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Abstract:

This thesis focuses on metagenomic viral detection based on high-throughput
sequencing. Metagenomics sequencing results in a mixture of sequences, including viral, host
and other non-target sequences. Metagenomic viral detection can lack sensitivity due to the
low incidence of viral sequences in these mixtures. For this reason, enrichment methods are
often employed in metagenomic viral detection. Targeted enrichment is a method based on
the hybridization of probes designed to enrich the desired target from a mixture. ViroCap is a
method of targeted enrichment designed for vertebrate viruses. It has previously been

validated to aid in the detection of viruses from human samples.

The second chapter of this thesis describes the evaluation of ViroCap in 10 wildlife and
livestock hosts. Enrichment was calculated on a blinded panel of 24 animal and zoonotic viral
species. The average enrichment of percent-viral-reads across the 22 viral families tested was
182-fold. Depth of coverage increased 123 times and breadth of coverage increased by 43%.
In addition, 6 unexpected viruses were detected. Chapter 3 of this thesis describes the results
of the use of viral metagenomics and ViroCap enrichment in a diagnostic disease
investigation. ViroCap enrichment and metagenomic high-throughput sequencing revealed
the presence of 4 viruses in a mass die-off of Canada and Snow geese, including avian
metapneumovirus and avian adeno-associated virus. In addition, the entire genome sequence
of a novel species of Gammacoronavirus is described. The first sequence information of
goose adenovirus in Canada is also described. Chapter 4 describes the fecal virome of arctic
and red foxes. 6 viral families were detected with the use of ViroCap targeted enrichment. A
diversity of divergent circoviruses and parvoviruses are described. In addition, numerous
avian influenza and canine kobuvirus subtypes were also detected in the feces of several arctic
foxes. In conjunction with the description of wildlife viromes, this thesis establishes the utility

of targeted enrichment in the detection of livestock and wildlife viruses.
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Chapter 1: Literature review

Here a virus, there a virus, everywhere a virus

Viruses are infectious agents which consist of a RNA or DNA genome encased by a
protein shell (or capsid). They are cellular parasites, meaning they are dependant on a host
cell to replicate. This fact has led to a long debate over whether they are alive or inanimate
(Koonin & Starokadomskyy 2016). While many believe they do not constitute a form of life
(Moreira & Lopez-Garcia 2009), more recently it has been proposed life can be classified into
ribosome containing (the 3 current recognized domains of life) and non-ribosome containing
(viruses) (Raoult & Forterre 2008). Regardless of their classification, they are ubiquitous.
They are the most abundant biological entity on earth. Estimates of viral abundance in
environmental samples boggle the mind; 10"10 in 1 litre of seawater (Bergh et al. 1989), and

1079 in a g of soil (Williamson et al. 2005).

With this abundance in number, comes a huge diversity in shape (Rossmann 2013), size
(Chapman & Rossmann 1993, Colson et al. 2017), genome size (Arslan et al. 2011) (Ellis
2014) and host specificity (Bekliz et al. 2016; Cauldwell et al. 2014). Estimate are that there
is a minimum of 320,000 viral species in mammalian hosts, most of which have yet to be
described (Anthony et al. 2013). Many groups have taken to the task of identifying this
undescribed viral diversity (Radford et al. 2012). This age of viral discovery, enabled by new

technologies, has led to a huge strain on viral taxonomy systems (Simmonds 2018).

Viral taxonomy is a difficult business, to begin with. This is due to the lack of a shared
common gene both amongst all viral families and with other forms of life. For this reason,
they are excluded from the universal tree of life (Briissow 2009). Attempts are still made to

impose order on the chaos of the viral world. In 1971, David Baltimore proposed 7 groups to



classify viruses based on their genome structure; I Double-stranded DNA viruses, II Single-
stranded DNA viruses, [II Double-stranded RNA viruses, IV Single stranded positive-sense
RNA viruses, V Single stranded negative-sense RNA viruses, VI Positive-sense single-
stranded RNA viruses that replicate through a DNA intermediate and VII: dsDNA with an
ssRNA replication intermediate (Baltimore 1971). While this classification helps to
understand the variety of viral genomic structures, it fails to accurately describe viral
evolutionary history. For example, double-stranded DNA viruses are believed to be
polyphyletic in nature (Koonin et al. 2015). The international committee on viral taxonomy
(ICTV) maintains a finer classification for viruses. In 1971 the ICTV released their first
report, listing 290 viral species organized in 2 families. The most recent report lists 14 orders,

150 families, 79 subfamilies, 1021 genus and 5560 species (Lefkowitz et al. 2018).

The World Organisation for Animal Health (OIE) lists diseases caused by 50 of these
viral species as reporTable. The OIE is an intergovernmental organization that coordinates
international efforts to control and prevent the spread of animal diseases (Briickner 2009).
The control of animal diseases is important for our economic well being (Knight-Jones &
Rushton 2013). It is also very important for our health, as many of the emerging diseases in
humans originate in domestic animals (Zhou et al. 2017). In turn, many viruses that impact
livestock originate in wildlife (Miller et al. 2013). This has led to an increased interest in
describing the virome (entire viral content) of known wildlife and domestic vectors of disease
(Wu et al. 2016). As most viral detection methods are targeted, traditional viral detection
methods don’t provide the necessary diversity to analyse the breadth of possible viral targets

in virome analysis.



Overview of viral detection methods

Viral detection began with the discovery of a non-bacterial disease-causing agent.
Dmitri Ivanovsky discovered that sap from a tobacco plant which had been filtered of
bacteria remained infectious. (Ivanovsky 1892.) Martinus Beijerinck called this new
infectious agent a virus and showed it was dependent on a host to replicate (Beijerinck 7898).
Soon after viruses were found to be causative agents of disease in animals. Foot-and-mouth
was the first animal virus discovered (Loeffler et al. 1898). Viruses were then found to be
causative agents of human disease as well, beginning with yellow fever (Reed et al. 2001). It's
since become apparent viruses infect all domains of life (d’Herelle 1917) (Prangishvili et al.
2006). Electron microscopy gave shape to these invisible pathogens and therefore a new
system of classification (Roingeard 2008). This lead to the use of electron microscopy in the
diagnosis of viral disease (Nagler & Rake 1948). Transmission electron microscopy (TEM)
became important not only in the discovery of viruses but also in their classification, as some
of the first viral classification systems were based on morphology (Roingeard 2008). TEM
was then replaced with antigenic methods (Bryan 1987) and molecular-based testing (Jackson

1990) in large part due to their superior sensitivity and rapid turnaround time.

One of these molecular methods is Sanger sequencing, a method that would become and
still is important in viral diagnostic programs. Frederick Sanger invented Sanger sequencing
in 1977. Sanger sequencing is often referred to as sequencing by termination, as it employs
di-deoxynucleotides which halt DNA synthesis. Each of the four dideoxynucleotides is
labelled with different fluorescent dyes, allowing nucleotides at the terminal position to be
identified when visualized on an acrylamide gel (Sanger et al. 1977). Sequencing has allowed
more in-depth characterization of viruses. For example, genotyping HIV to detect drug-

resistant mutants (Hirsch et al. 2000).



The Age of Viral Metagenomics

One trait these traditional tests have in common is the need for prior knowledge of a
virus in order to detect it. PCR and Sanger sequencing require primers homologous to the
target virus’s nucleic acid (Rodriguez et al. 2015) and serological assays require high-quality
antibodies (Tabll et al. 2015). High-throughput sequencing (HTS) doesn’t require a priori
knowledge of a pathogen in order to study it; this enables a broad-range approach which
makes it particularly well suited for viral detection and characterization. HTS is a group of
technologies that have succeeded first generation sequencing (Sanger) due to their higher
throughput. The high throughput of HTS is achieved through millions of sequencing reactions
occurring in parallel (Buermans & den Dunnen 2014). The high throughput of HTS makes it
unnecessary to target a single microbe in a test, allowing a metagenomic approach to virus
detection and characterization. Metagenomics is a method of study in which the complete
nucleic acid content of a sample is analyzed. Metagenomic analysis is often used in the study
of environmental microbial populations (Zeigler Allen et al. 2017), but also in virus discovery

in vertebrates (Palinski et al. 2016) and insects (Ergiinay et al. 2017).

In the case of viral detection and characterization, a metagenomic approach, facilitated
by HTS, provides an enhanced ability to detect unexpected, divergent or novel pathogens. The
recent discovery of Schmallenberg virus in European cattle is an excellent example of
metagenomic HTS being used to detect and characterize novel viruses in livestock. Using a
454 sequencer, Hoffman et al. (2009) were able to identify Orthobunyavirus in sick cattle
from just seven sequencing reads. Further sequencing exposed a novel virus, subsequently,
named Schmallenberg virus. An RT-PCR assay was designed using the sequence data
acquired from HTS, which was then used to track the outbreak and study infected cattle. This
case demonstrates that metagenomic HTS also provides the advantage of more specific

outbreak management and response (Hoffmann et al. 2012).



As mentioned above, HTS technology is able to overcome some of the limitations of
traditional diagnostic tools. This is apparent in cases like the Uganda Ebola virus outbreak in
2008. Towner et al. (2008) used HTS to identify Ebola virus as the cause of disease in
patients who had been previously diagnosed as negative for Ebola virus by PCR. This study
demonstrates that very sensitive diagnostic tests, such as RT-PCR, can fail if highly divergent
pathogens arise (Towner et al. 2008). This fact is echoed by other cases, such as a study by
Yozwiak et al. (2012). Using HTS, Yozwiak et al. investigated febrile illness of unknown

etiology in children. HTS revealed Dengue virus as the cause (Yozwiak et al. 2012).

Another advantage HTS has over traditional laboratory testing is its ability to detect
multiple pathogens in a single sample. This allows HTS to correctly identify co-infections that
might have been missed by tests that are targeted to a single pathogen, or a set of pathogens.
For instance, HTS has been used to diagnose co-infections of Zika virus and Chikungunya
virus (Sardi et al. 2016). This advantage is also particularly apparent in the study of
multifactorial diseases such as postweaning multisystemic wasting syndrome, a disease that

results from co-infection with multiple viruses (Blomstrom et al. 2016).

As outlined above, viral detection and characterization using HTS has many advantages.
However, it isn’t without its challenges. A major challenge to viral detection by HTS is the
typically low abundance of viral nucleic acid in comparison to other nucleic acids, such as the
host’s genome. This can lead to poor sequencing depth, poor breadth of coverage and
ultimately failure to detect viruses (Daly et al. 2011). Also, it results in inefficient use of
resources, as the majority of sequencing is done on non-target host material and other
contaminating nucleic acid. This challenge has led to a variety of sample preparation

techniques intended to enrich viral nucleic acid from a heterogeneous sample.



When a known virus is being sequenced, its genome can be amplified using PCR before
sequence library preparation (Baillie et al. 2012). However, this technique can fail if an
isolate is significantly divergent (Towner et al. 2008) and it cannot be applied to an unknown
or unexpected pathogen. For viral metagenomic sequencing, there are a variety of other
sample enrichment methods. Generally, metagenomic viral HTS involves a pre-treatment of
the sample for viral nucleic acid enrichment, followed by cDNA synthesis, library preparation
and sequencing. A review of the literature will show that low-speed centrifugation, syringe
based filtration and nuclease pre-treatments are some of the most commonly used enrichment
methods (Montmayeur et al. 2017; Zou et al. 2017; Theuns et al. 2016; Luk et al. 2015).
Nuclease treatments are thought to work to increase the proportion of viral nucleic acid
relative to host because viral nucleic acid is protected from nucleases by the viral capsid,
while host nucleic acid is sensitive to degradation by nucleases. In some cases, DNase
treatments occur post extraction of nucleic acid, so that viruses with RNA genomes are
enriched for sequencing. Centrifugation and filtration both work to separate virus and host
material through physical means due to differences in the density and size of viral particles
and host material. Filtration allows small viral particles to pass through a filter while host
material, bacteria and fungi cannot. Similarly, low-speed centrifugation pellets host material

from solution while viral particles remain in the supernatant (Hall et al. 2014).

Nuclease treatments can consist of DNase alone (Logan et al. 2014) or a combination of
DNase and RNase. Rossel et al. (2015) found that DNase/RNase treatments prior to nucleic
acid extraction did not always improve viral sequencing. Specifically, it worked well in serum
but not tissue samples. This is likely due to the higher number of host cells in tissue relative to
serum. They did find that nuclease treatments in combination with centrifugation works well
to increase the proportion of viral reads in both serum and tissue (Rosseel et al. 2015). Other

publications have found combinations of these pre-treatments to be effective in viral nucleic



acid enrichment. For example, a similar study by Hall et al. (2014) found that a 3-step method
consisting of centrifugation, filtration and nuclease pre-treatments worked best to increase the
percentage of viral reads. The authors were able to show a 10 fold increase in influenza viral
reads (from 0.001% to 0.01%) and a 20 fold increase for enterovirus reads (from 0.16% to
4.74%) in artificial samples(Hall et al. 2014). Ribosomal RNA (rRNA) removal has also
been used to enhance viral metagenomic HTS. Rossel et al. (2015) found that rRNA removal,
performed with magnetic beads, improved the percentage of viral reads in tissue but not

serum.

Technological advancements have enabled the development of a more targeted
enrichment method known as sequence capture. Sequence capture is a technique in which a
group of desired nucleic acids are removed from a larger population. This is achieved through
hybridization of targeted DNA to homologous capture probes. The probes are biotinylated in
order to bind streptavidin-coated magnetic beads, allowing unbound DNA to be washed away.
This technique is being used to enrich for genes of interest in areas of human health research,
such as cancer research (Hagemann et al. 2013) and mutation studies (Wang et al. 2016).
Wylie et al. (2015) developed a sequence capture panel called ViroCap. ViroCap is designed
to capture genetic material from all known viral species that infect vertebrates, with the aim of
viral nucleic acid enrichment prior to HTS. Wylie et al. (2015) designed ViroCap using
sequence data from 337 viral species from 190 genera, making up almost a billion base pairs
of sequence data. The resulting 100 bp probes were screened against the human genome and
any probes that shared over 75% sequence identity with the human genome were removed.
Using Virocap on human clinical samples they detected 32 viruses post-capture, as opposed to
21 viruses pre-capture. They also note an increase in genomic coverage (2.0% to 83.2%). A
median fold increase of the percentage of viral reads of 674 and 296, in comparison to 10 and

20 fold increases of the percentage of viral reads using centrifugation, filtration and DNase



reported by Hall et al. (2014). They also show that Virocap can enrich highly divergent
viruses, such as Anelloviruses (Wylie et al. 2015). Briese et al. (2015) created a targeted
sequence capture panel similar to Wylie et al’s. They use 2 million probes designed from
vertebrate virus sequence. They report fold increases of viral reads of 100 to 1000. Briese et
al. demonstrate that sequence capture performed in this manner can capture partial viral

genomes of novel viruses (Briese et al. 2015).

Another concern to consider in viral metagenomic HTS is the synthesis of cDNA. RNA
viruses make up a significant proportion of viral pathogens. Bacterial metagenomic studies
can take advantage of conserved sequences that span all bacterial taxons, such as 16S
ribosomal RNA genes (Yergeau et al. 2017). Viral metagenomic approaches do not have this
benefit. Often random priming is the strategy adopted for RNA viral cDNA synthesis (van
Gurp et al. 2013). Sequence-independent, single-primer amplification (SISPA) is a method
used for cDNA synthesis based on random priming. SISPA uses a random primer tagged with
a conserved sequence for cDNA synthesis; the conserved sequence can then be used for
subsequent amplification to achieve the required input for HTS library construction(Reyes &
Kim 1991). Rosseel et al. (2012) used SISPA in combination with a DNase enrichment to

detect Schmallenberg virus in sheep and cattle.

Objectives

The main goal of this thesis research project is to evaluate and validate new methods for
the broad range detection and characterization of unknown and unexpected viruses from
animals. The primary focus of this project is the application of broad-range sequence capture
to enrich viral nucleic acid for detection and characterization by HTS. Metagenomic
enrichment methods, such as the 3-step method proposed by Hall et al. (2014), are very non-

specific and therefore produce limited viral enrichment and detection. Species-specific



methods, such as the conserved cDNA synthesis method developed by Logan et al.’s (2015),
are difficult to apply when the identity of the virus is unknown. Here I have evaluated and
validate broad range sequence capture for use in veterinary diagnostics. This goal was

achieved through 3 research objectives:

1. Evaluate ViroCap targeted enrichment in the use of veterinary diagnostics, by

testing a blinded panel of animal viruses consisting of multiple hosts and sample types.

2. Demonstrate the utility of ViroCap targeted enrichment in veterinary
diagnostic disease investigations with a case study of a large die-off of Canada and Snow

Geese.

3. Demonstrate the utility of ViroCap targeted enrichment in the exploration of

wildlife viromes.
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Chapter 2: Evaluation of a Broad Range Targeted Enrichment Method for the

Detection of Wildlife and Livestock Viruses

Foreword

The mandate of the Canadian Food Inspection Agency’s National Centre for Foreign
Animal Disease (NCFAD) includes diagnostics, surveillance and response to multiple foreign
animal diseases (FAD), including foot-and-mouth disease virus (FMDV) and classical swine
fever virus (CSFV). The control of FADs is consequential for the health (Zhou et al. 2017)
and economic wellbeing of the public (Knight-Jones & Rushton 2013). The Genomics Unit of
the NCFAD provides diagnostic support and is actively researching new diagnostic methods
for the detection and characterization of FADs. The primary purpose of this thesis project is to
evaluate high-throughput sequencing (HTS) based methods to improve the identification and

characterization of unknown and unexpected viral pathogens at the NCFAD.

Abstract

The availability of high-throughput sequencing (HTS) technology has improved the
ability to detect viral pathogens without a priori knowledge. However, the abundance of host
and environmental nucleic acids in samples can impact the success of accurately identifying
low abundance viral nucleic acids. This challenge has led to a variety of sample preparation
techniques intended to enrich viral nucleic acids from complex samples, including targeted
enrichment. ViroCap is a targeted enrichment panel which consists of capture probes designed
to enrich sequences of viral species that infect vertebrates. This study reports an evaluation of
ViroCap against a broad range of animal and zoonotic viruses representing 22 families, 27
genera, using a panel of blinded nucleic acid of viral isolates and clinical samples from wildlife
and livestock. In addition to the accurate identification of the expected panel viruses, six

unexpected viruses were detected, including several viruses with sequence divergence above
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50% from known viruses. Also, a disease investigation case study is presented to demonstrate
the utility of ViroCap targeted enrichment in true diagnostic veterinary scenarios. This work
shows ViroCap targeted enrichment improves the detection and characterization of viruses in
domestic species, such as sheep and pigs, as well as wildlife, and it can be an instrumental tool

in veterinary disease investigations.

Introduction

Increasingly metagenomic high-throughput sequencing (HTS) is being used in the
discovery of novel viruses (Duraisamy et al. 2018, Vanmechelen et al. 2018). It provides the
ability to detect viral pathogens without prior knowledge of sequence information. This
ability can overcome the challenges of traditional testing used in diagnostic laboratories such
as PCR. Traditional testing can fail to detect highly divergent viruses, including novel
subtypes of known species (Towner et al. 2008). In fact, metagenomic HTS has had such a
large impact on viral detection that it is straining the current viral taxonomic system, due to
the high number of new species being discovered (Simmonds et al. 2017). In addition to
detection, HTS reveals high-resolution sequence information important for understanding the
atielogy and spread of a viral disease outbreak (Zhou et al. 2018). However, the sensitivity of
viral discovery using metagenomic HTS can be challenging in complex samples, such as
tissue, due to the low abundance of viral nucleic acid in comparison to the host’s nucleic acid
and other environmental nucleic acids (Rosseel et al. 2012). This challenge can lead to poor
sequencing depth, poor breadth of coverage of viral genomes and ultimately failure to detect

viruses (Daly et al. 2011).

A variety of enrichment techniques are employed to increase the quantity of viral
nucleic acid relative to the background, including filtration and centrifugation (Montmayeur

etal. 2017, Zou et al. 2017). Nuclease treatments are also commonly used to enrich viral
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sequence in clinical samples (Rosseel et al. 2015). The work of Hall et al. demonstrates
employing nuclease treatments in combination with filtration and centrifugation will enrich
sequencing reads of both RNA and DNA viruses (Hall et al. 2014). Targeted enrichment
differs from previous enrichment methods, as it is based on using biotinylated oligonucleotide
capture probes that will hybridize to the target of interest for pull-down enrichment using
streptavidin-coated beads. This technique is being used to enrich for genes of interest in areas

of human health, such as cancer research (Hagemann et al., 2013).

ViroCap is a sequence targeted enrichment method designed to enrich vertebrate
viruses. Wylie et al. (2015) designed ViroCap using sequence data from 337 viral species
from 190 genera, making up almost a billion base pairs of sequence data. The resulting 100 bp
probes were screened against the human genome and any probes that shared over 75%
sequence identity with the human genome were removed. The focus of previous studies using
ViroCap were viruses that affect human health (Wylie et al. 2015, 2018). In this study, we
have expanded the laboratory evaluation of ViroCap to include veterinary and zoonotic
viruses. This study also includes a case study to demonstrate the utility of ViroCap

enrichment in veterinary diagnostic disease investigations.

Methods

Previously extracted total nucleic acids from tissue culture (n=3) and field/clinical
(n=19) samples from different sources containing viruses were blinded by staff not involved
in this study prior to being used for the evaluation of the Virocap method in multiple batches.
For batch 1, no cDNA synthesis was performed. Libraries were sheared to 500 bp with the
Covaris™ M220 Focused-ultrasonicator™ (ThermoFisher). Library construction was
performed on extracted total nucleic acids with the KAPA HyperPlus library kit (Roche),

according to Nimblegen’s SeqCap EZ HyperCap Workflow User’s Guide V1.
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For the 2 remaining batches, cDNA synthesis was performed using Superscript IV First-
Strand Synthesis System (SSIV) (ThermoFisher). 11 uL of extracted total nucleic acid was
mixed with ANTPS (10 mM) and a tagged random nonamer primer (40 uM) (GTT TCC CAG
TCA CGA TAN NNN NNN NN). Samples were incubated at 65°C for 5 minutes, then placed
on ice for 1 minute. A reagent mixture of 5x SSIV Buffer, Ribonuclease Inhibitor (40 U/uL),
DTT (100 mM) and SuperScript™ IV Reverse Transcriptase was then added. The samples

were incubated for 10 minutes at 23°C, 10 minutes at 50°C and 10 minutes at 80°C.

Second strand synthesis was performed using Sequenase Version 2.0 DNA Polymerase
(ThermoFisher). The first strand synthesis product was incubated with 10 uL of Sequenase
Version 2.0 DNA Polymerase diluted in 5x reaction buffer and nuclease free water. Samples
were then heated to 37°C over 5 minutes and incubated at 37°C for 12 minutes, followed by 2
minutes at 95°C. Samples were cooled to 10°C and 1.2 uL of Sequenase DNA polymerase in
dilution buffer was added. Samples were again ramped to 37°C over five minutes and

incubated at 37°C for 12 minutes, followed by 8 minutes at 95°C.

A total of 6 uL of the second strand synthesis product was used as template for
amplification. AccuPrime™ 7Tag DNA Polymerase (Thermofisher) was mixed with 10X
AccuPrime™ PCR Buffer I, nuclease free water and a primer for the nonomer’s tag (100 uM).
30 cycles of PCR were then performed with the following parameters: 30 secs at 94°C, 30

secs at 40°C, 30 sec at 50°C and 1 minute at 72°C.

cDNA/DNA mixtures were then cleaned with Genomic DNA Clean & Concentrator
columns (Zymo Research) and eluted in 20 mM Tris (ThermoFisher). Batches 2 and 3
underwent library preparation with the KAPA HyperPrep library kit (Roche). Sequence
library construction and capture were carried out according to Nimblegen’s SeqCap EZ

HyperCap Workflow User’s Guide V1. Samples were pooled in equal amounts by weight
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prior to capture.

Sequencing was performed on an Illumina MiSeq instrument in the National Centre for
Foreign Animal biocontainment level 3 sequencing facility. Batch 1 was sequenced on a V3
flow cell with a 600 cycle cartridge. Batch 2 was sequenced using 500 cycle cartridges and on
a V2 Micro. The same libraries used then sequenced on a V3 flow cell with a 600 cycle
cartridge to allow comparison between capture and uncaptured sequencing statistics. Batch 3
was sequenced on V2 flow cells with 300 cycle cartridges. The same libraries used in capture,
but unenriched were then sequenced on a V2 Micro flow cell with a 500 cycle cartridge.
Flowcells were chosen with aim of obtaining at least 1-2 million reads per sample. A total of

18 pmoles of library was loaded on V3 flow cells and 8-9 pm loaded on V2 flow cells.

cDNA/DNA Sequencing Library Enriched Library

cDNA synthesis Library Enrichment for Viral Sequencing
using Random Construction Sequence (Sequence (MiSeq)
Primers Capture)

Figure 1: Laboratory methods for ViroCap targeted enrichment.

To calculate enrichment, the same libraries were sequenced before and after capture,
with the exception of batch 1. For batch 1, uncaptured stats were calculated based on a library
that was prepared in the following way. The samples were sheared for 550 base-pair (bp)
insert size using Covaris M220 ultrasonicator. Libraries were then constructed on a [llumina
NeoPrep instrument according to instructions in the TruSeq Nano DNA Library Prep for
NeoPrep Reference Guide. The quantified and normalized libraries were pooled in equimolar
amounts and sequenced on a MiSeq instrument with a V3 flow cell and a 600-cycle reagent
cartridge
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Read quality was assessed using FastQC and trimming was performed using
Trimmomatic (Version 0.36), according to read quality (Bolger et al. 2014). de novo assembly
was performed using SPAdes ( v3.12.0) (Bankevich et al. 2012). SPAdes contigs were
classified using Blastn (Altschul et al. 1990). The most appropriate references for reference
assemblies were chosen based on sequence similarity to the SPAdes contigs. Reference
assemblies were then performed using bwa mem (Version: 0.7.17-r1188) (Li & Durbin 2010).
Duplicate sequences were removed with samtools rmdup (Li et al. 2009). Enrichment was
calculated by dividing the percentage of viral reads in captured samples by the percent of viral
reads in uncaptured samples. For viruses with segmented genomes, segments were
concatenated to calculate sequencing statistics. For porcine astrovirus 1, no suiTable reference
could be found in NCBI due to the high sequence divergence, therefore, contigs from the de
novo assembly were used to calculate sequencing statistics. Alignments and percent pairwise
identities were performed and calculated using ClustalW (Thompson et al. 1994). Highly

divergent sequences were assembled by first sorting reads using Rambo-k (Tausch et al.

2015).
Reference
Trimmin Dedupllcatlon
Raw g Trimmed Assembly
Reads FastQC reads Samtools

Trimmomatic

Figure 2: Bioiformatic analysis pipeline for Virocap targeted enrichment.

Results

Blinded panel

A blinded panel of 22 clinical or cell culture amplified samples were processed in 3
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batches (n=5, 6, 11). The panel consisted of 19 clinical samples from animals and humans and
3 viral isolates grown in cell culture. A total of 24 viral species were sequenced from the
panel (Table 1). These species represent all 7 Baltimore classes and include representatives
from 22 viral families and 27 viral genera. Among these viruses are 11 viruses that cause OIE
(World Organization for Animal Health) reportable diseases, such as African swine fever
virus. 3 biosafety level 3 and 4 zoonotic viruses were also sequenced, such as Nipah virus.
The panel, as shown in Table 1, consisted of 11 sample types from 10 host species, including
domestic animal and wildlife species. Nine of the viruses in the panel had DNA genomes: six
belong to Baltimore class I (double-stranded DNA viruses), two belong to Baltimore class I
(single-stranded DNA viruses) and one virus belonged to Baltimore class VII (double-

stranded DNA retroviruses). The rest of the viruses in the panel were RNA viruses (15 of 24).

The effect of ViroCap enrichment on the blinded panel sequencing is demonstrated in
Table 1. Increase in the breadth of coverage was observed in all samples, with the exception
of samples such as a Lassa mammarenavirus, Senecavirus A and Sheeppox virus, which were
fully sequenced in the unenriched sample and therefore could not be increased. The average
increase in the breadth of coverage was 43%. The depth of coverage of the panel increased by
an average of 123. Percent viral reads (PVR) enrichment ranged from 1 to 1965 fold, with an

average of 182-fold.

PVRs with and without enrichment are demonstrated in Figure 3. Viral titer in clinical
samples can vary drastically (Olesen et al. 2017). This is reflected in the PVR of the blinded
panel. Samples such as Seneca Valley virus contained high PVR in unenriched samples (20
and 40% viral reads) leaving little room for enrichment and thus resulting in small fold
enrichment of PVR (e.g. 1). Similarly, Figure 4 demonstrates that increases in breadth of
coverage due to ViroCap enrichment are drastic in cases with low PVR prior to enrichment

(African Swine Fever virus clinical sample = 0.00140% PVR unenriched), while in other
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cases with high unenriched PVR ViroCap targeted enrichment enabled the closing of

coverage gaps (Porcine epidemic diarrhea virus sample = 0.4 PVR unenriched).

Veterinary Diagnostic Case Study: Geese Die-off

A total of 6,476,274 reads for 8 pooled samples were sequenced with ViroCap enrichment.

23,450,882 reads were sequenced using the same sequence libraries without ViroCap
enrichment, meaning on average four times more reads were sequenced for the unenriched
samples. Four viruses were detected (Table 2). The increase of PVR with ViroCap
enrichment ranged from 19 to 524. The average breadth of coverage increased by 20% and
the depth of coverage increased by an average of 47x. Only one virus was completely
sequenced, for the remaing viruses genome coverage was 40-45%. Coverage is fragmented
for the remaining three viruses, which could be due to the advanced decomposition of the

samples (Figure 5).
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Table 1: Enrichment of Viral Genomes with ViroCap targeted enrichment

% nt identity

Fold Increase

Sample| to VCap
Species Host type Design PVR | Breadth(%) | Depth (x)
western
Ambystoma tiger
tigrinum virus® | salamander | Skin |99 535 43.1 113.2
western
Ambystoma tiger
tigrinum virus® | salamander | Skin |(97.4 297 89.6 5.5
African Swine
Fever virus® | Cell culture | N/A [94.7 77 0.6 227.5
African Swine Domestic
Fever virus® pig Serum (99.5 169 87.8 26.5
Avian avulavirus®| Domestic
b sheep Scab {99.8 N/A 97.1 4.2
Bovine viral Northern
diarrhea virus 15 | Long Eared | Brain
b Bat Tissue [94.3 N/A 69.7 4
Epizootic
hemorrhagic
disease virus© | Cell Culture| N/A |(97.4 16 80.1 20.8
Foot-and-mouth | Domestic Oral
disease virus® sheep swab |99.5 1965 17.3 19.8
Snapping | Liver
Frog virus 3¢ Turtle tissue |99.5 8 17.2 124
Snapping | Liver
Frog virus 3¢ Turtle tissue 99.6 2 67.4 14
Hepatitis B virus®| Human Serum |98.7 282 92 62.3
Lassa
mammarenavirus©| Cell Culture| N/A [59.7 4 0 283.6
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Porcine astrovirus| Domestic
18P pig Serum |65.1 7 84.3 6.1
Domestic | Brain
Nipah virus® pig tissue |99.9 96 84.3 134.9
Domestic
Orf virus? sheep Scab [98.6 763 14.7 136.3
Porcine
Cytomegalovirus®| Domestic
b pig Serum [98.9 69 40.1 2.3
Porcine epidemic | Domestic | Rectal
diarrhea virus® pig swab [99.9 50 3.5 226.5
Porcine Domestic
parvovirus 25 P pig Serum |44.5 5 16.9 35.9
Porcine
reproductive and
respiratory Domestic | Rectal
syndrome virus 2¢ pig swab [88.2 31 75.4 276.1
Porcine Rotavirus| Domestic
8D pig Serum |88.6 N/A 44.2 9.9
Rabbit
hemorrhagic Liver
disease virus®© Rabbit tissue |84.7 2 0.1 243.6
Northern
Long Eared | Brain
Rabies virus® Bat tissue [96.3 100 82.3 258.1
Rift Valley Fever | Domestic
phlebovirus® Goat Serum |99 12 1.7 119.1
Domestic | Tonsil
Senecavirus® pig tissue |96.6 1 0 242.9
Domestic Oral
Senecavirusi®© pig Swab [95.6 1 0.3 271.8
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Ovine

teste
Sheeppox virus® | Cell culture | tells |99.1 9 0 208.4
Simian
immunodeficiency
virus© Macaques | Blood |98.4 14 1.5 406.5
Simian
immunodeficiency
virus®© Macaques | Blood [98.2 20 67.1 7.7
Torque teno sus
virus 18P .
Domestic
pig Serum (92.2 204 77.2 67.4

A=Batch 1, B=Batch 2, C=Batch 3, D=Unexpected

*segmented viral genomes were concatenated for calculation
PVR = Percent Viral Reads, VCap = ViroCap
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ATV
AAV
BVDV
EHDV
FMDV
HBV
PAstV-1
PCMV

PPV2

TTv-S1

ATV
ASFV
AFFV

FVv3

FVv3

NIV
Orf
PEDV
PRRSV
RHDV
RV
RVFV
SVA
SVA
sev
SIv

virus, BVDV = Bovine viral diarrhea virus, EHDV = Epizootic hemorrhagic disease virus,
FMDYV = Foot-and-mouth disease virus, FV3 = Frog virus 3, HBV = Hepatitis B virus,
LASYV = Lassa mammarenavirus, NIV = Nipah virus, PAstV-1 = Porcine astrovirus 1, PCMV
= Porcine Cytomegalovirus, PEDV = Porcine epidemic diarrhea virus, PPV2 = Porcine
parvovirus 2, PRRSV = Porcine reproductive and respiratory syndrome virus, PRV = Porcine
Rotavirus, RHDV = Rabbit hemorrhagic disease virus, RV = Rabies virus, RVFV = Rift
Valley Fever virus, SVA = Senecavirus A, SPV = Sheeppox virus, SIV = Simian
immunodeficiency virus, TTV-S1 = Torque teno sus virus 1.
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Figure 4: Sequencing Coverage plots with and without ViroCap targeted enrichment for
selected viruses. Red indicates before enrichment and blue indicates PVR with ViroCap

targeted enrichment.
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Table 2: High-throughput sequencing and ViroCap enrichment statistics of 4 viruses detected

in a large die-off of Canada and Snow Geese.

Millions of | Breadth of |Mean Depth PVR 9
Host - o
s reads coverage |of Coverage R .
Vi Enric- [identity to
irus
Sample hment| ViroCap
w w/o w w/o w w/o w w/o
type Reference
VCap |VCap |VCap [VCap |VCap |VCap |VCap |VCap
Adeno- g5 . (g
associated 1.53 | 7.56 | 42 19 46 | 0.7 |0.06 0.0003| 213 71
virus
Goose
Adeno- [SG-CS| 1.53 [ 7.56 | 45 12 1102 | 0.3 0.4 (0.0008| 476 96
virus 4
Avian
Meta-
CG-PS|2.05 |9.14 | 40 12 265 26 4.6 1(0.0014| 3420 98
Pneum-
ovirus
Goose
Corona- | CG -
290 [ 6.75 | 98 100 | 125 | 190 | 34 1.8 19 61
virus CS
CB17
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SG = Snow goose, CG = Canada goose, CS = Cloacal swab, PS = Pharyngeal swab, Vcap =

Virocop, w = with and w/o = without
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Figure 5: Coverage plots of four viruses detected in a mass die-off of Canada and Snow

geese. Red indicates coverage before ViroCap enrichment and blue indicates coverage with

ViroCap enrichment.
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Discussion

Metagenomic viral detection is currently being used in human medicine to identify
previously elusive viral pathogens, such as the cause of febrile illness in children. However,
low sensitivity can make cell culture amplification of viral isolates necessary for complete
genetic characterization (Haddad-Boubaker et al. 2019). Improvements in sensitivity would
therefore increase the utility of viral metagenomics in clinical diagnostics. To facilitate this,
sequence capture panels have been designed for groups of viruses associated with specific
disease scenarios, such as a panel designed for 34 viruses which can cause respiratory illness
(Yang et al. 2018). In contrast, several broader panels encompassing all known vertebrate
viruses have been designed (Briese et al. 2015, Wylie et al. 2015). These panels have been
designed for and validated on human samples. Previously, a panel of veterinary viral
sequence capture probes was designed for felid species. Specifically, Lee et al. designed a
capture for the use in domestic cats, bobcats and mountain lions, which detects 7 viral
pathogens and a bacterial pathogen (Lee et al. 2017). This study, to the authors’ knowledge,
demonstrates the first evaluation of a broad range targeted enrichment method applied to
numerous animal hosts. This design of ViroCap incorporated several steps with the objective
of improving the panel for use in human diagnostics, e.g. probes were screened against the
human genome and probes with over 75 % identity were eliminated. Despite this, the mean
enrichment seen in this study (182) is comparable to that of the original ViroCap study for
human viruses in two experiments (674 and 296) (Wylie et al. 2015). An increase in breadth
and depth of coverage was observed in viral genomes tested from a wide range of host
backgrounds, demonstrating the potential of ViroCap targeted enrichment for use in

veterinary diagnostics.

In addition to correctly identifying all viruses in the blinded panel, 6 unexpected viruses

were also detected. These viruses were not known to be present in the panel prior to
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sequencing. The majority of these cases were from mixtures of viral isolates or reagent
contaminants. As is the case of bovine viral diarrhea virus (BVDV) sequenced from bat brain.
This sample was processed for virus isolation in media containing fetal bovine serum, in
which BVDV is a common contaminant. One case arose from a probable co-infection.
African swine fever virus, porcine astrovirus 1, porcine cytomegalovirus, porcine parvovirus
2, and torque teno sus virus were all sequenced from one swine serum sample. Despite the
read number between enriched and unenriched samples being comparable (1-2 million reads),
porcine rotavirus was not detected in the sequencing run without ViroCap. The ability to
detect a broad spectrum of viruses from many different taxonomic groups in one reaction is a
major improvement over traditional testing that targets a single pathogen or a limited number
of pathogens. Multiplexing strategies, such as multiplex PCR, are rarely extended beyond 20
targets (Hanson & Couturier 2016). These unexpected viruses would likely go undetected if
traditional tests, such as PCR, had been used for detection. This is particularly important as
some diseases are multifactorial in nature, such as postweaning multisystem wasting
syndrome (Blomstrom et al. 2016) and viral co-infection can impact disease severity (Scotta
et al. 2016). The ability to detect multiple viruses is therefore particularly important in disease

investigations.

Validation of tests in vitro on known and well-described viruses doesn’t reflect the true
nature of diagnostics. In the field, animal carcases degrade and are subject to predation.
Transportation can introduce more degradation, especially from remote locations. The blinded
panel evaluation was effective in demonstrating the range of viruses and host backgrounds in
whichViroCap enrichment is able to improve viral characterization. The second part of this
study describes the use of ViroCap in a true diagnostic disease scenario. A disease
investigation case study was presented to demonstrate the utility of ViroCap targeted

enrichment using an actual diagnostic submission from a die-off of Canada and snow geese.
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In August 2017, dozens of deceased juvenile Canada and snow geese were discovered on a
beach in Cambridge Bay, Nunavut. Following the failure of toxicological and microbiological
testing to detect a cause for the die-off, the samples then became an “unknown”, making them
an ideal candidate for ViroCap enrichment and HTS. 8 samples from the geese die-off were
subjected to ViroCap enrichment and HTS. Cloacal and pharygynal swabs were collected
from 3 birds (2 Canada geese and one snow goose). Lung tissue was only available from 2

Canada geese, as many internal organs were missing due to predation.

This investigation was included to demonstrate the utility of ViroCap enrichment in
veterinary diagnostics. As mentioned above, the difficulty of characterizing viral genomes in
clinical samples often means isolation is required before viruses can be fully genetically
characterized, due to the fact that a complete genome is difficult to sequence without
amplification to increase PVR (Jaune et al. 2018). Viral isolation was attempted using
samples from the Canada and snow geese die-off by passaging twice in embryonated chicken
eggs, but infectious virus could not be isolated. This negative result is most likely due to the
poor quality and poor state of the samples by the time it reached the laboratory. Poor quality
and/or limited sample are common scenarios in viral diagnostics (Jonassen et al. 2005).
Howevewr, HTS combined with ViroCap targeted enrichment revealed 4 viruses in these
samples. Furthermore, the near complete genome of a novel Goose Coronavirus CB17, a
novel Gammacoronavirus, was detected in samples from all three birds submitted for testing
(Papineau et al. 2019). The novel coronavirus was present in high enough PVR (1.3%) to be
nearly completely genetically characterized without capture, if sufficient sequencing was used
on the samples. Still, the PVR was 20x higher with ViroCap enrichment, despite a very low
nucleotide pairwise identity to known coronaviruses (61.2%). This demonstrates that ViroCap
can be useful in the discovery and genetic characterization of novel viruses. This is also

evident in the case of porcine parvovirus 2 (PPV2) sequenced from a swine serum sample
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included in the blinded panel. PPV2 showed 5 times PVR enrichment, despite only a 45%

pairwise nucleotide identity to the closest virus sequence used in the design of ViroCap.

In addition to the novel Gammacoronavirus, 3 other viruses were detected in the geese
die-off samples. Avian metapneumovirus (AMPV) was detected in the pharyngeal swab of
one Canada goose. Despite obtaining 4 times more sequencing reads for this sample in the
unenriched sequencing run, the breadth of coverage increased from 11% to 44% with
ViroCap enrichment. This increase in coverage enabled sequencing of the complete
glycoprotein ORF, a gene important for the determination of host range and virulence
(Bennett et al. 2005). Thus, ViroCap enrichment enabled more detailed genetic
characterization with lower sequencing throughput. Similar results were observed for goose

adenovirus 4 and an adeno-associated virus.

This increase in depth of genetic characterization can play an important role in
diagnostic scenarios. Traditional nucleic acid detection tests are based on the detection of
small genomic targets through hybridization with primers and probes. In addition to being
sensitive to mutations that can result in false negative results (Towner et al. 2008), these
PCR-based tests also provide no sequence information. The ability to detect and sequence the
genome of a virus can improve outbreak response, e.g. improving biosecurity procedures by
increasing the understanding of the spread of disease (Houlihan et al. 2018). Therefore,
enrichment methods like ViroCap can have an impact on not just the ability to detect viral

pathogens but also on the management of the disease these pathogens cause.

Examples of other methods available for enrichment of virus from metagenomic
samples for sequencing include nuclease treatments, centrifugation and filtration. The
efficiency of these methods can vary depending on the sample type. For example, Rossel et al

(2015) demonstrated DNase treatment resulted in a maximum viral enrichment of 83x in
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serum and 32x in tissue samples (Rossel et al. 2015). This method was targeted for RNA
viruses and would reduce the effectiveness of acquiring sequence information from viruses
with DNA genomes. The maximum viral enrichment achieved in this study in tissue was
535x for DNA viruses and 100x for RNA viruses. It should be noted that there are many
factors that differ between this study and Rossel et al.’s (2015), ranging from sample
composition to the sequencing platform used. Hall et al (2014) evaluated physical enrichment
methods on both RNA and DNA viruses. They also demonstrated the vartiability of the effect
of DNase treatments and recommend that this technique be combined with centrifugation and
filtration (Hall et al, 2014). Hall et al. (2014) used artificial samples constructed from a
mixture of human cells, E. coli cells and virus. Neither of these studies evaluated swab
samples, an important sample type in veterinary diagnostics. Our work demonstrates that in
true diagnostic veterinary samples representing a range of sample types, ViroCap enrichment
has a positive impact on the ability to detect both RNA and DNA viruses. As ViroCap is
based on known viral sequence, there is a possibility that novel viruses can be missed,
something that physical based enrichment methods would be advantageous for in theory.
However, this work also demonstrates that the ViroCap targeted enrichment successfully
sequenced viruses with high sequence divergence from the viral sequences used in the capture

probe design.

PCR is commonly used (including in this study) to generate sufficient input material for
library construction from low-input samples, such as field collected or clinical material. PCR
is thought to contribute to artificial read duplicates in HTS data (Li et al. 2009). Thus, in this
study, coverage was calculated after removal of PCR duplicates in order to prevent PCR
duplicates from affecting sequencing statistics. As low input library construction methods
become available and compatible with the capture process, future experiments can decrease

cycle numbers required. In addition to the PCR duplicates, PCR can also lead to increase
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index jumping when samples are multiplexed. While some adapter jumping is common in
[Nlumina sequencing (Griffiths et al. 2018), capture can contribute to increased index jumping.
Index jumping was observed in our study as multiple samples were batched in the same run to
reduce the cost of sequencing. This problem can potentially be reduced in future studies with

unique dual indexing strategies (MacConaill et al. 2018).

To summarize, the data presented here shows ViroCap targeted enrichment can be used
to increase the sensitivity of viral detection and characterization in animal studies. The
detection of unexpected and highly divergent viruses shows it is suitable for the detection of
viruses in veterinary diagnostics. This study highlights the benefits of viral enrichment
through broad range sequence capture, including, higher sensitivity for viral pathogens,

ability to identify mixed infections, highly divergent and unknown/unexpected pathogens.
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Chapter 3: Viruses Detected in a Mass Die-off of Canada and Snow Geese

Abstract

A mass die-off of Canada and snow geese occurred in Nunavut Canada in the fall
of 2017. Following the failure of toxicological and microbiological testing to detect
pathogens, ViroCap targeted enrichment and high-throughput sequencing revealed 4
viruses. The complete genome of a novel coronavirus was detected in the cloacal swab
of one Canada goose. Phylogenetics and genetic analysis reveal it is a new species of
the genus gammacoronavirus, which was given the designation Canada goose
coronavirus. The genome of Canada goose coronavirus includes 6 novel ORFs, a partial
duplication of the 4 gene and a presumptive change in the proteolytic processing of
polyproteins la and lab. Three partial genomes were also detected, including that of an
avian metapneumovirus sharing high nucleotide similarity to the Colorado strain. In
addition, the first genetic information of Goose adenovirus 4 and Avian
dependoparvovirus 1 in wild Canadian geese is presented. Metagenomic investigation
revealed the presence of several viruses with the ability to infect domestic avian species
and a novel coronavirus of unknown pathogenicity, indicating the need for increased
surveillance and additional studies to determine pathogenicity of Canada goose

coronavirus.
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Introduction

Given the role of migratory birds in the transmission and maintenance of livestock
and human pathogens (Endo & Nishiura 2018), it is important to monitor the viral
community of migratory birds. A large die-off of juvenile Canada and snow geese
occurred in Cambridge Bay Nunavut in August of 2017. Samples were provided from
three birds (1 snow goose and 2 Canada geese). All geese were in poor body condition;
subcutaneous and intracoelomic adipose tissue was absent and pectoral mass was
reduced. The carcasses were heavily predated and decomposing. Most internal organs
were missing and in one case (the snow goose) the head was entirely missing. Despite
the poor condition, samples were tested at the University of Calgary. Mineral and
toxicological testing were unremarkable. Tests for duck viral enteritis virus, fowl
cholera (Pasteurella multocidasepticemia), avian influenza, Newcastle disease and
Duck Viral Enteritis were negative. The pathology report produced by the University of
Calgary and Samuel Sharpe indicated the possibility that salt intoxication and/or poor

body condition may have contributed to the large die-off.

The viruses detected in the 2017 mass die-off of Canada and snow geese were
described in Chapter 2, as part of a discussion of the effectiveness of ViroCap in veterinary
diagnostic disease investigations. This chapter will describe the genetics and phylogeny of
the 4 viruses detected in the mass die-off of Canada and Snow geese. The 4 viruses detected

in the mass die-off are listed in Table 3.

Table 3: Viruses detected in a mass die-off of Canada and Snow Geese. CG = Canada

Goose, SG = Snow Goose, CS = Cloacal Swab, PS = Pharyngynal swab.

Breadth of | Mean Depth of
Virus Host - coverage Coverage
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Sample type

Goose Coronavirus CB17 CG-CS 98 125
Avian Meta- 40 265
pneumovirus CG-PS

Goose Adenovirus 4 SG-CS 45 10.2
SG-CS 42
Adeno-associated virus 4.6

Methods

Source of samples

A large die-off of Canada and snow geese occurred in the fall of 2017 near the Arctic in

Cambridge Bay, Nunavut, Canada. Due to poor carcass quality and remote location, samples

were only collected from two dead Canada geese and one Snow goose, all of which had

undergone predation and decomposition. Cloacal and pharyngeal swabs were collected from

all three birds, lung tissue was collected from only the Canada geese. Other organs were not

present or were in extremely poor condition. Detection of both common avian pathogens,

such as avian influenza and avian paramyxovirus by the National Reference Laboratory, by

routine laboratory testing gave negative results. Virus isolation was performed by two serial

passages in SPF chicken eggs using protocols prescribed by the World Organization for
Animal Health (OIE) for the most closely related gammacoronavirus, infectious bronchitis
virus (IBV). Samples were then subjected to targeted sequence enrichment (Wylie et al.

2015) and high-throughput sequencing on an [llumina MiSeq platform.

Sample pre-treatment
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Tissues were homogenized using a Precellys Evolution homogenizer (Bertin
Instruments) according to the manufacturer’s instructions. Following a clarification by
centrifugation at 3000 rpm for 10 minutes, nucleic acids were extracted using the MagMAX

Pathogen RNA/DNA Kit (Ambion) according to the manufacturer’s instructions.

cDNA synthesis was then performed using SuperScript™ IV First-Strand Synthesis
System (SSIV) (ThermoFisher) according to the manufacturer’s recommendation. A total of
11 uL of extracted total nucleic acid was mixed with ANTPS (10 mM) and a tagged random
nonamer primer (40 uM) (GTT TCC CAG TCA CGA TAN NNN NNN NN). Samples were
incubated at 65°C for 5 minutes, and then placed on ice for 1 minute. A reagent mixture of 5x
SSIV Buffer, Ribonuclease Inhibitor (40 U/uL), DTT (100 mM) and SuperScript™ IV
Reverse Transcriptase was then added. The samples were incubated for 10 minutes at 23°C,

10 minutes at 50°C and 10 minutes at 80°C.

Second strand synthesis was performed using Sequenase Version 2.0 DNA Polymerase
(ThermoFisher) according to the manufacturer’s recommendation. The first strand synthesis
product was incubated with 10 uL of Sequenase Version 2.0 DNA Polymerase diluted in 5x
reaction buffer and nuclease free water. Samples were then heated to 37°C over five minutes
and incubated at 37°C for 12 minutes, followed by 2 minutes at 95°C. Samples were then
cooled to 10°C and 1.2 uL of Sequenase DNA polymerase in dilution buffer was added.
Samples were again ramped to 37°C over five minutes and incubated at 37°C for 12 minutes,
followed by 8 minutes at 95°C. A total of 6 uL of the second strand synthesis product was
then used as template for amplification. AccuPrime™ Tagq DNA Polymerase (Thermofisher)
was mixed with 10X AccuPrime™ PCR Buffer I, nuclease free water and a primer for the
nonomer’s tag (100 uM). 30 cycles of PCR were then performed with the following

parameters: 30 seconds at 94°C, 30 seconds at 40°C, 30 seconds at 50°C and 1 minute at
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72°C. cDNA/DNA mixtures were then cleaned with Genomic DNA Clean & Concentrator

columns (Zymo Research) and eluted in 20 mM Tris (ThermoFisher).

Library preparation and sequencing

Sequence libraries were prepared with the KAPA HyperPlus library kit (Roche).
Sequence library construction and capture were carried out according to Nimblegen’s SeqCap
EZ HyperCap Workflow User’s Guide V1. Samples were pooled in equal amounts by weight
prior to capture. Sequencing was performed on an Illumina Miseq instrument in the National
Centre for Foreign Animal Disease biocontainment level 3 sequencing facility. A V2 flow

cell was used with a 500 cycle reagent cartridge (Illumina).

5’ Race and Sanger sequencing

5" RACE was used to obtain the missing leader sequence (52 bp). The SMARTer 5'
RACE and 3' RACE kit (Takarabio) was used according to the kit instructions. The gene
specific primer used for 5 RACE was
TCAGCTACAGTAGAGGGAGATGTCATAGGTGC. For Sanger sequencing, amplicons
was performed using KAPA HiFi HotStart ReadyMixPCR Kit (KAPABiosystems). The
primers CTAAAGAGAAGGTGGACACTGGT and
CTAAGAATGCGAACTTCACAGAGC were used to amplify the gene 4b homologue
region. The primers GTTGTTGTGTTACAAGGCAAGGG and
GGATTATGATCAAACCATGAACCTGG were used to amplify the NSP 10/12 region.
Cycling conditions used to generate amplicon for Sanger sequencing were: 1 cycle: 95°C for
3 minutes, 40 cycles: 98°C for 20 seconds, 65°C for 15 seconds, 72°C for 2.5 minutes, and 1
cycle: 72°C for 3 minutes. Amplicons were cleaned using AMPure XP beads (Beckman

Coulter) according to the manufacturer’s directions. Sanger sequencing was performed on the
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ABI Genetic Analyzer 3130XL platform using the BigDye Terminator v3.1 Cycle

Sequencing Kit (Applied Biosystems) according to the user manual

Bioinformatics

Read quality was assessed using FastQC and trimmed using Trimmamatic (Bolger et al.
2014) (Version 0.36). Host reads were then filtered with RAMBO- K, using the only
complete genome of a goose species (swan goose, Anser cygnoides) currently available and
DCoV (Tausch et al. 2015). The near complete genome sequence of Goose Coronavirus
CB17 (GCoV-CB17) was assembled from HTS derived sequences from a cloacal swab of
one Canada goose using SPAdes (Bankevich et al. 2012). Sanger reads were aligned to the
draft genome in Geneious™ (Biomatters, v 9.1.8). Annotations were performed using
Geneious and protein domains were identified using PFAM (EI-Gebali et al. 2019). The
Canada goose coronavirus genome is available under accession number MK359255 on

NCBI.

The Genome Orginization of Canada Goose Coronavirus

Viruses belonging to the Coronaviridae family have a single stranded positive sense
RNA genome of 26-31 kb. Members of this family include both human pathogens, such as
severe acute respiratory syndrome virus (SARS-CoV) (Tsang et al. 2003), and animal
pathogens, such as porcine epidemic diarrhea virus (Wood 1977). Currently, the International
Committee on the Taxonomy of Viruses (ICTV) recognizes four genera in the Coronaviridae
family: Alphacoronavirus, Betacoronavirus, Gammacoronavirus and Deltacoronavirus.
While the reservoirs of the Alphacoronavirus and Betacoronavirus genera are believed to be
bats, the Gammacoronavirus and Deltacoronavirus genera have been shown to spread

primarily through birds®. The first three species of the Deltacoronavirus genus were
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discovered in 2009 (Woo et al. 2009) and recent work has vastly expanded the

Deltacoronavirus genus, adding seven additional species (Woo et al. 2012).

By contrast, relatively few species within the Gammacoronavirus genus have been
identified. There are currently two recognized species in the Gammacoronavirus genus: avian
coronavirus (ACoV) and beluga whale coronavirus SW1 (SW1). ACoVs infect multiple
avian hosts and include several important poultry pathogens, such as infectious bronchitis
virus (IBV) and turkey coronavirus (TCoV) (de Groot et al. 2008). IBV was first described in
the United States (Fabricant 1998) but has since been described around the globe (Bande et
al. 2017). Turkey Coronavirus is the cause of acute enteritis in domestic turkeys (Lin et al.
2002). The second species in the Gammacornavirus genus, SW1, was first discovered in
beluga whales (Mihindukulasuriya et al. 2008) but has since been detected in other cetaceans,
such as Indo-Pacific bottlenose dolphins (Woo et al. 2014). Despite IBV being the first
discovered coronavirus and the impact it has on the poultry industry (Jones 2010), the
number of identified species within the Gammacoronavirus genus remains small in
comparison to the other coronavirus genera. Coronaviruses from several other avian hosts for
which partial sequences are available suggest relatedness to IBV and TCoV. These viruses,
which include goose coronavirus (GCoV), were tentatively classified as part of the ACoV
species. An approximately 3 kb region, including the nucleocapsid gene and several
accessory genes, of GCoV were previously sequenced from a greylag goose in Norway
(Jonassen et al. 2005). Here we present the full genome of Goose coronavirus CB17 (GeoV-
CB17) sequenced directly from the cloacal swab of a Canada goose, which expired in a mass
die-off in a remote region near the arctic in Nunavut, Canada. Our analyses demonstrate that

it should be classified as a novel species in the Gammacoronavirus genus.

Due to the remote location of the die off, samples from the dead birds were not

collected immediately and sent to a diagnostic laboratory until severe predation and
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decomposition had occurred. The poor sample quality, in addition to the difficulty of
coronavirus isolation, led to the failure to isolate infectious virus using standard methods.
However, the nearcomplete genome of a novel gammacoronavirus was assembled from high
throughput sequencing reads derived from the cloacal swab of a single Canada goose. The
assembled genome of the novel Goose Coronavirus (GCoV-CB17) is 28,539 nts in length
(excluding the poly(A) tail) and has 38.4% GC-content. GCoV-CB17 is approximately 1000
nts longer than the reference genomes for ACoV available in GenBank. The genome
organization of GCoV-CB17 is presented in figure 6. The 5 UTR of CGCoV is 553 nt in
length and contains a higher GC content (48.3%) relative to the genome as a whole. The 5’
UTR of CGCoV shares only 68% pairwise identity with that of duck coronavirus (DCoV)
and 47.5% pairwise identity to that of SW1. Like all coronavirus genomes reported to date,
GCoV-CB17’s genome is dominated by the coding regions for the large polyproteins la and
lab, followed by the structural and accessory genes. The heptanucleotide slippery sequence
UUUAAAC, associated with the ribosomal slippage that produces polyprotein 1ab, was
present at nt positon 11995. GCoV-CB17’s genome contains genes for all four structural
proteins common to coronaviruses; spike (S), envelope (E), membrane (M) and nucleocapsid
(N). In addition, GCoV-CB17 contains 10 open reading frames (ORFs) predicted to encode
accessory proteins. The order of the structural and accessory protein-coding ORFs in GCoV-
CB17 resembles that of ACoV, but there are noTable differences. The general genome
organization of ACoV is lab-S-3a-3b-E-M-4b-4c-5a-5b-N-6b (Cao et al. 2008). However,
there is some variance in the genome organization within the ACoV species. For example,
Australian IBV strains lack ORFs 4a, 4b and 5b (Mardani et al. 2008). Overall, GCoV-CB17
contains a larger number (n=14) of ORFs coding for predicted accessory and structural
proteins downstream of the polyprotein lab coding region. Two additional ORFs (7a and 7b)

are found between the GCoV-CB17 M and N ORFs. There are also two additional ORFs (10
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and 11) following the N gene. While some ACoVs do have ORFs following the N gene,
ORFs 10 and 11 in GCoV-CB17 do not share obvious homology to those of IBV and TCoV.
The 3’ UTR of GCoV-CB17 is 301 nucleotides in length and contains the stem loop-like
motif 113 bp upstream from the poly(A) tail. This stem loop-like motif was first identified in
astroviruses (Jonassen et al. 1998) but is also present in ACoVs and SARS-CoV (Cao et al.
2008). Further downstream in the 3’ UTR, the octanucleotide motif (GGAAGAGC) is found
71 bp upstream of the poly(A) tail. The 3 UTR of GCoV-CB17 shares 98% pairwise identity

to the partially sequenced GCoV and 84 % pairwise identity to IBV.

A trait suggesting common ancestry between GCoV-CB17 and ACoV is the canonical
ACoV transcription regulatory sequence (TRS) found at the end of the leader sequence in
GCoV-CB17. The TRS of GCoV-CB17 is identical to that identified by Cao et al (2008) as
the TRS of TCoV (CTTAACAAA). Body TRS’s regulate viral gene expression by forming a
complex with the leader TRS, causing discontinuous transcription of mRNA (Dufour et al.
2011). Ten putative body TRSs were found in the 3” end of the GCoV-CB17 genome (figure
6). Four of the ten putative TRSs (4, 6, 8, 9) were exact matches to the canonical leader TRS.
Three TRSs (2, 7, 11) contained one mismatch and the remaining three TRSs (3, 5, 10)
contained two mismatches to the leader TRS. The functionality of these TRSs would need to
be experimentally determined; however, previous studies have shown that TRSs of ACoVs
are subject to some variation (Bentley et al. 2013, Cao et al. 2008). GCoV-CB17 contains
twice the number of TRS’s as ACoVs and a similar number compared to the nine contained
in SW1°. Table 4 demonstrates the nucleotide distances between the TRS and the start codon

of ORFs found in GCoV-CB17’s, which are comparable to those of TCoV (Cao et al. 2008).

Table 4: Putative viral proteins of Canada goose coronavirus
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Protein

Top Match in
NCBI

Top match -
aa %
identity*

Size (aa)

Distance between TRS
and start codon (nt)

1a

la-Infectious
bronchitis virus
strain B1648

43

3825

480

lab

lab-Infectious

bronchitis virus
strain

ck/CH/LJL/051

57

6510

480

Spike

Spike-Infectious
bronchitis virus
strain N2-75

53

1184

82

n/a

53

4a

n/a

55

Envelope

Envelope-
Infectious
bronchitis virus
strain 1S-1494

100

n/a

Membrane

Membrane-Duck
Coronavirus
isolate
DK/GD/2014

72

235

74

Sb

4b-Infectious
bronchitis virus
strain Georgia
1998 Vaccine

41

88

n/a

63

Ta

4b-Duck
Coronavirus

isolate
DK/GD/2014

23

92
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7b n/a n/a 69 n/a

8a Sa-Duck 37 65 4
Coronavirus
isolate
DK/GD/2014

8b 5b-Duck 46 85 n/a
Coronavirus
isolate
DK/GD/2014

Nucleocapsid | Nucleocapsid- (94 414 94
Goose
Coronavirus

10 ORFxg-Goose |92 97 0
Coronavirus

11 ORFyg-Goose |81 180 91
Coronavirus

*Matches below 20% coverage not shown.

The start codon of GCoV-CB17’s polyprotein lab is located 567 nucleotides
downstream of the leader TRS. The coronavirus polyprotein lab is cleaved into 15-16 non-
structural proteins (NSPs) by two viral proteases (Ziebuhr et al. 2000). Putative cleavage sites
for these proteases are present in GCoV-CB17’s 1a and 1ab polyproteins, with the exception
of the NSP 10/11 (polyprotein 1a) and NSP 10/12 (polyprotein 1ab) cleavage sites. The
missing cleavage site would be located near the end of polyprotein 1a, producing the NSPs 10
and 11, and also in the alternatively transcribed polyprotein lab, producing NSPs 10 and 12.
The absence of the NSP10/11 and 10/12 protease recognition site was confirmed with Sanger
sequencing. With the exception of the missing cleavage sites, the putative cleavage sites

would produce NSPs of sizes congruent with other Gammacoronavirus species (table 5). No
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Gammacoronavirus species to date, including GCoV-CB17, have a papain-like protease

cleavage site between NSP 1-2 (Kint et al. 2016).

Table 5: Non-structural proteins size and cleavage site of gammacoronaviruses.

GCoV-CB17 TcoV IBV SW1
Cleavage Size Cleavage Cleavage Cleavage
Protein site aa Site  |Size aa| site Size aa site Size aa
NSP1/2 | AG"GH (609 AG"GK |673 AG"GK |673 VD"GD |636
NSP3 AG"GV [1532 | AG"GV [15%4 AGMGI [1592 LG"GV (1586
NSP4 LQ"AG |503 LQ"AG |514 LO"SG |514 LQ"AG |537
NSP5 LQ"SN (307 LQ"SS 307 LQ"SS (307 LQ"SN |303
NSP6 VQ"SK (295 VQ"SK |297 VQ"AK [293 VQ"SK 303
NSP7 LQ"AV (83 LQ"SV |83 LQ"SV |83 LQ"AV |83
NSPS8 LQ"NN 212 LQ"NN |210 LQ"NN [210 LQ"NN (198
NSP9 LQ"GK [111 LQ"SK |111 LQ"SK |[111 LQ"HG (112
NSP10 SRFV* 173 | VQ”~SA (145 VQ*SV (145 LQ”*SV |189
NSP11 - - - 23 - 23 - 17
NSP12 SRFV* 1101 | VQ”~SA [%41 VQASV (940 LQ"SV (926
NSP13 LQ"SC (599 LQ"SC |601 LQ"SC (600 LQ"*AS |[601
NSP14 | LQ”SN |[522 LO"GT 521 LO"GT (514 LQ"SQ [528
NSP15 LQ"SI (338 LQ"ST |338 LQ"SI (338 LQ"SL {349
NSP16 LO"SG |298 LQ"SA |302 LQ"SA |302 LQ"SD |312

*amino acids present in GCoV-CB17 where putative protease cleavage sites were observed

in TCoV, IBV and SW1
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While the genome structure of GCoV-CB17 resembles that of ACoV, there are some
noTable differences. For example, there are no homologues to ACoV’s 3a or 3b accessory
proteins in GCoV-CB17, a trait shared with SW1. Furthermore, GCoV-CB17 has a number
of ORFs that do not appear to have homologues in other sequenced Gammacoronavirus
species, such as the ORFs for putative proteins 3 and 4a (Figure 6). These two ORFs are
found in GCoV-CB17 in the corresponding location of ACoV’s 3a and 3b ORFs (between the
S and E ORFs) and are also similar in size to ACoV’s 3a and 3b proteins. However, they
share no obvious sequence similarity with any 3a or 3b gene, or any other entry in NCBI
(table 3). ACoV’s 3a and 3b proteins have been shown to be unnecessary for replication
(Hodgson et al. 2006), however knock-out mutants with these accessory genes deleted are
attenuated (Laconi et al. 2018, Liu et al. 1991). The IBV’s 3 gene is functionally tricistronic,
meaning the 3a, 3b and E proteins are under the control of a single TRS (Brooks et al. 2004).
This is not the case in GCoV-CB17, as the E ORF of GCoV-CB17 shares a TRS with only

the 4a ORF in GCoV-CB17 and 3 ORF is preceded by a separate TRS (Figure 6).

An additional TRS is also found in between GCoV-CB17’s M and N ORFs, preceding
the proteins 7a and 7b (Figure 6). Commonly, ACoVs have two ORFs between the M and 5
genes, coding for the 4b and 4c accessory proteins. GCoV-CB17 contains 4 ORFs between
the M and 8 gene (AcoV 5 gene homologue). Two of these ORFs (5b and 7a) are ACoV 4b
homologues, likely the result of gene duplication. This region in IBV has been identified as a
hotspot for recombination (Woo et al. 2012). The region between the ACoV M and 5 gene
was formally called the intergenic region because of the lack of a TRS. However, it was later
shown that gene 4 is expressed using an alternative TRS in IBV (Bentley et al. 2013).
Notably, one of the 4b homologs (i.e. 5b) in GCoV-CB17 does have a TRS (figure 6). The

use of template switching at TRSs is thought to lend to recombination in coronaviruses
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(Simon-Loriere & Holmes 2011). The two GCoV-CB17 4b homologs are not identical to
each other (table 1). Amino acid sequence identity to other 4b proteins is low for both GCoV-
CB17 4b homologues, 41% to IBV and 23% to DCoV respectively. The gene 4 duplication
was also confirmed by Sanger sequencing of the genomic region between the M ORF to the 8

gene.

1ab

NSP6

e 1 e Y
—¥ ¥ T N3 0 NSPI4 0 NSPIS
NSP7 D e —

TRS4 TRS8 3'UTR
F TRS2+4 TRy d TR G TR e TR e TR G TR 1 O e TRS | e
Membrane 7a* 8a Nucleocaps

o EEED DI
> WP o> LD et

Envelope

Figure 6: Genome organization of Canada goose coronavirus. Purple indicates untranslated
regions, blue indicates putative proteins, green indicates coding region of mature non-
structural proteins (NSP) and red indicates transcription regulatory sequences (TRS). The
stem loop-like motif and octamer motif are contained within the 3 UTR. Genome
organization Figure was constructed using Geneious™ (Biomatters, v 9.1.8). * indicate
ACoV 4b homologues. Proteins are named numerically from the 5’ end of the genome, with

the exception of the structural genes, which are denoted by their common names.

The ACoV 5a and 5b accessory proteins (8a and 8b in GCoV-CB17) appear to be the

only accessory proteins conserved in all 3 Gammacoronavirus species, although gene order
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differs. ORFs encoding putitive proteins 5a and 5b belong to the bicistronic gene 5 of ACoVs
and are also unnecessary for replication (Laconi et al. 2018). To date, all publically available
sequence information suggest that Gammacoronavirus species have lost the NSP1 cleavage
site. The function of NSP1 in alphacoronaviruses and betacoronaviruses is the inhibition of
host protein production. Accessory protein 5a is shown to have adopted this function in place

of NSP1 in IBV (Kint et al. 2016).

The majority of structural proteins of GCoV-CB17 also share low amino acid sequence
identity (53-72%) with IBV and DCoV. Phylogenetic analysis of the spike gene show that the
GCoV-CB17 spike gene clusters with the IBV spike gene, separate from the TCoV cluster
(Figure 7). Figure 7 also demonstrates the nucleocapsid gene of GCoV-CB17 is distantly
related to those of ACoVs. However the GCoV-CB17 nucleocapid protein does share 94%
amino acid sequence identity with the nucleocapsid protein encoded in the partially
sequenced graylag GCoV genome (Cao et al. 2008). In addition, ORFs 10 and 11, which are
preceded by the nucleocapsid gene, also share high amino acid identity with graylag GCoV
proteins, 92% and 81% respectively. It should be noted that, among full and partial genomes
of gammacoronaviruses sequenced to date, ORFs 10 and 11 seem to be unique to GCoV-
CB17 and GCoV and are both preceded by a TRS, suggesting that these ORFs are very likely
expressed. The fact that some GCoV-CB17 proteins share higher amino acid sequence
similarity with the partial GCoV sequences available suggest these two viruses are more

closely related to each other than to other gammacoronaviruses known to date.
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Figure 7: The phylogeny of gammacoronavirus spike and nucleocapsid proteins. A maximum

likelihood tree built, using the amino acid sequences of the spike protein (A) and

nucleocapsid protein (B) domains aligned with ClustalW (Larkin et al. 2007), in MEGA X

using the Jones-Taylor-Thornton (JTT) substitution model and 1000 bootstraps (Kumar et al.

2018). IBV Infectious Bronchitis virus, TCoV Turkey Coronavavirus, PCoV Pigeon

Coronavirus, DCoV Duck Coronavirus.
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The phylogenetic tree built using the coding regions for the conserved replicase and
helicase domains demonstrates that GCoV-CB17 clusters with gammacoronaviruses and
shares a more recent common ancestor with ACoV than with the cetacean
gammacoronaviruses (Figure 8). Further comparisons suggest that GCoV-CB17 is a separate
species from ACoV. Current taxonomy of Coronaviridae is determined using pairwise
comparisons of the amino acid sequence of seven conserved domains in the 1ab polyprotein.
Members of the same species share over 90% amino acid identity in these seven conserved
domains (De Groot et al. 2008). Percent identity of GCoV-CB17 falls well below the 90%
threshold set by ICTV with ACoV and SW1, suggesting GCoV-CB17 is a separate species
(Table 6). Within Coronaviridae, GCoV-CB17 shares the highest homology (68%) in the 7

conserved domains to the gammacoronaviruses TCoV and DCoV.
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Porcine epidemic diarrhea virus (NC 003436)

Scotophilus bat coronavirus 512 (NC 009657)

Bat coronavirus HKU10 (NC 018871)

Rhinolophus ferrumequinum alphacoronavirus HuB-2013 (NC 028814)
Miniopterus bat coronavirus 1 (NC010437)

Nyctalus velutinus alphacoronavirus SC-2013 (NC 028833)
Miniopterus bat coronavirus HKUS (NC 010438)

Myotis ricketti alphacoronavirus Sax-2011 (NC 028811)

Human coronavirus 229€ (NC 002645) Npicsemamio
Human coronavirus NL63 (NC 005831)
100 NL63-related bat coronavirus strain BtKYNL63-9b (NC 032107)
Rhinolophus bat coronavirus HKU2 (NC 009988)
l— Alphacoronavirus 1 (NC 002306)
oy L: Ferret coronavirus (NC 030292)
100 Mink coronavirus 1 (NC 023760)
Lucheng Rn rat coronavirus (NC 032730) 1
{ Betacoronavirus 1(U00735)
100 China Rattus coronavirus HKU24 (NC 026011)
_': Human coronavirus HKU1 (NC 006577)
82 Murine coronavirus (NC 001846)
ﬂ: Bat Hp-betacoronavirus Zhejiang2013 (NC 025217)
100 96 Severe acute respiratory syndrome-related coronavirus (NC 004718)
Betacoronavirus
_: Rousettus bat coronavirus GCCDC1 (NC 030886)
100 Rousettus bat coronavirus HKU9 (NC 009021)
e Hedgehog coronavirus 1 (NC 039207)
360 Middle East respiratory syndrome-related coronavirus (NC 019843)
Py Pipistrellus bat coronavirus HKUS (NC 009020)
92 Tylonycteris bat coronavirus HKU4 (NC 009019) 2
100 Avian coronavirus (NC 001451)
_l”’" E Canada goose coronavirus } Gammacoronavirus
Beluga whale coronavirus SW1 (NC 010646)
99 Night heron coronavirus HKU19 (NC 016994
Wigeon coronavirus HKU20 (NC 016995)
o0 Common moorhen coronavirus HKU21 (NC 016996)
. 96 Bulbul coronavirus HKU11 (NC 011547 Deltacoronavirus
100

wWhite-eye coronavirus HKU16 (NC 016991)

Figure 8: The phylogeny of Canada goose coronavirus. A maximum likelihood tree built,
using the amino acid sequences of the replicase and helicase protein domains aligned with
ClustalW (Larkin et al. 2007), in MEGA X using the Jones-Taylor-Thornton (JTT)
substitution model and 1000 bootstraps (Kumar et al. 2018). Numbers at nodes indicate the

bootstrap values.

Table 7: Comparison of the amino acid pairwise identity of 7 conserved coronavirus domains

in the polylab protein of Canada goose coronavirus to other gammacoronaviruses.

aa % identity aa % identity aa % identity aa % Identity
Domain to IBV to TcoV to DcoV to SW1
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ADP-ribose-1"

-phosphatase 42 43 38 23
3C-like Protease 56 58 57 49
RdRp 80 80 83 69
Helicase 1 &9 90 92 78
Exonuclease 78 72 77 56
Endoribonuclease 53 53 54 41
Ribose-2’-O
methyltransferase 74 77 76 65
Average 67 68 68 54

As the full genome was sequenced from only the cloacal swab of a single Canada
goose, a screening PCR was designed based on the 4b duplication region unique to GCoV-
CB17 and performed on all samples. The Sanger sequencing primers of the region between
the M and 8 gene were used, as this area of the genome is specific to GCoV-CB17. All

samples were found to be positive, with the exception of the pharyngeal swab of the snow

goose and the lung tissue of the second Canada goose which could not be tested as the sample

was exhausted. Amplicons were Sanger sequenced and confirmed to match the GCoV-CB17

genome. High throughput sequencing conducted on RNA extracted from cloacal swabs from

the second Canada goose and the snow goose also resulted in partial (64 and 18%) genomes

of the GCoV-CB17. While this does confirm the virus’s presence in all animals that perished

in the die-off, this shows GCoV-CB17 was present in all birds that were available for testing.

Further studies will require the availability of an infectious virus to determine the
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pathogenicity of GCoV-CB17 and its ability to cause mortality in Canada geese and snow

geese.

To summarize, the complete genome of GCoV-CB17, a novel Gammacoronavirus
species was sequenced directly from the cloacal swab of a Canada goose associated with a
mass die-off. The GCoV-CB17 genome was also detected in samples derived from a second
Canada goose and a snow goose that perished in the die-off, using PCR, Sanger and high
throughput sequencing. Comparative genomics and phylogenetic analysis indicate GCoV-
CB17 clusters with ACoV but is a distinct Gammacoronavirus species. Interesting features of
this new species include the presence of two 4b homologues, a putative change in the

proteolytic processing of the polyproteins 1a and lab, and six novel accessory genes.

Partial Avian Metapneumovirus genome

In addition to the complete genome of Canada Goose Coronavirus, 3 partial viral
genomes were also detected, including avian metapneumovirus (AMPV). AMPYV belongs to
the family Preumoviridae, now recognized as its own family but formerly a subfamily of
Paramyxoviridae. Pneumoviridae contains the genus Metapneumovirus, whose members
infects both avian and mammalian hosts. The genus contains only two species; human
metapneumovirus and AMPV. AMPYV infects a wide range of domestic and wild avian
species (Gough et al. 1988). In domestic avian species, AMPYV is associated with reduced
egg-laying (Sugiyama et al. 2006), swollen-head syndrome in domestic chickens (Maharaj et
al. 1994) and rhinotracheitis in domestic turkeys (Lupini et al. 2011). There are four subtypes
of AMPV determined by antigenic difference and sequence divergence of the glycoprotein.
Subtypes A and B are prevalent in Asia and Europe (Banet-Noach et al. 2005; Tucciarone et
al. 2017, 2018). Subtype C is the only subtype present in North America (Jardine et al. 2018,

Seal 1998). 42% of an AMPV genome was sequenced from a pharyngeal swab of a Canada
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goose in this study. It shares 98% nucleotide sequence identity to the Colorado strain of
AMPV C. The Colorado strain was the first strain of AMPV isolated from sick turkeys in the

United States (Seal 1998).

The partial genome sequenced from the Cambridge-Bay die-off included the
glycoprotein gene, which was used to construct the tree in Figure 9. This tree demonstrates
the AMPYV detected in this study belongs in the subtype C clade (in red). AMPV has
previously been isolated from Canada geese (Bennett et al. 2005). While the genome of
AMPYV sequenced in this study shares 98% nucleotide identity with other AMPV C strains,
the glycoprotein gene is significantly divergent. The glycoprotein of the AMPV from this
study shares 81% amino acid identity to that of other Canada Goose AMPV and 92% to that

of the Colorado strain of AMPV (Table 7).
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99, Pheasant Korea EF199772
%9 ! pheasant Korea EF199771
88 | Turkey USA Minesota FJ977568
75 Turkey USA AY579780
Turkey USA Colorado AY590688
Canada goose Canada*
10‘:) Canada goose USA DQ009484
r MuscovyDuck China KF364615
100

78

MuscovyDuck China KC915036
MuscovyDuck France HG934338

92 [ Chicken China MH745147 :|
Turkey France AB548428

Turkey France HG934339 ]

. Chicken Brazil MF093139
—99{ Turkey Italy JF424833
51' Turkey UK AY640317

Figure 7: Maximum likelihood constructed using the nucleotide sequence of the coding
sequences of the glycoproteins of avian metapneumovirus. The tree was constructed using
IQ-TREE (Nguyen et al. 2015), with the substitution model TIM2+F+I+G4 and 1000 ultra-

fast bootstraps.

Table 7: Pairwise amino acid identities of glycoproteins of Avian metapneumoviruses

Canada goose/Cambridge Canada
Domestic strains of AMPV Bay 2017 goose/USA/DQ009484

Chicken/Brazil/MF093139 11 9
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Chicken/China/MH745147 13 10
Canada goose/USA/DQ009484 (81 100
MuscovyDuck/China/KC915036 |69 80
MuscovyDuck/China/KF364615 (69 80
MuscovyDuck/France/HG934338 (69 78
Pheasant/Korea/EF199771 84 80
Pheasant/Korea/EF199772 84 80
Turkey/France/AB548428 13 11
Turkey/France/HG934339 13 10
Turkey/Italy/JF424833 11 10
Turkey/UK/AY 640317 11 10
Turkey/USA/Colorado/AY579780 (92 89
Turkey/USA/Minesota/FJ977568 |81 78

Partial Adeno-Associated virus genome

42% of an adeno-associated virus was also sequenced from the cloacal swab of the
sampled snow goose. Small contigs (600 bp) matching this virus were also observed in the
cloacal swab of one sampled Canada goose. Adeno-associated viruses belong to the

Dependoparvirus genus in the Parvoviridae family. The name adeno-associated originates

from their discovery as contaminants in adenovirus cultures (Atchison et al. 1965). The linear

single-stranded genomes of the Dependoparvovirus genus are approximately 4.7 kb in length

and contain 2 ORFs, encoding replication and capsid proteins (Cotmore et al. 2019).

Mammalian dependoparvoviruses are best known for their ability to integrate into the host
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genome and therefore their applicability in gene editing (Naso et al. 2017). Avian
dependoparvoviruses, on the other hand, are best known for the diseases they cause in

domestic waterfowl.

ICTV currently recognizes two species of avian Dependoparvovirus; Avian
dependoparvovirus 1 and Anseriform dependoparvovirus 1. The Avian dependoparvovirus 1
species contains the helper-dependent non-pathogenic members of the Dependoparvovirus
genus (true adeno-associated viruses) (Kapgate et al. 2018). Anseriform dependoparvovirus 1
is a species of waterfowl pathogens. There are two main subtypes within the Ansiform
dependoparvovirus 1 species. Goose parvovirus, the causative agent of Derzsy's disease, was
first identified in the 1960s (Derzsy 1967). There are two clinical manifestations of
anseriform dependoparvovirus in geese; one which involves ascites, hydropericardium,
hepatitis and myocarditis and a second clinical manifestation of enteric disease. The second
subtype of anseriform dependoparvirus 1 was isolated from Muscovy ducks, in which it
causes a range of clinical disorders ranging from muscular and myocardial disorders,
hepatitis and neurological disorders (Glavits et al. 2005). Both subtypes are capable of
infecting both geese and Muscovy ducks. While severe disease is observed in Muscovy ducks
infected by both subtypes, only virus of goose origin causes severe disease in gosliHTS

(Glavits et al. 2005).

The partial dependoparvovirus genome identified in this study shares 90% nucleotide
pairwise identity to a muscovy duck dependoparvovirus isolated in China. To further
complicate the situation, Chinese muscovy duck dependoparvovirus was not classified in the
ansiform dependoparvovirus 1 species (the pathogenic waterfowl group), but rather in the
avian dependoparvovirus 1 species (the true adeno-associated viruses). This new Muscovy
duck dependoparvovirus was isolated from a co-infection with an adenovirus (Su et al. 2017).

A phylogenetic tree was constructed using the complete capsid gene that could be recovered
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from the partial genome of the dependoparvovirus sequenced from the Cambridge Bay die-
off (Figure 10). The avian helper-dependant dependoparvoviruses are grouped in red. The
tree demonstrates, that like the recently isolated Chinese muscovy duck avian
dependoparvovirus, the partial dependoparvovirus from this study also beloHTS to the avian
dependovirus grouping (in red) and not the pathogenic dependoparvovirus grouping (in
purple). The identity of this virus as a helper-dependent virus, rather than a pathogenic
dependoparvovirus, is further supported by the presence of an adenovirus in the Cambridge

Bay die-off.
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Rhesus monkey 2002 AF513851.1
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0: Maximum likelihood constructed using the nucleotide sequence of the capsid

of dependoparvovirus genus. The tree was constructed using IQ-TREE (Nguyen et

al. 2015), with the substitution model TIM3e+G4 and 1000 ultra fast bootstraps. Blue =

primate group, red = avian group, purple = pathogenic avian subgroup, green = livestock
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Partial Goose Adenovirus genome

45% of an adenovirus was recovered from the cloacal swab of the snow goose tested.
The Adenoviridae family contains the genus Aviadenovirus, a genus which infects only birds.
Aviadenoviruses have increasingly become a concern for the poultry industry (Schachner et
al. 2018). Aviadenovirus genomes are double-stranded DNA and range in size from 43 to 45
kb. Species demarcation in the Aviadenovirus genus is determined by over 95% amino acid
pairwise identity in the polymerase gene. There are 3 different disease scenarios caused by
aviadenoviruses; adenoviral gizzard erosion, hydropericardium-hepatitis syndrome (HHS)
and inclusion body hepatitis (Hess 2017). Goose adenovirus has been associated with the
HHS syndrome in juvenile domestic geese. This species has caused large-scale die-offs in
Hungarian farms. The isolate from the Hungarian farm goose die-off was designated Goose
adenovirus 4 and is the only complete goose adenovirus genome available on NCBI (Ivanics
et al. 2010). Unfortunately, due to predation and decomposition, there was no liver or heart
tissue to be examined for pathology or metagenomics in the case of the Cambridge bay die-
off. The partial adenovirus genome obtained from the snow goose cloacal swab (including the
polymerase gene), shared 96% nucleotide identity with goose adenovirus (Table 8), meaning
this genome falls just?above the demarcation line to be included in the Goose adenovirus

species.

Table 8: Pairwise distances of Snow goose adenovirus detected in a mass die-off Canada and

Snow geese to known aviadenoviruses.

nt % identity to

SNOw goose
Accession number Adenovirus species adenovirus
NC_000899.1 Fowl adenovirus D, complete genome 46%
NC 001720.1 Fowl adenovirus A, complete genome 50%
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NC 014564.2 Turkey adenovirus 1, complete genome 44%

NC 014969.1 Fowl adenovirus E, complete genome 46%

NC 015323.1 Fowl adenovirus C, complete genome 49%

NC 017979.1 Goose adenovirus 4, complete genome 96%
Fowl adenovirus 5 strain 340, complete

NC 021221.1 genome 46%
Turkey adenovirus 4 isolate TNI1, complete

NC_022612.1 genome 47%
Turkey adenovirus 5 isolate 1277BT,

NC 022613.1 complete genome 49%
Pigeon adenovirus 1 complete genome,

NC _024474.1 strain IDA4 47%
Duck adenovirus 2 strain GR, complete

NC _024486.1 genome 55%
Pigeon adenovirus 2 isolate YPDS-Y-

NC 031503.1 V1.A19.11-2013, complete genome 50%
Fowl adenovirus 6 strain CR119, complete

NC 038332.1 genome 45%
Psittacine aviadenovirus B isolate CS15-

NC 039032.1 4016, complete genome 41%

Discussion

Mass die-offs of wild birds aren’t entirely uncommon. Many causes have been
identified, including industrial waste (Patton et al. 2017), parasites (Patton et al. 2017),
bacteria (Wobeser et al. 1997), and viruses (Krone et al. 2018). The Cambridge Bay die-off

occurred in the arctic breeding ground, where large masses of birds congregate. It has been



demonstrated that migratory birds can experience large die-offs caused by microbes during
large gatheriHTS, like those that occur during migration (Bi et al. 2015). It’s also been
demonstrated arctic breeding grounds can serve as a breeding ground for new viral subtypes
as well the birds that carry them (Global Consortium for HSN8 and Related Influenza Viruses
2016). Given the location of the 2017 Cambridge Bay die-off, infectious causes for the die-off

are of particular interest.

Migratory birds, waterfowl in particular, are susceptible to a number of viruses.
Influenza is the most infamous of viruses carried by wild waterfowl, because of its impact on
human (Guo et al. 2018) and livestock health (Pasick et al. 2015). Wild waterfowl do carry
other viruses of importance to human and domestic animal health. Specifically, Canada geese
have been identified as a natural reservoir of AMPV, a pathogen of domestic chicken and
turkeys. Both influenza (Berhane et al. 2014) and AMPV (Turpin et al. 2008) can be carried
subclinically. There are several known viral pathogens that cause illness and death in Canada
geese, such as bornaviruses (Murray et al. 2017) and high path influenza (Berhane et al.

2014).

While we have demonstrated the presence of 4 viruses in geese that were involved in
the Cambridge Bay die-off, it can’t be determined which virus, if any, caused the die-off from
this data alone. Two viruses at least can be established as unlikely pathogens. AMPV has
been detected in Canada geese in numerous surveys from animals without clinical disease
(Bennett et al. 2002, Turpin et al. 2008). Similarly, adeno-associated viruses belonging to the
Avian dependoparvovirus 1 species are not pathogenic (Su et al. 2017, Wang et al. 2011).
Despite being an unlikely cause of the outbreak, the data presented here still offers valuable
new information regarding viruses present in wild birds in Canada. The presence of adeno-
associated viruses in wild waterfowl in Canada with high similarity to those circulating in

China has been established. This study has also widened the known viral diversity of AMPV
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in Canada geese. As mentioned above, AMPV has been isolated from Canada geese by
Bennett et al (2005). This previously isolated Canada geese AMPYV varied in the glycoprotein
sequence with AMPYV circulating in domestic turkeys in the US. Bennet et al demonstrated
that experimental infections of domestic turkeys with Canada goose AMPV did not produce
clinical disease, though replication was demonstrable. The observation that the wild goose
AMPYV sequenced from Cambridge Bay shares more identity with a domestic Turkey AMPV
than with other wild geese APMV, helps solidify the role of migrating Canada geese as the
source of seasonal outbreaks of AMPV in domestic fowl (Bennett et al. 2005, Shin et al.

2000).

The pathogenicity of the remaining 2 viruses cannot be established from the data
presented here alone. One virus can be confirmed as present in all 3 tested viruses. GCoV-
CB17 was detected in the cloacal swabs of all three birds. While the full genome was
assembled and analyzed from a single Canada Goose cloacal swab, 63.7% of GCoV-CB17’s
genome was also detected in the second Canada goose’s cloacal swab and 18% was of GCoV-
CB17’s genome was detected in the snow goose’s cloacal swab. This data links one virus to
all three birds. However, it should be cautioned that viral metagenomics should not be used
for determining the absence of a virus. The factors that affect the efficiency of detection are
so numerous and diverse, it’s questionable if it’s possible to determine a lower limit of
detection that would be applicable to more than one particular viral infection and sample type.
For example, it’s already been established sample type effects the ability to enrich viral DNA
and therefore the sensitivity of viral metagenomic detection (Rosseel et al. 2015). In the case
of sequence-dependent enrichment, such as sequence capture, the factors affecting the
efficiency of detection become even more complicated. For these reasons, viral metagenomic
results cannot be treated as proof of the absence of a virus. In the case of the Cambridge Bay

die-off, this is particularly true, as the degraded nature of the samples is reflecting in the
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fractured nature of the genomes recovered. This is a fact that should be taken into account
when considering the adenovirus detected in the Cambridge Bay die-off. Goose adenovirus
could not be detected in any sample but the cloacal swab of the single snow goose tested.
However, the adeno-associated virus was detected in two samples. This indicates a possibility
of adenovirus that was either beyond the lower limit of detection or too degraded to sequence,

i.e. in the Canada geese as well as the Snow geese.

What can be established with this data, is the presence of several viruses in two wild
geese species that have not been reported before in Canada. First, a new species of
coronavirus has been discovered. It has been accepted that wild gammacoronaviruses are the
source of domestic gammacoronaviruses pathogens, such as IBV (Woo et al. 2014). However,
this work is the first detailed description of a gammacoronavirus from a wild bird which is
related to the pathogens of domestic avian coronaviruses. Most importantly, a method (the 4
gene duplication PCR) has been established for the detection and differentiation of this new
species. Previous surveys have established that gamacoronaviruses can be detected in healthy
geese species (Jonassen et al. 2005) and from healthy geese in the arctic (Muradrasoli et al.
2010). The pathogenicity of this new species in Canada and snow geese would have to be
determined experimentally. Similarly, pathogenicity would have also need to be established
for goose adenovirus in these species. The adenovirus family have been associated with large
die-off in wild birds (Hollmén et al. 2003a,b). This is the first confirmed report of Goose
adenovirus in Canada and in these species. While there is evidence of aviadenoviruseses in
Canada (Brochu et al. 2019), there have been no reports of goose adenovirus in Canada
confirmed with sequence data. There is a report of a goose adenovirus causing disease in
domestic geese in Saskatchewan, but no sequence was uploaded to NCBI for comparison.
25% of gosliHTS on a farm succumbed to myocarditis and hepatitis, from which viral

inclusion bodies characteristic of adenoviruses were observed (Riddell 1984). As the geese
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involve in the Cambridge Bay die-off were juveniles, the adenovirus is also of interest in
relation to the mortality of the geese. Given the poor sample quality prevented isolation and
full sequencing, further studies are needed. However, this investigation is an important first

step.
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Chapter 4: Fecal Virome of Arctic and Red Foxes

Abstract

Metagenomic virome analysis has vastly expanded the known diversity of viral species.
This is especially true for viruses that infect wildlife species, for which we have only
begun to understand the estimated viral diversity. This study is the first report on the
fecal virome of arctic foxes. 11 swabs and fecal samples belonging to arctic and red
foxes underwent targeted enrichment and high-throughput sequencing. Sequences
belonging to 7 viral families were detected. Homology of the majority of viruses detected
suggested these viruses originated from the diet of the foxes, e.g. avian influenza.
However, at least one virus (canine kobuvirus) indicates the possibility of transmission
of viruses between arctic foxes and other canid species, such as domestic dogs. This
study lays the foundation for understanding the diversity of the fecal virome in arctic and

red foxes in general and in particular in the Churchill region of Manitoba.

Introduction

The following chapter will describe preliminary results from a project investigating
the virome of arctic and red foxes from the Churchill area of northern Manitoba. The
previous chapter demonstrates that viral metagenomics and targeted enrichment have a
place in modern veterinary diagnostics. This chapter will demonstrate viral
metagenomics can also play an important role in basic explorations of viral diversity.
These studies fall into a subcategory of metagenomics, referred to as virome analyses.
Virome analyses intend to describe the entire viral content of a sample and are often

performed on healthy individuals.
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Not all viral infections are clinically significant, meaning investigating viral
content of healthy animals can reveal diverse viral communities (Ling et al. 2019). In
particular, it has been routinely demonstrated that wild animals can carry human and
livestock pathogens with little harm to their own health (Jones et al. 2019). Recent
outbreaks hightlight the role of wildlife as a reservoir of viral pathogens of humans
(Baudel et al. 2019), and of domestic animals (Jori & Etter 2016). Describing the virome
of wildlife can therefore help understand and control future outbreaks. In addition to
revealing information about potential sources of zoonotic illnesses, virome studies of
wildlife also reveal basic information about viral ecology and evolution (Yinda et al.

2019).

The fecal virome of red foxes in Europe have been described in several studies
(Lojki¢ et al. 2016; Bodewes et al. 2013b, 2014b). These studies have revealed the
presence of numerous viral families in fox fecal viromes, including but not limited to
Circoviridae, Parvoviridae, Pircornavirales and Astroviridae. The authors are unaware
of a previous study describing the fecal virome of red foxes in the arctic or describing the
fecal virome of arctic foxes. The following chapter describes the fecal virome of arctic
and red foxes from the Churchill area of northern Manitoba. This study was performed in

collaboration with Dr. James Roth and Chloes Rodrigues Jr.

Methods

Fecal matter was collected from the carcasses of trapped foxes, donated by hunters.
Fecal swabs were collected from live caught foxes in the Churchill area. Samples are
described in Table 9. Swabs were stored in viral transport media, fecal matter was stored
at -20°C. Total nucleic acid was extracted using DNeasy® Blood & Tissue Kit (Qiagen),

following the user made protocol: Purification of viral DNA from animal stool using the
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DNeasy® Blood & Tissue Kit

(https://www.qiagen.com/ca/resources/resourcedetail?id=5c¢dd2891-65¢5-4228-8852-

fe962e2ca3bf&lang=en). In brief, swabs were homogenized prior to extraction. Fecal

matter was suspended in saline (0.89% NaCl) and vortexed to homogenization.
Centrifugation at 10,000 RPM for 10 minutes was used to clarify samples. Samples were
then syringe-filtered using a 0.4 micron filter. The DNeasy Blood & Tissue Kit
extraction kit (Qiagen) was then used according to the manufacturer instructions. cDNA
synthesis, library sequence preparation and sequence capture were then performed as
described in chapter 3. The samples were sequenced on a V2 flow cell and a 300 cycle
paired-end cartridge. Read quality was assessed using FastQC and trimming was
performed using Trimmomatic (Version 0.36), according to read quality (Bolger et al.
2014). Kraken was then used to filter bacteria reads (Wood & Salzberg 2014). de novo
assembly was performed using SPAdes ( v3.12.0) (Bankevich et al. 2012). SPAdes
contigs were classified using Blastn (Altschul et al. 1990) and DIAMOND (Buchfink et
al. 2015). Contigs identified as viral were then used in combination with reference
sequences to sort viral reads with RAMBO-K (Tausch et al. 2015). The domestic dog
genome was used as a host reference as there was no fox genome available at the time
this work was carried out. Filtered viral reads were then reassembled with SPAdes and
reassessed with BLASTn and DIAMOND. Viral contigs larger than 1 kb were then used
as a reference for assembly in Geneious using the lowest sensitivity and 10 iterations.
Assemblies were visually inspected and annotated in Geneious. IRMA was used to
calculated hemagglutinin and neuraminidase avian influenza percentages (Shepard et al.

2016).
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Table 9: Fecal swabs and fecal sample from red and arctic in the Churchill Area fox

summary
Sample Sample Type Species Sex Number of reads
number
Fox 07 Feces Arctic Fox N/A 1.93E+06
Fox 11 Swab suspension Red fox Male 3.37E+06
Fox 17 Feces Arctic Fox N/A 1.01E+06
Fox 18 Feces Arctic Fox N/A 8.58E+05
Fox 29 Feces Arctic Fox N/A 1.65E+06
Fox 53 Swab suspension Arctic Fox Male 1.41E+06
Fox 54 Swab suspension Arctic Fox Female 1.70E+06
Fox 55 Swab suspension Arctic Fox Female 5.97E+06
Fox 63 Feces Arctic Fox N/A 1.13E+06
Fox 76 Swab suspension Arctic Fox Female 3.89E+06
Fox 96 Swab suspension Arctic Fox Male 1.48E+06

Overview of viruses detected

Sequence belonging to 7 viral families were detected (Table 10). The most

abundant viral species detected was avian influenza (AIV). AIV was found in 4 of 12

foxes, a range of AIV subtypes were detected in each AIV positive sample. Circovirus

was also detected in four arctic foxes. Parvovirus was detected in 3 arctic foxes. All of

the circovirus and parvovirus sequence detected shared low homology to recognized

species. One full genome of canine kobuvirus (Picornaviridae) was detected in an arctic
fox. A second partial genome of a kobuvirus was detected in a separate arctic fox. Trace

amounts of picornavirales, annelovirus and astrovirus were also detected. However,
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contigs were small and depth of coverage was low. Viruses with significant

contigs/genomes are discussed in depth below.

Table 10: Viruses detected in Arctic and Red fox fecal virome.

%
Conti top Blastx hit identity Complete
g Depth of (query
Fox (Family Genus (length [Coverage |(NCBI Accession) cover) |Genome
replication-associated
protein [Golden silk
orbweaver associated
circular virus 1]
Fox 07 |Circoviridae |UC 2079 |25 (AXL65901.1) 60(43) |Yes
Rep [Rodent
circovirus]
Fox 07 |Circoviridae |UC 1773 |10 (ATP66719.1) 73(49) |Yes
Depend
0_
VP1 [Murine adeno-
parvovi associated virus 1]
Fox 07 |Parvoviridae |rus 2923 |131 (AWB14638.1) 61(68) |No
nonstructural
Picornaviral |unclassi polyprotein [Fesa-like
Fox 07 |es fied 3212 (31 virus] ( AWUG65874.1)|55(49) |[No
nonstructural
Picornaviral |unclassi polyprotein [Fesa-like
Fox 07 |es fied 2764 |9 virus] ( AWUG65874.1)|38(85) |[No
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Protopa

NS1 [Tusavirus]

Fox 17 [Parvoviridae [virus  |2783 [117 (AIT18928.1) 50(60) |No
capsid protein
unclassi [Marmot astrovirus 2|
Fox 17 |Astroviridae |fied 1200 |5.8 (AVX29489.1) 48(77) |[No
Rep [Rodent
unclassi circovirus]
Fox 17 |Circoviridae |fied 4130 |197 (ATP66707.1) 48(21) |[No
ORF1 [Torque teno
Anellovirida [unclassi canis virus|
Fox 17 [e fied 1903 (4.2 (ASV72278.1) 55(67) |No
Protopa
rvo- )
NSI1 [Tusavirus]
Fox 29 |Parvoviridae |virus 2743 (35 (AIT18928.1) 51(59) |No
Protopa capsid p'rotein
Vo- [Parvovirus fur
seal/ATROP40/BR/20
Fox 29 |Parvoviridae |virus 1633 |8 12] (AKI82154.1) 48(84) [No
polyprotein [Canine
Picornavirid |Kobuvir kobuvirus US-
Fox 29 |ae us 8358 12972 PC0082] AEO19724.1|199(88) |Yes
unclassi Rep [Bat circovirus]
Fox 55 |Circoviridae (fied 1187 |5 (AIF76268.) 88(39) |Yes
polyprotein [Canine
kobuvirus US-
Picornavirid |Kobuvir PC0082] (
Fox 63 |ae us 3664 (119 AEO19724.1) 89(81) |No
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polyprotein [Canine
Picornavirid |Kobuvir kobuvirus] (
Fox 63 |ae us 4250 |126 AGH29114) 96(99) |No

UC = Unclassified

Influenza

Influenza viruses belong to the family Orthomyxoviridae. Their genomes are
negative-sense RNA and consist of 8 segments. There are four 4 genera of influenza
viruses: Influenzavirus A, Influenzavirus B, Influenzavirus C and Influenzavirus D. The
first three genera can cause infections in humans. Influenzavirus A and B cause most
human influenza infections, while influenzavirus C infections in humans are rare and
mild (Webster & Govorkova 2014). Influenza B viruses are only known to infect humans
and seals (Bodewes et al. 2013a). The host range and dynamics of Avian Influenza virus
(AIV) are more complicated. The hemagglutinin (H) and neuraminidase (N) proteins of
influenza viruses are used to subtype the virus, as they are important for cell attachment
and therefore host range. AIV has 16 H subtypes, which originated in avian host species.
Three H subtypes have caused pandemics in humans; HINI was the cause of the Spanish
flu pandemic in 1918-1920, H2N2 was the cause of the Asian flu epidemic in 1957-
1958, H3N2 caused the Hong Kong flu pandemic in 1968-1969 and HIN1 caused the
recent swine flu pandemic in 2009-2010. The Spanish flu was the largest of these
pandemics, causing 50 million deaths. Five other HA types (H5, H6, H7, H9, and H10)
are able to infect humans. Two HA subtypes (H3 and H7) can infect horses and five H
subtypes infect swine (H1, H2, H3, H4, H5, H7, and N9) (Webster & Govorkova 2014).

Canines are also susceptible to several AIV subtypes. H3N8 is known to have been
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transmitted to canines from horses (Crawford et al. 2005). Canines have been shown to

be susceptible to HSN1 (Maas et al. 2007) and H3N2 (Voorhees et al. 2018).

While it is apparent the potential host range of AIV is large, for the vast majority
of virus subtypes waterfowl are the natural hosts (Horimoto & Kawaoka 2001). It is
therefore not surprising that arctic foxes which feed on waterfowl would contain ATV
RNA in their feces. All fox samples in which AIV was detected were mixtures of many
subtypes. This is a particularly challenging situation to deal with bioinformatically. Most
HTS assemblers were designed for organisms with higher fidelity polymerases. RNA
viruses, AIV in particular, introduce mutations in every replication cycle leading to high
viral population diversity. In addition, the segmented genomes of AIV lends themselves
to reassortment events (Westgeest et al. 2014). These issues, in addition to samples
which contain multiple viral subtypes, can lead to many errors in assemblies such as
chimeric contigs. The fox AIV sequence data is particularly difficult because it isn’t a
case of coinfection of two virus types, but rather a sampling of many viruses from the
foxes’ diet. SPAdes failed to produce accurate assemblies (segments of the correct length
and containing intact ORFs), even following read filtering. For this reason, IRMA was
used to assess the influenza content of the arctic fox fecal virome. IRMA was designed
to analyze viral HTS data. There is an IRMA module available for influenza data
(Shepard et al. 2016). This module was used to estimate the H and N type diversity in 4
arctic fox fecal viromes. IRMA outputs read counts by H and N types, these were used to

construct Figures 11 and 12.
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Infleunza Hemagglutinin Profiles from Fox Fecal Samples
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Figure 11: Avian influenza hemagglutinin type distribution in 4 arctic fox fecal samples,

estimated with IRMA (Shepard et al. 2016).
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Influenza Neuraminidase Profiles from Fox Fecal Samples
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Figure 12: Avian influenza neuraminidase type distribution in 4 arctic fox fecal samples,

estimated with IRMA (Shepard et al. 2016).

More variance was observed in the H types than N types. Interestingly, all samples
contain H3 and N8, one of the known influenza subtypes which can infect domestic
dogs. To the authors knowledge, it has not been demonstrated that red or arctic foxes are
susceptible to this strain of canine influenza. Seroprevalence studies in the past have
failed to demonstrate canine influenza infection in free ranging foxes (DiGeronimo et al.

2019) (Lempp et al. 2017).
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A single fox contained reads assigned as H5. The HSN1 AIV subtype has been
shown to be highly pathogenic in a number of species belonging to the Order Carnivora.
Carnivores can contract HSN1 through feeding on infected carcases (Keawcharoen et al.
2004), and possibly by transmission from one carnivore to another (Thanawongnuwech
et al. 2005). Transmission of HSN1 from prey to carnivores has been shown to occur in
the wild (Klopfleisch et al. 2007). In particular, studies have shown red foxes are
susceptible to H5SN1 and can contract the virus by feeding on infected carcases (Reperant

et al. 2008). However, no N1 type was detected.

The most likely scenario is that all AIV detected in this study is from the foxes’
diet. All fecal samples contained feathers and observations from researchers who
collected these samples confirm the foxes were consuming a large number of birds at the
time the samples were collected. The diet of arctic foxes in northern Manitoba can
consist heavily of migratory birds during seasonal migration (Roth 2002). The detection
of viruses originating from diet is common in fecal virome studies (Li et al. 201 1c;
Donaldson et al. 2010). Previous studies of avian influenza in the Canadian Arctic have
shown H3 to be a common subtype in arctic geese (Liberda et al. 2017). While the AIV
detected in this study has likely originated from diet, we have demonstrated the foxes are
coming into contact with numerous AIV subtypes that could infect carnivore and canid
species. Seroprevalence studies in arctic foxes for antibodies against AIV could be
performed out to determine if the foxes are being actively infected by AIV. As well, the
fact that foxes are coming into contact with several AIV subtypes should be taken into

consideration for the biosecurity of both hunters and researchers (Root et al. 2015).

Kobuviruses
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Kobuvirus is a relatively new genus in the large viral family Picornaviridae.
Currently this genus contains six species, which infect a range of mammalian species.
Three Kobuvirus species are known to infect domestic animals; Aichivirus B infects
cattle and sheep, while Aichivirus C infects pigs (Li et al. 2011a) and Aichivirus D has
also been isolated from cattle. Aichivirus E was isolated from rabbits (Pankovics et al.
2016). Aichivirus F, the latest discovery in the genus, was discovered in bats (Wu et al.
2016). Aichivirus A was the first kobuvirus species discovered, and contains three
subtypes. Aichi Virus 1, the first subtype, was isolated from humans with gastroenteritis
in Japan (Yamashita et al. 1993). It has since been studied in other parts of Asia
(Yamashita et al. 1995), as well as Europe and South America (Oh et al. 2006). Canine
kobuvirus 1 and murine kobuvirus 1 are the other two subtypes in the Aichivirus A

species.

Members of the Kobuvirus genus contain positive sense RNA genomes of
approximately 8.2 to 8.4 kb in length. The genome is dominated by a single polyprotein
of approximately 2400 amino acids in length. This polyprotein is cleaved by viral
proteases into the virus’s 3 structural proteins and 8 nonstructural proteins (Reuter et al.
2011). The full genome of a kobuvirus was assembled from the reads of arctic fox29.
Coverage of the genome was very high (2972x). This genome was 8285 bp in length and
contained an ORF 2445 amino acids in length, which encoded the viral polyprotein.
Fox63 also contained SPAdes contigs identified by BLAST as belonging to the
Kobuvirus genus. However, the complete genome could not be assembled. Two contigs
were assembled by SPAdes; one contig was 3664 bp long and had a sequencing coverage
of 119x and a second contig of 4250 bp and coverage of 126 times. When aligned to the
most closely related full genome from NCBI these two contigs reveal three gaps in

coverage across the genome. 34 bp was missing from the 5’ end of the genome, a gap of
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approximately 210 bp was observed starting at position 3628, and 280 bp were also
missing preceding the poly(A) tail. Therefore these contigs represent approximately 94%

of the kobuvirus genome.

The kobuviruses detected in this study both share highest homology (>85%
pairwise nucleotide identity) to canine kobuviruses, suggesting both viruses belong to the
canine kobuvirus genotype of Aichivirus 1. This similarity falls well above the threshold
set by the ICTV for species demarcation (Adams et al. 2013). The tree in Figure 13
demonstrates that the kobuvirus from fox29 clusters reliably with a canine kobuvirus
isolated from a domestic dog in the United States. The kobuvirus from fox 63 is an
outlier from other known canine kobuviruses. This is interesting as it indicates there are
multiple subtypes of canine kobuvirus circulating in arctic foxes, some of which share
high homology (94% nucleotide identity) to viruses isolated from domestic dogs in

North America and a second virus that may represent a unique subtype.

This isn’t the first report of canine kobuvirus in a fox species, although it is the
first report in arctic foxes. A fecal virome study of red foxes from Spain revealed a small
portion (506 bp) of a canine kobuvirus. It shared a high similarity (97% nt) to
kobuviruses from diarrhetic domestic dogs in Italy (Bodewes et al. 2014b). This 506 bp
sequence shared 91% similarity to fox63’s kobuvirus and and 95% identity to fox29’s
kobuvirus. Canine kobuvirus has also been detected in several wild canine species,
including spotted hyenas (Olarte-Castillo et al. 2015) and wolves (Melegari et al. 2018).
The high similarity of fox29’s kobuvirus to american domestic dog kobuviruses,
indicates the possibility of cross species transmission. Both kobuviruses were detected in
arctic foxes, but previous studies, showing red foxes are susceptible as well, raise the
question of red fox to arctic fox kobuvirus transmission. These two species co-exist and

have been shown to exchange viruses belonging to other families (Balboni et al. 2019).
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To date, disease associated with kobuvirus in the wild carnivores hasn’t been
reported. In both cases of kobuvirus detection in red foxes, the foxes were healthy (Di
Martino et al. 2014; Olarte-Castillo et al. 2015). Canine kobuviruses has been associated
with diarrhea in domestic dogs, but has also been isolated from healthy dogs (Li et al.
2011a). In fact, there is no significant correlation between diarrhetic domestic dogs and
kobuvirus detection, meaning kobuviruses are detected equally in diarrhetic and healthy
dogs (Soma et al. 2016). Seroprevalence studies could be undertaken to examine the
prevalence of kobuvirus in these two species as well as domestic dogs in the arctic.
Further studies could investigate the possibility of these wild species as reservoirs for

domestic dog pathogens, and vice versa.

97



fox29

L Canine_kobuvirus_USA_2010_JN088541.1
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Canine_kobuvirus_China_2011_JQ911763.1
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Fox63

Figure 13: Maximum likelihood tree constructed using the full genomes of canine
kobuviruses. The tree was constructed using [Q-TREE (Nguyen et al. 2015), with the

substitution model GTR+F+1+G4 and 1000 ultra fast bootstraps.

Circoviruses

Circoviridae genomes range from 1.8 kb to 2.1 kb in length. Their genomes are
circular single-stranded DNA. Circoviridae genomes are identifiable by the presence of
two proteins, a replication-associated protein (often referred to as the replicase) and a
capsid protein. This family contains notable pathogens of livestock, such as beak and

feather disease virus (Hakimuddin et al. 2016) and porcine circovirus 2 (Xu et al. 2019).
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Circoviridae have recently undergone a large taxonomic change. This is largely due to
the number of Circoviridae species discovered with the advent of metagenomic
sequencing. Metagenomic investigations have found these viruses to be particularly
ubiquitous in fecal viromes (Shulman & Davidson 2017). It’s therefore unsurprising,

previous virome studies in red foxes have revealed circoviruses (Bodewes et al. 2013b).

As mentioned above, the taxonomy of Circoviridae has been revisited since the
advent of metagenomics. Circoviridae species are classified into two genera: Circovirus
and Cyclovirus, the former being a new addition to the family (Rosario et al. 2017). The
Cyclovirus genus was discovered in various hosts, such as humans, chimpanzees (Li et
al. 2010), bats (Ge et al. 2011), cows, goats (Li et al. 2011b), horses (Li et al. 2015),
squirrels (Sato et al. 2015). One major distinction between cycloviruses and classic
circoviruses (which are now classified in the Circovirus genus) is the discovery of
cyclovirus in insect hosts, such as dragonflies (Dayaram et al. 2013) and cockroaches
(Padilla-Rodriguez et al. 2013). While a good majority of cycloviruses have been
detected in feces (Li et al. 2010), some cycloviruses have also been detected in

cerebrospinal fluid (Tan et al. 2013) and respiratory secretions (Phan et al. 2014a).

Circoviridae and Circoviridae-like contigs were detected in 4 foxes in this study
(fox07, fox17, fox29 and fox55). Contigs in this study were identified as circovirus-like
due to the fact they contain replicases similar to those of the Circoviridae family. Figure
14 presents a maximum likelihood tree built using the amino acid sequence of these
replicase proteins. With the exception of the fox7 circovirus 2, all circoviruses detected
in this share little to no homology to classified circoviruses at the nucleotide level. It is
only at the amino acid level that contigs could be identified as Circoviridae-like due to
the presence of replicases. This is why DIAMOND is needed in addition to Blastn to

identify viral contigs.
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Figure 14: Maximum likelihood tree constructed using the amino acid sequence of the
replicase proteins of classified and unclassified circoviruses. The tree was constructed
using IQ-TREE (Nguyen et al. 2015), with the substitution model LG+R5 and 1000 ultra

fast bootstraps. UC demarcates unclassified species.

Only one of the 5 Circoviridae-like contigs detected in arctic foxes clusters with
classified Circoviridae species. Circovirus 2 from fox7 clusters together with rodent
circoviruses in the Circovirus genus. The replication protein is congruent in size (~300
amino acids) with other replicases of the Circovirus genus. The replicase of this virus
shares 72% amino acid pairwise identity to the replicase of a rodent circovirus. This
indicates that this virus might have originated from rodents in the fox’s diet. The entire
genome shares 59% nucleotide pairwise identity to a rodent circovirus. This falls far
below the new species demarcation rule of 80%, but above the threshold of 55% to be

considered a member of the family. The second criteria for taxonomic assignment in

Circoviridae of genome organization could not be determined for circovirus 2 from fox7.

While a complete replicase for this virus could be identified, a capsid-like protein could
not be (Figure 15). It is therefore difficult to determine if this should be classified as a
member of the Circoviridae family, given that inclusion of members of this family are
also based on gene orientation and spacing (Rosario et al. 2017). The inability to
elucidate a capsid protein in fox7 circovirus 2, could be due to low amino acid similarity

or do to misassembly due to the low coverage of this genome (10x).
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fox7_circovirus_2

1,512 bp

Figure 15: Genome organization of a circovirus detected in the fecal matter of an arctic
fox.

The remaining 4 circovirus-like viruses cluster with unclassified circoviruses.
These unclassified viruses have been given the designation of CRESS (Circular Rep-
encoding ssDNA viruses). Rosario et al have proposed that viruses sharing similarity to
Circoviridae but sharing less than 55% genome-wide pairwise identity should be
classified as CRESS. As these viruses are studied further they may require the
designation of a new family or genus (Rosario et al. 2017). Still, the phylogeny of these

unclassified viruses is interesting, as they form three distinct clades.
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The clade in green, in Figure 14, not only cluster together but share similar genome
organization (Figure 16). Circoviridae viruses are ambisense, meaning the capsid and
replicase ORFs code in opposite orientations. Genomes in the green clade, which
contains arctic fox55 circovirus, code replicase and capsid ORFs in the same orientation.
This fact reinforces that they likely do not belong to the Circoviridae family. Fox55

circovirus genome is small (1187 bp) and sequencing coverage was low (5x).

-----
-------

fox7_circovirus_1
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Figure 16: Genome organization of a circovirus detected in the fecal matter of arctic

fox55.

The clade in orange of Figure 14 is made entirely of insect associated CRESS. One
of the arctic fox7 circoviruses clusters in this group. The full genome of fox7 circovirus

1 was assembled, at moderate coverage (25x). The genome is 2079 bp in length and
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contained a complete replicase and capsid gene. As arctic foxes are hosts to a number of
insect parasites, it is possible that this virus originates from a parasite (Skirnisson et al.
1993, Stien et al. 2010) . This clades also lacks the ambisense genome organization of
true circoviruses (Figure 17). A third CRESS clade is formed with porcine and bovine
like-circoviruses (in purple). Fox17 circovirus clusters in this clade. A complete genome

could not be recovered for this virus, despite relatively high coverage (197).

fox55_circovirus

2,069 bp

Figure 17: Genome organization of a circovirus detected in the fecal matter of a arctic

fox17.
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It isn’t currently possible to determine a host for CRESS viruses, meaning these
viruses could infect a parasite, a prey item or the animal whose feces they have been
detected. Previous studies have speculated that some of these viruses infect parasitic
protozoans (Shan et al. 2011). Others have attempted to infer pathogenicity through
presence in diseased animals and absence in healthy animals (Guo et al. 2018). Further
studies are needed to determine characteristics beyond sequence information for these
unclassified viruses, specifically isolation of virus. For the true circoviridae species
detected in this study, it is possible to infer possible host identity through similarity to
known viruses. There are known circovirus pathogens of fox species (Bexton et al. 2015)
and these pathogens can be transmitted among carnivore species (Yang et al. 2018).
However, this is another case where the more likely explanation is that the virus is of
prey origin, given the similarity of fox 7 circovirus 2 to rodent circoviruses and the diet

of foxes, which can consists heavily of lemmings.

Parvoviruses

Viruses belonging to the Parvoviridae family have single-stranded DNA genomes.
Parvoviridae genomes are linear and 4-6 kb in length. Similar to Circoviridae, the
genomes code a replicase and capsid (or virion) protein. In addition, they encode genus-
specific accessory proteins (Cotmore et al. 2019). The family contains two subfamilies;
Parvovirinae, which infect vertebrate hosts, and Densovirinae, which infect
invertebrates. There are currently eight genera in the Parvovirina subfamily (Cotmore et
al. 2014). In this study, contigs identified belonged to the protoparvovirus and

dependoparvovirus genera.

The Protoparvirus genus includes the species Carnivore protoparvirus 1. Carnivore
protoparvovirus 1 is the species designation given to a group of viruses including, feline

panleukopenia virus (FPV), mink enteritis virus (MEV), canine parvovirus (CPV) and
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racoon parvovirus (Cotmore et al. 2019). FPV virus was the first discovered virus in this
species. It causes a highly contagious and often lethal disease in felids. While the
symptoms of FPV related illness can be devastating (anorexia, vomiting, diarrhea,
neutropenia and lymphopenia), FPV can also be isolated from healthy cats (Stuetzer &
Hartmann 2014). MEV emerged in minks in 1952, originally it was indistinguishable
from FPV. MEV causes highly contagious enteritis in minks (Wills 1952). CPV emerged
in the 1970s, causing highly contagious enteritis in domestic dogs (Appel et al. 1979).
Due to their genetic similarity, these carnivore parvoviruses have been classified into the
species designation Carnviore protoparvovirus 1 (Cotmore et al. 2019). Carnivore
protoparvovirus 1 has also been demonstrated to infect other carnivore species, including
skunks (Barker et al. 1983), arctic foxes and red foxes (Tryland et al, 2018). The
Protoparvovirus genus also includes several clades of human parvoviruses. Bufaviruses
were discovered in 2012 (Phan et al. 2012) and Tusaviruses in 2014 (Phan et al. 2014b).
Both species were isolated from children with diarrhea in Africa. Both viruses share high

homology with animal parvoviruses (Véisénen et al. 2017).

Two of the parvovirus contigs detected in the arctic fox fecal virome in this study
belonged to the Protoparvovirus genus. Fox17 contained a single Protoparvovirus contig
with sufficient coverage (117x). This contig contained a complete polymerase ORF. Two
Protoparvovirus contigs were assembled from the reads of fox29, one of which
contained a partial polymerase gene and the other contained a partial capsid gene. The
contigs do not overlap. The protoparvoviruses from fox29 and fox7 are more similar
(98% nucleotide similarity) to each other than to classified species. Despite evidence that
Carnivore protoparvirus | infects wild foxes (Truyen et al. 1998), neither
Protoparvovirus detected in this study do not belong to the Carnivore protoparvirus 1

species. Figure 18 is a maximum likelihood tree constructed from an alignment of
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Protoparvovirus polymerase proteins. 4 distinct clades are formed, the largest of which
includes FPV, MEV, and CPV. 2 clades are formed by human protoparvoviruses,
bufavirus and tusavirus. The tree demonstrates that protoparvoviruses detected in this
cluster with unclassified parvoviruses detected in seals. This is not too surprising
considering Arctic foxes do feed on seal carcases from polar bear kills (Roth 2003).
However, the seal viruses clustering with the arctic fox protoparvoviruses from this
study were detected in fur seals from Antarctica. This grouping holds true for the capsid
proteins as well (Figure 19). There are known parvoviruses which seals are susceptible
to, but these infections are caused by viruses belonging to a different genus (Bodewes et
al. 2014a). Limited virome analysis has been performed on seals (Kluge et al. 2016).
There is also evidence in the literature that seal viruses can be transmitted long distances
(Kennedy et al. 1989) and that viruses can be transmitted between dogs and seals (Barrett
et al. 1992). Though the amino acid similarity is very low, this is still a very interesting

finding, as it could indicate a marine group of protoparvoviruses.
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Figure 18: Maximum likelihood tree constructed using the amino acid sequence of the
replicase proteins of protoparvirus genus. The tree was constructed using IQ-TREE
(Nguyen et al. 2015), with the substitution model LG+F+G4 and 1000 ultra fast

bootstraps. UC demarcates unclassified species.
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(Nguyen et al. 2015), with the substitution model LG+F+G4 and 1000 ultra fast

bootstraps. UC demarcates unclassified species.

The second parvovirus identified in this study belonged to the dependoparvovirus

genus. The majority of viruses in this genus are dependant on a helper virus, meaning
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they require co-infection to replicate. They are capable of integrating into the host
genome and therefore there are a wide variety of species with endogenous viruses with
homology to this genus (Kapoor et al. 2010). Currently, they have not been associated
with disease (Zinn & Vandenberghe 2014). The exception to this rule is the ansiform
dependoparvovirus group. Viruses in this genus can cause disease in waterfowl with

mortality rates as high as 80% (Glavits et al. 2005).

Fox7 contained a partial parvovirus genome with homology to viruses in the
Dependoparvovirus genus. The contig was 2923 bp in length and the sequencing
coverage was 131x. A partial capsid and polymerase ORF could be annotated from either
end of the contig. ICTV has declared that species share over 85% similarity with each
other, indicating that this partial genome would represent a new species. This is again a
situation were homology indicates the possibility of the virus originating from a prey
item. The Dependoparvovirus contig from fox7 shared low homology to a murine
dependoparvovirus . Previous studies have shown that rodents can shed high numbers of
parvovirus (Nobach et al. 2015). Bodewes et al did detect dependoparvovivurs in fecal
virome of red foxes, however, due to the low number of reads sequences were not

uploaded to NCBI so cannot be compared (Bodewes et al. 2013b).

Concluding Remarks and Future Directions

This study has demonstrated a diversity of viral sequences are presented in the
feces of arctic and red foxes, originating from a wide range of possible sources.
Congruent with other virome analysis, viruses from the diet were shown to be detectable
in the fecal virome (Zhang et al. 2006). This gives a new perspective on the food web.

Especially, considering that several of the viruses discussed here can be contracted from
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feeding on infected prey. In addition to the possibility of pathogen transmission from
prey, this data also raises the question of the possibility of virus transmission between
wild canids and domestic dogs. The data presented here shows kobuviruses, which share
high homology to those detected in domestic dogs, are present in the feces of arctic
foxes. Previous studies have shown that domestic dogs are capable of introducing
pathogens into wildlife (Canuti et al. 2017). In some areas, vulnerable fox populations
have been impacted by dog viruses (Timm et al. 2009). More studies are needed to
understand if the exchange of kobuviruses is occurring between canid species in the

Churchill area, especially in a changing climate.

Arctic foxes in particular are predicted to be largely impacted by climate change
(Fuglei & Ims 2008). For example, the encroachment of red foxes into arctic fox territory
is already occurring (Fuglei & Ims 2008). Animal movement into virgin territory means
species will come into contact with the pathogens of encroaching species. Viruses
introduced into naive populations can have devastating impacts (Price et al. 2014). This
study is important groundwork to understand a baseline of viral diversity in these species

to compare sick animals or even outbreaks to (Zhang et al. 2017).

Estimates of huge viral diversity indicate there are large numbers of undiscovered
viruses in eukaryotes (Anthony et al. 2013). Other groups have begun to reveal some of
this viral diversity in the Antarctic (Yang et al. 2019, Zablocki et al. 2014). This study
has found a surprising link between the viruses of the arctic and antarctic, in the form of
a group of parvoviruses. As the climate of our planet undergoes changes that can have an
impact on the spread of disease, it is particularly important to studyviral diversity of
changing ecosystems, like the arctic (Mclntyre et al. 2017). Like previous virome
studies, this study has led to many more questions than answers, but to know what to ask

is the first step.
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Chapter 5: General conclusions and future directions

The impact of metagenomics on the field of virology is clear and it can be established
with this work that enrichment can play a vital role in viral metagenomics. Specficially,
chapter 2 describes the impact of targeted enrichment on metagenomic viral detection in
vetereinary diagnostics. The validation performed in this chapter demonstrates the breadth of
sample types, host species and viral diversity this method is applicable to. This is especially
important as this test is especially well suited to diagnostic laboratories, such as the NCFAD.
In terms of unknowns, unexpected and coinfecions, this type of testing provides an
unparalleled opportunity for viral detection and characterization. That being said, there are
several ways in which the potential impact of ViroCap targeted enrichment and metagenomics
could be improved further. Given that this test is meant to be used diagnostically, shortening
incubation times would improve turnaround times and therefore improve it’s use in
diagnostics. Likewise, adaption of the ViroCap method to new low-input libraries would

reduce amplification cycles and therefore PCR duplication and polymerase induced errors.

In addition to evaluating the use of targeted enrichment in animal disease
investigations and virome analysis, this thesis describes the viromes of several wildlife
species. The first being in a die-off of Canada and Snow Goose and the second being the fecal
virome of arctic and red foxes. Several times I have discussed wildlife as reservoirs for human
domestic animal pathogens. This point is underscored by the results of the mass die-off of
geese. Previous studies have assumed the source of fowl and cetacean Gammacoronavirus
pathogens are wild birds, I have fully described the genome of the first species of
gammacoronavirus detected in wild birds. In addition, I further the known diversity of AMPV
in Canada geese, the reservoir for this fowl pathogen. These findings leave several unaswered
questions for future researchers to pursue, including including the pathogenicity and natural

resevoir of Goose Coronavirus CB-17 and the pathogenicity and full identity of goose
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adenoviruses in Canada.

The work presented here also underscores the fact that most viral diversity is yet to be
described, this is especially true pertaining to wildlife. This fact is demonstrated by the
indication of a novel group of marine parvoviruses linking the Arctic and Antarctic revealed
in Chapter 4 of this thesis. Establishing the presence of unclassified circoviruses and
parvoviruses in the arctic adds to our understanding of the ecology of these viruses, and in
turn the hosts that carry them. This chapter described the first evaluation of the fecal virome
of arctic foxes and consequently raises several new lines of research. Were the kobuviruses
detected in this study introduced to the arctic foxes by encroaching red foxes or domestic

dogs?

While the virome investigations presented here make it clear that viral metagenomics
cannot answer all questions, we’ve demonstrated that it is an invaluable first step in the
understanding the diversity of the viral world. While the investigations presented here have a;;
lead to more questions about pathogenicity or host range of the detected viruses, we now

know what viruses to ask these questions about.
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