensin converting enzyme (ACE2). Although

many researchers turned to transgenic mouse models expressing humanized ACE2, other studies

explored the use of experimental virus evolution to obtain a mouse-adapted SARS-CoV-2 virus (Gu

et al., 2020; Huang et al., 2021). SARS-CoV-2 passage in BALB/c mice led to the emergence of
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mutations enhancing ACE2 binding, including a critical N501Y mutation in the receptor-binding

domain (RBD) of the spike gene.

In addition to mice, domestic animal models have further demonstrated the rapidity of SARS-

CoV-2 adaptation following host shifts. SARS-CoV-2 transmitted through direct contact and

aerosols between ferrets contained two candidate adaptive mutations in the spike gene, identi-

fied through the comparison of sequences from ferrets with the sequence of the virus stock used

for inoculation (Richard et al., 2020; Kutter et al., 2021). Of these two, S686G was in the origi-

nal virus stocks at very low levels, but N501T was not. Experimental SARS-CoV-2 exposures of

domestic cats have also highlighted virus host-adaptation. Remarkably, these studies have also re-

ported the emergence of the spike S686G mutation in cats (Bashor et al., 2021, 2022; Braun et al.,

2021). In one study, within-host viral variation was transmitted from infected to naïve cats across a

transmission bottleneck of just 2-5 viral genomes (Braun et al., 2021). Two other published studies

in domestic cats have been reproduced in full as Chapters 2 and 3 of this dissertation.

Laboratory-based studies of SARS-CoV-2 evolution in animals may be specifically advanta-

geous for controlling the uncontrollable factors at play in natural infections, enabling researchers

to ask directed evolutionary questions. A fundamental constraint of emergent zoonotic pathogen

research is our inability to observe the initial transmission dynamics and host shifts surrounding

spillover events. Sequencing of virus samples collected from experimentally exposed animals in

addition to the initial inoculum virus used provide snapshots of virus populations throughout ev-

ery stage of infection. Such experimental studies offer an unparalleled opportunity to carry out

rigorous investigations of virus evolution following host shifts.

1.4 Conclusions: What have we learned, what’s next and how can we improve?

In humans, SARS-CoV-2 evolution to date has gone through multiple stages (Markov et al.,

2023). In early 2020, it was characterized by gradual small changes. For example, the spike

D614G mutation, which significantly increases transmissibility in humans, swept through global

populations. As the pandemic continued, it shifted towards a more stepwise evolution of variant

lineages characterized by sets of new mutations and increased overall substitution rates. As of
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May 2024, it continues to evolve from the genetic background of Omicron, a highly transmissible

variant lineage. Currently, a key evolutionary driver is human immune pressures resulting from

vaccination and prior infection. The trajectory of SARS-CoV-2 evolution in humans can inform

our understanding of its evolution in animals, and vice versa. Importantly, the origins of each

variant lineage that has emerged in humans are still unknown. Furthermore, although many studies

have identified candidate host-species adaptive mutations, further research is needed to elucidate

the type and extent of advantage offered by these mutations. Continued study of virus evolution

and transmission between humans and animals will provide the essential data required to answer

these questions.

The scientific literature describing SARS-CoV-2 evolution in animals can be organized into

several different configurations. It embodies a range of animal taxa, environments, and outbreak

sizes, and employs a range of methodological approaches, from basic epidemiology to phyloge-

nomics to within-host variation. One of the greatest benefits of this body of research is public data

sharing. This has played out as a microcosm of the transformative leap in sharing sequencing data

allowing scientists to document SARS-CoV-2 evolution in humans in real time. Future studies

should leverage these data to provide context to their work and seek broader evolutionary patterns.

For example, the quantification of species-specific virus evolutionary rates requires large sample

sizes that are rarely achievable in individual studies.

Altogether, a relatively large number of published studies describe SARS-CoV-2 evolution in

animals. Future work may thus benefit from addressing various limitations of earlier studies, with

a focus on a priori hypothesis development and testing. Increased use of replication, controls,

longitudinal sampling, collection and banking of high-quality samples and metadata, and consis-

tency and transparency of methods will aid in answering a number of outstanding questions in this

field. Furthermore, interdisciplinary collaborations will help researchers leverage the wealth of

virus genome sequencing data to answer more and more complex questions.

One of the key themes spanning this body of research is that spillover is not unidirectional. The

original transmission of SARS-CoV-2 into humans was likely not a single event, and we have since
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observed repeated spillovers into a broad range of species described in this piece. Furthermore,

spillback from animals into humans has been widely reported, including mink, lions, hamsters, cats

and deer. It is important to note that for every species in which transmission is sustained within a

population, we see signs of the strong evolutionary pressures host shifts exert on virus evolution.

However, SARS-CoV-2 does not transform into a new variant lineage every time it undergoes a

host shift. A more concerning possibility may be the maintenance of divergent variant lineages in

animal reservoirs, with the potential for spillback into humans in a changing immunity landscape.

By applying a One Health perspective, SARS-CoV-2 evolution in non-human animals might be

considered a main feature of, rather than a footnote to this pandemic. Furthermore, the approaches

and findings resulting from the studies described in this piece and in the chapters of this dissertation

can be directly applied to advancing our understanding of other emerging zoonotic viruses in the

future. The following chapters describe findings from experimental and natural infections of non-

human animals, offering snapshots of SARS-CoV-2 evolution in action.
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Chapter 2

SARS-CoV-2 evolution in animals suggests mechanisms for rapid variant

selection1

SARS-CoV-2 spillback from humans into domestic and wild animals has been well docu-

mented, and an accumulating number of studies illustrate human-to-animal natural transmission

is widespread in cats, mink, deer, and other species. Experimental inoculations of cats, mink

and ferrets have perpetuated transmission cycles. We sequenced full genomes of Vero-cell ex-

panded SARS-CoV-2 inoculum and virus recovered from cats (n=6), dogs (n=3), hamsters (n=3)

and ferret (n=1) following experimental exposure. Five nonsynonymous changes relative to the

USA-WA1/2020 prototype strain in nsp12, S, N and M genes were near fixation in the stock used

for inoculation, but had reverted to wild-type sequences at these sites in dogs, cats and hamsters

within 1-3 days post-exposure. Fourteen emergent variants (six in nonstructural genes, six in spike,

one in orf8) were detected in viruses recovered from animals. This included substitutions in spike

residues H69, N501, and D614, which also vary in human lineages of concern. Even though live

virus was not cultured from dogs, substitutions in replicase genes were readily detected in ampli-

fied sequences. The rapid selection of SARS-CoV-2 variants in vitro and in vivo reveals residues

with functional significance during host-switching. This also illustrates the potential for spillback

from animal hosts to accelerate evolution of new viral lineages, findings of particular concern for

dogs and cats living in households with COVID-19 patients. More generally, this glimpse into in

vitro and in vivo host switching reveals the unrealized rapidity and plasticity of viral evolution in

experimental animal model systems.

1This chapter is a reproduction of “Bashor, L., Gagne, R. B., Bosco-Lauth, A., Bowen, R.A., Stenglein, M., & Vande-
Woude, S. (2021). SARS-CoV-2 evolution in animals suggests mechanisms for rapid variant selection. Proceedings

of the National Academy of Sciences, 118(44). doi: 10.1073/PNAS.2105253118”. Minimal modifications were made
to meet dissertation formatting requirements.
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2.1 Significance Statement

SARS-CoV-2 emerged due to viral spillover from animals to humans, and spillback to other

animal species has been observed with accelerating frequency. Cross-species transmission gen-

erally results in rapid adaptation of the virus to the new host, and repeated transmissions may

accelerate viral evolution and novel strain emergence. We report surprisingly rapid selection of

numerous SARS-CoV-2 variants in cell culture and following infection of nonhuman mammalian

hosts, including dogs and cats. These molecular changes in SARS-CoV-2 provide insight into

mechanisms of viral host adaptation, lay the groundwork for additional studies assessing dominant

variant fitness and phenotype, and highlight the potential for human reinfection with new viral

variants arising in species in close and frequent contact with humans.

2.2 Introduction

Cross-species transmission events, which challenge pathogens to survive in new host environ-

ments, typically result in species-specific adaptations (Sauter & Kirchhoff, 2019). These evolu-

tionary changes can determine the pathogenicity and transmissibility of the virus in novel host

species (Andersen et al., 2020). Pathogen host-switching resulting in epidemic disease is a rare

event that is constrained by interaction between species (Cross, Prosser, Ramey, Hanks, & Pepin,

2019). In contrast to most species, humans move globally and regularly come into contact with

domestic and peridomestic animals. Thus, when a novel virus spreads through human populations,

there is an incidental risk of exposure to potentially susceptible non-human species.

This scenario has become evident with the SARS-CoV-2 pandemic (Table A.1). Originally

resulting from viral spillover into humans (Zhou et al., 2020; Lam et al., 2020), likely from an

animal reservoir, spillback into a wide range of companion and wild animals has occurred or been

shown to be plausible (A. M. Bosco-Lauth et al., 2020; McAloose et al., 2020; Fernández-Bellon

et al., 2021; Oude Munnink et al., 2021; Shereen, Khan, Kazmi, Bashir, & Siddique, 2020), and an

increasing number of studies have indicated a high frequency of human-to-animal SARS-CoV-2

spillback transmission (Segalés et al., 2020; Klaus et al., 2021; Neira et al., 2021; Hosie et al.,

2021; Garigliany et al., 2020; Newman et al., 2020; Fuentealba et al., 2021; Ruiz-Arrondo et al.,
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2021). Given the short duration of viral shedding, serologic analyses present a more accurate char-

acterization of actual animal exposures to SARS-CoV-2. Such studies conducted in a variety of

animal species have illustrated surprisingly high levels of seroconversion in cats and dogs, and

more recently free-ranging deer (Table A.1). Other well documented spillback events include nu-

merous mink farms (Table A.1). In one of these reports, multiple feral cats living on a mink farm in

the Netherlands during a SARS2 outbreak were seropositive, likely from direct transmission of the

virus from mink to cats, as owned cats on the same farm were seronegative (van Aart et al., 2022).

This further illustrates that cross-species transmission chains are readily achieved. Recent sur-

veys of free-ranging white-tailed deer in Illinois, Michigan, New York, and Pennsylvania revealed

33% seropositivity in free-ranging animals (United States Department of Agriculture Animal and

Plant Health Inspection Service (USDA APHIS), 2021a). Active SARS-CoV-2 infection was sub-

sequently confirmed by PCR in a deer in Ohio (United States Department of Agriculture Animal

and Plant Health Inspection Service (USDA APHIS), 2021b). Together, these findings suggest the

likely establishment of multiple domestic animal and wildlife reservoirs of SARS-CoV-2.

Repeated interspecies transmission of a virus presents the potential for acceleration of viral

evolution and a possible source of novel strain emergence. This was demonstrated by reverse

zoonosis of SARS-CoV-2 from humans to mink, followed by selection in mink and zoonotic trans-

mission back to humans (Oude Munnink et al., 2021). Given that reverse zoonosis has been re-

ported repeatedly in dogs and cats from households where COVID-19 patients reside, and the fact

that up to 50% of households worldwide are inhabited by these companion animals, there is po-

tential for similar transmission chains to arise via humans and their pets (Banerjee, Mossman, &

Baker, 2021; Hedman, Krawczyk, Helmy, Zhang, & Varga, 2021). Elucidating viral selection and

species-specific adaptation of SARS-CoV-2 in common companion animals is therefore of high

interest. Furthermore, understanding viral evolutionary patterns in both companion animals and

experimental animal models provides a valuable appraisal of species-specific viral variants that

spotlight genomic regions for host-virus interaction.
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Significant attention has been directed at substrains evolving from the initial SARS-CoV-2

isolate (F. Wu et al., 2020) and an accumulating number of variant lineages have demonstrated in-

creased transmission potential in humans (Andrew, 2020; Korber et al., 2020). The role, if any, that

reverse zoonotic infections of nonhuman species and spillback may have played in the emergence

of these novel variants of SARS-CoV-2 remains unknown. Documenting viral evolution following

spillover of SARS-CoV-2 into new species is difficult given the unpredictability of timing of these

events; therefore, experimental studies can greatly aid understanding of SARS-CoV-2 evolution in

animal species. Laboratory-based studies also provide the opportunity to determine how changes

that occur during viral expansion in cell culture may influence in vivo infections. This information

is highly relevant for interpretation of in vivo and in vitro experiments using inoculum propagated

in culture.

We therefore assessed the evolution of SARS-CoV-2 during three rounds of expansion of strain

USA-WA1/2020 in Vero E6 cells (Harcourt et al., 2020), followed by measuring variant emer-

gence occurring during primary experimental infection in four mammalian hosts. Specifically,

we compared variant proportions, insertions, and deletions occurring in genomes of SARS-CoV-2

recovered from dogs (n=3), cats (n=6), hamsters (n=3) and ferret (n=1).

2.3 Results

2.3.1 SARS-CoV-2 genome sequence recovery

We recovered full genome sequences of SARS-CoV-2 from stocks of three serial passages

of USA-WA1/2020 inoculum and virus recovered from five cats with primary exposure, one cat

exposed by contact to an infected cat (A. M. Bosco-Lauth et al., 2020), three dogs (A. M. Bosco-

Lauth et al., 2020), three hamsters, and one ferret (Table A.3). PCR amplification of the full

SARS-CoV-2 genome failed in two additional ferrets due to low viral titers; these samples were

subjected to targeted PCR of spike sequences followed by Sanger sequencing. We obtained a

median depth of coverage of 2859x (mean = 4380x) using ARTIC version 3 primers as described

in methods (Fig. S1). SARS-CoV-2 genomes recovered from Cat 5 and one technical replicate of
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Cat 4 were amplified with ARTIC version 2 primers with median depth of coverages of 506x and

1056x respectively.

2.3.2 Identification of single nucleotide and structural variants

Eight-eight unique single nucleotide (SNV) and structural variant (SV; insertions and deletions)

were present in 3-100% of viral genome sequences in two technical replicates, and were observed

270 times across all datasets (242 SNV, 28 SV; Figure 2.1A). This included 74 SNVs and 14 SVs.

Seventy-one of 270 variants (26.3%) were detected at 25% frequency or greater (Figure 2.1B).

Seventy of the 88 unique variants (79.5%) were not detected in any of the three viral inoculum

stocks at greater than or equal to 3% frequency. Seven SARS-CoV-2 SNV recovered from one

or more species occurred at positions that coincide with variants of concern in humans or other

species Table 2.1.

Table 2.1: Seven SARS-CoV-2 SNV recovered from one or more species have been reported as variants of
concern in humans or other species. The frequency of each variant detected in Vero E6 cell supernatant at
each passage (P1, P2, and P3) represents the average of two replicates; values undetected above 0.1% are
reported as 0. Only D215H was detected at high frequency in P3 inoculum.
*S686G was detected in one replicate of P2 at 0.8% and undetected in the second; L37F was detected in one
replicate of P3 at 0.5% and undetected in the second.

Position CDS Variant Species P1/P2/P3 inoculum Reported Reported
frequency (%) variant(s) species

21768 Spike, NTD H69R Ferret, cat, 2.1/1.2/0 69–70del Human (Andrew, 2020),
dog, hamster mink (van Dorp et al., 2020)

22205 Spike, NTD D215H Cat, dog, 4.2/19.4/96.6 D215G Humans (Tegally et al., 2021),
ferret, hamster deer mice (Fagre et al., 2021)

22205 D215N Cat, dog, hamster 1.4/1.5/0

23064 Spike, RBD N501T Ferret 0/0/0 N501T Ferret (Richard et al., 2020),
mink (van Dorp et al., 2020)

N501Y Human (Andrew, 2020; Tegally et al., 2021),
BALB mice

23403 Spike D614G Cat 0/0/0 D614G Human (Shu & McCauley, 2017)

23525 Spike H655Y Cat, dog, 1.5/4.8/1.1 H655Y Cat (Braun et al., 2021),
ferret, hamster human (Shu & McCauley, 2017),

hamster (J. F.-W. Chan et al., 2020)

23618 Spike S686G Cat 0/0*/0 S686G Ferret (Richard et al., 2020)

11083 orf1ab, nsp6 L37F Cat, dog, hamster 1.8/1.8/0* L37F Human (Shu & McCauley, 2017)
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Figure 2.1: Eight-eight unique variants were detected in ≥3% of sequences of in vitro- and in vivo- derived
SARS-CoV-2. (A) Position, predicted effect and (B) allele frequency of single nucleotide (SNV) and struc-
tural (SV) variants detected across the SARS-CoV-2 genome in sequences obtained from 13 experimentally
inoculated animals and three passages of the viral inoculum. Each point represents a SNV (circle) or SV
(triangle). (A) All variants detected in ≥3% of sequences, demonstrating a majority of SNVs and a slightly
increased occurrence of modifications in the spike protein. (B) All variants detected in ≥25% of sequences,
revealing the presence of higher frequency variants in the spike protein of all datasets excluding the Passage
1 stock virus, and the prevalence of higher frequency variants across the entire genome of SARS-CoV-2 re-
covered from dogs. Frequency indicated by scale from blue (low) to red (high). Schematic of SARS-CoV-2
genome illustrated for orientation.
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2.3.3 Cell culture-associated viral variants and reversion in animals

Passage of SARS-CoV-2 in Vero E6 cells resulted in five nonsynonymous amino acid changes

that reached fixation or near fixation following three passages (Figure 2.2). These variants reverted

to wild type sequences within 1-3 days after inoculation in dogs, cats and hamsters. Reversion

frequency was higher in samples recovered three days post-infection (dogs and cats) compared to

virus recovered one day post-infection (hamsters, Figure 2.2). Spike variant D215H underwent a

second substitution to D215N, which reached near fixation (>72%) in two dogs. This variant was

also detected at >6% frequency in the third dog, one hamster and three cats.

2.3.4 Viral variants arising during in vivo passage

Thirteen nonsynonymous variants and one synonymous variant not present in the viral inocu-

lum at ≥3% frequency were detected at >50% frequency in one individual, or were detected in all

individuals of one species Table 2.2. The default limit of detection for variant calling was set at

3% but it was possible to observe variants with frequencies down to 0.1% with possibly reduced

quantitative accuracy (Grubaugh et al., 2019). There were 564 unique variants detected at 0.1%

frequency or greater across all 16 datasets in the study. Of these, 174 were detected in the three cell

culture-derived samples, and 390 (69%) were not identified in the viral inoculum at all. Variants

detected at lower frequencies within the Passage 3 (P3) inoculum in matched replicates would be

suggestive of in vivo selection of these pre-existing quasispecies. Using this reasoning, we de-

tected 10 of the 14 emergent variants from animal hosts at 0.1-3% in the viral inoculum, and four

were not identified in the viral inoculum at all.

There was no significant difference between the mean number of unique variants detected in

viral genomes recovered from the four species (Figure 2.3A). Viral titer did not seem to determine

observed variant richness. We were not able to detect viable virus at 3 days post-infection in any

of the dogs (<1 log pfu/mL); however, we observed 24, 34 and 22 variants in Dogs 1, 2 and 3

respectively, which is in the same range as Cats 2, 3 and 4, for which we assessed viral titers of

5.3, 6 and 5.4 log pfu/mL and 22, 30 and 19 variants respectively. In addition, Hamster 1 had 20
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Figure 2.2: SARS-CoV-2 cell culture variants revert rapidly during in vivo experimental infection. SARS-
CoV-2 isolate USA-WA1/2020 was passaged three times in Vero E6 cell line. Five single nucleotide variant
substitutions across the genome reached >93% frequency; variant proportion recovered from each super-
natant stock indicated by P1, P2, P3. Cats, dogs, hamsters and ferret (n=6, 3, 3, and 1, respectively) were
inoculated with 105–106 pfu intranasally. Virus was recovered 1-3 days PI, sequenced using a tiled amplicon
technique and analyzed with a pipeline for calling single nucleotide and structural variants in viral popu-
lations. Cell culture variants decreased in frequency in all animals with the exception of the ferret (n=1).
Variants are indicated in reference to the consensus residue in USA-WA1/2020 and their position within
the coding sequence of a SARS-CoV-2 protein. Each point represents the mean of two technical replicates,
aside from one cat for which a replicate was not sequenced.
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variants and a titer of 3.3 log pfu/mL, whereas Hamster 3 had 22 variants and a titer of <1 log

pfu/mL.

SARS-CoV-2 sequences also did not cluster by species (Fig. S2). Excluding variants that were

detected in the original inoculum sequences at ≥3% frequency, 69.6% of novel variants were found

in a single species, 11.6% were found in two species, and 17.4% were found in three species. Only

one variant that was not detectable in the inoculum at ≥3% frequency was detected in all four

animal species, a single nucleotide insertion at L37 in nsp6 causing a frameshift.

Variants were unevenly distributed among individuals of a species. When variants detected in

the viral inoculum were excluded from the analysis, a large proportion of variants detected in cats,

dogs and hamsters were observed in only one individual of the species (Figure 2.3B). The SARS-

CoV-2 spike gene contained a larger proportion of variants relative to its gene length (Figure 2.3C),

and the majority of variant positions corresponding to human variants of concern were in the spike

protein Table 2.1, Figure 2.3D).

Six nonsynonymous and one synonymous amino acid variant were found in all dogs and were

present in >50% of sequences recovered from two of three dogs Table 2.2. These seven variants

were found in cats and hamsters at lower frequency. A single novel amino acid variant (D138Y)

was detected in all three hamsters. Cats 1-5 were experimentally inoculated; Cat 6 was infected

through co-housing with Cat 5 one day post-infection (A. M. Bosco-Lauth et al., 2020). Cats

were inoculated in two cohorts (Cohort 1 = 1, 2, 3; Cohort 2 = 4, 5, 6). Virus recovered from

cats in Cohort 1 had significantly more variants than cats in Cohort 2, but variants were at higher

frequency (near fixation) in cats in Cohort 2 (P<0.02). This observed variation is likely due to the

difference in sample collection timeline between the two experimental cohorts. Two amino acid

variants (H69R and D614G) were found at >98% in Cats 5 and 6, and S686G was found in 99% of

sequences from Cat 1. Six of the ten variants detected in Cat 5, including spike variants H69R and

D614G, were also detected in Cat 6, which was infected through contact with Cat 5 (Table B.3).

The single unique variant detected in the contact cat caused a frameshift at D124 in nsp15. Depth
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Figure 2.3: SARS-CoV-2 viral evolution differs across species, gene regions, and individuals. (A) Each
point indicates the number of unique variants detected at ≥3% frequency in SARS-CoV-2 genomes recov-
ered from individual animals. There is no significant difference in the number of unique variants detected
in different species (ANOVA, p=0.22). (B) Analysis of variant distribution within species reveals that the
majority of variants were detected in just one individual within each species. Subplot (a) shows distribution
for all variants, while (b) illustrates only variants not occurring in the P3 inoculum at ≥3%. (C) Variants are
distributed across viral genes in relation to each gene’s length as a proportion of the entire genome length
(linear model, R2=0.69, p<0.0001). The spike protein contained a notably higher proportion of all variants
in comparison to its share of genome length. Grey shading represents the 95% confidence interval for the
slope of the regression line. (D) SARS-CoV-2 spike protein variant “residues of concern” are in NTD, RBD
and furin cleavage site. Residues described in text and Table 2.1 in the SARS-CoV-2 spike trimer are high-
lighted on structure 6VXX. Blue indicates NTD, Yellow indicates RBD. The furin cleavage site and adjacent
residue 686 are in the indicated loop, which was not resolved in this structure.
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of coverage for Cat 5 was <40x at this position, so no variants were called. No amino acid variants

from SARS-CoV-2 sequences were shared across all six cats.

We detected spike variant N501T in Ferret 1 at a frequency of 76%. Two additional ferret

nasal wash samples from the same experimental cohort were subjected to targeted PCR, cloning

and direct sequencing to ascertain the presence of this variant in additional ferrets. N501T (A>C

at position 23064 in USA-WA1/2020) was present in four of six (66.7%) clones from Ferret 2 and

two of three (66.7%) clones from Ferret 3.

2.3.5 Signatures of selection

Nonsynonymous (πN) and synonymous (πS) nucleotide diversity and πN/πS for SARS-CoV-2

populations was evaluated as a measure of within-host diversity and signatures of selection (Fig-

ure 2.4, Table A.5, Table A.5). At the population level, πN was greater than πS for 11 out of

13 SARS-CoV-2 samples (paired t-test, p<0.01), indicating positive selection across hosts (Fig-

ure 2.4A). At the species level, selection of SARS-CoV-2 in dogs and hamsters was most signif-

icant (Figure 2.4A). Further, we recorded a significant difference between πN and πS in orf1ab,

spike and membrane proteins (p<0.02, Figure 2.4B), indicating positive selection at the level of

these gene products. In particular, spike, πN was significantly greater than πS for viral genomes

recovered from all 16 host and cell culture samples (p<0.0001).

2.4 Discussion

2.4.1 Cell culture-associated mutation

Variants that reached near fixation in cell culture but reverted to wild type in animal infections

suggests a role for these residues in facilitating in vivo versus in vitro infection. Rapid reversion

of variants arising in Vero E6 cells (originally derived from African green monkeys) occurred in

dogs, cats, and hamsters, suggesting that selective advantages of cell culture variants are due to

differences between in vivo and in vitro environments rather than specific host-virus adaptation.

Alternatively, changes may reflect host-specific adaptations to the monkey and not in vitro infec-

tions. This explanation is less likely as the variants reverted in multiple species that are more
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Figure 2.4: Signatures of positive selection are detected in SARS-CoV-2 genome sequences recovered from
experimentally inoculated cats, dogs, hamsters and ferret. (A) Comparison of nonsynonymous (πN) and
synonymous (πS) nucleotide diversity reveals that πN is significantly greater than πS, indicating positive
selection. Each point represents a measurement πN (red) or πS (blue) calculated for the entire SARS-CoV-2
genome from sequences recovered from an individual animal, relative to the reference sequence of USA-
WA1/2020. Analysis of the same measures within each species reveals πN > πS for viral genomes is greater
in dogs and hamsters. (B) Orf1ab, S, and M are undergoing positive selection in mammalian hosts. Each
point represents πN or πS calculated for a specific SARS-CoV-2 gene or open reading frame from sequences
recovered from an individual animal.
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distantly related to humans than African green monkeys, and distinct differences exist between in

vivo and in vitro environments. For example, in vivo viral attachment and entry in vivo requires

circumvention of respiratory epithelial defenses such as mucus and cilia; residues which play roles

in overcoming these physical features would not be highly selected in cell culture.

Amino acid R685 is located in the furin cleavage site, a motif unique to SARS-CoV-2 relative to

SARS-CoV and other SARS-related coronaviruses (Coutard et al., 2020). The PRRAR insertion

at this location provides a motif for serine proteases to cleave the spike protein into S1 and S2

subunits, a key step initiating viral entry via membrane fusion. Deletion of the furin cleavage site

has been shown to reduce SARS-CoV-2 replication in human respiratory cells, hamster and hACE2

mice (Johnson et al., 2021). Previous work has demonstrated rapid emergence of spike variants

at the furin-cleavage motif, including R685H, following five passages in type II transmembrane

serine protease (TMPRSS2)-deficient cells (Sasaki et al., 2021). This explains the emergence of

this variant in our study following propagation in Vero E6 cells, which do not express high levels

of TMPRSS2 (Ou et al., 2021). The distribution of variants arising in vitro (nsp12, spike, N, M;

Figure 2.2) indicates functions beyond receptor binding and entry as drivers of selection, which

would be predicted to occur in spike.

2.4.2 Patterns in viral evolution within and across species

We observed the emergence of low, intermediate and high frequency variants across the SARS-

CoV-2 genome in viral RNA recovered from cats, dogs, hamsters and ferrets. The abundance

of variants detected in our study is in contrast to the few variants observed in large datasets of

SARS-CoV-2 genomes recovered from humans (Lythgoe et al., 2021). Low frequency variants

(<25%) may represent mutations occurring during population expansion following infection of a

new individual. The majority of variants arising in vivo were in the spike protein, which was under

the strongest selective pressure, illustrating the importance of this residue in shaping cross-species

transmission events. Variants detected in animals were likely to arise either by rapid selection of

low frequency inoculum variants with structural features that favored in vivo attachment, entry,

and replication, or as de novo mutations arising from errors during viral replication.
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The magnitude of cell culture variant reversion was greater in dogs than other species. All five

cell culture-associated variants decreased from >93% to <41%; in particular, D135E and R685H

decreased to ≤10%. SARS-CoV-2 was not culturable from canine samples, consistent with previ-

ous reports (Shi et al., 2020), and was below the limit of detection by qPCR, though low level sero-

conversion suggested some viral replication had occurred (A. M. Bosco-Lauth et al., 2020). These

experimental results contrast with widespread global reports of canine companions becoming in-

fected through contact with their SARS-CoV-2-infected owners (Sit et al., 2020; Perisé-Barrios et

al., 2021; Patterson et al., 2020). Many variants detected in dogs were not found in the inoculum,

reached high frequencies Table 2.2 and were under strong selective pressure (Figure 2.4). The

majority of canine variants were found in nonstructural replicase genes Table 2.2, providing strong

evidence of selective pressure and host-viral molecular interactions in dogs directed towards se-

lection for viral replication function. The differences between reports of natural reverse-zoonotic

infections and laboratory exposures in dogs may stem from disparate doses, dose frequency, or

strains (human-adapted or cell culture-propagated virus).

Both domestic and nondomestic cats appear to be highly susceptible to SARS-CoV-2 infec-

tion, and readily transmit virus to other cats (A. M. Bosco-Lauth et al., 2020; McAloose et al.,

2020; Fernández-Bellon et al., 2021). The similarity between sequences recovered from Cat 5

and Cat 6 (exposed via direct contact with Cat 5), demonstrates the ability of novel mutations to

be horizontally transmitted (Table A.4). In contrast to dogs, high viral titers were recovered from

cats (A. M. Bosco-Lauth et al., 2020), and fewer consensus and shared variants arose in cats than

dogs, suggesting that SARS-CoV-2 viral pathogenesis in cats is more similar to humans than dogs

(Rudd et al., 2021). SARS-CoV-2 RNA recovered from hamsters one-day post inoculation had rel-

atively low frequency variants compared to dogs and cats Table 2.2, but was under strong selective

pressure (Figure 2.4). Virus recovered from one ferret did not demonstrate reversion of Vero E6

cell-passaged variants (Figure 2.2). However, spike residue 501 was under selection as has been

reported in other mustelids (Richard et al., 2020; van Dorp et al., 2020; Sawatzki et al., 2021).
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2.4.3 Variants of concern

We detected variation at positions that are implicated in the adaptive evolution of SARS-CoV-

2 in humans. Some variants, like spike D614G, are identical to variants from human infections.

Others, like spike D215N and N501T, represent different substitutions at the same sites as “variants

of concern,” which are termed as such due to their potential effects on viral fitness, transmission,

replication, or immune evasion. The rapid emergence of these variants in RNA collected 1-3 days

post-inoculation illustrates substantial adaptive pressures shaping viral evolution in early stages of

host-switching.

Spike N-terminal domain (NTD) variants H69R, D215N, D138Y were detected in cats, dogs

and hamsters (Figure 2.3D). D215N reached highest frequencies in dogs and H69R went to fixation

in Cats 5 and 6. In contrast, D215H was present at fixation in the inoculum (Figure 2.2). In humans

the spike mutation D215G is characteristic of the B.1.351 lineage that emerged in South Africa in

October 2020 (Tegally et al., 2021). Position 215 is also adjacent to an insertion in virus recovered

from deer mice (Peromyscus maniculatus; (Fagre et al., 2021)). D138Y is a defining mutation of

the P.1 lineage that emerged in Brazil in December 2020 (Faria et al., 2021).

The frequency of NTD variants reported in humans, and in animals in this study, suggests

this domain is a hotspot for variants with transmission or replication advantages to emerge. It is

somewhat surprising that the number of variants identified here exceeded those detected in receptor

binding domain (RBD, Figure 2.3D), as RBD-ACE2 interactions resulting in viral entry have been

projected to be key determinants for species susceptibility (Damas et al., 2020; Yang et al., 2020).

At least one neutralizing human antibody that binds to the NTD has been identified (Chi et al.,

2020) and this domain has been intensely scrutinized as a vaccine epitope. NTD variants are thus

of concern as adaptive changes in this region may facilitate immune evasion.

Amino acid 501, asparagine (N) in initial isolates of SARS-CoV-2, is located in the RBD of

the spike protein (Figure 2.3D). This position is a threonine (T) in SARS-CoV and in the closely

related coronavirus isolated from a pangolin (Tang et al., 2020). We observed the rapid emergence

of N501T in one ferret, and uncovered its occurrence at similarly high frequencies in samples from
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two additional ferrets through targeted PCR and direct sequencing. The identical variant arose

in 11/11 ferrets following experimental infection (Richard et al., 2020), and has also emerged

repeatedly on mink farms in association with 69-70del (van Dorp et al., 2020). Thus, these amino

acid changes may contribute to adaptation of SARS-CoV-2 to ferret and mink hosts (Sawatzki et

al., 2021; Welkers, Han, Reusken, & Eggink, 2021). The co-occurrence of spike 69-70del and

N501Y has been recorded in emergent SARS-CoV-2 lineages in humans (Andrew, 2020; Meng

et al., 2021). The N501Y substitution has been shown to increase binding affinity to the human

ACE2 (K. K. Chan, Tan, Narayanan, & Procko, 2021).

H655Y, a feature of the Brazilian P.1 lineage in humans, was detected in RNA from three of

six cats, all three dogs, and two hamsters, and was present at low frequency (1.1%) in the P3

viral inoculum Table 2.1. Spike amino acid 655 is located near the S1/S2 cleavage site of the

spike protein between the RBD and the fusion peptide. This variant has been reported to be under

positive selection in experimentally inoculated cats (Braun et al., 2021) and has been shown to

emerge following one passage of pseudotyped SARS-CoV-2 in cell culture in the presence of anti-

spike human antibodies (Baum et al., 2020).

Spike variant D614G was the first widely-recognized emergent mutation in human SARS-CoV-

2 lineages in early 2020 and has rapidly increased in prevalence to become the dominant sequence

worldwide. By the end of February 2021, D614G represented 94.8% SARS-CoV-2 sequences

publicly available in the GISAID database (Shu & McCauley, 2017). The growth advantage of

this variant is ascribed to replication fitness advantage (Korber et al., 2020; Grubaugh, Hanage, &

Rasmussen, 2020). We identified D614G in two inoculated cats. This variant was not detectable in

the inoculum, and thus likely arose and was under selection in cats. The variant reached fixation

in Cat 5, and was transmitted to Cat 6 via contact infection, indicating this variant could become

established in a cat-to-cat transmission chain. While it is important to consider each amino acid

change in SARS-CoV-2 in conjunction with all changes across the viral genome, the detection of

specific substitutions in experimentally inoculated animals identical to changes in viral lineages
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infecting humans may suggest convergent evolution or the potential for variants to originate in

animals followed by spillover back into humans.

Variant L37F in nsp6, detected in RNA from cats, dogs and hamsters, also emerged early during

the COVID-19 pandemic as a defining mutation of the GISAID Clade V; however, it was not as

ultimately successful in spreading in humans as D614G (Shu & McCauley, 2017). We detected

L37F resulting from a single nucleotide change in all four species. Two frameshift mutations

(nucleotide insertion and nucleotide deletion) were also detected at L37. Although there is no

longer sustained public attention on L37F in human SARS CoV-2, previous research has linked the

presence of the L37F G>T SNV to asymptomatic infection in humans (R. Wang, Chen, Hozumi,

Yin, & Wei, 2020).

Given the susceptibility of companion animals to SARS-CoV-2 infection and reports of SARS-

CoV-2 transmission from humans to animals and then back to humans (Table A.1), the rapid adap-

tation we document illustrates the potential of reverse zoonosis to accelerate variant emergence for

SARS-CoV-2 and other viruses. The rapidity of in vitro and in vivo adaptation underscores the ex-

traordinary plasticity and adaptive potential of SARS-CoV-2. Pathogens are under strong selective

pressure to propagate in the host environment, while host defenses are aligned to prevent pathogen

replication. This host-pathogen arms race results in varied outcomes that can lead to increases or

decreases in virulence and transmission (Longdon et al., 2015). Thus, monitoring SARS-CoV-2

evolution in hosts with the potential to infect humans should be a high priority, as de novo novel

variants or recombinants between human and animal strains could result in altered transmission

pathways and vaccine efficacy (Prévost & Finzi, 2021).

Our work additionally illustrates that virus evolution and adaptation following passage in cell

culture and experimental infection is far more complex than has typically been acknowledged. The

advent of new technologies that afford the opportunity to assess viral quasispecies within inocula

and biological samples provides an exciting opportunity for future studies of viral evolution and

pathogenesis in both humans and animal hosts.
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2.5 Materials and Methods

2.5.1 Cell culture passage in vitro

SARS-CoV-2 strain USA-WA1/2020 (Genbank MN985325.1) was obtained (Harcourt et al.,

2020) and passaged in Vero E6 cells a total of three times. 100 µL of viral stock was inoculated

onto a flask of confluent Vero E6 cells, allowed to adsorb for 30 minutes, and incubated in cell

culture media (Dulbecco’s Modified Eagle Media supplemented with 10% fetal bovine serum and

antibiotics) for 3-4 days, harvested and frozen in aliquots.

2.5.2 Infections in vivo

Intranasal inoculations of cats, dogs, and ferrets with SARS-CoV-2 infection were conducted

in ABSL3 facilities at Colorado State University. We conducted a comprehensive analysis of

infection outcomes, including assessment of virus neutralization, seroconversion, cat-to-cat trans-

mission, and resistance to reinfection (A. M. Bosco-Lauth et al., 2020). SARS-CoV-2 strain USA-

WA1/2020 was expanded in Vero E6 cells, and all four species were inoculated with the same

“Passage 3" viral stock. Cats 2, 3 and 4 were in Cohort 1, and Cats 1 and 5 were in Cohort 2.

Cat 6 was co-housed with Cat 5 for contact transmission of the virus (A. M. Bosco-Lauth et al.,

2020). Animals were lightly anesthetized and between 105–106 pfu SARS-CoV-2 was instilled

via the nares. Oropharyngeal and/or nasal samples collected for up to 10 days. Oral swabs were

placed in BA-1 medium (Tris-buffered MEM containing 1% BSA) supplemented with gentamicin,

amphotericin B and penicillin/streptomycin. Nasal flushes were performed by instilling 1 mL BA-

1 dropwise into the nares of awake or lightly anesthetized cats, dogs and ferrets and collecting

nasal discharge into a sterile petri dish by allowing the wash fluid to be sneezed out or dripped

onto the dish. Viral titers (expressed as plaque-forming units [pfu]) were assessed for all infected

individuals (A. M. Bosco-Lauth et al., 2020).

2.5.3 RNA extraction and sequencing

100 µL of lavage fluid was added into 900 µL of trizol to inactivate the virus and prepare the

sample for RNA extraction. RNA was extracted using a modified Zymo RNA Clean and Con-
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centrator 5 kit (Zymo Research, Irvine, CA, USA). Samples were thawed on ice and 200 µL of

chloroform was added. Samples were agitated by hand for 15 seconds, incubated at room temper-

ature for at least two minutes and centrifuged for 10 minutes at 12,000g. 450 µL of the aqueous

phase was removed and placed in 1.5 mL microcentrifuge tubes containing 900 µL of 1:1 Zymo

RNA binding buffer and 100% EtOH (450 µL each). Samples were vortexed and then 750 µL of

each was transferred to RNA CC-5 columns and centrifuged for 1 minute at 12,000g. Each column

was washed with 400 µL of Zymo RNA wash buffer, centrifuged again for 1 minute at 12,000g.

A mixture of 24 µL Zymo RNA wash buffer, 3 µL DNase I buffer, and 3 µL DNase I (both New

England Biolabs, Ipswich, MA, USA) was added to 30 µL of the mixture and incubated for 22

minutes at room temperature. Following incubation, columns were spun in collection tubes for 30

seconds at 9000g. RNA prep buffer (400 µL) was added to each column and centrifuged again.

Flow through was discarded and columns washed with 800 µL RNA wash buffer, followed imme-

diately by a second wash with 400 µL. Wash buffer was discarded and samples were centrifuged

for one minute at 16,000g to dry the membrane. We transferred columns to labeled sterile micro-

centrifuge tubes and to elute RNA. Immediately following RNA extraction cDNA was generated

by adding 1 µL of 3µg/µL of random primers (Thermo Fisher, Waltham, MA, USA) and 1 µL of

10 mM dNTPs (New England Biolabs, Ipswich, MA, USA) to 10 µL RNA and incubating at 65°C

for 5 min on a C1000 Touch Thermal Cycler (Bio-Rad, USA) followed by chilling on ice. We

added 4 µL 5x First-Strand Buffer, 2 µL 0.1M DTT, and 1 µL RNase OUT (40 units/µL) to each

sample, pipette mixed, and incubated at 25°C for 2 minutes. 1 µL (200 units) of SuperScript II

RT was added pipette mixed, and incubated at 25°C for 10 min, 42°C for 50 min, and 70°C for 15

min. cDNA was frozen at -20°C until use in library preparation.

2.5.4 Amplicon generation and library preparation

We employed an amplicon based next generation sequencing approach using the primers and

protocols developed and optimized for SARS-CoV-2 by the ARTIC Network (Itokawa, Sekizuka,

Hashino, Tanaka, & Kuroda, 2020; Quick et al., 2017). All samples were sequenced with ARTIC

version 3 primers except for Cat 5 and one replicate of Cat 4, which were sequenced with the
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previous version 2 primers. This sequencing method generates high coverage of viral genomes

from even low template samples by utilizing an initial PCR step resulting in 400bp amplicons

and primers that span the coding region (Quick et al., 2017). Briefly, two primer pools were used

for the initial PCR amplification and then pooled prior to library preparation. We then visual-

ized PCR products on agarose gels and quantified them with the Qubit Broad Range kit (Thermo

Fisher, Waltham, MA, USA). Samples from Ferret 2 and Ferret 3 were not sufficiently amplified

for downstream next generation sequencing. We normalized samples to 540ng of cDNA. We pre-

pared sequencing libraries using the New England Biolabs Ultra II kit with the only modification

being the use of Ampure XP beads for cleanup and size selection (Beckman Coulter, Brea, CA,

USA). Following adapter ligation a single size selection was conducted at 0.65X. We then pooled

libraries for sequencing on Illumina MiSeq (Illumina, San Diego, CA, USA) using the v2 500

cycle 2 by 250bp kit.

2.5.5 Targeted PCR and cloning for spike variant N501T

We designed a targeted PCR for the region of the spike gene containing N501T to amplify

cDNA from the two additional ferrets in our study that did not adequately amplify with AR-

TIC primers. PCR amplification was carried out according to the manufacturer’s protocol for

PlatinumTM SuperFiTM PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) us-

ing the following primer set: Forward: AGGCTGCGTTATAGCTTGGA; Reverse: CTGTGGAT-

CACGGACAGCAT. Products were visualized on agarose gels and purified using the MEGAquick-

spinTM Plus Total Fragment DNA Purification Kit (iNtRON Biotechnology, Gyeonggi-do, South

Korea), prior to being ligated into pJET1.2/blunt vectors and cloned using a CloneJet PCR cloning

kit (Thermo Fisher Scientific, Waltham, MA, USA). Plasmids were purified from Ferret 2 (n=6

clones) and Ferret 3 (n=3 clones) with the DNA-Spin Plasmid Purification Kit (iNtRON Biotech-

nology, Seongnam-si, Gyeonggi-do, South Korea) according to the manufacturer’s protocol, and

direct sequenced in both directions (Psomagen, Rockville, MD, USA). Sequences were aligned to

the USA-WA1/2020 reference sequence and interrogated at position 23064 for the presence of the

A>C single nucleotide change that causes spike N501T.
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2.5.6 Bioinformatics and data analysis

Raw sequencing data were input into a comprehensive Nextflow pipeline for processing next

generation sequencing data and single nucleotide and structural variant calling. Nextflow is a

bioinformatics workflow manager that facilitates the development of complex and reproducible

computational pipelines (Di Tommaso et al., 2017). Briefly, data were trimmed for adapters and

low quality using Cutadapt (Martin, 2011), followed by aligning reads to the viral reference se-

quence. Data were pre-processed for quality with GATK (McKenna et al., 2010) prior to calling

single nucleotide and structural variants with LoFreq (Wilm et al., 2012a). SnpEff and SnpSift

were used to annotate variants and predict their functional effects (Cingolani, Platts, et al., 2012;

Cingolani, Patel, et al., 2012). We designed our variant calling pipeline to ensure that we could dif-

ferentiate between variants that were not detected due to their absence or presence at a frequency

below our detection threshold as compared to inadequacy of coverage depth. The outputs of these

analyses were tabulated, processed and visualized in R.

UCSF Chimera software was used to visualize the location of variants in the three-dimensional

structure of the SARS-CoV-2 spike protein (Pettersen et al., 2004). SNPGenie was used to cal-

culate nonsynonymous and synonymous nucleotide diversity (Nelson & Hughes, 2015). SNPGe-

nie takes a population of sequences and estimates the mean number of pairwise differences per

site, or the nucleotide diversity. Estimates are weighted by allele frequencies. The SNPGenie

snpgenie.pl takes as input variant call information contained in .vcf files, a reference genome and

genome annotations, and outputs estimates of nucleotide diversity at nonsynonymous and synony-

mous coding sites at both a genome/population level and by gene product. One advantage of using

the nucleotide diversity statistic (π) to compare intrahost viral diversity is that it is not biased by

variations in sequencing depth (Zhao & Illingworth, 2019).

2.5.7 Data and code availability

All SARS-CoV-2 raw sequence data used in this study will be publicly available upon publi-

cation in the NCBI SRA database under BioProject PRJNA704947. The bioinformatics pipeline

used to analyze the data is publicly available at https://github.com/stenglein-lab/
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viral_variant_caller. The code used to create the three-dimensional visualization of

the spike protein is available at: https://github.com/stenglein-lab/highlight

_residues_on_spike_structure. Additional data including variant summary tables out-

put by the pipeline and R scripts for data processing and visualization are available at https://

github.com/laurabashor/SARS-CoV-2-evolution.
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Table 2.2: Nonsynonymous SARS-CoV-2 variants emerge following experimental inoculation in cats, dogs,
hamsters, and one ferret. SARS-CoV-2 isolate USA-WA1/2020 was expanded for three passages in Vero E6
cells and 105 to 106 pfu was inoculated intranasally in cats, dogs, hamsters, and the ferret (n = 6, 3, 3, and
1). Virus was recovered 1- to 3-d post-inoculation (dog and cat infections described in (A. M. Bosco-Lauth
et al., 2020)), sequenced using a tiled amplicon technique and analyzed with a pipeline for calling SNVs
and SVs in viral populations. Variants representing >50% of recovered genomes in at least one individual
or that were found in all individuals of a species are indicated here. Bold indicates variants occurring in
>50% of genomes; boxes indicate variants detected in all sampled individuals of that species. Only one
synonymous mutation met the criteria and is displayed. Variants that emerged following the passage in Vero
E6 cells (Fig. 2) are not listed. Each point represents the mean of two technical replicates, aside from Cat 5,
for which a replicate was not sequenced.

Variant Position CDS N/S C1 C2 C3 C4 C5 C6 D1 D2 D3 F1 H1 H2 H3

G59D 441 nsp1 N 0.15 0.06 0.1 0.66 0.14 0.66 0.04 0.07
E195G 3303 nsp3 N 0.53 0.56
L37F 11083 nsp6 N 0.15 0.06 0.09 0.05 0.06 0.64 0.1 0.49 0.04 0.06
I242V 18763 nsp14 N 0.18 0.06 0.1 0.71 0.15 0.58 0.06
H69R 21768 S N 0.06 1 0.99 0.14 0.06
D138Y 21974 S N 0.07 0.06 0.05 0.06 0.07 0.29 0.1 0.12 0.1
D215N 22205 S N 0.17 0.07 0.1 0.72 0.14 0.78 0.06
N501T 23064 S N 0.76
D614G 23403 S N 0.16 0.99 0.98
S686G 23618 S N 0.99
S43Y 28021 orf8 N 0.53 0.44
N4N 28285 N S 0.15 0.06 0.11 0.62 0.1 0.52 0.05
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Chapter 3

Rapid evolution of SARS-CoV-2 in domestic cats2

SARS-CoV-2 infection of a novel permissive host species can result in rapid viral evolution.

Data suggest that felids are highly susceptible to SARS-CoV-2 infection, and species-specific adap-

tation following human-to-felid transmission may occur. We employed experimental infection and

analysis of publicly available SARS-CoV-2 sequences to observe variant emergence and selec-

tion in domestic cats. Three cohorts of cats (N=23) were inoculated with SARS-CoV-2 USA-

WA1/2020 or infected via cat-to-cat contact transmission. Full viral genomes were recovered from

RNA obtained from nasal washes 1-3 days post-infection, and analyzed for within-host viral vari-

ants. We detected 118 unique variants at ≥3% allele frequency in two technical replicates. Seventy

of these (59%) were nonsynonymous single nucleotide variants; the remainder were synonymous

single nucleotide variants or structural variants. On average, we observed 12 variants per cat,

nearly 10-fold higher than what is commonly reported in human patients. We observed signatures

of positive selection in the spike protein and the emergence of 11 within-host variants located at the

same genomic positions as mutations in SARS-CoV-2 variant lineages that have emerged during

the pandemic. Fewer variants were noted in cats infected from contact with other cats and in cats

exposed to lower doses of cultured inoculum. An analysis of 93 publicly available SARS-CoV-

2 consensus genomes recovered from naturally infected domestic cats reflected variant lineages

circulating in the local human population at the time of sampling, illustrating that cats are sus-

ceptible to SARS-CoV-2 variants that have emerged in humans, and suggesting human-to-felid

transmission occurring in domestic settings is typically unidirectional. These experimental results

underscore the rapidity of SARS-CoV-2 adaptation in felid hosts, representing a theoretical poten-

tial origin for variant lineages in human populations. Further, cats should be considered susceptible

hosts capable of shedding virus during infections occurring within households.

2This chapter is a reproduction of “Bashor, L., Gagne, R. B., Bosco-Lauth, A., Stenglein, M., & VandeWoude, S.
(2022). Rapid evolution of SARS-CoV-2 in domestic cats. Virus Evolution, 8(2). doi: 10.1093/ve/veac092”. Minimal
modifications were made to meet dissertation formatting requirements.
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3.1 Introduction

The devastating global effects of the COVID-19 pandemic have drawn attention to the rela-

tively broad host species range of the SARS-CoV-2 (SARS2) virus. In addition to humans, known

susceptible hosts include a wide range of wild and domestic animals that have been naturally or ex-

perimentally exposed to the virus. The variety of animal species infected by SARS2 highlights the

importance of studying the virus in other susceptible hosts, with the goal of evaluating the potential

for animals to act as disease reservoirs and mediate further viral evolution and to characterize the

changes associated with cross-species coronavirus transmission.

Many species within the carnivore family Felidae are susceptible to SARS2, and transmission

from human-to-felid and felid-to-felid have been established (Garigliany et al., 2020; Gaudreault

et al., 2020; Halfmann et al., 2020; Shi et al., 2020; A. M. Bosco-Lauth et al., 2020; Braun et

al., 2021). Experimental exposures of domestic cats (Felis catus) to SARS2 have also been previ-

ously described (Halfmann et al., 2020; A. M. Bosco-Lauth et al., 2020; Gaudreault et al., 2020;

Braun et al., 2021; Shi et al., 2020). Although most experimentally infected cats remained asymp-

tomatic throughout infection, a range of respiratory and gastrointestinal signs have been reported

in domestic cats naturally infected by their COVID-19 positive owners (Garigliany et al., 2020;

Segalés et al., 2020; Curukoglu et al., 2021; Ferasin et al., 2021; Hosie et al., 2021; Keller et al.,

2021; Klaus et al., 2021; Neira et al., 2021; Barroso-Arévalo, Sánchez-Morales, Pérez-Sancho,

Domínguez, & Sánchez-Vizcaíno, 2022; Zoccola et al., 2021). Infections of large numbers of cap-

tive wild felids have been documented throughout the pandemic (of Agriculture Animal & Service,

2022; Shu & McCauley, 2017; McAloose et al., 2020; Bartlett et al., 2021; Fernández-Bellon et

al., 2021; Karikalan et al., 2021; Mishra et al., 2021), with occasionally fatal consequences for

some individual animals (Thebault, 2021).

Recurring reports of SARS2-infected felids suggest that human-to-felid transmissions occur

frequently, and infections of domestic household cats are likely unreported due to the lack of

recognizable symptoms in most individuals. Several studies have aimed to estimate the incidence

of domestic cat infections using serology. All but one study (Temmam et al., 2020) of cats living in
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households with known COVID-19 infection have detected antibodies in some proportion of cats,

ranging from 3% to over 50% of cats tested (Barrs et al., 2020; Calvet et al., 2021; Fritz et al., 2020;

Hamer et al., 2021). An early study conducted in Wuhan, China reported 14.7% seropositivity in

cats (Zhang et al., 2020) while other surveys of domestic cat populations have observed rates of

infection, ranging from 0 to 5.8% (Patterson et al., 2020; Villanueva-Saz et al., 2022), collectively,

revealing the regularity of felid infections.

SARS2 genome sequences recovered from experimentally or naturally infected felids have

led to the identification of some single nucleotide polymorphisms (SNPs), or consensus variants

(present at >50% frequency within a host) but no felid-adapted variants have been substantiated

to date (Barrs et al., 2020; Braun et al., 2021; Hosie et al., 2021; Klaus et al., 2021; Bashor et

al., 2021). In general, sequences recovered from naturally infected felids have closely resembled

sequences recovered from their owners or zoo keepers. A smaller subset of experimental studies

have characterized within-host viral diversity in domestic cats and reported cat-to-cat transmission

of viral variants (Braun et al., 2021; Bashor et al., 2021). Cat-to-cat transmission was characterized

in one study by a narrow bottleneck, with only 2-5 viral genomes transmitted (Braun et al., 2021),

which is consistent with what occurs between humans (Lythgoe et al., 2021). However, both

low frequency and consensus variants were reliably transmitted, including variants under positive

selection (Braun et al., 2021; Bashor et al., 2021). We have recently reported the rapid emergence

of numerous variants in experimentally exposed cats, including mutations identical to or at the

same genomic position as mutations characteristic of human SARS2 variant lineages (Bashor et

al., 2021).

It is likely that SARS2 faces unique selective pressures when it “spills over” into new hosts,

which results in viral variant emergence and virus-host adaptation. The prevalence of SARS2

in felids draws attention to the possibility for spillback infections and novel variant transmission

from felids to humans. Among species known to be highly susceptible to SARS2 and capable of

shedding virus following infections, domestic cats have the most intimate contact with humans,

with approximately 25% of US households supporting an average of 1.8 cats (A.V.M.A, 2017).
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Companion cats thus represent a unique concern among SARS2-susceptible nonhuman animals

relating to their role in perpetuating infections or resulting in propagation of viral variants that

may re-infect humans. Furthermore, repeated natural transmissions and host adaptation would

support the potential establishment of a felid reservoir of SARS2.

In this study, we assessed SARS2 adaptation in felids through experimental exposure of three

experimental cohorts of domestic cats to SARS2 and analysis of existing SARS2 sequences from

cats. Experimental infection systems offer a unique opportunity to study controlled transmission

and observe viral variant emergence and adaptation. Eighteen cats were directly inoculated, and

five others were exposed through contact with one or more inoculated cats. A cohort of juvenile

cats was exposed to low, medium, or high doses of SARS2. Nasal lavage samples were recovered

1-3 days post infection, and full SARS2 genomes were sequenced at a high depth of coverage to

enable within-host viral variant identification. Experimental results were assessed in conjunction

with all publicly available genome sequences from SARS2-infected felids for evidence of felid-

specific adaptation. Our results demonstrate the rapidity of SARS2 adaptation within felid hosts,

and highlight the importance of studying susceptible animal populations in close contact with

humans, and cross-species transmission as a mechanism for novel viral variant emergence.

3.2 Results

3.2.1 Sample collection & viral titer

Twenty-three cats from three experimental cohorts were experimentally exposed to SARS2

through direct intranasal inoculation or cat-to-cat contact transmission (Figure 3.1). Cat-to-cat

transmission was facilitated by cohousing cats inoculated 24 hours prior with naïve cats. Nasal

and oral lavage samples were obtained one- or three- days post-exposure and viral titers were

assessed in plaque forming units per milliliter (pfu/mL) (Table B.1). Viral titers from nasal lavage

ranged from 0-6.2 log pfu/mL. For all samples with 0 log pfu/mL recovered from nasal lavage,

≥1.6 log pfu/mL was detected in the oral lavage. There was a significant positive relationship

between dose received and titer recovered via nasal lavage (p=0.023, R2=0.24).
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Figure 3.1: Twenty-three cats experimentally exposed to SARS2 were included in this study. Cohorts
A and B were inoculated with a standard “medium-high” dose of 1x106 plaque-forming units (pfu). Co-
hort A included two directly inoculated cats and a contact cat; Cohort B included three directly inocu-
lated and three contact animals; Cohort C included seven cats inoculated with a “medium dose” of 4.6x105

pfu; two cats inoculated with 1.0x104 pfu (“low” dose), and four cats inoculated with 2.1x107 pfu (“high”
dose). One contact cat was exposed to the “high” dose animals in Cohort C. All contact cats were co-
housed with directly inoculated cats one day post- infection. In Cohorts B and C, samples were collected
from directly inoculated and contact cats three days post-exposure. In Cohort A, samples were collected
from directly inoculated cats one day post-infection and from the contact cat six days post-exposure.
Images from PhyloPic available under Public Domain Mark 1.0 license: Cat (http://phylopic
.org/image/23cd6aa4-9587-4a2e-8e26-de42885004c9/) by David Orr and SARS-CoV-2
(http://phylopic.org/image/81bc7804-4940-4fa5-a1ca-dd6c3a26aaa2/) by Alissa
Eckert and Dan Higgins.
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3.2.2 Genome sequencing & variant calling

Full viral genome sequences were recovered from RNA isolated from 23 cat-derived nasal

lavage samples and three cell culture-derived viral stock samples (P1, P2, and P3). Two technical

replicates were sequenced for each sample. Median and mean depths of coverage of the SARS2

genome were 2500x and 4100x respectively (Figure S1). Genomes were analyzed for single nu-

cleotide (SNVs) and structural variants (SVs) present in both technical replicates and ≥3% of

genome sequences (Figure 3.2). There was no significant relationship between mean or median

sequencing coverage and the viral titer measured for an individual cat on the date of sampling

(linear models; p=0.076, R2=0.14 and p=0.56, R2=0.016 respectively) or between the mean or me-

dian depth of coverage and the number of within-host variants in a sample (linear model; p=0.59,

R2=0.012 and p=0.93, R2=0.00035 respectively).

Across the 23 cat-derived samples, 118 SNVs and SVs in coding regions of the SARS2 genome

were observed at ≥3% allele frequency in two technical replicates within individual hosts (see

Materials and Methods for more detail). Eighteen of these variants were also detected in the P1, P2

and P3 viral stock samples. Therefore, 85% of variants detected in cats (N=100) were not detected

in the inoculum stocks at ≥3% frequency. Sequence data were also analyzed for variants present at

as low as 0.1% frequency (Figure S2) to enable identification of variants that were initially present

in the inoculum at low frequencies. Of the 118 variants detected in cats at ≥3% allele frequency,

66 (56%) were not detectable in the stock samples above 0.1% frequency. Five hundred fifty-seven

variants were identified in cat-derived samples at ≥0.1% frequency. Four hundred forty of these

(79%) were not observed in the cell culture-derived viral stock samples at ≥0.1% frequency.

3.2.3 Variant characteristics

We analyzed 118 variants occurring at ≥3% frequency for type, predicted effect, and position

in the SARS2 genome (Figure 3.2). One hundred of 118 variants (85%) were SNVs, and 18

(15%) were SVs. The 100 SNVs and 18 SVs were observed 246 and 65 times throughout the

dataset respectively, indicating that some were detected in more than one animal. The majority of

SNVs (N=70, 70%) were nonsynonymous. SVs included nine frameshift variants, six disruptive
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Figure 3.2: SARS2 within-host single nucleotide (SNV) and structural (SV) variants are detected at high
frequency following infection of domestic cats. One hundred and eighteen variants were observed 311 times
at ≥3% allele frequency in 23 experimentally inoculated cats (median = 10 variants per cat). Cats were
exposed to (a) Passage 2 (P2) or (b) Passage 3 (P3) cell culture-derived viral stocks. Each point represents a
variant and point shape and color indicate variant type and predicted functional effect respectively. Cohorts
are denoted on the left-hand side of the plot, and contact cats are indicated with an asterisk after their name
along the y-axis. Cats 10, 11 and 12 were cohoused with Cats 7, 8 and 9. Cat 26 was cohoused with Cats
22, 23, 24 and 25. Cat 6 was cohoused with Cat 5. The location of the spike gene is delineated between two
vertical lines.
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in-frame deletions, one disruptive in-frame insertion, and a single conservative in-frame insertion

and deletion respectively. We observed 33 variants in the spike, representing 26% of all variants

in a gene segment representing less than 13% of the SARS2 genome. The next largest number

of variants was in nonstructural protein 3 (nsp3). Nineteen variants (16%) were detected in this

segment which spans approximately 19% of the genome.

Variants were further assessed for convergent emergence among cats, their relation to muta-

tions present in human variant lineages, and the frequency of specific single nucleotide substitu-

tions Table 2.1, Table 2.2. Eleven of these variants were not detected at any level (>0.1% allele

frequency) in the viral stock inoculum, including three (D614G, S686G, and F59_Q76del) that

are shared between two or more cats not connected by a transmission chain Table 2.1. Fourteen

variants originally derived from the viral stock inoculum were shared among three or more cats Ta-

ble 2.2. Eleven variants occur at the same genomic positions as mutations characteristic of human

SARS2 lineages labeled as variants of concern (VOC) by the World Health Organization (WHO)

and United States Centers for Disease Control and Prevention (CDC) Table 2.1, Table 2.2. Eight

are in the spike gene and occur at the same positions as mutations in Alpha, Beta, Gamma and

Omicron variant lineages: H69R, F79L, D215H, D215N, D215_L216insKLRS, E484D, D614G,

H655Y; three others are in the nucleocapsid gene and share genomic positions with mutations in

the Beta and Omicron variant lineages: P13S, G204_R209del and T205I. We noted that C>T sub-

stitutions (C>U changes in the SARS2 genome) constituted the largest proportion (31%) of single

nucleotide changes observed in cats in this dataset (Figure S3).

3.2.4 Drivers of variant richness

The mean ± SD number of SARS2 variants per cat was 12 ± 1.4 and the median was 10 (N=23

samples; Figure 3.3a). SARS2 genomes recovered from directly inoculated cats had significantly

more variants than those from contact cats, which averaged 6.4 ± 0.4 variants per cat (Figure 3.3b;

t-test, p=0.00027). There were also more variants in samples collected 3 days post-infection (dpi)

from directly inoculated cats than in samples collected 1 dpi (t-test, p=0.050). There was no sig-

nificant difference between the mean number of variants detected in cat-derived samples compared
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to cell culture-derived samples (t-test, p=0.59). There was not a significant difference among the

number of variants detected in directly inoculated cats belonging to the three infection cohorts

(linear model; p=0.15, R2=0.12). There was also no significant difference between the number of

variants in female and male cats or between juvenile and adult cats (t-tests, p=0.48 and p=0.23

respectively).
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Figure 3.3: Method of infection and infection dose impact within-host variant detection. Variants detected
in RNA recovered from SARS2-infected cats varied (a) among cats, (b) as a function of infection method and
(c) by dose level. (a) Distribution of variant richness ranges from 4-33. Dashed line indicates the median
(10). (b) More SARS2 variants were detected in directly inoculated cats (N=18) compared to contact-
infected cats (N=5; t-test). (c) The mean number of variants was higher in samples from cats inoculated
with higher doses of SARS2 virus (N=18 directly inoculated cats; linear model). In plots (b) and (c) each
point represents an individual cat, and point shape and color indicate days post-infection (dpi) and infection
cohort respectively.

We also observed that the number of variants was higher in cats inoculated with higher doses

of SARS2 (Figure 3.3c), and a linear model of number of variants as a function of dose revealed

a significant positive relationship between dose category and variant richness (p=0.022, R2=0.38).

A linear model assessing log pfu/ml recovered from nasal lavage of directly inoculated cats as a

function of both inoculation dose and dpi of sample collection was highly significant (p=0.0073,

R2=0.41). However, there was no significant relationship between this measurement of viral titer
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and the number of viral variants detected in RNA extracted from the same samples (Figure S4,

linear model, p=0.30, R2=0.0079).

3.2.5 Contact transmission of SARS2 infection and within-host variants

SARS2 was transmitted to five cats (Cats 6, 10, 11, 12, and 26) following contact with cats

experimentally inoculated one day prior to co-housing. In Cohort A, Cat 6 was cohoused with one

other cat, Cat 5, whereas in Cohorts B and C contact cats were cohoused with multiple directly

inoculated cats. Cats 10, 11 and 12 were cohoused with three other cats (Cats 7, 8 and 9). Cat

26 was cohoused with cats receiving a “high” dose of SARS2 (Cats 22, 23, 24 and 25; Table B.1,

Figure 3.1). It was possible to deduce the infection donor for each contact cat by matching SARS2

variants detected in potential donors (at any level above 0.1% allele frequency) with recipients

(Figure 3.4). In Cohort B, contact cats 10, 11 and 12 each shared a larger proportion of within-

host variants with Cat 7 (6/7, 4/5 and 3/6 variants respectively) than with Cat 8 (4/7, 4/5 and 2/6

respectively) or Cat 9 (5/7, 3/5 and 2/6 respectively). In Cohort C, all seven variants in Cat 26 were

also observed in Cat 22.

Putative donor cats 7 and 22 also each had the highest viral titer assessed from nasal lavage of

all directly inoculated cats in their cohorts, suggesting transmission was related to viral shedding

competency. The viral titer recovered from contact cats varied, and was in some cases lower than

that of the infection donor or other directly inoculated cats, and in other cases higher (Table B.1).

3.2.6 Signatures of selection

We measured the nucleotide diversity, or the average number of pairwise changes at nonsyn-

onymous and synonymous sites throughout the genome, to identify signatures of genomic selec-

tion. There was not a significant difference between nonsynonymous (πN) and synonymous (πS)

nucleotide diversity (paired t-test, p=0.86) across individual full viral genomes. However, signa-

tures of selection emerged across our datasets at the gene level (Figure 3.5). Notably, πN was

significantly greater than πS in the spike gene, indicating positive or diversifying selection (paired
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Figure 3.4: SARS2 within-host variants are transmitted between cats in three experimental cohorts. Each
plot presents variants detected at ≥3% allele frequency in contact cats, directly inoculated cats with which
they were cohoused, and the viral stock used for inoculation. In plot (a) contact Cat 6 was infected by contact
with Cat 5 which was inoculated with Passage 3 (P3) cell culture-derived viral stock. In plot (b) contact Cats
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t-test, p=0.00024). In contrast, πS was significantly greater than πN in orf1ab, suggesting negative

or purifying selection in this region (paired t-test, p=0.012).

Global signatures of felid-specific adaptation of SARS2 One hundred and seventeen full-length

SARS2 genomes isolated from domestic cats and 128 genomes from other felid species were sub-

mitted to the GISAID EpiCoV public database between March 2020 and the end of March 2022.

Ninety-three domestic cat and 29 other felid sequences passed our selection criteria and quality

control parameters and were used to generate time-measured phylogenies ((Figure 3.6), Figure

S5). Custom Nextstrain builds were prepared separately for sequences from domestic cats alone

(Figure 3.6) and all felids (Figure S5). Relationships between SARS2 genomes did not appear to

be defined by the emergence of shared, felid-specific SNPs. Instead, sequences clustered based

on date of sample collection and the predominant SARS2 human lineage at that time. Almost all

sequences after spring 2020 carried the spike D614G mutation. Only one felid (a lion infected

in April 2020) did not have this variant sequence. Although one snow leopard (infected in Cali-

fornia in July 2021) appeared to diverge from the surrounding sequences, there was one matched

sequence from an infected human in the same location and time period assigned to the same clade,

suggesting that that particular felid sequence was still representative of some human infections in

that area at that time.

3.3 Discussion

In response to the widespread, frequent infection of felids with SARS2, we investigated vi-

ral evolution and variant emergence in 23 cats from three experimental cohorts aimed at defin-

ing SARS2 infection characteristics in domestic cats. Cats were infected with SARS2 USA-

WA1/2020, which represents one of the earliest culture-derived isolates (from a patient infected

in January 2020) used in laboratory studies. We observed large numbers of within-host variants in

viral genomes recovered from infected cats, with an average of 12 variants per cat sample. This

stands in stark contrast to a reported mean of 1.4 variants per human sample (Lythgoe et al., 2021).

This result is consistent with the rapid adaptive response of the virus to the cellular environment

and immune defenses of a new host species in an experimental setting. Many variants observed
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Figure 3.5: The SARS2 spike gene is under strong positive selection compared to other gene segments.
Values of nonsynonymous (πN) and synonymous (πS) nucleotide diversity were calculated for each SARS2
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Figure 3.6: Domestic cat-derived SARS2 genomes reflect lineages of SARS2 circulating in humans dur-
ing the same time period. SARS2 sequences recovered from (A) naturally infected domestic cats (N=93)
and humans (N= 543) between March 2020 and March 2022. Sequences are colored by clade as assigned
by Nextstrain. The interactive version of this phylogeny is hosted at: https://nextstrain.org/
community/laurabashor/SARS2felids/catshumans. (B) A highlight from the same phy-
logeny showing a subset of sequences assigned to the Delta clade demonstrating the lack of speciesspecific
patterns. Sequences are colored by host species (blue=human; yellow=cat). Data were obtained from the
GISAID database on April 4, 2022, analyzed with the Augur pipeline and visualized with the Auspice web
application.
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in our study were nonsynonymous, and predominated in the spike protein, indicating potential se-

lection for improved binding and entry of feline host cells, host immune evasion, and other vital

species-specific functions.

We witnessed the emergence of 11 SARS2 within-host variants identical to or within the same

residue as mutations characteristic of known variant lineages that have emerged since SARS2

USA-WA1/2020 was isolated. The fact that these variants arose or were maintained after just one

passage in cats signifies the strength of selective pressures in the feline hosts. Furthermore, it

points to a potential mechanism for the introduction of sets of new SARS2 mutations into human

populations. Spillback from an animal is a leading theory for the emergence of the Omicron variant

lineage in December 2021 (Wei et al., 2021), notable for its large number of mutations, particularly

in the spike, with the predominant alternative theory being evolution in an immunocompromised

human (Li, de Vries, Kamar, Peppelenbosch, & Pan, 2022). Further, SARS2 spillback from mink,

hamsters and deer to people has been documented (Hammer et al., 2021; Munnink et al., 2021;

Pickering et al., 2022; Yen et al., 2022), illustrating the potential for animal-to-human transmission

of SARS2, even in animals that are not typically in close proximity to humans. Our finding of an

increase in SARS2 within-host variants in the viral spike after experimental infection of domestic

cats highlights the potential for viral diversification and evolution resulting in a SARS2 variant

more adapted for spread in cats.

We also found that cat-derived variants can be transmitted through contact transmission from

one cat to another, notwithstanding the potential random effects of bottlenecks and genetic drift

on variant allele frequencies during natural transmission. Shared within-host variants allowed us

to confirm the donor-recipient relationship despite multiple potential donors in Cohorts B and

C, and illustrated that contact cats tended to be infected by donor animals with a higher viral titer

measured in nasal flush. The observed decrease in variant richness in contact cats is consistent with

previous reporting of a narrow bottleneck during cat-to-cat transmission (Braun et al., 2021). The

finding that higher number of variants occurred in animals exposed to higher viral titers supports

the potential for variant emergence when viral exposure levels and viral shedding are high.
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Although experimental infections cannot completely recapitulate natural infections and the

stochastic processes that affect viral populations as they spread between and within hosts, they still

provide valuable insights into the dynamics of viral evolution. They also provide the advantage of a

controlled environment in which input and output viruses can be characterized. We used the same

approach to sequence and call variants in samples of the viral inoculum and samples recovered

from cats. This experimental design allowed us to identify what fraction of variants were present

in low frequencies in the inoculum and increased in frequency in cats as compared to variants

that were not detected in the inoculum and may have arisen de novo. There were consistently

more of the latter group of putative de novo variants than low-frequency inoculum variants in

our dataset, although proportions of each group varied as a function of the stringency of allele

frequency cutoff used. Out of the 118 within-host variants present in cats at >3% frequency, 52

(44%) were detectable in viral stock samples and 66 (56%) were not. It is also worth noting that

the cell culture-derived viral stocks used to inoculate the cats contained variants that have been

described previously as SARS2 adaptations to Vero cell culture (Bashor et al., 2021).

Cat-to-cat transmission findings demonstrate the general transmissibility of within-host vari-

ants, and led us to question what might result from the onward transmission of cat-adapted SARS2

among cats. We analyzed publicly available SARS2 genomes from domestic cats (N=93) matched

with SARS2 genomes recovered from temporally and geographically representative human pa-

tients (N=543). We found that naturally occurring feline SARS2 genomes were most closely

associated with dominant SARS2 lineages present in human populations at the time of sample

collection. This is consistent with frequent transmission of SARS2 among humans and felids,

although we were not able to trace individual spillover-spillback events with limited information

about sample origin. Our analysis documents that felids have continued to be susceptible to newly

emergent and increasingly transmissible human variant lineages over the course of the pandemic,

as has been previously reported for several felid species (Shu & McCauley, 2017; Curukoglu et

al., 2021; Ferasin et al., 2021; Karikalan et al., 2021; Keller et al., 2021; Mishra et al., 2021;

Barroso-Arévalo et al., 2022; Zoccola et al., 2021).
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Ultimately, our experimental infection system provided us with unique information that would

be difficult or impossible to obtain in a natural setting. In particular, we were able to sequence

both the input and output viruses, for both direct inoculations and contact transmissions, and we

were able to assess viral titer at relevant timepoints. This allowed us to determine that a higher

viral titer was more likely to result in cat-to-cat transmission when a naïve cat was cohoused with a

group of infected cats. This is consistent with reported SARS2 transmission dynamics in humans

(Goyal, Reeves, Cardozo-Ojeda, Schiffer, & Mayer, 2021; Marks et al., 2021). A limitation of our

approach was that we sequenced samples at a single timepoint, so we were unable to document

changes in frequency of within-host variants over time. However, we observed shared variants

transmitted from infection donor to recipient cats in five independent contact transmission events,

affirming that our samples were collected at a biologically relevant timepoint.

It is widely accepted that SARS2 originally spilled over from an animal host (F. Wu et al.,

2020; Zhou et al., 2020), and viral spillback from farmed mink (Hammer et al., 2021; Munnink

et al., 2021), hamsters (Yen et al., 2022) and deer (Pickering et al., 2022) to humans has been

reported. In our phylogenetic analysis of naturally occurring felid sequences, we were not able to

discern specific consensus variants occurring in cats prior to widespread circulation in people, and

felid-to-human SARS2 transmission has not been confirmed by sequence analysis from intensive

and coincident animal and human sampling. However, as evidenced by our and other analyses of

reported SARS2 genomes, human-to-felid transmissions are frequent (Barrs et al., 2020; Patterson

et al., 2020; Temmam et al., 2020; Zhang et al., 2020; Calvet et al., 2021; Fritz et al., 2020; Hamer

et al., 2021; Villanueva-Saz et al., 2022). Of all animals with documented SARS2 susceptibility,

humans are most likely to be in direct and intimate contact with the domestic cats living in 25% of

households in the United States (A.V.M.A, 2017). Methods for documenting cat-to-human trans-

mission have been described and will require intentional and continued research (Totton, Sargeant,

& O’Connor, 2021). Epidemiological and next-generation sequencing methods to assess cat-to-

human transmissions are well within the capabilities of researchers globally, and the continued

prevalence of SARS2 points to the urgency for ongoing monitoring of domestic cats and other
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animals in close contact with humans for evidence of SARS2 variant emergence and reservoir

persistence.

3.4 Methods

3.4.1 Experimental exposures and sample collection

Directly inoculated cats in this study were exposed to viral stocks derived from an origi-

nal SARS2 isolate obtained from the Biodefense and Emerging Infections Research Resources

Repository (https://www.beiresources.org/). The USA-WA1/2020 isolate (Genbank

MN985325) was expanded in Vero cells over three passages (P1, P2, P3) as previously described

(Bashor et al., 2021). Three cohorts of adult (5-8 years) and juvenile (12 weeks) domestic cats

(N=23) were intranasally inoculated with P2 or P3 virus stock in Animal Biosafety Level 3 (ABSL-

3) facilities at Colorado State University. Cat cohorts are depicted in Figure 3.1 and additional

relevant metadata are provided in Table B.1. Cohort A was part of a study to assess domestic cat

susceptibility to SARS2 with previously reported results (A. M. Bosco-Lauth et al., 2020). Cats

1 and 5 were inoculated with a “med-high” dose of 1x106 plaque-forming units (pfu) of P3 virus

stock, and Cat 6 was cohoused with Cat 5 one day post-infection (dpi) to facilitate contact trans-

mission. For both direct- and contact-exposed cats, dpi refers to the number of days following

exposure of the directly inoculated cats in the cohort. Infection outcomes, including viral titer at 1

dpi (Cats 1 and 5) and 7 dpi (Cat 6), virus neutralization, seroconversion, and cat-to-cat transmis-

sion were assessed as previously described (A. M. Bosco-Lauth et al., 2020).

Sequencing and within-host variant analysis for Cats 1, 5 and 6 has been previously reported

(Bashor et al., 2021). Data were reanalyzed in this study in light of the increased information

available from two additional cohorts of experimentally exposed cats. Cohort B was inoculated

to assess age related susceptibility to SARS2 (Bosco-Lauth, unpublished data). Cats 7-9 were

inoculated with a “med-high” dose of 1x106 pfu of P2 virus stock and were cohoused with three

naïve cats (Cats 10-12) at 1 dpi to facilitate contact transmission. Viral titer at 3 dpi (Cats 7-9)

and 4 dpi (Cats 10-12) was assessed for all six Cohort B cats. Cohort C was inoculated as part of

a dose-response study SARS2 (Bosco-Lauth, unpublished data). Cats 13-25 were inoculated with
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three doses of P3 virus stock: low (Cats 13 and 14; 1.05x104 pfu), medium (Cats 15-21; 4.65x105

pfu) or high (Cats 22-25; 2.1x107 pfu). Cat 26 was cohoused with Cats 22-25 at 1 dpi to facilitate

contact transmission. Viral titer was assessed at 3 dpi for Cats 13-25, and 4 dpi for Cat 26. Within-

host variant analysis for Cohort B and C animals was conducted opportunistically following viral

recovery in order to learn more about SARS2 adaptation in domestic cats.

In all studies, infections were performed as described previously(A. M. Bosco-Lauth et al.,

2020). Briefly, animals were lightly anesthetized prior to inoculation via the nares. Nasal lavage

and oral swab samples were collected 1-3 days post-exposure. Nasal lavages were performed

through the dropwise instillation of 1 mL BA-1 into the nares of awake or lightly anesthetized

cats. Discharge was collected in a sterile petri dish. Oral swabs were obtained and stored in

BA-1 medium (Tris-buffered Minimum Essential Medium with 1% Bovine Serum Albumin) sup-

plemented with gentamicin, amphotericin B and penicillin/streptomycin. Viral titers (measured in

pfu/mL) were assessed from nasal lavage samples from each individual.

3.4.2 RNA isolation and sequencing

Nasal lavage samples used to assess viral titer (collected at 1, 3, 4 or 7 dpi as indicated above)

were then subjected to RNA extraction, complementary DNA generation and library preparation

performed as previously described (Bashor et al., 2021). Briefly, nasal lavage fluid was inactivated

in Trizol (100 µL fluid in 900 µL Trizol) and frozen at -80°C prior to RNA extraction. RNA was

isolated using a modified Zymo RNA Clean and Concentrator 5 kit (Zymo Research) with DNAse

I (New England Biolabs). Complementary DNA (cDNA) was generated with 10 µL RNA and

SuperScript II RT (Thermo Fisher Scientific) as previously described and frozen at -20°C prior to

tiled amplicon enrichment and library preparation.

Samples were enriched for SARS2 genomic material using a PCR protocol designed by the

ARTIC Network (ARTICNetwork, 2020). This method employs a pooled primer scheme that gen-

erates 400bp overlapping (“tiled”) amplicons that span the full viral genome. All samples were

amplified in technical duplicates with ARTIC version 3 (V3) primers except for Cat 5 which was

amplified singly with the previous ARTIC version (V2) primers. ARTIC primer sequences are
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publicly available here: https://github.com/artic-network/artic-ncov2019/

tree/master/primer_schemes/nCoV-2019. PCR products were visualized on a 1%

agarose gel and quantified with a Qubit dsDNA Broad Range Assay kit (Thermo Fisher Scien-

tific). Sequencing libraries were prepared with 540 ng input DNA per sample using a NEBNext

Ultra II DNA Library Prep kit and replicate samples were individually barcoded with NEBNext

Multiplex Oligos for Illumina (New England Biolabs). Ampure XP beads were used for cleanup

and size selection (Beckman Coulter), and a single 0.65X size selection was carried out following

adapter ligation. Libraries were pooled for sequencing on an Illumina MiSeq instrument (Illumina)

with v2 500 cycle 2 x 250 bp kits. All libraries were sequenced over the course of three sequencing

runs on the same MiSeq instrument at the Colorado State University Next Generation Sequencing

Facility. Cat 5 in Cohort A and its technical replicate were both sequenced on the same run as part

of a pilot project in May 2020. For the three viral stock inoculum Passages (P1, P2 and P3), all

cats in Cohort C, and Cats 1 and 6 in Cohort A, one technical replicate was sequenced in a run

in September 2020 and the second technical replicate was sequenced as part of a second run in

October 2020. Both technical replicates for all six cats in Cohort B were sequenced on the October

2020 run.

3.4.3 Bioinformatics & variant calling

Raw sequencing data in fastq file format were analyzed with a custom Nextflow (Di Tom-

maso et al., 2017) bioinformatics pipeline designed to call single nucleotide and structural variants

in viral populations. The pipeline is publicly available on Github at https://github.com/

stenglein-lab/viral_variant_caller. Sequencing reads were trimmed for quality

and adapters with Cutadapt (Martin, 2011), then aligned to the USA-WA1/2020 reference se-

quence (GenBank MN985325). Data were pre-processed with GATK (der Auwera et al., 2013)

followed by LoFreq (Wilm et al., 2012b) variant calling at a minimum depth of coverage of 40x

and a minimum allele frequency of 0.1% (variants were later filtered to ≥3% frequency for further

analysis). Variants were annotated and functional effects were predicted with SnpEff and SnpSift
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(Cingolani, Platts, et al., 2012; Cingolani, Patel, et al., 2012). Pipeline output was further analyzed

and visualized in R statistical software (Team, 2021).

We took the additional approach of running iVar (Grubaugh et al., 2019), a bioinformatics

pipeline designed for within-host viral variant calling from amplicon sequencing data to validate

our pipeline. Any variants that were not also detected in iVar were filtered out unless they were

identified to be an artifact of the 3% allele frequency cutoff, which iVar applies before averaging

technical duplicates and viral_variant_caller applies after. Eleven variants detected in cats were

filtered out at this step. Nonsynonymous and synonymous nucleotide diversity were calculated

with the SNPGenie pipeline (Nelson & Hughes, 2015). Nucleotide diversity (π) is calculated as

the mean number of pairwise differences per nonsynonymous or synonymous site in the genome

for a population of sequences. These estimates are weighted by allele frequencies. This analysis

was done at both the population level (the population of full viral genomes within a host) and by

gene product.

3.4.4 Phylogenetic analysis

Consensus genome sequences used for phylogenetic reconstruction of felid-derived SARS2

were obtained from GISAID (Shu & McCauley, 2017). Sequence identifiers, metadata and ac-

knowledgments are listed in Tables S2 and S3. All complete SARS2 genome sequences from

host species belonging to the family Felidae available on GISAID as of April 4, 2022 were down-

loaded. Species included cat (Felis catus), tiger (Panthera tigris), lion (Panthera leo), snow leopard

(Panthera uncia), cougar (Puma concolor), fishing cat (Prionailurus viverrinus) and leopard cat

(Prionailurus bengalensis). Sequences that were incomplete, low coverage (>5% Ns) or passaged

through cell culture were removed prior to analysis, which included the only cougar and fish-

ing cat sequences. For each felid-derived sequence, a random sample of up to 10 human-derived

SARS2 genome sequences were also obtained from the full GISAID EpiCoV database. These

human-derived sequences were subsampled in the same country and division during a two-week

period surrounding the collection date of each felid sequence. Subsampling employed metadata

available from GISAID and the Nextstrain (Hadfield et al., 2018) Augur filter subcommand. Maxi-
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mum likelihood time-resolved phylogenies were reconstructed and visualized from these sequence

data using open source Nextstrain bioinformatic tools. Briefly, sequences and metadata were input

into the Augur pipeline, where they were filtered, aligned to the Wuhan-Hu-1 reference (Gen-

bank NC_045512), and a tree was inferred with TreeTime. Results were visualized with Auspice

software (Figure 3.6, Figure S5). Publicly available interactive versions of these custom Nextstrain

builds are hosted online. To query the presence and location of specific consensus variants through-

out the phylogeny, we used the interactive tools provided by Nextstrain to filter the displayed data

by genotype.
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3.6 Data and code availability

All SARS2 raw next-generation sequencing data used in this study are publicly available in

the NCBI SRA database under BioProject PRJNA704947 (previously published sequencing data

for P1, P2 and P3 of the viral stock and Cats 1, 5 and 6)32 and BioProject PRJNA842572 (all

remaining cats). The bioinformatics pipeline used to analyze the data is publicly available at

https://github.com/stenglein-lab/viral_variant_caller. Additional data

including complete variant summary tables output by the pipeline listing all within-host vari-

ants detected within samples from cats and the P1, P2, and P3 stocks used for inoculations, and

R scripts for data processing, statistical analysis and visualization are available at https://

github.com/laurabashor/SARS2felids. Custom Nextstrain builds for publicly avail-
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able sequence data from domestic cats and felids are hosted at: https://nextstrain.org/

community/laurabashor/SARS2felids/catshumans and https://nextstrain

.org/community/laurabashor/SARS2felids/felidshumans.
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Chapter 4

SARS-CoV-2 within-host population expansion, diversification and

adaptation in zoo tigers, lions and hyenas3

SARS-CoV-2 rapidly adapts to a new host environment following transmission from one spec-

ies to another. This is notable, as many non-human animal species are susceptible to SARS-CoV-2,

and the emergence of novel within-host viral variants has been observed in both domestic and wild

species. Furthermore, transmission back to humans (spillback) has been reported from white-tailed

deer, mink, hamsters, domestic cats, and lions. We examined transmission and evidence of host-

specific adaptation following an outbreak of SARS-CoV-2 in Amur tigers (Panthera tigris altaica),

African lions (Panthera leo), and spotted hyenas (Crocuta crocuta) at the Denver Zoo between

October and December 2021. Longitudinal nasal swabs from 16 individuals tested positive for

SARS-CoV-2 viral RNA multiple times during a two-month sampling period. Full SARS-CoV-2

genomes were sequenced to identify variant lineage, within-host variation and genomic signatures

of selection. Sequence analysis indicated that the outbreak was initiated by a single spillover of a

rare SARS-CoV-2 Delta sublineage, AY.20, concurrently circulating in humans at very low levels,

that was subsequently transmitted from tigers to lions to hyenas. Within-host virus populations

rapidly expanded and diversified over time, and signatures of both purifying and positive selection

were evident. Strong positive selection was detected across the SARS-CoV-2 genome in samples

from hyenas and in the nucleocapsid (N) gene in all animals. Four candidate species-specific

adaptive mutations were identified: one in lions and hyenas (N A254V) and three in hyenas (open

reading frame (ORF)1a E1724D, spike (S) T274I, and N P326L). This study describes cross-

species transmission dynamics and within-host evolution of SARS-CoV-2 in three species in a

natural setting, revealing viral adaptation following host shifts.

3This chapter was co-authored by Bashor, L., Gallichotte, E., Stenglein, M., Galvan, M., Erbeck, K., Croft, L., Stache,
K., Johnson, J., Pabilonia, K., & VandeWoude, S.

58



4.1 Introduction

The evolution of SARS-CoV-2, and the emergence of successive new variant lineages, moved

to the forefront of global public health awareness during the COVID-19 pandemic. In addition to

humans, the virus infects a wide range of animal species (Barrs et al., 2020; Segalés et al., 2020;

Hale et al., 2021; Munnink et al., 2021; Shi et al., 2020; APHIS, 2024a; WOAH, 2024). It is widely

accepted that SARS-CoV-2 spilled over from an animal host into human populations in late 2019

(Andersen et al., 2020). Although thousands of studies have been conducted since the start of this

pandemic, key questions remain unanswered - including identifying the drivers of SARS-CoV-2

evolution and transmission dynamics in non-human animals, and the origin of variant lineages that

infect human and animal populations.

In March 2020, SARS-CoV-2 sequence analysis revealed human-to-animal transmission in five

tigers and three lions at the Bronx Zoo, making nondomestic felids among the first documented

non-human animals infected through viral spillover (Bartlett et al., 2021; McAloose et al., 2020).

There have since been many other cases in felids, including reports of potential cat-to-human

and lion-to-human spillback (Koeppel et al., 2022; Fernández-Bellon et al., 2021; L. Wang et al.,

2022; Nagy et al., 2022; Karikalan et al., 2021; Mishra et al., 2021; Siegrist et al., 2023; Sila et

al., 2022). Reported infections most likely represent a fraction of the true number of infections

in these animals. It is therefore important to study SARS-CoV-2 cross-species transmission in

zoos to promote animal and human health, and to understand risk factors and potential for variant

emergence in these settings.

SARS-CoV-2 within-host evolution is shaped by both deterministic effects of selection and

the stochastic effects of genetic drift. At this level, selection acts to maximize the fitness of the

population of viruses, often referred to as a quasispecies, within an individual host. Accordingly,

viruses experience novel and strong selective pressures following host shifts. To evaluate this

phenomenon, we investigated SARS-CoV-2 host adaptation following a unique spillover event

with an unprecedented sample set: an outbreak in large cats and hyenas living at the Denver Zoo

in Colorado, USA.
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Nasal swab samples from two Amur tigers (Panthera tigris altaica), eleven African lions (Pan-

thera leo), and two spotted hyenas (Crocuta crocuta) tested positive by RT-PCR for SARS-CoV-2

between October and December 2021, with some lions testing positive throughout the two-month

period. Two additional hyenas were tested multiple times during this period, with inconclusive

results. Infectious virus was isolated from a subset of samples, and robust neutralizing antibodies

were detected in all serum samples tested. We evaluated SARS-CoV-2 genomes recovered from

infected animals over a period of approximately three months for variant lineage, phylogenomic

epidemiology, within-host variation and genomic signatures of selection. We documented a signif-

icant impact of host shifts on virus within-host evolution.

4.2 Results

4.2.1 SARS-CoV-2 RNA was detected in tigers, lions, and hyenas, and most persistently in

lions

On October 7th, 2021, both tigers (Tigers A and B) were observed with coughing and nasal

discharge. Nasal swab samples were collected and transferred to the Colorado State University

(CSU) Veterinary Diagnostic Laboratories where they tested positive for SARS-CoV-2 viral RNA

(vRNA) by RT-PCR (Figure 4.1). Both tigers again tested RT-PCR positive on October 13th, but

were negative thereafter. On October 14th, after several lions exhibited similar respiratory signs,

all eleven lions in the collection also tested positive by RT-PCR. All lions tested positive at least

four times over the next 15 days. After the initial positive tests in lions, swabs were collected

regularly for approximately three months (Figure 4.1). The lions in pride 1 (Lions A-D, all aged

6 years old) were positive over the longest interval, with some individuals testing positive for 60

days (Lion B). A lion cub in pride 2 (Lion I) also tested positive intermittently over a 46-day period

(Figure 4.1).

Mild clinical signs were observed in two cohabitating hyenas (Hyenas A and B), on October

28th, and samples collected that day were positive for SARS-CoV-2 by RT-PCR, constituting the

first and only documented cases of SARS-CoV-2 infection in C. Crocuta. Hyenas A and B were

exhibited separately from the lions but rotated through the same areas. Two younger hyenas were
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kept separately (clan 2, Hyenas C and D). These animals rotated through the same areas as Hyenas

A and B, but did not interact directly with the older individuals. Swabs from Hyenas C and D were

occasionally inconclusive through December, but never tested conclusively RT-PCR positive (Fig-

ure 4.1). Detailed descriptions of all infections and complete datasets of RT-PCR cycle threshold

(Ct) values have been previously described.
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Figure 4.1: SARS-CoV-2 RNA was persistently detected by RT-PCR in nasal swabs from tigers (N=2),
lions (N=11) and hyenas (N=4) between October 2021 and January 2022, and next-generation sequencing
(NGS) datasets were generated from 63 of these samples. Each point represents a nasal swab sample tested
for three SARS-CoV-2 gene targets, colored by result determined by diagnostic software. Points with a blue
border indicate samples from which high-quality NGS data was generated.

4.2.2 High quality full genome SARS-CoV-2 sequences were obtained from positive and

inconclusive samples from zoo tigers, lions and hyenas

SARS-CoV-2 vRNA recovered from nasal swab samples was sequenced in technical dupli-

cate to identify SARS-CoV-2 lineage, within-host variation and genomic signatures of selection.

SARS-CoV-2 sequencing reads were aligned to the Wuhan-1 reference sequence (GenBank
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MN908947.3). High-quality SARS-CoV-2 genome sequencing datasets derived from 63 biological

samples were obtained from two tigers, eleven lions, and three hyenas at multiple timepoints be-

tween October 7th and December 13th, 2021 (Figure 4.1). This corresponded to one or more time-

points for each tiger and hyena, and three to seven timepoints for each lion. Although the majority

of NGS datasets were obtained from positive swab samples, the 50 RT-PCR-inconclusive samples

were screened for potential NGS, and six yielded high-quality sequencing data (Figure 4.1).

4.2.3 SARS-CoV-2 Delta variant sublineage AY.20 was transmitted from tigers to lions to

hyenas

To obtain a focused phylogenomic epidemiology of this outbreak, a time-based tree was gener-

ated using sequence data from zoo animals and humans in Colorado September 23rd and Novem-

ber 4th, 2021 (Figure 4.2A). All sequences from animals were classified as the same Delta variant

sublineage, Pangolin lineage AY.20, and generally clustered by species. Virus sequences from li-

ons and hyenas were more closely related to each other than to those from tigers, and sequences

from the two prides of lions were intermixed throughout the phylogeny. The AY.20 sublineage was

circulating at low rates ( 1%) in humans globally between May 2021 and February 2022. During

the period of the zoo outbreak, only 461 out of the 79,455 (0.58%) SARS-CoV-2 sequences in

the GISAID database from Colorado (between October and December 2021) were classified as

AY.2019. Excepting twelve sequences from the Denver Zoo animals generated by USDA APHIS

following the outbreak, only three other AY.20 sequences recovered from non-human animals have

been submitted to the GISAID database: two from white-tailed deer (collected in New York and

North Carolina in November 2021; EPI_ISL_13610631, EPI_ISL_16464980), and one from a

domestic cat (collected in California in December 2021; EPI_ISL_10656104). To examine the po-

tential direction of transmission among animals, we generated a haplotype network (Figure 4.2B).

The species-specific clusters evident in this network are consistent with the trajectory of observed

disease onset, supporting the conclusion that SARS-CoV-2 originated in tigers, then moved to li-

ons, then finally to hyenas. We inferred a second phylogeny from all publicly available felid- and
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hyena- derived SARS-CoV-2 sequences in addition to the sequences reported here (Figure S1).

Importantly, we saw no evidence for felid-driven viral adaptation occurring at the global scale.

4.2.4 SARS-CoV-2 sequence variation

We identified 63 unique sequence variants relative to the Wuhan-1 reference sequence (Table

C.1). Thirty of these were defining mutations of the Pangolin AY.20 lineage, of which the major-

ity (n=27) are missense, or nonsynonymous single nucleotide variants (SNVs) (Table C.2). The

remaining 33 non-AY.20 variants were SNVs distributed throughout the virus genome, including

synonymous (n=11), nonsynonymous (n=12), and noncoding (n=10) mutations. Sub-consensus

sequence variants (present at <50% allele frequency) were identified very rarely, making up 16

(0.58%) of the 2769 observations of these 63 variants. Variants at <99% allele frequency were

somewhat more common, making up 4.2% (n = 116).

Sequences clustered due to mutations shared by more than one individual of the same species

(Figure 4.2, Table C.1). The A254V mutation in the nucleocapsid (N) gene differentiated all hyena

and lion sequences from the three tiger-derived sequences and was supported by robust sequencing

coverage at that genomic position across the board (Figure 4.2C). Furthermore, all hyena sequences

except Hyena D had the mutations P326L in N, T274I in the spike (S) gene, and E1724D in open

reading frame (ORF) 1a (nonstructural protein (nsp) 3 E906D), mutations not detected in lions or

tigers (Figure 4.2C).

Interestingly, the sequence obtained from Hyena D differed from Hyenas A and B, and was

more related to sequences recovered from lions. Hyenas C and D were cohoused separately from

the significantly older hyenas A and B, and the younger pair did not test positive during the period

in which samples were collected. The sequence for Hyena D was therefore generated from an RT-

PCR inconclusive sample. The first SARS-CoV-2 sequences from Hyenas A and B derived from

swabs collected on October 28th were identical at the consensus level. Sequences obtained from

three subsequent Hyena A samples share the ORF1b mutation G2068E (nsp15 endoribonuclease

G17E). Investigation of within-host variation reveals that this mutation was also present at a sub-
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Figure 4.2: A single introduction of SARS-CoV-2 lineage AY.20 was transmitted from tigers to lions to
hyenas. (A) Time-based phylogenetic tree of SARS-CoV-2 sequences from tigers, lions and hyenas, with
collection date indicated along the x-axis. Tree was generated with Nextstrain and an interactive version is
available at https://nextstrain.org/community/laurabashor/DZSARS2. Sequences are
colored by host species and scaled by time. Three data inputs: (1) sixty-three SARS-CoV-2 consensus
sequences generated from the zoo outbreak, (2) all human-derived sequences classified as AY.20 in the state
of Colorado between September 23rd and November 4th, 2021 (N = 198 sequences), and (3) a random
subsample of human-derived sequences in Colorado from the days leading up to the zoo outbreak (100
sequences/day from September 23rd to October 7th, 2021; N=1500 sequences). Sequence data from humans
were obtained from the GISAID database, and are listed in GISAID EPI_SET_240407tz. (B) A haplotype
network of the latest high-quality sequence obtained from each individual (N=16 sequences) is consistent
with the trajectory of cases in the outbreak starting with tigers before transmitting to lions and hyenas.
Haplotype network was generated using the ‘pegas’ package in R. (C) One mutation detected in SARS-
CoV-2 genomes from lions and hyenas (N A254V) and three mutations detected in hyenas (N P326L, S
T274I, and ORF1a E1724D) represent candidate species-specific adaptations.
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consensus allele frequency in Hyena A on October 28th, but was not observed in the other two

hyenas (Figure 4.3D).

Lions in pride 2 had more viral variation compared to pride 1, and Lions H and I in particular

shared multiple mutations in their samples collected on November 4th. Unique mutations were

also detected in a handful of lion samples which changed in allele frequency over time, and dif-

ferentiated sequences from each other. For example, ORF1a P1497S (nsp3 P679S) was detected

above consensus-level in Lion F on October 14th, sub-consensus-level October 21st, and then not

observed in any later samples. Similarly, ORF3a V50I appears initially in Lion E on October 14th

at relatively high allele frequency, then gradually decreased in frequency in subsequent samples,

and was not observed in the final sample from Lion E on October 29th.

4.2.5 Within-host SARS-CoV-2 variation revealed species-specific adaptation in lions and

hyenas

Based on the conclusion that the two tigers were the first to be infected, we interrogated our

NGS datasets for within-host variation relative to the consensus sequence of the first SARS-CoV-2

samples recovered from tigers (“tiger reference sequence”). Fourteen unique sequence variants

remained following this approach (Figure 4.3C, D). This within-host variation was dominated by

missense, or nonsynonymous, SNVs, constituting nine (64%) of fourteen unique variants, and 87

(93%) of 94 observations of these variants. The nine missense SNVs were located in ORF1a (n =

2 in nsp3 papain-like protease), ORF1b (n = 2 in nsp15, endoribonuclease), S (n = 2), ORF3a (n =

1) and N (n = 2). The two synonymous SNVs were both in ORF1a (nsp1 leader protein and nsp3),

and two noncoding variants located at the same nucleotide position in the 5’ UTR. Sub-consensus

variants made up a larger proportion of sequence variation relative to the tiger consensus sequence

as compared to the Wuhan-1 reference. Of the 94 variant observations, 14 (14.9%) were detected

at <99%, and five (5.3%) of were observed at <50% allele frequency (Figure 4.3D).

Hyenas had more within-host variants overall (Figure 4.3A, D). In general, within-host varia-

tion remained consistent within an individual across repeated samples (Figure 4.3D). All samples

obtained from Lions B, C, D, J and Hyena D had only one within-host variant relative to the tiger
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Figure 4.3: Species-specific patterns of SARS-CoV-2 within-host variation were observed in lions and hye-
nas. Only sequence variation relative to the consensus sequence of the two infected tigers is shown (N=58
samples). (A) One within-host variant (N A254V) was detected in the majority of samples. Plot shows the
frequency distribution of the number of within-host variants detected per sample. (B) Transition substitu-
tions were more common than transversions, particularly in hyenas. (C) Within-host variants observed in
lions and hyenas relative to the tiger reference sequence were detected throughout the SARS-CoV-2 genome.
The location of each variant located in SARS-CoV-2 coding regions is indicated with a triangle. The three
variants in the 5’ and 3’ UTRs are not shown. (D) Fourteen within-host variants were identified in lions and
hyenas but not tigers. Each row represents one nasal swab sample, and sample collection date and animal
identifier are indicated on the y-axis. Each tile represents a mutation detected in that sample relative to the
consensus sequence of SARS-CoV-2 genomes recovered from infected tigers and is colored by allele fre-
quency. Black dots indicate nonsynonymous single nucleotide variants. A SARS-CoV-2 genome schematic
at the bottom indicates the genomic loci of the eleven mutations. Code to prepare plot (D) was adapted from
the R package ’outbreakinfo’.
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reference sequence, N A254V, that was shared across every sample from lions and hyenas (Fig-

ure 4.3D). There was more within-host variation in samples from hyenas compared to lions (lion

mean = 1.33, median = 1 within-host variant per sample; hyena mean = 4.17, median = 5). Interest-

ingly, the majority of substitutions observed in our dataset were transitions across all three species

(Figure 4.3B). This pattern held whether considering variants relative to the Wuhan-1 reference

sequence or the tiger reference sequence, and was more distinct in hyena samples.

4.2.6 Within-host virus populations were characterized by expansion, diversification, and

selection

To characterize selective pressures on within-host SARS-CoV-2 populations, we calculated

nucleotide diversity (π) across the virus genome at nonsynonymous and synonymous sites (Tables

C.5 and C.6). Although virus populations within each individual animal followed their own tra-

jectories, we observed increasing within-host nucleotide diversity over time (linear mixed model;

Figure 4.4A, Table 4.1). We measured time as the number of days since an individual animal’s first

positive test and accounted for repeated measures of the same individuals. Our model revealed that

host species also had a small but significant effect on within-host nucleotide diversity. Synony-

mous nucleotide diversity also increased over time, but this metric was not impacted by species

(linear mixed model; Figure 4.4B, Table 4.1). In other words, we observed SARS-CoV-2 within-

host populations expand and diversify over time, and we found that host species had an impact on

virus genetic diversity, but not effective population size.

There were genomic signatures of positive selection (πN > πS) in 49% (31 of 63) of virus sam-

ples had, whereas 51% (32 of 63) had genomic signatures of purifying selection (πS > πN). Positive

selection at the genome level was observed in all six samples from hyenas (Hyenas A, B and D).

Differences in the strength of selection acting on SARS-CoV-2 genomes among host species was

particularly evident in the final virus samples obtained from each individual (Figure 4.5A). When

nucleotide diversity was calculated separately for each SARS-CoV-2 gene product, interesting pat-

terns in nonsynonymous and synonymous nucleotide diversity were noted in ORF1ab, S and N

genes. Strong positive selection was detected in the N gene in most samples. Many samples also
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Table 4.1: Summary of linear mixed models of nucleotide diversity (π) as a function of time and host
species. Time was measured as days since first positive RT-PCR test. Time and species were fixed effects,
with animal ID as a random effect to account for repeated measures of the same individual over time. The
model was fit with the lmer() function in the ‘lme4’ package in R.

  Nucleotide diversity Synonymous nucleotide diversity 

Predictors Estimates p Estimates p 

(Intercept) 0.000082 ** 0.001 0.000050 * 0.049 

Time (days after first 

positive test) 

0.000002 *** <0.001 0.000003 *** <0.001 

Species [lion] -0.000051 * 0.048 -0.000020  0.465 

Species [tiger] 0.000012  0.771 0.000045  0.298 

Random Effects 

σ2 3.2 x 10-9 3.6 x 10-9 

τ00 3.1 x 10-11
animal ID 0.00 animal ID 

ICC 0.0096   

N 16 animal ID 16 animal ID 

Observations 63 63 

Marginal R2 / 

Conditional R2 

0.225 / 0.233 0.229 / NA 

* p<0.05   ** p<0.01   *** p<0.001 
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Figure 4.4: SARS-CoV-2 within-host populations in infected zoo animals underwent (A) expansion and (B)
diversification over time. Each point indicates the nucleotide diversity of a SARS-CoV-2 virus population
observed in one nasal swab sample, calculated as the mean of two sequencing replicates. (A) Within-host
nucleotide diversity (π) increased over time as measured by the number of days after an individual’s first
positive SARS-CoV-2 test. Lines show the predicted fit of a linear mixed model by species. (B) Increasing
within-host synonymous nucleotide diversity (πS) over time is evident in most lions.
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had signs of positive selection in the S gene, whereas both positive and purifying selection were

detected in ORF1ab (Figure 4.5B).

4.3 Discussion

Longitudinal nasal swab samples initially collected for diagnostic purposes were subjected to

next-generation sequencing to generate a unique dataset for detailed analysis of virus within-host

evolution following cross-species transmission. We conclude that a single introduction of a rare

SARS-CoV-2 Delta sublineage spread from tigers to lions to hyenas. Repeated longitudinal sam-

pling of individual animals provided us with snapshots of virus population expansion and diversi-

fication within hosts. Signatures of both purifying and positive selection were evident across the

virus genome, and four potentially species-specific adaptive mutations were identified in lions and

hyenas. While no concerning SARS-CoV-2 variant lineage evolved in infected animals, uniquely

strong signatures of positive selection detected in the N gene and in samples from hyenas highlight

the combined impacts of mutation and selection following virus host species shifts.

Sample collection was initiated immediately after individual animals displayed clinical signs.

Tigers were the first species to display respiratory symptoms, followed by lions and hyenas.

Nasal swabs were continuously collected until no individuals of a species remained positive. This

symptom-driven testing scheme introduced some selection bias into the dataset, as it is not possible

to identify the timeline of exposure or true duration of each infection. Positive RT-PCR tests for

certain lions span more than a month, whereas positive tests for tigers and hyenas span 1–2-week

periods. Despite this limitation, similarly high levels of neutralizing antibodies were detected in

multiple individuals, including in Hyena B, for whom testing spanned only four days.

All nasal swabs that were either RT-PCR positive or inconclusive were subjected to NGS.

Although the majority of sequencing datasets were obtained from RT-PCR positive samples, six

inconclusive samples yielded high-quality NGS datasets. Viral RNA present in these samples may

or may not correspond to the presence of infectious virus; however, infectious virus isolated from

swabs from two lions and Hyena A over a range of time points during the outbreak (including a

sample from Lion A on December 6th) confirmed active infection among these animals.
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Figure 4.5: Strong signatures of positive selection were observed, most notably in full SARS-CoV-2
genomes recovered from (A) infected hyenas and (B) the nucleocapsid (N) gene. The remaining gene
segments showed (C) mixed signatures of positive and purifying selection, and (D) no signatures or exclu-
sively purifying signatures of selection. The ratio of nonsynonymous (πN) to synonymous (πS) nucleotide
diversity was calculated as a measure of the type and strength of selection acting on SARS-CoV-2 virus
populations in zoo animals. Black dashed lines indicate where the πN/πS ratio = 1. (A) Each point repre-
sents the πN/πS ratio of a SARS-CoV-2 virus population observed in the last nasal swab sample collected
for each individual (n = 16 animals), calculated as the mean of two technical sequencing replicates. (B,

C, D) Each point represents the πN/πS ratio of a SARS-CoV-2 gene segment observed in one nasal swab
sample, calculated as the mean of two technical sequencing replicates. Infinite values (where πS = 0) are
indicated with half points along plot borders. The abbreviated gene segment is indicated at the top of each
plot (nucleocapsid (N), open reading frame (ORF), spike (S), envelope (E), membrane (M).
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The consensus sequence of every virus sample in this outbreak was classified as the same Delta

lineage AY.20, supporting the hypothesis that the zoo outbreak was initiated by a single spillover

event, presumably from an infected human. The rarity of this lineage among humans around

this time further supports the single introduction hypothesis. Investigation of other SARS-CoV-

2 outbreaks that have occurred at zoos indicates that zoo animals have been infected by variant

lineages both rare and dominant in humans. It is possible that AY.20 is more transmissible in

non-human animals (e.g., felids), than other lineages, contributing to this multi-species outbreak.

This outbreak occurred during one of the peaks of the COVID-19 pandemic, but only approx-

imately 1% of human infections occurring in Colorado at this time were caused by the AY.20

sublineage. If the zoo animals were exposed to one of these rare human cases, the defining AY.20

mutations would already be present in the original virus that spilled over. However, we cannot

rule out that infection may have originated in another captive or feral species present at the zoo.

Free-ranging peridomestic animals are present in most outdoor zoo environments, and susceptible

species like deer mice and domestic cats could potentially have moved through large felid habitat.

During the period of positivity in lions, one animal care specialist wearing full PPE reported

nasal discharge from a lion directed towards their face (unpublished direct communication). This

individual tested positive for COVID-19 within one week of this incident and communications

from zoo staff present during this outbreak suggest that the virus was transmitted to a human from

an infected lion. A sample was collected from this individual at this time and sequenced by the

Colorado Department of Public Health and the Environment (CDPHE). There are 17 SARS-CoV-2

sequences recovered from humans in the GISAID database that are classified as AY.20 and have

the N A254V mutation that we identified in lions and hyenas, but not tigers (Shu & McCauley,

2017). All of these except one were collected between October 14th and 29th, 2021 in Colorado.

This putative lion to human transmission event therefore may have led to fifteen more cases in

humans; however, the AY.20 lineage quickly disappeared from human populations. The relative

transmissibility (among animals and between animals and humans) of this lineage carrying this

mutation or the candidate hyena-adapted mutations, is still unknown. Ultimately, this event pro-
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vides evidence that despite the viral within-host adaptation reported here (mainly, the N A254V

mutation that was fixed in all lions and hyenas), the virus retained the ability to infect humans.

The potentially species-specific mutations identified in our study have been rarely observed

in human sequences and are not associated with any particular variant lineage. Out of more than

15 million SARS-CoV-2 genome sequences in the GISAID database, N A254V is present in just

494 (complete, low coverage excluded) sequences recovered from humans (0.0033%) (Shu & Mc-

Cauley, 2017). S T274I has been observed in 1,785 sequences, N P326L in 6,281 sequences and

ORF1a E1724D in 42,275 sequences.

Interestingly, the three hyena-specific mutations have been observed independently in other

non-human animal species. The ORF1a E1724D mutation has been identified in six sequences

from white-tailed deer, one from a cat collected in July 2021, and one from an Amur tiger in

Pennsylvania in December 2021 (GISAID accessions: EPI_ISL_13610651, EPI_ISL_16297302,

EPI_ISL_16297304, EPI_ISL_16384469, EPI_ISL_16384478, EPI_ISL_9347710, EPI_ISL_

3128536, EPI_ISL_8145733) (Shu & McCauley, 2017; Caserta et al., 2023). The S T274I mu-

tation was reported in a white-tailed deer submitted to GISAID on the same date by the same

laboratory as one of the deer sequences with E1724D, indicating these mutations may have been

present in the same population of deer in New York (GISAID accession EPI_ISL_13658808). Fi-

nally, the N P326L mutation was detected in a mink sample collected in August 2020 (GISAID

accession EPI_ISL_577784).

When we examined within-host viral variation in lions and hyenas relative to the tiger index

cases, we observed variation at the species level in addition to the unique trajectory of each virus

population in an individual host. The N A254V mutation was fixed in all lions and hyenas from

the first samples collected on October 14th to the last positive test on December 13th. However, it

was not observed in any tiger samples despite robust sequencing depth. This indicates it emerged

in animals during the outbreak and was maintained by positive selection.

Viruses recovered from hyenas had more genetic variation than those from lions. Three po-

tentially adaptive mutations were identified in hyenas: ORF1a E1724D, S T274I, and N P326L.
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The sequence obtained from an RT-PCR inconclusive swab from Hyena D collected on November

22nd did not have these mutations and was indistinguishable from many lion sequences. In Hyena

D, sequencing coverage was very good at the genomic position corresponding to the S T274I mu-

tation but was mixed for N P326L and ORF1a E1724D. It is possible that younger Hyenas C and

D were exposed prior to Hyenas A and B, along a similar timeline to lions, and quickly cleared

their infections. If this were the case, the sequence from Hyena D would represent residual vRNA.

It is not a coincidence that the strongest signatures of positive selection were observed in the

SARS-CoV-2 N gene, where we observed two potentially adaptive mutations in lions and hyenas,

A254V and P326L. This gene encodes the RNA-binding nucleocapsid protein, which plays a cru-

cial structural role in packaging the viral genome. Mutations in the N gene have been associated

with the evolution of SARS-CoV-2 variants of concern in humans; most notably, R203K/G204R

have been shown to increase viral replication and fitness (Johnson et al., 2022; H. Wu et al., 2021).

Both A254V and P326L are located in the C-terminal, or dimerization domain of N. A recent study

found that introducing the P326L mutation did not destabilize the dimer, and by one measurement,

was more stable than the wildtype structure (Muradyan et al., 2024). Increased stability of the

nucleocapsid protein could improve virion survival in the environment, which would directly en-

hance SARS-CoV-2 transmissibility. In some samples, signatures of positive selection were also

observed in the spike gene. The location of the hyena-specific T274I mutation in this gene thus

suggests potential adaptation to the hyena ortholog of angiotensin-converting enzyme 2 (ACE2),

which mediates host cell entry. Interestingly, however, a recent review examining structural im-

pacts of S mutations suggested that mutation at residue T274 would contribute to CD8+ T-cell

immune escape in humans (Kombe, Biteghe, Ndoutoume, & Jin, 2022).

Overall, the within-host variation in lions and hyenas was indicative of the plasticity of within-

host virus populations experiencing selection and genetic drift over time. The limited below

consensus-level variation in lions is comparable to what is seen in humans (Lythgoe et al., 2021),

while variation in hyenas resembles experimental studies demonstrating significant increases in

within-host variation in domestic cats following experimental infection and cat-to-cat transmission
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(Bashor et al., 2022). Virus populations often face substantial challenges to the maintenance of

genetic variation due to transmission bottlenecks. In humans, SARS-CoV-2 infections are often

initiated with just 1-2 virions (Markov et al., 2023), and this phenomenon likely played a role in

limiting the size of the virus population transmitted from one individual animal to another during

the outbreak. We found that SARS-CoV-2 virus populations in our samples were characterized

by expansion and diversification over time. This finding is consistent with the long periods of

infection seen in lions, and with the fundamental behavior of RNA viruses featuring rapid, but

error-prone replication following the establishment of infection. Importantly, as a virus population

expands, the potential strength of selection increases as well.

This dataset offered an unparalleled opportunity to document these phenomena in the context

of multiple host shifts. We found that host species had a significant effect on the overall nucleotide

diversity of our virus populations, but not on synonymous nucleotide diversity, which is a relative

measure of virus effective population size. This could reflect a host-mediated species effect on

mutation, as opposed to other aspects of the viral life cycle, like overall replication rate, assembly,

or cell entry. As one possible example, members of the apolipoprotein B mRNA-editing enzyme

catalytic polypeptide (APOBEC) family of proteins vary across vertebrates, and can directly intro-

duce mutations into viral genomes (Harris & Dudley, 2015).

Signature of selection identified in virus populations in tigers, lions and hyenas were evenly

split between positive and purifying selection. All six samples recovered from hyenas showed

strong signs of positive selection at the genome level in comparison to other species. The pat-

terns of mutation and selection in hyenas certainly points towards the possibility of an increased

SARS-CoV-2 evolutionary rate in this species, as has previously been identified in white-tailed

deer (McBride et al., 2023). However, a larger sample size representing sustained within-species

transmission over time, in combination with Bayesian phylogenetic techniques, would be required

to effectively evaluate this hypothesis. Ultimately, the within-host signatures of selection observed

in our study can only suggest directions of SARS-CoV-2 host species-directed evolution, if the

virus were given the opportunity in hyenas or another species.
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In the case of this outbreak, no new, concerning variant lineage emerged in animals, but a

handful of potentially adaptive mutations became fixed. It is important to note, however, that viral

spillback from infected zoo felids to humans has been observed (Siegrist et al., 2023). Animal-to-

human transmission has also been observed in a wide range species and environments, including

pet hamsters, free-ranging deer, and farmed mink (Yen et al., 2022; Pickering et al., 2022; Feng

et al., 2023; Munnink et al., 2021; Rabalski et al., 2022; Hammer et al., 2021). It is generally

thought that after an initial period of evolution for transmissibility in humans, the current evolution

of SARS-CoV-2 is driven by human immune pressure from both vaccination and prior infection26.

Though both drivers act at the between-host level on a global scale, the variation upon which se-

lection acts is still generated within individual hosts. The outbreak described in this study offered

an exceptional opportunity to witness the mechanisms underlying virus within-host evolution fol-

lowing host shifts in action.

4.4 Methods

4.4.1 Animals and sample collections

The Denver Zoo exhibits African lions and spotted hyenas in one location, and Amur tigers in

another. These two locations are approximately 200 m apart. At the time of the outbreak, eleven

lions, four hyenas, and two tigers were housed at the Denver Zoo. The lions and hyenas did not

have direct contact but rotated through shared spaces indoors and outdoors. Animal care specialists

working with tigers, lions and hyenas did not overlap.

Both tigers were 11 years old at the time of the COVID-19 outbreak. The four male lions in

pride 1 were siblings (all aged 6 years old) and were housed and exhibited communally. The four

other adult lions and three lion cubs in pride 2 were housed and exhibited together. The members

of pride 2 ranged in age from 1-2 and 6-9 years old. The hyenas were co-housed and exhibited in

two clans: a pair of younger individuals (both 7 years old at the time of the outbreak) and a pair of

older individuals (both 22 years old).

Following the onset of clinical signs in each species, voluntary nasal swabs were obtained

from all individuals of a species regularly between October 7th, 2021, and January 31st, 2022
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(Figure 4.1). Personal protective equipment was worn by animal care specialists before, during

and after the outbreak. All animals made full recoveries following SARS-CoV-2 infection. An-

imals were later vaccinated with the animal-specific Zoetis vaccine. Tiger B was humanely eu-

thanized one year after the outbreak due to chronic health conditions. Lion G and Lion H were

both humanely euthanized in October and November 2023 respectively. Lion G developed a severe

infection on top of several chronic health conditions; Lion H suffered from hydrocephalus, kidney

failure, and severe arthritis.

4.4.2 Real-time PCR for diagnosis of SARS-CoV-2 infection

Swabs were transported to the CSU Veterinary Diagnostic Laboratories. Real-time PCR (RT-

PCR) was carried out as previously described (Miller et al., 2024). Nasal swab samples were stored

at -80°C for 6-8 months, at which point 200-500 µL aliquots were prepared for NGS evaluation.

4.4.3 Next-generation sequencing of RT-PCR positive nasal swab samples

Aliquots of nasal swab samples that tested positive for SARS-CoV-2 via RT-PCR were thawed

and inactivated with Trizol reagent (Invitrogen) for five minutes at room temperature prior to RNA

isolation using a modified protocol for the Zymo RNA Clean & Concentrator-5 kit with New Eng-

land Biolabs DNase I. RNA was eluted in 20-24 µL nuclease-free water with a one minute and

9,000 x g centrifugation step. RNA was kept on ice or stored at -80°C before continuing with re-

verse transcription. Complementary DNA (cDNA) was generated using SuperScript™ IV Reverse

Transcriptase (Invitrogen) and stored at -20°C prior to tiled amplicon PCR. Complete protocols

for RNA and cDNA are available in the project Github repository at https://github.com/

laurabashor/DZSARS2/. To control for false-positives resulting from PCR amplification, all

biological samples were processed in two technical replicates for cDNA generation onwards.

Replicate samples were enriched for SARS-CoV-2 genomic material using a tiled amplicon

PCR protocol developed by the ARTIC Network. The ARTIC version 4 (V4) primer scheme

was used to generate a pool of overlapping amplicons that cover the entire SARS-CoV-2 genome.

Pooled PCR products were visualized on 1% agarose gels, quantified using a Qubit dsDNA 1x High
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Sensitivity Assay kit (Thermo Fisher Scientific), and 100 ng of DNA was input into library prepa-

ration. Libraries were prepared using NEBNext Ultra II DNA Library Prep kits (New England

Biolabs) and individual replicates were uniquely dual indexed with NEBNext Multiplex Oligos

for Illumina (New England Biolabs). All bead cleanups were performed using Ampure XP beads

(Beckman Coulter).

All RT-PCR positive samples were sequenced on the same Illumina MiSeq instrument at the

Colorado State University Next Generation Sequencing Facility using v2 500 cycle 2 x 250 bp

kits (Illumina). The technical replicate libraries for Lion F collected on October 21st were pooled

and sequenced as a test run with a separate project. All other individual libraries from positive

samples were pooled evenly into three sequencing libraries corresponding to three separate se-

quencing runs, each containing a blank RNA extraction negative control library that was subjected

to all of the processing steps. A spreadsheet detailing the samples and index sequences in each li-

brary is available in the project Github repository at https://github.com/laurabashor/

DZSARS2.

4.4.4 Next-generation sequencing of RT-PCR inconclusive nasal swab samples

Aliquots of nasal swab samples that tested inconclusive for SARS-CoV-2 by RT-PCR (N=

1 tiger, 33 lion, 13 hyena samples) were screened for the quantity and quality of SARS-CoV-2

genomic material by processing through the ARTIC PCR and gel visualization step of the above

protocol. Samples that appeared to be candidates for successful library preparation were then

prepared in technical duplicate according to the above protocol, in addition to one blank RNA

extraction negative control. All RT-PCR inconclusive samples were sequenced on one run of an

Illumina MiSeq instrument at the University of Colorado Boulder Center for Microbial Exploration

Sequencing Center using a v2 500 cycle 2 x 250 bp kit (Illumina). Sequencing datasets from six

of these passed quality control and are included in this report, including the sample for Lion I on

November 4th, Lion C on November 15th and 18th, and Lion F, Lion I and Hyena D on November

22nd.
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4.4.5 Variant calling and bioinformatics

Sequencing data in FASTQ file format were input into the nf-core/viralrecon bioinformatics

analysis pipeline version 2.6.0 for detailed quality control metrics, lineage assignment, within-host

viral variant calling, variant annotation, and the generation of consensus sequences. The pipeline

is designed to perform low-frequency variant calling for viral samples. For initial analyses, we

used the nf-core/viral recon default as a SARS-CoV-2 reference sequence, GenBank MN908947.3.

However, we used a modified GFF for MN908947.3 that separates ORF1a and ORF1b to account

for the -1 ribosomal frameshift. This is consistent with the approach used by Nextstrain.

Briefly, nf-core/viral recon merges paired FASTQ files and read quality is assessed (FastQC)

prior to trimming for quality and adapters (fastp) and removal of host reads (Kraken 2). Reads

are aligned to a reference sequence, and variant calling is performed (Bowtie 2, SAMtools, iVar,

picard) followed by variant annotation (SnpEff, SnpSift). Finally, consensus sequences are gener-

ated and assessed (BCFtools, QUAST, Pangolin, Nextclade). Coverage and quality metrics and a

complete variant table, modified minimally for clarity, are available in Tables C.3 and C.4.

At this stage sequence data were subjected to a manual round of quality control prior to down-

stream analyses, using the metrics reported in the nf-core/viralrecon pipeline multiqc report (Table

C.3). Replicate NGS datasets that had greater than or equal to 75% 1X and 10X coverage and

less than 25,000 Ns per 100kb were retained for within-host variant analysis. This removed three

datasets generated from blank RNA extraction negative control samples, 16 datasets corresponding

to both technical replicates for eight biological samples, and two single replicate datasets corre-

sponding to two other biological samples (Lion I on November 22nd and Lion C on November

4th). After quality control, 124 next-generation sequencing datasets corresponding to 63 biological

samples from 16 individuals (three hyenas, 11 lions and two tigers) were retained. This included

1 or 2 timepoints for each tiger, 3-7 timepoints for each lion, and 1-4 timepoints for each hyena.

The mean sequencing depth of a dataset ranged from 2012X to 6997X. The overall mean and me-

dian sequencing depth of coverage across the full SARS-CoV-2 genome were 3754X and 2826X

respectively.

79



For analysis requiring all consensus sequences in our dataset (the phylogenetic tree) one of

the two technical replicates was selected using the quality control metrics generated by the nf-

core/viralrecon pipeline. Of the two technical replicates, the sequence with a higher value for

“99% coverage > 10x” was selected. If this metric was the same, the sequence with fewer Ns per

100kb was selected. If the number of Ns was the same, the sequence with a higher overall median

coverage value was selected.

For analyses involving just one consensus sequence per individual (the haplotype network), we

aimed to select the highest quality sequence collected at the latest date. To do this, the sequence

generated at the latest timepoint with high coverage metrics (≥ “99% coverage > 1X” and ≥ “99%

coverage > 10X” and < “1225 Ns per 100kb”) was selected. The dataset generated from the sample

collected on Nov. 22nd from Hyena D passed the initial manual quality control step after NGS,

but did not meet this more stringent cutoff. However, it was still included because it was the only

sequence generated from this individual.

For a subset of additional analyses, a second bioinformatics pipeline for viral variant analysis

was employed: https://github.com/stenglein-lab/viral_variant_caller.

This pipeline outputs raw sequencing depth across all datasets at all genomic positions which we

used to calculate summary statistics. It was also used to generate VCF files in the appropriate

format for input in the SNPGenie pipeline (see below).

Based on our conclusion that the two tigers were infected first, we also assessed within-host

variation relative to a “tiger reference sequence:” the consensus SARS-CoV-2 sequence of the

virus samples recovered from the two tigers tested on October 7th. The two tiger sequences were

aligned with MUSCLE, and a consensus sequence was generated with emboss. This consensus

was then used as the reference sequence for running the nf-core/viralrecon pipeline with a custom

configuration, using the remaining NGS datasets from lions and hyenas (only those with two high

quality technical replicates) as input.
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4.4.6 Mutation naming conventions and validation

For all mutations described and visualized in this report, the first naming convention used for

mutations in the region that codes for the ORF1ab polyprotein is described as its position within

either ORF1a or ORF1b. To help provide additional context, for mutations in this region we also

list the specific nonstructural protein affected. We also interrogated sequencing coverage at the

genomic position corresponding to each mutation discussed in this report to and confirmed >100X

coverage in both sequencing replicates.

To identify mutations in our dataset that are characteristic of SARS-CoV-2 lineage AY.20, a list

of 32 characteristic mutations was obtained from https://outbreak.info/situation

-reports?pango=AY.20. This list is available as Table C.2. We modified this table with infor-

mation about the nonstructural protein impacted by mutations in ORF1ab, and with alternate names

for mutations based on the annotation and naming convention output by the nf-core/viralrecon

pipeline. Briefly, the outbreak.info mutation list includes E156G and del157/158 in Spike, whereas

our dataset has the mutation E156_R158delinsG. This is the same change with a different name.

Similarly, outbreak.info lists del119/120 in ORF8, whereas our dataset has D119_F120del. Fi-

nally, our dataset describes a C>T change at genomic position 27874, which would cause a T to

an I amino acid change. In our annotation schema, this effect is described as upstream of ORF8,

and in outbreak.info it is listed as T40I occurring in ORF7b. These are also the same change with

a different name. Finally, S84L in ORF8 is listed as a characteristic mutation of AY.20 in the out-

break.info list. However, this mutation was already present in the reference sequence used in our

analysis (GenBank MN908947.3), and all sequences we generated also had the L residue at this

position. Therefore, after accounting for these annotation disparities, all mutations characteristic

of AY.20 were identified in our sequences.

Some mutations that appear in the Nextstrain phylogeny are not discussed in our results, mainly

due to insufficient sequencing depth or failure to be detected in both technical replicates. Various

mutations observed at residue S2287 in ORF1a in Lion I on October 29th, Lion J on October

26th, Lion I on November 22nd, and Lion C on November 4th were not supported by robust se-

81



quencing depth, indicating potential error. A number of other discrepancies between the Nextstrain

phylogeny and the variant analysis reported here are noted below. The sequence from Lion F on

November 2nd also had the unique mutation T632I in S, but this was not supported by both tech-

nical replicates despite robust sequencing depth. The sequence from Lion C on November 18th

had the S3376A in ORF1a and T1009I in S but S3376A is not supported by sequencing depth and

T1009I was not supported by both technical replicates despite robust sequencing depth. The se-

quences from Lion J on October 26th, Lion C on November 4th, and Lion I collected on November

22nd share the reversion to root ORF1a S2287P in nsp3 (nucleotide mutation T7124C). However,

this genomic position is not supported by robust sequencing depth in either of these samples. The

sequence from Lion B on December 13th had the unique mutation ORF1a L1375F and T1854I;

both were not supported by both technical replicates despite robust sequencing depth. The se-

quence from Lion C on November 4th also has three other unique mutations: L3201F and C4213F

in ORF1a and Q56L in ORF6. Because we were not able to generate a technical replicate for this

sample, we did not include this sample in our within-host variation analysis. As no other samples

from Lion C had these mutations, they may represent sequencing errors.

4.4.7 Public SARS2-CoV-2 data, phylogenetic trees and haplotype network

A time-based phylogenetic tree was generated with Nextstrain software following the ncov

SARS-CoV-2 workflow (Hadfield et al., 2018). All sequence data not generated in this study

were obtained from GISAID (Shu & McCauley, 2017). The tree (Figure 4.2A) included three

data inputs: (1) sixty-three SARS-CoV-2 consensus sequences generated from zoo animals, (2)

all human-derived sequences classified as AY.20 in the state of Colorado between September 23rd

and November 4th, 2021 (N = 198 sequences), and (3) a random subsample of human-derived

sequences in Colorado from the days leading up to the zoo outbreak (100 sequences/day from

September 23rd to October 7th, 2021; N=1500 sequences). The first tree is publicly available at

https://nextstrain.org/community/laurabashor/DZSARS2/COAY20. A sec-

ond phylogenetic tree (Figure S1) was generated with Nextstrain using the above method, and in-

cluding four data inputs: (1) sixteen SARS-CoV-2 consensus sequences from the Denver Zoo out-
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break corresponding to the highest quality sequence collected at the latest date from each individual

animal, (2) a random subsample of human-derived sequences in Colorado from the days leading

up to the zoo outbreak (100 sequences/day from September 23rd to October 7th, 2021; N=1500

sequences), (3) all felid- and hyena- derived SARS-CoV-2 sequences available in the GISAID

database prior to December 2021, and (4) contextual sequences collected in the same time and

place as each animal sequence (100 human-derived sequence per animal-derived sequence from

the United States; 10 sequences for animal-derived sequences from other locations). Felids include

domestic cats, lions, tigers, snow leopards, a fishing cat, and a leopard cat. The second tree is pub-

licly available at https://nextstrain.org/community/laurabashor/DZSARS2/

felidshumans. Detailed acknowledgements for both trees including the authors, originating

and submitting laboratories of all sequence and metadata obtained from GISAID are available in

GISAID EPI_SET_240407tz and EPI_SET_240407wv (see Supplementary Information). A hap-

lotype network was generated with the ‘pegas’ package in R using an alignment (MUSCLE) of the

latest high-quality sequence obtained from each individual.

SARS-CoV-2 genomes from nasal swab samples from all eleven lions collected on October

14th and one hyena collected on October 28th were also sequenced by USDA APHIS at the time

of the outbreak (accessions included in GISAID EPI_SET_240407tz). A comparison of the con-

sensus sequences obtained in our study from lions and hyenas on these dates reveals high overall

identity, with two SNPs observed in the APHIS sequences that were not detected in our datasets.

Based on shared SNPs, the hyena sequence (GISAID accession EPI_ISL_6810900) was likely

generated from a sample from Hyena A. All other GISAID sequences discussed in this report are

included in GISAID EPI_SET_240407tz.

4.4.8 Within-host virus population demographics and signatures of selection

Within-host virus population demographics and signatures of selection were calculated with

SNPGenie (Nelson, Moncla, & Hughes, 2015). The SNPGenie pipeline calculates nucleotide

diversity as the mean number of pairwise differences per nonsynonymous or synonymous site

in the genome from next-generation virus sequencing data, and estimates are weighted by allele
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frequencies at these sites. This analysis was done at both the population, or virus sample level, and

by SARS-CoV-2 gene product.

Linear mixed models were used to evaluate statistical differences in πN and πS over time

(measured as days since first positive test) and among host species, using the lmer() function in

the ‘lme4’ package in R. Time and species were fixed effects, with animal ID as a random effect

to account for repeated measures of the same individual over time. The residuals of both models

were normally distributed, and the statistical summary table was generated with the tab_model()

function in the ‘sjPlot’ package in R. In this table, the conditional R2 for the πS model on the

righthand side is “NA” because zero variance was explained by the animal ID grouping factor. No

formal analysis was done to distinguish endpoint πN/πS ratios for Figure 4.5A due to insufficient

sample size.
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Chapter 5

Distinct patterns of within-host evolution detected in experimental exposures

of wildlife species with two SARS-CoV-2 variants4

SARS-CoV-2 infects a wide range of non-human animal species, and the risk of virus mainte-

nance and continued evolution, particularly in peridomestic wildlife populations, is still poorly un-

derstood. Furthermore, SARS-CoV-2 has continued to change as it adapts to humans, evolving into

successive new variant lineages. We demonstrate the use of experimental exposures as a controlled

system to test hypotheses surrounding SARS-CoV-2 adaptation following host shifts. We evaluated

viral genomes recovered from six species of wildlife experimentally exposed to two SARS-CoV-2

variants, WA01 and Delta, that were isolated from humans and propagated in Vero cells prior to

infection. Oral and nasal swab samples were collected between 2-7 days post-infection from deer

mice (Peromyscus maniculatus, n=3), bushy-tailed woodrats (Neotoma cinerea, n=3), Brazilian

free-tailed bats (Tadarida brasiliensis, n=4), striped skunks (Mephitis mephitis, n=5), red foxes

(Vulpes vulpes, n=9), and mule deer (Odocoileus hemionus, n=6), and subjected to next-generation

sequencing of full viral genomes at a high depth of coverage, using a tiled amplicon approach.

Consistent with our expectations, we observed within-host variant emergence and genomic signa-

tures of selection in viruses recovered from infected animals. Notably, we observed significantly

more within-host variation (WA01 mean: 5.25 variants, Delta mean: 2.67 variants), higher relative

effective population sizes, and genomic signatures of positive selection in viruses from animals in-

fected with the more ancestral WA01 variant lineage compared the Delta variant. We also noted a

potential host species barrier to infection in striped skunks exposed to WA01. Our findings did not

support our hypothesis that we would observe increased adaptation in a relatively less SARS-CoV-

2-susceptible species, Brazilian free-tailed bats. However, we observed six apparently de novo

mutations in two mule deer infected following deer-to-deer contact. This confirmed our expecta-

tion that free-ranging mule deer, similar to white-tailed deer populations, pose the risk of acting

4This chapter was co-authored by Bashor, L., Porter, S., Marano, J.M., Root, J., Bosco-Lauth, A., & VandeWoude, S.
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as viral reservoirs and supporting rapid SARS-CoV-2 evolution. The results of this study highlight

the continued need for SARS-CoV-2 surveillance in peridomestic wildlife species, and success-

fully demonstrate the use of experimental infections to investigate viral evolution following host

shifts.

5.1 Introduction

SARS-CoV-2 is the major contemporary example of the origins of a pandemic: zoonotic

spillover of a pathogen from a non-human animal host into humans, followed by adaptation to

humans. However, spillover is not unidirectional; a broad range of animal species including do-

mestic animals, wild animals living in captivity, and peridomestic wildlife have been exposed

through human-to-animal transmission of SARS-CoV-2 (APHIS, 2024a). Furthermore, humans

have also been infected again through spillback (Sila et al., 2022; Yen et al., 2022; Munnink et al.,

2021; Lu et al., 2021; Hammer et al., 2021; Siegrist et al., 2023; Pickering et al., 2022; Feng et al.,

2023).

Every cross-species transmission event is noteworthy due to the potential for strong selective

pressures exerted by a novel host. The frequency with which these host shifts have occurred and

the role that they have played in SARS-CoV-2 evolution to date can only be estimated. However,

it is clear that the virus has undergone strong selection in both humans and animals over the course

of the pandemic (Kemp et al., 2021; McBride et al., 2023; Tan et al., 2022). Of particular note,

high infection prevalence, rapid virus evolution and at least one spillback into humans have been

documented in free-ranging white-tailed deer (WTD; Odocoileus virginianus) populations in North

America (Pickering et al., 2022; Feng et al., 2023; McBride et al., 2023; Chandler et al., 2021;

Hale et al., 2021; Kuchipudi et al., 2022; Palermo et al., 2021). Virus genomes recovered from

WTD have spanned the breadth of SARS-CoV-2 variant lineages, including ancestral variants that

are no longer circulating in humans (Feng et al., 2023; Marques et al., 2022; Caserta et al., 2023;

Vandegrift et al., 2022). Furthermore, they carried many divergent mutations, leading to the finding

that SARS-CoV-2 evolves at a faster rate in WTD than in humans (McBride et al., 2023).
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Although the most extensive SARS-CoV-2 surveillance of wildlife has focused on WTD pop-

ulations, there have also been surveillance efforts in other species (Aguiló-Gisbert et al., 2021;

Earnest et al., 2023; Despres et al., 2023; Italiya et al., 2023; APHIS, 2024b). Pairing disease

surveillance with investigation of virus evolution in free-ranging animals poses additional chal-

lenges. An important first step is to identify species that pose a greater risk or are of particular

scientific interest. Experimental exposures offer an opportunity to evaluate virus evolution fol-

lowing host shifts across multiple species in a controlled environment. Previous studies by our

research group have highlighted interesting patterns in within-host virus evolution in domestic

animals, including increased signs of virus adaptation in dogs, a relatively less susceptible host

species (Bashor et al., 2021, 2022).

Evaluating SARS-CoV-2 evolution and transmission in additional species is thus important for

two reasons: (1), furthering scientific understanding of virus evolution following host shifts in the

face of both SARS-CoV-2 and future pandemics, and (2), assessing the potential of specific animal

populations to support the evolution of divergent SARS-CoV-2 variants. The susceptibility of many

peridomestic wildlife species to SARS-CoV-2 has previously been established. Furthermore, the

ecological factors that enable spillover and spillback are already in place for these animals living

in close proximity to humans. However, species-specific drivers of virus evolution, in particular

the within-host dynamics immediately following a cross-species transmission event, remain to be

determined.

In this study, we tested the hypothesis that SARS-CoV-2 evolution following a host shift

would be characterized by within-host variant emergence and genomic signatures of selection

using virus samples collected from six species of experimentally inoculated animals: deer mice

(Peromyscus maniculatus), bushy-tailed woodrats (Neotoma cinerea), Brazilian free-tailed bats

(Tadarida brasiliensis), striped skunks (Mephitis mephitis), red foxes (Vulpes vulpes) and mule

deer (Odocoileus hemionus). We observed distinct patterns of within-host evolution based on the

SARS-CoV-2 variant lineage used for infection (WA01 or Delta). In particular, WA01 virus popu-

lations in striped skunks were impacted by host barrier. Although we did not confirm our hypoth-
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esis that SARS-CoV-2 would evolve more rapidly in Brazilian free-tailed bats, a less susceptible

species, we did confirm rapid virus evolution following deer-to-deer transmission.

5.2 Results

5.2.1 Next-generation sequencing of SARS-CoV-2 genomes from experimentally infected

wildlife

Deer mice, bushy-tailed woodrats, Brazilian free-tailed bats, red foxes, striped skunks, and

mule deer were previously determined to be susceptible to SARS-CoV-2 by experimental exposure

(A. M. Bosco-Lauth et al., 2021, 2022; Porter et al., 2022, 2024). A brief summary of the findings

from these studies, including the dose and variant lineage of the inoculum virus, detection of

virus shedding, seroconversion, and clinical signs is presented in Table 5.1. In this study, next-

generation sequencing (NGS) was used to further evaluate viral RNA isolated from nasal and oral

swab samples collected during these studies.

Relative differences in the levels of viral RNA present in inoculum and swab samples included

in this study were detected by RT-PCR (Figure 5.1a,b). There were significant differences in viral

RNA levels measured by RT-PCR cycle threshold (Ct) between animal-derived (mean: 24.6) and

inoculum-derived (mean: 14.7) samples (t-test, t = 2.6, df = 29, p-value = 0.013). Furthermore,

there were significant differences in viral RNA levels by host species (ANOVA, df = 5, f-value

= 7.3, p-value = 0.00030). Pairwise comparisons indicated significantly more viral RNA (lower

mean Ct values) was detected in mule deer and red fox samples (Table D.1).

To evaluate SARS-CoV-2 variation and evolution in susceptible wildlife species, we sequenced

complete virus genomes from six species experimentally exposed to two variant lineages of SARS-

CoV-2: WA1/2020WY96 and Delta hCoV-19/USA/MD-HP05647/2021, hereafter referred to as

WA01 and Delta (Figure 5.1c,d). Sequencing data were also generated from the viral stocks used

for inoculation. Sampling collection method and timepoint or passage varied among animal and

inoculum samples (Table 5.2). High-quality NGS datasets were obtained for 31 samples, including

two inoculum samples and 29 animal-derived samples (Figure 5.1d, Table D.2). Although all

samples were sequenced at a high depth of coverage, Delta samples were sequenced more deeply
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Figure 5.1: Detection of SARS-CoV-2 RNA and NGS coverage depth varied among virus samples. Viral
RNA was isolated from SARS-CoV-2 variant inoculums (n=2), and nasal and oral swabs collected from
experimentally infected deer mice (n=3), bushy-tailed woodrats (n=3), striped skunks (n=5), Brazilian free-
tailed bats (n=4), red foxes (n=9), and mule deer (n=5). In each plot, samples are colored according to
SARS-CoV-2 variant (WA01=blue, Delta=orange). (a,b) Levels of SARS-CoV-2 (SARS2) viral RNA were
measured with an RT-PCR targeting the viral nucleocapsid (N) gene. Each point indicates the mean cycle
threshold (Ct) value of two technical replicates for one viral RNA sample. Triangles indicate mule deer
infected through contact transmission. RT-PCR was performed with the EXPRESS One-Step SuperScript
qRT-PCR Kit (ThermoFisher Scientific). (c) Median depth of sequencing coverage across the SARS-CoV-
2 genome for each viral RNA sample subjected to NGS. All WA01 samples were sequenced in technical
duplicate except for Woodrat B, and the Delta inoculum was sequenced in triplicate; in these cases, each
bar represents the median of the replicate datasets combined. Delta samples from animals were sequenced
singly. (d) Total number of samples subjected to NGS grouped by species and SARS-CoV-2 variant inocu-
lum.
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(Figure 5.1c). All WA01 and Delta samples, including the inoculums, were classified as Pangolin

lineages A and AY.106 respectively.

5.2.2 Within-host and consensus-level SARS-CoV-2 genetic variation

Across all SARS-CoV-2 samples from infected animals and the WA01 and Delta inoculums,

we observed 68 unique mutations in the SARS-CoV-2 genome relative to the ancestral Wuhan-1

reference sequence (GenBank MN908947). Twenty-eight of these were found at least once in an

animal or inoculum sample at variable allele frequencies (<100%), or were fixed in an animal and

not detected in the inoculum. In this report, we will refer to these mutations as within-host variants.

Using this classification, four within-host variants were present in the WA01 inoculum, and two

in the Delta inoculum sample (Figure 5.2a). Notably, there was a significant difference between

the average number of within-host variants in WA01 (mean: 5.25 variants) and Delta (mean: 2.67

variants) samples from infected animals (t-test, t = -4.1, df = 27, p-value = 0.00037).

There was variation in the number of within-host variants observed both between and within

species. However, a significant association between the number of within-host variants and host

species was not observed, even taking into account the effect of variant lineage (ANOVA, species:

df = 6, f-value = 2.1, p-value = 0.094; variant lineage: df = 1, f-value = 23.2, p-value = 0.000074).

Notably, the three directly inoculated deer had the same sequence as the Delta inoculum, whereas

samples from the two contact-infected mule deer each had 2-4 more within-host variants. We also

tested the hypothesis that the amount of viral RNA in the original sample could impact the number

of within-host variants detected, but found no significant effect of RT-PCR Ct on the number of

variants (linear model, R2 = 0.00086 , f-value = 0.016, df = 19 , p-value = 0.90).

5.2.3 Specific SARS-CoV-2 mutations identified in wildlife and their predicted effects

More than half (n=17) of the 28 SARS-CoV-2 within-host variants in our dataset were clas-

sified as missense (nonsynonymous) single nucleotide variants (SNVs) (Figure 5.2c,d). Predicted

effects of the remaining variants included synonymous (n=7), conservative in-frame deletion (n=1),
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Table 5.1: Summary of relevant findings from published experimental exposure studies revealing that the
six wildlife species in this study are susceptible to SARS-CoV-2. Dose is represented by the range of virus
plaque-forming units (pfu) received by individuals of a species via intranasal inoculation, measured by
back-titration on Vero cells. Two mule deer were also infected through contact transmission. Shedding of
infectious virus was assessed by plaque assay on Vero cells. Samples collected between 2-7dpi from each
species were obtained for further evaluation by NGS in this study.

Species Susceptibility SARS-CoV-2 Dose Shedding of Seroconversion Clinical Reference
category Variant (log10 pfu) infectious signs

virus

Deer mouse susceptible WA01 4.5–4.9 shed orally neutralizing Abs none A. M. Bosco-Lauth
et al., 2021

Bushy-tailed susceptible WA01 4.5–4.9 shed orally neutralizing Abs none A. M. Bosco-Lauth
woodrat et al., 2021

Brazilian minimally WA01 3.5-3.6 no shedding neutralizing Abs none A. M. Bosco-Lauth
free-tailed bat permissive in 25% of bats et al., 2022

tested

Striped skunk susceptible WA01 4.5–4.9 shed orally neutralizing Abs none A. M. Bosco-Lauth
Delta 4.5-4.8 and nasally et al., 2021

Red fox susceptible WA01 5.1-6.0 shed orally neutralizing Abs lethargy Porter et al., 2022
Delta 4.5-4.8 and nasally and sneezing

Mule deer susceptible Delta 4.5 shed orally neutralizing Abs none Porter et al., 2024
and nasally

Table 5.2: Sampling collection method and timepoint or passage varied among animal and inoculum sam-
ples. For experimentally exposed animals, timepoint is presented as days post-infection (dpi). For contact
mule deer, dpi references the number of days after the direct inoculation of the other deer. For inoculum
samples, timepoint is presented as passage number (P1 or P2) in Vero cells.

Variant lineage Species Animal ID Infection type Sample timepoint
and type

WA01 WA01 SARS-CoV-2 inoculum P2 cell supernatant

Deer mouse Deer mouse A-C direct 3dpi oral swab
Bushy-tailed Woodrat A-C direct 3dpi oral swab
woodrat
Brazilian Bat A-C direct 3dpi oral swab
free-tailed bat Bat D 2dpi oral swab
Striped skunk Skunk A-D direct 3dpi oral swab
Red fox Fox A-F direct 3dpi oral swab

Delta Delta SARS-CoV-2 inoculum P1 cell supernatant

Striped skunk Skunk E direct 2dpi oral swab
Red fox Fox G-I direct 2dpi oral swab
Mule deer Mule deer A direct 2dpi nasal swab
Mule deer Mule deer B contact 3dpi nasal swab
Mule deer Mule deer C contact 7dpi nasal swab
Mule deer Mule deer D direct 5dpi nasal swab
Mule deer Mule deer E direct 3dpi nasal swab
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Figure 5.2: Virus genomes from animals infected with the SARS-CoV-2 WA01 variant had (a,b) more
within-host variants than Delta variant samples, although there were more in contact-infected deer than
other Delta animals; (c,d) nonsynonymous single nucleotide variants (SNVs) were the most common type of
within-host variant in both WA01 and Delta samples. In each plot, samples are colored according to SARS-
CoV-2 variant (WA01=blue, Delta=orange). Within-host variants include mutations relative to the Wuhan-1
reference sequence that were detected at least once in an animal or inoculum sample at variable allele
frequency, or mutations that were fixed in an animal and not detected in the inoculum. (a,b) The number of
within-host variants detected in (a) WA01 and (b) Delta variant inoculum and animal virus samples. The
mean number of within-host variants in WA01 animals was significantly greater than in Delta animals (t-
test, t = -4.1, df = 27, p-value = 0.00037). All animals were exposed by direct intranasal inoculation except
for two mule deer infected through contact transmission, indicated with triangles. A black circle (•) in the
center of a point indicates a virus sample from a WA01 red fox or striped skunk that showed signs of a host
barrier to infection. (c,d) The predicted effect of the 28 unique within-host variants detected in (c) WA01
and (d) Delta virus samples.
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frameshift, stop lost, & splice region variant (n=1), stop gained (n=1), and upstream gene variant

(n=1).

Eighteen within-host and two fixed variants were observed just once in one individual animal,

and not in the relevant viral inoculum (Table 5.3). These variants may have emerged de novo

during infection. Interestingly, these potential de novo variants were only observed in three of the

five WA01-infected species: deer mice, red foxes, and striped skunks. Furthermore, potential de

novo variants were only seen in the contact-infected Delta mule deer. The six single-observation

variants seen in Mule deer B and C included three mutations in open reading frame (ORF) 1b:

A831A, P864P, and D1388Y, the first two of which are synonymous changes in the nonstructural

protein (nsp) 12, which encodes the SARS-CoV-2 RNA-dependent RNA polymerase (RdRp), and

the third a nonsynonymous change in nsp13, which encodes the SARS-CoV-2 helicase. The three

other mule deer mutations include envelope (E) L51F and ORF7a Q62* and Y97Y.

Based on our observation of significant differences between the WA01 and Delta infections,

we chose to examine specific mutations identified in these datasets separately. In the original

WA01 inoculum sample, passaged twice in Vero cells, six mutations were identified relative to

the Wuhan-1 reference sequence ranging from 47-100% allele frequency (AF). Three of these

mutations were fixed in the inoculum sample and essentially remained fixed in all infected animals:

ORF1a S2839S, ORF1b L1531L, and ORF8 L84S (Figure 5.3a). ORF8 L84S decreased to 99.5%

AF in one bat, and ORF1a S2839S and ORF1b L1531L were not observed in some animal samples

due to low sequencing coverage at those genomic positions. Three other mutations, spike (S)

D215H, membrane (M) T7I, and nucleocapsid (N) S194T, were detected in the inoculum at 47-

66% AF, and saw further variation in animals.

Changes in variant AF between the inoculum and animal samples revealed the impacts of a

bottleneck or selective sweep reflecting a host barrier to infection (Figure 5.3a). The three variants

present at varying allele frequencies in the WA01 inoculum, S D215H, M T7I, and N S194T,

reached near fixation in samples from all four striped skunks, and one red fox, Fox C. This suggests

that all three are linked and were transmitted as part of the same viral haplotype. Notably, potential
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Table 5.3: Twenty within-host variants may have emerged de novo in experimentally infected animals.
The listed mutations were observed once in an animal sample but were not detected in the viral inoculum.
Mutations are grouped by species and inoculum variant, including relevant annotations and observed allele
frequency (AF). Both mule deer B and C were infected through contact transmission from another directly
inoculated mule deer (indicated with an *). Samples from Fox C and Skunks A-D showed signs of a host
barrier to infection (indicated with a •)

Species Animal Genome Amino acid AF Reference Variant Predicted
(inoculum ID position variant base base effect
variant)

Deer mouse (WA01) A 22301 S S247R 0.45 A C missense
A 23525 S H655Y 0.49 C T missense
A 27381 ORF6 D61fs 0.495 TGATTA T frameshift, stop lost

& splice region variant

Mule deer (Delta) C* 15960 ORF1b A831A 0.62 C T synonymous
(nsp12 A840A)

B* 16059 ORF1b P864P 0.33 T C synonymous
(nsp12 P873P)

C* 17632 ORF1b D1388Y 0.57 G T missense
(nsp13 D465Y)

B* 26395 E L51F 0.42 C T missense
B* 27577 ORF7a Q62* 0.28 C T stop gained
B* 27684 ORF7a Y97Y 0.28 C T synonymous

Red fox (WA01) A 78 T78G 0.415 T G upstream gene variant
C • 1401 ORF1a G379E 0.9 G A missense

(nsp2 G199E)
C • 12755 ORF1a T4164A 0.98 A G missense

(nsp9 T24A)
D 21849 S E96A 0.285 A C missense
C • 23536 S N658N 0.975 C T synonymous
C • 29118 N T282I 0.935 C T missense

Striped skunk (WA01) C • 9985 ORF1a D3240D 0.705 C T synonymous
(nsp4 D477D)

A • 22458 S T299I 1 C T missense
D • 22661 S V367F 0.49 G T missense
A • 24259 S A899A 1 T C synonymous
C • 28133 ORF8 T80T 0.45 A G synonymous
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Figure 5.3: SARS-CoV-2 within-host variants were shared between and within experimentally infected
wildlife species; the fixation of a set of variants in WA01 striped skunks and one red fox implies a host
barrier to infection. In all plots, each plot facet is a SARS-CoV-2 mutation relative to the Wuhan-1 refer-
ence sequence, and each point represents one observation of that mutation in an inoculum or animal sample.
Points are colored according to SARS-CoV-2 variant used in infection (WA01=blue, Delta=orange). Tri-
angles indicate mule deer infected through contact transmission. A black circle (•) in the center of a point
indicates a virus sample from a WA01 striped skunk or red fox that showed signs of a host barrier to infection.
(a) The six within-host variants detected in the WA01 inoculum were also detected in directly inoculated
animals. Although S D215H, M T7I, and N S194T were detected at lower frequency in the WA01 inoculum
and many animal samples, they became fixed in Fox C and Skunks A-D. (b) Two within-host variants were
found in multiple WA01 animals but were not detected in the inoculum. (c) Two within-host variants were
observed in the Delta variant inoculum and animals.
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de novo variants were noted more often in the virus samples from these four striped skunks and

Fox C (Table 5.3). Fox C had four de novo variants, all detected at >90% AF and the striped skunks

altogether had five de novo variants, two of which were fixed in Skunk A.

Two additional variants were observed in multiple WA01-infected animal samples, but we were

unable to detect in the inoculum at any level (Figure 5.3b). The S R685H mutation was observed

in two deer mice and two striped skunks. The ORF1b D126E mutation was observed in all three

deer mice, three red foxes, and all four striped skunks. The fixation of this mutation in all four

striped skunks and Fox C suggests that it may have been linked to the three inoculum mutations

that became fixed in those individuals. If this were the case, this mutation may have been present

at an undetectably low frequency in the original inoculum sample.

Overall, there was more genetic variation relative to the Wuhan-1 reference sequence in Delta

samples as compared to WA01 samples, but that variation remained almost identical after passage

of the Delta virus through animals. In the original Delta inoculum sample, passaged only once

in Vero cells, 40 mutations were identified relative to the Wuhan-1 reference sequence. All but

two of these were fixed in the inoculum and all animal samples (Figure 5.3c). The ORF8 deletion

mutation D119_F120del was present at 80.3% AF in the Delta inoculum, and ranged from 77-88%

in Delta animals. The ORF1a P2287S mutation was fixed in the inoculum but was decreased to

98% and 99% AF in one mule deer and one striped skunk (Skunk E).

5.2.4 Within-host population dynamics and signatures of selection

To characterize within-host virus populations, we calculated nucleotide diversity (π) for WA01-

and Delta-infected wildlife samples and their respective inoculums. Overall, the samples from

WA01 animals had significantly higher measures of π as compared to Delta samples (Figure 5.4a;

t-test, t = -8.1, df = 26, p-value = 1.5x10-8). This pattern held true for synonymous nucleotide

diversity, or πS, as well (Figure 5.4b; t-test, t = -6.8, df = 26, p-value = 3.2x10-7).

In general, much more variation in measurements of nucleotide diversity was observed in

WA01 samples, both within and between species. Many WA01 animal samples also demonstrated

slight increases in π and πS as compared to the WA01 inoculum. The most variation in π in Delta
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Figure 5.4: Higher baselines for (a,b) genomic nucleotide diversity (π), (c,d) relative effective popula-
tion size (πS), and (e,f) selection (πN/πS ratio) were observed in SARS-CoV-2 genomes recovered from
WA01-infected as compared to Delta-infected wildlife species; all Delta samples showed signatures of pu-
rifying selection. In all plots, each point indicates a value of π, πS or πN/πS obtained from NGS data for
SARS-CoV-2 inoculum or animal samples. Measurements of nucleotide diversity were calculated with the
SNPGenie pipeline. Points are colored according to SARS-CoV-2 variant used for infection (WA01=blue,
Delta=orange). A black circle (•) in the center of a point indicates a virus sample from a WA01 striped skunk
or red fox that showed signs of a host barrier to infection. Triangles indicate mule deer infected through
contact transmission. For WA01 samples (a,c,e), points represent the mean of two technical replicates; for
the Delta inoculum (see b,d,f), each point represents the mean of three technical replicates. (a, b) Genomic
nucleotide diversity for (a) WA01 and (b) Delta virus samples. (c, d) Nucleotide diversity at synonymous
sites, a relative measure of effective population size, for (c) WA01 and (d) Delta virus samples. (e, f) The
ratio of nonsynonymous (πN) to synonymous (πS) nucleotide diversity for (e) WA01 and (f) Delta virus
samples. A πN/πS ratio of 1 is shown with a red dotted line. A πN/πS ratio >1 indicates positive selection;
a πN/πS ratio < 1 indicates purifying selection.
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samples was observed in virus samples from deer, explained in large part by the potential de novo

mutations identified in the two contact deer. Measures of πS, representing relative virus effective

population size, also varied more in deer, which is consistent with a varied timing of sample collec-

tion ranging from 2-7dpi. However, no correlation was observed between π and dpi (linear model,

R2 = 0.0030, f-value = 0.089, df = 29, p-value = 0.77) or πS and dpi (linear model, R2 = 0.0016,

f-value = 0.045, df = 29, p-value = 0.83).

To assess the type and strength of selection acting on within-host virus populations, we calcu-

lated a πN/πS ratio for each sample (Figure 5.4c). All samples with genomic signatures of positive

selection (πN/πS > 1) came from the WA01 dataset (n=16 samples). This represented 80% of

all WA01 infections in this study (n=20 WA01-infected animals). However, the WA01 inoculum

itself had an overall weak signature of purifying selection (πN/πS < 1), along with four WA01

samples from a deer mouse, a bushy-tailed woodrat, a red fox, and a striped skunk. All Delta

animal samples (n=10 samples) and the viral inoculum showed signatures of purifying selection.

5.2.5 Comparison to previous passage of WA01 isolate three times in in Vero E6 cells

To further interrogate the differences observed between WA01 and Delta lineage infections, we

re-examined data generated by our laboratory in which another isolate of USA-WA01/2020 (Gen-

Bank: MN985325.1) was passaged three times in Vero E6 cells (Chapter 2 of this dissertation)26.

Samples were collected following each passage (P1, P2, and P3) and SARS-CoV-2 genomes were

sequenced at a high depth of coverage. Interestingly, after just one passage we observed a total of

eight mutations relative to the MN985325.1 reference sequence, which increased to 15 in P2, then

back to eight in P3.

Three of these variants were WA01 inoculum variants also observed in our study: S D215H,

M T7I, and N S194T, which increased from 4.2-14.6% AF in P1, to near fixation (95.9-96.7% AF)

in P3. Notably, both ORF1b D126E and S R685H, detected in our study only in animal samples,

were also detected in our previous study in P2 at 9.1-10.3% AF, increasing to 93.5-94.0% AF in

P3, but neither were detected in P1. This provides further evidence that both ORF1b D126E and S

R685H were present in low levels in the WA01 viral inoculum used in this study.

98



The difference between measurements of π and πS for the WA01 and Delta inoculum samples

in our study may be explained in part by virus passage and expansion in cell culture. WA01 was

passaged twice in Vero cells, whereas Delta was passaged once. In our previous work, we observed

an increase in π from P1 to P2 in Vero E6, although this did not hold through P3 (Figure 5.5a).

We also saw an increase in πS from P1 to P3, consistent with an expanding virus population size

(Figure 5.5b). Finally, we observed positive selection in P1 and P2, but purifying selection in P3

(Figure 5.5c). This stands in contrast to the current study, in which the πN/πS ratio was less than

one in both WA01 (P2) and Delta (P1), with the strongest signature of purifying selection in the

Delta inoculum (Figure 5.4c). This provides further support for the conclusion that differences

observed in our study result from biological differences between variant lineages.
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Figure 5.5: A SARS-CoV-2 WA01 isolate showed (a) varying nucleotide diversity (π), (b) increased relative
effective population size (πS), and (c) signatures of positive and then purifying selection following three
passages (P1, P2, P3) in Vero E6 cells. Data shown in these plots were previously obtained and published
by the authors, and re-analyzed for this study(Bashor et al., 2021). Measurements of nucleotide diversity
were calculated from SARS-CoV-2 NGS datasets using the SNPGenie pipeline. Each point represents the
mean of two technical sequencing replicates. (a) Genomic nucleotide diversity (π) increased from P1 to P2,
then decreased in P3. (b) Synonymous nucleotide diversity (πS), a measurement of the relative effective
population size, increased from P1 to P3. (c) Because πS = 0 for P1 and P2, πN and πS were shown
separately (πN > πS indicates positive selection; πN < πS indicates purifying selection).
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Figure 5.6: A direct comparison of SARS-CoV-2 genomes recovered from WA01- and Delta-infected
striped skunks and red foxes reveals variant lineage-driven differences in (a) within-host variation and (b)
the type and strength of selection (πN/πS ratio). In all plots, points are colored according to SARS-CoV-2
variant used for inoculation (WA01=blue, Delta=orange). A black circle (•) in the center of a point indicates
a virus sample from a WA01 striped skunk or red fox that showed signs of a host barrier to infection. (a)
Each point indicates the number of within-host variants in a WA01 and Delta inoculum and animal sam-
ples. Within-host variants include mutations relative to the Wuhan-1 reference sequence that were detected
at least once in an animal or inoculum sample at variable allele frequency, or mutations that were fixed in
an animal and not detected in the inoculum. (b) Each point indicates the ratio of nonsynonymous (πN) to
synonymous (πS) nucleotide diversity calculated from NGS datasets for SARS-CoV-2 inoculum or animal
samples using the SNPGenie pipeline. For all WA01 samples, data shown are the mean of two technical
replicates; for the Delta inoculum, data shown are the mean of three technical replicates. A πN/πS ratio of
1 is shown with a red dotted line. A πN/πS ratio >1 indicates positive selection; a πN/πS ratio < 1 indicates
purifying selection.
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5.2.6 Direct comparison of WA01- and Delta-infected striped skunks and red foxes

A direct comparison of virus sequencing data from striped skunks and red foxes, which were

infected with both variant lineages, provides further evidence that the baseline characteristics of

the inoculum variant lineage was a driver of virus within-host population dynamics. Between

WA01- and Delta-infected animals, no mutations were shared among members of a species. Virus

samples from WA01-infected striped skunks and red foxes had more within-host variants compared

to Delta-infected animals of the same species (Figure 5.6a). Similarly, both π, πS and πN/πS ratios

were higher in WA01 striped skunks and red foxes (Figure 5.6b).

Interestingly, signs of a bottleneck or selective sweep following WA01 infection were present

in both species. Furthermore, both striped skunks and red foxes infected with the WA01 lineage

saw the emergence of new mutations, but Delta-infected animals did not (Table 5.3). Skunks A and

C had two potential de novo mutations each, Skunk D had one; Foxes A and D had one mutation

each, Fox C had four).

5.2.7 Potential effect of host species body temperature on virus within-host population dy-

namics

Based on our observation of variation in SARS-CoV-2 within-host population dynamics among

different wildlife species, we carried out preliminary investigations based on the hypothesis that

host body temperature can impact several parts of the viral life cycle. The average body temper-

ature of the species in this study ranges from 36.0 to 40.0°C (Figure 5.7). Notably, higher body

temperature was significantly associated with higher levels of viral RNA (lower RT-PCR Ct), and

decreasing values of π, πS and πN/πS ratio in our sequencing dataset (linear models, Ct: R2 =

0.32, f-value = 13.6, df = 29, p-value = 0.00091; π: R2 = 0.37, f-value = 16, df = 27, p-value =

0.00044; πS: R2 = 0.33, f-value = 13.2, df = 27, p-value = 0.0012; πN/πS: R2 = 0.28, f-value =

10.4, df = 27, p-value = 0.0032).
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Figure 5.7: Host body temperature may have an impact on SARS-CoV-2 within-host variation and evo-
lution. Each point indicates the typical body temperature of the six wildlife species in this study or the
temperature of Vero cell culture. Body temperatures were obtained from the AnAge database: https://
genomics.senescence.info/species/index.html. The temperature indicated for woodrats
represents the mean body temperature of white-throated and desert woodrats, two Neotoma species in the
AnAge database whose geographic ranges overlap with the bushy-tailed woodrat. Supporting references are
available on the AnAge database page for each species.
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5.3 Discussion

In this study, we demonstrated the application of experimental infection systems to study virus

adaptation following spillover into novel host species. Twenty-nine individuals belonging to six

North American wildlife species were experimentally exposed to one of two SARS-CoV-2 vari-

ants: WA01 and Delta. We observed virus host-adaptation, host barriers to infection, and the

emergence of six novel mutations in mule deer following onward deer-to-deer transmission (Fig-

ure 5.8).

WA01
host barrier 
to infection WA01+

Delta Delta

contact 
transmission

Delta Delta+

Figure 5.8: Virus adaptation and within-host variation differed based on the SARS-CoV-2 variant used in
experimental exposures of wildlife, potentially due in part to host barriers to infection. Six novel SARS-
CoV-2 mutations emerged in mule deer following deer-to-deer transmission. A graphical model demon-
strates how experimental exposures can be used to reveal dynamics of SARS-CoV-2 evolution following
cross-species transmission. Graphic was created with BioRender.com. Silhouette images were ob-
tained from https://www.phylopic.org/. Vulpes vulpes by Anthony Caravaggi and Odocoileus

hemionus by Gabriela Palomo-Munoz are available under CC BY-NC 3.0 Deed license: https://

creativecommons.org/licenses/by-nc/3.0/.

Although the maintenance and evolution of SARS-CoV-2 in WTD populations in North Amer-

ica have been extensively documented, there are limited reports of natural infections in mule deer
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populations. Our findings support the conclusion that mule deer are competent SARS-CoV-2 reser-

voir hosts, and virus maintenance in mule deer populations results in the emergence of novel ge-

netic variation. We identified six de novo viral variants emerging in mule deer infected through

contact with directly inoculated deer. Of 603 SARS-CoV-2 sequences derived from Odocoileus

species in the GISAID database, only two are from mule deer (collected in California in Septem-

ber 2021 and Arizona in October 2022) (Shu & McCauley, 2017). These two mule deer sequences

do not share any novel mutations with the sequences generated in this study, but one of them is

classified as a Delta variant (AY.122 lineage).

SARS-CoV-2 sequences recovered from WTD are often highly divergent from each other and

from sequences from humans; furthermore, the virus may have a higher evolutionary rate in WTD

as compared to humans (McBride et al., 2023). We noted the rapid emergence of 2-4 de novo

mutations per mule deer following deer-to-deer transmission, and a change in the virus genomic

signature of selection relative to directly inoculated animals. Interestingly, two of these mutations

were synonymous changes in the gene encoding the viral RdRp, the most highly conserved protein

in RNA viruses. These findings suggest free-ranging mule deer populations exposed to SARS-

CoV-2 could be a source of novel viral variants.

We hypothesized that the inoculum virus would undergo rapid change in response to strong

selective pressures following establishment in a less permissive host environment. Brazilian free-

tailed bats are considered only minimally susceptible to SARS-CoV-2 infection based on the ab-

sence of detectable shedding of infectious virus or neutralizing antibody response following ex-

perimental exposure. We thus predicted that we would detect increased SARS-CoV-2 adaptation,

characterized by the emergence of within-host viral variation and genomic signatures of selection,

in this species. Our findings refuted this hypothesis; we did not observe novel within-host varia-

tion in viruses recovered from bats, and signs of selection were comparable to other WA01-infected

species.

Limitations to this study included variation in experimental exposures, sample collection meth-

ods, and sequencing approach. Importantly, the extent to which an NGS dataset is representative
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of the actual virus population sampled is determined in part by the depth of sequencing coverage.

Although we aimed for a high depth of coverage, WA01 samples in particular were sequenced at a

lower depth of coverage than Delta samples. However, WA01 samples were sequenced in techni-

cal duplicates, allowing us to control for false positive variants resulting from PCR amplification.

Across the variables measured in our dataset, the difference in sequencing coverage may confound

differences observed between the two variant lineages. However, it may be relevant to consider

that within the WA01 dataset, there were two outliers in sequencing coverage: Deer mouse A had

more than three times higher, whereas Fox A had less than half the sequencing coverage of most

other WA01 samples respectively. If sequencing coverage was driving the differences observed

between WA01 and Delta variant infections, we would expect that Deer mouse A would look very

different from Fox A, and more similar to Delta samples. However, Deer mouse A had high within-

host variation and a strong signature of positive selection, very unlike Delta samples. Furthermore,

together, Deer mouse A and Fox A had the lowest measures of π and πS across all WA01 samples.

Our analysis revealed clear and unanticipated differences in infection dynamics based on in-

oculum, which may have resulted from biological differences between the WA01 and Delta variant

lineages. Infections of deer mice, striped skunks, and red foxes were characterized by the emer-

gence of increased within-host variation relative to the WA01 inoculum. In contrast, the only novel

within-host variation in Delta-infected animals emerged after deer-to-deer contact transmission.

Overall, virus samples from WA01-infected animals had significantly more within-host variants

than those from Delta-infected animals. Furthermore, the majority (80%) of virus samples from

WA01-infected animals showed signs of positive selection, whereas all Delta samples showed signs

of purifying selection. Some differences in replication kinetics in cell culture between SARS-CoV-

2 ancestral variants and newer variants of concern (VOC) have previously been noted (Mlcochova

et al., 2021; Mautner et al., 2022). In general, the Delta variant has a distinct replication advantage

in human airway epithelial systems 32. However, in a direct comparison among variants using

Vero E6 cells, a non-VOC (B.1.1 lineage) variant replicated faster, and the number of infectious
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particles increased more quickly than any VOCs tested, including the Delta (B.1.617.2 lineage)

and Omicron variants (Mautner et al., 2022).

In addition to the disparity in sequencing coverage, there was also a difference in culture con-

ditions between the two variants. WA01 was passaged twice in Vero cells, whereas Delta was

passaged once, and this was reflected in the higher levels of viral RNA detected by RT-PCR in the

WA01 inoculum. This may account in part for the larger relative effective population size in WA01

compared to Delta. However, overall, more or less viral RNA in the inoculum didn’t correspond

directly to higher or lower levels of viral RNA in an infected animal. This supports our conclusion

that the difference in baseline population metrics between WA01 and Delta infections may be due

in part to biological differences between the two variant lineages, not only to expansion in cell

culture.

Future studies are required to determine how our findings extend to the Omicron variant. At the

time of this publication, SARS-CoV-2 continues to evolve off of the genetic backbone of Omicron,

which swept to dominance at the end of 2021, and thus future exposures of naïve wildlife will

likely involve this variant. Of note, preliminary experimental data indicates that striped skunks,

red foxes and deer mice are less susceptible to the Omicron and do not shed infectious virus

(A. Bosco-Lauth, 2024). However, pre-Omicron SARS-CoV-2 variants have been detected in

WTD populations long after they were no longer circulating in human populations (Feng et al.,

2023; Marques et al., 2022; Caserta et al., 2023; Vandegrift et al., 2022). The findings of this

study may therefore remain relevant, and it is of particular importance to determine if mule deer

populations have the same reservoir capacity. Increased disease surveillance of mule deer and

other periodomestic wildlife populations, including NGS analysis, is of key importance. Although

sampling free-ranging deer populations poses some challenges, annual harvests provide a unique

opportunity for disease surveillance. This has already been extensively utilized for SARS-CoV-2

testing of WTD collected as part of statewide chronic wasting disease (CWD) surveillance pro-

grams (Pickering et al., 2022; Chandler et al., 2021; Kuchipudi et al., 2022; Caserta et al., 2023).
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Furthermore, with appropriate handling and storage, samples collected for PCR-based diagnostic

testing are also usable for NGS.

Of all species investigated in this study, mule deer had the highest average body tempera-

ture at 40°C. Conversely, striped skunks are documented to enter daily torpor, during which time

their body temperatures drops lower than any other carnivore species, as low as 26°C (Hwang,

Larivière, & Messier, 2007). In vitro, temperature increases to 40°C have been shown to restrict

SARS-CoV-2 replication, and SARS-CoV-2 appears to replicate best at lower temperatures that are

more reflective of the human upper respiratory airway (Herder et al., 2021; V’kovski et al., 2021).

Ultimately, future investigations may benefit from focusing on the temperatures of the oral and

nasal cavities and airways of different species, including striped skunks during and out of torpor,

as possible determinants of SARS-CoV-2 replication and evolution.

Another unanticipated finding of this study was an apparent selective sweep or bottleneck fol-

lowing direct inoculation of all four striped skunks and one red fox with the WA01 variant, leading

to the complete fixation of all inoculum variants in these animals. This was somewhat unexpected,

given that all animals received a considerable intranasal dose of virus. It is not as obvious whether

a similar phenomenon affected the striped skunk and three red foxes infected with the Delta vari-

ant. There was little-to-no within-host variation in the Delta inoculum for selection or a bottleneck

to act upon in the first place. However, the Delta within-host variant ORF8 D119_F120del was

observed at a similar AF ( 80%) in the inoculum and infected animals. This finding suggests that

striped skunks may possess a host species-specific barrier to natural SARS-CoV-2 infection and

transmission. As this occurred in an experimental rather than natural setting, it suggests that the

barrier may be genetic, rather than ecological in nature. Further investigations of the type and

extent of host barrier to natural infection are of high importance and relevance to understanding

fundamental aspects of SARS-CoV-2 biology, in addition to its evolution and transmission in non-

human animals generally.
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5.4 Methods

5.4.1 Animal exposures, inoculums, and sample collection

Experimental exposures of animals were carried out as previously described (A. M. Bosco-

Lauth et al., 2021, 2022; Porter et al., 2022, 2024). Briefly, deer mice, bushy-tailed woodrats, and

striped skunks were exposed to an ancestral variant of SARS-CoV-2, WA01 as part of a larger study

of the susceptibility of nine species of peridomestic wildlife (A. M. Bosco-Lauth et al., 2021). Red

foxes were also exposed to the WA01 variant along with coyotes (Porter et al., 2022). Brazilian

free-tailed bats were exposed to the WA01 and Delta variants, but only WA01-infected bat samples

were included in this study (A. M. Bosco-Lauth et al., 2022). Mule deer were exposed to the

Delta variant along with elk (Porter et al., 2024). The exposures of three red foxes and one striped

skunk to the Delta variant have not yet been published (A. Bosco-Lauth, 2024). Swab samples

from cottontail rabbits, fox squirrels, Wyoming ground squirrels, black-tailed prairie dogs, house

mice, racoons, and coyotes were screened for potential for SARS-CoV-2 genome sequencing by

tiled amplicon PCR (see below), but were not included in downstream steps due to insufficient

virus genetic material. The animal IDs used in this study and their corresponding IDs in published

studies are indicated in Table D.3.

The virus stocks used for inoculation were obtained from the Biodefense and Emerging Infec-

tions Research Resources Repository (BEI Resources). The WA1/2020WY96 isolate used for in-

oculation was passaged twice in Vero cells, whereas the Delta hCoV-19/USA/MD-HP05647/2021

isolate was passaged once in Vero cells prior to inoculation. All animals in this study were infected

by intranasal inoculation except for two mule deer, who were infected through contact transmis-

sion as previously described (Porter et al., 2024). Briefly, mule deer were cohoused in two groups

of three animals. Two deer in each group were directly inoculated, with a third animal as a contact.

Contact Mule deer B was co-housed with Mule deer E, and the second directly inoculated deer

in this group did not shed infectious virus. Mule deer C was co-housed with Mule deer A and

D. Following intranasal inoculations, SARS-CoV-2 dose was determined by back-titration of the

inoculum on Vero cells.
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All samples included in this study were oral swabs except for the samples from mule deer,

which were nasal swabs. Oral swab samples from all animals infected with WA01 were collected

at 3 days post-infection (dpi) except for Bat D collected at 2 dpi. Oral swab samples from red foxes

and one striped skunk infected with Delta were collected at 2 dpi, and nasal swab samples from

three directly inoculated deer were collected between 2-5 dpi, and two contact-exposed deer at 3

and 7 dpi. Swab samples were stored in BA-1 medium (Tris-buffered minimum essential media

containing 1% bovine serum albumin) supplemented with 10% fetal bovine serum, gentamicin,

amphotericin B, and penicillin/streptomycin at -80°C prior to RNA isolation.

5.4.2 RNA isolation and RT-PCR detection of SARS-CoV-2 RNA

All WA01 samples were inactivated by adding 100 µl TRIzol reagent (ThermoFisher Scientific)

to 300 µl sample prior to RNA isolation with a modified Zymo RNA Clean & Concentrator-5 kit

(Zymo Research) as previously described 25,26. RNA isolation of Delta samples was carried out

according to the manufacturer’s instructions with QiaAmp™ Viral RNA mini kits (Qiagen).

RT-PCR detection of SARS-CoV-2 RNA was performed with the EXPRESS One-Step Super-

Script qRT-PCR Kit (ThermoFisher Scientific), following a protocol developed by the Ebel lab at

Colorado State University targeting the N gene using US Centers for Disease Control (CDC) 2019-

nCoV N1 primers/probe and positive control (IDT) (Gallichotte et al., 2021). RNA samples were

diluted 1:2 in nuclease-free water prior to RT-PCR. Cycle threshold (Ct) values for each sample

are reported as the mean of two technical replicates.

5.4.3 Tiled amplicon PCR, library preparation and NGS

Samples collected from WA01 studies were prepared for sequencing in technical duplicate,

whereas Delta samples were prepared without replication, except for the Delta inoculum, which

was prepared in triplicate. First, complementary DNA (cDNA) was generated in 10 µl reaction

volumes according to the manufacturer’s instructions with SuperScript IV Reverse Transcriptase

with 50 µM random primers, 10 mM dNTP mix, RNase OUT (40 units/µl) and 5 µl RNA as input

(ThermoFisher Scientific).
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SARS-CoV-2 genomic material was amplified with a tiled amplicon PCR using the ARTIC

V4.1 NCOV-2019 Panel (IDT) according to the following protocol: dx.doi.org/10.17504/

protocols.io.j8nlk4b36g5r/v2. Conditions were modified for 12.5 µl reaction volumes

and decreased to 30 cycles of amplification. PCR products from ARTIC V4.1 primer pools were

combined in equal volumes, subjected to a 1X bead cleanup Ampure XP beads (Beckman Coulter),

and quantified with the Qubit 1X dsDNA HS Assay kit (Qubit).

Sequencing libraries were prepared with the NEBNext Ultra II DNA Library Prep kit using

100ng DNA as input, and unique dual indexing with NEBNext Multiplex Oligos for Illumina (New

England Biolabs) according to the manufacturer’s instructions. All bead cleanups were performed

with Ampure XP beads (Beckman Coulter). Sequencing libraries for WA01 samples were pooled

evenly and sequencing was carried out in single run on a MiSeq instrument at the Colorado State

University NGS facility. A MiSeq Reagent kit v2 (500 cycles) was used with a loading concentra-

tion of 7pM and 4% PhiX. The target sequencing depth was not achieved with WA01 samples due

to an unsatisfactory MiSeq run (55.81% clusters passed filter, cluster density: 561). Sequencing

libraries for Delta samples were pooled evenly and MiSeq 2x250bp sequencing was carried out in

a single run by CU-Boulder Center for Microbial Exploration Sequencing Center.

High quality next-generation sequencing datasets were obtained from oral and nasal swab sam-

ples from deer mice (n=3), bushy-tailed woodrats (n=3), Brazilian free-tailed bats (n=4), red foxes

(n=6), and striped skunks (n=4) exposed to an ancestral variant of SARS-CoV-2, WA01, and red

foxes (n=3), striped skunk (n=1), and mule deer (n=5) exposed to the Delta variant. All WA01

samples were sequenced in duplicate except the second technical replicate for Woodrat B failed

sequencing. The mean and median depths of coverage across the SARS-CoV-2 genome for WA01

samples was 1151X and 900X respectively. For Delta samples, the mean and median depths of

coverage were 5832X and 5115X respectively (Table D.2).

5.4.4 Bioinformatics and statistical analyses

Sequencing datasets were input into the nf-core/viralrecon pipeline (version 2.6.0) for variant

lineage classification and low-frequency variant calling (Patel et al., 2023; Ewels et al., 2020). Al-

110



though the experimental infection system allowed us to have a known sequence for the input virus

for all animal infections, we used GenBank MN908947.3 (Wuhan-1) as a reference sequence.

Using this reference facilitated cross-compatibility with the broader scientific literature on SARS-

CoV-2 phylogenetics and mutation tracking, and also allowed us to make direct comparisons be-

tween the WA01 and Delta inoculums. GenBank MN908947.3 is the default reference sequence

for nf-core/viralrecon. However, we input a lightly modified annotation file for MN908947.3, be-

cause the default GFF file does not distinguish between ORF1a and ORF1b and account for the -1

ribosomal frameshift. This file is available at https://github.com/laurabashor/.

Detailed quality control metrics and variant lineage assignments output by the pipeline are

included in Table D.2. A complete, annotated low-frequency variant table is included as Table D.4.

For all samples with technical replicates, variant data were further processed to keep only variants

that were detected in both sequencing replicates, and to calculate the mean allele frequency of the

two technical replicates.

More stringent quality control of low-frequency variants resulted in the removal of eight ad-

ditional variants called by nf-core/viralrecon and reported in Table D.4. A28271C, S E673G, and

ORF8 F120L were not supported by a high depth of sequencing coverage in our datasets. Fur-

thermore, ORF1b D1914E, R1915G, R1915R, Y1916C, and P1917H appeared to be sequencing

artefacts. All five mutations only appeared together between genomic positions 19209-19217, and

all five were detected only in Fox A, Skunk B, Bat C, and Bat D. They were all located only in

the same subset of forward sequencing reads adjacent to the ARTIC V4.1 SARS-CoV-2_64_LEFT

primer, but not observed on the overlapping reverse reads.

NGS datasets were also analyzed with the viral_variant_caller pipeline: https://github

.com/stenglein-lab/viral_variant_caller. The output from this pipeline used in

this study included a file with the raw sequencing depth at every genomic position, and VCF files

for each dataset. VCF files were input into the SNPGenie pipeline to calculate within-host popu-

lation metrics (Nelson et al., 2015). Data were further analyzed and visualized using R Statistical

Software (Team, 2024). R scripts used for analysis are available at https://github.com/
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laurabashor/. T-tests, ANOVA, and linear models were performed in base R, and the ‘em-

means’ package was used to obtain Tukey-adjusted pairwise comparisons for modeling viral RNA

levels as a function of host species.
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Chapter 6

Conclusions and future directions

Non-human animals have played a central role in the origins and evolution of SARS-CoV-2.

The studies presented in this dissertation highlight the complex dynamics of viral evolution in

the context of host shifts, utilizing next-generation sequencing to observe SARS-CoV-2 evolution

in action in a range of non-human animal species. Furthermore, a key innovation of this work

is the integration of experimental, natural, and public datasets. Our findings suggest that frequent

spillover and spillback events have the potential to contribute to the emergence of new viral variants

in human populations.

Chapters 2 and 3 reveal rapid selection for SARS-CoV-2 mutations following experimental in-

fection of cats, dogs, hamsters and ferrets. In the first study, selection for mutations in the spike

gene demonstrates virus host-adaptation both in vivo and in vitro. In particular, the changes in viral

stocks following expansion in cell culture seen in our study have wide-ranging implications for ex-

perimental virological research. Furthermore, mutations in the SARS-CoV-2 replicase associated

with domestic dog infections suggest strong selective pressures associated with viral adaptation

to a less permissive host. In Chapter 3 we focused on felid hosts, uncovering the emergence and

onward transmission of within-host viral variation in experimentally infected domestic cats, in con-

trast to previously documented natural infections of cats. This study identifies specific variables

associated with experimental infections that impact virus transmission and evolutionary dynamics,

including both the dose and route of infection. More broadly, both chapters highlight the poten-

tial for domestic animals living in close contact with humans to contribute to the SARS-CoV-2

diversity seen in human populations. Given the certain prospect of future emerging zoonoses, our

findings emphasize the importance of considering societal norms surrounding within-household

transmissions of pathogens between humans and companion animals.

In Chapters 4 and 5, we examine SARS-CoV-2 within-host evolution in naturally and experi-

mentally infected wildlife species. Chapter 4 presents the trajectory of SARS-CoV-2 within-host
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evolution in tigers, lions and hyenas at the Denver Zoo following a single spillover event. This

study represents a unique dataset of longitudinal samples enabling direct interspecific comparisons

of within-host viral dynamics, and our findings reveal virus population expansion, diversification

and species-specific adaptation within and between hosts. In Chapter 5, we note distinct patterns

of within-host evolution following experimental exposures of six species of wildlife with two dif-

ferent SARS-CoV-2 variants. The findings of this study emphasize functional differences between

ancestral SARS-CoV-2 and more contemporary variants, in addition to the complexity of within-

host virus evolution in experimental animal infections. Both Chapters 4 and 5 underscore the need

for increased surveillance and research in both free-ranging and captive wildlife populations.

Our findings lay the groundwork for several future research directions. First, mechanistic stud-

ies of specific SARS-CoV-2 mutations identified in our studies are needed to confirm functional

impacts and species-specific adaptation. For example, these studies could detect changes in the

intrinsic transmissibility of SARS-CoV-2 in a host species by measuring variables related to host

cell entry, replication, infectivity and infectiousness, and immune escape. These studies may fur-

ther identify how a specific mutation helps the virus overcome a host barrier to infection. Second,

enhanced SARS-CoV-2 surveillance in domestic and peridomestic animal species is needed to de-

tect viral reservoirs and track virus evolution in non-human animals. To date, research has focused

on mink and white-tailed deer populations to the exclusion of other susceptible host species. Our

work identifies companion animals, members of Felidae, mule deer and zoo animals as surveillance

priorities due to their proximity to humans and potential to support rapid virus evolution.

Collectively, the research presented in this dissertation highlights the plasticity of SARS-CoV-

2 evolution in response to host shifts, and highlights the potential for zoonotic virus transmission

in non-human animals. Our work reveals that a range of host species possess the ability to con-

tribute to the novel variant emergence. From the broadest perspective, our findings emphasize the

importance of a One Health approach to increase our understanding and resilience to emerging

infectious diseases. This body of work advances scientific understanding of both virus evolution

and public health resilience to future pandemics.
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Appendix A

Chapter 2 Supplementary Information5

5This chapter is a reproduction of “Bashor, L., Gagne, R. B., Bosco-Lauth, A., Bowen, R.A., Stenglein, M., & Vande-
Woude, S. (2021). SARS-CoV-2 evolution in animals suggests mechanisms for rapid variant selection. Proceedings

of the National Academy of Sciences, 118(44). doi: 10.1073/PNAS.2105253118”. Minimal modifications were made
to meet dissertation formatting requirements.
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Figure A.2: Heatmap of SARS-CoV-2 variants across samples recovered from cell culture and experimen-
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Table A.1: Global serological surveys of domestic and nondomestic animals reveal the extent of human-
to-animal transmission of SARS-CoV-2 in 2020 and 2021. Assays used to measure seropositivity include
Luciferase Immuno-Precipitation System (LIPS), plaque reduction neutralization test (PRNT), virus neutral-
ization test (VN), combined microsphere immunoassay (MIA) and retrovirus-based pseudoparticle assay,
enzyme-linked immunosorbent assay (ELISA), microneutralisation test (MNT), indirect immunofluores-
cence test (iIFT), and Luminex xMAP microsphere-based assay (xMAP).
*Reported as “a commercially available SARS-CoV-2 antibody screening test.”

Study scope Location Dates of sam-
ple collection

Species Assay Seropositivity
rate

Ref

COVID-19 household close
contacts

France Mar-20 cat LIPS 0% (0/9) (Temmam et al.,
2020)

COVID-19 household Brazil May-Oct 2020 cat PRNT90 20% (2/10) (Calvet et al., 2021)

COVID-19 household USA Jun-Sep 2020 cat VN 43.8% (7/16) (Hamer et al., 2021)

COVID-19 household France Jun-20 cat MIA and
pseudoparticle
assay

23.5% (8/34) (Fritz et al., 2020)

Confirmed suspected
COVID-19 household

France Apr-20 cat ELISA 4.5% (1/22) (Sailleau et al., 2020)

COVID-19 household, stray,
vet hospital patient

China Apr-Jun 2020 cat ELISA 14.7%
(15/102)

(Zhang et al., 2020)

General population China Feb-Apr 2020 cat ELISA 0% (0/423) (Deng et al., 2020)

General population Croatia Feb-Jun 2020 cat MNT 0.76% (1/131) (Stevanovic et al.,
2021)

General population Germany Apr-Sep 2020 cat ELISA and
iIFT

0.69% (6/920) (Michelitsch et al.,
2020)

General population COVID-
19 household

Italy Mar-May
2020

cat PRNT80 5.8%
(11/191);
4.5% (1/22
from COVID-
19 house-
holds)

(Patterson et al.,
2020)

General population COVID-
19 household

Italy Mar-Jun 2020 cat xMAP 16.2% (11/68) (Colitti et al., 2021)

Feral cats Spain Jan-Oct 2020 cat ELISA 3.51% (4/115) (Villanueva-Saz et al.,
2022)

COVID-19 outbreak on mink
farm (house feral cats)

Netherlands May-Oct 2020 cat ELISA and
VN

0% (0/12
house cats);
18% (11/89
feral cats)

(van Aart et al., 2022)

COVID-19 outbreak on mink
farm (feral cats)

Netherlands Apr-May
2020

cat MNT 29.2% (7/24) (Oreshkova et al.,
2020)

COVID-19 outbreaks on 215
mink farms

Denmark Jun-Nov 2020 cat ELISA 0% (0/21) (Boklund et al., 2021)

COVID-19 household close
contacts

France Mar-20 dog LIPS 0% (0/12) (Temmam et al.,
2020)

COVID-19 household Brazil May-Oct 2020 dog PRNT90 3.4% (1/29) (Calvet et al., 2021)

COVID-19 household USA Jun-Sep 2020 dog VN 11.9% (7/59) (Hamer et al., 2021)
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Table A.2: Table A.1 continued. Global serological surveys of domestic and nondomestic animals reveal
the extent of human-to-animal transmission of SARS-CoV-2 in 2020 and 2021. Assays used to measure
seropositivity include Luciferase Immuno-Precipitation System (LIPS), plaque reduction neutralization test
(PRNT), virus neutralization test (VN), combined microsphere immunoassay (MIA) and retrovirus-based
pseudoparticle assay, enzyme-linked immunosorbent assay (ELISA), microneutralisation test (MNT), indi-
rect immunofluorescence test (iIFT), and Luminex xMAP microsphere-based assay (xMAP).
*Reported as “a commercially available SARS-CoV-2 antibody screening test.”

Study scope Location Dates of sam-
ple collection

Species Assay Seropositivity
rate

Ref

COVID-19 household France Jun-20 dog MIA and
pseudoparticle
assay

15.4% (2/13) (Fritz et al., 2020)

Confirmed suspected
COVID-19 household

France Apr-20 dog ELISA 0% (0/11) (Sailleau et al., 2020)

COVID-19 household, vet
hospital patient

Spain Apr-Jun 2020 dog ELISA 25% (5/20
from COVID-
19 house-
holds); 5.88%
(1/17 patients)

(Perisé-Barrios et al.,
2021)

COVID-19 household Hong Kong Mar-20 dog PRNT90 13.3% (2/15) (Sit et al., 2020)

General population Croatia Feb-Jun 2020 dog MNT and
ELISA

0.31% (2/654)
neutraliz-
ing; 7.56%
(13/172)

(Stevanovic et al.,
2021)

General population COVID-
19 household

Italy Mar-May
2020

dog PRNT80 3.3%
(15/451);
12.8% (6/47
from COVID-
19 house-
holds)

(Patterson et al.,
2020)

General population COVID-
19 household

Italy Mar-Jun 2020 dog xMAP 2.3% (3/130) (Colitti et al., 2021)

COVID-19 outbreak on mink
farm (house feral cats)

Netherlands May-Oct 2020 dog ELISA and
VN

15% (2/13) (van Aart et al., 2022)

COVID-19 outbreaks on 215
mink farms

Denmark Jun-Nov 2020 dog ELISA 75% (3/4) (Boklund et al., 2021)

COVID-19 household USA Mar-Apr 2020 ferret ELISA 0% (0/29) (Sawatzki et al.,
2021)

General population Spain Jan-Nov 2020 ferret ELISA 1.57% (2/127) (Giner et al., 2021)

COVID-19 outbreak on mink
farm

Netherlands Apr-May
2020

mink MNT 98.3% (59/60
randomly se-
lected)

(Oreshkova et al.,
2020)

Escaped mink captured out-
side mink farm with COVID
outbreak

USA Aug-20 mink VN 100% (11/11) (Shriner et al., 2021)

Free-ranging deer popula-
tions

USA Jan 2020-Mar
2021

white-
tailed
deer

*see legend 33%
(159/481)

(United States
Department of Agri-
culture Animal and
Plant Health Inspec-
tion Service (USDA
APHIS), 2021a)
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Table A.3: Selected metadata for experimentally inoculated animals included in this study.

Sample ID Age Sex Inoculation Sample log pfu/mL recovered dpi

Dog 1 adult (5-8 years) female nasal nasal 1 3
Dog 2 adult (5-8 years) female nasal nasal 1 3
Dog 3 adult (5-8 years) female nasal oral 1 3
Ferret 1 juvenile nasal nasal 3.6 3
Ferret 2 juvenile nasal nasal 1.9 3
Ferret 3 juvenile nasal nasal 1 3
Hamster 1 juvenile nasal oral 3.3 1
Hamster 2 juvenile nasal oral 3.5 1
Hamster 3 juvenile nasal oral 1 1
Cat 1 adult (5-8 years) female nasal nasal 6.6 3
Cat 2 adult (5-8 years) male nasal nasal 5.3 3
Cat 3 adult (5-8 years) female nasal nasal 6 3
Cat 4 adult (5-8 years) female nasal nasal 5.4 3
Cat 5 adult (5-8 years) female nasal nasal 4.4 3
Cat 6 adult (5-8 years) female contact nasal 5.1

Table A.4: SARS-CoV-2 variants detected in Cats 5 and 6.

Variant Position CDS N or S Cat 5 Cat 6

A231V 9246 nsp4 missense 0.11 0.13
L37F 11083 nsp6 missense 0.05 0.06
K124E 13394 nsp10 missense 0.04 0
K532N 15036 nsp12 missense 0.06 0
T556P 15106 nsp12 missense 0.03 0
L576L 15168 nsp12 synonymous 0.05 0
P834S 15940 nsp12 missense 0.06 0.05
D124fs 19983 nsp15 frameshift variant stop gained – 0.06
H69R 21768 S missense 1 0.99
D574Y 23282 S missense 0.04 0.05
D614G 23403 S missense 0.99 0.98

Table A.5: Measurements of nucleotide diversity for each sample at the population level and associated
statistical analyses.

Sample ID pi piN piS piN/piS p-value t-value

Cat 1 1.60E-05 1.19E-06 6.67E-05 1.78E-02 2.64E-02 6.04E+00
Cat 2 1.84E-04 2.01E-04 1.50E-04 1.34E+00
Cat 3 1.73E-04 2.06E-04 8.53E-05 2.42E+00
Cat 4 1.57E-04 1.95E-04 5.33E-05 3.65E+00
Cat 5 2.77E-05 3.32E-05 1.29E-05 2.57E+00
Cat 6 1.89E-05 2.53E-05 0.00E+00
Dog 1 1.94E-04 2.19E-04 1.34E-04 1.63E+00 1.71E-01 1.60E+00
Dog 2 2.45E-04 2.69E-04 1.91E-04 1.41E+00
Dog 3 2.25E-04 2.62E-04 1.32E-04 1.98E+00
Ferret 1 6.57E-05 6.51E-05 7.52E-05 8.66E-01
Hamster 1 1.25E-04 1.63E-04 1.21E-05 1.35E+01 9.90E-05 1.01E+02
Hamster 2 1.10E-04 1.47E-04 0.00E+00
Hamster 3 1.45E-04 1.83E-04 3.63E-05 5.03E+00
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Table A.6: Measurements of nucleotide diversity for each sample at the gene product level and associated
statistical analyses.

Sample ID Gene product piN piS piN/piS p-value t-value

Cat 1 E 0.00E+00 0.00E+00 3.37E-01 -1.00E+00
Cat 2 E 0.00E+00 0.00E+00
Cat 3 E 0.00E+00 0.00E+00
Cat 4 E 0.00E+00 0.00E+00
Cat 5 E 0.00E+00 0.00E+00
Cat 6 E 0.00E+00 0.00E+00
Dog 1 E 0.00E+00 1.59E-03 0.00E+00
Dog 2 E 0.00E+00 0.00E+00
Dog 3 E 0.00E+00 0.00E+00
Ferret 1 E 0.00E+00 0.00E+00
Hamster 1 E 0.00E+00 0.00E+00
Hamster 2 E 0.00E+00 0.00E+00
Hamster 3 E 0.00E+00 0.00E+00

Cat 1 M 0.00E+00 0.00E+00 4.10E-04 4.83E+00
Cat 2 M 9.98E-04 4.29E-04 2.33E+00
Cat 3 M 9.90E-04 0.00E+00
Cat 4 M 9.82E-04 0.00E+00
Cat 5 M 0.00E+00 0.00E+00
Cat 6 M 0.00E+00 0.00E+00
Dog 1 M 3.49E-04 0.00E+00
Dog 2 M 8.79E-04 0.00E+00
Dog 3 M 1.89E-04 0.00E+00
Ferret 1 M 3.88E-04 0.00E+00
Hamster 1 M 9.35E-04 0.00E+00
Hamster 2 M 7.85E-04 0.00E+00
Hamster 3 M 9.05E-04 0.00E+00

Cat 1 N 0.00E+00 1.51E-03 0.00E+00 9.54E-02 -1.81E+00
Cat 2 N 5.16E-04 2.10E-03 2.46E-01
Cat 3 N 5.08E-04 3.72E-04 1.36E+00
Cat 4 N 5.05E-04 8.23E-04 6.14E-01
Cat 5 N 0.00E+00 0.00E+00
Cat 6 N 0.00E+00 0.00E+00
Dog 1 N 3.17E-04 1.60E-03 1.98E-01
Dog 2 N 5.11E-04 6.76E-04 7.55E-01
Dog 3 N 3.79E-04 1.63E-03 2.32E-01
Ferret 1 N 5.16E-05 0.00E+00
Hamster 1 N 4.90E-04 0.00E+00
Hamster 2 N 3.91E-04 0.00E+00
Hamster 3 N 4.62E-04 3.04E-04 1.52E+00

Cat 1 orf10 0.00E+00 0.00E+00
Cat 2 orf10 0.00E+00 0.00E+00
Cat 3 orf10 0.00E+00 0.00E+00
Cat 4 orf10 0.00E+00 0.00E+00
Cat 5 orf10 0.00E+00 0.00E+00
Cat 6 orf10 0.00E+00 0.00E+00
Dog 1 orf10 0.00E+00 0.00E+00
Dog 2 orf10 0.00E+00 0.00E+00
Dog 3 orf10 0.00E+00 0.00E+00
Ferret 1 orf10 0.00E+00 0.00E+00
Hamster 1 orf10 0.00E+00 0.00E+00
Hamster 2 orf10 0.00E+00 0.00E+00
Hamster 3 orf10 0.00E+00 0.00E+00
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Table A.7: Table A.6 continued. Measurements of nucleotide diversity for each sample at the gene product
level and associated statistical analyses.

Sample ID Gene product piN piS piN/piS p-value t-value

Cat 1 orf1ab 0.00E+00 0.00E+00 1.31E-02 2.91E+00
Cat 2 orf1ab 1.04E-04 6.47E-05 1.60E+00
Cat 3 orf1ab 9.98E-05 9.47E-05 1.05E+00
Cat 4 orf1ab 1.25E-04 2.34E-05 5.36E+00
Cat 5 orf1ab 3.92E-05 1.78E-05 2.20E+00
Cat 6 orf1ab 2.60E-05 0.00E+00
Dog 1 orf1ab 1.97E-04 3.71E-05 5.31E+00
Dog 2 orf1ab 1.68E-04 1.75E-04 9.62E-01
Dog 3 orf1ab 2.34E-04 8.23E-05 2.84E+00
Ferret 1 orf1ab 3.53E-05 8.41E-05 4.20E-01
Hamster 1 orf1ab 7.61E-05 1.67E-05 4.56E+00
Hamster 2 orf1ab 6.01E-05 0.00E+00
Hamster 3 orf1ab 1.03E-04 3.15E-05 3.27E+00

Cat 1 orf3a 0.00E+00 0.00E+00 3.37E-01 1.00E+00
Cat 2 orf3a 0.00E+00 0.00E+00
Cat 3 orf3a 0.00E+00 0.00E+00
Cat 4 orf3a 0.00E+00 0.00E+00
Cat 5 orf3a 0.00E+00 0.00E+00
Cat 6 orf3a 0.00E+00 0.00E+00
Dog 1 orf3a 0.00E+00 0.00E+00
Dog 2 orf3a 5.94E-04 0.00E+00
Dog 3 orf3a 0.00E+00 0.00E+00
Ferret 1 orf3a 0.00E+00 0.00E+00
Hamster 1 orf3a 0.00E+00 0.00E+00
Hamster 2 orf3a 0.00E+00 0.00E+00
Hamster 3 orf3a 0.00E+00 0.00E+00

Cat 1 orf6 0.00E+00 0.00E+00 9.82E-02 1.79E+00
Cat 2 orf6 0.00E+00 0.00E+00
Cat 3 orf6 4.11E-04 0.00E+00
Cat 4 orf6 0.00E+00 0.00E+00
Cat 5 orf6 0.00E+00 0.00E+00
Cat 6 orf6 0.00E+00 0.00E+00
Dog 1 orf6 0.00E+00 0.00E+00
Dog 2 orf6 0.00E+00 0.00E+00
Dog 3 orf6 0.00E+00 0.00E+00
Ferret 1 orf6 7.88E-04 0.00E+00
Hamster 1 orf6 0.00E+00 0.00E+00
Hamster 2 orf6 0.00E+00 0.00E+00
Hamster 3 orf6 9.13E-04 0.00E+00

Cat 1 orf7a 0.00E+00 0.00E+00 3.37E-01 1.00E+00
Cat 2 orf7a 0.00E+00 0.00E+00
Cat 3 orf7a 0.00E+00 0.00E+00
Cat 4 orf7a 0.00E+00 0.00E+00
Cat 5 orf7a 0.00E+00 0.00E+00
Cat 6 orf7a 0.00E+00 0.00E+00
Dog 1 orf7a 0.00E+00 0.00E+00
Dog 2 orf7a 0.00E+00 0.00E+00
Dog 3 orf7a 4.68E-04 0.00E+00
Ferret 1 orf7a 0.00E+00 0.00E+00
Hamster 1 orf7a 0.00E+00 0.00E+00
Hamster 2 orf7a 0.00E+00 0.00E+00
Hamster 3 orf7a 0.00E+00 0.00E+00
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Table A.8: Table A.6 continued. Measurements of nucleotide diversity for each sample at the gene product
level and associated statistical analyses.

Sample ID Gene product piN piS piN/piS p-value t-value

Cat 1 orf8 0.00E+00 0.00E+00 9.18E-01 1.05E-01
Cat 2 orf8 0.00E+00 0.00E+00
Cat 3 orf8 4.81E-04 0.00E+00
Cat 4 orf8 0.00E+00 0.00E+00
Cat 5 orf8 0.00E+00 0.00E+00
Cat 6 orf8 0.00E+00 0.00E+00
Dog 1 orf8 1.78E-03 1.81E-03 9.83E-01
Dog 2 orf8 6.28E-04 2.77E-03 2.27E-01
Dog 3 orf8 2.02E-03 0.00E+00
Ferret 1 orf8 0.00E+00 0.00E+00
Hamster 1 orf8 0.00E+00 0.00E+00
Hamster 2 orf8 0.00E+00 0.00E+00
Hamster 3 orf8 0.00E+00 0.00E+00

Cat 1 S 9.08E-06 0.00E+00 2.27E-04 5.19E+00
Cat 2 S 6.16E-04 0.00E+00
Cat 3 S 6.12E-04 0.00E+00
Cat 4 S 4.49E-04 0.00E+00
Cat 5 S 3.40E-05 0.00E+00
Cat 6 S 4.76E-05 0.00E+00
Dog 1 S 2.33E-04 0.00E+00
Dog 2 S 6.08E-04 0.00E+00
Dog 3 S 2.96E-04 0.00E+00
Ferret 1 S 1.77E-04 1.07E-04 1.66E+00
Hamster 1 S 5.00E-04 0.00E+00
Hamster 2 S 5.25E-04 0.00E+00
Hamster 3 S 4.66E-04 0.00E+00
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Appendix B

Chapter 3 Supplementary Information6

6This chapter is a reproduction of “Bashor, L., Gagne, R. B., Bosco-Lauth, A., Stenglein, M., & VandeWoude, S.
(2022). Rapid evolution of SARS-CoV-2 in domestic cats. Virus Evolution, 8(2). doi: 10.1093/ve/veac092”. Minimal
modifications were made to meet dissertation formatting requirements.
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Figure B.1: Sequencing coverage at all positions across the SARS2 genome for each dataset.
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Figure B.2: Correlation between variant allele frequencies in technical replicates. Each point represents
one cell culture- or cat-derived sample. Blue lines indicate the 3% allele frequency cutoff.
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Figure B.3: C>T substitutions predominate in SARS2 genomes recovered from cats. Proportions of single
nucleotide changes relative to the USA-WA1/2020 reference sequence detected in SARS2 recovered from
experimentally exposed cats and viral inoculum stocks passaged in Vero cells.
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Figure B.4: The relationship between viral titer measured as log pfu/ml and the number of viral variants
detected in viral RNA from directly inoculated cats (N=18). Each point represents one cat; color indicates
cohort and shape indicates dpi of sample collection. We did not find evidence for a significant association
between viral titer and number of variants (linear model).
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Figure B.5: Domestic cat- and felid- derived SARS2 genomes reflect lineages of SARS2 circulating in
humans during the same time period. SARS2 sequences recovered from (a) naturally infected domestic cats
(N=93) (b) all felids (N=29, including 93 cats (Felis catus), 9 tigers (Panthera tigris), 17 lions (Panthera

leo), 2 snow leopards (Panthera uncia), and one leopard cat (Prionailurus bengalensis). Data were obtained
from the GISAID database on April 4, 2022, analyzed with the Augur pipeline and visualized with the
Auspice web application.
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Table B.1: Twenty-three domestic cats were exposed to SARS2 in three experimental cohorts. Contact
animals are indicated in bold. An asterisk indicates the potential infection donor in each cohort. The
number of days post-infection (dpi) at which nasal lavage samples were collected for analysis refers to
the number of days following the initial exposure of directly inoculated cats in each cohort. Doses in-
cluded “low” (1.05x104 plaque-forming units (pfu)), “medium” (4.65x105 pfu), “med-high” (1x106 pfu),
and “high” (2.1x107 pfu).

Cohort ID Age Sex 
Dose 

category 

Inoculation stock 

passage 

Sample 

collection dpi 

Nasal 

log 

pfu/mL 

Number of 

variants 

A Cat 1 adult F med-high P3 1 3.0 4 

A 
Cat 

5* 
adult F med-high P3 1 1.3 6 

A Cat 6 adult F contact  7 6.2 7 

B 
Cat 
7* 

adult M 
 

med-high 
 

P2 3 3.1 15 

B Cat 8 adult F med-high P2 3 2.2 10 

B Cat 9 adult F med-high P2 3 0.0 18 

B 
Cat 

10 
adult F contact  4 3.6 7 

B 
Cat 

11 
adult M contact  4 2.9 5 

B 
Cat 

12 
adult F contact  4 1.8 6 

C 
Cat 

13 
juvenile M low P3 3 0.0 8 

C 
Cat 

14 
juvenile M low P3 3 0.0 8 

C 
Cat 

15 
juvenile M medium P3 3 0.0 14 

C 
Cat 

16 
juvenile F medium P3 3 0.0 17 

C 
Cat 
17 

juvenile F medium P3 3 0.0 10 

C 
Cat 

18 
juvenile M medium P3 3 0.0 9 

C 
Cat 
19 

juvenile F medium P3 3 2.7 19 

C 
Cat 

20 
juvenile F medium P3 3 0.0 11 

C 
Cat 
21 

juvenile M medium P3 3 0.0 19 

C 
Cat 

22* 
juvenile F high P3 3 3.4 33 

C 
Cat 
23 

juvenile M high P3 3 1.0 11 

C 
Cat 

24 
juvenile M high P3 3 2.3 16 

C 
Cat 

25 
juvenile F high P3 3 2.3 25 

C 
Cat 

26 
juvenile F contact  4 0.0 7 
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Chapter 4 Supplementary Information:

GISAID sequence data

Figure C.1

Tables C.1-C.6 (Captions included below. Tables available in a supplementary excel file.)

GISAID sequence data

Sequence data from GISAID included in this study:

We prepared two GISAID EPI_SETs to acknowledge publicly available SARS-CoV-2 se-

quences included in this study. EPI_SET_240407tz includes all sequences used to generate the

phylogenetic tree in Figure 2A, and additional individual GISAID sequences discussed in the text.

EPI_SET_240407wv includes all additional sequences used to generate the phylogenetic tree in

Supplementary Figure 1.

EPI_SET_240407tz Data Availability

GISAID Identifier: EPI_SET_240407tz doi: 10.55876/gis8.240407tz All genome se-

quences and associated metadata in this dataset are published in GISAID’s EpiCoV database.

To view the contributors of each individual sequence with details such as accession number,

Virus name, Collection date, Originating Lab and Submitting Lab and the list of Authors, visit

10.55876/gis8.240407tz

EPI_SET_240407tz Data Snapshot

EPI_SET_240407tz is composed of 1,525 individual genome sequences. The collection dates

range from 2019-12-31 to 2021-12-21; Data were collected in 4 countries and territories; All

sequences in this dataset are compared relative to hCoV-19/Wuhan/WIV04/2019 (WIV04), the
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official reference sequence employed by GISAID (EPI_ISL_402124). Learn more at https://

gisaid.org/WIV04.

EPI_SET_240407wv Data Availability

GISAID Identifier: EPI_SET_240407wv doi: 10.55876/gis8.240407wv All genome

sequences and associated metadata in this dataset are published in GISAID’s EpiCoV database.

To view the contributors of each individual sequence with details such as accession number,

Virus name, Collection date, Originating Lab and Submitting Lab and the list of Authors, visit

10.55876/gis8.240407wv

EPI_SET_240407wv Data Snapshot

EPI_SET_240407wv is composed of 11,999 individual genome sequences. The collection

dates range from 2019-12-31 to 2021-11-22; Data were collected in 26 countries and territories;

All sequences in this dataset are compared relative to hCoV-19/Wuhan/WIV04/2019 (WIV04), the

official reference sequence employed by GISAID (EPI_ISL_402124). Learn more at https://

gisaid.org/WIV04.
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Figure C.1: No evidence at the global level for species-specific adaptation of SARS-CoV-2 in felids or
hyenas. A time-based phylogenetic tree was generated from from all felid- and hyena-derived SARS-CoV-
2 sequences available in the GISAID database prior to December 2021, with contextual human-derived
sequences collected in the same time and place. Tree was generated with Nextstrain and an interactive
version is available at https://nextstrain.org/community/laurabashor/DZSARS2. Sequences are colored by
host species and scaled by time, with collection date indicated along the x-axis. four data inputs: (1) sixteen
SARS-CoV-2 consensus sequences from the Denver Zoo outbreak corresponding to the highest quality
sequence collected at the latest date from each individual animal, (2) a random subsample of human-derived
sequences in Colorado from the days leading up to the zoo outbreak (100 sequences/day from September
23rd to October 7th, 2021; N=1500 sequences), (3) all felid-derived SARS-CoV-2 sequences available in
the GISAID database prior to December 2021, and (4) contextual sequences collected in the same time and
place as each felid sequence (10-100 human-derived sequence per felid-derived sequence) with enriched
sampling within the United States. All data obtained from GISAID were processed with the Augur pipeline
for input into Nextstrain, and acknowledgements are available in GISAID EPI_SET_240407wv.

Table C.1: Unique mutations identified relative to the Wuhan-1 reference sequence. Defining mutations of
the AY.20 lineage and within-host (relative to the tiger reference) mutations are indicated.

Table C.2: Defining mutations of the AY.20 lineage listd by outbreak.info. Mutation table accessed here:
https://outbreak.info/situation-reports?pango=AY.20

Table C.3: Summary of the quality and classification of SARS-CoV-2 genome sequencing datasets obtained
from SARS-CoV-2 samples output by the nf-core/viralrecon pipeline.
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Table C.4: Low frequency variant calling table for virus populations recovered from Denver Zoo animals,
output by the nf-core/viralrecon pipeline.

Table C.5: Genome-level measures of nucleotide diversity in virus populations recovered from Denver Zoo
animals, output by the SNPGenie pipeline.

Table C.6: Gene-level measures of nucleotide diversity in virus populations recovered from Denver Zoo
animals, output by the SNPGenie pipeline.
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Tables D.1 and D.3

Tables D.2 and D.4 (Captions included below. Tables available in a supplementary excel file.)
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Table D.1: Significant differences in viral RNA levels by host species among SARS-CoV-2-infected wildlife
samples subjected to NGS variant analysis. Estimates and Tukey-adjusted pairwise comparisons were ob-
tained with the ‘emmeans’ R package.

 Viral RNA (Mean Ct) 

Predictors Estimates p-value 

(Intercept) 28.4 *** <0.001 

species [Bushy-tailed 

woodrat] 
1.70 0.529 

species [Deer mouse] -2.63 0.334 

species [Mule deer] -7.33 ** 0.005 

species [Red fox] -8.01 *** 0.001 

species [Striped skunk] 0.0208 0.993 

Observations 29 

R2 / R2 adjusted 0.615 / 0.531 

      

Pairwise contrasts Estimates SE df t-ratio p-value 

bat - woodrat -1.7 2.67 23 -0.64 0.987 

bat - deer mouse 2.63 2.67 23 0.99 0.917 

bat - mule deer 7.33 * 2.34 23 3.13 0.048 

bat - red fox 8.01 * 2.1 23 3.82 0.01 

bat - striped skunk -0.02 2.34 23 -0.01 1 

woodrat - deer mouse 4.34 2.85 23 1.52 0.655 

woodrat - mule deer 9.03 * 2.55 23 3.54 0.019 

woodrat - red fox 9.72 ** 2.33 23 4.17 0.004 

woodrat - striped skunk 1.68 2.55 23 0.66 0.985 

deer mouse - mule deer 4.69 2.55 23 1.84 0.462 

deer mouse - red fox 5.38 2.33 23 2.31 0.23 

deer mouse - striped skunk -2.65 2.55 23 -1.04 0.899 

mule deer - red fox 0.69 1.95 23 0.35 0.999 

mule deer - striped skunk -7.35 * 2.21 23 -3.33 0.031 

red fox - striped skunk -8.03 ** 1.95 23 -4.12 0.005 

      

* p<0.05   ** p<0.01   *** p<0.001 

 

Table D.2: Assessment of the quality and classification of SARS-CoV-2 genome sequencing datasets ob-
tained from SARS-CoV-2 samples from experimentally infected wildlife.
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Table D.3: A list of animal IDs used in this study (Study ID) alongside the corresponding ID from published
studies (Paper ID) and citation.

Study ID Paper ID Citation 

Deer mouse A Deer mouse B1 

Bosco-Lauth et al. 2021 

Deer mouse B Deer mouse B2 

Deer mouse C Deer mouse B3 

Woodrat A Woodrat 1B 

Woodrat B Woodrat 2B 

Woodrat C Woodrat 3B 

Skunk A Skunk 1 

Skunk B Skunk 2 

Skunk C Skunk 4 

Skunk D Skunk 5 

Bat A WA01 Bat 1 

Bosco-Lauth et al. 2022 
Bat B WA01 Bat 5 

Bat C WA01 Bat 6 

Bat D WA01 Bat 7 

Fox A Fox 1 

Porter et al. 2022 

Fox B Fox 2 

Fox C Fox 3 

Fox D Fox 4 

Fox E Fox 5 

Fox F Fox 6 

Mule deer A Mule deer 4 

Porter et al. 2024 

Mule deer B Mule deer 3 

Mule deer C Mule deer 6 

Mule deer D Mule deer 5 

Mule deer E Mule deer 2 

 

Table D.4: Low frequency variant calling table output by the nf-core/viralrecon pipeline for SARS-CoV-2
samples from experimentally infected wildlife, slightly modified for clarity.
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