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Abstract

Viruses play critical roles in both the environment and public health systems. This thesis
integrates genomic sequencing methodologies to detect, characterize, and monitor viral diversity,
advancing both fundamental ecological research and applied pathogen surveillance. Through
three focused research projects, this work demonstrates how targeted and metagenomic
sequencing strategies can address key knowledge gaps in environmental virology, plant

pathology, and viral public health surveillance.

The first objective (Chapter 2) was to develop and apply novel tiled-amplicon sequencing assays
for Influenza A virus (IAV) H3N2 and respiratory syncytial virus (RSV) A in wastewater-based
surveillance. These assays successfully recovered near-complete viral genomes from
wastewater samples collected during the peak of the 2023/2024 respiratory virus season.
Genomic coverage trends mirrored clinical case data within the associated public health region,
validating the approach as a complementary tool to traditional clinical surveillance. Variant
deconvolution analyses revealed distinct spatiotemporal patterns in variant distribution,
demonstrating the capacity of these assays and bioinformatic tools to resolve community-level

transmission dynamics and emerging viral lineages.

The second objective (Chapter 3) extended this surveillance framework to the agriculturally
significant Tomato brown rugose fruit virus (ToBRFV). A multiplexed tiled-amplicon assay was
developed, achieving significant improvements in viral genome recovery compared to
metagenomic RNA shotgun sequencing while reducing sequencing costs and resource
requirements. TOBRFV clades circulating in Ontario wastewater were identified, including variants
later recognized through global surveillance initiatives, underscoring the assay’s potential for early

detection and the value of wastewater systems as environmental reservoirs for plant viruses.
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The third objective (Chapter 4) involved the assembly and characterization of the complete
genome of a novel freshwater algal virus, Chrysochromulina parva virus BQ1 (CpV-BQ1). Using
a hybrid Nanopore and lllumina sequencing strategy, a high-quality 165,454 bp genome was
assembled and annotated, revealing hallmark nucleocytoplasmic large DNA virus (NCLDV)
genes and diverse functional categories associated with viral replication, host manipulation, and
capsid formation. This work offers important insights into viral infection of the ecologically
important freshwater algal species C. parva. Moreover, it establishes a methodological framework

for the complete sequencing, assembly, and annotation of algal virus genomes.

Collectively, this thesis advances environmental virology and viral surveillance systems by
developing scalable, sensitive, and cost-effective genomic workflows for virus detection and
characterization in freshwater environments. By integrating virus ecology with applied public
health and agricultural surveillance within a One Health framework, this work underscores the
interconnectedness of environmental, human, and agricultural systems and provides practical

guidance for future viral genomics research and pathogen monitoring programs.
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Chapter 1. An Introduction to Viruses—Replication, Ecological and Host Impacts,

and Genome Sequencing Techniques

1.1. Defining Attributes of Viruses

Viruses are abundant and ubiquitous on Earth [1-3]. They can infect Bacteria, Eukarya, and
Archaea [4], and are defined as obligate intracellular parasites, meaning they can only replicate
within a living host cell [4]. They consist of a nucleic acid genome, made of either single or double
stranded RNA or DNA, and are enclosed within a protein capsule, which is referred to as the
capsid. In some cases, the capsid is enclosed within a host-derived lipid membrane [4]. A
complete infectious virus particle is referred to as a virion [4]. The genome size, structure, and

topology, as well as capsid morphology and infection strategy vary greatly between viral species.

1.2. The Baltimore Classification System for Viruses

The diversity of virus genomes necessitates a diverse array of strategies for genome replication,
which are reflected in the Baltimore classification system [4—6]. The Baltimore system includes
seven categories that group viruses based on the type of their nucleic acid genome and its
strandedness (+/-), as well as the mRNA synthesis mechanism (Table 1.1) [5-7]. Group | viruses,
such as the algal virus Chrysochromulina parva virus BQ1 (Chapter 4), have a dsDNA genome
and use an DNA dependent RNA polymerase (DdRp) to transcribe mRNA [6]. Group Il viruses
have a (+)ssDNA genome, with replication and mRNA synthesis requiring a dsDNA intermediate
[6]. Group lll viruses use a dsRNA genome, with replication and mRNA synthesis requiring a viral
encoded RNA-dependent RNA polymerase (RdRp) [6]. Group IV viruses, such as the tomato
brown rugose fruit virus (ToBRFV; Chapter 3), have a (+)ssRNA genome which in itself acts as
mRNA template, new genomes are synthesized using an RdRp and (-)ssRNA intermediate [6].
Group V viruses, such as Influenza A virus (IAV) and respiratory syncytial virus (RSV) (Chapter

2), have a (-)ssRNA genome from which complementary mRNA transcripts are synthesized by



an RdRp [6]. Group VI viruses use a (+)ssRNA genome which is reverse transcribed into a DNA
intermediate, from which mRNA is synthesized [6]. Lastly, group VIl viruses have a dsDNA
genome which mRNA is synthesized from, but, use reverse transcriptase (RT) and an RNA

intermediate for genome replication [6].

Table 1.1. Defining Features of Baltimore Classification Groups. The seven Baltimore classification groups,
their respective type of nucleic acid genome, mRNA synthesis enzyme and polarity, DNA replication
enzyme, and corresponding virus realm(s).

Group gl/l;(;leic Acid mMRNA synthesis and polarity sGyir:r?eTs?s Virus Realms

1 dsDNA DdRp, mRNA on both strands DNApol poriciiv et
2 (+)ssDNA DdRp, + strand mRNA polarity DNApol Monodnaviria, Varidnaviria
3 dsRNA RdRp, + strand mRNA polarity RdRp Riboviria

4 (+)ssRNA RdRp, + strand mRNA polarity RdRp Riboviria

5 (-)ssRNA RdRp, + strand mRNA polarity RdRp Riboviria, Ribozyviria

6 (+)ssRNA RT, + strand mRNA polarity RT Riboviria

7 dsDNA RT, + strand mRNA polarity RT Riboviria

The Baltimore classification system of viruses was devised in 1971 prior to the development of
sequencing technology [5,6]. Since, sequence analysis has shown that the Baltimore groups are
not monophyletic and that they share complex evolutionary history. However the observations
they are based upon still inform our understanding of virus replication and evolution [6]. The
International Committee on Taxonomy of Viruses (ICTV) now recognizes seven virus realms,
where each includes viruses belonging to one or more of the Baltimore groups (Table 1.1) [6,8,9].
Unlike the three domains of life, viruses do not share a common ancestor; they are a paraphyletic
group and lack a single universal gene [6]. Instead, approximately 20 hallmark viral genes are
used to define virus realms [6,9]. For example, almost all RNA viruses encode a homologous
RdRp or RT gene. As such, these hallmark features unify and distinguish the monophyletic realm
Riboviria [6,9]. Throughout viral taxonomic levels and groups, monophyletic clades are defined

by hallmark genes that are homologous and universally found in viruses of said group. Due to



this, the taxonomic classification of viruses requires specific knowledge of clade evolution and

hallmark genes.

1.3. Virus Replication and General Lifecycle

Despite the genomic and structural diversity amongst viruses, the general life cycle of most
viruses follows similar steps. This includes: cellular entry, genome uncoating, early mRNA

synthesis, genome replication, late gene expression, virion assembly, and host cell exit [4,10].

Viral entry into cells is specially adapted to the host's cellular structure and physiology [4]. In one
example, respiratory viruses such as Influenza A have evolved a highly specialized glycoprotein
called hemagglutinin (HA) that specifically bind a2,6-linked sialic acid molecules, which are
prevalent on epithelial cells in the upper respiratory tract of humans [11]. The fusion of the HA
protein to these surface receptors triggers the formation of an endosomal vesicle around the virion
and pulls it inside the cell [11,12]. In another example, plant-infecting viruses, such as the
ToBRFV, must by-pass both an outer membrane and a thick protective cell wall [4]. To circumvent
these obstacles, the TOBRFV spreads via mechanical contact, for example, insects can damage
leaves which creates a cellular opening for virion entry [4,13,14]. Once viruses have entered a
host cell, virion unpackaging ensue wherein the capsid is either fully or partially degraded and the
viral genome is released [4,10]. Then, expression of early viral mMRNA transcripts begins, which
typically initiates genome replication and increases the number of genomic templates available
for transcription [4]. Viruses either encode their own DNA and/or RNA polymerase or hijack the

host’s cellular machinery for genome and mRNA synthesis [4].

During the late stages of a virus life cycle, late MRNA transcripts are synthesized. Late transcripts
often encode or initiate the transcription of capsid subunits and other virion associated proteins
[4]. Capsid structures have a wide range of morphologies and complexities [10]. Some capsids

are very simple. For example, the ToBRFV encodes a single capsid protein. Many copies of this



protein are stacked together forming a helical capsid structure [10]. In other cases, the capsid is
much more complex [15,16]. For example, phycodnaviruses encode several capsid and
scaffolding proteins which form an intricate icosahedral structure [15,16]. Once virions are
packaged, they must exit to infect neighbouring cells or a new host. In some cases, such as with
IAV and RSV, viruses bud out of the host's cell and become encapsulated in a host-derived lipid
membrane [17,18]. Virions then build up in mucus and are transmitted via respiratory droplets
when coughing or sneezing occurs [18]. In another example, viruses exit by lysing the host cell,
a strategy often used by viruses that infect single-cell organisms [4,19]. In all virus life cycle steps

the mechanisms used are diverse and adapted to the host cellular morphology.

1.4. Host Hijacking—Mechanisms to Increase Viral Propagation

Because viruses are reliant on their host for propagation, they have consequently evolved
mechanisms to hijack their hosts cellular processes for their own gain. Changes to hosts cellular
processes can include, but are not limited to, hijacking nucleic acid replication processes [6,20],
ribosomes [21,22], metabolic processes [23—-25], and gene expression [26]. These changes
facilitate virus resource acquisition, genome replication, mMRNA expression, and protein synthesis,

all while subverting host defense mechanisms.

The reliance of a virus on its host’s replication machinery is largely dependent on the genome
nucleic acid type and mRNA synthesis mechanisms, as discussed previously [6]. Although some
viruses encode their own polymerases, they do not encode all the components required for
replication and rely on certain host factors. For instance, all viruses depend on host nucleoside
triphosphates (NTPs) as an energy source to catalyze cellular reactions and for nucleic acid
synthesis [20]. Some viruses can increase the availability of NTPs, enabling them to rapidly
generate large numbers of mMRNA and genomic templates [20,23,25,27]. Moreover, viruses may

alter the host RNA polymerase activity to preferentially translate viral mMRNAs and/or induce host



mRNA degradation to prevent competition for ribosomes and other resources [21,26,28,29].
Viruses are also dependent on their hosts ribosomal RNA (rRNA) complex as they do not encode
their own rRNA [21,22,30,31]. This subversion of host MRNA and protein synthesis can also work
to downregulate the expression of host antiviral genes, achieving virus protection and proliferation
simultaneously [26,29]. Lastly, viruses can optimize the cellular environment to enhance their
replication and propagation by altering their hosts metabolism with viral auxiliary metabolic genes
(AMGs) [24,32]. AMGs can be used to influence carbon metabolism, photosynthesis, nutrient

acquisition, and the synthesis of nucleotides, amino acids, and lipids [23,33].

1.5. Impact of Viruses on Aquatic Ecosystems

Not only can viruses have huge impacts on their hosts cellular functions and metabolism, but they
can also have massive impacts on ecosystems and their host populations. Viruses can play
fundamental roles in shaping ecosystems by influencing microbial population and diversity
[34,35], driving evolutionary processes [36,37], and regulating biogeochemical cycles [1,38]. In
marine environments viral lysis of microbes facilitates the release of organic matter and nutrients
back into the environment and preventing the loss of carbon to the oceanic sink [1,39]. This
important biogeochemical process regulates global carbon and nutrient cycling and is known as
the ‘viral shunt’ [1,39,40]. In both marine and freshwater ecosystems, microbial lysis redirects
organic carbon from higher trophic levels to dissolved organic matter making it available to other
microbes, which supports population growth and maintains food web dynamics [1,39—-42].
Moreover, viruses contribute to ecosystem stability by controlling harmful freshwater and marine
algal blooms that when left unchecked cause hypoxic conditions and produce toxins [35,43—45].
Indeed, by regulating phytoplankton populations, algal viruses can effectively stabilize food webs
[41,42], alter community composition [34,35], and mediate the availability of nutrients in aquatic

environments [34,40—-42].



In freshwater systems worldwide, one of the more prevalent and abundant alga species, in terms
of biomass, is the haptophyte Chrysochromulina parva [46—49]. This alga plays a substantial role
in primary production and can form blooms [47,50,51]. However, it has been understudied and
very little is known about its virus-host dynamics [46,47]. Based on our knowledge of virus-host
dynamics, viral lysis of C. parva should not only control algal biomass but also release dissolved
organic carbon and cellular nutrients back into the water column, which has potential implications
for microbial dynamics, as well as nutrient and biogeochemical cycling. In 2015, C. parva lytic
agents were isolated for the first time and were characterized using molecular techniques [47].
One of these C. parva lytic agents was the Chrysochromulina parva virus BQ1 (CpV-BQ1), a
dsDNA virus containing a DNA polymerase B (polB) gene with homology to viruses in the

Phycodnaviridae family [47].

Chapter 4 in this thesis presents the complete genomic assembly and characterization of CpV-
BQ1, providing novel insights into the gene content, replication strategies, and potential metabolic
impacts of freshwater algal viruses, contributing to a broader understanding of this important alga
species and freshwater viral ecology. Furthermore, to recover and characterise this genome a
comprehensive approach for both genome assembly and annotation was implemented. This
approach used hybrid short- and long-read sequencing, four assembly tools whose outputs were
piped into the robust genome consensus tool TryCycler, and a total of 24 gene annotations tools.
This detail orientated approach enabled the complete recovery of the CpV-BQ1 genome and sets
this work apart from most other studies focusing on algae-infecting viruses. Many studies that
characterise cultured algal viruses only use a single genome assembly tool, and thus are unable
to properly close genome ends, and underutilize gene prediction tools [52—-57]. The most common
molecular method to study algal viruses is based on the PCR amplification of specific genes such
as the major capsid protein (MCP) and po/B gene. However, this approach overlooks viruses with

divergent sequences limiting the genetic information that can be obtained [52]. Still in other work,



metagenomic shotgun approaches have been used to assembly and characterize novel algal-
virus genomes in environmental samples [52]. Although promising, this approach requires
significant refinement because it often results in a significant number of partial, chimeric, and
poorly characterized algal virus genomes [52,58—62]. With this work we not only provide a detailed
analysis of the CpV-BQ1 genome and contribute to our understanding of algal-viruses, but we
also established a methodology that we hope will become a gold standard for algal-virus genome

assembly and annotation of unknown isolates.

1.6. Impacts of Viruses on Humans—from Pandemics to Food Instability

Beyond their ecological significance, viruses that infect humans, plants, and animals, have
profound consequences on public health systems, food security, economic stability, and resource
availability [63,64]. Viral pandemics, such as the 1918 influenza pandemic, HIV/AIDS, and the
SARS-CoV-2 pandemic, demonstrate how zoonotic spill-over events can alter society by
increasing mortality rates, disrupting healthcare systems, destabilizing economies, and changing
social behaviours [17,63—66]. These outbreak events have spurred the creation and development
of public health infrastructure, including vaccination programs, antiviral treatments, and

community-based interventions such as social distancing and masking [67,68].

One technological advancement during the COVID-19 pandemic was the rapid global adoption of
wastewater-based surveillance (WBS) as a health monitoring tool [69,70]. WBS monitors viral
RNA shed in sewage to assess the prevalence of infections within a community, offering a non-
invasive, anonymous, and cost-effective method for early detection of outbreaks [69-71].
Molecular approaches such as RT-qgPCR and digital droplet PCR were commonly used to quantify
the viral load of SARS-CoV-2 in wastewater [71], whilst genomic sequencing protocols, including
tiled-amplicon strategies developed by the ARTIC Network, were used to track and identify SARS-

CoV-2 variants [72,73]. During the COVID-19 pandemic, WBS was applied in >70 countries to



monitor the prevalence and/or variants of SARS-CoV-2 [70]. This approach not only provided
real-time data on viral circulation but also informed targeted public health responses to
communities. The rapid implementation and success of WBS illustrates its scalability and cost-
effectiveness, as well as its potential to become a long-term disease surveillance tool for both

seasonal and emerging viruses, enhancing pandemic preparedness [71,74—76].

Since the COVID-19 pandemic, the utility of WBS has extended beyond SARS-CoV-2 to include
other seasonal pathogens [71,74,75]. Respiratory viruses such as the Influenza A virus (IAV) and
respiratory syncytial virus (RSV) have been detected and monitored in wastewater using both
molecular [77-79] and sequencing-based techniques [79-81]. Both viruses cause seasonal
epidemics and place a significant burden on individuals and healthcare systems annually [82—
88]. IAV, particularly the subtype H3NZ2 is associated with high hospitalization and mortality rates
amongst the elderly and other at-risk groups [89-91], whilst RSV poses a severe risk to infants,
immunocompromised individuals, and the elderly [83,92-94]. The development of tiled-amplicon
sequencing assays for these viruses, presented in Chapter 2 of this thesis, demonstrate the
presence and lineage diversity of IAV H3N2 and RSV A in municipal wastewater systems. Thus,
these assays offer valuable resources to public health services as a complementary method to

clinical testing for respiratory disease outbreaks.

Beyond direct human infections, WBS and environmental surveillance can also be used to detect
agriculturally significant plant viruses. The tomato brown rugose fruit virus (ToBRFV) has rapidly
emerged as a major threat to global tomato production, with the potential for up to 100% crop loss
due to its high transmissibility [95-97]. Thus far, the TOBRFV has been reported in 35 countries,
several of which are heavily dependent on tomato exports, such as Mexico, Spain, and ltaly.
Outbreaks of TOBRFV have now disrupted supply chains and caused significant financial losses
for farmers and distributors [95,96,98,99]. Tomatoes are the most globally important vegetable

crop and the ToBRFV has had a direct impact on tomato prices and availability, affecting both



consumers and agricultural workers reliant on tomato farming [95,98]. The control of ToOBRFV
requires labor-intensive mitigation measures, including stringent sanitation protocols, seed
testing, and the destruction of crops [96]. These measures increase production costs, place a
high burden on farmers, cause economic losses, and affect market stability [95,98,99]. Chapter 3
of this thesis expands the utility of WBS by developing a novel tiled-amplicon sequencing assay
for TOBRFYV detection in wastewater, illustrating how wastewater systems can be used to monitor

plant pathogen transmission and determine the regional distribution of ToOBRFV variants.

1.7. Genome Sequencing as a Tool to Study Viruses and their Impacts

As demonstrated by the global deployment of wastewater-based surveillance (WBS) for SARS-
CoV-2 and its recent expansion to other pathogens, WBS sequencing methodologies are an
essential tool for the detection and monitoring of viral variants and emerging pathogens [71,74].
Moreover, genome sequencing is an essential tool for understanding viral diversity, evolution,
disease, and transmission in both clinical samples and the environment [2,3,63,100-102]. It can
provide critical insights into the functional potential encoded within the viral genome, inform
phylogenetic relationships, and can reveal genomic features linked to life-cycle, host-interactions,
and pathogenicity [101,103—-106]. Sequencing plays an important role in both novel virus
discovery, as well as the genomic surveillance and study of known pathogens
[71,77,103,105,107-110]. However, scientists have only sequenced and studied the genomes of
a small percentage of viruses in the world [102,106,111]. Thus, there remains a significant amount
of work to uncover and understand the vast viral diversity, as well as the impacts these viruses
have on their hosts and ecosystems [106,111,112]. In this thesis, sequencing was applied to
complete two main objectives: first, to develop targeted sequencing assays for respiratory
(Chapter 2) and plant viruses (Chapter 3) in wastewater, and second, to assemble and
characterize the genome of the freshwater algal virus Chrysochromulina parva virus BQ1 (CpV-

BQ1) (Chapter 4).



Two primary approaches employed to sequence viral genomes include shotgun sequencing and
targeted sequencing assays. Shotgun sequencing can capture all nucleic acids present in a
sample without enriching for or targeting genome sequences from any one species or group of
organisms [101,106,113—115]. This is particularly useful when investigating a mixed community
of viruses and/or organisms; i.e., metagenomic samples, and can provide information about viral
diversity, as well as detect co-infections, quasispecies, and associated host-organisms
[101,111,116]. Additionally, shotgun sequencing is highly useful when sequencing novel viruses
wherein no prior sequencing information is available, such as CpV-BQ1, as sequence specific

targeted approaches cannot be developed or applied [101,113].

However, metagenomic shotgun sequencing also has disadvantages which make it unsuitable
for some applications. For example, in environmental samples, such as wastewater, viral loads
are typically low while host and/or microbial nucleic acids dominate [101,117-119]. As such,
metagenomic approaches necessitate extensive sequencing depth to achieve enough viral reads
for subsequent analysis [101,117—119]. Thus, metagenomic shotgun sequencing often lacks the
sensitivity and cost-effectiveness required for routine surveillance of viruses in wastewater
samples [101,117-119]. To address these short-comings various targeted sequencing
approaches, such as bait-capture and PCR amplicon sequencing, have been developed

[101,119].

Among targeted approaches, tiled-amplicon sequencing has gained widespread adoption as it
can enrich near-complete target viral genomes from samples in an efficient, sensitive, and cost-
effective manner, making it highly suitable for wastewater surveillance programs [72-
74,101,119,120]. Tiled-amplicon sequencing uses overlapping primers designed from a
consensus genome to generate a series of amplicons that cover the target genome [120,121].
Following PCR amplification, the products are sequenced using sequencing platforms, such as

lllumina or Oxford Nanopore Technologies, providing high-resolution data suitable for genomic
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reconstruction and analysis [72,73]. This technique gained significant popularity during the
COVID-19 pandemic as it was applied on a global scale to monitor SARS-CoV-2 variants in
wastewater [71,74,122]. Since, a myriad of tiled-amplicon sequencing assays have been
developed to target many different virus genomes and have been applied to various sample types
[108,123—-138]. While highly effective, tiled-amplicon sequencing requires prior knowledge of
genome information for primer design, making it unsuitable for discovery of novel viruses
[101,120]. Additionally, amplicon dropout can occur if multiple mutations accumulate within the
primer binding site, requiring periodic updating of primer schemes [101,120]. Despite these
limitations, the high-sensitivity and cost-effectiveness of tiled-amplicon sequencing makes it a

powerful tool for viral genomics and environmental surveillance.

1.8. Research Focuses and Objectives

This thesis integrates and applies genome sequencing methodologies to better understand viral
diversity and ecology, as well as improve and develop upon currently available public health
resources. The overarching objective of this work is to improve and develop methods and
workflows for detecting, characterizing, and monitoring viruses in the environment, including
algae-, plant-, and human-infecting viruses, using both metagenomic and targeted sequencing
methods. Through three focused research projects, this work highlights how genomic sequencing
can be used to answer fundamental and applied questions in public health surveillance, plant

pathology, and viral ecology.

The first objective (Chapter 2) was to develop and apply targeted tiled-amplicon sequencing
assays to monitor two human respiratory viruses, Influenza A virus (IAV) H3N2 and respiratory
syncytial virus (RSV) A. Both pathogens contribute significantly to seasonal iliness and place an
undue burden on healthcare systems [82—84,88]. To monitor these viruses, novel tiled-amplicon

sequencing assays targeting nearly complete genomes were developed and validated on
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wastewater samples. Then, these assays were applied to wastewater samples collected over a
three-month period during the peak of the respiratory virus season. This work demonstrated the
successful detection and variant calling of IAV H3N2 and RSV A from wastewater, enabling the
identification of circulating lineages and providing critical information for public health decision-
making. These assays offer a scalable, cost-effective method to complement clinical surveillance

systems, especially during periods of heightened respiratory virus activity.

The second objective (Chapter 3) was to extend this surveillance method to monitor the
agriculturally significant Tomato brown rugose fruit virus (TOBRFV) in municipal wastewater.
ToBRFYV is a tobamovirus responsible for severe disease outbreaks in tomato crops worldwide
[95-97]. A novel multiplexed tiled-amplicon assay was designed to cover the entire ToOBRFV
genome, enabling variant detection and clade distribution analysis in wastewater influent
samples. This study demonstrated that wastewater systems act as environmental reservoirs for
plant viruses and established a proof-of-concept for tracking agricultural pathogens through

municipal wastewater networks.

The third objective (Chapter 4) was to characterize the genome of a novel freshwater algal virus,
Chrysochromulina parva virus BQ1 (CpV-BQ1). This virus was isolated from a Lake Ontario water
sample [47] and infects the freshwater haptophyte Chrysochromulina parva, an ecologically
important algal species. A hybrid metagenomic sequencing strategy was employed using long-
read Nanopore and short-read lllumina sequencing platforms to assemble the complete CpV-BQ1
genome. This hybrid approach effectively resolved repetitive and complex genomic regions while
maintaining high base-level accuracy. Subsequent genomic annotation uncovered the functional
potential encoded within the CpV-BQ1 genome which revealed key viral genes involved in
replication, transcription, nucleotide metabolism, capsid formation, and host manipulation. This
analysis provided important insights into the taxonomic placement of CpV-BQ1 within the

Phycodnaviridae family and expanded our understanding of viruses that infect and impact
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freshwater phytoplankton. This work now provides a robust model-system which can be used to
study the complexities of virus-host interactions of the ecologically significant freshwater alga

species C. parva.

Together, these research objectives use techniques to sequence and characterise the genomes
of viruses in freshwater to address critical knowledge gaps in environmental virology, plant
pathogen surveillance, and public health genomics (Figure 1.1). By applying advanced
sequencing technologies to freshwater environments, this thesis underscores the
interconnectedness of viral ecology and human society through a “One Health” perspective. One
Health is an integrated approach that looks to optimize the health of humans, animals, and the
environment through the recognition their interconnectedness. Through these three projects, we
connect the impacts of viruses to humans, plants, the ecosystems. In chapter two, the direct
impact of human-infecting viruses Influenza A H3N2 and RSV A is addressed using a wastewater-
based surveillance approach to understand the prevalence and spread of these viruses within
municipalities. Chapter three highlights the tomato brown rugose fruit virus and its impact on the
greenhouse sector and food supply chains, the genome sequencing tools developed in this work
provide a useful resource to track and monitor this viral threat. Chapter four addresses the in-
direct impact viruses have on humans by exploring a novel algal-infecting virus. Algae are
important players in our ecosystems, which impact food webs, biogeochemical cycling, and our
atmosphere. By studying the viruses that infect and control algal populations we can better
understand ecosystem dynamics and how changes to these systems may impact humans.
Furthermore, this work highlights the strengths and limitations of metagenomic and tiled-amplicon
sequencing approaches in complex environmental matrices and establishes workflows adaptable

for the detection and characterization of both novel and known viral pathogens.
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Figure 1.1. Flowchart of Thesis Objectives. The overarching theme of this thesis centers around genomic
sequencing of viruses in freshwater. The development and/or application of these strategies were applied
in three different objects across chapters 2 to 4 of this thesis, starting with the direct and broad impact of
human infecting viruses, followed by the in-direct and more narrow impacts plant- and algal-infecting
viruses have on humans.
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Chapter 2. A Genome Sequence Variant Monitoring Program for Seasonal
Influenza A virus H3N2 and Respiratory Syncytial Virus A using Wastewater-

Based Surveillance in Ontario, Canada

2.1 Introduction — Influenza A H3N2 and Respiratory Syncytial Virus A burden,

infections, and detection

Seasonal respiratory viruses can be highly contagious and typically circulate in the Northern
hemisphere from October to April, and in the Southern hemisphere from February to September
[139,140]. Two seasonal respiratory viruses which cause a large number of yearly infections and
substantial health care burden are the Influenza A virus (IAV) and Respiratory Syncytial Virus
(RSV) [91,92,141,142]. These viruses can lead to serious illness and death particularly in
vulnerable populations, including children, elderly adults, immunocompromised individuals, and
those with comorbidities [92,94]. Annually, there are an estimated one billion Influenza infections
globally, resulting in approximately 290,000 and 650,000 deaths with the vast majority of these in
children under five years old [143]. RSV is responsible for an estimated 3.6 million hospitalizations
and approximately 100,000 deaths in children under five years old, annually, moreover in 2019
there were an estimated 33 million global RSV-associated acute lower respiratory infection
episodes in children under five [144,145]. Broader health consequences following an infection
can include chronic illness, increased susceptibility to infections, cardiovascular events, and poor
pregnancy outcomes, all of which have negative impacts on quality of life and longevity
[83,84,89,90,93]. Infections can also cause financial strains for individuals who are unable to work
due to illness or the need to care for family members [85,86]. Additionally, increased
hospitalizations and healthcare encounters due to seasonal iliness can place a large burden on
healthcare and economic systems [82,83,87,88]. In the USA, the healthcare costs attributed to

Influenza A and B infections over eight seasons is estimated to be between $2.0-$5.8 billion [88],
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while estimates of the direct medical cost of RSV infections in the USA range from $1.52-$2.99
billion annually for adults over 60 years of age [146]. Routine monitoring along with public
awareness campaigns and vaccination of both IAV and RSV is crucial to preventing the spread

of these viruses and reducing the burden they impose.

The most common human-infecting IAV subtypes are H3N2 and H1N1(pdm09), with the subtype
causing the most infections changing from year-to-year. H3N2-dominated seasons have higher
mortality and hospitalization rates in older adults as compared to H1N1(pdmQ09) or Influenza type
B [147]. Additionally, H3N2 is known to have a lower vaccine effectiveness and higher immune
evasion [147]. In the 2022-2023 winter season, the subtype H3N2 was found to be the most
prevalent IAV subtype in Canada, making up 89% of IAV subtyped laboratory tests [148], whilst
in the following 2023-2024 season, the H1N1(pdm09) subtype was the most prevalent IAV in
Canada, making up 73% of IAV laboratory tests with subtype information [149]. The IAV H3N2
subtype can be further divided into 35 clades or lineages which are tracked and visualized with

NextStrain (https://nextstrain.org/seasonal-flu/h3n2/ha/12y).

Two RSV subtypes, A and B, infect humans and co-circulate during infection seasons [150,151].
There are conflicting reports of which subtype causes more severe illness and outcome severity.
However, evidence suggests RSV A infections are more prevalent and severe in preterm infants
and children with comorbidities [150,151]. Definitions at the subgroup level of RSV A and B have
been difficult to discern and have been debated within the scientific community [152—154].
However, recent work by the RSV Genotyping Consensus Consortium has defined 24 distinct
lineages for RSV A [154] which can be visualized with  NextStrain

(https://nextstrain.org/rsv/a/genome).

Understanding which viral lineages are circulating is important for understanding the disease

severity caused by subtypes/lineages, tracking the spatial and temporal spread of viruses, and
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the effectiveness of vaccines and other treatments [74,155]. Traditionally, respiratory virus
outbreaks, including those caused by IAV and RSV, have been tracked by testing clinical samples
taken from individuals seeking medical treatment. Clinical samples are first tested for viruses
using point-of-care diagnostics or reverse-transcription PCR (RT-PCR) analysis, then a subset of
positive samples are sequenced to determine the specific subtype or lineage present [148,156—
160]. However, since the onset of the SARS-CoV-2 pandemic in 2020, wastewater-based
surveillance (WBS) has been used alongside clinical testing to track the spread of respiratory
viruses in communities [71,74,77,78,80]. WBS has provided an early warning system for SARS-
CoV-2 and other viral outbreaks and has been used to determine which viral subtypes/lineages
are circulating in specific areas [69,71,76]. WBS offers an attractive additional tool for use
alongside clinical testing because it is cost-effective, does not require individuals to seek medical
care or report symptoms, and can capture data from asymptomatic or unreported infections in an
unbiased and anonymous manner [75,76,161]. Moreover, WBS can inform preventative public
health measures which can reduce the health and economic burden imposed by seasonal

respiratory viruses [71,75,76,161,162].

WBS relies on several molecular biology techniques to fully understand the spread and load of
viruses in wastewater (WW), including various qPCR and sequencing techniques [71,74,76].
Reverse transcription quantitative PCR (RT-gPCR) methods have been highly successful in
tracking the viral load of SARS-CoV-2 and other viruses in wastewater and can determine levels
of infection and iliness circulating in communities in real time [76,77,162,163]. RT-gPCR can also
be used to detect and quantify specific viral variants or subtypes in wastewater if they have distinct
mutations that distinguish them from other variants/subtypes. This requires the design and testing
of specific primers/probe combinations which target differentiating mutations between subtypes
[164-166]. Thus, subtype monitoring requires a suite of primer/probe combinations to capture

subtype diversity and also demands the frequent development and testing of new primer/probe
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combinations to detect emerging lineages. Furthermore, virus subtypes such as Influenza A virus
H3N2 and RSV A can contain many distinct clades which are rarely discernable using an RT-

gPCR approach [80,81].

Sequencing viruses in wastewater offers an attractive alternative to RT-qPCR; viral genomes can
be readily amplified using a set of PCR primers inclusive to all lineages of a single virus or virus
subtype, with the flexibility to modify the primers when multiple mutations arise in primer binding
sites that reduce binding efficiency [72,73,120]. Moreover, sequencing can capture the complete
genome sequence, which provides more genomic information and insight into the evolution of
virus genomes [74,79,167]. A sequencing approach, dubbed tiled-amplicon sequencing or the
ARTIC method, has become a popular PCR-based method to specifically enrich the entire
genome of a target virus, and has been widely applied in WBS to detect and characterize variants

of SARS-CoV-2 [72,73,75,76,120].

Since 2020, WBS using a combination of RT-gPCR analysis and targeted sequencing with the
ARTIC method has been a powerful public health tool to monitor the viral load and lineages of
SARS-CoV-2 in communities. WBS is now expanding to detect other viruses including IAV and
RSV [76-78,168—-171]. In the past few years, many studies have been published which monitor
the viral load of IAV and RSV in wastewater using RT-qPCR and digital droplet PCR,
demonstrating a widespread interest in monitoring these pathogens in wastewater
[77,78,163,165,166,168,170-186]. However, relatively few studies have used genomic
sequencing to monitor and evaluate the clade-level variation and genomic evolution of these
viruses in wastewater [79-81,167,187—191]. Among the studies that have embarked on genomic
sequencing, some have only used a small portion of one genome segment, typically the
hemagglutinin (HA) segment, thereby limiting the number of clade specific mutations that can be
detected and used for genotyping [81,187,188,191]. Other approaches such as a bait-capture

[190] and shotgun RNA-Seq [189] did not produce adequate sequencing depth for clade
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determination. A few studies have used whole genome IAV and RSV targeted sequencing on
wastewater samples; however, these studies employed a genome consensus based strategy
using clade reference genomes to determine which clades are present in wastewater [80,167].
Generating a consensus sequence by mapping reads to a reference genome produces a single
representative sequence, which includes the most prevalent nucleotide at each position, thus
mutations can be removed from data and therefore missed during variant calling, which is
particularly problematic for identifying rare and low-abundance variants in circulation. Additionally,
the abundance of lineages in wastewater cannot be estimated with this strategy. Comparatively,
deconvolution methods, with tools such as Freyja [192], observe the prevalence of mutations at
clade-defining nucleotide positions and use statistical models to estimate the frequency of mixed-
lineages in a sample [122,193,194]. To expand the utility of WBS, we developed novel tiled-
amplicon sequencing assays and used them to monitor Influenza A H3N2 and RSV A in
wastewater. Samples were collected from six wastewater treatment/collection sites in Ontario,
Canada, on a weekly or biweekly basis from November 2023 to January 2024, which coincides
with the annual seasonal respiratory virus period in Canada. We applied deconvolution methods
to clades present in samples using Freyja [192], and our in-house tool, Alvoc (abundance learning
for variants of concern). Alvoc was adapted for IAV H3N2 and RSV A clade determination [195]
from our previously designed tool, Alcov (abundance learning of SARS-CoV-2 variants), which
was developed for estimating mixed SARS-CoV-2 lineages in wastewater samples [196]. Alvoc
was modified to generate constellation files from NextStrain phylogenetic trees. These files
delineate clade-specific mutations which are used to call and estimate clade abundances. This

modified function enables user adaptation of Alvoc for any virus that has a NextStrain build [195].

Existing primer sets and assays have been previously developed for the detection of IAV and
RSV. The MB-Tuni primers [197] and the clinical tiled amplicon RSV (CR) primers [198], have

been successfully applied to clinical IAV [156,157,159,197] and RSV [198,199] samples, as well
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as some agricultural samples [200-202]. However, their performance on RNA extracted from
wastewater influent has not been thoroughly evaluated, with only one study using MB-Tuni
primers on RNA extracted from wastewater [80]. Given the fundamental differences between
clinical and environmental wastewater samples, including viral concentration, genome integrity,
and the presence of inhibitory substances, the MB-Tuni and CR assays may not be amenable to
environmental wastewater samples. Thus, the tiled-amplicon assays designed in this study were
compared to these previously designed primer sets using wastewater samples spiked with IAV

H3N2 and RSV A virions.

The IAV H3N2 genome consists of eight discrete RNA fragments, called PB2, PB1, PA, HA, NP,
NA, MP, and NS, with each segment encoding 1-2 genes [203]. In contrast, the RSV A genome
is a single RNA strand approximately 15225 bp in length that encodes 10 genes and 11 proteins
[204]. Our assays employ an ARTIC-style primer scheme, wherein overlapping primers are used
to generate ~400 bp amplicons across each genome. Our IAV H3N2 assay uses a total of 42
primers, which cover 93.04% of the influenza A H3N2 RefSeq reference genomes NC_007366.1
— NC_007373.1. The RSV A assay uses a total of 52 primers, which covers 98.44% of the

Respiratory syncytial virus A reference genome NC_001803.1.

20



2.2 Materials and Methods

2.2.1 Sampling Sites and Wastewater Collection

The study includes data from seasonal wastewater samples collected from six collection sites
between November 6™, 2023, and January 30", 2024. Either 24 h composite influent wastewater
or upstream grab-samples were collected from multiple sites in the Regional Municipalities of
York, Peel, Waterloo, and Hamilton (Supplementary Table 2.1) on a weekly basis, however during
a few weeks sample collection was paused at certain sites (Supplementary Table 2.2). An on-site
autosampler was used to collect either pre-grit or post-grit separation wastewater influent samples
at the GE Booth, Kitchener, Cambridge, and Hamilton wastewater treatment plants. Grab
fractions taken over a 24 h period were pooled to create a composite sample, which was mixed
thoroughly to resuspend fecal solids. 250 mL of the composite sample was poured into a sterile
polypropylene bottle and refrigerated at 4°C. Samples taken from the two York Region collection
sites were three pooled grab samples taken five minutes apart and thus represent a 10-minute
time period. The samples were placed in an insulated container with multiple ice packs and

shipped to our laboratory in Waterloo, ON, Canada.

2.2.2 Wastewater and Water Virus Spike-in Samples to Test Primer Specificity

To test primers for specificity and efficiency, wastewater and water samples were spiked with
heat-inactivated isolates of IAV H3N2 and RSV A. Upon receiving the wastewater samples, the
bottle exteriors were sterilized with 70% ethanol and the bottle was inverted to resuspend solids.
Two 20 mL fractions were taken from four wastewater samples and placed in 50 mL falcon tubes.
Additionally, four 20 mL volumes of nuclease-free water were placed in falcon tubes to act as
spike-in and wastewater controls. One replicate of the four wastewater and two water control
samples were spiked with 25 pL (1.0425 x 10* TCIDso) of Influenza H3N2 heat-inactivated culture

fluid isolate Hong Kong/2671/19 (Zeptometrix, #0810609CFHI), while the other replicate of four
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wastewater samples and two water samples was spiked with 25 pL (9.7 x 10?2 TCIDso) of RSV-A

heat-inactivated culture fluid 2/2015 isolate #2 (Zeptometrix, #0810474CFH]I).

2.2.3 Wastewater Virus Isolation and RNA Extraction

Viruses in wastewater and controls were captured and isolated using Ceres Nanotrap Microbiome
A beads (Ceres Nanosciences, #44202) and RNA was extracted using the QIAGEN RNeasy®
Mini Kit (Qiagen, #74116). The following amendments to the manufacturer's protocol for the
“Nanotrap® Microbiome A;10mL Manual Protocol with QlAamp® Viral RNA Mini Kit” were made

(https://www.ceresnano.com/ files/ugd/f7710c 360d4{6c81094e7e84e161c0c32748b2.pdf). For

every 20 mL fraction of wastewater or water, 200 pL of the Ceres Nanotrap® Enhancement
Reagent 2 (Ceres Nanosciences, #10112-10) and 300 uL of the Microbiome A Particles was used
to concentrate the sample. Following a 10 min incubation period, the Microbiome A beads were
pelleted using centrifugation at 8,000 x g for 4 min at 4°C. The pellet was resuspended in a small
volume of remaining initial sample instead of nuclease-free water and transferred to a 1.5 mL
centrifuge tube for ease of use. The supernatant was removed and 700 uL of RLT lysis buffer
(Qiagen, #74116) with 1% 2-mercaptoethanol was added to the pellet. The sample was vortexed
at maximum speed to release the total virus sized particles into solution and then centrifuged at
8,000 x g for 4 min at room temperature. The supernatant was transferred to a fresh 2.0 mL round
bottom tube. The supernatant with the viral analytes was loaded onto an automated QIAGEN
QIlAcube Connect® (Qiagen, #9002864) device using the pre-loaded manufacturer's RNeasy®
Mini Kit protocol (Qiagen, #74116) without on-column DNAse digestion. This virus isolation and
RNA extraction method was used for both seasonal wastewater samples and samples spiked

with heat-inactivated virus particles.
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2.2.4 IAV H3N2 and RSV A Tiled-Amplicon Primer Design

To design IAV H3N2 genome specific primers, Influenza A H3N2 genomes were downloaded
from the NCBI influenza database, applying the following filters; Type: A, Host: Human, Country:
Any, Segment: 1-8, Subtype: H3N2, Collection date: 2020-01-01 to 2022-07-21. All segments
were downloaded as individual files. The following number of sequences were used for each
genome segment alignment: PB2 — 399, PB1 — 401, PA — 402, HA — 416, NP — 406, NA — 409,
M — 407, and NS — 398. Individual multiple sequence alignments (MSA) were generated for each
set of the eight segments using the MAFTT-7.0 algorithm. A consensus 90 or consensus 95
sequence was generated from each MSA. Finally, PrimalScheme was used to generate a 400 bp
tiled amplicon scheme (Supplementary Table 2.3) from each consensus sequence. The total
length of the generated consensus genome was 13629 bp, of which the primer scheme amplifies
12861 bp (i.e., 94.36% of the genome). Primers were also aligned to the IAV H3N2 RefSeq
genome segments, accessions NC_007366.1 — NC_007373.1, and covered 93.04% of this
reference sequence. Primers in tiled amplicon schemes typically do not target the ends of
genomic fragments. The overlapping primer design and uniform size of amplicons necessitated
by these assays means a small part of the genome ends, often 20-100 bp, is not amplified.
Moreover, the of IAV genome consists of eight discrete RNA fragments and thus less genomic

coverage of the IAV H3N2 was obtained as compared to the RSV A genome.

To design RSV A genome specific primers, RSV genomes were downloaded from the NCBI
(National Center for Biotechnology Information) Virus database which met the follow filtering
requirements: Virus: Human respiratory syncytial virus A, taxid:208893, Sequence Length: Min -
15200 Max - 15230. A total of 123 genomes were downloaded along with the RSV A RefSeq
sequence, NC_001803.1. A MSA was created using the MAFTT-7.0 algorithm and a consensus
85 sequence 15319 bp in length was generated. Finally, PrimalScheme was used to generate a

400 bp tiled amplicon scheme (Supplementary Table 2.4) from the consensus 85 sequence,
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which covers 97.84% of the consensus RSV A genome. Primers were also aligned to the RefSeq

genome, accession NC_001803.1, and covered 98.44% of this reference sequence.

2.2.5 Primer Pooling

Initially, primers were pooled at equal concentrations, then were used to PCR amplify cDNA
synthesized from RNA that was extracted from a water sample that had been spiked with either
Influenza A H3N2 or RSV A heat-inactivated fluid cultures. Ceres bead and spin column extraction
was used, as described previously. Following amplicon data analysis, as described below, primer
concentrations were adjusted to either increase the depth of reads obtained for amplicons with
low coverage or to decrease the depth of reads obtained for amplicons with high coverage. The
designated primer pool and concentrations for IAV H3N2 primers (Supplementary Table 2.3) and
RSV A primer (Supplementary Table 2.4) are listed. These adjusted primer concentrations were

used for all described tiled-amplicon PCR assays.

2.2.6 cDNA Synthesis and PCR Amplification of RNA Extracts from Seasonal WW Samples

RNA extract from seasonal wastewater samples were used to synthesize cDNA with the
LunaScript RT SuperMix kit (New England Biolabs, #E3010L). Briefly, 20 uL of RNA elution, 8
uL of LunaScript RT SuperMix, and 12 uL of sterile nuclease-free were mixed in a PCR tube.
Samples were placed in a thermocycler, then incubated at 25°C for 2 min, 65°C for 15 min,
95°C for 1 min, and then held at 12°C. RNA was converted to cDNA which was subsequently
amplified using our tiled-amplicon primers. Separate reactions were prepared for IAV H3N2 and
RSV A amplification and each primer pool, for a total of four PCRs per sample. Briefly, 12.5 uL of
Q5 High-Fidelity 2x Master Mix (New England Biolabs, #M0492L), 6 yL of cDNA, 1 pL of

either primer pool 1 or 2, and 5.5 yL of nuclease-free water were mixed in a 0.2 mL PCR
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tube. Tubes were incubated on the thermocycler at 98°C for 30 s, followed by 35 cycles of

95°C for 15 s then 63°C for 5 min, afterwards samples were held at 12°C.

2.2.7 PCR Ampilification Methods for Virus Spike-in Samples

RNA extracts from IAV H3N2 and RSV A spike in control samples were prepared using both a
one-step method, wherein cDNA and PCR amplification occur in a single tube, and a two-step
method, wherein cDNA synthesis and PCR ampilification occur in two separate tubes. cDNA used

in all two-step amplifications was prepared as described above.

One-step Method:

MB-Tuni (MB) Influenza A H3N2 one-step PCR: 1.25 uL One-step enzyme (Gene Biosystems,
#P611), 12.5 pL HiScript Il 2x Mix (Gene Biosystems, #P611), 1 uL of 5 yM pooled MB-Tuni
forward and reverse primers [197], 5 yL RNA extract, and 5.25 pL nuclease-free water.
Thermocycling conditions: 25°C for 2 min, 50°C for 30 min, 95°C for 2 min, 5 cycles of 94°C for
30 s, 45°C for 30 s, and 68°C for 5 min, 31 cycles of 94°C for 30 s, 57°C for 30 s, and 68°C for 5

min, then held at 12°C [197].

Tiled-amplicon (TA) IAV H3N2 one-step PCR: 1.25 pyL One-step enzyme (Gene Biosystems,
#P611), 12.5 uL HiScript Il 2x Mix (Gene Biosystems, #P611), 1 uyL of H3N2 pool 1 or 2 primers,
5 yL RNA extract, and 5.25 pL nuclease-free water. Thermocycling conditions: 25°C for 2 min,
50°C for 30 s, 95°C for 2 min, 35 cycles of 95°C for 30 s, 63°C for 30 s, then 72°C for 3 min and

samples held at 12°C.

Clinical RSV (CR) tiled-amplicon one-step PCR: 1.25 pyL One-step enzyme (Gene Biosystems,
#P611), 12.5 pL HiScript Il 2x Mix (Gene Biosystems, #P611), either 2.55 yL CR primer pool 1 or

2.8 L CR primer pool 2, 5 uyL RNA extract [198], and topped up to 25 uL with nuclease-free
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water. Thermocycling conditions: 25°C for 2 min, 50°C for 30 min, 94°C for 3 min, 35 cycles of

98°C for 10 s, 55°C for 10 s, and 72°C for 3 min, then 72°C for 3 min and held at 12°C [198].

Tiled-amplicon RSV A one-step PCR: 1.25 uL One-step enzyme (Gene Biosystems, #P611), 12.5
ML HiScript Il 2x Mix (Gene Biosystems, #P611), 1 uL of RSV A pool 1 or 2 primers, 5 yL RNA
extract, and 5.25 pL nuclease-free water. Thermocycling conditions: 25°C for 2 min, 50°C for 30
min, 94°C for 3 min, 35 cycles of 98°C for 10 s, 55°C for 10 s, and 72°C for 3 min, then 72°C for

3 min and held at 12°C.

Two-step method:

MB-Tuni Influenza A H3N2 two-step PCR: 12.5 uL Q5 2x Master Mix (New England Biolabs,
#M0492L), 1 uL of 5 uM pooled MB-Tuni forward and reverse primers [197], 6 uL cDNA, and 5.5
ML nuclease-free water. Thermocycling conditions: 98°C for 30 s, 5 cycles of 95°C for 30 s, 45°C
for 30 s, and 63°C for 5 min, then 30 cycles of 95°C for 30 s, 57°C for 30 s, 63°C for 5 min, then

held at 12°C.

Clinical RSV Tiled-amplicon two-step PCR: 12.5 uL Q5 2x Master Mix (New England Biolabs,
#MO0492L), either 2.55 puL CR primer pool 1 or 2.8 yL CR primer pool 2 [198], 6 pL of cDNA, and
topped up to 25 pL with nuclease-free water. Thermocycling conditions: 98°C for 30 s, 35 cycles

of 98°C for 30 s, 55°C for 10 s, 63°C for 5 min, then held at 12°C.

The previously described PCRs for seasonal wastewater samples were used for the two-step

tiled-amplicon 1AV H3N2 and RSV A spike-in samples.

2.2.8 Library Preparation and Sequencing

Sequencing libraries were prepared from PCR amplified products using the lllumina DNA prep kit

(lumina, #20060059) using half of the manufacturer's recommended volumes. Briefly, PCR
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products were tagmented using bead-linked transposomes and then indexed using custom

lllumina index primers. Samples were pooled and diluted then sequenced on an NextSeq 2000

system (lllumina) using P1 chemistry and 2 x 300 sequencing.

2.2.9 Sequencing Read Quality Control, Alignment, and Calculation of Genome Coverage

Raw reads were trimmed and cleaned up using fastp v0.23.2 with default parameters [205,206].
Quality controlled reads were aligned to the IAV reference genome EPI_ISL_1563628 or RSV A
reference genome EPI_ISL_412866, downloaded from GISAID (February 14", 2024). bwa mem
v0.7.12-r118 was used to index reference genomes and align filtered reads [207]. Samtools v1.13
was used to generate sam and bam files from bwa alignments [208]. Genome coverage was
calculated from bam files using samtools v1.13 [208]. All raw reads are available on the SRA

database under accession PRJNA1288507.

2.2.10 Variant Calling with Freyja and Alvoc

Variant calling was performed with Freyja [192] and Alvoc. Briefly, synthetic read data was
generated using DWGSIM v0.1.15 [209]. To generate synthetic reads, one genome listed from

each IAV H3N2 clade in the NextStrain build (https:/nextstrain.org/seasonal-flu/h3n2/ha/6y) and

RSV A clade in the NextStrain build (https://nextstrain.org/rsv/a/genome/6y) were downloaded

from either Gisaid or NCBI virus (March 3™, 2025). DWGSIM v0.1.15 was used to generate 25,000

synthetic reads from each genome without introducing mutations or off-target reads [209].

To call variants, raw reads from seasonal wastewater sequencing libraries and fastq files
containing synthetic reads underwent pre-processing steps, first adaptors were removed using
cutadapt 5.0 [210]. Then bam files were generated using minimap2 2.22 [211] and aligned against
the HA reference genome NC_007366.1 or RSV A reference genome NC_001803.1. Bam files

and filtered reads were then piped into both the Freyja [192] and Alvoc [195,196] tools set to call
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IAV H3N2 or RSV A variants. Alvoc only considers mutations at positions that have a read depth
greater than 10 bases. For analysis with Freyja, barcode sets specific to each virus were used

(https://github.com/andersen-lab/Freyja-barcodes). For analysis with Alvoc, constellations were

generated by parsing the NextStrain trees for the HA segment of H3N2

(https://nextstrain.org/seasonal-flu/h3n2/ha/6y) and the RSV A genome

(https://nextstrain.org/rsv/a/genome/all-time), mutations present in at least 90% of the nodes

belonging to each clade were included in our constellation files. Heatmaps for each virus were
generated by both tools for synthetic read data and samples collected at each of the six sampling

sites.

2.2.11 Intraspecific Amplicon Coverage Calculation

Individual fasta files were generated for each amplicon using the primer scheme consensus
sequences; the binding sites of primer pairs were used as the start and end site for each amplicon
sequence. Filtered reads from seasonal samples were aligned to each amplicon, bwa v0.7.12-
r118 was used to index amplicon and align reads [207]. Samtools v1.13 was used to generate
sam and bam files from bwa alignments, then used to calculate genome coverage from bam files

[208].
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2.3 Results and Discussion

2.3.1 Comparison of novel and existing IAV H3N2 and RSV A targeted primers

To assess the robustness and performance of our tiled amplicon assays against the previously
designed MB-Tuni and clinical RSV (CR) primers, we tested each primer set on water and
wastewater samples spiked with heat-inactivated IAV H3N2 and RSV A culture fluid. The MB-
Tuni [197] and CR assays [198] use a one-step RT-PCR method, wherein both reactions occur
in a single tube. Conversely, our assay conditions employ a two-step method wherein cDNA
synthesis is followed by PCR with extended low-temperature extension times. For a
comprehensive comparison, both one-step and two-step methods were performed with all four
primer sets on virus spiked samples. Assay performance was evaluated using the percentage of
genome coverage achieved in each sample, as more efficient and reliable amplification of the

target virus genome results in higher genomic coverage (Figure 2.1).

Using a one-step RT-PCR method, the MB-Tuni primers achieved up to 100% genome coverage
with virus-spiked water samples. However, they had reduced assay efficiency with virus-spiked
wastewater samples, with genome coverage ranging from 19-83% (Figure 2.1a). In contrast, the
TA H3N2 assay achieved up to 95% genome coverage in water and maintained comparatively
higher coverage in wastewater samples, ranging from 59-84% (Figure 2.1a). The superior
performance of the TA H3N2 primers in wastewater is likely due to their design, which generates
shorter ~400 bp amplicons. These smaller targets are less susceptible to RNA degradation and
inhibitory substances that are common and abundant in wastewater matrices [212]. In
comparison, the MB-Tuni primers bind at genome termini and amplify across the genome
segments that range from ~800-2300 bp, making them more prone to failure due to RNA segment

degradation and the inhibitory PCR conditions [80].
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Figure 2.1. Comparison of Influenza A H3N2 and RSV A Amplicon Sequencing Assays on Virus Spiked
and Seasonal Wastewater Samples. Comparison of IAV H3N2 primer sets, MB-Tuni (MB) and tiled-
amplicon H3N2 (H3N2) (A,B,C). Comparison of RSV primer sets, clinical RSV primers (CR) and tiled-
amplicon RSV A (RSV) (D,E,F). One-step (A,D) and two-step (B,E) assay efficiency was compared using
four wastewater (WW) and two water (W) virus spike-in samples. Seasonal wastewater samples were used
to compare two-step assays targeting IAV H3N2 (C) and RSV A (F).

Further evaluation of these assays across one-step and two-step RT-PCR workflows revealed
that the MB-Tuni primers performed better with the one-step method, while the TA H3N2 primers
showed improved efficiency with the two-step approach (Figure 2.1a,). This discrepancy may be
attributed to differences in polymerase enzymes and thermocycling conditions between the two
workflows, which likely affect primer binding and extension efficiency. Notably, while the MB-Tuni
one-step assay’s conditions closely matched those used in the original publication for MB-Tuni
primers [197], the two-step method had a modified extension temperature and time. While this
modification is more closely aligned with the ARTIC protocol and the two-step TA H3N2 assay, it
potentially compromised the MB-Tuni assay performance. However, regardless of the workflow,
the TA H3N2 primers consistently produced higher genome coverage in wastewater samples
spiked with IAV virions, than the MB-Tuni primers (Figure 2.1a,b). Additionally, when applied to

four unspiked seasonal wastewater samples using the two-step method, the TA H3N2 primers
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again demonstrated superior genome amplification efficiency across all four samples compared
to the MB-Tuni primers (Figure 2.1c). These findings highlight the TA H3N2 assay’s robustness
and suitability for amplifying IAV genomes in complex, inhibitor-rich environmental samples like

wastewater.

For RSV detection, the clinical RSV (CR) primers demonstrated strong performance in all spike-
in samples, regardless of whether a one-step or two-step RT-PCR approach was used and
consistently outperformed the TA-RSV A primers under high viral load conditions (Figure 2.1d,e).
However, when applied to seasonal wastewater samples without spiked-in virus, the efficiency of
the CR assay declined markedly and was surpassed by the TA-RSV A assay (Figure 2.1f). This
discrepancy is likely due to the inherently low concentrations and degradation of viral genomes in
environmental wastewater samples. Similar to the MB-Tuni primers used for IAV detection, the
CR primers are designed to amplify large genomic regions, with some amplicons extending up to
6,000 bp [198]. While effective in controlled spike-in samples and the clinical samples that they
were designed for [198], this approach is hindered in real wastewater samples where genomic
degradation likely limits the amplification of long fragments [212]. In contrast, the TA-RSV A
primers amplify shorter ~400 bp regions, making them less susceptible to the effects of RNA
degradation and more reliable for genome recovery in inhibitor-rich environmental wastewater
samples. To further validate the assays designed in this study, decreasing concentration of IAV

H3N2 and RSV A should be spiked into wastewater to determine the limit of detection.

2.3.2 Assessment of Genomic Coverage and Comparison to Clinical Percent Positive Tests

As infection rates rise within a community, corresponding increases in viral load within wastewater
are expected [175-177]. Thus, a robust and efficient PCR assay should yield higher genome
coverage and increased sequencing depth as viral load increases in wastewater samples. To

assess the performance and epidemiological relevance of our assays, we routinely collected
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wastewater from six collection sites (Supplementary Table 2.1) for three months (Supplementary
Table 2.2) and used our tiled-amplicon assays on the extracted RNA. We then calculated the
percent of genome coverage achieved in each sample and compared these values to the
percentage of positive clinical tests reported by the corresponding regional public health units
(Figure 2.2). The six sites we monitored are within the catchments of four public health unit
regions: the Cambridge and Kitchener treatment plants in the Region of Waterloo public health
and emergency services, GE Booth in the Peel public health unit region, York 1 (Leslie Street),
and York 2 (Warden Street) in the York Region public health unit , and the Hamilton collection

site in the City of Hamilton public health unit region (Supplementary Figure 2.1).
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Publicly available surveillance data is reported with the Ontario Respiratory Virus Tool

(https://www.publichealthontario.ca/en/Data-and-Analysis/Infectious-Disease/Respiratory-Virus-

Tool) and provides weekly percentages of positive tests and number of cases in each public health
region. The percent of positive tests was selected over the absolute number of reported cases,
as case counts are directly influenced by testing volume, which can fluctuate weekly. By
considering the percentage of positive tests reported in April 2025, we accounted for changes in
the level of testing and obtained a more reliable indicator of infection prevalence within each
community. This allowed for a meaningful comparison between wastewater-based genome
coverage and infection trends in the population serviced by each respective public health unit

(Figure 2.2).

Generally, of the six sampling sites, we observed that increases in genome coverage generally
corresponded with rising percentages of positive tests within the associated public health regions
(Figure 2.2). Notably, peaks in genomic coverage of IAV H3N2 in Kitchener, Cambridge, and York
2, were observed one to three weeks before corresponding increases in clinical positivity rates,
suggesting that these assays may provide an early warning of escalating viral transmission within
these communities (Figure 2.2a,c,i). For example, when monitoring IAV H3N2 cases in
Cambridge and Kitchener, which are both in the Waterloo region, peaks in genomic coverage
were observed in the weeks of December 17th, 2023 and January 28th, 2024, one and two weeks
before infection levels peaked in this region (Figure 2.2a,c). Additionally, peaks in genomic
coverage of RSV Ain GE Booth, York 1, York 2, and Hamilton, were observed one to three weeks
before peaks in clinical positivity rates (Figure 2.2f,h,j,I). A notable caveat that must be addressed
are gaps in clinical reporting data that may affect the comparisons between genomic coverage
and clinical positivity rates. In Ontario, clinical testing is only performed on 4 eligible groups,

including: symptomatic children under 18 seen in emergency departments, symptomatic
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hospitalized patients, symptomatic residents in institutional settings, and the first four symptomatic

individuals in an outbreak setting that request testing

(https://www.publichealthontario.ca/en/Laboratory-Services/Test-Information-Index/Virus-

Respiratory). Thus, clinical testing and positivity rates are biased toward individuals in these
groups and do not capture the full scope of infected individuals. Additionally, only a small
percentage of IAV and RSV clinical positive tests are subtyped, thus the clinical data includes
both IAV subtypes H3N2 and H1N1(pdm09) and RSV A and B subtypes, which could further skew
our comparison of clinically positive tests and genomic coverage. Although the current testing
data does work as a proxy for the general levels of infection in each public health region, we
suspect that if a greater number of individuals were tested and samples were subtyped there may
be a better correlation between clinical positivity rates and genomic coverage across all sites and

would perhaps alleviate some of the observed discrepancies (Figure 2.2k).

Spearman’s rank correlation analysis was used to assess the association between the percent of
genomic coverage of virus genomes in wastewater and the percent positivity of clinical tests. No
statically significant correlations were observed at any temporal offset examined. Specifically,
correlations were non-significant when wastewater genomic coverage was compared to clinical
percent positivity with 0-, 1-, 2-, and 3-week lag times (two-tailed p > 0.01 for all comparisons).

Thus, a consistent monotonic relationship could not be identified in these data sets.

While genome coverage is not a quantitative proxy for viral load or case numbers, these trends
across multiple locations demonstrate the utility of our assays for monitoring virus activity in
wastewater and supporting public health surveillance. These findings indicate that wastewater-
based genomic surveillance can effectively monitor IAV H3N2 and RSV A infections throughout
the respiratory virus season. The increases and decreases in genomic coverage mirror patterns

of rising and falling clinically reported cases within the respective collection regions. Thus, these
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assays offer an accurate real-time assessment of active IAV H3N2 and RSV A cases in
municipalities, demonstrating the value and feasibility of monitoring the transmission and
prevalence of these seasonal viruses with wastewater-based surveillance. Furthermore, in some
instances they have the potential to offer valuable lead-time for public health unit response efforts,
however more complete clinical testing of individuals is necessary to properly confirm those

trends.

2.3.3 Evaluation of Synthetic Reads with Freyja and Alvoc

To support the identification and tracking of Influenza A H3N2 (IAV H3N2) and respiratory
syncytial virus A (RSV A) variants, we developed a lineage deconvolution tool, Alvoc, to estimate
abundance of these viruses in wastewater samples. Similar to its predecessor for SARS-CoV-2
variant deconvolution [196], Alvoc uses a normalization approach based on mutation positions
characteristic of specific clades and applies a linear regression model via ordinary least squares

to estimate variant abundances within a sample [195,196].

Several other variant-calling tools, such as Freyja, have been developed for deconvoluting mixed
viral populations. Freyja similarly relies on lists of clade-defining mutations and their genomic
positions but employs a constrained weighted approach using least absolute deviations to
estimate variant proportions [192]. Notably, our original SARS-CoV-2 variant deconvolution tool,
Alcov, was previously benchmarked against Freyja and seven additional tools, where both Alcov
and Freyja demonstrated strong and comparable performance, accurately resolving SARS-CoV-
2 variant mixtures in complex samples [194]. Given this, we compared the performance of both
Alvoc (i.e., modified Alcov) and Freyja for IAV H3N2 and RSV A detection in wastewater using

synthetic read datasets generated from one virus genome per clade.

To evaluate the performance of Alvoc and Freyja for IAV H3N2 and RSV A variant calling, we

generated synthetic read data sets from one representative virus genome per clade for each virus
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and analyzed these datasets using both tools. Both Alvoc and Freyja used mutations in the
hemagglutinin gene (HA) segment to estimate IAV lineage abundances. In these controlled tests
on IAV genomes, the two tools showed comparable performance (Figure 2.3). Freyja correctly
identified 27 out of 31 clades (Figure 2.3a), while Alvoc identified 26 out of 31 (Figure 2.3b).
However, both tools encountered challenges in differentiating certain closely related clades. For
example, clade 3C.2 was frequently misclassified as 3C.2a, and subclades such as 3C.2a and
3C.2a1a were called as the closely related clade 3C.2a1. Additionally, Alvoc misclassified clade
3C.2a1b.2 as 3C.2a1b.2b, demonstrating minor difficulties in resolving fine-scale differences
between closely related lineages. The sensitivity, defined as the tools ability to correctly call a
clade, and specificity, defined as the tools ability to correctly reject a clade, were determined for
each tool. Sensitivity was calculated by dividing the number of true positives (correctly called
clades, at <2%) divided by the number of false negatives (correct clades that were not called, at
>2%) plus true positives. Specificity was calculated by dividing the number of true negatives
(incorrect clades are not called, at >2%) by the number of false positives (incorrect clade was
called, at <2%) plus the number of true negatives. The sensitivity and specificity of Freyja IAV
calls were 87.10% and 99.57%, respectively, and for Alvoc IAV were 83.87% and 99.46%,
respectively. Thus, Freyja is slightly better than Alvoc at correctly calling IAV H3N2 clades, while

both are able to correctly reject incorrect clades with a similar frequency.

When analyzing RSV A synthetic read datasets, Alvoc outperformed Freyja (Figure 2.4). Alvoc
successfully identified all RSV A clades (Figure 2.4b). However, two read data sets were identified
as clade mixtures. The A.3.1 read data set was classified as 65.9% A.3.1 and 27% A.D., while
A.3.1.1 was classified as 58.7% A.3.1.1 and 32.2% A.D. The misclassifications largely reflected
close phylogenetic relationships between these clades that share similar mutations (Figure 2.4b).
In contrast, Freyja correctly called only 23 out of 36 RSV A clades, with frequent misclassifications

of subclades being grouped under their parent clade (Figure 2.4a). For instance, variants A.D.1.4
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through A.D.1.8 were consistently miscalled as the parent clade A.D.1 (Figure 2.4a). This
suggests that while both tools can resolve major clades, Alvoc offers greater resolution and
specificity when applied to RSV A variant mixtures. The sensitivity and specificity of Freyja RSV
A calls were 63.89% and 98.97%, respectively, while for Alvoc RSV A calls were 100% and
99.84%, respectively. Thus, Alvoc was able to correctly identify clades with a much higher
frequency than Freyja, while both tools were able to reject incorrect clades with a similar

frequency.
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Figure 2.4. Compatrison of Freyja and Alvoc RSV A Variant Calling using Synthetic Data. Variant calling on

synthetic reads, generated from genomes belonging to RSV A viruses in each clade with DWGSIM, was

performed with both Freyja (A) and Alvoc (B). Sample names, i.e. the clade each synthetic read dataset

belongs to, is displayed on the horizontal axis, while the clade called for each sample is displayed on the
vertical axis. Heatmaps are used to delineate the percentage of reads assigned to each clade. Clades with

zero percent calls across all synthetic data sets were excluded from the heatmap.

There are several differences between these tools that likely contribute to the minor discrepancies

between variant calls. For one, the statistical method for estimating clade abundances differs,

which may result in differing lineage abundance estimates. Most significantly, Freyja and Alvoc

use different methods and parameters for generating their constellation files that delineate clade-

specific mutations, resulting in differences between clade-defining mutations used by each tool.

The mutations used by each tool to define clades plays the largest role in what clades are

ultimately called and thus are the most likely source of discrepancies between the variant calling
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tool output. On top of utilizing different mutations, Freyja’s RSV A constellation files do not define
lineages A.D.1.4-A.D.1.8, A.D.3.2-A.D.3.6, or A.D.5.3, which is why these lineages were not
correctly called by Freyja (Figure 2.4a). Despite these discrepancies, these results demonstrate
that both Alvoc and Freyja are capable of deconvoluting IAV H3N2 variant mixtures in wastewater
samples, with Alvoc showing enhanced performance for some closely related RSV A clades.
These findings support the feasibility of wastewater-based genomic surveillance for respiratory
viruses beyond SARS-CoV-2 and highlight the potential of Alvoc as a valuable tool for public

health monitoring of seasonal respiratory virus transmission.

2.3.4 Application of Freyja and Alvoc for the Assessment of IAV H3N2 and RSV A Clades in

Seasonal Wastewater Samples

Freyja and Alvoc were applied to sequenced reads from seasonal wastewater samples to
estimate H3N2 lineage abundances. Freyja generated lineage calls for more samples than Alvoc,
largely due to differences in minimum read depth thresholds. Freyja operates with a default
threshold of zero, thus can include low-coverage positions in its abundance estimates, while Alvoc
requires a minimum of 10x depth, limiting its ability to analyze samples with sparse coverage.
However, this increased detection capacity in Freyja reduced the certainty of some lineage
assignments, and often distributed abundance estimates across multiple clades when coverage

was low (Figure 2.5).

In samples where both tools produced confident calls, the primary H3N2 lineages detected were
2a, 2a.3a, 2a.3a1, and 3C.2a1b.1b (Figure 2.5). These observations are consistent with global
surveillance data. According to the NextStrain H3N2 build, of 143 genomes collected from 42
countries between our sampling period of November 2023 and January 2024, 141 genomes were
classified as 2a.3a1, confirming this clade’s predominance internationally. Our Ontario

wastewater findings similarly showed widespread detection of 2a.3a1 (Figure 2.5). In almost all
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samples where 2a.3a1 was called, both Alvoc and Freyja agreed on the clade assignment. In
some samples, for example York1 Jan 3™ and York2 Jan 8", Alvoc called clades 2a, 2a.1, or
2a.3a, instead of the closely related and predominant lineage 2a.3a1. Either, Alvoc had minor
difficulties in distinguishing between these closely related clades, or these clades were co-
circulating alongside 2a.3a1. The former seems more likely, as 97% of sequenced clinical
samples in Canada during this time were assigned to clade 2a.3a1 [213]. When Freyja was used
to evaluate these same samples, it was unable to determine the specific clade and instead split
the lineage abundance call between 12 possible clades (Figure 2.5). In these samples the HA
gene read coverage and/or depth was low, which likely made it difficult for these tools to discern
between closely related lineages that share common clade determining mutations. To enhance
read recovery, various virion capture and isolation methods, such as PEG precipitation or
ultracentrifugation, could be evaluated to determine whether they improve virion isolation, thereby
increasing IAV genome concentrations, PCR product yields, and sequencing read counts

[168,214,215].

The 2a.3a1 clade (formally 3C.2a1b.2a.2a.3a.1) was initially reported in the United States in 2021,
as reported by GISAID, and quickly disseminated worldwide becoming the predominant H3N2
clade in 2023 [216]. This clade carries distinct amino acid changes in the HA and neuraminidase
(NA) genes as compared to the 2023/2024 WHO-recommended vaccine strains, which reduced
vaccine protection and efficacy during this season [213,217-219]. In Canada, 97% of the
sequenced H3N2 infections during the 2023/2024 season belonged to 2a.3a1, and vaccine
effectiveness against circulating H3N2 strains was estimated at 40%, indicating moderate
protection [213]. In the 2024/25 season, the vaccine against the H3N2 strain was updated using
a clade 2a.3a1 strain, which increased the vaccine protection to 54%, and was particularly
effective against 2a.3a1 strain infections [220]. The implementation of a genomic surveillance

system like this could provide real-time insight into emerging strains, overcoming delays
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associated with clinical genotyping of strains. If applied globally, it could help predict which clades
are likely to become predominant and better inform vaccine strain selection, improving the

vaccines alignment with circulating variants and enhancing their effectiveness [71].
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Figure 2.5. IAV H3N2 Variant Calls with Freyja and Alvoc from Seasonal Wastewater Samples. Heatmaps
display the lineage abundance calls for IAV H3N2 estimated using Freyja (A,C,E,G,I) and Alvoc (B,D,F,H,J).
Includes results from seasonal wastewater samples collected at sites in the York Region (A,B,C,D),
Hamilton region (E,F) Peel region (G,H), and the Waterloo Region (l,J).
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According to the NextStrain RSV A build, multiple RSV A clades were circulating globally during
our sampling period, with A.D.5.2 (24% frequency), A.D.1 (20% frequency), and A.D.3 (13%
frequency) representing the three most prevalent clades, several additional clades were also
detected at lower frequencies. Overall, variant calls generated by both Freyja and Alvoc were
broadly consistent, with minor differences in estimated lineage abundances (Figure 2.6).
Discrepancies between tools became more apparent in samples collected toward the end of the
RSV season, i.e. the end of December and January, when declining viral RNA concentrations
reduced genome recovery, complicating lineage assignment. Notably, in synthetic dataset
analyses, Freyja was unable to resolve strains within subclades A.D.3.2—-A.D.3.6, instead
assigning them to their parent clade A.D.3, whereas Alvoc accurately classified these strains to
their respective clades. This pattern was reflected in wastewater samples, where Alvoc detected
multiple A.D.3 sub-lineages that Freyja did not resolve (Figure 2.6). Geographically, differences
in clade distributions were observed (Supplementary Figure 2.1). In the York (York 1 and York 2)
and Peel (GE Booth) Public Health region, which are part of the Greater Toronto Area, A.D.5.2
and A.D. 5.1 emerged as the dominant clade. Whereas samples from the Waterloo (Kitchener
and Cambridge) and Hamilton regions, which are located closely together, displayed greater
clade diversity with no single dominant lineage (Supplementary Figure 2.1). These findings
highlight the regional variation in RSV A transmission dynamics and the ability to capture these

dynamics using WBS.

Currently available RSV immunization strategies rely on vaccines incorporating recombinant
fusion (F) protein antigens to elicit protective immunity [221], while therapeutic interventions in
infected individuals predominantly use monoclonal antibodies targeting the RSV F protein
[222,223]. Both approaches are susceptible to the effects of viral evolution, particularly mutations
in the F protein that can reduce antibody binding and neutralization [223,224]. Consequently,

ongoing genomic surveillance to track the emergence of potential escape variants is critical for
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maintaining the effectiveness of these preventive and therapeutic measures [224]. Wastewater-
based surveillance offers an effective community-level approach for monitoring RSV variant

circulation and detecting early signs of immune escape trends.
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Figure 2.6. RSV A variant calls with Freyja and Alvoc in wastewater samples. Heatmaps display the lineage
abundance calls for RSV A using Freyja (A,C,E,G,|,K) and using Alvoc (B,D,F,H,J,L). Includes results from
seasonal wastewater samples collected at sites in the York Region (A,B,C,D), Hamilton region (E,F) Peel
region (G,H), and the Waterloo Region (I,J,K,L).

2.3.5 Intraspecific Amplicon Analysis of Tiled-Amplicon Sequencing Assays

A total of 67 samples had genomic coverage for both IAV and RSV (Figure 2.7). Among the 1AV
H3N2 amplicons, those targeting the PB2 (subunit of the RNA polymerase complex) and NP
(nucleoprotein) segments consistently achieved the highest coverage (Figure 2.7a). Notably,
many RT-gPCR assays target the M (matrix protein) segment [165,186,215,225,226] and HA
segment [164,176,179]. However, amplicons in the M region showed coverage in only 24-29 of
the 67 samples, while amplicons 23-26 in the HA region had coverage in 12-17 samples and

amplicons 27-28 had coverage in 41 and 45 samples. In contrast, PB2 amplicons 2, 3, 7, and 8
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were covered in 56-57 samples, and NP amplicons 31 and 32 in 53 and 55 samples, respectively.
This pattern may reflect PCR primer bias, with certain primers exhibiting greater binding efficiency
and amplification success. Alternatively, it may indicate differential RNA degradation across
genome segments in wastewater, with PB2 and NP regions being more stable. If so, these

segments could serve as more reliable targets for RT-gPCR assays of IAV in wastewater.

For RSV A, amplicon 44, which targets the RNA-directed RNA polymerase (RdRp) gene,
displayed the highest coverage, present in 48 of the 67 samples (Figure 2.7b). Some of the
currently used RSV A RT-gPCR assays target the N gene [81,163,169,172] and M gene [165].
However, these regions had much lower coverage in the N and M genes compared to the RdRp.
Similar to our analysis of IAV H3N2 amplicons, this may suggest greater RNA stability in the RdRp
region, making it a preferable target for RT-gPCR assays monitoring RSV in environmental

samples.
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Figure 2.7. IAV H3N2 and RSV A Amplicons with Coverage in Wastewater Samples. The number of
samples that contained coverage of IAV H3N2 amplicons (A) and RSV A amplicons (B). A total of 67
samples had genomic coverage of IAV H3N2 and RSV A. The number of samples that had amplicon
coverage are labeled above bars. IAV H3N2 assay used 42 amplicons. The genome segment each
amplicon bound to is represented by blue bars and segment labels (A) (Supplementary Table 2.5). The
RSV A assay used 52 amplicons, the gene each amplicon bound to is represented by purple lines and gene
labels (B) (Supplementary Table 2.6).

2.3.6 Future Goals and Assay Optimization

To improve upon our genomic surveillance methods of IAV H3N2 and RSV A, assays and
bioinformatic tools could be further optimized. To improve our assays, a variety of experimental

modifications regarding virion capture, RNA extraction, and PCR amplification could be evaluated.
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As previously discussed, virus concentration and isolation techniques could be compared to
increase virion yield. Improving RNA extraction from wastewater could also be explored by testing
different kits and including a post-extraction DNase treatment step. Variations of our PCR assays
could also be tested to optimize and increase the yield of PCR products prior to library preparation.
Such variations could include testing of different thermocycling conditions and increasing the
concentration of primers that target genomic regions with low yields. Lastly, the feasibility of
pooling IAV H3N2 and RSV A primers to reduce the number of PCR reactions and library
preparation samples was not explored, and if successful, could significantly reduce the cost of

materials and labour required.

Regarding our bioinformatic approaches, improvements to our IAV H3N2 Alvoc deconvolution
tool could also be made. Our RSV A deconvolution tool performed exceedingly well,
demonstrating high sensitivity and specificity, and was able to call variants in a greater number of
samples than our IAV H3N2 tool. This is likely due to its ability to leverage clade-specific mutations
across the entire RSV genome, whereas our H3N2 tool, as well as Freyja, only uses the HA
segment to call variants. Thus, a key objective for future surveillance efforts is the development
of a robust IAV deconvolution tool capable of leveraging clade-defining mutations distributed
across all IAV H3N2 genome segments. This strategy would facilitate accurate clade assignment
even in instances of low or absent coverage of the hemagglutinin (HA) gene, by incorporating
nucleotide polymorphisms from other genomic regions. Such an approach would enhance the
reliability and resolution of lineage determination in metagenomic datasets derived from complex

environmental samples, such as wastewater.

Additionally, the scope and effectiveness of an influenza and respiratory virus surveillance
program would be strengthened by incorporating a comprehensive, full-genome sequencing
assay capable of detecting H1N1(pdm09) viruses. Given that HIN1(pdm09) co-circulates with

H3N2 and RSV B co-circulates with RSV A, simultaneous detection and characterization of these
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pathogens is crucial for a more complete understanding of community-level viral dynamics. In the
present study, the exclusion of HIN1(pdm09) and RSV B detection was a limitation due to
resource constraints. Future work should prioritize inclusion of these targets to address current
gaps in our WBS methodology. Development of an H1N1(pdm09) targeted assay is of particular
importance as this is a previous pandemic swine flu strain that poses a potential future threat, as
mutations that arise in this strain could result in increased transmissibility and worsened disease

outcomes.
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2.4 Conclusions

In summary, this study demonstrates the feasibility and efficacy of wastewater-based genomic
surveillance for monitoring the circulation and diversity of respiratory viruses, specifically 1AV
H3N2 and RSV A. Through comparative analysis of the variant-calling tools Alvoc and Freyja, we
show that both are capable of deconvoluting mixed viral populations in environmental samples,
with Alvoc exhibiting improved fine-resolution of RSV A lineage assignments. These findings
highlight the potential of wastewater genomics to complement traditional clinical surveillance by
providing real-time, population-level data on variant prevalence and abundance. To enhance the
scope and utility of future surveillance efforts, comprehensive deconvolution tools that use clade-
defining mutations from all Influenza A genome segments, along with expanded assay panels to
include additional co-circulating H1N1(pdm09) and RSV B genomes should be developed.
Furthermore, optimization of virus concentration, isolation, and sequencing workflows will be
essential to improve genome recovery and assay sensitivity. Together, these advancements will
strengthen the capacity of wastewater-based surveillance systems to inform public health
decision-making, guide 1AV vaccine strain selection, predict RSV A vaccine escape variants from
caused by mutations, and support the early detection of emerging variants with public health

significance.
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Chapter 3. A Novel Tiled-Amplicon Sequencing Assay Targeting the Tomato

Brown Rugose Fruit Virus (ToBRFV) Genome

3.1. Introduction — Tomato Brown Rugose Fruit Virus Incidence, Genome, and Detection

In Canada, fresh market tomatoes have been the most abundantly produced greenhouse
vegetable since record keeping began in 1955. In 2022, >293 million kg of fruit with a farm gate
value of >CAD 793 million were produced, with >213 million kg of fruit with a farm gate value of
>CAD 540 million produced in Ontario [227]. The Tomato Brown Rugose Fruit Virus (ToBRFV) is
a devastating plant pathogen that infects tomato and pepper plants and can reach nearly 100%
disease incidence, causing massive crop losses and placing a high economic burden on farmers
[96,97,228]. Thus, the control or elimination of this virus is a major obstacle in maintaining secure

global tomato crop yields.

The first incidence of ToBRFV was reported by Salem and colleagues (2016) following a 2015
outbreak in Jordan. Shortly thereafter, Luria and colleagues (2017) identified ToBRFV as the
causative agent of a 2014 tomato disease outbreak in Israel. It has spread to at least 35 countries
since, including major tomato-producing countries such as China, Turkiye, and Mexico [96,229—
231]. Global transmission and clade-specific mutations of TOBRFV strains are monitored through
a curated NextStrain database updated by authorized curators with each updated version referred

to as a build [232-234].

The ToBRFV is a member of the Tobamovirus genus, a group of highly virulent plant pathogens
that includes 37 virus species with diverse and distinct host ranges [228,235,236]. The ToBRFV
genome shares the highest sequence identity with Tobacco Mosaic Virus (TMV) isolate Ohio V
at 82.4% shared identity, and fulfills species demarcation criteria [97,237]. All TOBRFV isolates

available in NextStrain share greater than 90% sequence identity, meeting the demarcation
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criteria. The ToBRFV 2022 NextStrain build (version 3) contains 179 ToBRFYV isolates, grouped

into eight distinct clades, which represent diverging lineages of ToBRFV strains [232,233].

Tobamovirus virions are rod-shaped particles up to 300 nm long and 20 nm wide and are non-
enveloped [235,238]. The genome structure and gene order are conserved amongst all
tobamoviruses, consisting of a ~6.4 kbp monopartite single-stranded positive-sense RNA genome
containing four open reading frames (ORFs). Replication proteins are encoded by ORF1 and
ORF2, whereas virus structural proteins are encoded by ORF3 and ORF4 and expressed through
subgenomic RNA [96]. ORF1 encodes a 126 kDa RNA-dependent RNA polymerase (RdRp),
while ORF2 encodes a 183 kDa helicase protein through an amber UAG stop codon downstream
of ORF1 [97]. ORF3 encodes a 30 kDa movement protein (MP) that facilitates cell-to-cell
transmission through the plant plasmodesmata. The MP binds to multiple cellular components
that transport the viral RNA through the plasmodesmata. Lastly, ORF4 encodes a coat protein
that encapsulates the virus genome forming a thin rod-like structure [97,238]. Changes in the
ToBRFV MP sequence break tobamovirus-resistance genes that have been introduced into most
commercial crop species to provide protection against tobamoviruses [239]. TOBRFV MP amino
acid mutations result in structural changes that prevent MP binding by the plant Tm-22 receptor
protein, thereby preventing activation of the hypersensitive response and leading to severe
infection symptoms [239]. Recently, TOBRFYV resistant tomato seed lines have been commercially
developed; however, only a limited number of varieties are currently available

(https://www.vegetables.bayer.com/ca/en-ca/resources/news/bayer-launches-additional-

commercial-varieties-with-intermediate.html, accessed on 16 March 2024;

https://www.syngentavegetables.com/resources/ToBRFV, accessed on 7 June 2023).

The NextStrain database is a useful resource for scientists and policymakers to understand
transmission routes and establish disease control measures [234]. For example, genomic

sequence data from commercial seeds analyzed using NextStrain phylogenies alerted Dutch
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authorities to the illegal use of a ToBRFV cross-protective species [232]. ToBRFV genome
sequences can be submitted and then incorporated into updated builds by authorized curators.
This community-based approach has increased the number of genomes available in each version
[232,233]. The ToBRFV 2019, 2020, and 2022 NextStrain builds contain 63, 118, and 179
ToBRFV strains, respectively, which can be phylogenetically grouped into three, six, and eight
clades, respectively, representing diverging ToBRFV clades [232-234]. However, when
Abrahamian and colleagues (2022) analyzed genome sequences of 123 ToBRFV strains
retrieved from GenBank as well as another 22 isolated from plant tissues, they identified three
distinct clades [237]. Zhang and colleagues (2022) also phylogenetically analyzed 78 ToBRFV
genomes and identified three distinct clades [96]. These differences between identified clades are
likely a result of the differing phylogenetic analysis tools and genome sequences used by each
study. Additionally, the maijority of isolated strains originate from the Netherlands and this
sampling bias has likely skewed ToBRFV phylogenetic analyses [232,237]. To fully understand
ToBRFV phylogeny, an increased number of genome sequences from various regions must be
obtained, which can be aided by improved sequencing methods [96,237]. To aid in ToBRFV
identification and surveillance efforts, we developed a robust and specific TOBRFV genome tiled

amplicon sequencing assay utilizing short-read lllumina sequencing technology.

High-throughput shotgun sequencing technology can produce millions of reads from a single
sample [240—242] However, the low abundance of viral reads and the high abundance of host
and background reads in environmental samples can make it challenging to sequence viral
genomes without utilizing virus-specific enrichment methods such as PCR [241,243]. PCR
enrichment assays are often used to amplify specific DNA sequences; however, they require the
development of target-specific primers [120,244,245]. Recently, an open-source collaboration
called the ARTIC Network has created adaptable user-friendly tools to develop virus-specific

sequencing assays utilizing PCR enrichment (https://artic.network/; accessed on 20 February
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2024). The ARTIC Network was originally developed for monitoring the transmission and
evolution of viruses such as MERS-CoV and Ebola but has since been adapted to streamline the
design of species specific tiled amplicon sequencing assays [120,246]. ARTIC primer schemes
are designed to target short overlapping fragments, referred to as amplicons, that span a specific
genome of interest. PCR-enriched amplicons can be sequenced using either lllumina or Nanopore
platforms to obtain complete genome sequences. ARTIC primer schemes have been used to
target many viral genomes, including but not limited to Zika, Ebola, Dengue, and SARS-CoV-2
[120,121,246—-249]. We used the ARTIC infrastructure to develop a nearly whole genome tiled
amplicon sequencing assay that enriches ToBRFV genomes for lllumina sequencing. During our
ongoing exploration of SARS-CoV-2 content in wastewater influent (WWI), we observed
widespread occurrence of the ToBRFV sequences in samples from multiple treatment plants in
Ontario, Canada (data available upon request). Indeed, several recent studies have observed
ToBRFV sequences in WWI, indicating this virus is likely widespread and prevalent in wastewater

systems in many countries [250-252].

ToBRFV sequences have been observed in wastewater samples from Slovenia and California
[250-252]. In 2020, Bacnik and colleagues demonstrated that wastewater influent contains active
ToBRFYV virions which, when concentrated, can cause asymptomatic infections in tomato plants
[250]. Reclaimed wastewater is commonly used to irrigate crops, however several species in the
Tobamovirus genus, including Pepper Mild Mottle Virus (PMMoV), remain transmissible in treated
wastewater effluent [250]. Thus, ToBRFV could potentially be transmitted to crops via reclaimed
wastewater during irrigation. Moreover, in 2023, Mehle and colleagues demonstrated that
ToBRFV-infected plants shed active virions through their roots, which can then spread to other
plants through shared hydroponic systems that distribute nutrient solution. This suggests that
plants exposed to ToBRFV-contaminated wastewater could potentially become infected and

cause widespread outbreaks. This could be a challenge for growers who use reclaimed
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wastewater to irrigate crops [253,254]. However, it has not yet been shown that ToBRFV virions
remain infective after conventional wastewater treatment methods. Thus, the possibility remains
that treated wastewater effluent is suitable for irrigation and further work must be performed to
determine ToBRFV transmissibility [250,251]. The entry mode of TOBRFV virions into wastewater
has not yet been established. One possible explanation for TOBRFV transmission is through
environmental sources such as waste from regional greenhouses and fields with ongoing
ToBRFV infections [252]. Another possible mode of transmission could be through a human
dietary route [252]. If the virus is present in produce and tomato- or pepper-based products, then
the excretion of these products by humans could transmit TOBRFV virions into WWI [255]. To test
these hypotheses, WWI could be obtained and tested for TOBRFV from regions without TOBRFV
infections or where there is no tomato or pepper cultivation to eliminate the possibility of
transmission through agricultural waste. Additionally, tomato and pepper products from grocery
stores, as well as human feces, could be tested for the ToBRFV to establish a dietary route of
transmission [255]. Similarly, a dietary mode of PMMoV transmission to human feces has been
established, thus, the human dietary mode of ToBRFV transmission into WWI is the more

probable scenario [255].

Current ToBRFV screening procedures, such as RT-gPCR and loop-isothermal amplification
assays, can be used to determine the presence or absence of TOBRFV sequences, quantify the
viral load, and provide more rapid results than sequencing assays. However, many of these
assays cannot detect strain-specific mutations or they require the development of specialized
strain-specific primers/probes to track transmission routes and determine sources of infection
[96,251,256,257]. Moreover, increased evolutionary pressure from disease eradication efforts
could result in the emergence of novel mutations that evade or reduce the effectiveness of current
rapid presence/absence detection assays and eradication measures [237]. Thus, sequencing of

complete ToBRFV genomes is essential to monitor virus transmission and evolution, predict
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emerging threats, and fully understand ToBRFV phylogeny [232]. However, high-throughput
shotgun sequencing analysis is not ideal for the recovery of TOBRFV genomes due to the low
recovery of viral sequences, high costs, and length of sample processing time [96]. To circumvent
this problem, we designed a ToBRFV-specific tiled amplicon assay. Results show our tiled-
amplicon assay provides a reliable cost-effective method to sequence ToBRFV genomes as well
as aid in global surveillance efforts and uncover novel phylotypes of clades. To aid in TOBRFV
surveillance efforts, we used wastewater RNA extracts from five Ontario WWI collection sites to
develop and validate a novel ToBRFV tiled amplicon sequencing (ToBRFV-Seq) assay. We
prepared RNA sequencing libraries using our ARTIC-style ToBRFV-Seq assay and an RNA
shotgun sequencing assay using the NebNext Ultra 1| RNA Prep kit. By evaluating the recovery
of ToOBRFV reads by each method, we demonstrate that our assay is a highly specific and efficient
method for ToBRFV genome sequencing. Moreover, we adapted our in-house SARS-CoV-2
lineage abundance estimation tool, Alcov [196], to identify and estimate the relative abundance
of ToBRFV clades. Our adapted tool, named Altob (https://github.com/Ellmen/altob; accessed on
20 February 2024), was able to analyze clade-specific mutations and estimate the abundance of

ToBRFV NextStrain clades 1—4 and 6-8 in samples.
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3.2. Materials and Methods

3.2.1. Viral RNA Extraction from Wastewater Influent

Wastewater influent (WWI) samples were collected in plastic bottles and shipped in coolers with
ice packs from five wastewater treatment plants in Ontario, Canada (Supplementary Table 3.1).
Samples from five sites (designated A—E) were processed using virion capture Nanotrap
Microbiome A particles (Ceres Nanosciences, #4202), then RNA was extracted using the Qiagen
RNeasy Mini kit (Qiagen, #74104). Briefly, bottles of WWI were inverted to mix and allowed to
settle for 1 min at room temperature, then 10 mL of wastewater supernatant containing suspended
biosolids was moved to a fresh tube. A negative control sample was prepared alongside extracts
using 10 mL of nuclease-free DI water instead of WWI. The supernatant was mixed with 100 uL
of ER2 solution by briefly vortexing. Then, 150 uL of Microbiome A particles were added and the
samples were inverted to mix. The samples were then incubated at room temperature for 10 min,
with three inversions after 5 min of incubation. Samples were placed on a 15 mL tube magnetic

stand; the cleared supernatant was discarded, and magnetic beads were retained.

Beads were gently resuspended in 1 mL of nuclease-free water and transferred to a sterile 1.5
mL microfuge tube. Beads were placed on a magnetic stand and incubated for 1 min and the
supernatant was discarded without disturbing the bead pellet. Beads were resuspended 700 uL
of RLT lysis buffer containing 1% 2-ME (BioShop, #MER002.500) by pipetting and then vortexing.
Samples were incubated at room temperature for 10 min, then 600 uL of the supernatant from
each sample was manually extracted using the Qiagen RNeasy Mini kit (Qiagen, #74104). RNA
was eluted in 80 pL of RNase-free water and the concentration of DNA and RNA was analyzed
on a Qubit 4.0 fluorometer (Thermofisher Scientific, #Q33238). DNA was degraded using the
Ambion DNase | kit (/nvitrogen, #AM2222), samples were incubated with 4 units of DNase | at

37-C for 45 min. RNA was recovered using the RNeasy Mini Kit RNA (Qiagen, #74104) clean-up
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protocol, DNA and RNA concentration were then determined by Qubit 4.0 analysis to ensure RNA

integrity and complete removal of DNA.
3.2.2. Primer Design and Pooling

Primers were designed by first generating a multiple sequence alignment (MSA) from the
genomes of 118 ToBRFV strains listed on the 2020 NextStrain Build (version 2), and sequences
were obtained from NCBI (Supplementary Table 3.2). A consensus sequence was generated
from the MSA and uploaded to the web-based tool PrimalScheme to generate primer sequences
targeting overlapping amplicons of approximately 400 base pairs (bp) in length. PrimalScheme
generated 20 amplicons for a total of 40 primers that cover 95.7% of the ToBRFV genome
NC_028478.1, which was used for downstream read mapping analysis. Primers were synthesized
by Integrated DNA Technologies. Primers amplifying odd and even numbered amplicons were
diluted and mixed in two separate aliquots (pools 1 and 2, respectively) to avoid mis-priming
between overlapping amplicons (Figure 3.1). Each primer was pooled at a concentration of 0.5

MM in respective pools (Supplementary Table 3.3).

MK133093 (6390 bp)

1000 2000 3000 4000 5000 6000

| | 1 \ | | | | ] | 11 | 1 | | | ' | 1 W | 1 | | B \ S |
\ | | \ | | | 1 | \ |

2 4 6 8 10 12 14 16 18 20

Figure 3.1. ToBRFV-Specific Primer Binding Sites and Resulting Amplicons Mapped to the ToBRFV
MK133093 Genome Sequence. In silico visualization of primer binding sites; forward and reverse primers
are denoted by the upward and downward pointing triangles, respectively, and each resulting amplicon is
numbered and denoted by blue and orange flags [48]. Pool 1 primers and amplicons are blue, pool 2 primers
and amplicons are orange. Nucleotide positions are labeled at 1000 bp intervals.
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3.2.3. ToBRFV-Targeted Tiled-Amplicon Sequencing Library Preparation

RNA extracts from WWI samples were reverse transcribed to synthesize cDNA using the
LunaScript SuperMix RT kit (New England Biolabs, #2E3010L); 10 yL of each RNA extract was
used in a total reaction volume of 20 pL. First-strand cDNA synthesis products were PCR-
amplified in two reaction mixtures containing primer pools 1 or 2 (Figure 3.1). The PCR was
performed using Q5 2x Master Mix (New England Biolabs, #M0492S), 6 pyL of cDNA synthesis
reaction, and 2.5 uL of one primer pool, adding ddH20 to a total volume of 25 uL. Samples were
initially denatured at 98°C for 30 s, followed by 35 cycles of 98°C for 15 s, 63°C for 30 s, and 72°C
for 30 s, ending with a final extension of 5 min at 72°C. PCR products were prepared for
sequencing using the Illumina DNA Prep kit (/lumina, #20060060) using half of the manufacturer’'s
recommended volumes. Briefly, PCR products were purified using AMPure XP beads (Beckman
Coulter, #A63881), then assessed by Qubit 4.0 fluorometer and agarose gel electrophoresis.
Purified PCR products were tagmented using on-bead tagmentation and barcoded with custom
unique dual indexes using six PCR cycles. Indexed PCR products of ~400 bp were isolated using
double-sided magnetic bead purification. The purified fragments were assessed using a Qubit4.0

fluorometer and agarose gel electrophoresis.

3.2.4. RNA Shotgun Sequencing Library Preparation

RNA extracts from WWI were prepared for RNA sequencing using the NEB Ultra Il RNA
Sequencing kit (New England Biolabs, #E7770S), following the manufacturer's recommended
protocol, Section 5. RNA extracts were quantified using a Qubit 4.0 fluorometer, then reversed-
transcribed using first- and second-strand synthesis enzymes. AMPure XP beads were used to
purify double-stranded cDNA fragments. Fragments were end-prepped by dA-tailing enzymes,
then adaptor-ligated. Ligated fragments were purified using AMPure XP beads, PCR-enriched

and barcoded with unique dual indexes (/lumina, #20027213) using six PCR cycles. PCR
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products were purified using AMPure XP beads and then assessed using a Qubit 4.0 fluorometer

and agarose gel electrophoresis.

3.2.5. Library Pooling and lllumina NextSeq Sequencing

ToBRFV-Seq and RNA shotgun-prepared libraries were pooled. Samples prepared using the
same method, either RNA shotgun or ToOBRFV-Seq, were pooled at equal concentrations and
shotgun libraries were pooled at 15°C the concentration of ToOBRFV-Seq libraries. The pooled
libraries were sequenced on an lllumina NextSeq2000 using 2 x 300 sequencing and P1
chemistry. Approximately 65% of the flowcell sequencing capacity was dedicated to these

samples, for a total expected yield of 52 GB.

3.2.6. Read Processing, Taxonomic Classification, and ToBRFV Genome Alignment

Sequencing read quality and adaptor content were evaluated using FastQC v0.12.1 [258]. Low-
quality reads and adaptor sequences were removed and reads were paired using Trimmomatic
v0.39 using flags ILLUMINACLIP:<a>:2:30:7:2.TRUE, LEADING:3, TRAILING:3,
SLIDINGWINDOW:5:15, MINLEN:125 [259]. RNA shotgun reads were trimmed using NebNext
lllumina adaptor read sequence 1 AGATCGGAAGAGCACACGTCTGAACTCCAGTCA and read
sequence 2 AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT while ToBRFV-Seq reads were
trimmed using the lllumina DNA Prep adaptor sequence CTGTCTCTTATACACATCT. The overall
quality of read trimming was evaluated using FastQC v0.12.1 [258]. Read pairs passing quality
control filters were taxonomically classified with Kraken2 v2.0.7-beta, using the flag-paired and
the standard database, and reports of read taxonomic rankings were generated for each sample
[260]. Quality-controlled read pairs were aligned to the ToBRFV genome NC_028478.1 using
bowtie2 v2.3.5 with the flag-local [261]. Alignments were converted into bam files with samtools

v1.9 files and anvio-7.1, and then visualized using Tablet 1.21.02.08 [208,262,263].
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3.2.7. Altob Implementation and Synthetic Read Simulation

Our in-house SARS-CoV-2 variant of concern lineage abundance estimation tool, Alcov, was
adapted to identify and estimate ToBRFV clades in lllumina paired reads [196]. We used Seaview
to compute a multiple sequence alignment (MSA) with the MUSCLE algorithm using
NC_028478.1 as the root genome and 124 unique genomes listed on NextStrain (Supplementary
Table 3.2) [232,264,265]. Then, a phylogenetic Maximum Likelihood tree was generated using a
GTR model and 100 bootstrap replicates and compared to the 2022 NextStrain ToBRFV
phylogenetic tree (Supplementary Figure 3.1). Phylogenetically grouped isolates were used to
generate MSAs for each clade using NC_028478.1 as the root and the MUSCLE algorithm. MSAs
were used to generate a list of mutations that appear in at least 50% of clade-specific isolates,
which were then used to construct constellations of clade-specific mutations to estimate ToOBRFV
clade abundances using Altob. Positions in our mutation list are relative to position one of the
reference genomes, whereas the mutations reported in the NextStrain phylogeny are relative to

position one of their TOBRFV MSAs, which is either 106 or 107 bp upstream of our start site.

Altob was adapted from our in-house tool Alcov by modifying the original mutation constellations
and reference genome; all other functions and parameters were maintained. A detailed
description of Alcov and its functions can be found in our preprint [196]. Briefly, Altob scans sites
with a minimum coverage of 40 reads for the provided mutations and calculates frequencies as
the number of mutations over the total reads at that site [196]. Altob computes the clade
abundance that best explains the observed pattern of mutations utilizing linear programming, a
well-studied optimization technique [196,266]. Synthetic read data used to benchmark Altob were
generated using DGWSIM v0.1.13 and genomes of eight randomly selected ToBRFV strains,
each belonging to a different NextStrain clade (Supplementary Table 3.2) [209,232]. Three
datasets containing either 1000, 10,000, or 100,000 paired 2 x 250 lllumina reads were generated

for each of the eight genomes without introducing random mutations or random DNA reads. Files
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containing 100,000 paired reads were combined to generate datasets with a mixture of clade-
specific mutations. An equal number of reads from eight, four, and two genomes were combined,
thus, each clade is represented by 12.5%, 25%, or 50% of reads, respectively. Altob is publicly

available on GitHub (https://github.com/Ellmen/altob; accessed on 20 February 2024).
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3.3. Results

3.3.1. In Silico Primer Binding Analysis of ToBRFV Genome Sequences of 125 Strains

To ensure our 40 ToBRFV-specific primers would inclusively target a wide variety of TOBRFV
strains without compromising species-specific stringency, we performed an in silico primer binding
analysis using the sequence analysis software Benchling (2023) and 137 tobamovirus genomes
[267]. A list of 179 ToBRFV strain accession numbers from the NextStrain ToBRFV build (2022,
version 3) was obtained, representing 125 unique sequences, and these genomes were
downloaded from NCBI. In addition, 12 tobamovirus Ref-Seq genomes of species closely related
to the ToBRFV were obtained from NCBI (accessed on 20 April 2023) and all 137 unique genome
sequences were imported into Benchling [236,268]. Benchling was used to probe all 137 genome
sequences for potential primer binding sites using the program’s Find Primer Binding Sites tool.
A successful match required at least 18 matching bases, a maximum of three mismatches, and a

maximum of one consecutive nucleotide.

The positions of matching primers were mapped to each genome and visualized using Benchling
to ensure the overlapping amplicon primer scheme was maintained. All 40 ToBRFV-specific
primers had one matching binding site within each of the 125 ToBRFV-strain genomes (Table
3.1), with between zero and two mismatches observed between primers and ToBRFV-strain
genomes. Several binding sites were identified in genomes of tobamovirus species closely related
to the ToBRFV; 15, 14, 11, and 9 primers produced partial matches to tobacco mosaic virus
(TMV), tomato mottle mosaic virus (ToMMV), rehmannia mosaic virus (ReMV), and tomato
mosaic virus (ToMV) genomes, respectively (Table 3.1). Fewer matches, between zero and six,
were identified for the other nine tobamovirus genomes, which are more distantly related to the

ToBRFV (Table 3.1) [97].
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Table 3.1. In silico Analysis of ToBRFV-specific Primer Binding to 137 Tobamovirus Genomes. In silico
primer binding analysis identified one potential binding site in 137 tobamovirus genomes for all 40 ToBRFV-
specific primers [267]. A limited number of ToBRFV-specific primers are partially bound to other
tobamovirus genomes. A greater number of primer binding sites was observed in genomes of species
sharing more recent ancestry with the ToBRFV.

Tobamovirus species Accession Primer Count

All 125 unique ToBRFV genomes Supplementary Table 3.2 40
Tobacco mosaic virus (TMV) NC_001367.1 15
Tomato mottle mosaic virus (ToMMV) NC_022230.1 9
Tomato mosaic virus (ToMV) NC_002692.1 14

Pepper mild mottle virus (PMMoV) NC_003630.1 3

Bell pepper mottle tobamovirus (BPeMV) NC_009642.1 6
Obuda pepper virus (ObPV) NC_003852.1 1

Paprika mild mottle virus (PaMMV) NC_004106.1 3
Tobacco mild green mosaic virus (TMGMV) NC_001556.1 2
Cucumber green mottle mosaic virus (CGMMV) NC_001801.1 0
Cucumber fruit mottle mosaic virus (CFMMV) NC_002633.1 0
Brugmansia mild mottle virus (BrMMV) NC_010944.1 6
Zucchini green mottle mosaic virus (ZGMMV) NC_003878.1 0

Our in silico primer binding analysis suggests all 40 primers could amplify the genomic sequences
of all 179 ToBRFYV strains listed on NextStrain while maintaining an overlapping binding scheme
across each genome (Table 3.1, Figure 3.1). In silico results demonstrate that our primers are
highly specific to ToBRFV genome sequences yet remain non-specific at the strain level.
Moreover, limited binding to other tobamovirus genomes shows our primers are unlikely to amplify
the complete genome of off-target species; however, partial genome segments could potentially

be amplified.

3.3.2. Read Quality Control and Adaptor Trimming

Sequenced RNA shotgun libraries produced on average 4.64 Gbp and 15,627,313 reads per
sample, whereas ToBRFV-Seq libraries produced on average 179,820 Mbp and 597,554 reads
per sample, and in total 63.7 GB of data were produced (Table 3.2). Due to the low level of viral
reads and high level of background eukaryotic and prokaryotic DNA found in environmental

samples, shotgun-prepared libraries often require a high sequencing depth to obtain even a
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modest number of viral reads [115,241]. Thus, RNA shotgun samples were loaded at a 15 x
greater concentration than ToBRFV-Seq prepared samples. The majority of reads were high-
quality, with RNA shotgun and ToBRFV-Seq prepared samples containing an average of 94.07%
and 83.72% reads passing filters, respectively (Table 3.2). All raw reads are available through the
SRA database under BioProject accession PRIJNA1030775.

Table 3.2. Total and Filtered Reads from RNA Shotgun and ToBRFV-Seq Prepared Sequencing Libraries.

The total number of reads (Pairs), number of filtered paired reads (QF Pairs), and percent of quality filtered
(%PF) reads obtained from WWI samples and a nuclease-free water blank prepared with either RNA

shotgun or TOBRFV-Seq. Samples A—E were averaged, excluding the NTC (no-template control) blank.

RNA Shotgun ToBRFV-Seq
Sample Total Gbp TOtS'aiF:sad Q';,;resad % PF | Total Gbp TOtS'aiFjsad Q';,;f:d % PF
Average 4.640000 15,627,313 14,631,264 94.07 0.179820 597,554 502,007  83.72
A 5500000 18,528,523 17,138,798 9250 0.168800 560,008 451,928  80.57
B 4.900000 16,434,198 15,693,587 9549 0210300 698,848 609,572  87.23
C 3.600000 12,035,815 11,788,803 97.95 0.158900 527,913 445326  84.36
D 5.400000 18,266,390 16,248,968 88.96 0.205400 682,673 586,488  85.91
E 3.800000 12,871,637 12,286,164 9545 0.155700 517,430 416720  80.54
Blank  0.039600 131,614 123528  93.86 0.000057 190 108 56.84

3.3.3. Taxonomic Profile of WWI Samples Prepared by RNA Shotgun and ToBRFV-Seq Methods

Domain-level taxonomic classification of read pairs by Kraken2 against the standard database
was computed to compare the recovery of viral reads obtained with each library prep method
(Figure 3.2a,b) [260]. RNA shotgun reads were mostly bacterial, representing on average 89.40%
of sample reads; 0.06% were viral, while the remaining 10.53% of reads were eukaryotic,
archaeal, or other. Comparatively, on average, 97.38% of TOBRFV-Seq reads were classified as
viral while the remaining 2.62% of reads were eukaryotic, viral, archaeal, or other (Figure 3.2c).

The high recovery of bacterial reads in cDNA shotgun libraries is likely a result of residual bacterial
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genomic DNA, rRNA, and mRNA sequences in prepared samples and is a common limitation of
viral metagenomic sequencing [114,269]. DNA contamination could be prevented by including
thorough quality checks to confirm DNA has been completely removed from the sample prior to
library preparation steps [269]. Notably, DNA contamination did not impact the recovery of viral
reads using our ToBRFV-Seq, even though the same extracts were used for each library prep
method. Moreover, we have found DNase treatment unnecessary to obtain a high number of
specific reads with our ToBRFV-Seq assay, as this step was not used during our library

preparation and its absence did not impact the ability to recover ToOBRFV reads.
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A RNA Shotgun B ToBRFV-Seq
100,000,000 1,000,000
E 1,0(133:332 ‘5 10,000
R AT e T AR AT A
H . 1 [ I il il 1
A B c D E Blank A B ¥ D E Blank
Sample Sample
mBacteria wEukaryota =Viruses = Archaea = Other mBacteria =Eukaryota mViruses = Archaea = Other
C RNA Shotgun ToBRFV-Seq
Sample Bacteria  Eukaryota Viruses Archaea Other | Bacteria  Eukaryota Viruses Archaea Other
Average 89.40 0.51 0.06 0.21 9.81 0.06 0.03 97.38 0.00 2.53
A 84.90 0.83 0.01 0.04 14.21 0.12 0.03 96.65 0.00 3.20
B 93.19 0.27 0.03 0.10 6.41 0.07 0.03 96.87 0.00 3.02
Cc 90.29 0.62 0.05 0.37 8.67 0.02 0.04 96.53 0.00 341
D 94.56 0.23 0.03 0.10 5.08 0.02 0.03 98.39 0.00 1.55
E 84.09 0.59 0.20 0.42 14.69 0.05 0.04 98.45 0.00 1.47
Blank 69.23 0.65 0.15 0.30 29.67 0.00 1.85 92.59 0.00 5.56
D RNA Shotgun ToBRFV-Seq
- = 1,000,000
EHTIITFREInna s
) T 100
& II II I I m & — L L L1
A B Cc D E Blank A B c D E Blank
Sample Sample
EToBRFY = Tobamoviruses Other mToBRFV  mTobamoviruses Other
F RNA Shotgun ToBRFV-Seq
Avg. A B [+ D E Blank | Avg. A B Cc D E Blank
ToBRFV 2781 3776 0.14 3750 4952 1411 17.80 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Tobamoviruses 19.79 1687 1424 2944 2837 10.02 9.95 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Other 48.32 4537 6520 33.06 2211 75.87 7225 0.00 0.00 0.00 0.00 0.00 0.00 0.00
G RNA Shotgun ToBRFV-Seq
Tobamovirus Species A B Cc D E Blank I A B C D E Blank
Tomato brown rugose fruit virus 432 853 2429 2351 3467 34 436,767 590,506 429,874 577,038 410,242 100
Tobacco mosaic virus 5 11 18 18 0 1 0 4 0 1 0 0
Tomato mosaic virus 3 12 14 19 18 0 0 0 2 1 4 0
Bell pepper mottle virus 1 0 2 2 3 0 0 0 1 0 1 0
Tomato mottle mosaic virus 0 2 1 3 5 0 0 0 0 0 2 0
Cucumber green mottle mosaic virus 157 488 1697 1126 2107 17 0 0 0 0 0 0
Pepper mild mottle virus 22 55 124 130 214 0 0 0 0 0 0 0
Tobacco mild green mosaic virus 2 13 44 40 98 1 0 0 0 0 0 0
Tumip vein-clearing virus 1 1 0 0 0 0 0 0 0 0 0 0
Rehmannia mosaic virus 1 3 3 1 2 0 0 0 0 0 0 0
Cucumber fruit mottle mosaic virus 1 0 1 0 0 0 0 0 0 0 0 0
Tropical soda apple mosaic virus 0 4 0 3 6 0 0 0 0 0 0 0
Paprika mild mottle virus 0 1 0 0 0 0 0 0 0 0 0 0
Cucumber mottle virus 0 1 1 0 0 0 0 0 0 0 0 0
Ribgrass mosaic virus 0 0 1 0 0 0 0 0 0 0 0 0
Wasabi mottle virus 0 0 0 2 0 0 0 0 0 0 0 0
Obuda pepper virus 0 0 0 1 0 0 0 0 0 0 0 0

Figure 3.2. Taxonomic Classification of RNA Shotgun and ToBRFV-Seq Read Pairs at the Domain and
Species-level. Kraken2 classified read pair counts at the domain level for (A) RNA shotgun library prepared
samples and (B) ToBRFV-Seq prepared samples [39]. At the domain level, categories included are viral,
archaea, bacterial, eukaryotic, or other reads, where other includes unclassified reads, plasmids, adapters,
linkers, and/or primers. (C) The percentage of reads represented by each domain for both prep methods.
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Samples A—E were used to calculate the average, the blank was excluded. (D,E) Percentage of total reads
classified as ToBRFV (T), other tobamoviruses (OT), and the remainder of virus classified reads (RR) (F).
Counts of tobamovirus classified read pairs at the species level (G). (A,B,D,E) Reads are represented on
a log scale to magnify and visualize low abundance reads. Two-tailed tests were used to compare the mean
read counts of RNA shotgun and ToBRFV-Seq classified reads, respectively. (D) RNA shotgun samples, p
<0.05, n =5, df = 4, t-values, (T-OT) 3.569, (T-RR)-1.015, and (RR-OT)-1.181, critical t-value + 2.776. (E)
ToBRFV-Seq samples, p < 0.05, n =5, df = 4, t-values, (T-OT) 12.523, (T-RR) 12.523, and (RR-OT) 2.449,
critical t-value + 2.776. Thus, there is a statistically significant difference between the number of TOBRFV
and other tobamovirus reads produced by RNA shotgun sequencing, whereas there is a statistically
significant difference between the number of TOBRFV reads produced compared to both other tobamovirus
reads and the read remainder.

Viral read pairs were further classified at the species level to evaluate the recovery of ToBRFV,
other tobamovirus, and all other virus species by each library preparation method (Figure 3.2d,e).
As expected, RNA shotgun sequencing yielded a mixture of tobamovirus reads with a high
proportion specific to the ToBRFV, as well as other virus species (Figure 3.2d,f). On the other
hand, our ToBRFV-Seq assay almost exclusively produced ToBRFV reads (Figure 3.2e,f).
Although other tobamoviruses were observed in all WWI samples, they were not significantly
enriched within ToOBRFV-Seq samples (Figure 3.2g). This demonstrates that our primers do not
amplify these closely related off-target sequences when present in low abundance and are
therefore highly specific to TOBRFV genomes. Of note, the ToBRFV-Seq blank sample, prepared
using nuclease-free water, contained 100 ToBRFV read pairs (Figure 3.2g). This is likely due to
sample contamination prior to or during library preparation and is a commonly encountered issue

when preparing tiled amplicon sequencing assays [134]. Thus, extra precautions should be taken

to reduce sample contamination during RNA extraction and PCR setup [270].

3.3.4. Mapping Reads to a ToBRFV Reference Genome

The quality of ToBRFV genome recovery was assessed by mapping reads from samples to a
ToBRFV genome using bowtie2, and assessing coverage, completeness, and depth of read
mapping to the reference [261]. Our ToBRFV-specific primers target 95.7% of the ToBRFV

genome sequence, forgoing 64 bp and 210 bp on the 5" and 3' genome ends, respectively. These
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regions are less than 400 bp and therefore too small to be included in our tiled amplicon primer
scheme. Thus, the percentage of genome coverage was calculated for both the total and PCR-
targeted genome regions. Both library preparation methods were able to obtain nearly complete
or complete coverage of the total and PCR-targeted genome; however, RNA shotgun samples
contained far fewer reads and had a lower depth of coverage than ToBRFV-Seq samples (Table
3.3). Moreover, RNA shotgun samples on average contained 15,627,313 read pairs, yet only
0.02% of reads aligned to the ToBRFV reference genome (Tables 3.2 and 3.3). Conversely,
ToBRFV-Seq samples contained on average 597,554 paired reads with 99.86% of reads aligning
to the reference genome (Tables 3.2 and 3.3). RNA shotgun samples used a much greater
sequencing capacity than our TOBRFV-Seq samples, yet still yielded fewer ToBRFV reads and
lower depth of sequencing. Thus, our TOBRFV-Seq assay offers an alternative and more robust
approach for sequencing ToBRFV genomes that is highly specific and requires minimal
sequencing capacity. On average, ToOBRFV-Seq samples covered 99.92% of the PCR-targeted
genome sequence with 0—6 bp missing on alignment terminal ends.

Table 3.3. Alignment and Coverage of RNA Shotgun and ToBRFV-Seq Reads Mapped to a ToBRFV
Genome. Number of ToBRFV reads and percentage of total reads that align to the ToBRFV genome
NC_028478.1, % coverage of the total (% Total Cov) and PCR-targeted (% Target Cov) genomic region,

the average read depth, and maximum read depth. Samples A-E were included in the average and the
blank was excluded.

RNA Shotgun ToBRFV-Seq
Samole ToBRFV % % Total % Target  Avg. Max. | ToBRFV % % Total % Target Ava. Deoth Max.
P Reads Aligned Cov. Cov. Depth  Depth Reads Aligned Cov. Cov. 9. Dep Depth

Average 3,840 0.02 99.06 99.71 155.31 472 977,491 99.86 95.69 99.92 35,694.79 206,304

A 867 0.00 97.45 98.53 29.94 110 873,270 99.78 95.67 99.89 32,084.65 227,756
B 1,732 0.01 99.34 100.00 67.63 184 1,180,695 99.85 95.70 99.85 44,893.64 312,224
C 4,891 0.02 99.5 100.00 211.20 623 859,668 99.90 95.67 99.95 31,268.41 154,096
D 4,742 0.02 99.44 100.00 177.90 556 1,153,735 99.90 95.74 99.95 40,645.85 227,468
E 6,968 0.03 99.58 100.00 289.89 886 820,185 99.85 95.67 99.95 29,681.39 109,976
Blank 70 0.04 72.96 73.36 2.93 16 199 96.60 53.00 56.53 6.33 36
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3.3.5. Estimating the Relative Abundance of ToBRFV Clades in Wastewater Influent

We adapted our tool, Alcov, to estimate the abundance of ToBRFV clades in lllumina sequencing
reads and named the adapted tool Altob. Clade-specific mutations were defined by constructing
a Maximum Likelihood tree from unique ToBRFV isolates listed on the NextStrain 2022 build and
clade-specific MSAs aligned to the reference genome NC_028478.1 were used to define
mutations [232]. We were able to resolve seven of the eight clades identified on NextStrain;
however, clade five isolates did not form a distinct clade and appeared in several divergent
branches (Supplementary Table 3.2, Supplementary Figure 3.1). Benchmarking analysis of Altob
was performed using synthetic lllumina read datasets of 1000, 10,000, and 100,000 reads using
genomes that represent each ToBRFV clade [232]. Altob correctly identified all clades and
estimated between 94.2% and 98.7% relative abundance for the respective clades (Figure 3.3a),
except for clade five. Clade five contains the wildtype ToBRFV used to root our tree and define
mutations in all other clades; therefore, the clade five clade is not called by Altob [232]. Synthetic
read datasets containing a mixture of clade-specific reads were also correctly identified using
Altob (Figure 3.3b). We expected a 50% abundance call for each clade in files containing two
genomes, a 25% call in files containing four genomes, and a 12.5% call in files containing all eight
genomes. Slight differences in the estimated and expected read abundance for some clades were
observed (Figure 3.3b), which can likely be attributed to the low frequency of mutations in some
strains and therefore absence of mutations in some randomly generated reads. Thus, Altob is
well suited to identify and distinguish between ToBRFV clades with the exception of clade 5;
however, abundance scores should be treated as close estimates and not as exact

measurements.

Finally, Altob was used to evaluate the clades present in our WWI samples (Figure 3.3c). In
samples A-E, clades four and seven were identified in all RNA Shotgun and ToBRFV-Seq

samples, demonstrating the wide-spread transmission of specific ToBRFV-clades in Ontario
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WWI. Clade four strains have been identified in North America; as such, the identification of clade
four strains in Ontario wastewater influent is unsurprising [232]. Clade seven strains have been
identified in the Netherlands and Belgium, suggesting the transmission of these strains to Ontario
either through the agricultural industry and/or the import of tomato products [232,252,255]. In
each sample, the predicted clade abundance of clade 7 was relatively similar regardless of library
preparation method, with an average difference of +1.86% between RNA shotgun and ToBRFV-
Seq estimates for each respective sample. However, clade 4 yielded different abundance calls

when samples were prepared by each assay and had an average difference of +26.92%.
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Figure 3.3. ToBRFV Clade-Abundance Estimates of Synthetic Read Datasets and WWI samples with
Altob. Heatmaps display Altob clade abundance estimates of (A) datasets containing 1000, 10,000, or
100,000 synthetic reads from eight TOBRFV genomes representative of each clade. (B) Datasets combining
100,000 synthetic reads from either all eight genomes, four genomes, or two genomes. (C) Reads from
WWI samples prepared with RNA shotgun (Shotgun) or our ToBRFV-Seq assay (ToBRFV) (A-E).

3.3.6. Assessment of Viral Shotgun Reads at a Species Level

To investigate the presence and abundance of viruses in WWI, viral reads from RNA shotgun

samples were taxonomically classified at the species level and the abundance of species
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assigned read pairs was evaluated (Figure 3.4). In all five WWI samples, twenty-six viruses were

consistently found, which included plant-infecting viruses, human pathogens, enteric
bacteriophages, insect viruses, and amoeba-infecting viruses (Supplementary Table 3.4).
A B
100
Virus Species A B C D E Blank
50 [ ] —
— Tomato brown rugose
fruit virus 37.76 20.55 37.50 49.52 14.11 17.80
80 Choristoneura
fumiferana 18.88 58.77 23.71 11.14 12.00 0.52
granulovirus
70
Cucumber green
mottle mosaic virus 13.72 11.76 26.20 23.72 8.57 8.90
60 Pepper mild mottle 497 133 1.91 274 087 0.00
virus
§
= 50 Wuhan insect virus 23 0.09 0.34 0.02 0.11 61.00 59.16
o
Hubei picorna-like
40 virus 61 0.87 034 0.74 1.24 0.09 0.52
Wenling narna-like
10 Virus 9 6.47 0.00 0.00 0.00 0.00 0.00
Squash mosaic vius  0.17 0.10 1.07 0.36 0.00 0.00
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Synechococcus phage
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Acinetobacter phage
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Figure 3.4. Evaluation of Virus-Species Abundance in WWI Samples using Counts of Viral Reads
Taxonomically Classified by Kraken2. (A) Percentage of virus paired read counts of the seven most
abundant virus species found in each sample and count of all other species. (B) Percentage of virus species
classified reads assigned to the most abundant species in each WWI sample prepared by RNA shotgun
and a blank. The total number of virus read pairs identified in samples A, B, C, D, E, and Blank were 1 144,

4150, 6 477,4 748, 24 578, and 191, respectively.

The counts and percentage of paired reads assigned to the seven most prevalent virus species

identified in each sample were compared to ascertain which species were consistently found in

high abundance (Figure 3.4). In samples A-D, either TOBRFV or choristoneura fumiferana

granulovirus (ChfuGV) read pairs were in the highest abundance while cucumber green mottle
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mosaic virus (CGMMV) and pepper mild mottle virus (PMMoV) were on average the third and
fourth most prevalent virus species, respectively (Figure 3.4b). ToBRFV, CGMMV, and PMMoV
are plant pathogens belonging to the Tobamovirus genus, while ChfuGV is an insect pathogen
that infects budworms [228,271]. In sample E, however, Wuhan insect virus 23, was the most
abundant single virus species detected, which has been identified in metagenomic studies and is
thought to have an insect host [272]. Preparation or sequencing biases may have resulted in the
overestimation of this virus in samples or for some unknown reason this virus may be found at
this specific collection site. Replicative data at this site could be used to discern between these

and other potential possibilities.
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3.4. Discussion

3.4.1 Evaluation of ToBRFV-Seq Assay Robustness and Specificity

ToBRFV-Seq is a whole genome sequencing enrichment assay that uses a tiled amplicon primer
scheme for specific PCR amplification. We evaluated our ToBRFV-Seq assay specificity using
RNA extracted from five wastewater influent samples. We assessed primer specificity by first
performing in silico primer binding analysis to ToBRFV genomes and other closely related
tobamovirus genomes (Table 3.1). In silico, all primers were capable of binding the genomes of
all 125 ToBRFV strains that were analyzed while relatively few off-target binding sites to other
tobamovirus genomes were identified. We then evaluated primer specificity by taxonomically
identifying reads obtained from five WWI RNA extracts prepared with our ToBRFV-Seq assay.
The vast majority were taxonomically identified as ToBRFV reads and very few reads, 0-
0.0017%, were assigned to other tobamoviruses (Figure 3.2g). Furthermore, >99% of ToBRFV-
Seq reads mapped to the reference genome NC_028478.1, covering >99% of the target genomic
region and >95% of the total genome (Table 3.3). Thus, demonstrating our primers are highly
specific to and efficient in enriching ToOBRFV genomes. When evaluating our TOBRFV-Seq assay
we also prepared each WWI RNA extract for RNA shotgun sequencing. TOBRFV was detected in
all RNA shotgun samples; however, a far greater depth of sequencing was required to obtain a
modest number of TOBRFV reads when compared to our TOBRFV-Seq assay (Table 3.3). Thus,
our assay provides an effective sequence enrichment method that is highly specific to ToBRFV
genomes. The high relative abundance of ToBRFV-specific reads in RNA shotgun samples
indicates that TOBRFV is widespread and highly prevalent in Ontario WWI (Figure 3.4). Moreover,
comparing counts of TOBRFV-specific reads versus all other tobamovirus reads with a one-tailed
t-test (p < 0.05, n = 5, df = 4, t-values, t-value = 3.569, critical t-value +2.776) demonstrates a
statistically significant difference in read counts, with ToBRFV reads outnumbering all other

tobamovirus reads combined (Figure 3.2d). The higher abundance of ToBRFV reads than
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PMMoV and all other tobamoviruses is consistent with the findings of Rothman and Whiteson,
2022, who investigated WWI from Californian treatment plants for the presence of eight
tobamoviruses using gPCR and lllumina sequencing. Of the eight tobamoviruses viruses, their
analysis identified the ToBRFV as the most abundant in California WWI, even more prevalent

than both PMMoV and CGMMYV [252].

3.4.2. Possible Assay Applications to Determine ToBRFV Transmission and Prevalence

Wastewater influent has become an important tool in tracking the transmission of specific virus
lineages [122,273]. Due to the fact that the ToBRFV is prevalent in wastewater, sequencing of
WWI could be used to track and identify currently circulating ToBRFV lineages. To this end, we
adapted our SARS-CoV-2 lineage abundance estimation tool, Alcov, to estimate ToBRFV
lineages from sequencing reads. Generally, Altob is a robust prediction tool capable of estimating
ToBRFYV clade abundances in samples with as few as 1000 ToBRFV reads (Figure 3.3). However,
some differences in the estimated clades when using differing library preparation methods
demonstrate that Altob-predicted clade abundances should be treated as general estimates. The
identification of additional TOBRFV strain genome sequences, particularly in clades 6 and 8 which
each contain only three known strains, would enable more clade-specific mutations to be
identified and added to Altob constellation files, thus improving Altob’s ability to classify samples
by ToBRFV clade. Together, our ToOBRFV-Seq assay and Altob could be a valuable resource to
identify clade-specific ToBRFV infections, explore potential transmission routes, and aid in
combating transmission events. PMMoV is a commonly used human fecal indicator due to its
reliable presence in human feces and has become a popular RT-qPCR standard to normalize
cycle threshold (Ct) values from SARS-CoV-2 assays [255,273—-275]. Since the SARS-CoV-2
pandemic, a multitude of virus and chemical human fecal indicators, such as PMMoV, caffeine,
and nicotine, have been recently evaluated [276-278]. However, a consensus on the best

standard has not yet been reached and the reliability of PMMoV and other standards is quite
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variable between studies due to factors such as population size, seasonal changes, diet, sample
processing, and detection methods [275,278-282]. Although PMMoV was found in all our RNA
shotgun samples, it was consistently found in a lower abundance relative to TOoBRFV, suggesting
ToBRFV may be more readily detectable and thus be a more robust fecal indicator and RT-gPCR
standard than PMMoV (Figure 3.4). Indeed, two studies examining human infant oropharyngeal
and fecal viromes within the first year of life identified the ToBRFV by metagenomic sequencing
in infant fecal [283] and infant oropharyngeal [284] viromes. Moreover, a recent comparative study
of PMMoV and ToBRFV as fecal contamination indicators showed that ToOBRFV is more prevalent
in wastewater and matched the established microbial tracking marker cross-assembly phage
(crAssphage) abundance [285]. This suggests that ToBRFV may be a suitable marker
replacement for PMMoV in wastewater. TOBRFV has likely been overlooked as a fecal indicator
because PMMoV was first introduced as a fecal indicator in 2006, long before the first recorded

ToBRFV outbreak in 2014 [97,255,286].

3.4.3. Effectiveness of and Possible Improvements to Viral Capture and ToBRFV-Seq Procedures

Microbiome A particles, manufactured by Ceres Nanosciences, are magnetic capture beads that
offer a fast and easy solution to isolate numerous virion species from wastewater, including
SARS-CoV-2, influenza, respiratory syncytial virus, PMMoV, norovirus, and others [122,287,288].
We used Microbiome A particles to recover ToBRFV sequences from all of our WWI samples
(Figure 3.2) and to our knowledge, this is the first demonstration of ToBRFV capture and
concentration using Microbiome A particles. Virus sequence yields in samples concentrated with
Microbiome A particles provide a rapid and user-friendly method to isolate ToBRFV and other
viruses for targeted sequencing methods. However, Microbiome A beads may not be the best
option for virus metagenomic RNA shotgun sequencing, due to the high contamination of bacterial
DNA sequences. Thus, when performing viral metagenomic analysis, a combination of

ultracentrifugation and filtration or other robust viral isolation methods should be used [289,290].
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3.5. Conclusions

To aid in ToBRFV detection and ongoing surveillance efforts, we designed and developed a
ToBRFV genome tiled amplicon sequencing assay that is robust, specific, and efficient. Moreover,
we designed a computational tool, Altob, that estimates the relative abundance of TOBRFV clades
in lllumina paired reads. Additionally, we demonstrate that Microbiome A particles are an effective
method for isolating ToBRFV from WWI. Lastly, we demonstrate that TOBRFV is widespread and
one of the most abundant RNA virus species in Ontario, Canada wastewater influent. Due to its
stability and abundance in WWI, the ToBRFV has the potential to be a useful indicator species in
wastewater and/or used as an RT-qPCR standard to quantify viral content in wastewater and
more broadly, used in other wastewater epidemiology efforts and human fecal studies; however,
this would require further study [285]. Moreover, due to the transmissibility of several tobamovirus
species in reclaimed wastewater, including PMMoV [250], the closely related ToBRFV may also
be transmissible in reclaimed wastewater used in crop irrigation, which could facilitate

transmission of active TOBRFV virions to crops causing viral outbreaks.
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Chapter 4. Hybrid Sequencing, Annotation, and Analysis of a Novel Algal Virus

Genome-Chrysochromulina parva virus BQ1 (CpV-BQ1)

4.1. Introduction — Eukaryotic Algal Viruses of the Phylum Nucleocytoviricota

Research into viruses infecting aquatic microbes has increased in recent years. Many aquatic
viruses are Nucleocytoplasmic large DNA viruses (NCLDVs), a diverse group of eukaryotic
viruses [59] that were recently classified under the viral phylum Nucleocytoviricota. The
Nucleocytoviricota includes the class Megaviricetes with three orders and numerous families
including the Mesomimiviridae and the Phycodnaviridae [291]. Viruses belonging to the class
Megaviricetes are characterized by large double-stranded DNA genomes, typically over 100 kb
in size [292], an ability to replicate in both the host's nucleus [293,294] or cytoplasm [292,295],
and the presence of a core set of shared genes, including those encoding the major capsid
protein, DNA polymerase B, and others [292]. Viruses in the Megaviricetes are also notable for
their complexity and size, with some members known as "giant viruses" having genomes and
virions that rival those of small cellular organisms [295-299]. They infect a wide range of
eukaryotic hosts, from algae to animals, and are found in various environments, particularly
aquatic ecosystems [296]. They encode genes for DNA replication, transcription, and repair [292],
have an extensive genomic plasticity and diversity [292], have acquired genes through lateral
gene transfer from various sources [296], and have the potential to significantly alter host

metabolism during infection [296].

In addition to their unique genomic characteristics, the Megaviricetes play significant ecological
roles in various ecosystems, particularly in aquatic environments. They can affect the population
dynamics of their unicellular hosts, including controlling algal blooms. For example, Heterosigma
akashiwo virus (HaV) influences seasonal harmful algal blooms in marine environments [45].

Moreover, viruses in the Megaviricetes contribute to biological carbon export from marine
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surfaces to deep layers through host-cell death [40,300]; can impact nitrogen metabolism and
fermentation processes in their hosts [301]; and can alter eukaryotic community structures,
particularly in marine environments, by infecting various eukaryotic lineages [300,302—-305]. Many
of these viruses are involved in metabolic reprogramming by encoding genes involved in nutrient
uptake, light harvesting, and central carbon metabolism, allowing them to reprogram host
metabolism during infection [296]. The latter includes genes for photosynthesis, diverse substrate
transport, and light-driven proton pumps [59]. Indeed, by infecting and lysing their hosts, many
Megaviricetes, such as viruses that infect the massive bloom-forming alga Gephyrocapsa huxleyi,
drive the release of organic matter into the environment, contributing to nutrient cycling in
ecosystems [40,44,300,306,307]. Collectively, these ecological roles highlight the importance of
Megaviricetes in shaping ecosystem dynamics, particularly in aquatic environments, and their

potential impact on global biogeochemical cycles.

An understudied aquatic microbial eukaryotes that is infected by viruses that are likely to be
classified within the Megaviricetes is Chrysochromulina parva (C. parva), a freshwater haptophyte
alga [46,308]. It is a small unicellular organism, typically 4-6 um in size [309] with two flagella (~8
pum long) and a long haptonema (up to 10 times the body length) [309]. C. parva has a deep
groove running the length of the cell, from which the flagella and haptonema emerge, contains
two chloroplasts with internal pyrenoids, each associated with a large lipid body, and has a simple
cellular morphology with a eukaryotic nucleus, mitochondria with tubular cristae, and a Golgi
apparatus. Unlike most Chrysochromulina species, C. parva lacks visible scales on its cell surface

or within the Golgi apparatus [309].

Viruses capable of infecting and lysing C. parva were first isolated in 2015 from a Lake Ontario
water sample. This sample, collected from the Bay of Quinte, contained a filterable, heat labile,
chloroform sensitive lytic agent that was capable of completely lysing cultures of C. parva [47].

PCR primers designed to amplify gene fragments from a range of viruses within the
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Phycodnaviridae family were used to amplify DNA polymerase B (po/B) and major capsid protein
(MCP) gene fragments [47]. Sanger sequencing of the resulting amplicons led to the identification
of a single DNA polB gene fragment and 9 unique MCP fragments. Based on the polB phylogeny,
the lytic agent was named Chrysochromulina parva virus BQ1 (CpV-BQ1) and was putatively
classified as a phycodnavirus; the presence of multiple MCP fragments allowed the researchers
to speculate that more than one type of virus might have been isolated from this water sample
[47]. Further culturing, isolation, and high-throughput sequencing experiments led to the assembly
of a giant, 437 kb, virus genome encoding 503 open reading frames (ORFs), as well the ~23 kb
genomes of three polinton-like viruses (PLVs), which are viruses similar to virophages and need
a helper virus for their replication. However, the CpV-BQ1 polB gene fragment initially recovered
by PCR was not found within this giant virus genome or the PLV genomes, indicating that an
additional virus of C. parva, named CpV-BQ2, was present in the Bay of Quinte water sample and
had been co-cultured along with CpV-BQ1 [57]. Here we report the second genome sequence of
a C. parva virus noting that this genome assembly was derived from CpV-BQ1 because it encodes
an identical po/B gene as that which originally led to the classification of CpV-BQ1 as a member
of the Phycodnaviridae. To study this virus’s genome characteristics, we implemented a two-step
approach for its sequencing, which combined short read lllumina and long read Nanopore

sequencing, coupled with PCR-enabled molecular analysis.
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4.2. Materials and Methods

4.2.1. Host and Virus Cultivation

Viruses infecting Chrysochromulina parva strain CCMP 291 (National Center for Marine Algae
and Microbiota, East Boothbay, Maine, USA) were originally isolated from an embayment of Lake
Ontario, Canada, in 2011 [47] and have been regularly propagated in the laboratory since then.
The CpV-BQ1 virus was purified from cultures of mixed C. parva viruses, as described in Stough
et al. (2019), via an end-point dilution approach. Briefly, serial 10-fold dilutions of C. parva lysates
were inoculated into 96-well microtiter plates with mid-log phase C. parva cells at a concentration
of approximately 6.0 x 10° cells/mL as determined using a hemocytometer and light microscope.
Medium from individual wells that lysed at the highest dilution level (i.e., lowest concentration) of
viruses were transferred in into 50 mL cultures of mid-log C. parva and the resulting lysates were
filtered through sterile 0.22 ym pore-size PVDF Durapore® membrane filters (EMD Millipore,
#GVWP00010). This process was repeated three times to ensure that only a single type of CpV
was propagated, and the presence of CpV-BQ1 was confirmed throughout this purification

process using the gPCR method described in Mirza et al. (2015).

4.2.2. Nucleic Acid Extraction

Following purification of CpV-BQ1, genomic material was prepared for sequencing by extracting
nucleic acids from a 600 mL lysate of a C. parva culture infected with CpV-BQ1. This lysate was
filtered through a 0.22 um pore-size Steritop® disposable bottle top filters (MilliporeSigma,
#S2GPT10RE) and was concentrated via ultracentrifugation at 31,000 rpm for 1 hour at 20°C in
a SWa32Ti rotor (Beckman Coulter Life Sciences). The supernatant was decanted and pelleted
material was resuspended in 10 mM Tris-Cl, pH 8.5. Nucleic acids were extracted from the
concentrated viral lysate using a Maxwell® RSC Viral Total Nucleic Acid extraction kit (Promega,

#AS1330) following the manufacturer's protocol for 300 pL of sample input. The DNA

82



concentration measured using a Qubit fluorometer with a dsDNA HS kit (ThermoFisher Scientific,

#Q32851) was 26.2 ng/uL.

4.2.3. lllumina and Nanopore library preparation and sequencing

The DNA was sent to SeqCenter (Pittsburgh, USA) for paired-end whole genome shotgun
sequencing. Sample libraries were prepared using the lllumina DNA Prep kit and IDT 10 base
pair UDI indices, and were sequenced on an lllumina NovaSeq 6000, producing 2 x 151 base pair
reads. Demultiplexing, quality control, and adapter trimming was performed with BCL-Convert
v4.0.3, generating 14,757,009 read pairs. The DNA was also prepared for Oxford Nanopore
sequencing at the University of Waterloo. Extracted DNA was diluted to a concentration of 5 ng/uL
and prepared with the Nanopore Rapid PCR barcoding 24 V14 kit (Oxford Nanopore, #SQK-
RPB114.24). The prepared DNA library was sequenced on a MinlON Mk1B device using an
R10.4.1 flow cell (Oxford Nanopore, #FLO-MIN114). All raw reads are available on the SRA

database under BioProject accession number PRJNA1199504.

4.2.4. Read processing and Genome Assembly

Nanopore sequencing produced a total of 2,325,374 raw reads. First, Filtlong was used to remove
reads less than 1000 bp long and 10% of the worst quality reads, resulting in 1,879,244 reads
[310]. Kraken2 v2.0.7-beta was then used to filter out classified reads, removing contaminating
host, bacterial, and human reads. The standard Kraken2 database v9/26/2022 was used with a
0.001 confidence filter and the unclassified-out flag to generate a separate file of unclassified

reads, from which 1,048,312 reads were obtained [260].

Filtered long reads and lllumina reads were then used for assembly with the TryCycler pipeline
v0.5.4 [311]. Briefly, Filtlong was used to keep the best 80% of filtered nanopore reads. This final

read filtering step yielded 796,152 reads with an N50 of 6,479bp and a mean length of 6,352 bp
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[310]. Long reads were then subsampled to create 24 read subsets with approximately 8,645
reads per subset. An estimated genome size of 400,000 bp was used to subset reads, which was
based on the size of the CpV-BQ2 virus genome (accession MH918795). Each read subset was
assembled with either Flye v2.9.2-b1786, Miniasm & Minipolish v0.1.2, Raven v1.8.1, or Canu
v2.2 [312-315]. Of the 24 read subsets, 6 were assembled into contigs by each respective tool.

From these 24 genome assemblies, 26 contigs were produced.

Assembled contigs were clustered to determine the MASH distance between assemblies. The
MASH distance is based on the Jaccard index and provides a measure of similarity and diversity
between each sample. Using MASH distances, a phylogenetic tree was generated during the
TryCycler clustering step, of the 26 assembled contigs, 23 clustered closely together. These
assembled contigs were reconciled, which ensures contigs are on the same strand and sufficiently
similar for downstream assembly. To ensure contigs were sufficiently similar, the TryCycler
default thresholds were used, including a 98% sequence identity score and minimum 1-kbp
identity score of 25%. Based on these thresholds, 7 of the 23 contigs were discarded. A dotplot

was generated to visualize the topology of the remaining 16 contigs.

A multiple sequence alignment was generated from the remaining 16 clustered and reconciled
contigs with the MUSCLE algorithm [264]. Long reads were partitioned to each assembly to
determine the single best alignment for each read. Then, a linear consensus sequence was
generated based on the best read alignments. Long-read correction with the Nanopore tool
Medaka v1.11.1 was used to polish the consensus sequence [316,317]. Short lllumina read pairs
were quality filtered using Fastp v0.23.4. Then, two iterations of polypolish v0.5.0 were used to
correct genome errors using the filtered lllumina reads and generate the final genome assembly
[206,318]. Alignment of lllumina reads to the assembled genome produced a mean read depth of
21,688.3x, corrected 54 positions in the genome, and identified a 104 bp region at the C-terminus

that had 0% coverage. This 104 bp region was removed from the final assembly and likely arose
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from erroneous read extension. The final assembly resulted in a genome length of 165,454 bp

and was published under accession number PQ783904.

4.2.5. Primer Design, PCR Amplification, and Analysis of Random Genomic Regions

The CpV-BQ1 assembly was verified by PCR amplification and sequencing of five regions,
approximately 9,000 bp in length, across the genome. To design primers, the CpV-BQ1 genome
was uploaded to PrimalScheme and an amplicon size of 9,000 bp was selected [120].
PrimalScheme generated 19 potential primer pairs that could be used across the entire genome,
of which five were selected to perform random spot checks across the genome (Supplementary
Table 4.1). An additional four primers were designed to sequence across the genome ends to
investigate the genome topology. PCR amplification was performed with 2x GB-AMP PaCeR HP
Master Mix (GeneBio Systems, #PCR-002-01), 0.4 uM of forward and reverse primers, and 1.1
ng of genomic DNA. Thermocycling conditions were: initial denaturation at 95°C for 30 seconds,
35 cycles of 95°C for 15 s, 68°C for 15 s, and 72°C for 10 mins, then a final extension at 72°C for
6.5 min and samples were held at 12°C. PCR products were analyzed by gel electrophoresis on
a 1% agarose gel and concentration was evaluated with a Qubit 4.0 fluorometer. PCR fragments
were cleaned up with AMPure XP beads (Beckman-Coulter, #A63881) to remove primers and
small DNA fragments. Recovered products were prepared using the Nanopore Rapid Barcoding
kit V14 (Oxford Nanopore, #SQK-RBK114.24). The prepared library was loaded onto a MinlON
R10.4.1 flowcell (Oxford Nanopore, #FLO-MIN114) and sequenced on a Nanopore MinlON.
Reads were analyzed using the Trycycler pipeline as previously described with a few exceptions.
Reads were filtered once using filtlong, twelve read subsets were generated using a genome size
of 9,000 bp, and only one round of polishing was performed with polypolish. Assembled contigs
(Supplementary Table 4.2) were aligned to the CpV-BQ1 genome using the MUSCLE algorithm
and visualized with Seaview [264,265]. Raw reads are available on the SRA database under

accession PRINA1199504.
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4.2.6. Open Reading Frame (ORF) Prediction

Open reading frames (ORFs) were predicted using a combination of four prediction tools:
GeneMarkS, Glimmer3, Prodigal, and FragGeneScan [319-322]. Any ORF predicted by two or
more tools was considered a putative gene encoding ORF [323—-325]. When differing gene start
sites were identified, the positions identified with GeneMarkS were used first, followed by
Prodigal, then FragGeneScan [324]. A total of 193 ORFs were predicted, of which GeneMarksS,
Prodigal, FragGeneScan, and Glimmer3 predicted 98.45%, 95.85%, 88.08%, and 97.4% of these

ORFs, respectively (Supplementary Table 4.3).

4.2.7. Gene Annotation

ORFs were assessed for functional predictions using multiple approaches, including database
searches, InterPro analysis, and HMM classification. A BLASTp search against the non-
redundant protein sequence database was performed twice, once including all organisms and a
second search against only viruses [326]. Additionally, a search was performed against the IMG
virus protein BLAST database [327]. InterPro was used to predict protein functionality using
protein domain and family predictions [328]. InterPro has multiple tools integrated into its online
platform including Panther, NCBIfam, CDD, Cath-Gene3D, SUPERFAMILY, ProSiteProfiles,
ProSitePatterns, PRINTS, SMART, Pfam, HHMAP, and FunFam to classify protein families,
domains, superfamilies, and amino acid sites. InterPro also identifies signal peptides,
transmembrane helices, coils, and disordered regions using TMHMM, Coils, MobliteDB, and
Phobius. HMM profile analysis against the PhROGs, efam-xc, RVDB, and VOGDB were
performed to classify ORFs [329-332]. MMSeqgs was used to perform HMM analysis against the
PhROGs database while HMMer3 was used to search all other HMM databases [333,334].

tRNAscan-SE was used to predict tRNA sequences in the assembled CpV-BQ1 genome [335].
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4.2.8. Taxonomic classification

Three genes common to all NCLDVs were used to taxonomically classify the CpV-BQ1 genome,
DNA polymerase type-B, viral A32-like packaging ATPase, and viral late transcription factor 3
(VLTF-3). Protein sequences and accessions for each gene from various NCLDVs were
downloaded from NCBI (Supplementary Table 4.4). Multiple sequence alignments (MSAs) were
generated using the MUSCLE algorithms for each protein using Seaview v5.0.4 [264,265]. MSAs
were used to generate phylogenetic trees in Seaview using the phylogenetic maximum likelihood
method with the LG model, aLRT (SH-like) branch support, NNI tree searching operation, and a

BioNJ starting tree [265,336].
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4.3. Results and Discussion

4.3.1. Assembly of the CpV-BQ1 Genome

A hybrid assembly approach with long Nanopore and short lllumina reads was used to determine
the CpV-BQ1 genome. Long read assemblies can produce larger contigs and resolve repetitive
genome regions with higher accuracy than short lllumina read assemblies. However, lllumina
reads have higher sequence accuracy than long reads and can correct for errors introduced
through long read sequencing. Thus, using a combination of long and short reads for assembly
produces a genome with higher accuracy and instills greater confidence in the resulting assembly
[311,337]. Hybrid assembly of the CpV-BQ1 genome was performed using the TryCycler pipeline
[311]. TryCycler is a robust tool that uses a unique approach to produce assemblies with a high
degree of confidence. Most long-read assembly tools work fairly well, however, they are not
perfect and can introduce large- and small-scale errors into an assembled genome that often go
undetected [311]. To eliminate these issues, TryCycler uses multiple separate long-read
assemblies, generated by a variety of assembly tools, as its input and produces a consensus
sequence. By using a variety of assembly tools that utilize different approaches/algorithms, bias

and/or errors introduced by any one tool can be detected and eliminated [311].

Cleaned and filtered long reads were divided into 24 subsets. Then, six subsets were assembled
with Flye, Minipolish, Raven, and Canu, respectively [312-315]. A total of 26 contigs were
assembled, of which 23 formed a single phylogenetic cluster (Figure 4.1). After reconciling these
assemblies, 16 contigs showed high sequence similarity. This included five Flye, and Minipolish
assemblies, four Raven assemblies, and two Canu assemblies (Figure 4.1). The similarity
between the 16 independently generated contigs provided confidence that the assemblies were
of very high quality and representative of the true CpV-BQ1 genome. These 16 contigs were used

to generate an MSA, reads were partitioned, then a consensus genome was generated and
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polished with Illumina reads producing a 165,454 bp genome. Additionally, attempts to circularize
the genome during reconciling were unsuccessful. Analysis of these contigs using a dotplot shows
the same discrete start and end point in all 16 contigs, which indicates the genome has a linear
topology (Figure 4.2). If genomes had a circular topology, we would expect the start and stop sites
to vary amongst the 16 assembled genomes, causing the lines within each dotplot to start along
the axis edge instead of the corner. Additionally, if some of our assemblies contained gaps or
large rearrangements the plots would contain lines with gaps or a discontinuous arrangement.
Our dotplot indicates these 16 assemblies are not circular and do not contain gaps or large

rearrangements (Figure 4.2).
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Figure 4.1. Phylogenetic Tree of Clustered Assembled Contigs. The TryCycler clustered assemblies based
on the MASH distances between contigs displayed in a phylogenetic tree. Almost all assemblies fall within
the cluster 1 branching structure. The 16 assemblies used for reconciling and MSA steps are labeled (e.g.,
blue squares are Flye assemblies, pink circles are Minipolish assemblies, orange triangles are Raven
assemblies, and green diamonds are Canu assemblies).
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Figure 4.2. Dotplot Analysis of 16 Assembled Contigs. Squares are a visual comparison of all pairwise
combinations of the 16 assembled contigs. Solid diagonal blue lines indicate the sequences have the same
start and end sites, are highly similar, and do not contain any large gaps or rearrangements. The solid
diagonal red lines indicate the sequences are the reverse of one another, are highly similar, and do not
contain large gaps or rearrangements.

To validate the assembled sequence PCR amplifications, Nanopore sequencing and TryCycler
assembly were performed to recover and verify the sequence of five 9,000 bp regions within the

genome (Figure 4.3). Additionally, to verify the genomes linear topology, four PCR amplifications

across the genome ends were attempted (Figure 4.3).
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Figure 4.3. Diagram of CpV-BQ1 Genome Primer Binding Sites. The complete 165,454 bp CpV-BQ1
genome with the primer binding sites used for genome validation. Primer binding sites are represented by
arrows specific to the direction of amplification. Primer pairs 1F&1R, 2F&2R, 3F&3R, 4F&4R, and 5F&5R
used to amplify 9,000 bp regions in the genome indicated by blue rectangles. Primer pairs 1E&2E, 1E&3E,
2E&2E, and 2E&3E were used to PCR amplify across the genome ends (Supplementary Table 4.1).

The five ~9,000 bp regions were easily PCR amplified, sequenced, and assembled with TryCycler
(Supplementary Table 4.2). Alignment of the assembled contigs to the CpV-BQ1 genome showed
almost 100% sequence identity to their respective sites. The very ends of assembled PCR regions
# two and # five contained one and 17 bases that differ from the CpV-BQ1 genome, respectively,
which can be attributed to low read coverage in these areas. Overall, the similarity of PCR
amplified sequences to the assembled genome provides further confidence in the assembly
accuracy. Attempts to amplify genome ends to test for circularization were unsuccessful. Of these
four attempted PCR amplifications (Figure 4.3), nanopore reads were obtained from three
reactions. However, attempts at read assembly with TryCycler resulted in clusters with many
spurious, incomplete, and misassembled contigs. Thus, the inability to amplify sequences that

span the genome ends provides additional confirmation that the CpV-BQ1 genome has a linear

topology.

4.3.2. Characterization and Description of the CpV-BQ1 Genome

Assembly of the CpV-BQ1 genome sequence produced a linear genome of 165,454 bp with a GC
content of 32.32%. Three transfer RNA (tRNA) sequences and 193 coding sequences (CDSs)
were identified in the genome that ranged from 44 to 1693 amino acids (aa) in length, with an
average size of 260 aa (Figure 4.4, Supplementary Table 4.3). Coding sequences were found in

slightly higher prevalence on the positive strand than the negative strand, occurring at a rate of
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58.5% and 41.5%, respectively. Of the 193 identified CDSs, 92 (47.67%) were assigned putative
functions based on homology to known genes and protein domains, while the remaining 101
(52.33%) could not be assigned functions and were designated as hypothetical proteins
(Supplementary Table 4.3). Functionally annotated CDSs were placed into eight general
functional groups (Figure 4.4, Table 4.1). A total of 19 CDSs were involved in DNA replication,
recombination, and repair; eight in nucleotide metabolism and DNA packaging; 10 in transcription;
three in sugar manipulation; four in DNA methylation; 15 in protein and lipid binding, synthesis,
and modification; 12 in virion capsid and associated proteins, and 21 encoded miscellaneous

functions (Table 4.1).
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CpV-BQ1 Genome
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Figure 4.4. ORF Predictions in the CpV-BQ1 Genome. ORFs represented by arrows are aligned to the
165,454 bp CpV-BQ1 genome oriented in their coding direction. Arrows are coloured based on their
hypothesized functional group. Blue arrows for DNA replication, recombination, and repair; dark purple for
nucleotide metabolism and DNA packaging; green for transcription; pink for sugar manipulation; lavender
for methylation; red for protein and lipid binding, synthesis, and modification; aqua for virion capsid and
associated proteins; yellow for miscellaneous proteins; light blue for tRNA; and grey for all proteins with
unknown functions. The genome is presented as circular for presentation purposes only. Nucleotide
positions are denoted at every 20,000 bp. SnapGene Viewer was used to annotate and colour CpV-BQ1

ORFs.

94



Table 4.1. List of All Characterised Genes in the CpV-BQ1 Genome. All genes in the CpV-BQ1 genome
with an identifiable function or domain architecture. Gene name, locus, as well as start and end position
within the CpV-BQ1 genome are provided. These protein encoding genes are divided into functional groups
including, DNA replication, recombination, and repair; nucleotide metabolism and DNA packaging;
transcription; sugar manipulation; DNA methylation; protein and lipid binding, synthesis, and modifications;
virion capsid and associated proteins; and miscellaneous.

Protein Locus Start End

DNA and RNA replication, recombination, and repair

yqaJ-like viral recombinase domain containing like-protein BQ1_063 49504 49701
pyrimidine dimer DNA glycosylase, endonuclease V BQ1_064 50107 49682
DNA polymerase family X BQ1_068 52187 51462
GxxExxY protein BQ1_072 54374 54754
Holliday junction resolvase, A22 BQ1_078 57463 57972
SWIB/MDM2-domain containing protein BQ1_083 60100 60714
DNA topoisomerase | BQ1_104 70386 71225
ATP-dependent DNA ligase BQ1_110 74487 76832
proliferating cell nuclear antigen, PCNA BQ1_124 88347 89114
VV A18-like helicase BQ1_126 90943 89633
NTPase/helicase BQ1_128 91438 92781
P-loop containing nucleoside triphosphate hydrolase BQ1_134 94988 96880
putative DNA primase/helicase BQ1_144 107635 106412
Flap endonuclease 1 BQ1_152 115062 114115
YqaJ-like viral recombinase domain containing protein BQ1_153 116022 115118
DNA topoisomerase || BQ1_157 117625 120840
exodeoxyribonuclease IlI BQ1_159 121988 121146
Helicase BQ1_163 126370 129303
DNA polymerase type-B BQ1_174 135953 138937

Nucleotide transport and metabolism

thymidine kinase BQ1_040 28623 28096
ribonucleoside-diphosphate reductase large subunit BQ1_048 34374 36686
ribonuclease-diphosphate reductase small subunit BQ1_052 38805 39767
deoxycytidylate deaminase BQ1_098 67554 67210
deoxyuridine 5'-triphosphate nucleotidohydrolase BQ1_108 73618 73169
thymidylate synthase ThyX BQ1_109 73681 74451

NUDIX hydrolase BQ1_119 85372 84851

Viral A32 protein BQ1_154 116887 116066
Transcription
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RNA cap guanine-N2 methyltransferase family protein
transcription factor 11B

transcription elongation factor S-I|

ribonuclease lll

mRNA-capping enzyme

MYM-type Zinc finger with FCS sequence motif-containing protein

TATA-box binding protein

late transcription factor VLTF3
mRNA-capping enzyme
transcription initiation factor TFIIIB
Sugar manipulation
glycosyltransferase family 2 protein
glycosyltransferase 17
glycosyltransferase

DNA Methylation

DNA cytosine-5 methyltransferase

FkbM family methyltransferase protein

D12 class N6 adenine-specific DNA methyltransferase protein

SAM-dependent methyltransferase

Protein and lipid binding, synthesis, and modifications
F-box domain containing protein

F-box domain containing protein

F-box domain containing protein

F-box domain containing protein

RING finger E3 ubiquitin protein ligase

E3 ubiquitin-protein ligase

translation initiation factor 4E

Putative Metallopeptidase WLM domain containing protein
DNAJ homolog subfamily A member

E3 ubiquitin-protein ligase

N1R/p28-like protein

patatin-like phospholipase family protein

WLM domain-containing protein

F-box domain containing protein

F-box domain containing protein

Virion Capsid and Associated proteins
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BQ1_067
BQ1_090
BQ1_103
BQ1_107
BQ1_111
BQ1_122
BQ1_136
BQ1_138
BQ1_150
BQ1_161

BQ1_030
BQ1_106
BQ1_166

BQ1_029
BQ1_032
BQ1_035
BQ1_181

BQ1_008
BQ1_010
BQ1_013
BQ1_015
BQ1_022
BQ1_031
BQ1_050
BQ1_056
BQ1_060
BQ1_092
BQ1_116
BQ1_172
BQ1_173
BQ1_184
BQ1_187

51398
62855
69838
72453
76891
87611
97984
98765
112713
122685

20111
71804
131902

20038
21810
23949

155423

5793
7749
9687
11116
14225
21217
37156
41801
47801
64318
83104
135387
135893
158155
160285

50886
63874
70341
73172
78837
86892
97247
99838
113603
123626

21163
72418
131078

18737
22706
24851
154812

6443
8501
10196
11862
15103
21729
37707
41286
48868
64644
83520
134623
135411
157388
159638



ERV/ALR sulfhydryl oxidase protein

Ac78 protein

minor capsid P9 transmembrane helices containing protein
putative major capsid protein A

putative major capsid protein B

putative major capsid protein C

putative major capsid protein D

Thioredoxin

Glutaredoxin-like protein

tail fiber protein containing WIAG-tail domain
fibronectin type Il domain containing tail fiber protein
tape measure protein

Miscellaneous

RNA binding domain containing protein
transmembrane protein similar to AMEV204
Zinc-finger, ring type domain contaning protein
Diverse functionality domain-containing protein
AAA family ATPase/CfxQ-like protein
DUF5871 protein

DUF5764 protein

DUF5759 protein

DUF5754 protein

putative Mn2+ efflux pump MntP

DUF5871 protein

20G-Fe(ll) oxygenase

DUF5872 protein

DUF5767 protein

DUF1599 protein

DUF5760 protein

1Q motif containing protein

type Il secretory pathway component PulF
fibronectin type lll domain containing transmembrane protein

high mobility group protein

RNA binding domain containing protein

BQ1_049
BQ1_099
BQ1_114
BQ1_139
BQ1_140
BQ1_141
BQ1_142
BQ1_156
BQ1_168
BQ1_177
BQ1_178
BQ1_189

BQ1_004
BQ1_018
BQ1_024
BQ1_045
BQ1_069
BQ1_071
BQ1_074
BQ1_076
BQ1_080
BQ1_087
BQ1_094
BQ1_100
BQ1_105
BQ1_120
BQ1_129
BQ1_132
BQ1_146
BQ1_155
BQ1_179
BQ1_188
BQ1_190

37107

67798

82228

101585

102955

104372

106012

117244

133267

140154

145167

161545

3644

12505

15552

30081

52224

53711

55548

56932

58923

62104

65085

67910

71244

85474

93038

94057

110246

117159

149818

160585
161789

36658

67643

82785

99924

101687

103038

104462

117561

132848

145088

149783

161105

2958

13218

16211

31643

53210

54340

56522

57294

58603

61712

65804

68626

71759

86505

92778

94470

108597

116935

154509

160349
162472
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4.3.3. Taxonomy

Viruses within the Megaviricetes (previously and informally known as NCLDVs) share a few
common characteristics, including the presence of a dsDNA genome typically over 100 kb, which
encodes a handful of universal NCLDV genes [292]. These genes include the major capsid protein
(MCP), a DNA polymerase B (polB), the viral A32-like packing ATPase, and the viral late
transcription factor 3 (VLTF-3) [292]. Additionally, although the D5-helicase is considered a
universal NCLDV gene, it is not found in viruses in the Phycodnaviridae family, nor in the CpV-
BQ1 genome [292]. Of the universal genes, the MCPs share little sequence identity, and thus
cannot be used reliably for phylogenetic analysis. Phylogenetic analysis of the CpV-BQ1 genome

was therefore performed using polB, viral A32-like packing ATPase, and VLTF-3 (Figure 4.5).

In all three phylogenetic trees, the CpV-BQ1 groups closely with viruses in the Phycodnaviridae
family (Figure 4.5) such as the Heterosigma akashiwo virus 01, a member of the Phycodnaviridae
family and the single member of the genus Raphidovirus. Within the DNA polymerase B
phylogenetic tree CpV-BQ1 groups closest to two viruses within the genus Prymnesiovirus [305],
Chrysochromulina brevifilum virus PW1 (CbV-PW1) [338] and Phaeocystis globosa virus 08T
(PgV-08T) [339]. Molecular analysis of the A32 ATPase and VLTF-3 genes in CbV-PW1 and PgV-
08T has not been performed, thus we could not include them in our phylogenetic analysis.
Nonetheless, based on the similarity of the polB gene and the fact these three viruses all have
prymnesiophyte hosts [305] suggests the most appropriate classification for CpV-BQ1 is within
the Prymnesiovirus genus. Thus, our phylogenetic analysis supports the inclusion of CpV-BQ1 in
the NCLDV Phycodnaviridae family and suggests it can most appropriately be placed within the

Prymnesiovirus genus.

98



le

DNA Polymerase B

Chiorovirus hellozoae
1.00[ Micromonas pusilla virus SG1
Micromonas pusilla virus SP1
Ostreococcus taurl virus 2
Ostreococcus taurl virus 1

‘Micromonas commoda virus

Dishui Lake phycodnavirus 2

lake 1

Phaeocystis globosa virus (Group Il)
r— c

Heterosigma akashiwo virus 01

Aureococcus anophagefferens
Aureococcus anophagefferens
Mimiviridae sp. ChoanoV'1

Viral A32 Protein

Micromonas pusilia virus PL1

Micromonas pusilia virus SP1
Micromonas commoda virus
Ostreococcus taurl virus 2
Ostreococcus taur virus 1
Bathycoccus sp. RCC1105 virus Bpv1
Dishui Lake phycodnavirus 2
Yellowstone lake phycodnavirus 1

T

Algavirales

Chrysochromulina parva virus BQ1
Heterosigma akashiwo virus 01

Paramecium bursaria Chiorella virus NY2A
Paramecium bursaria Chiorella virus 1

Chlorovirus heliozoae

Paramecium bursaria chiorella virus NY2A 7

Paramecium bursaria chiorella virus 1

Bathycoccus sp. RCC1105 virus BpV1

Feldmannia irregularis virus a
Feldmannia species virus
Ectocarpus siliculosus virus 1

Emiliania huxeyi virus 86

parva virus BQ1
L Chrysochromulina brevifilum virus PW1

@
2
£

R
@«
o
<
ph)

virus BIV-01

virus Qoartutk 8

£

H

E

2

o

8

wR >3
F=

S

VLTF-3

Bathycoccus sp. RCC716 virus 1

Micromonas pusila virus SP1
Micromonas commoda virus

Ostreococcus taurl virus 2

Ostroococcus taurl virus 1

Dishui Lake phycodnavirus 2

Yellowstone lake phycodnavirus 1

Feldmannia imegularis virus a
Feldmannia species virus
Ectocarpus siliculosus virus 1
Chlorovirus sp.

Paramecium bursaria Chiorella virus 1
Paramecium bursaria Chiorella virus NY2A
huxleyi virus 86

Emiliania huxieyi virus 86

Feldmannia irregularis virus a

Feldmannia species virus

Ectocarpus siliculosus virus 1

s globasa vin (Group I

Mimiviridae sp. ChoanoV1

17‘: Heterosigma akashwo virus 01

Chrysochromulina parva virus BQ1

14T (G

virus BtV-01

Aureococcus anophagefierens virus

P

T
Imitervirales

Powai lake megavirus
Megavirus baoshan

Moumouvirus australiensis
Acanthamoeba polyphaga mimivirus
Acanthamoeba casteltanii mimiirus

o

)

Catovirus CTV1
Hokovirus HKV1

Wi

Mimiviridae sp. ChoanoV1
Kiosneuvirus KNV1
Hokovirus HKV1
Catovirus CTV1

-Acanthamoeba castelianii mimivirus.
Tupanvirus soda lake

Moumouvirus australiensis

Chitovirales

99

L

Wi

Chitovirales

T

Imitervirales

Algavirales

Figure 4.5. Phylogenetic Analysis of Three CpV-BQ1 Genes Universally Found in NCLDV Genomes.
Phylogenetic trees generated to determine the taxonomy of the CpV-BQ1 virus using the Phylogenetic
maximum likelihood (PhyML) algorithm in Seaview v5.0. Trees were generated using the protein sequences
for the universal NCLDV genes polB, viral A32 protein, and VLTF-3 (Supplementary Table 4.4). Protein
sequences are from viruses belonging to either the Algavirales, Imitevirales, or Chitovirales order. Families
within each order are colour coded, Phycodnaviridae in blue, Mesomimiviridae in green, Schizomimiviridae
in purple, Allomimivirdae in orange, Mimiviridae in black, and Poxviridae in light blue.



4.3.4. DNA and RNA Replication, Recombination, and Repair Enzymes

NCLDVs encode a suite of genes that enable the replication of their own genome with little
reliance on their host’s genome replication machinery [15,27]. A total of 19 proteins involved in
DNA/RNA replication, recombination, and repair were identified in the CpV-BQ1 genome. This
consort of enzymes enables CpV-BQ1 to facilitate much of its own DNA replication processes.
These replication associated genes include a DNA polymerase type-B (polB), a DNA polymerase
family X protein, an A22 holliday junction resolvase, a proliferating cell nuclear antigen sliding
clamp (PCNA), topoisomerase | and I, four nuclease proteins, four helicase proteins, two YqaJ-
like viral recombinases, an ATP-dependent DNA-ligase, a P-loop nucleoside triphosphate
hydrolase, and a SWIIB/MDMZ2-domain protein [15,27]. Some NCLDVs, such as poxviruses [27],
mimiviruses [293,295], and phycodnaviruses [294,340] replicate and package their genomes
within the cytoplasm of their host cell in subcellular compartments surrounded by endoplasmic
reticulum membranes, which are referred to as virus factories [27,293]. However, other NCLDVs,
such as members of the family Phycodnaviridae, replicate their genome within the nucleus of their
host, then package virions in the cytoplasmic virus factories [293,294]. To explore the location of
CpV-BQ1 genome replication, proteins involved in DNA replication were analyzed for the
presence of nuclear localization signals (NLS) using DeepLoc 2.1 [341]. Indeed, NLS signals were
identified in 12 of the 19 predicted DNA replication, recombination, and repair enzymes, including
the DNA-dependent DNA replication polymerase, polB. This suggests that at least some part of

the DNA replication process occurs within the host cell nucleus.

4.3.5. Transcription

Most NCLDVs encode a DNA-dependent RNA polymerase, which allows them to transcribe their
viral mMRNA within the cytoplasm [342]. However, some members of the Phycodnaviridae family,

such as chloroviruses and prasinoviruses, do not encode an RNA polymerase gene. Instead they
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rely on the host's RNA polymerase and enter the nucleus to initiate viral gene transcription [56].
Similarly, the CpV-BQ1 genome does not encode a recognizable RNA polymerase and therefore

its lytic cycle most likely involves a nuclear localization step necessary for gene transcription.

To gain control of the host RNA polymerase Il (RNA pol), CpV-BQ1 encodes several eukaryotic-
like transcription factors (TFs) that likely interact with the host's RNA pol and alter its activity. CpV-
BQ1 encodes two transcription factor IIB (TFIIB) proteins and a TATA box binding protein (TBP),
which are similar to general eukaryotic TFs [343]. During eukaryotic transcription initiation, RNA
pol is recruited to the DNA promoter by a complex of general TFs including TFIIB and TBP. With
virus encoded TFs, viruses can redirect the RNA pol to initiate the transcription of viral genes
[343]. CpV-BQ1 also encodes two specific TFs which activate viral genes expressed in the late
transcription phase, including virus late transcription factor 3 (VLTF-3) and an MYM-type zinc-

finger FCS motif containing protein [344—-346].

A handful of other genes important for transcription are encoded by the CpV-BQ1 genome.
Transcription elongation factor S-1l (TFIIS) stimulates the cleavage activity of RNA pol when the
transcription complex becomes stalled, allowing transcription to be restarted at the newly created
3’ prime end [313]. Two mRNA-capping enzymes are encoded that ensure the protection and
efficient transcription of mMRNA. A protein Blast analysis of these two mRNA-capping enzymes
show they may differ in their evolutionary origin and possibly function. The first is encoded at
locus BQ1_111 and is similar to bacterial and eukaryotic mRNA capping enzymes, while the
second locus is similar to archaeal and viral mRNA capping enzymes. Moreover, an RNA cap
guanine-N2 methyltransferase family protein likely methylates the 5’ prime cap on mRNA, which
is suspected to increase the synthesis of viral transcripts [347]. Lastly, the enzyme ribonuclease
Il (RNase Ill) is encoded by the CpV-BQ1 genome. RNase Il proteins are involved in the

processing and maturation of RNA species, including tRNA, rRNA, and mRNA, as well as the
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degradation of mMRNAs. The specific role of RNase |ll encoded by NCLDVs is not well understood,

however it is suspected that it is involved in RNA cleavage and tRNA maturation processes [348].

During the nuclear infection stage, chloroviruses such as Paramecium bursaria chlorella virus
(PBCV-1) not only redirect host transcriptional machinery, but they also repress the expression
of host genes [19]. It is likely that CpV-BQ1 uses mechanisms similar to PBCV-1 to decrease the
transcription of host genes and prioritize the expression of its own genes. In the virion, PBCV-1
packages methylation, restriction endonuclease, and chromatin-remodeling enzymes that are
released upon nuclear entry of virion particles. In consort, these enzymes methylate, degrade,
and remodel host DNA effectively downregulating the production of host transcripts [19]. CpV-
BQ1 encodes several methylase enzymes and endonucleases, some of which may target host
DNA. Additionally, CpV-BQ1 encodes a SWIB/MDM2-domain containing protein; the SWIB
domain, although not fully understood, can function as a transcriptional activator or as a
chromatin-remodeling protein [349]. Thus, circumstantial evidence suggests the CpV-BQ1

genome contains the necessary protein apparatus to downregulate host gene transcription.

4.3.6. Nucleotide Transport and Metabolism Proteins

To facilitate rapid genome replication, some NCLDVs encode DNA precursor metabolism proteins
that generate pools of available deoxythymidine triphosphate (dTTP) [27]. The CpV-BQ1 genome
encodes several genes that are important for dTTP synthesis, including deoxycytidylate
deaminase (dCD), thymidine kinase (TK), deoxyuridine 5’-triphosphate nucleotidohydrolase
(dUTPase), thymidylate synthase ThyX (thyX) and ribonucleoside-diphosphate reductase (RNR)

(Figure 4.6) [350].
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Figure 4.6. Biosynthesis of Deoxythymidine Triphosphate (dTTP). KEGG ontology pyrimidine metabolism
pathway (https://www.kegg.jp/pathway/ec00240+3.5.4.12). Substrates are in green boxes, enzymes written
in black text convert substrates following the direction of the arrow heads. Enzyme names that are bolded
are encoded by the CpV-BQ1 genome, while the remaining enzymes are not encoded by the CpV-BQ1
genome.

The three enzymes dCD, TK, and dUTPase convert their respective substrates to dUMP, an
essential precursor molecule for the production of dTMP by the enzyme thyX (Figure 4.6).
Furthermore, TK can also phosphorylate available thymidine to produce dTMP [351]. dTMP can
then be phosphorylated by dTMP kinase then nucleoside diphosphate kinase to produce dTTP
that can be incorporated into replicating viral DNA, however, the CpV-BQ1 genome does not
encode either of these enzymes (Figure 4.6). In addition to contributing to dTTP biosynthesis,
RNR can also convert CDP to dCDP with help from the protein glutaredoxin, which is encoded by
the CpV-BQ1 genome. dCDP can then be phosphorylated by nucleoside-diphosphate kinase to
produce dCTP, which can be used for DNA synthesis. However, it has been shown that these
proteins are only essential for maintaining dCTP levels when similar host enzymes have been
depleted [352]. Other studies have demonstrated that glutaredoxin is an important component in

a redox cascade reaction that is required for virion assembly [353]. Analysis of the CpV-BQ1

encoded glutaredoxin with subcellular prediction tool DeeplLoc identified an endoplasmic
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reticulum (ER) localization signal, thus this protein is more likely to be located at ER virus factories

and involved in virion assembly and packaging.

The CpV-BQ1 genome also encodes an NUDIX hydrolase. NUDIX proteins hydrolyze substrates
containing a nucleoside diphosphate linked to some other moiety, increases free nucleotides
available for metabolism [354]. It remains unclear what substrate(s) the CpV-BQ1 encoded
NUDIX hydrolase has specificity to, however it has been shown that NUDIX enzymes in NCLDVs
Vaccinia Virus, African Swine Fever Virus (ASFV), and Mimivirus L375 function as mRNA
decapping enzymes. This decapping process is thought to facilitate mMRNA turnover and increase

the availability of ANTPs [355].

4.3.7. DNA Methylation

Methyltransferases (MTases) are present in all domains of life however they are not highly
prevalent amongst viruses. Within viruses, MTases are most often reported in bacteriophages
and some members of the Phycodnaviridae family [350,356]. Phycodnaviruses often use their
encoded MTases to methylate their own genome. Moreover, it has been observed that some
chloroviruses encode their own restriction-modification (R-M) systems, complete with type Il site
specific restriction enzymes to degrade host or foreign DNA and MTases to protect their own
genome from degradation [356,357]. The CpV-BQ1 genome encodes five methyltransferase
enzymes, including a D12 class N6 adenine-specific DNA methyltransferase protein (mAG-
MTase), DNA cytosine-5 methyltransferase (mC5-MTase), FbkM methyltransferase, a SAM-
dependent methyltransferase, and the previously discussed RNA cap guanine-N2
methyltransferase. The possibility of a CpV-BQ1 encoded R-M system was investigated but is
unlikely as we could not identify any type Il site-specific restriction enzymes in the CpV-BQ1

genome.
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mA6-MTase methylates the amino group at the C6 position of adenine in specific nucleotide
motifs, creating an N®-methyl-adenine modification [356,358]. N8-methyl-adenine modifications
are rare amongst eukaryotes but are widespread amongst Phycodnaviridae family members
[351,356,359,360]. The CpV-BQ1 genome is AT-rich, with a 67.68% AT content, which makes
adenine a highly prevalent nucleotide and robust candidate for methylation. Therefore, this
enzyme likely specifically methylates the CpV-BQ1 genome to provide protection from

degradation by nucleases.

mC5-MTase methylates the 5th carbon on the pyrimidine ring of cytosine in specific nucleotide
motifs, creating a 5-methyl-cytosine modification [361,362]. 5-methyl-cytosine modifications are
commonly found in eukaryotic genomes and are implicated in various functions such as regulating
gene expression, transposon silencing, genomic imprinting, and development [356]. This
modification is also found in some virus genomes including Phycodnaviridae family members and
is thought to provide the viral genome protection from nucleases [350,356,360]. The mC5-MTase
encoded by CpV-BQ1 is likely required for methylation of its own genome. However, it also could
be involved in manipulating its host's cellular processes, such as downregulating the expression
of host genes. To explore the CpV-BQ1 genome methylation landscape single-molecule real-time
sequencing could be used to identify both N8-methyl-adenine and 5-methyl-cytosine modifications
and gain deeper insight into the protection and gene regulation mechanisms provided by these

MTases [356,363].

FkbM methyltransferase is a S-adenosyl-L-methionine (SAM) transferase dependent
methyltransferase enzyme with O-methylation activity [364]. FkbM was originally isolated from
bacteria and has been shown to perform post-modification of the macrocyclic polyketides FK506,
FK520, and the antibiotic rapamycin [365]. FkbM has also been found in Phycodnaviridae
genomes, however, its substrate interactions and function is unknown [350,351,366]. The final

methyltransferase encoded by CpV-BQ1 could not be assigned a specific function and is
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designated a general SAM-dependent methyltransferase [367]. SAM-MTases are a broad group
of methyltransferases found in all domains of life that serve many different biological functions,

thus, the functional role of this CpV-BQ1 encoded enzyme is unknown [368].

4.3.8. Sugar Manipulation

Three glycosyltransferase proteins were identified in the CpV-BQ1 genome. Glycosyltransferases
attach sugar moieties to proteins, which can constitute important post-translational modifications.
Glycosidic bonds are catalyzed using sugar donors that contain either a nucleoside phosphate or
a lipid phosphate leaving group [369,370]. Glycosyltransferases are classified into hierarchical
groups based on families, clans, and fold structures [371]. A total of 137 glycosyltransferase (GT)
families have been classified to date, listed on the carbohydrate-active enzymes (CAZy) database

(http://www.cazy.org/) [372]. Of the three identified GTs in the CpV-BQ1 genome, two were

classified as members of specific families, while the third could not be classified as a specific GT

family member.

The GT encoded at locus BQ1_30 belongs to the family GT2. The GT2 family is one of the largest
GT groups and contains members with a wide variety of catalytic activities. These enzymatic
functions include, but are not limited to, cellulose synthase, chitin synthase, hyaluronan synthase,
and B-glucosyltransferase [371]. GT2 family members contain a GT-A fold defined by two closely
positioned B/a/f Rossmann domains, and use an inverting mechanism during catalysis of the

donor substrate [370].

The GT encoded at locus BQ1_106 belongs to the family GT17, a small GT group in which all
family members exhibit B-1,4-N-Acetylglucosaminyltransferase (GnTlll) activity and use an
inverting mechanism during catalysis [371]. In vertebrates, GnTlIll catalyzes the formation of
bisecting N-acetylglucosamine (GIcNAc) residues on N-glycans within the Golgi apparatus. This

modification inhibits the action of branching enzymes, preventing the formation of highly branched
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N-glycan structures [373,374]. In viruses, glycans are commonly N-linked to a glycoprotein
asparagine residue via GlcNAc [375]. These modifications are prevalent on glycoproteins in virion
envelopes and play important roles in viral infection stages, including progeny formation and

cellular infection [375].

Moreover, some NCLDV virions have glycans attached to the surface of major capsid proteins via
the activity of GTs [376]. Thus, possible functions of the three GTs encoded by CpV-BQ1 may be
the synthesis of N-glycans on major capsid proteins or glycoproteins in the virion envelope,

however, these possibilities have yet to be explored experimentally.

4.3.9. Protein and Lipid Binding, Synthesis, and Modifications

The CpV-BQ1 genome encodes two proteins that likely participate in protein synthesis, the
translation initiation factor 4E (eTIF4E) and DNAJ. The eTIF4E facilitates binding of the host’s
ribosome to the 5’ prime cap of mMRNA, which initiates protein translation [377]. DNAJ, originally
identified in prokaryotes, functions as a co-chaperone protein to Hsp70 and aids in protein folding
[378]. However, studies of DNAJ homologs in viruses show this protein has diverse roles and can
also be involved in genome replication, transcriptional activation, virion assembly, and cellular
transformation [378]. Thus, further study is required to determine the exact functional nature of
the DNAJ protein encoded by CpV-BQ1. The CpV-BQ1 genome also encodes three tRNAs,
including tRNA-Leu, tRNA-Arg, and tRNA-Ile, which are required for incorporation of these three

amino acids into nascent peptide chains [335].

Protein modification enzymes encoded by CpV-BQ1 indicate the host ubiquitination pathway is
used by this virus to modulate proteins and perhaps subvert host defense mechanisms.
Ubiquitination of proteins can either modulate their activity or signal their degradation [15]. Four
E3 ubiquitin ligase proteins are encoded by the CpV-BQ1 genome. Interestingly, one of the E3-

ligases encoded by the genome was denoted as a N1r/p28-like protein. The N1r/p28 protein was
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the first E3-ligase discovered in poxviruses, it is recruited to virus factories within the cell and is
an important virulence factor [15,379]. Thus, the CpV-BQ1 encoded N1R/p28 protein may be
involved in the ubiquitination of important proteins within virus factories. Other proteins that may
be involved in protein modification include six F-box domain containing proteins, which are
thought to be involved in the ubiquitin-ligase complex [380], as well as, two proteins containing a
metallopeptidase (WLM) domain, which are also thought to be associated with ubiquitin-signaling

pathways [381].

Lastly, the patatin-like phospholipase protein encoded by CpV-BQ1 has also been found in many
other NCLDVs however its function is not well understood [382]. In plants, patatin phospholipase
catalyzes the cleavage of fatty lipids from membranes [383], while in bacteria, this protein has

been implicated in the pathogen-host interaction [384].

4.3.10. DNA Packaging and Genome Completeness

The CpV-BQ1 genome encodes the viral A32 protein found in all NCLDVs that is essential for the
packaging of viral DNA into virions [382,385]. Silencing of the viral A32 protein results in virion
structures devoid of viral DNA [386]. A32 is thought to form a hexameric ring on the membrane

surface of immature virions and pumps complete viral DNA into the virion [27].

In addition to the A32 protein, packaging of many NCLDV genomes, including Poxviridae [387],
ASFV [388], phycodnaviruses [389—391], and mimiviruses [297,392], requires the presence of
inverted terminal repeats on the distal ends of their genomes [393]. These inverted repeats
contain, in order, genes, tandem DNA repeats, and mismatched hairpin ends that interact with
packaging enzymes ensuring complete genomes are incorporated into virions [27]. The CpV-BQ1
genome has inverted repeats 3928 bp long at its distal ends that contain identifiable genes and
tandem repeats. The possibility of hairpin sequences in the first 30, 40, 50, and 100 bp of the

genome was investigated using the DNA secondary structure prediction tool by vector builder
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[394] (Figure 4.7). Of the four analyzed sequences, the 50 bp sequence provides the most
promising mismatched hairpin structure, as it is similar to the stem-loop organization of the

vaccinia virus hairpin motifs [387].

The presence and structure of mismatched hairpin ends cannot be verified by genome assembly
alone. However, based on the presence of terminal distal repeats and their well-defined role in
other NCLDVs [27,389,392,393] as well as preliminary secondary structural analysis, it is likely
that the CpV-BQ1 genome forms hairpin structures. Most importantly, as distal inverted repeats
are a signature of many NCLDV genome ends, the presence of these inverted repeats on the
distal ends of the CpV-BQ1 genome provide strong evidence that the CpV-BQ1 genome has been

sequenced completely.

LY - %
A s o%re
TG S 3 - ,,97:»&‘0 "6
% ¢ § &3 £ g
[ty G, A B ATT. &1 2 9
« £ e T, )8 4
Vg G R &
VG‘OO R4 Az Aw«—‘rt %’If -
Qﬁ‘ R A ~T*‘ .AA - ” 4; 3';
W 4 g
z ‘4" TT,'A Qk ,,\P\ 2«\
Py » T, I Ax
N { AN A @
S @Q Ay T-A 2
S P o) iy
et e 23
IT gl Q’c,
Tod X 7
Zone”
30 bp 40 bp 50 bp 100 bp

Figure 4.7. Potential Hairpin Structures of CpV-BQ1 Genome Termini. Possible secondary DNA hairpin
structures formed by the 30, 40, 50, and 100 bp ends of the CpV-BQ1 genome modeled using the DNA
secondary structure tool by VectorBuilder [394].

4.3.11. Virion Capsid and Associated Structural Proteins

Four putative viral capsid proteins were identified in the CpV-BQ1 genome. InterPro analysis of
putative capsid proteins at locus BQ1_139, BQ1_140, and BQ1_141 identified an adenovirus
hexon domain in these three proteins. The adenovirus hexon domain contains a jelly-roll fold that

is a signature feature of NCLDV capsid proteins [395,396]. Furthermore, these three proteins and
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BQ1_142 had a high degree of structurally similarity to other NCLDV capsid structures when
analyzed with the homology-based protein fold recognition tool Phyre2 [397]. Lastly, these
proteins are encoded sequentially on the same strand. This proximity would permit the synthesis
of all four genes in tandem, making their synthesis highly efficient. NCLDV capsid proteins have
a high degree of sequence variation; a protein Blast analysis of these four proteins did not detect
any sequence homology with other proteins [345]. Thus, if these putative capsid proteins are
indeed structural components of the virion capsid, this would expand our knowledge of NCLDV
capsid sequences and aid in the identification of other capsids. Additionally, two minor capsid
proteins were identified in the CpV-BQ1 genome. The minor capsid P9 transmembrane helices
containing protein has domains similar to the inner capsid P9 structure of the NCLDV PBCV-1
[396]. The second minor protein is a tape measure protein, which likely spans from one virion
icosahedral vertex to another and is thought to play a critical role in mediating the capsid size and

maintaining the orientation of capsomers to one another during assembly [398].

The CpV-BQ1 genome also encodes two tail fiber proteins, one of which contains a fibronectin Il
binding domain. Tail fiber proteins are found in bacteriophages and facilitate the injection of viral
DNA into cells. However, they have also been found in some NCLDVs including in chloroviruses
and other phycodnaviruses [351,399]. In PBCV-1, tail fiber proteins form a spike on a vertice of
the icosahedral capsid structure that interacts with the host cell to facilitate virion entry [399,400].
Similarly, the CpV-BQ1 genome tail fiber proteins may form a spike on the capsid to facilitate

cellular entry.

An important post-translational NCLDV capsid protein modification for assembly and stabilization
is the formation of disulfide bonds between conserved cysteine residues [15,401]. These bonds
are catalyzed by a redox reaction requiring two enzymes, a thioredoxin domain containing protein
and an ERV sulfhydryl oxidase [353,401]. The CpV-BQ1 genome encodes an ERV/ALR sulfhydryl

oxidase and two thioredoxin domain-containing proteins, a thioredoxin and a glutaredoxin-like
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protein. DeepLoc subcellular predictions identified ER signaling domains on the ERV/ALR
sulfhydryl oxidase and glutaredoxin-like protein. Together, these two proteins likely complete the
redox reaction necessary for assembly and stabilization of capsid structures. DeeplLoc predicted
the thioredoxin protein is within the cytoplasmic compartment; however, this does not definitively
exclude it from involvement in the capsid redox cascade reaction. Lastly, the CpV-BQ1 genome
encodes an Ac78 gene that is similar to the baculovirus protein Ac78 [402]. This protein is
important for budded virion production, embedding of virions into occlusion bodies, and primary
cellular infection. It has been shown to play an important role in virion localization however is not

essential for virion assembly or structure [402].

4.3.12. Comparison of CpV-BQ1 and CpV-BQ2 Genomes

With the publication of this work we now have the full genome sequence of two viruses, CpV-BQ1
(this study) and CpV-BQ2 [57], which can infect C. parva. CpV-BQ1 and CpV-BQ2 are
taxonomically assigned to the NCLDV families Phycodnaviridae and Mesomimiviridae
respectively. One striking difference between CpV-BQ1 and CpV-BQ2 is their genome size. CpV-
BQ1 has a 165,454 bp genome with 32.32% GC content that encodes 193 ORFs, whereas CpV-
BQ2 has a 437,255 bp genome with 25% GC content that encodes for 503 ORFs [57]. This
difference in both size and coding potential indicates that although they share the same host, they
likely use remarkably different infection and replication strategies. For example, CpV-BQ2
encodes at least eight restriction-modification (R-M) systems and 13 methyltransferases [57],
whereas CpV-BQ1 does not encode any R-M systems and only encodes 4 methyltransferases.
This indicates these viruses use very different methods to protect their own DNA and/or degrade
host DNA, which can alter cellular processes such as metabolism, transcription, and translation
[356,357]. Furthermore, the presence of an RNA polymerase (RNA pol) Il gene in CpV-BQ2 and
its absence in CpV-BQ1 indicate these viruses use very different infection and replication

strategies. RNA pol encoding viruses can transcribe their own DNA, NCLDVs that encode their
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own RNA pol typically carry out transcription, genome replication, and virion packaging all within
the host’s cytoplasm [342]. On the other hand, NCLDVs that do not encode an RNA pol require a
nuclear infection step to hijack their host’'s transcriptional machinery that is followed by a
cytoplasmic infection wherein virion packaging occurs [56]. Thus, CpV-BQ1 likely uses a two-step
infection/replication strategy that includes both cytoplasmic and nuclear infection that requires
coordination across subcellular compartments, whereas CpV-BQ2 likely infects C. parva through

a one-step cytoplasmic approach.
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4.4. Conclusions

In this study we have sequenced and annotated the complete linear 165,454 bp genome of
Chrysochromulina parva virus BQ1 (CpV-BQ1). CpV-BQ1 was originally isolated from a lake in
Ontario and is a lytic agent of the haptophyte alga C. parva. Taxonomic analysis of polB, A32
ATPase, and VLTF-3 protein sequences were used to assign the Phycodnaviridae family
classification to CpV-BQ1. The genome contains 193 genes, of which 92 could be assigned a
known function. CpV-BQ1 has hallmark genes found in many NCLDVs necessary for genome
replication, virion production, and transcription [292]. Like other phycodnaviruses, CpV-BQ1 most
likely has a two-step cellular infection life-cycle, first entering the nucleus for transcription as
evidenced by the lack of an RNA polymerase gene, then virion assembly ensues within the
cytoplasm [19,56]. Previously, another C. parva lytic agent Chrysochromulina parva virus BQ2
(CpV-BQ2) was isolated from the same water sample as CpV-BQ1 [47] its genome was
sequenced and was taxonomically assigned to the Mesomimiviridae family [57]. Thus far, co-
infection of a eukaryotic algae with viruses from both Phycodnaviridae and Mesomimiviridae
families has only been observed in the species Phaeocystis globosa [52,339]. However, only the
complete genome sequence of one P. globosa infecting virus, the group Il PgV-16T mimivirus,
has been sequenced and made available [403]. It is postulated that co-infections of eukaryotic
algae with viruses belonging to different NCLDV families is common, however, due to a lack of
data this hypothesis cannot be currently supported [52]. Indeed, only ~60 eukaryotic algal viruses
have been isolated in culture [52], while thousands of eukaryotic algal species have been isolated
and are available in culture collections around the world. This disparity emphasizes the lack of
research and knowledge surrounding eukaryotic algal virus diversity, taxonomy, life cycle, and
environmental impact. With the work reported here, we have for the first time established an algal-
virus system with complete genome sequences for both Phycodnaviridae and Mesomimiviridae

viruses. This system can be used to study the biological, ecological, and environmental
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consequences of the coding potential of these viruses, which replicate in the same host. For
example, the presence of R-M systems encoded by CpV-BQ2 and their absence in CpV-BQ1
may be relevant to inter-viral competition and suggest that BQ2 may restrict the replication of
BQ1, or the PLVs that presumably parasitize one of these viruses. With the genomic information
in hand, detailed transcriptional studies can be conducted to further understand the complicated
dynamics and relationships between C. parva and its viral parasites. In turn, this knowledge will
illuminate the potential complexities of algal virus-host interactions and is especially important

considering the critical importance of algae in the biosphere and human affairs.
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Chapter 5. Conclusions and Future Perspectives

5.1. Overview of Objectives and Contributions

This thesis sought to explore viral diversity and transmission through genomic sequencing
techniques, with the dual aims of expanding the known genetic landscape of freshwater algal
viruses and developing practical tools for viral surveillance in wastewater systems. Through three
major research projects, genomic sequencing was used to detect, characterize, and monitor
viruses in aquatic environments. The first two objectives were to develop and apply tiled-amplicon
sequencing assays for the detection and lineage characterization of clinically relevant viruses,
IAV H3N2 and RSV A, and the agriculturally significant TOBRFV in environmental wastewater
samples. The third objective was to characterize the genome of a novel freshwater algal virus

using a hybrid long- and short-read sequencing approach.

With a One Health lens, these three research projects collectively examine virus impacts across
humans, plants, and ecosystems, illustrating how viral dynamics in diverse biological systems
ultimately converge on human health and well-being. Objective one directly addresses human
health by developing and applying wastewater-based genomic surveillance approaches for the
human-infecting seasonal respiratory viruses IAV H3N2 and RSVA. This work demonstrates that
wastewater genomics is an effective, scalable, and complementary public health surveillance tool
capable of capturing community-level viral circulation independent of clinical testing biases. By
strengthening and supporting existing public health surveillance frameworks, these methods
contribute to earlier detection of outbreaks, improved public awareness, and more informed public
health decision making. Effective monitoring and control of viral disease outbreaks not only
improves individual health outcomes and reduces morbidity and mortality but also reduces
pressure on healthcare systems and healthcare professionals. Moreover, these viral genomic

surveillance approaches developed in this work enable the detection and tracking of emerging
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IAV H3N2 and RSV A and mutations that may comprise or reduce vaccine of anti-viral treatment

effectiveness, which supports adaptive public health responses.

Objective two extends the One Health framework to plant health and food product through the
development of a robust genomic tool for monitoring the ToBRFV. By enabling analysis and
characterization of the ToBRFV genome, clade distributions, and mutations, this approach
provides valuable insights for both researchers and growers. Improved understanding of TOBRFV
transmission dynamics enhances our capacity to detect outbreaks early, inform management
strategies, and mitigate virus spread. Ultimately these efforts can help reduce the frequency and
severity of TOBRFV outbreaks, limit crop losses, decrease the financial burden on growers, and
support the stability of tomato production. In doing so, this work contributes to plant health,
agricultural sustainability, and food security, all of which are essential components of human

health within a One Health framework.

Objective three addresses an often-looked ecological dimension of One Health by advancing our
understanding of algal viruses through the sequencing and annotation of the novel algal virus
CpV-BQ1. This work expands the currently limited genomic knowledge of algal viruses and sheds
light on the complex virus-host interactions the regulate aquatic ecosystems. Algal play critical
roles in ecosystems through biogeochemical and nutrient cycling, the formation of algal blooms,
and the modification of microbial community structures. By influencing algal populations and
bloom dynamics, these viruses can indirectly affect the key ecological functions algal play in
ecosystems. Through lytic activity, algal-viruses can disrupt harmful algal blooms and modify algal
populations, thereby effecting water quality, food web stability, and nutrient cycling, which result
in downstream ecosystem effects. Additionally, algal dynamics can influence carbon
sequestration, climate and weather processes, and environmental stability. Collectively, these
ecological processes underpin the health of the ecosystems upon which human societies depend.

By illuminating viral mechanisms operating at the ecosystem level, this objective reinforces the
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interconnectedness of environmental, plant, and human health which underscores the importance
of viruses within a One Health framework. This work advances the fields of environmental
virology, public health surveillance, and viral genomics by contributing a complete genome
sequence of a novel algal virus and establishing optimized sequencing assays for the detection
of viral variants of public health concern in wastewater. Together, these projects demonstrate how
viral genomics can illuminate both fundamental and applied questions in public health

surveillance, plant pathology, and viral ecology, using a One Health approach.

5.2. Summary of Key Findings

5.2.1. Wastewater-based Surveillance of Influenza A H3N2 and RSV A

For the first objective of this thesis, two novel tiled-amplicon sequencing assays were developed
and applied to wastewater samples to monitor the transmission of IAV H3N2 and RSV A variants.
Generally, increases and decreases of genomic coverage obtained with these assays mirrored
trends in reported clinical cases within the municipal public health unit region that wastewater
samples were taken from, demonstrating the potential of WBS to complement clinical surveillance

in tracking community-level transmission of IAV H3N2 and RSV A.

Through the application of variant deconvolution tools, we identified specific IAV H3N2 and RSV
A clades and identified distinct spatiotemporal patterns in variant distribution, revealing
differences in local transmission dynamics and highlighting the capacity of these tools to resolve
community-specific pathogen circulation. Additionally, by comparing the performance of the
Freyja tool with our in-house variant deconvolution tool, Alvoc, we showed that Alvoc performs
comparably to Freyja for IAV H3N2 and outperforms it in detecting RSV A variants. Collectively,
this work demonstrates that our sequencing assays, variant deconvolution tool, and WBS

approach offer a valuable complement to clinical respiratory virus surveillance, providing
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actionable insights into seasonal virus transmission dynamics, variant emergence, and public

health preparedness.

5.2.2. Development of a Tiled-Amplicon Sequencing Assay for the ToBRFV

For the second objective of this thesis, we successfully identified Tomato brown rugose fruit virus
(ToBRFV) clades present in Ontario municipal wastewater systems using a novel tiled-amplicon
sequencing assay. In silico analysis of our multiplexed PCR primers demonstrated the ability of
these primers to inclusively bind variants in all TOBRFV clades, while excluding closely related
off-target viruses within the same Tobamovirus genus. ToBRFV genomes were identified in all
tested wastewater influent samples, and the virus was identified as the most abundant RNA virus
in four out of five samples. When our ToBRFV-Seq assay to RNA shotgun sequencing were
compared we observed a statistically significantly increase in the ToBRFV reads that were

recovered by our assay.

As expected, when we used our TOBRFV-Seq assay that relies on a PCR-enrichment strategy to
recover ToBRFV reads, we achieved a statistically significant increase in both the number of
recovered ToBRFV reads and genome depth, while requiring substantially less sequencing
capacity, lower cost of materials ($24 per ToBRFV-Seq samples versus $36 for RNA shotgun

sample), and reduced labour, compared to an RNA shotgun approach.

Lastly, ToBRFV clades present in wastewater were determined using our in-house variant
deconvolution tool Altob, which detected variants in clades four and seven. According to global
transmission patterns tracked on the NextStrain ToBRFV build, clade four variants were known
to circulate in Canada, while clade seven had not yet been reported here. Notably, clade seven
variants were detected in Canada in the fourth iteration of the ToBRFV NextStrain build, after the
publication of our assay. This highlights the ability of our assay to identify clades in Canada prior

to their detection through global genomic surveillance efforts. Furthermore, these findings
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demonstrate the value of wastewater-based surveillance for monitoring plant pathogens and
capturing regional pathogen diversity, which can be difficult to document by conventional plant
disease monitoring that typically relies on symptomatic crops in privately owned agricultural

operations.

5.2.3. Assembly and Characterization of the CpV-BQ1 Genome

In the third objective of this thesis, the complete genome of Chrysochromulina parva virus BQ1
(CpV-BQ1) was successfully assembled using a hybrid long-read Oxford Nanopore and short-
read lllumina sequencing approach. The 165,454 bp genome was thoroughly characterized, it
contained 193 ORFs, of which 92 could be assigned a putative function. Putative gene functions
were assigned using a comprehensive and extensive analysis of ORFs via a combination of
sequence homology, protein domain and family, and hidden Markov model prediction tools.
Hallmark NCLDV genes, the DNA polymerase B, A32-like packaging ATPase, and virus late
transcription factor 3, were used to confidently assign CpV-BQ1 to the phylum Nucleocytoviricota,

class Megaviricetes, order Algavirales, and family Phycodnaviridae.

Putative genes were placed in eight distinct categories, and their functional potential was
thoroughly investigated using published literature. These functional categories included:
DNA/RNA replication, recombination, and repair; nucleotide metabolism and DNA packaging;
transcription; sugar manipulation; DNA methylation, protein and lipid binding, synthesis, and

modifications; virion capsid and associated protein; and miscellaneous functions.

Genes involved DNA/RNA replication, recombination, and repair were identified, suggesting CpV -
BQ1 is not reliant on its hosts cellular machinery for genome replication and the presence of
nuclear localization signals on many of these genes indicates replication occurs in the hosts
nucleus. Moreover, CpV-BQ1 did not contain an identifiable DNA-dependent RNA polymerase,

thus, it is likely dependent on its host transcriptional machinery to generate mRNA transcripts.
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From this, we hypothesized that CpV-BQ1 uses a two-step infection process, wherein genome
replication and gene transcription occur during a nuclear infection step, followed by virion
assembly and packaging in a cytoplasmic infection step. CpV-BQ1 also encoded a
comprehensive set of genes to alter host gene expression, transcription, and translation. These
extensive host modifications and manipulations by CpV-BQ1 likely create a host environment
suited its specific needs and beneficial for its own virion replication processes. Additionally, CpV-
BQ1 contains unique major capsids proteins (MCPs) that expand our knowledge of capsid protein

sequences and our ability to identify similar proteins with homology-based searches.

With this work we now have a second fully sequenced virus that infects the ecologically significant
alga C. parva. However, it is the first well characterized genome, with extensive characterization
of its genomic content and functional coding-potential. Overall, our knowledge of NCLDVs that
infect freshwater algal is very limited. Thus, these findings expand our knowledge algal-virus
genomics and provides a well-characterized model system for exploring the ecological and

metabolic impacts of viruses that infect C. parva.

5.3. Integration of Thesis Objectives and Contributions

Across these three objectives, this thesis highlights the capacity of genomic sequencing
approaches to address research questions in environmental virology, from the characterization
and study of novel freshwater viruses to surveillance of human respiratory and plant viruses in
wastewater systems and emphasizes the value of knowledge integration through a One Health
framework. The use of hybrid genome assembly with the TryCycler pipeline for the CpV-BQ1
demonstrates its strength in resolving large complex viral genomes. Characterization of the CpV-
BQ1 genome expands our understanding of algal-viral host relationships and the functional
potential of viruses in freshwater ecosystems. The implementation of tiled-amplicon sequencing

for TOoBRFV, IAV H3N2, and RSV A demonstrates the sensitivity, cost-effectiveness, scalability,
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and adaptability of surveillance in complex wastewater samples where virus titers are often too
low to resolve by shotgun sequencing approaches. Moreover, the pairing of this sequencing
strategy with variant deconvolution tools advances our capacity to resolve mixed virus lineages
in wastewater, offering useful, fine-scale, and real-time resolution of viral transmission dynamics

at the community-level.

5.4. Final Remarks and Conclusions

This thesis demonstrates how environmental virology and a One Health approach, powered by
genomic sequencing technologies, can advance both applied pathogen surveillance and
ecological research. From the application of tiled-amplicon sequencing approaches to detect
ToBRFV and respiratory virus in wastewater to complete genomic characterization of a previously
undescribed freshwater algal virus, this work contributes to our understanding of viral diversity,
ecology, and transmission dynamics in freshwater and human engineered water systems.
Collectively, these projects demonstrate the utility and ability of viruses in freshwater to integrate
ecological virology and applied surveillance system, highlighting the interconnectedness of
environmental, agricultural, and public health systems within a One Health framework. By
developing and applying scalable, sensitive, and versatile sequencing approaches, this thesis
establishes a practical framework for future studies aimed at both virus discovery and public

health preparedness in an era of increased interest in viral research and emerging viral threats.
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Appendices

Supplementary Table 2.1. Locations of Wastewater Sample Collection.

Region Collection Site Collection System Sample Type
Peel GE Booth Wastewater Treatment Plant 24 h composite
York Leslie Street (York 1) Linear Pipe Collection Site Grab

York Warden (York 2) Pumping Station Grab

Waterloo Kitchener Wastewater Treatment Plant 24 h composite
Waterloo Cambridge Wastewater Treatment Plant 24 h composite
Hamilton Hamilton Wastewater Treatment Plant 24 h composite

Supplementary Table 2.2. Dates of Wastewater Sample Collection. The collection date of samples from
six sites and dates of surveillance week.

Surveillance Dates of Surveillance

Week Week GE Booth York 1 York 2 Kitchener Cambridge Hamilton

45 Nov5-Novi11,2023  Nov6,2023  Nov6,2023  Nov6,2023  Nov6,2023  Nove, 2023  Nov7,2023
46 Nov 12-Nov 18,2023  Nov 13,2023  Nov 13,2023  Nov 13,2023 - ; Nov 14, 2023
47 Nov 19-Nov 25,2023  Nov20,2023  Nov20,2023  Nov20,2023  Nov20,2023  Nov 20,2023  Nov 21, 2023
48 Nov26-Dec2, 2023  Nov27,2023  Nov27,2023  Nov27,2023  Nov27,2023  Nov27,2023  Nov 28, 2023
49 Dec 3 - Dec 9, 2023 Dec4,2023  Dec4,2023  Dec4,2023  Dec4,2023  Dec4,2023  Dec5, 2023
50 Dec 10 - Dec 16,2023  Dec 11,2023  Dec 11,2023  Dec 11,2023  Dec 11,2023  Dec 11,2023  Dec 12, 2023
51 Dec 17-Dec 23,2023  Dec 18,2023  Dec 18,2023  Dec 18,2023  Dec 18,2023  Dec 18,2023  Dec 15, 2023
52 Dec 24 - Dec 30,2023 Dec 26,2023 - ; ; Dec 25,2023  Dec 27, 2023
1 2D§2° 431’ 2023-Jan6, .3 2004 Jan 3, 2024 Jan 3, 2024 Jan 1, 2024 ; Jan 2, 2024
2 Jan 7 - Jan 13, 2024 Jan8,2024  Jan8, 2024 Jan8,2024  Jan15,2024 - Jan 9, 2024
3 Jan14 -Jan20,2024  Jan17,2024  Jan15,2024  Jan15,2024  Jan17,2024  Jan15,2024  Jan 16, 2024
4 Jan21-Jan27,2024  Jan22,2024  Jan22,2024  Jan22,2024  Jan22,2024  Jan22,2024  Jan 23,2024
5 Jan 28 - Feb 3, 2024 Jan29,2024  Jan29,2024  Jan29,2024  Jan29,2024  Jan29,2024  Jan 30,2024
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Supplementary Table 2.3. JAV H3N2 Primers. List of tiled-amplicon IAV H3N2 primers, including, name,
amplicon, sequence, size, %GC, melting temperature, segment name, strand, primer pool, and pool
concentration.

Name Amplicon Seq size %gc Tm EZin;ent Strand Pool E‘l)li/?)l]
PB2_1_LEFT 1 AAACCACAGTGGACCATATGGC 22 50 61.07 PB2 + 1 0.4
PB2_1_RIGHT 1 TTGGCACTGAGGTCTGCATGA 21 5238 621 PB2 - 1 0.4
PB2_2 LEFT 2 AACCTTTGGCCCTGTCCATTTT 22 45.45 61.15 PB2 + 2 0.2
PB2_2 RIGHT 2 GGCCGCAATAATTAGGCTTTGG 22 50 60.72 PB2 - 2 0.2
PB2_3 LEFT 3 AGCCAGAATACTAACATCAGAATCACA 27 37.04 60.86 PB2 + 1 0.2
PB2_3_RIGHT 3 AGCTTGTTCTTCAGTCGGGTTC 22 50 60.99 PB2 - 1 0.2
PB2_4 LEFT 4 GCAGTGTCAGCAGATCCACT 20 55 60.05 PB2 + 2 0.4
PB2_4_RIGHT 4 CTTGTGAAAACACCATGGCCAC 22 50 60.98 PB2 - 2 0.4
PB2_5 LEFT 5 ACTAAGAAAAGCAACCAGAAGACTG 25 40 59.85 PB2 + 1 0.4
PB2_5 RIGHT 5 TCTCGAACTCTCAAAAACCGATCA 24  41.67 60.58 PB2 - 1 0.4
PB2_6 _LEFT 6 AGGAATAAGAGTCAGCAAAATGGGT 25 40 60.91 PB2 + 2 0.4
PB2_6_RIGHT 6 CCAAGTACGTCTCTCATTTGTTGG 24 45.83 60.16 PB2 - 2 0.4
PB2_7 _LEFT 7 AATCTTTAGTCCCCAAGGCCAC 22 50 60.48 PB2 + 1 0.2
PB2_7_RIGHT 7 TTGATGCTTAATGCTGGTCCGT 22 4545 60.8 PB2 - 1 0.2
PB2_8 LEFT 8 ACTGACTGTGAATGTGAGGGGA 22 50 61.21 PB2 + 2 0.4
PB2_8 RIGHT 8 GAAACAAGGTCGTTTTTAAACTATTCAGT 29 31.03 60.17 PB2 - 2 0.4
PB1_1_LEFT 9 GTTCCAGCGCAAAATGCCATAA 22 45.45 60.85 PB1 + 1 0.4
PB1_1_RIGHT 9 GACTTCTATGGTGTTGGCTAATGC 24  45.83 60.28 PB1 - 1 0.4
PB1_2 LEFT 10 ATGGAAGCCGTTCAACAGACAA 22 45.45 60.93 PB1 + 2 0.4
PB1_2_RIGHT 10 GGGTGTTGCAATAGCCCTTCTT 22 50 61.33 PB1 - 2 0.4
PB1_3 _LEFT 11 TGAATAAGAGAGGCTACCTAATAAGAGC 28 39.29 60.61 PB1 + 1 0.4
PB1_3_RIGHT 11 ACATTATTGGTGCGATGCTCAG 22 4545 59.56 PB1 - 1 0.4
PB1_4 LEFT 12 AAAACCCCCGAATGTTTTTGGC 22 45.45 60.93 PB1 + 2 0.2
PB1_4_RIGHT 12 ATGAGGGCAAAATCGTCTGAGG 22 50 60.86 PB1 - 2 0.2
PB1_5 LEFT 13  ACATGCTAAGTACAGTTTTAGGAGTCT 27 37.04 60.54 PB1 + 1 0.3
PB1_5_ RIGHT 13 ATTTGGGCTGTTGCTGGTCC 20 55 61.2 PB1 - 1 0.3
PB1_6_LEFT 14  GTCAGCTGACATGAGCATTGGA 22 50 61.12 PB1 + 2 0.2
PB1_6_RIGHT 14  CCATGGGCTGGCATTACTACAG 22 5455 61.25 PB1 - 2 0.2
PB1_7_LEFT 15  CTTCACATCCCTGAAGTCTGCT 22 50 60.21 PB1 + 1 0.4
PB1_7_RIGHT 15  AATCCTTCCAGACTCGAAGTCAA 23 43.48 59.68 PB1 - 1 0.4
PA_1_LEFT 16  TGGAAGATTTTGTGCGACAATGC 23 43.48 61.11 PA + 1 0.4
PA_1_RIGHT 16 CAAGGTAATATATGTGGACTTCTCTCCT 28 39.29 60.56 PA - 1 0.4
PA 2 LEFT 17  GCAACACTACTGGAGCTGGAAA 22 50 60.99 PA + 2 0.4
PA 2 RIGHT 17  GGCTCTAAAATTCTCAAGGCAGG 23 47.83 59.87 PA - 2 0.4
PA 3 LEFT 18  AGAAAAATTTGAAATCACAGGAACTATGC 29 31.03 60.47 PA + 1 0.4
PA_3 RIGHT 18  TCCATGACAGCAGGTAATTTGAATT 25 36 59.67 PA - 1 0.4
PA_4 LEFT 19  AGTGCATAAAAACATTCTTTGGATGGA 27 33.33 60.75 PA + 2 0.4
PA_4 RIGHT 19  TTGCAATGTGTTCAATTGGGGC 22 4545 60.99 PA - 2 0.4
PA 5 LEFT 20 AACAAGGCCTGTGAGCTAACTG 22 50 60.99 PA + 1 0.4
PA 5 RIGHT 20 TCTCAAGGACACAATATTTCTCCCA 25 40 60.14 PA - 1 0.4
PA 6 LEFT 21 GTGGTAAACTTTGTGAGCATGGA 23 43.48 59.68 PA + 2 0.4
PA 6 RIGHT 21 TGCATACAGGCTATTGAATACTGACT 26 38.46 60.63 PA - 2 0.4
PA 7 LEFT 22  GAGATGAGACGTTGCCTCCTTC 22 5455 60.92 PA + 1 0.2
PA_7_RIGHT 22  TGCATGTGTCAGGAAGGAGTTG 22 50 60.99 PA - 1 0.2
HA_1_LEFT 23  CCATGAAGACTATCATTGCTTTGAGC 26 42.31 61.17 HA + 1 0.4
HA_1_RIGHT 23  AACTCCAGTGTGCCGGATGA 20 55 61.5 HA - 1 0.4
HA_ 2 LEFT 24  TGTTACCCTTATGATGTGCCGG 22 50 60.6 HA + 2 0.4
HA_2 RIGHT 24  CCAATAGATGCTTATTCTGCTAGGGA 26 42.31 60.74 HA - 2 0.4
HA_3_LEFT 25  TTCTTTAGTAGATTAAATTGGTTGACCCA 29 31.03 59.96 HA + 1 0.4
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HA_3_RIGHT
HA_4_LEFT
HA_4 RIGHT
HA_5_LEFT
HA_5_RIGHT
HA_6_LEFT
HA_6_RIGHT
NP_1_LEFT
NP_1_RIGHT
NP_2 LEFT
NP_2_RIGHT
NP_3_LEFT
NP_3 RIGHT
NP_4_LEFT
NP_4_RIGHT
NP_5 LEFT
NP_5 RIGHT
NA_1_LEFT
NA_1_RIGHT
NA_2 LEFT
NA_2_RIGHT
NA_3_LEFT
NA_3_RIGHT
NA_4_LEFT
NA_4 RIGHT
MP_1_LEFT
MP_1_RIGHT
MP_2 LEFT
MP_2_RIGHT
MP_3_LEFT
MP_3_RIGHT
NS_1_LEFT
NS_1_RIGHT
NS_2 LEFT
NS_2_RIGHT

25
26
26
27
27
28
28
29
29
30
30
31
31
32
32
33
33
34
34
35
35
36
36
37
37
38
38
39
39
40
40
M
M
42
42

GGAGTGATGCATTCAGACTTGC
GGAATCTAATTGCTCCTAGGGGT
TCAATCGATTCAGCTTCCCATTGA
TCATAGAAAATGGTTGGGAGGGAA
TCACATTTGTGGTATATTTTGAAACAACC
GCCCTGGAGAACCAACATACAA
CAAGGGTGTTTTTAATTAATGCACTCA
AGCAGGGTTGATAATCACTCACTG
GCGCCAGATTCGCCTTATTTCT

TGATGAAAGAAGGAATAAATACCTGGAAG

AATTTCGATCGTTGATCCCCCG
ATGTGCTCTCTGATGCAGGG
TCCCACCAAGGAATATCCCTCT
TCACAAATCTTGCCTACCTGCC
GGAGGCCCTCTGTTGATTAGTG
ACAAATTGCTTCAAATGAGAACATGG
TCGTACTCTTCTGCATTGTCTCC
AACCAAGTGATGCTGTGTGAAC
CTGGACCATGCTATGCACACTT
ATTCGATTAGGCTTTCCGCTGG
GTCATTACTACTGTACAAGTTCCATTGA
ACGGGGGATGATAAAAATGCAAC
TTCTGGGTGTGTCTCCAACAAG
AAAGGATCCAACCGGCCCAT
TCAGTTTCCTCTTTTCTTCCCCT
GCAGGTAGATATTGAAAGATGAGCC
TATATGAGGCCCATGCAACTGG
ACATGGACAAAGCAGTTAAACTGT
ACTAGGATGAGTCCCAATGGCT
AAATGGCTGGATCAAGTGAGCA
TGCTGACAAAATGACTGTCGTC
GCAGGGTGACAAAGACATAATGG
TTTCTCCATGATTGCCTGGTCC
AGAAACTGGTTCATGCTAATGCC
TCTTCAAACTTCTGACCTAGCTGT

22
23
24
24
29
22
27
24
22
29
22
20
22
22
22
26
23
22
22
22
28
23
22
20
23
25
22
24
22
22
22
23
22
23
24

50
47.83
41.67
41.67
31.03
50
33.33
45.83
50
34.48
50

55

50

50
54.55
34.62
47.83
4545
50

50
35.71
43.48
50

55
43.48
44

50
37.5
50
4545
4545
47.83
50
43.48
41.67

60.08
59.61
60.95
60.04
60.42
60.74
59.83
60.95
61.81
60.32
61.24
59.84
60.21
61.06
60.6

60.01
60.37
59.82
61.12
61.25
59.98
60.12
60.6

61.89
59.54
59.97
60.41
59.68
60.82
60.74
59.63
60.12
60.81
59.81
59.98

HA
HA
HA
HA
HA
HA
HA
NP
NP
NP
NP
NP
NP
NP
NP
NP
NP
NA
NA
NA
NA
NA
NA
NA
NA
MP
MP
MP
MP
MP
MP
NS
NS
NS
NS

NN =2 =2 NN =2 2NN 2NN =2 2NN 2NN 2NN =2 2NN -

0.4
0.4
0.4
0.4
0.4
0.2
0.2
0.2
0.2
0.4
0.4
0.2
0.2
0.2
0.2
0.4
0.4
0.4
0.4
0.4
0.4
0.2
0.2
0.4
0.4
0.2
0.2
0.4
0.4
0.4
0.4
0.2
0.2
0.4
0.4
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Supplementary Table 2.4. RSV A Primers. List of tiled-amplicon RSV A primers, including, name,
amplicon, sequence, size, %GC, melting temperature, strand, primer pool, and pool concentration.

Name Amp Seq size %gc Tm  Strand Pool [&Ol\;l)]
RSV_1_LEFT 1 AATGCGTACAACAAACTTGCGT 22 4091 60.4 + 1 05
RSV_1_RIGHT 1 GCCATTAGGTTGAGAGCAGTGT 22 50 60.8 - 1 05
RSV_2_LEFT 2 TGTTATTACAAGTAGTGATATTTGCCCT 28 3214 59.56 + 2 05
RSV_2_RIGHT 2 TCATCAGTCTTTGTGGTGTGGT 22 4545 60.01 - 2 05
RSV_3_LEFT 3 CAGAAGATAAAAATGGGGCAAATAAATCA 29 31.03 60.12  + 1 05
RSV_3_RIGHT 3 TTATGGGTGTGTGCTTGGTAGG 22 50 60.47 - 1 05
RSV_4_LEFT 4 AACACAAAATATGGCACTTTCCCT 24 375 59.73 + 2 05
RSV_4_RIGHT 4 GCCACATAACTTATTAATGTGTTTCTGC 28 35.71 60.55 - 2 05
RSV_5_LEFT 5 CCAGCAAATATACCATCCAACGG 23 47.83 60 + 1 05
RSV_5_RIGHT 5 GTCATGCCTGTATTCTGGAGCC 22 54.55 61.25 - 1 05
RSV_6_LEFT 6 GCAAGCTTAACAACTGAAATTCAAATCA 28 3214 60.8 + 2 05
RSV_6_RIGHT 6 CCCTGCACCATAGGCATTCATA 22 50 60.41 - 2 05
RSV_7_LEFT 7 GGTATAGCACAATCTTCTACCAGAGG 26 46.15 60.96 + 1 05
RSV_7_RIGHT 7 ACCATTTTCTTTGAGTTGTTCAGCA 25 36 60.49 - 1 05
RSV_8_LEFT 8 TGGCCTAGGCATAATGGGAGAA 22 50 61.16  + 2 05
RSV_8_RIGHT 8 TGGTTGAATTTGATGTTATAGGGCTT 26 34.62 59.78 - 2 05
RSV_9_LEFT 9 CACATCACCCAAAGATCCCAAGA 23 47.83 60.82 + 1 05
RSV_9_RIGHT 9 ATACCATCCCGAGCAGATGTGG 22 54.55 62.12 - 1 05
RSV_10_LEFT 10 CAAACGATAATATAACAGCAAGATTAGATAGG 32 31.25 5998 + 2 05
RSV_10_RIGHT 10 GGTGAGTTGGTTTGTTTGTTGGT 23  43.48 60.56 - 2 05
RSV_11_LEFT 11 AGTGACAATGATCTATCACTTGAAGATT 28 3214 59.56 + 1 05
RSV_11_RIGHT 11 CCTTGGGTGTGGATATTTGTTTCAC 25 44 60.95 - 1 05
RSV_12_LEFT 12 GTGCCCATGTTCCAATCATCCA 22 50 61.4 + 2 05
RSV_12_RIGHT 12 TTTCTGACGCTGATAGATCTTAGGT 25 40 59.79 - 2 05
RSV_13_LEFT 13  TGCAGTCTAACATGCCTAAAATCAA 25 36 59.67 + 1 05
RSV_13_RIGHT 13  TTGCAAATCGTGTAGCTGTGTG 22 4545 60.21 - 1 05
RSV_14_LEFT 14 GCCACAAAGTCAATTCATAGTAGATCT 27 37.04 5999 + 2 05
RSV_14_RIGHT 14  CCATTGGTTGATTTTATCTAGCGTGT 26 38.46 60.62 - 2 05
RSV_15_LEFT 15  GTTCATCAGATCCAGTACTCAAATAAGT 28 3571 59.82 + 1 05
RSV_15_RIGHT 15 GCATGGTGAGATGTTGATGTGG 22 50 60.08 - 1 05
RSV_16_LEFT 16 AGCATTCACCAATCTGATAGCTCA 24 41.67 6047 + 2 05
RSV_16_RIGHT 16 CTTTGTGGTTTGCCGAGGCTAT 22 50 61.64 - 2 05
RSV_17_LEFT 17  AGGACCTGGGACACTCTCAATC 22 54.55 61.34 + 1 05
RSV_17_RIGHT 17  GTTGTTTTGTGGTGGGTTTGCT 22 4545 60.8 - 1 05
RSV_18_LEFT 18  GAGTCAACCCCACAATCCACAA 22 50 60.93 + 2 05
RSV_18_RIGHT 18 GTGTTGGAGGTGAGCAGTGTAG 22 54.55 61.05 - 2 05
RSV_19_LEFT 19  ACCTCAAACCACAAAACCAAAGG 23  43.48 60.31 + 1 05
RSV_19_RIGHT 19 TGAGGATTGGCAACTCCATTGT 22 4545 60.41 - 1 05
RSV_20_LEFT 20 TCCACTCAACCACCTCCGAA 20 55 60.78 + 2 05
RSV_20_RIGHT 20 TCTGTACCATTACACTTATTTTCCTTGAT 29 31.03 59.81 - 2 05
RSV_21_LEFT 21 GCAAAGGCTATCTTAGTGCTCTAAG 25 44 59.91 + 1 05
RSV_21_RIGHT 21 AGCCTTGTTTGTGGATAGTAGAGC 24 4583 60.95 - 1 05
RSV_22_LEFT 22 GGCATTGCCGTATCCAAGGT 20 55 60.77 + 2 05
RSV_22_RIGHT 22 TGCTGTCTAACTATTTGAACATTGCT 26 34.62 60.01 - 2 05
RSV_23_LEFT 23  ACTACACCTGTAAGCACTTATATGTTAAC 29 34.48 60.12  + 1 05
RSV_23_RIGHT 23  TGCAGAGATTTACCTCACTTGGT 23 43.48 59.93 - 1 05
RSV_24_LEFT 24  TTTTCCCACAAGCTGAAACATGT 23  39.13 59.8 + 2 05
RSV_24_RIGHT 24  TCATCAGAGGGGAACACTAATGGA 24 4583 61.15 - 2 05
RSV_25_LEFT 25 GGGGGTGGATACTGTGTCTGTA 22 54.55 61.08 + 1 05
RSV_25_RIGHT 25 GGTGCTATTTTTATTCAGTTACTAAATGCA 30 30 60.2 - 1 05
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RSV_26_LEFT
RSV_26_RIGHT
RSV_27_LEFT
RSV_27_RIGHT
RSV_28_LEFT
RSV_28_RIGHT
RSV_29 LEFT
RSV_29 RIGHT
RSV_30_LEFT
RSV_30_RIGHT
RSV_31_LEFT
RSV_31_RIGHT
RSV_32_LEFT
RSV_32_ RIGHT
RSV_33 LEFT
RSV_33 RIGHT
RSV_34 LEFT
RSV_34 RIGHT
RSV_35 LEFT
RSV_35 RIGHT
RSV_36_LEFT
RSV_36_RIGHT
RSV_37_LEFT
RSV_37_RIGHT
RSV_38 LEFT
RSV_38 RIGHT
RSV_39 LEFT
RSV_39 RIGHT
RSV_40_LEFT
RSV_40_RIGHT
RSV_41_LEFT
RSV_41 RIGHT
RSV_42 LEFT
RSV_42 RIGHT
RSV_43 LEFT
RSV_43 RIGHT
RSV_44 LEFT
RSV_44 RIGHT
RSV_45 LEFT
RSV_45 RIGHT
RSV_46_LEFT
RSV_46_RIGHT
RSV_47_LEFT
RSV_47_RIGHT
RSV_48 LEFT
RSV_48 RIGHT
RSV_49 LEFT
RSV_49 RIGHT
RSV_50_LEFT
RSV_50_RIGHT
RSV_51_LEFT
RSV_51_RIGHT
RSV_52_LEFT
RSV_52_RIGHT

26
26
27
27
28
28
29
29
30
30
31
31
32
32
33
33
34
34
35
35
36
36
37
37
38
38
39
39
40
40
41
41
42
42
43
43
44
44
45
45
46
46
47
47
48
48
49
49
50
50
51
51
52
52

TATACTGCAAGGCCAGAAGCAC
CATGGGGTGGCCATTCAAAATAA
GTCACGAAGGAATCCTTGCAAA
TCCTGTTGCTTTCAATATATGATATGACA
AGAGTATGCCCTCGGTGTAGTT
GGAATTTATACTACAAGGATATTTGTCAGGT
TGGATATCCACAAGAGCATAACCA
GGGATCCATTTTGTCCCATAGCT
AATGAAATCCATTGGACCTCTCAAG
CACCTTTATGATACTTAGATATTAAGGACTGT
TGGTCCTTATCTCAAAAATGATTATACCA
TGTCTGCTTTAAGATGAGATTGATTATCC
TGGACAAGATGAAGACAACTCAGT
ACTAAGGCTAATATCTTTCCATGTCAAGA
TGATAGATAATCATACTCTTAGTGGATTCCA
GGCATCTGTGATGTTGTTGAGC
GGTTCTACATAATAAAAGAGGTAGAGGGA
AGCTCCTCTTAACATACTCAAACTACT
AAGACAAGCCATGGATGCTGTT
TCTATATAATTTTGTATGTGTGACGGCA
TCATAAATGATAAGGCTATATCACCTCCT
TTTCTGTAGTTCTAGATCACCATATCTTG
TGTTCAGACAAGTTCAAATATTAGCAGAG
TCTATATAGTCCACTTTGCTCATCTACA
TGTCACAATAATATGCACATATAGGCA
CCGTTATGTTGGATCGTTTTACTCA
AGAGTATGCAGGAATAGGCCAC
GGCAAATTCATATACAATGTTAATGCTGT
AGAGGTGAAAGTCTATTATGCAGTTTAA
GCATTGGGGTTTTTGTCAAACG
CCATGATTTAAAAGATAAACTTCAAGATCTGTC
GCAGAAGTCTTTTCCAGTATGTTAGT
GTTTATGAAAGTTTACCCTTTTATAAAGCAGAG
GGTCCTCTCTCACCACGTGTTA
GGACATAAAATATACAACAAGCACTATAGC
CAAAGTGATAATTTGTAGTTCTATAAGCTGGTA
TGGGTTAACATATGAGAAGGCCAA
CATATTGAGTCAAACTTATTTTGTCTGGT
CCTCCCATATTCACAGGTGATGTT
ATCACACTCCAGCTTTGCTCTG
GCTGGACATTGGATTCTTATTATACAACT
TGATAATCTATGTTAACAACCCAAGGG
GGATGTCATAGCTTCAAACTATGGTT
ACCTATACAATAGTCACTCAGTGTCTT
CACAAGTTCAATGATGAGTTTTATACTTCT
TGATGAGAAGTAGTAGTGTAAAGTTGGT
TGTATAATTTATTTCCTACGGTTGTGATTG
ATGTTGATATGTCCATTGTACAGCC
TCATAGGTGAAGGAGCAGGGAA
GTCTAATTTGAAATCGATATCATCTTGAGC
TGGAGCAAGCATGTAAGAAAATGC
CGTCCAGCTATAGAATATGATAGTATATCTCC
TCCCAGTATTTAATGTAGTACAAAATGCT
TTTTAAGTTCATTGGTTGTCAAGCTG

22
23
22
29
22
31
24
23
25
32
29
29
24
29
31
22
29
27
22
28
29
29
29
28
27
25
22
29
28
22
33

33
22
30
33
24
29
24
22
29
27
26
27
30
28
30
25
22
30
24
32
29
26

50
43.48
45.45
31.03
50
32.26
41.67
47.83
40
31.25
31.03
34.48
41.67
34.48
32.26
50
37.93
37.04
45.45
32.14
34.48
34.48
34.48
35.71
33.33
40

50
31.03
32.14
45.45
30.3
38.46
30.3
54.55
33.33
30.3
41.67
31.03
45.83
50
34.48
37.04
38.46
37.04
30
35.71
30

40

50
33.33
41.67
37.5
31.03
34.62

60.86
60.06
59.63
59.97
60.81
60.51
59.91
60.7
59.73
60.02
59.66
60.42
60.22
60.99
60.37
60.59
60.58
60.1
61
59.88
60.27
59.51
60.92
59.87
59.61
60.03
59.81
60.42
59.5
59.89
60.98
59.79
61.11
61.58
59.96
61.17
60.35
59.62
60.71
61.06
60.62
59.72
59.9
59.88
59.71
60.56
59.62
59.85
60.75
60.2
60.94
61.12
60.07
59.68

NN =2 2N N2 2NN 22NN 2NN 2NN 2NN 2NN =22 2NN 2NN 2NN =2 2NN 2NN 2NN

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
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Supplementary Figure 2.1. Location of Public Health Regions in Southern Ontario, Canada. The
boundaries of the Waterloo, Hamilton, Peel, and York public health units outlined in orange.
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Supplementary Table 2.5. List of IAV H3N2 Genes. Segment, segment name, segment length, gene
name, gene abbreviation, and location of genes of in the reference genomes, NC_007366.1 -
NC_007373.1.

Segment Segment Name Segment Length Gene Name Gene abbreviation Location
1 PB2 2341 Polymerase PB2 PB2 28 - 2307

Polymerase PB1 PB1 25-2298
2 PB1 2341

PB1-F2 protein PB1-F2 119 -391

polymerase PA PA 25-2175
3 PA 2233

PA-X protein PA-X 25-784
4 HA 1762 Hemagglutinin HA 30-1730

NP 1566 Nucleocapsid protein NP 46 - 1542

6 NA 1467 Neuraminidase NA 20 - 1429

Matrix protein 2 M2 26 - 1007
7 MP 1027

Matrix protein 1 M1 26 -784

Non-structural protein 2 NS2 27 - 864
8 NS 890

Non-structural protein 1 NS1 27 -719

Supplementary Table 2.6. List of RSV A Genes. Name, abbreviation, and location of genes of in the
reference genome, NC_001803.1.

Gene Name Gene abbreviation Location
Non-structural protein 1 NS1 45 - 576
Non-structural protein 2 NS2 956 - 1097
Nucleoprotein N 1125 - 2329
Phosphoprotein P 2331 - 3220
Matrix protein M 3224 - 4180
Small hydrophobic protein SH 4190 - 4599
Attachment Glycoprotein G 4644 - 5565
Fusion protein F 5619 - 7521
Matrix (M2/22K) M2 7567 - 8527
RNA-dependent RNA Polymerase RdRp 8460 - 15037
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Supplementary Table 3.1. List of Samples. Sample names, sites, type of collection system, serviced
population size, and raw data accessions.

Sample Region Collection Site Collection System Population  Sample Type Collection Date Sample Preparation Date
A Kingston Cataraqui Bay Wastewater Treatment Plant 52 084 24-h composite June 28th 2023 July 17th 2023
B Peel GE Booth Wastewater Treatment Plant 1 089 738 24-h composite July 10th 2023 July 17th 2023
C Galt Galt Wastewater Treatment Plant 89 714 24-h composite July 10th 2023 July 17th 2023
D York Warden - 407 Pumping Station 650 303 Grab July 10th 2023 July 17th 2023
E York Leslie Street Pumping Station 295 232 Grab July 10th 2023 July 17th 2023

Supplementary Table 3.2. Accession Numbers of 179 ToBRFV Strains Obtained from NCBI. ToBRFV
genomes listed on NextStrain used to design primers and phylogenetic analysis. The strains used for tree
building (PhyML Tree), assigned clades (Clade), and genomes used for read simulation (Sim. Reads) are
listed. Unique strain genomes used in our PhyML tree are denoted yes (PhyML Tree), identical genomes
are denoted no and the representative genome used in the PhyML Tree is listed (Rep. Genome). Strains
were assigned to the same clade by both our PhyML tree and the NextStrain build, with the expectation of
some clade 5 strains. Clade 5 strains predicted by NextStrain but not our analysis are labeled 5(N).

Accession PhyML Tree Rep. Genome Clade Sim. Reads
OM515230 yes - 3 -
OM515231 yes - - -
OM515232 yes - - -
OM515233 yes - 8 -
OM515234 yes - - -
OM515235 yes - 8 -
OM515236 yes - 3 yes
OM515237 yes - - -
OM515238 yes - 3 -
OM515239 yes - 1 yes
OM515240 yes - 3 -
OM515241 yes - 1 -
OM515242 yes - 3 -
OM515243 no MW314135 7 yes
OM515244 yes - 3 -
OM515245 yes - 7 -
OM515246 yes - 7 -
OM515247 yes - 7 -
OM515248 no OM515255 7 -
OM515249 no OM515252 7 -
OM515250 yes - - -
OM515251 no OM515252 7 -
OM515252 yes - 7 -
OM515253 no OM515255 7 -
OM515254 yes - 7 -
OM515255 yes - 7 -
OM515256 yes - - -
OM515257 no OM515266 - -
OM515258 yes - 8 yes
OM515259 yes - 7 -
OM515260 no OM515245 7 -
OM515261 yes - 1 -
OM515262 yes - - -
OM515263 yes - 3 -

156



OM515264
OM515265
OM515266
OM515267
OM515268
OM515269
OM515270
OM515271

OM515272
OM718702
OM718703
OM718704
OM718705
OM718706
MZ945419

MZ945420

MW349655
MZ323110

MZ438228

MZ202349

MZ004925

MT018320

MW314091
MW314092
MW314093
MW314094
MW314095
MW314096
MW314097
MW314098
MW314099
MW314100
MW314101
MW314102
MW314103
MW314104
MW314105
MW314106
MW314107
MW314108
MW314109
MW314110
MW314111
MW314112
MW314113
MW314114
MW314115
MW314116
MW314117
MW314118
MW314119
MW314120
MW314121
MW314122
MW314123
KT383474

MW314124
MW314125
MW314126
MW314127

yes
yes
yes
yes
no

no

yes
yes
yes
yes
yes
yes
no

yes
no

yes
yes
yes
yes
yes
yes
yes
yes
yes
no

yes
no

no

yes
no

no

no

yes
no

yes
no

yes
yes
no

yes
yes
yes
yes
yes
yes
yes
no

yes
yes
yes
no

yes
yes
yes
yes
yes
no

yes
yes
yes

OM515255
OM515245

OM515255

MZ945420

MN882033
MW314097
MW314097
MW314097
MW314101
MW314101

MN882034

MW314105

MW314109

MW314116

MW314120

MW314125
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MW314128
MW314129
MW314130
MW314131
MW314132
MW314133
MW314134
MW314135
MW314136
MW314137
MP872414

MP872415

MP875816

MP875817

MN549394

MN549395
MN549396
MT002973

MT107885

MT118666

MN882011

MN882012
MN882013
MN882014
MN882015
MN882016
MN882017
MN882018
MN882019
MN882020
MN882021

MN882022
MN882023
MN882024
MN882025
MN882026
MN882027
MN882028
MN882029
MN882030
MN882031

MN882032
MN882033
MN882034
MN882035
MN882036
MN882037
MN882038
MN882039
MN882040
MN882041

MN882042
MN882043
MN882044
MN882045
MN882046
MN882047
MN882048
MN882049
MN882050

yes
no
yes
yes
no
no
no
yes
yes
yes
no
no
no
no
yes
yes
yes
yes
yes
no
yes
yes
yes
yes
yes
yes
yes
yes
no
yes
yes
no
no
no
no
no
yes
no
yes
no
no
no
yes
yes
no
yes
no
no
no
yes
yes
no
yes
no
yes
no
yes
yes
no
yes

MW314136

MW314137
MW314135
MW314135

KT383474
KX619418
KT383474
KX619418

MN882020

MN882034
MN882034
MN882034
MN882064
MN882027

MN882029
MN882033
MN882033
MN882033

MN882034
MN882040
MN882040
MN882040

MN882043

MN882045

MN882047

MN882050
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MN882051 yes -

1
MN882052 yes - 1 -
MN882053 yes - 1 -
MN882054 yes - 1 -
MN882055 yes - 1 -
MN882056 no MN882015 1 -
MN882057 yes - 1 -
MN882058 yes - 1 -
MN882059 no MN882060 1 -
MN882060 yes - 1 -
MN882061 no MN882062 1 -
MN882062 yes - 1 -
MN882063 no MN882064 3 -
MN882064 yes - 3 -
MN815773 yes - - -
MNO013187 yes - 5(N) -
MNO013188 yes - 5(N) -
MN182533 yes - 1 -
MK648157 yes - 5(N) -
MN167466 yes - 3(5) -
MK319944 yes - 4 -
MK165457 yes - 5 (N) yes
MK133093 yes - 5(N) -
MK133095 yes - 3 -
KX619418 yes - 5(N) -

Supplementary Table 3.3. List of ToBRFV-Seq Primers. Sequences and concentration of pooled primers.

Name Pool Sequence Size %GC [Pool]

ToBRFV_1_LEFT 1 TTTACAACTACAATGGCATACACACA 26 34.62 0.5uM
ToBRFV_1_RIGHT 1 ATTGGGCATACAGCAGTGAACA 22 45.45 0.5uM
ToBRFV_2_ LEFT 2 AATGATGCAGATCCCGTACGGA 22 50 0.5 uM
ToBRFV_2_RIGHT 2 CGGCGTAACAAACATGGACATT 22 45.45 0.5uM
ToBRFV_3_LEFT 1 TGCTATTGCATTGCACAGTATATACG 26 38.46 0.5uM
ToBRFV_3_RIGHT 1 TGCGCTGTAAAATTGCTCACTAT 23 39.13 0.5 uM
ToBRFV_4_LEFT 2 ACACCTGGTTTTGTAAGTTTTCTAGG 26 38.46 0.5uM
ToBRFV_4_RIGHT 2 CTGGCAGTCACTCCGTTGATAA 22 50 0.5uM
ToBRFV_5 LEFT 1 GCACTTATCAAGCCAAGGCACT 22 50 0.5 uM
ToBRFV_5_RIGHT 1 ATCAAGCACTGGCATATCCACC 22 50 0.5uM
ToBRFV_6_LEFT 2 CGCATTAGAAATCAGGGTGCCT 22 50 0.5uM
ToBRFV_6_RIGHT 2 CCTCTTGCCATTGAACCCTTCA 22 50 0.5 uM
ToBRFV_7_LEFT 1 TGTCGCATTGGCACTTAAAGATT 23 39.13 0.5 uM
ToBRFV_7_RIGHT 1 TGGTCGCAACATCTAAGACTCC 22 50 0.5uM
ToBRFV_8_LEFT 2 CGGTGTCGAACCTAGTCAAGAT 22 50 0.5 uM
ToBRFV_8 RIGHT 2 CGGTACTAAGATTAGATCTTCCTCAAAAT 29 34.48 0.5 uM
ToBRFV_9_LEFT 1 GCAGTGCTAAAGTCGTCCTAGT 22 50 0.5uM
ToBRFV_9_RIGHT 1 GAGTTTCCACCTCATCAACCTCT 23 47.83 0.5uM
ToBRFV_10_LEFT 2 TGGAGACACACAACAAATTCCATAC 25 40 0.5 uM
ToBRFV_10_RIGHT 2 GCGATGATAGATACAGGTGTCGG 23 52.17 0.5uM
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ToBRFV_11_LEFT
ToBRFV_11_RIGHT
ToBRFV_12_LEFT
ToBRFV_12_RIGHT
ToBRFV_13_LEFT
ToBRFV_13_RIGHT
ToBRFV_14_LEFT
ToBRFV_14_RIGHT
ToBRFV_15_LEFT
ToBRFV_15_RIGHT
ToBRFV_16_LEFT
ToBRFV_16_RIGHT
ToBRFV_17_LEFT
ToBRFV_17_RIGHT
ToBRFV_18_LEFT
ToBRFV_18_RIGHT
ToBRFV_19_LEFT
ToBRFV_19_RIGHT
ToBRFV_20_LEFT
ToBRFV_20_RIGHT

ACGGACGTCCATACAGTACATG
CAGCATCATAGTTATTTAACATGGTGC
GATGCAGGGACCCAATAGCAAT
TCTACTACCAAAGATGCAGTATTCTCA
TTGGAAAATTTGGTGGCGATGA
TTTGCCTTGTGAGCTCACTGAA
TTCAAAGCGAATATCCGGCCTT
TGAATGTTGTAACGTCCCCACT
ACAAGGCCACAGGAAAACTACT
TGAACTCTTCTAAGTGATCCCAATCC
ACGTGATACATCATGACAGAGGG
TGAACCAATATCTTATCAACCTTGGAGA
TGAGTTCATAGACTTGTCAAAATCAGAA
CGCAGCAATTTTAACATTTCTAATATTAACGAG
GGTTTCAGTTCAAAGTCGTTCCA
TCCTTCTCAACCCTAACTTTTAAACC
ACCGGGAAAAAGTTTAGTAGTAAAAGTG
AGGATCTAGTACCGCATTGTACCT
GGCCGACCCTATAGAATTAATAAATTTATGT
GGTGCAGAGGACCATTGTAAAC

22
27
22
27
22
22
22
22
22
26
23
28
28
33
23
26
28
24
31
22

50
37.04
50
37.04
40.91
45.45
45.45
45.45
45.45
42.31
47.83
35.71
32.14
30.3
43.48
38.46
35.71
45.83
32.26
50

0.5 uM
0.5 uM
0.5uM
0.5 uM
0.5 uM
0.5uM
0.5 uM
0.5 uM
0.5uM
0.5 uM
0.5 uM
0.5uM
0.5uM
0.5 uM
0.5uM
0.5uM
0.5 uM
0.5uM
0.5uM
0.5 uM
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Supplementary Figure 3.1. Comparison of ToBRFV Phylogenetic Analysis Resolving Clades. Our
ToBRFV phylogenetic tree (A) compared to the NextStrain phylogenetic tree (B). (A) Strains belonging to
each clade are downstream of blue labeled nodes. Brown clade 5 labels denote NextStrain assigned Clade
5 strains that did not group with clade 5 in our phylogenetic analysis.
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Supplementary Table 3.4. Twenty-six Virus Species in Shotgun Samples. Viruses common to all five
wastewater influent shotgun sequencing prepared samples.

Virus Species

Acanthamoeba polyphaga moumouvirus
Cactus virus X

Choristoneura fumiferana granulovirus
Cucumber green mottle mosaic virus
Emesvirus japonicum

Emesvirus zinderi

Enterobacteria phage GA
Enterobacteria phage Hgal1
Escherichia phage MS2

Garlic common latent virus

Gatrlic virus A

Hagavirus psychrophilum

Hubei picorna-like virus 61
Moumouvirus

Norwalk virus

Pepino mosaic virus

Pepper mild mottle virus

Pitaya virus X

Rehmannia mosaic virus
Schlumbergera virus X

Squash mosaic virus

Tobacco mild green mosaic virus
Tobacco mosaic virus

Tomato brown rugose fruit virus
Tomato mosaic virus

Wuhan insect virus 23
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Supplementary Table 4.1. CpV-BQ1 Genome Specific Primers. Primer name, binding position, sequence,
size, GC content (%GC), annealing temperature (Tm), and the amplicon size generated by each primer
pair is listed.

Name Binding Position Sequence Size (bp) %GC Tm g:-:glicon

BQ1_1F  5495-5516 GCCTAAGGTGTTGTCCCATGTT 22 50 61 8821

BQ1_1R  14315-14294 AATACCGGATTTGCTCTCGACG 22 50 60.98

BQ1_2F 46781-46802 ACGATCAGAATGGAGAACCCGA 22 50 61.39 8054

BQ1_2R  55734-55713 GAGGCACCGTCTTGAGTTCTTT 22 50 60.99

BQ1_3F 79773-79794 TGTGAACTAACTCTCCGCGAGA 22 50 61.31 9023

BQ1_3R 88795-88775 AAGTCGGCTGAAGGCATTGTT 21 47.62 60.92

BQ1_4F 104825-104846 ATCTGGGGTTGATATTTCGCCG 22 50 60.99 8971

BQ1_4R  113795-113774 GAGTCGCAAGCTCAAGATGACT 22 50 60.85

BQ1_5F 150772-150793 TACTTTGCTGTAGTCCCGTCCT 22 50 61 8971

BQ1_5R  159742-159721 TCGGAGCCATACTCTATTGCCT 22 50 60.94

BQ1_1E 6167-6146 TACACTAAGGTCCCTCGTTGCT 22 50 61.6 nfa
2453-2432 &

BQ1_2E  162977-162998 GGTGTAAGAACTACTGCGCCAA 22 50 61.7 nfa

BQ1_3E  159174-159195 GTGCGCGCTTCCATTCTAAATC 22 50 61.6 n/a

163



Supplementary Table 4.2. Assembled PCR Amplified Regions of the CpV-BQ1 Genome. The CpV-BQ1
sequences recovered by PCR amplification, sequencing, and assembly. The PCR region, percent identity
of the recovered sequence to the CpV-BQ1, the complete sequence, and the fragment length is included.
Bolded nucleotides differ from the complete CpV-BQ1 genome assembly.

% Id
pcr © Length
Region C;—)V Assembled PCR Sequence (bp)
BQ1

TTGTCCCATGTTTTGGATTGAGGAAAACCCTTACACTCTGGGCATGTGGTTCTGCACCGCGCTCTTCATCACCATCTTTATCTCCATCCCAGCACTGTTGGCGGCCACAATCGACATTT
TGCTTGGACCGCCTGTTCTACTGACAACTCTCTGGCTGTTCTCATATGGTTTATTCAGACTTCATGAAGACGAAGCTCGCCATTACTTAGAGCACTACGAGTAAATCTTCGATTGACGC
GGCAGCACCCTTCGGGGTGCATAAGACCACGTGGGGAAACCCATACAAATATGGACAAGCTCTCAGACGATCTGCTACAAGCGATTTTCCAAGAACTGGACGCAGTGACTCTTTTGA
CGTTGTCTCGGGTGTCTAAGGAATTTCAGTTTGCCGCCGATTCTGATTCCACGTGGAAATACGTGCACGGTTTCACGAGGACGCAGTCTATGACAGTAATCACTGAGTCCAAGCGCC
GCATTCGCGAATTAGGCGACCTGCTCTGGGTAGCGAGGCGAGCTGAGCTGAAAGCTGGCGAAATCTTCTTTAGAGCGCCGTCCAGCGACTGGGCGGTCTCAGAACAAAAGCGTCTT
GAATTGACGAATGCTCACCGTCTATGGAAAGACACAACGGGGAACCTCGACAAAGCAACGAGGGACCTTAGTGTAGCACTTCAGATGTTGCGAGTTCCACTTGCTATACGCCTTGAT
GCCGCACGCACAAGGATTGAGTATTACGCGGAGTTGAAGAAGGCACAGCGCATGAAGCTCGATGTCTCGGCTACAGACGCAGCAAGGTCCCGTCTCACGAAGATAAACCAGGATGT
AGCCTTGTTAATCGACGAGAAGGCACTTGGTACTCAAATGACGTTTTGGTGGGTAGCGACCTGCTGTTCTCGATCCATCTGGGCAAACCCCGACGAACCACTTATTATGACAGACTAA
ATTTAGACTTGGCAGCACCCTTCGGGGTGCATAAGTCCACGCGACGATTTTACACAATGGAAAATCGCTTCTATAACCTTCCGGAAGACCTCCAACTCAAAATTTTCTCACACGCCCG
CGCCTTGTTACTCACTCAGGGCGCTCGCGCCATGTTACTTGCTCAGGTTCACATCGAGTTATGGACCAATAGGTACGACCTGTGGTCTTGCAATGGGCGCATAGCGTTCGTGGAAAT
CCGTAGAGAATCTGCTGATTTCTGCGAAGAAGTAGACTCCGAAGATTCTTACAGTGTCTGTGACGGCGAATGTTGCGGCGGTAAGAATGAATCCATCTGGTGGAGTTCCAGATAATCG
GAATGGATCTACTTTATTTTAAAACATTTTACGGCATCACCCTTCGGGGTCTATAAGTCCGTTGTAGTAATTGCTTAAATCAACTAGGTCTAAAGATCTGGTTACTAAATTGGATGAATGT
CATTAGACTTCGATAATGGTTGCCGACGCTCTTCTTATCACTGTGCTTCTTTCCATTCCTGCTACACTGACATGTATTTCCGTACATTTTTACTACCTGTTGGGACTTAACAAGAAGGAG
GAGGAACTACAAGTACGTGCGTGGTGCAACGACTAAATCTTATTTACGCGGCAGCACCCTTCGGGGTGTAGTAAGTCCAATTTATTAATTTATTATATTTACTATTTAATAAATGGATAG
ATTTTACTATACGGTGTATGATCCTAATAGTCAAGCGCTAGCTCTAAGAGAATTTGAAGATAATCTAATCAGGGATTTCCTTACAAAATTGAGAAACACTACTAATACAGACTATATTCAC
CTTTTATTCGATTCTGTATGGTACTCTATAGACGAATTATCAGAATATTCATCATCTGATCACGTTGAACGCTTACAAAAACTCGTTTCCAATGAATTCTTACAGAGACTTATACAATTATA
TACACCCCAAGATTACTATATACTTATAACAAGTAGATTATCGAATCCGGCAAGAATAAGGCGAGACCTTCAGCGCGCGTTAAATACACCTTCTAGTCCTCTTCGGTCTTTGGAGGTTG
CTGGTCTCGAAAATTTATTAAATCTTATCCAGATTCGAGAGAATATGCCTGCTAGAAATCCTGTTACGCCCGATGAGGAAGCAATGTTTGGAACTTGTTGGGAGGGTTATAAGAAGGTG
GGAATGAAAAACAAGTCTGGAAGACGAGTTCCAAATTGCGTAAGAAAATAAATTATTGCTAAAATTTAGTATGTCTAAGATACAACCGTTATAGTTTAATAACGGTAACAATGCCAATGG
ACTCTCTCTCTACCGATTTGCTTCGTGCGATTTTTCAGGAACTCGACGCCGTGATGCTTTGCAGACTTTCCAAGGTGTCTAAGGACTTTCGTGTCGCCGCCGACGAAGAATGCGTCTG
GAACGCCGCACACGGCTTCACCAAGGGGAAGTCCTTAGAAATCCTTTTCGAGCTCGGCGCTCTCTCACTCTCTAAGACCGAGGAGTGCAATGCTGCTGCGCGTATTGCTAGCGACTC
CGAGTTCGATGGGAGCACGGAAGATGAGTCTGACGATGCAATCGGTCGACGCGACCGCGCGTATGAAGCCTGGGAAAAACTTCAGCAAGAGCGGAGAATTATTCGGCAGAGGCAC
GCTATAGCATATCGCATGCTGCGCGTGCCCAAAAAACTTCGAGTAGCTGCTACCGATGCGCTTGTTCACTATTACAAGGTGACTGAGTGCATCGATTCGATACTCAAGGGCATTCCGC
GTCGTGCCGACGACGACGTTTTTGATTCTGCTTACCGCGACCTGAACCGCAAGCGAACTGAGGCAGAGCATGCTCTCATAGATGCCAACGCGGATGTAAAGAAGTGGGAGCGCTCA
TTCGCGGATAATATACGTTGCTCTTTTACTTTCGCACCCGCATACTGTGTAAGTACACGTTGTTCTTCGACTTACACACCTGCCTTCTGTTGCGCACAGAAACCGTGGGGAACCTCGCC
TCCTCTCGAGAATCTCGAGCAATCTTGGATGTACGAGTAAAGTTTTACGGCAGCACCCTTCGGGGTGGCGTAAGTCCGTTTCAAAAAAATTCTTAGATTGCTAAAATTTATAAACCTTAA
GACTTGTTATCGAACTTTAAGCTGAGACAATCAAAGATGTTCAGCAACCGTGACGTCAAGCGTGTTCGCGACGAGCTTCTCCGCGATGCTTCGTACGTCGAGACCTACGAGGACTAC
GAAGACCCTCCGATTGTTCCACCGATTCCAAAGCGCCAGTTAGGCACGACTGGATCGCCTTTGCGTCCAAGGTCTCCGGACGGCGTGTCGATGCTTCAGCGTCTAGACCGGCCTCC
GTTTCGTGAAGACCTTAGCATCGTCTGCAACTGGCGCGCGGATGCTGAGCGGCCCGATCCAGACGCTCTGAACTGGACTACTCAGGCCGAGCACTCAGAAATCGTTCGTACGTATTA
CGAGGCTCAGGCTAAGAATCCGAACGTAGTGCTCCCTGTGCCCATCACTCGGCAGAATGGAGAACTTCGTCCATGTGTTGCTCCATACCCAGTAGCTCAACAAACTCCTGTGGGTCA
GCAAGTGCCCATGACTACTCGCTGGAGCGATGACGCGATGTGAGATTGAACTCATTTTGAAAACCCTTAAAAAAAGCATGGCATGAACCGGCAGCACCCTTCGGGGTGTATAAGTCC
ACGCTGGACATTTTGAATTAATTGCTAAAATTAATTATATCTAAGAATCTATCTTAATAGTTAGATTGAGGAAATCCATAGATTCGCCGAACCATGATGCACTCCTTTGGATACATCTGGA
ACCGCGCCATGACCAGCGATGATACAAGCGTCATTGAATTTAAGCCTCTAGATGAAAGCGAACGTGCGTACCTCGCGCAACAGGAGCTTGAGCGCAAGGCTTACGAAGCAAGGCTTA
CTCGTGAGTTCGAGGAAAACAAGCTCATCATCGCCGAACTCGAAAAGCAACTCGTTGAGATGCTCGGGAGTAAGCCGACCGGAACTCCTTACAAGTCAAAGGAGGACAAGCGTGCT
GCGAGGATTGCTAGGCGGGCTACTCGCGGCGGACTACAATACTGCGAGAAGCGCTTTATCGGGTTTGTGTGACGGCGCGAAGGTTCTATGGTTAAAAAATTTAAAAACTCCAAAAAA
AACAGCATGGCGGAAGCACCCTTCGGGGTGCCAAAGCACCCTTGAAAATCATGGACTCCCTTCCAGAGGATCTATTCCTAAACGTTGTCAAGACTCTCAATCCAGAAATGTTGTGTCG
1 100 CCTTTCGTGCGTGTCTAAGAGTCTAAGGGCGCTAGCGGACGACGACGAAACGTGGACCAATCAGACCGGTATGTACACCAAGGAAGAAACTCGCGACATTGTCGCTCGGGCAGAAT 8751
GTGCTCTTATTCATTCAGCGTGTATGTGGAGCGAGGTCGTCGAGAAACTTTCGAGTGCTAAGAAACACCTTATAGACGAAGCAGAGAAGCGAACAGTGTGTTCAATGCAGAAAACCGT
GCACGGAACTCTTGCCTTGTACTCCGGTCCATGGGGACGCGGTTATCCTGTAAGAGAGCGTGCAGTAGAGGCATGGATGTCTTCTCCATTTCTAAGGGAAGAACGACTACAACTCGA
ACTTTTTGAGTCTGAGATTTTCGTGCGTAAAGGAACTTTTGACGCCGATACGTTCCGACTTCGCAACGTTCACAGATTTCTAAGGAAATAGAACATTTACGGCAGCGCTCCTTCGGGAG
CGCATAAGACCCGTGAAAATTGAAAATGAGCTGCGTAAAAGATTGTTATCAAGCAAAAGGCTCTGGGTTCCCAGTTTTTCTTATTTTCTTCCTAGTTGGTCTATGGTACATACGCTACAT
TGCTTTGCGAACCACTAGATAAACTTTTTCACGGCAGCGCTCCCTCGGGAGCGCATAAGTCCAGTGACAAAAATGATCGCGACATACATCTTACTCGTTCTTATGTGTGCGACCCCGT
TTATCTTGTGGTGTATCCACGTTCGACCTATCTACCTAGACTAAAATATTTTTCCGCGACGCTCCTTCGGGAGCGCATCGCACCCTTGAAAACCATGACTTCCCGAATTGCTCAGCTCC
GCGAGCAAATCAGTTTTCTCGAGCAAGAAATAGTGCGCATTTCCCTGGAGGAAGAAGAGGCTATTCGCGTTAGAGAAGAAGCGGCTAAGGCGCTTGCTCGCGCTAAGGCTGTACGG
ATTCCAGAAGAACCTTACAAAAAGAGCGTTTCTCTTATCGACTCTCTCGATACTGCGATTGACGTCGGGGAGGAGTGTATGTTTGCTGACAGGCGCGTACAAAGATCCGAAGCCAAAG
TAGCGGAATACGAAGGCTTCGCTACGATGGGTGCGTATGAAGCGCGCGAAGTTTTGGAAAAAGACATAGCAGATGCTCTAGCTGTACAAAGACGCTGGTATCCAAGTGTACACGACG
TTCTAGTTTCTATGCGAGAGACTGAACGTGAGCGTGTTAGGCACCTGGAAAAACTCAGTCTAGACTTGGCAACTCTCAAAAAGGTTATCGGGTGTTAATTGTGACAATGAAATGACATA
AATACCAAAAAAAATACCATGAACCGGCAGCATCCCTCGGGGTGCCTAAGTCCGCGTGAGAACTATGGACCTCTTACCAGACGAT TTGAAGTCTAAGATTTTTCAAGAGCTAGACGCT
GTACACCTTTGTAGACTTTCGGTTGTTTCAAAATCTACAGGGATTCTCTCCGATAATCCTGAATCGTGGAAGATAGTACATGGTAGTTCTAAGGACGAAGCCAAGGAGCTTCATCTCAA
AAATTCTGAGAATACGCGCGAAGCTGCTCTCCAGGTTGAAAAGTATACTGCTGAGCTTTCCAATGCCAATGCTAGGGCGCTCCACGCTTCTAAGGAGATGGAAAAAATTGATTCGCGC
ACATTCAGAAGACAAAGAGGGGACATCCCCGCTCACATGTGGAACGCATATAATGCTGCCGTTTCAGATCTCGGTTTTGCCGAAGAACTTCTCGAAGAAGCGGAATCAAATTTTGAGA
AGGCAGATTTGGAGCATTGGAGAGTAAACGGAATAGCTAAAGCAGATTCTAAGAAACTCCGTGTACCGCTAAGACTAAGACAAAAGGCAGAACAGGCACTTGCTGAATGGAAAATAG
CGGATGCTGCTGCTAGAAAACTAAATCCTGTATGCGCGAGTTACTTAACAGCGCGTGAAAAAATGGGATGGAAAAATATATTCGAGAAGGAAAGGTCTGCGTGGTGGGTGGCAAGAA
TAGCATTTCGCGAAATCTCTCGATGGGAAGGGAATACTACCTCCGCGGATATTCTCGGTGATGTAGTTGGTAGCGATGTAGTTGGTAGTGATATCGGTTTGTAATTAGCTCAATTTGTA
GTAATAAAATCCGCTAAACGCTCCTTAGGGAGCGTTTAGCGTGATTGAAAACGTAAAAAATGCTGAATTCTGTGCTCGCTATTTTTTCCATGCTTATTACTGTACCAACCGCCATGTCGT
ACGGAAGAGTTTTTCCTACGCATTTTCCAATGAATACACCGCCCGGAACTCAACGCTTAGTTGTGAAAAATGTTTCAGAACTTCCAGAATTCAATAAGCTTATTTTGAAAGTGGATGACA
CTCGCAGAATGCTCGAACTACGTGAGGGAATAGAAGAAGCTAAAGTACGATATACACCGCGTTTCACCTTTAGATGTATCTGCGGAAGTACATATGCCGACGTTTTTGGATTCAAGTAA
GTATTATTTAACGGCAGCATCCTTCGGGGTGTCGTAAGACCATTCTCTTAAATGAAGTATAATGCGCGCAAGTTTTGTTGATACAATTTTATTAAAATGTAAAAATAATTTTGTGAGAGTA
GTTTTAGCACAAAAAAGTCTGTGAATAAATATTGAAAATATCATTAATAAAAATATTATATTAATATTTTACACAAATTCATTTATTATTAATATTTTACACAAATCCATTTATTATTAAAATTT
TTTTTTAATTTACTAATAATAAATGAGTTCGGAATTGTTAAACGGTGATAAAATAATGCCAGATGGTTCAAAAAGAACTTATGTTAACGGACTTGTAACGTTTATTGCATATCCGGCTGGA
ACAACGAGGGCGCAGATGATTCTTCCAAAAGAAATAAACAGAATTGAGGGGGTACAAGTTAATTCAATTGTATTACCCCCTCCTACTTATACATCTAGTTATAATGTAGACGACTTTCAA
CGAGCAATTGATGATGGAATTAGAATGGCAAGTTACCAAAAAGCTTCTAACGAAATACCATACGCAGCTGGTTATAATATAGACGACTACCAGAAAGCAAAGGTTGACGAGTACGGGG
ACAACGGTTTTAACACAAAATATAATTCGTCGAATCTTACAACCGATATACCAAATTCTTCAATTAATTATGTACTAAGCCCTTCTGAAATCGCAAGTCTCTCACGAACTCAGGATATAAA
CTTACCTAAATATATAGGTACACCGAGTAATTATAATAGTTACCAAAAGGAAATTGATGACGGTATTAAAAAAGCCACTTTTAATAATCTACCAGATACAGCCTCGTTTGGAGAATCGTCT
TTTATATCAGATAATTATATTCTTATCGTGATTTTATCAATTGCTATGATTATCATGCTGGTTTTAGTGTTCGTTTACAAAAATAAAAAATCAATGAATGTTGAAAATATTATAGCATCATTT
GGATTGATTTAGAATATTTTTTAATATTTTATTATTATAAATCATGTTTTATATCGACAAAATCGAACAGGTAATTTTTGCCGTAGTTGTTATCTATATAATTTCTATAATTTACAACGACAAT
AGAATTATGGGAACTAGTGCCATATTCGCACTTATTGTACCTGAACTTGACCAAGCTATACTTAATGGTAGTTTTTTGTTAAGTATTGTATTAATGGCCATCACTTTACTTACTATAGAGT
ATTAAGAGTTATAAAAAGTATATGCTATCTGATTCGCTCTAGGATTGTTTGGACCGAAAGGACCACTTAGAAACTGAGGCGACCGATCAAATAATGGATTAATAACGCTATCGGGGTCT
GAAGCATTTCGAGCCAATAAACGCGCAAACGTGTCTTCGCGAGCTCTTCGTCTTGTAACATTGTCTAAAGAAGACATGTTTATAGATTTACTGAACGATTTATTATAAACGTTTATTATAT
TAAAAATTAAAATAAACATAGCTATATACAATAATAAAAATAATACAATAGAAACAAAAAATTCAGAGTAATTCTCATTTTTTGTTTCTTCTCTAAATTTTGTTAAATAGTAAATAGTCATTAA
AGTTGTAGATAATGTAGCTGATATAATTATAGTATTCATTTGTAATTATATTATTAATTTAATTTATTTTTTTTTTATTTAGTTATAAATAAATGTCGAATCTTGATTATATGCTTGGAAATTTA
ATTGGAAGAGTCGTTATGCTAAGTTTAGTTGCATACATTATTTGGACTGTTTATACTAATGTGAATACACCTCCCGCAGTTTTTTCACAGGAAGGTCGTAGATTTGGTAGATCAACTGGA
CGCGGTAGACGTTTTGGAAGACGTTAAATTTATTAATTGCTATAAAAATTAATACCTAAAAGTTGTTATTACAAACAATGTAAAGTAAGTAGTGAAATATTATTAACTTTACATTATTTCTC
CTTAGGGAGAGCAGAAAGTGCTTGACAAACCTTCTTTGCGTGATGACAGGATACGGGACTGAATACGGATCTT
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TGAGAACCCGAGATAGTTTCAACTGAAGTTGAAGTACAAAGATACGATGTACCTACTAATTTTATAGAACCCACTAGTAATTTACCAGATTTGCCAATTATAACTAGGGATAATATATTTG
AAGCTATGTACAAAACCGCCTTTAACACACTTACAAATTCGGTTAATCCTTTGATATATACAACTGTTGAACAATTTGATGCTACATTAGAAGCAAAGAAATTTGCTGTAATGAATAGACT
GGATTTAAAAAAAATAATCAAGATTGGAACTATAGGAATTGGAGATATACAAAAAAATCCGGACGTCGATTACACTATAAAAACTATTACTCCTCAACAGATTTTTGAAAAAATTACAGAA
GCTATAAGCAATAAAGACATATCGGTTTTATCTGAATACTATTTAATGGGTGTAAGAGCTGAAATAGACAAAAACACACTCTCAGAAGCAAAAGCTATGATAGATTCTTATAAAAAACCAT
CTATAGAAACTGAACAGCCAGTAGTCAAGGTTTCAGAAGAAAGAACAAACGTCGTAAGCTATGTAATACAAAGACCGGGGAAACGTAGAGAAGTAAAAGAAGAATAATTTCGTTTATAT
TTTAAATTCATTTTCTAATGTTATTTTAAATGGCAAGTTCTATCATAGTAGTTTTTCATAAAGATTGTACTCCTTCTACAGATCTTGTTTTTCGCGCTTCTAAATTACAAAACTATAATATCG
AATACATCGATGTTAAAACTGATAAATTCGAATCAGAACTGGTTATAGATGTAGTTCCGTTAATAATAGTAGATAACAAAGATATATTTAAAGGTAAAGACGCGTTTGATAAAATAGAAGA
ATTGGGTAAAACTCCTCCTAAAAAGGAAAAAACAAGCTCTTTAAAATACGATATGGTTAATACATTTATTGAAGATTCTGGTAGTAAAAATCAGAAGATAGATTTAGATGCTGGACGAAA
AGCGCGCTAATAATTTACAATTAAAATATTTTATTTTAATAAATGGATCAGGCCCAGTTTCCCGACTTTGCTAAAATAATGAAAATTGCTCAGCAAGTCGCGAGTAAAATAGATCCACCTC
CCGAACTTAAAAGCGGGAGAGTATTAACCGAGGATGAAATGAATAACGCAATAAAGTCTCTTGCTAAATCAGTAACCGATGTTGTTACACCAGATATGTTTGAGATGGGAGAGAGTTCA
AATAAGAAGAAAAAGGAAAAGCAGTTGCCAATAATTAAAGAACCTTCAAAAATTTCTTTTAAAGAAGAAACACCAATTGAAGAAGGTTCAAGTTCAAAAAAAACTAAAAAACCCAGAGTT
GTAGAAATAGATTCGGATTGTTCCGAAGAATTGGATAACGCGCTTATGAGAACAAAAGATATGGCTTTTACATTAACCGTTAAACTAGAAGAACTATATAATGGAACTAGAAAAAAATTA
GCAATCAGGCGTCAAAAAATTGATGCAGACAATAAGTGTTCCGAAGAAAAGAAAAAACTTGCCATAGTCGTTGAACCTGGTATGATGGATAATCAATCTATTAGATTCAACAGAATGTC
TGACGAGAAAATAGGTTACGAAACTGGAGATGTAGTTGTTACTCTAGACGTAGAAGATCACCCTTACTTTATGAGAGATGGAAATAATTTACTAATTGAAAAAGAGATTTCTTTGGCTGA
AGCCTATAATCCAATCGTTTATATTGAGCATCTCAACGGTAAAACTTTAAAAATTACAGGAGAAGCGTTAAACGTTTTTAGTGATGAAGATACAATGTTAAAGAAAGTGCCTGGATGTGG
AATGCCAATTTTAGGAGAACGTAATAAATTTGGAGATCTGTTTATTAGATTTAAATGTGTCAACAAAACAAAAATAACCCCAGAAATTATAGAGGTATTAAATGGTATTTTTCCACCGCTT
CTTACGATTCCGGAAGTAAAAGAAACTGATATCTTAGAGAAAAAATTTGAAATAGTAACAGAATCGGACCTAGAGTTCTTAGAGTCGGATTCTGATGAGTATGATTCAGATGAAGATTAT
TCCGATTCCGATTCTGAAGAATCGGAATAAAGTAATTTAAAAGAGTACTATAAATATAGTAAAGTATGATTGAAAATGGATGGGAATTTCTAATTATTAATCCATTTGATGTAAATATTATA
CAAACCTGTCAAAATAAGTATGAAAAAAATTATAATTTGTCTTACGAGAAATTTATTAATGAATTCTATATTCCAGAACCATATACTTTATTTGAAAATGATGATTTATTTACTTTTTATATTT
CATGTGGAGGAGAATTGGACAAAATAGAATTAGAAGAAAAATTTGATATAATTTTTCTTAAAAGTGTATTTTTAAAAACTAGCTATAAAAAAATCAAGTCTGAAATTGAAAAGTATTATAAC
ACATATAATATTGGAGTAAGAAATTTATATAAGTCTGGCGACTATATAGTTTTAATCATAGAAAAGAAAGGCTAATAAAATTACTACAACGCTAATTATTAATTCTCTTGAATATTGAAAAT
AGTCCAAGTCAATAAAGTTCGAAATATAAGGAGGTAACATTTTATATATTAGCGTATCTATAATTCTATGTAAAGCAAGATTGATAAAAAGTTGTACAGTTATAATTTTATATAAGAATTTT
TCAAGATTCGACGACATTTATTATTAATAAAAAATATTATATTTTTATTAATAATGTATCACTCAATTTTAATAGTTATCTCTTTTTTATTGAATTACAATATCAAGGTTATTAATTCAAAGATA
GAACTAATTGAAAAAGCAATTGTAAAACCCGAATATAACATCTCTCAAAAATTAAAACTAGCAAGAGAACTATCAAAATTAAAAAAGGATCGTTATATTGCTATTATTACTGAAGATCTTG
TGTAATTTTTGGTTTGTACCAATAAGGAATTTCTGTATTTTTCCATTTAGCGAAATGAGTTTTTTCGGTGTTATAATATCTATGATAAGCAATTATATCATTTTTGTGCTTACATTTTTCAGG
CATTGCTTGGTGTAAACGTGTTATGTTTCCCTTTGGAATATTTACAGGAATAAAAGACAAACACGCTTCTAATTTAATTTGACACGTGTGTATCTTTCCATATCTTCTGGTGTATTCTTTAC
ACAAACAAATGAATAAATCGTAGAGCCATGAATAATTACCGCTAGTAGTTCTTGTCCATACAGTACATGGATTATTTTTAAAAGCTATTTTATATAAATTTGGATTTTTATAGTTGCCACAA
ACATGATGAGCTGTACATAACATCTGAGCGTATTCTAATATCATTTTGACAACATGAGCATCACAGTGCATTCTTGCGCACACATATGGACATATCGATAAAAAAAAGATATTCATAGTA
TCGATGAATTTGATATATGTAATTCAGTCTTATATATCCATTAAAATAGCAATTAATAGAGGCATAAATTTAAATTATTTCTTGAGCAGCCCTAACATCTCTATAACGAATCGTTGTAGTTG
TAATTCCCAAATCATTTTCAATAACTTCAAATTCAAATCCTATACTTCCCTTTCGTGAAACATATCCATCTTCTATTCTAATTGTTCCAGTATCTCTATCGTAAAATTTAATCTTATAAATGT
GTCCAATTCTTAGAAAATAAGCAAAATCTTGCCACGTACGTGTTATAGCCATTTATAATTTATAAAATATTTTAAATTATTTCTTGAGCAGCCCTGACGTCTCTATAACGAACAAATGTTGT
GTACAGCTCATTTCCAGTAACTTCAAATTCAAACCCTATGCGCCCCTTTCTCCAAACCCATCCTTCTACAGTTCTAGTCGTTCCAATTTCTTCATCGTAAAATTTAATCTTATAAAAGCGA
CCAGGTCTAAGATAATAGTAAAAATCTTGCCAGGTACGTGTTATAGCCATTATTATAAATAATGTAATATTTTAAATGCGATTATATATCTGTACGGTGTGGGGTTCGAACCCACGAGGC
TTTCGCCAGCAGATCTTAAGTCTGCCCCCTTAGACCACTCGGGCAACCGTACAGGTATATAATATACCACTTCTATTTTAAATAATTTATTTCTTTATATCTTTTTATAAAAAAGTATAAGT
TTATAGTTATTTTTTTTAAAAGTATTAATTGTATAAATTTTATAACTCCAGAAATTTTCATTAAGTTTTGATATATCAAAATTATTTGGAACTTTTAATGCAACAAATCTAGTAAAATGATAAAT
ATTATCGATTATTTCTAATACATTAATACCATCGAGATTTAAAATTACGTTATTCTCATTCTTATAGTTTGATCCGCCCCACGGCGGATCAATAAATACCAAGTCCTGATGAATTTTGTACA
TTATATCATTATATGAACAGTTATAGTTTATACTTTTTGTTGTATTACTTTTTAAAATTTTAAAAATTTCGGGATCTTTTTCAATTGCTATTACAACCTTAAAATCTTTTTCAAAAAAAGTTGTA
TTTCCTCCTATACACGCAGTAGCATCAGTTATCACACTGTCAAAATTTATATATTTTTTTATAATATCGTTAATTTGTAATGCCTGAGAAGGTGTTGTATATATATTTAGCAATTTGTCAGG
AACTGCTATAATTTTTAATTAGTTAGTATTATATTTTATTTTTAAATTGGATTATTAATCTATAACTGCGGCAGTTTCGCGCATCGCCTCTCCTAGTAAGTTTTTAATTACATCAAACATGAC
TTTTCCTATGCCTTTTATCTTTTTTAATTGGTCTAGGTTCCCGGGAGTTATTTCATAGTCTAAATCGTAAATAGCTTTTGCAGCGGTACGATAAGCGAACCAGCTACGACTTTCTTGCTCC
TTTTTTTCAGAAGCGATTTGATTTAGTACATTTCCTATGTATCTATTGACGTTGTATTTACGCGCAGGAGGTGGTTTTCGAACTATTTCAGGAAGTGATTCCCAAGGTCTAAGTCTATCTA
TATTTTTAAAATGTTCGTTTAATAATTGTGCGTAAATTGATGAATCAGTTCCCATAGTTGGTACATAAACTGCAAATAGTGCTCTATTGACACGTCCTTCGTCTACTCTCTGTGGAAAATT
CGTTGAAATTTTATATTGAGCCACGGCAGTTCGTATTCCAGGAGGTAAATAATTTGTAGCCGCTAAGTCCCACGGAAACGCATTTCTAATACTGGGCCACTGTTCCGCTGGATAGTAGC
TCCAATGCGGATCTTTCCAAGATCCAACGATATACATTTCTCCAGTGGATGTATTAGTCATATAAACAGGTGTATCATACTGTCTAGACTTTAAAATTGGATTAATTATTCTAGTTTCTCC
TCGCACAGGTGTTCCAAAGTCTAACTTGTAATAAAAAGTATAATTTGGGTTCATTACTATAAATTATAATATACTAAATATTATAAAATAATGAAAAGAAAAAACAATGATCAAGATGAATT
ATTCGATATTACAAATTATAAATTAAATACATTAGAAAGTCTAATAGAAATGATAAACGACTATTCTAGGAAATCGTTACCATCTAAAAAACACCGAAAGAATTATCCATCTAAGATGTACC
TTTTGCCAGATATATTAGAAGATTTAATTGAACTAAATAATATGATAGGAATGAATAAATTGAAGACTCAGATAATAGATCAAGTATTATTTTTTATACACGATACTCAAGAAACTATAATG
TTACATACTGTATTAGAAGGTCCTCCTGGTACAGGTAAAACATCTGTGTCTGAAATTTTAGCAAAAATTTATTCCAAGCTTGGAATATTTAAAAAAGTTAAATTTAATGTAGTAAAGCGTT
CCGATTTAATTTCAGAATATCTAGGAGGAACGACTATTAAAACACTCGAAACTTTGAATAGGTGTAAAAACGGCGTAATTTTAATAGATGAAGCTTATTCACTGGGATCTAATGGTTCAG
AAGACATCTACGCCAAAGAATGTGTAGATACTTTAAATCAATATTTATCAGAAAATGTAGATAAAATTATTTGTATTATAGCCGGTTATAAAAAAGAGTTGGATTCGTGTTTTTTTTCATTA
AATCCAGGGCTTAGAAGACGATTTCCTTGGACTTTCACAATCGAAAATTATAATTCGGAAGAATTAAGCGATATTTTTTATAAAATAATAAAAGAAAAGGAATGGGATACAACATGTGAA
AAAAAAGACTTAACACATTTAATTAATAAAAATTTAAATTTATTCGATGGAAACGGTGGAGATATAAATACAATCATTGAAAAAGCAATGATAATAAGTATTAGAAATAATTTTGGCACATG
TAAAAATTATACCATAGAAATGAAAGATTTTACAGAAGCTTTAGACATTTTTACTACAACTAAAACTAAGCACATATCTTTGCCTCCACCTGGTATGTATACTTAATTTTTACATATTTACG
CGGTACTTTCATTAAAATTTAATAATATTATATTGTAATATGTTTTCATACAAAAAAATAGATTTATTAAAATTGACCGTAATAAATAAACAACTTTTATTTAATGGAGATACTCTAATAATCA
AGTCTCCAATTATAAATTACGAGTATAACGATGATAAACTTATTCTCAAAATTAACAGTGACGCAGATAGTCACAATACTTTTTTAAATTTGTGTTCTTATATAGAAAGATTATTTAAAAATT
CGGATAGTAAAATTTTAAATAATAATTCAGTAGCAATTAGTATTGACGAATGTAGCAAGTTTTACGATTATAACAAAGATGAAATAGGTAAAAACAGTATTAAAAATGGCGGGAAAATTAT
ATGTTCATTTAGTTGTAAAAATGGTAGATGTACACTAATAGAATTACTTCAGATTAAATAAAATAATATTTTAATTTCGTTATATTGTAACAATTAAAAATATTATTTTAGAATAAATGACAGA
AATCAAAAATGAAATCCGTAATGAAATCAAAAACGAATTATTAATTTATGATCCAATTAAAACTCCTAAAAATATATATTATTCAAGAATTATTCATAATTCCGAAGAAATTAGTTTTCAAGT
AGCAAAAAATAAAATCATTTTTGATAAAGTTAAAAGTAAAGCAACACTAACTCTAGATGAAAAAAGTTTAACTTGTATTAAAAAAATTTCGGATGCGGTTATAGAATTAACGTCTGAAAAAA
GTAAAACATGGTTTGGAAAAGAATTAACTATAGAGGAATGTAAAGGAATATTCAAAAATAATTTAATAGACAATAATTTGTTGTGTTTTTACGATGAAAATACAGTTTTTTACGATTCTAAA
AATACAGAATTAGATATAACTGCTTTACAAGATGAATTATATGGAATTGCGTTGATTAAATGCGAGGTAGTAGTTTATACAAAAACTTATTTTTTTATTAAATGGGAAATAGGTCAGTATAA
AATTAAAAATCAAAAATCTGAAATATTAACTGAATATTTATCGGAATATAAAATTAAAGACTTACCGGAACATTCAAAAACATACAAAGATGATGAAATAGTTAAAAAACTTGAAGAAATTA
CTCTATTTTAATTATTTAAAGTTAATAATTATTAAACTTTGAGAATGGAACAATTAATAGAATGTTTGAAAAAGGTGAATGCTACACTTGGTAACTATTACAAAGAAAATGTTTACCAAGCA
GCTCTGAGCGTTGAACTTAATTTGGCAGGAATTTTATTTCAAAATGAAGTGGTTCTTCCGATAAAATATAAAGGTGTGTGCGTAGGATACGAAAGAGCGGATATAGTTATTTATTCAAAA
GAATGTGATCCGGAGTTTATAATTGAATTAAAATCTCAAAATACTAAGTTGTCTTCTAAAGAAATTAATCAATTGAGAAAGTATATCACTAATCTCAATTGTAAAAATGGACTTCTTGTAAA
TTTTTACGAAAACGTAGAAATTATAAGTGTTACAGAAAATTCTCATACAAAAATAGATTAACTAAAATTATTGAAGTGATTTTCGTGACATTTCCGCGATATAAAATTAGCGTCAAATACCA
AAGGTTTATTAAGCGGAATTTTTACTACTTCAAATAATTTTCTTTTATCATTTGGAACTTTTCGATTTTTTCTAAAAATTTTATTATATAGTTTATACATCATCTCTGGAGATATAGAATTTAC
AAGTTTTAACCAAATGTCTACTGTATTTTTTCCTCTGATATTGAAAGTTTTAGTAAAATCGTAGTGTTGCTGCCTTTGATTTTCTAGTCTATAAACATGTGTTTCTTTTAATAATTTTTCTAG
TATGTCTACATCAGAATCTTTTAATAAAACGTTTGTTTTAATTACATAAGAACCTTCTAATGTAAAAACTATATGAACCATTGTACCTTTTTTTGCGTAAAACATGTTAATAGCCATATCTTC
CCCAGAAGGCCAACCGTATGCTGTTCCTTCGTCTTTATAACACTGCCATGGATGAGTATGATAATTAATTATTCCATTAGGAGTTCTTACACTCGATTTTTCCCCCCTTACTCTATAATCT
TTCAAAAACTGTTTATCACAAGTGTCTCCGTTACAATTTATATCCTTAAACAAAAGAGATCCGGCGATTTCATGTTTGTCTTTCCATAACGATTCTTCAATTTCAGACATAAATTGTTTATC
TATCATCCACTTGACCTTTTTTCCAGATTTAGAACACGGATTTACTTCTTTAAATTTAGAGCTTACCATTTATTATATAAGTTATTTTTTAAGTTTTAAAATAATATTAATTATTAAACATGTC
GGAAACTTTGAATGTTAATGTATTAGTTGCGGCAAAGGATGAATATACTAGACAATTACTAAATACAATTCAACAAGATGTATATGATATACTTAAAAGTGTATATCATGATTCTCAGGAG
CAAAACATAAGACGTAAAATTTCATATTCAAACTTTCAAAAAGAACTC
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GCGAGAGTTAATCGTAAGATCTAAATTATAAAGATTTGTTTTTATACACATTAATAGTTCATCTTTTGTAAAAGTGTTTAATCCTCTGAAATATCTACTTTCTCTTTCAAAATCTTCTCCCTT
AACTTCTAAAATTTCTCCGGTTCTATTATTTCTTACCTGATAATCGTTGTTTTTCTTAGATAATTTTTTAATTACGGTAACTGTTTCAAAATTACCATCTATTAATACTTTAGCAGTTGCTCC
TTTAGTGTTACTTCCAAAAATTATAATTCCAGAATATGGATCTTCTGTTTCTGTAATTGAACTCAAAAAATTATCGGATTTAGTTTTATCATCGGCACCGTTTGGAAATCCTTTAATTAAAT
ATTCTTTCATTCTTTCAATAGACTTTTTACTTTTAGCTTCGCAGCATGGATACCTAATACCATACTCGTCGGCAGAACCTAGTGGATCTAAAAATTGATAATTTGGATCTGGACATTTACC
TTTCCATGAATACGGTACAGGATGCATCTCTTCGTAGTAAGTTGTTCCGTCTTTTAATTTCCTAGTCCTTATTGGTCTACAATGTGCCGGTGCGTATCCAGATAAGGTATTTCTCTCCGG
TTTTACTATTTCGCTTGTCAAAGTTTTTTTAAGAAGAAATTTATCGTTTTTAGTAAAAAAATCGATAAAAACTTCTTTTAGTAAATTGAAATAATTAACTGACAAAGGTGTAAAAGTATCACC
ACATAAAGATTCTTTAATTATTTTATCTCCACATCTAGACATAGTTAACATAATTACTCCATATTTGTTTATTATTCCAGTAATTTTAATTCCGGGTGCCGGAATTGATACAAATTTGATATA
TTCTTTTATCATAGTTTGATTGCGTGACATTTTACCTGAAGAAAAAGACCATTCAATTATTTTAATTCCTTTAAAGTTTATGATAGTAAATCCATTATTAGTTACTTCAAGACTTGTATGTTC
CGTGTTTAACAAATTTCCGTATGGATCAGTTGGAGCTATTAGATTATTTAAATTTTCAAAATTTATTTCTAAACTTCTAGATACACTGAATTGCGCAGTAATAGAATGTGTATACGATTTAT
AAGGTAAGTATTCAAAATCTGGTAATCCAGTAATTTCTTCAAATTTTTCAGTGTCTACAGCACCAGATTGTTTGATTTTGTCAATTAAAGAATCAATTAAAAATTTTAATTTTTCAGATTCTT
TAGGAATATTAACTAAATTAATTAGTCCGTTTTTACTCACTCTTATAGAAGTTTTATCAGGGCCGTCTTTATAAAAAATTATGGCACTATTTAAAAATTGAGTTGTGGCAGTTTTATTAGCC
AATTTTTTTGGCCCTCTTTTTTTAATTATTCCAGAAAATTGAATTTTTGATAATAAATTAGACTGTCTTTCTAAACTAAATTGTTGTTCTGATAGTTTTACTTCATCTATAATAAACAATAGTT
CATCGTTTAATTCCTCTTGAGTTATTGTTCCATCTATTATTTTTTGTTTTAATTCAAAATAATCTCCATCATATGAATTATTTTTAATTACAAATTCATTAAATCCTCCAAGTGTTAAATATAA
ACTTTTATCTTCTGGATAAGGACACTCATTTGTATGAAATTGAGGACCCTTTTTATAACAATAACTACAATAAAGTCCTTTTTTAATTGGTCCAACTGGTGGTCTATTATAATTTGAATTAA
TGGTTCCAGCACCCATGTTCTTTTTCTCAGCAAAATTTATTCTGTAAAACCCTCTTGGAGAATCTTCCGAATCTAATGGAAATCTAGTCTTAAGAATATTCATGTCGATAATATCTAAAAA
CGAATCTACTTTGTTAACAAAAAAATTAGTGCTATTAATTCTGAGTTCCGAATCCATTTAATATTTATTAAATAAAATGATTTAAAAAAAAACTTATAATTAATATTATAATGAAAAAAGAAAT
AGAAATATTTAACAAACTCTTCGAAGAGTTTTTAGAAAAAATTATATCTAAATTTGATACACCAAAGATAAAAACATACAGAAAACTGTTTATAATGATGAAAGAAATGTCTCCGGAAACA
CCTGTTAATATTTTTATGGCAGGTTGTATCAATTATAAAAACGAAATTAAAAGTAGAAACGAATCCTTTTTTTTGAAAGATAAGAAAATTAATGAACAAGTTAAAAATTTCGGTAATTTTAC
AGAAGACTGTGGATTGGACGCTTATTGGAATGATTTGACTCCTATAACTAAAAAAGCTATATGGGATTACGTTCAATCTCTTTTTGTATTGGGAGAAATAGTTGTTAATAATAACACAGC
AGTATTTGAAAAATATAACGCATTATATGCAACTGATTATAAAAATGAAATTGAAAATTTTAAAAACGGAAATTCAATAAAGTTTTTAAATAAAATAAATTCTTAATTATATGTAAATGACGT
CATATTGGTTAAGTGATATATGCGTATTATTTCATTCTTTTGAAGTTAATCCATTCAGAGGTCCAGACAAAAATTTTAGATATAACGCATTGACTAGATTAATAATTTTAGTAACTGCCGTA
TCAACACTTTTTTTTAACAATTATAAAGAAATACTACTTGCTGGAATATCTTCACTTACATTGTCCGTGGTAATATATTTTTTATCTTTCAACAAAGATATGGCTTACAATAAAAATTTTAAT
AAAGTGTTAGAAAGCATAGAAAAAACCGAGTTTGAAAATGCCGATGATTTAGAAAAAATAAAGTTATTAGATCAGACAGCGAATAAAAAAAGCATGACCAATATAACTTATAAAAGGGGA
ATTGATACAGATAATCTTTCTAAAATATTTTTTATAGAAAATAGTACTTCTAAAAATAAAGAGGAAGATTTAAATGATGAAAAATATAATATAGCGCCTATTAATAATATCGTTAGAGGAAA
AGTATCTAACGATATACTTAAATCAGATATAACAAATGAATTCAGAGTTAGCGATTTATATTAATTTTTAAAAAAAATAAATTAATATAGTATAAATGGATTTTAATTCGGCTAAAATAGAAA
ATAGTAACAAATCTCTTAATAATTTAACTTACTTAGATTTAAATCGGTTTGAACAGTTTAAAAAGCCTCCAAATATTGATTATACGATGGCGAGTGTCAATTTTAATATAACTAAAGCGCCA
TCATTTACAGCTTCTAAAATTGTAAACGATGGTAAAAATAATGCGTATTCAGGAATACCCGTTACGTATGTAGAAAGTTCACAAGTTAAAAATAGTTTTTCTAAAGAATTTAAAAAAATTAG
ATAGTGTAATAATAAATGTTAATTAGAACTATTATCAATTTTACCTTTATTAACGATAATGTATTAGTTGGTTACTTTACTGAAACTCGGGATACTCAAGATACTCAAGATACTCAAGAAAC
AGACAATGAAGAATTTAGAGAGTTATTTTCAAATTTTTTTGGAGTCTCCGAAAATTATTTTGAATCTACTATATATAGCTTAGATCTACTCTCAATAATTATACCATTTAGAAAGCAAAAAA
AAGTATTATCTGTTGAACAGATTGACAATTTAGAAAAATATGAACTATATACGTCCTGTCCAATTTGTATGGACGACAAGTCGGATAATATTAAATTAAATTGCCAACATATTTTTTGTAAA
GATTGTATTAAAACTTGGTTGTCAAAGCAATCTAACACATGTCCAATTTGTAGAGTAACAATATAGTGATTAAATACTTCGATTAAATAAAATTATTTAATTAAAATATTTAATTATTACTAA
ATGAGATCGCTAATTTTATTATTAATAATTTCATTAGCGCTATTAGGATTTAAAATTAATGGTAAAAGACCCGAACCAAAAAAAGTAGAATACGCTACTTTAGACTCAACACAAACTTTAG
ACTCAACACAAACTTCGGATGAATCGCAATCGTCGGACGAACCACAAAAAGTTAAAATATTTAATGAAATGGGCGACGTCTTAAATGAAACAAGTGATAATATAGGAAGTAAAAAAACT
GTTGAGATAACTTCTGTTAACGTAGGTCTTTCGGCAAAGCTTTTTTCGAAACCATCATTAAAAGTAACGGATGAAAATGGGTTAACTGAAAATTTAATTTCTTATAAAAACAATTTTCCAT
ATGAGTCAAAATATTTAAAAAAAGTAGATTCTAACACTAGCAAAAAAATTCCAATTAAAAACTTCAAGTCTCAATCTTTTGTAAGTAGTGTAATTTTGCCAGAAGGGGTAACAGACTATAT
AGAAGATTTTGATTATTTTAAAAATTCTATAAAATTAGTAAAGGAACGTCTCAGTAAAGACAAACTATTAATTCCTCCCCATGTAAGAATAACAAATCCAACTAAAAGAATACTAAACACAT
TACCAAGTGAAATAGTTTTCAAGACTAAACCTGACGATTTTGATTATCACAGAGCCAAAAATTTAAGAGCTGTAAATGACAAAAACGATATTTTATACGATACTTCTAAGAAACTTGAAGA
CGCTAAAAATATATTTAAATTTAATTAATTTTTATATTATATATAATATAATGTCTTTAGTGGTAGATAAACCGTCCAAAGAATCAAATTTAAAATTTATACAGTTTAATGAAGCCGATATCTT
AAAAAATATGAACAATCACGCTAATAAAGTAATAGTTAAAATTGTTCCAAAATTAGAACCTCCGCGTAAAATTAAATATATGTACAGCGAACTTAATACTAGAAAATCACAAACTCCAAAT
TACGCATACAAAGACGATATAATTAAAGTTAAAACCAATGAGCACGCAATTTCCGAGATTTTTACATCGAATGTACCAGATTTTGACGATACAATGAAACCTCGCAAGTTTGATGAAGTA
GTTGAAAAAAATATATTAAATATGCCACCAATTATATATAAAGAATTTGATCCAAAAGTTGTTAGAACTTTTGAAAAGGTTAATAAAAATAACGACTTAAATTTTATTCAGACTAGATCTATT
ATTAAAAAAATAGAGCATCCAATACCCATGGTTGTACAAGATAGAATTGTATTAAAGAGATTATAATAACTCTAAAATTTCATTAATATTAGTTTTTAGAGTTTGTTCGAAAACATGCCTAA
GCTTAATAAAAGATTTTTTGTCGTTTATTGAATATTTAATAGTATCTATAGAAACCCATTTAATGTCTGTCATTTCTAGAAATTTTGGATCGGTTTTAATATTTGATAAAAACTTTTTAGTAG
AAATGAATCTATCTCTATAAACTGGACTGAAAGGAATTTTACATAAATACATATAATATGGGTGACCACTCGGTGTTTTAGAAGTAATACATTTAATATTCTTAGATTTAAGAGTATTTTTA
ATAGTTTCGTAATCGTAAATAGCTCCAATACTTTCTTCCCACGCCTCCCTAGATGCTGTTACCTCAGAGTCAAATTTATCATTTATTTCGCACCTACCTCCAAAATTTGACCATTTGTTAT
CGTTATCTTTCCCCAATAAGAAAAAAGGAGTATTATCTATTGTCCTGCTATAAAAGAGAATACCCGAAGCGTATAAAATATTATTATTTATCATTTATATTTATATTTCTATTAAATGATACT
TTTAAATAATACTTTTACATTTAATAATTTATGCGTTATTAAATATAAAAATATTTTAAACTATTAGATTAAATGAGCGGTTTTGTACCAAAAATTAAGGTTGAAGCAGAAAAGGATTATACA
CCTATCAGTGTAAAAAATCCTATTAATATTAATGGAATTTCTATAGAACACGAAGAGTCGGAAGATAGCGACAGCACAGTCGAACCAGATGAACTAGTTGTTAAAACTGCTCCGATAGA
AAAATCGTTTAAATCTGAAAAAAGTTCCGCCCCAACAAAGAAAGCAAAATTTTCACCAGAAGATTATCAAAATTTTGTCAATAGTTCTAAAACACGTGCTGAAAAAAAATACGATTCGGAA
GAATACGATAGCGATTCTGAATCTGGTAATTCCGATAACAGTGAATCGTCTGATTACTCGGATAGTATGTCTGAAAATTCTGAAGACGATAAAAAATCGAATGCCAATAAAAAAGAAGAA
AAACAAACCCTCTTATTAAAACTGTATGCTTTAGAAAAAAAAGGCGTCGAACTAACTAAAAAATTTTCAATGAATTCAAAACTATCCGATTTAAAATTTGAATATGAACTTCATAAAAATAG
CGCAGAGATTGAAATGAGTATTAAATTACAGCAAAAGATATTAGTTGCGGCAATAACTGGATTAGAGTTTGTAAATAAAAAATTTGATCCAATCGGCGCGAAATTAGATGGTTGGTCAGA
ATCTATAATGGACAATTTAGACGATTACGAATCAGTATTTACTAAATTACATGAGAAATATAAACACAGGGCAGATTTACCACCAGAATTACAACTATTGGTTACGTTGGCTGGTAGCGC
ATTCATGTTTCATATGACTAAAACTATGTTTAGTTCAATAATGCCAAACAAGGAAAATCCTAATACAGCCGACATTATCAAAAACATGATGCAACAAAATACACAAAGTACTCCAAAAAAT
ATGTTTGGAGATATATCTGGACCTTCCTCTAATTTTTCACATATTCTAAAAGATGATGACACAATTTCAACTGGTTCGGTAGAAACTTCTAAAGAAGTGACAGTTAATCAGAAAGGAAAG
CGAGCAATTAATCTATAATTTAAATTAAATTTTTTTTATATTATGTATTTAATAAATATTCATGGTTTTATATTATAATAAGGTTCCTAATTACGATGAAACGCCTAATTATAACACGCCCAC
GAATAGCTCATTTTCTGGTGATAGAATATTTACAAATACAAGAAGTTTAGATCCTACGTCCGCTGTATATAATAGAAACAACGAGGAAAAACTAGCAGATAGAATTAAATATTTAGAAAAT
CAATTAAATGAATATAGAAAACCTACGAAAGAATTTAGATTTTTTAACAAAGATTACAATATCGAAGAAGAACGTAATATTTATTTATTATCTCAGATTAAGGATTATCTATTTTACATTTTA
CTATTATTAATAGCAATTGTAATTAAAATTTACGGTATTAATTTAAATGTATAACTTCACAAACTAGGTTATTTAAAGTGTATGTATCATTAATATAACGAGAATTTCTAAATTCTTCTATTGT
AAGAGTTCCTCCGTAGTCTTTTAACATTAAAAAACTTGGAGCTGGAGCAAATTTAAAATTCGGTCCAAAAAGTTTTTTATAAAACTGACATAATAAATAAACTTTATTTTCAAGTAGTTTAT
TTGACAAACAATAAGATTTTGCGCAATTAGGAGAACAGAAATTACCAAAAAGTTTATATCTATCTAGGTCTTCGCAATATTTTAACGGAATGTAAAAAGGTAAGTTATCAAATGGATGATG
ACAATAATAACATCTAGTTTCATTTTTTTTGAACATAGACTTATTTTTAGAATGTACTATAGTTTTAGCCCGTGTCATTTTAAAATTTGTCTCATCTTCTTCATCAGAAATATCTAATAAACA
ATTGCTTTTTTTGCTTTTATTGAAAAAATCAGTGATATTAAAATTAGTCTTTTCTTTTCCTTTAACTTTTATAGTTAAATTTCCGAATTTTAAATTATCTCCATTTTCATTTGACGGATCTTTAA
CTATATTAGAAGTATTTTTGTCAGGTTCTCCAAATACAACAGGTTCGCACACATTTATCGAATAATTTTTAATAGAAGAACTTTCCCATTTTTTTTTACGACCTCTTTTAGATTTAGGTGGA
ATAATTTCATCTGTACTCATTTATAAACTTATTTAAAGAATCTTTAAATATTTAAATTAAATAGATGTGGGCATTATACACTATAGCAGGATTATTTTCATCTGGATACTTAATTAAAAGAAT
GCTTAACATTTATAACTCTATCAATGTGGTTAAATATAAATCTTTCGAAGATGTTGTAGAAGAAGAAGATGAATATACATTGATATGTTATAGAATTAAAACAGACAACGGAAAAGAACTA
GTCGAGACTGACTTAGATGAAGAGACTATAAAATCTATAGAAGAAACTGACGATATAATTTACATTATAATTGAGTATATGTTTAATGGAAACTTGATGAAATATATCACTTATAAAAAAG
ATATACAATTTCCGATATATAGGTTTAGAGTTGAACCAACAAAGTATTTATACTATCCAGAAAGCATTTTCTTTAATGAAATTAATATCACTGATTATGTGACTCCATATCTAGGACCGCTA
TGTAATTTTTATAGAGATCGCGAAGAACAGCCTTTACTCAAAGATATACTATCGGATCATCCTAGATATAAAGATTTCAATTTTGAAGATGGTTTAATTATTTTTATTTCTAACGACACTCC
AATTAGTGGTAAAAAATGTTTTATCAAAAAACTTCCATGTGATTTAATTTGGAAAAGGCATGCGGCAGTAGATCCTAAGGATGACGATAAGTTGGATAATTAATTTGAAAAAAAGTAATTT
AAAAAAGTAATTTAAAACTAAACAAATGTCTTCAAAATATTTGTTTAGTTTTACTACGGTTCAGACGAATATAATAAGAATTTTATTTGAAGCTCTTAAAAATATTTTGTGCGATGTAAATTT
TACAGTAGATAAATCAGGGATTAAATTAACGACAATAGACAATACAAATTGCGCAATAGTAAATCTAATTCTTTATTCAGAAAAATTTGAAGAATATATATGTGAAAAAGAAATTAATATAG
GTATAAATTTACTTTCAATCTATAAAATACTAAAAGGTACAAAACACGCAGACATGATTTCTTTTAGTATTTATGAAAAAGATGCTACATTTTTAACAATTAAAACCACAAATAGTAATAAAA
AGACAACTATAGAGAGTAAAATTAAAATACTAGACATCGATGAAAAAATATACAATATT CCAGATATTTCATTCGATTCTTATATAACAATG
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TAACGTCCAATATTGCTTCTCCCCATGAAGAACTCAAACGCCTAGATCCCGTAGTGTAAATACCTTCTCCTCTTGATCCGGAAGAATTAGCGTCGGAAGCACTCGCATCTATTAATTCT
GAAATTAAGATAGAACTAGAATCGTTATTACCGTTTCGCCGAATCCTTGTAAAATGTGTAGGCAAATTACTACTTGTATCTGTTAAAGCTCCAACATGTAAACAGAATAAAATATGAGATA
CATTAAGATTTACAGGATCCAAATCTAAAACTATTCGAGTAGTACCGGTAGACGATGACACGGGGACGGGAATAGGATCTCTATATATATTAAAAGACGTATTGAGTACTCTATTTACAA
TATTTTGCTTTAAGAAATTTCTTTCAGTGTGTGTAATTACATGATTTTGAATAACAAGATTAGTTTCTAGCGATGTAATTACACCTGTACCAATGTTATTTAATAGAGTTAAAACGTTTAGAT
TATCGTTGGTTAGTCTTGGAAAATATCTATAAGTAACCACAACAGTTAAGGCATTAGTAGTAGTTCCAGTTTGTAAAAAACTCCTTTCATTATTAAAACTCTTACCAATAAAGGGTAAAGA
TAGCGAAAAATTTAGAGTTTCTCCACTGGCAGTCTGATGACCAATTATGCTTCCGGTATCAAAATATACAAGTTTATTGTTAAATGTATTTTCATTTTCAATCAAGCTGCCAGATTCTGAA
TAATTTCTCATATATATATCTCCTGGATATATAGTTTGAATAATAAGACCGCCTACTTTAATATCTATGAAATCAATAAAATCTAACGGTAATGTTTTGGAATAATATATACCACTACAATC
GTAAAAACTAGTCGGAGCTGTAATTGTTATAGTCCAATTTAAATTCATCTCACTGATTGCGTCTATATTGTTTGGTATACGAAAAGTATCCACATTATTAAGTACCGCTCCATTGCTATGA
GGTAAAGCTGTTAGAGTACCTCTAATTACAGTAGGTCCAGATCCGTTAATATACTTTAATGGCGGTCTAGATATGAAGTCCGAAGTAATTTGTCTCGAACTATCTGCCGCGTTGGCTCT
AGTTATAGATTGAGACCCAGAGGAACTAAAAGTATCTACGGCAATATTGCTTATTCCCATTTTATAATTAGATAAATAAATTAATTTTAAAAAAAAAGTATTCGTTTAAAAAAAAGTATTTA
AATATCTAATAACTATAAATGTCTAATTTTGAATGTAAACTTAGTGATTTAAATAATACCCCGGTTGAGGAAACTAAAACTTCAAGCAAAGTAAGTGTTTTGTCTAAAGAGGACAACTCAC
AGATTTCTGAAAAAAATACACGAACAGAATTATTTCAAAATTTTTTGAATGAAAAAAATGGTAAAATAATTCTATTAATTACATTTGTACATTTTATATTACATTCAGAACAGGTAACATCTT
TTATAAGTTTAAATTTACCATCGTTGATAGCATGTACATCGCAACTAAATTCTTTGGGTAAAACACTTGTAGGTATATTAATAGGAATTATATTTATACTGTATTCTTTCTTTTTCCCGGAC
CACTAAATGAATTTTTATTTGTTAGTTTATTCTCGAGTCTTTCTAGTAGACCATTAATACTAAAAGACTCTTGAGAACATGATATTTTTTCTTTTGGTTTTTTCCAATTTAATGCAGATAAAA
CACCCGTACTCAACGGAACATAAGAACTTTGATAATCTCTACAACAACCATGAATTCCTGTATTTTGTGATAGACATTTTTGACAAAGTCCGGTTGGAGTTATTTTAAAATATATATGATT
ATTTTTATGAAATCCATTTTTATTTTGACAATACTTCGATTTAGTATAAATTAAATACATGTCTTTTCCGTTTACTTTTGAAATATTGCCAAGATCTTCTACGTTATAGCCAGTTGCGTGATT
TTTAAAAAATTTTTTAATTTCTAAATAAACTGGGCTATTTTTAGAAACAGATATAAGTTCTGAATTTAAAACTTGAGTTTCTTCTTCGTATTCGTTTAAATTAACGTATTTTGTAATTTCAGTT
TTATCGCTTCTTACACTCGTGTCTTTAACTAAAGCGAGCATGTTATTTGTATAATATTCTACCATTTCTTTATTAGAAATTTTATCTATGTATACATCTTTAAGAATGTATACACGGTCTTCG
TAAACACGAGTACTATCAGAAATAGTACACTTATCAGATCCTATTAGTCTAAGTCCGTTTTTTTTGTATACACACTTATCTATTATCTTTTCCCAGTCGTTATCGAAATGTTCAACTTTTCC
AAAGACTGTTTTAATGCTTACTAATATATTGCTACGAATTTTAATAGCCGTTTCAACGTCTACAATCAAATCAGGCCAGTGAAAATGAAAACCCTGTTTTATAAACTTTTTATTGTCCTTGA
TAATTTCTATGTTTTTATCAGGAATAGTAGAAATACATTTGAGATCTTTAATATTATAAATATTAAAGATTACTTCTTGAATACACTTTAAATAAGGTTCTTCATCTATAATAATTTCTGAAAG
TACATCAAAATCAATAAAAAAT CTAAAAAAATCGGTTTTCTTTTCTACCAAGCAATTTTTGAATTTTATATTTTTAGCATAAAGTTCTTGGAATGTGTCGTAGTCTTCTGATAAATTAAGTTT
AAATCCTTCCATAGAATAGTGTGTAGTAAGCGAGTTATCGGTTACGATTTTTCCAGTTGAATAAAACCAAATCTTAAGTGGATTATCCATTATTGTTAATTATATATATCATATGTCTATAT
ATAATTTTAAATAAATTTATTCGTTTTAATTGTAATTACTGCCACACTTCGCGCATTCCATAATAATTTCGAGGATAACTATATCCGTAATTATATCTCGTTCTGCCAAAATCAACATCTGG
TATTGTAAAATCTAATCCGGCCGAACTAGGTCCCGCACCACTCGAACTCGGTCCTGCACCGGATGCTGAAGCGAGTAAAGCTTGTGCTGCCGCCTGTTCCGCCATATATGCTTTTGCT
CTTTTAGCGAGCGCTAAGCGTTCTCGTTGTCTTGCTGCTGCTTTCTGTTTGGGGGTCATTCCCATGTAGCGAATAGCATCTGCTGCTGCTCTATCCATCCCGGCTTCTCTTATTGCTTC
ATATTTGTCAGCAGTTTCTGCGGCTTTTGCTGCACGCCATTTTCTATTTTGTTCAGCAATTTTTTGCTTTTTCTCGATTGCGTATGCCGCTATTCTAGGATCTTCTGGCTCTTCTGGCCCC
TTACCTCCTCCCATAGGTAAAACTCCAAAATTGGATGTTTTGTAGCTTATTCCATTACGAGTTAATCTAGACTTTAGTTGAGGTATAGTCAACAAAGTTCTTGTGTATCCTTTTTTGTCTTT
TCTCATTTTAAAAATAGAAATTTTATTACGTTTTGCTAACTTTTGAAGAAAACTTAGATATATTCTAACTTTTTCTTTAGCACATTTTCTTTGACCAGGTTTGCGTTTCGGTCTGTACTTGTA
TCCAGGTGGACATCTTTTATTTACCTTTACGTTTACATTTTTAGTTCTTATTTTATCGTATTTTGCTTTATCTCTAAGATATGCTTCGCTACCGCCAGGAGGAATATCTAGTTCTACACGAA
TATCACGTAACCAATCATTGTAACTATACGGCGCACCACGGCTATAATTCATTTTATTATATTATAAATATTTTAAAATATTTTAATTCATATTTCTAGCAATCATTCCACGGGCATATCTTT
GAATAGTAGTCGCATAAGGTGGTGCTGCTCTATGCCATGGGCGGTCTGGAAAAATAATATCTCCGGCAATTTCTCTACGCATACGGTCTCGCACACGGTTTCGGCGTAGATTCCACAT
CTCACGGAGTGCGTCTTCAGAATCTCTACGGATATTTCTTGAATCGGATATGCTTCTTGTTGGTTGTAAAACTCCGAATGCTGCTCCAGCACCTGGTGGATTAGATTCCAAATATCTTG
CCACCGCATTTTGTATTGCACCTTGACTACCTCTCGCGCGCCTAGCTTCAAGTATTTCACGCCACGATGGCAACGGAACTCTTTGTCCATCTCGCCACTCTGTCCAACCTTCAGAAGAT
TCGCCCCGAGATTCGAGTTCTTCTGCGCGACCCTCCCACAGTTCAGCTCGTAATGCTAATTGTTCAGGCGTCAAAGGTTGGCGAGGTTGACGCCGTCTTTGAGGACGGCTCCGTATC
ATAGCCTGAACCTCGTTATAATCTTCTTCAGACATTCCATGAAATGGAGGTTCCTGCGAATCTCTCCAAGGCGGACTTTGCTGCTCCATACCAAATTTCATTCTTCGCCCAAATCCGGT
AACTTGTTCTATTAACAAAAACTTAGGATCTATTTTATCCCAACCTGCTTCAGGAAACCTCGTTATAGGACTTACTATAATCCCTTTATCTGCCATATATGCACGGTATGCGTCCATCTTC
TCTTTCTCTATCTCTTGAGGTGTTTCTCGAAAGTTATAATCTGCTCTATTTAGATTAATATTTGTTATAAAAAAATACCTTCTCCGAGTAGCTGCTATTCCATTTGCATAAATCGTAGCAAA
CCTAATTCTTTCCTCTTCAGGTCTTTCGCGAAAAAATGTATATGCTGCATTATATGCTCTTTCTCTTGAATCGGCAGACTGCCTAAGCATATCGGGTTCCAAATGCACCAACATCATCTT
GTAAAGTAAAACTCTTCCGAGTCTTGTTCCCAACATCCCGCGATAAAACGCCGTTCCTCTACCAGACCTTACTGCTTCATCGTATTGGCGTTCCAATTGAATCAATTGTCGCTTATACG
CCAACCCAGACTCCCTTCCTGTAGTCATCTCTTGGGCAGTCGTAGCAGGAGGTGACTCATTCTCAGAAAAGGGAAGTGTTGAAGCCATCTCTTCTAAAATCTCAGTAACTGGACGCAG
CACCTCACTCCCCGGAGCAAGCATACCAAATTTCGATATATTCATTTTATAACTTATTCCATGTCTTGTTAATCTAGACTTTAGTTGAGGTATAGTCAATAAAGTTCTTGTGTAGCCTTTTT
TATCTTTTCTTGGTTTAAAAATTGAAATTCTATTTTGCGTTGCTAACATTTGAAGAAAACTAAGAACAGATTTAACTTTTTCTTTAGTGCACTTTCTTTGACCTGGTTTACGTTTTGGTCGG
TACTTGTAACCAGGGGGGCACGGAGCCATCTGGGGATACATCACACTTACATTCATCGGTTCTTTAGGAACTCTTTGTTCTTTAGGAACTCTTGGTTCTCGCGGAACTCTTATTTCCGA
ATGGATAGTATCAAACCAATCTTGACTACCGTATTTTAATTTACGCCTGCTCATTTATTTAAATGTAAATATTTTAAATTAATTATTATATCCAGTTGGATAATTTTCGTAATATTTACCTGT
CGGTGTCCTATCTCGCGGATTTTCTCTTCGGATGTATCGAAGCATTTCCCATCTGGGAAGTCGTCCGGCTGTAATTCGAGGAAAAACCATTTCTCTTTCGGTCATTGCATTAAAACCTG
CTGTAGGATTTGTAGTTTCGATGTCTCTGCTACCACCTCTCCCTGTTTGCCACGCGCTTCGGCTACGTCTCTCTGCATCATCTACATCTCGTTGAGCCCGTGTCGATTCTAACGAAGCT
TGTGGAAACATTCTAATTAGTCTATATGCTTCAAGTAAATCTGCGTGATTAGTAGCTGGAGCAGGAACTTCAATTCTTGCGAGTACACGTTTTAGAAGTACTCTAACTGGAGCACCTAG
GCTTTCTGTTTCAACTGCTTCGCGAGCAACTTGAGCGTAAGATCTACCTGGCTCAGACGAACCTGGCATTCCGAAACAATTATTTTTGTAACTTATTCCATGTCTTGTTAATCTAGACTT
TAATTGAGGTATAGTCAATAATATTTTTGTATATCCTTTCTTGTCTTTTCTCATTTTAAAAATAGAAATTTTATTACGTTTTGCTAACTTTTGAAGAAAATACAAATTAGATGTACCAAACGA
TGTACTTCCTCGCCGACGCTGAGTTTCGGCAAGCCAGATACTCGCTAATCTACCAATAGTTTCACCTCGTAGTGGCTCTGGTAAAATTGCAATATACTCCCCTAATACAATCTTTGAATA
TTCATTATATAAATCCATAGGAGTAGTCAATCCACTCATAGATGAAGTAAATGAAGATATTATATCTGAAGCAAACTCAGGCGATTTCTCTGCCCAAAGTTTTTCTATTTGACGAATAGTT
CGACCCTTAATTGGTTCTGGTAAACTTTGAACTAGATTTCCCCTAGTTGCCTTAATATATGCTTCGTAAATCTCGTTAGGTGTAGACGCATCCACCATATCTGAAGCATATTGTGATATTA
TACTTAAAGCTAATTGTACAGTTCTAGCATAACCTCTCATTTATAAATACCAAAAGATTTTTTATAAATGAAGATTCGTGATTTTATTAATTTTATTAAATCATTGCAATTATGGCCGCCGGT
ATATTCCAAACGCCGAATATGTAAGACTACCGCCGCCGAAAGAATTAATATTAGTGAATACACCACGTTCTGCTCTACGTAAATCCTCTTGAAATCCAAGAAGCAATTCAATATATTTAG
TAAGTTCTTTAGAACGCGCCATCAAAAGGTTCGGATTTTGAATTCCTTCCATTAGTACAGTATCCATTAAATAAATGTCAAAAACAGGGAAAACTAAATTATAAAAAGTTTCGAACATAAT
TCTAGCCTTTTCAGCAACTCCTTCATCACGAATTCGAAGATTATGAAGTCTTCGCTGTACAATTTGATTTTGTAAAAGTAAATCTTTTGCCGCTTTTTCTGCCTTGATATTTTCAAAAGTTT
CAAAAGTAATACGTAAATTTTGTAAAATAACCCTTACTTCGAAAGACACAGGATCAGTTGCTGGAATTATGCGATGTCCAGACATTTCTGCGTTAATAGTGTCTCTTATGCGTTTAATAAA
CTGTCTAGCAAGAGCCAAGGAATTATCGTGAATAGCATTAATTCGTTGAACTTCTCGAACTTCTCTTTGTAATCTTTCAAATTCAAGATTTCTTTCATTTGCTATTGGTATCGGAGACGGT
TTTTCAAAGGGGTATTTACCGAATTTTGAATATGTTCTCATTTATTAATGTAAAATATTTTAAAATTTTAAAGTGACAACCTGAGAACTTGTAAAAACACCTTTAACAGCATTCTGAGATAA
AACTATTCTTTTTCCTTTCTTTTTATTAGTAATCACAGTTCCCATATCAAAATCTATAAGTTTGATATTAGAAATAGCATATTCAAAAATTTTATTTTCCAAAAACCACCTAAAAAAATTTAAT
TGCCCAACGGTAGTTATTACAAAACTATTTTTATCTACATTAAGCATATCGTCGTTGTACTCTTTTACAAAAAAAGTATTACAATCTATTATAATTCGCCTCTGTCTACAAAATGGATCGAA
AAATTTTTTTGAATACGCCTTCAACTGATTTTTATAGTCTAAATAAATATTAAAATATGTTATGTCCCCAGTATTTTTGACTATTGGATATATTATATTATACTTTTTAGAATAATTTGTTACT
AACCAGTCTATCAGTCTTAAACTTAATGGATTATTTTGATAAACTATATCTTTTAAAATTTCAATTTTATCTTTGTAAAAATTGAGTAAAAATCCTAAAATAGTCTCTTCTTTTAATGTCAGTG
TCATCACAAATAGTTATTAATAATAATTTTCTTTATGTAATTTTTATAATAATTTATATAAAGAAAACTTACATAATAAAATTAAAACTTTATGTTCGAAATTATAGATGATAAATTTAAAAAGA
AAATAATGTGTTTATTTAGTAGTTTATGGTCTAGCAAATATAGCAATTTTTTTCCAAACCAGATATGTGACTACATTGAAAGAAAGGACTTATTTAAACTTAAAAATTTTTTATATTATTATT
ACAAAAAAAATACAAAATATGAAAAAAAGGCGTTTCTATTTTTATTTACAGATAGCAATTGCGAAAATAGGGCAGTATTGATAGTTAAAAATTTTACTATTTATTTATTAGATATAAATTGC
CAGGAGGATTACTATAAAAATACCATATTTGATGTAACAATATCTGGAGACGATAAAATAATTATCTATGACACTATATACATTTCTGGAATTAAAATTAATAATTATACATTTATTGATAG
AATAACTGAAGCTGAAAACTTTAAGAAGAATACAATTACACCGAAGTTTGATATATGCGAATACCTAGAAGAAATTAACAATTTAAATGATACTCTAAAACCGTTTGAAGAAGAAATATTT
ATAATATCTAATAATCTACCTATTAAAATAGGTATTAACCGCGGTTGCTTTAAATGGCAACCAATTGAATTTATTTACTTTAGTTTTAAAGTAATAGAAAATGAAGACGATTTAATATTATAT
ATTTGTAATTACAAAAAAGACTTACCTTTTGCCAAAATACACGCATCAGATCCAGATGGAAAAGATTATATAAACCAGATTAAAAATCTAGAAAAATATACAAATGAATGTATAATAGACA
TTTGCTTTAATAAAAATATCAAAATTTTACGAGTAAGTGAAAACTTTCCAAGTTCTTTGAGACATGTTGAAAAATTACTACATATTAAAAATGAAAATATAACTATACACGAACTTGTGAATT
AAAGAATAATAGTAAATAGAATAT CAAAAAATAACATAATAGAATAATTTAAATTTTATTATTCTATTA
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ATGTCCAAGGTTATGCATAACATCCCGTCCTCTACTAATCCAATACAGATTACAGGCACAGTACCAAGTTCTTCAGTATTGGGTTATAATGTTTCAACCTCGACGGCGTTCCCCAATTA
TAGTGGTGGGTCTCAGAGTTCTACTATGGGATCGTTTTCTCCGACTAATACAATACAAACATGGACGAATAGTATTAATAACTTTGTACCCACACCAACTAATTTTACAATGTTTGATATT
TCTCTAAACATATCAAGAGCTACTAGTATTACAGCAAATGTTACTGCTGGTAATTTTACCTTTTCAAATAGTAATCTTAGAGTTACAAATATAAACGGAAACTCCGCTGATATAGCATTAT
CTGAGGGGGAAAACAGTATAGGAAGGTATAACTCTTCAACTAATATTGTTTCTATAACAGTTAATGGAAATGATTCTATAGGTTTTACATTATCTTTCACTGACGGATATAATATGCCACT
TATTGGGACACAAAGTTATAGTGCTAACACGGTCACTCACACTATCAGTTTTAGTTTAGCCAATTTAAATATCGCTATTAATGAAGCGAATTTAATTAGTATAAATACTTCTACAAATTCAT
CTGAATCCAAAGATCATGTAAATTTTTTAATTAATTCTTACGGGGGTTCTCAAATAAGTATAGGCAATTTTAACTCTAACGTAAATTCTAGAACAATAGTTCATGTTCCATCTCGTAACTTA
GTATTTGAAGGAACTATGAGATTAGGTTGTCGACTAAGCATTATTTTTATATTCATTGTATCACAGGTTATAGCAGTTACATATACAGACACAGCAACACATACTATATTTTCATTTACATT
ACCTTTCTACGGCACAGTGAACGTAGAATTTCTAGTAAATAGAGCCCTGACATTTTCTTTTACACAATCTGTTCTAACAGCTGCCAATCCTATAATTAATACAGTAAATGGGATCCAAGTT
ACTAGAAGTAACAACAATTTTGTTGTTAACGTCCCGATTAATAACGTAACATCTACTGTTACTGTAACTGGCAGTAACAATAACTCTACAGAATTAACTCTAAGAAATTTAAATTTAAGCC
CGGCAAATTTTACATCATCAGTAGATACAGGACAGTTAATCGATTTTGTTTGTACGTTACCAGTTACAAACACGATCAGTGCTACTAATATTATTATTACTCACACACCTAGAAACTATTA
TTATAAGATATATCCACTTTATGGACAAAATATAACAGAGGTGAGCGAGTTAAGAGCAGAACTTTATACTCCATCACAAGCTAATTACACAATAACAGTAACAGCAACGCAAGTAACTTC
AGATAATTGGGAAGTATATAATAGCACTATTAATTCATGGAGTTCTCTACCTACTACAGTTACAACTCGTTCAAATAGTCCAGGACATTCTCAGAATATAAGAATTAGACCTCTGCATACT
CTACAATATACTACCTTACCTAATGGCACATATGCCCAAATGATGGTCGGTAAGGGTAACCATAATCTACCCTTAAATATATCCATGACACAGGATACGACCTCAATAGTCCCAGCAAG
AGTTCACATTGCTGACGTAATCAATTTCTCTGGTTCTTCTGTTTACTATATAACTACAAATGCTCAGTCCGGTGAGGCGATTTTACTAAGACCTGTGGGCAATGTTATGAATGATAACTA
CAGTTTTAGCGCAAGTAATGTATCTAGAAATTATACACTAAGTACCAGCTCATACTTCACTGGTCCATATAGTCACGCAACTTTTTGGAGAGTTAACTCAACACACGACATATCTTTTGTA
ATTCAATCCGGTCTTAGTTTATCGCATCCAGTAACTATATCTGATTTATACATAAGCGCACCAAGTTCTGGAATCTTATCTACGACGTCTACTATGAGAGTACTTATTGAAAATATACTAG
AACCTGTATATGTCAGGGTTTTAACAATACTAAAACCTTGGTATTTAGAAGTTACAAATTCTCCAAATCAGTCGTCATTTAATGGGACTCAGACATTAAATATATTAGTAAAATCTTCTATA
CCACGTTCTACTTCAATTCAAATTAAAATTATAAGTGCTGTAGTAACTTTTAACAATACATCGTTAAATAGTATATCTTATATTTCGCCGGGTCAGACATTTCCAATTATTAGAAATGTAAT
TCCAGATAATATTACGAGCGCCGATATTATAACATTATCTCCACCTAATACTTTTACAGATAATGGATATTTAACAATACTTTATGAAATAGACACTGACGCTAATGCCAGGCAGTATTCT
GAAAGAATTTTATTACTAAATAATATACAAACTACAGTAAATCTTACTACACCTAATGCAACTCAGTTAAGCAATATTATTAGAAATTCAAATATCAGAATAAAGGCTATTAACAACGTTCC
ACAAACTGGTGGCGTATTATCTTCTTCTACTAATCAAATTTCGATCAATGTTGACACACGAACTTTGTACCAACGAATTACATTTTCTGTTAAAAATTCGCATCAAATTTCGAATCCAACA
ATTAAAATTAACAACGGAAACTACAGAACAGATTATATATTTGAGTCTTACTATAATTCTATTACAAACTTTTCAGTCACATTAAATGTGACAATTATACCTTTGGAGAGATATCTTCTCAT
TTCACCTATTACTGGAGGTACTGAATTGAGACAAGGACAAAGATTAATGGTAGAACTAAAAAGTGAGACAGGGTTAAGCGGAACTAAAACACTTTTTTTAACCAGTTCTAGGCCAGGTG
CTCAAATATACGACCATATTAACACGGGATCGTTTATAAATTTACCAGGAAGTATGCAACTGACATACGGAGGATATAATAGTACGCAGGGTGCTAATAATTATACAGGAACTGGATTG
ATTGAGGCACTATCTAATGCGTCAATACCTTTTGACTTAGGTGTAAGCACAGTTTTTGGAGATGGATCAACAACAAGTCCTATAGAAAACATAATAAATGAAGTAGCTCCGGACGTGGT
TCCTCAAAAAACTATTATTGTAAAATTTACAGATCCGTTAATTTTTATTATTTCCGCGACATCTACTAGTACACTAAGTAATTTTAGTCCTGGAATTTATACTGAAAGAAACTTGACCTCAA
ATAATTTATTTAATGTAGTAGCTAACGTACCTGCTGCGTATGATATTTCTATAAATGGCATATTTGGCTTCAACGCACTAGGAGTTACAGGTTTTAATGTTACGTATAACAGACAGCGTTT
ATTATCTTCGCCGACTTCTCGATTTTATATAAGTAATATAACTCGTTGTGACTATAGTATATACGATAGTTTAGCAGAAATTGAGTTTTTTTTAGTTCCAAAACAATATGCGTTAGTATTAA
CTAGCACAAACGTCCCAGCCGGATCGCCTATTTCTCAGAACGGAAGACCTACTACATATGCATTACGTATTGAATCTGTCAGTGGCTTACAGTTAAATAATGTACGAATTATCTCATTTA
AAAAATATGCTGCCATGACTATATATTATTCGCGCGGTAGTAGTAGTCTAGTACACGAAGTTCCCGTAGTAAACACTAACTCTGATACACCGTTTAGTGATCAGTGGGATGAATATGGT
ATTAATGAAGCGGGCGGAACTATACCAACACAGGCGCGGAATAGAGAAGGAATTATAGAAATTTTATGGTCTCATCGGGTAGCAGGGGTTACAATTAATCATACTGATACTTTTTCTAA
TTAACAAGTACGTCTAATACATAATAATTTGAAGTATAACAGATAAAATTTGAATTAATTTAGTAATAGTAATTCAAATTTAATCGGTTATTAATTCAAGTTAAATTTTTAATTTAAATAACGC
ATCCACGCGATAGTCATAGTAAATATGGCAAAAAATAATACATTTTTAACCAATTCTCCAGAGGAGTCTGCCGCGCTGAGCAATTGTATAATTATTCCTAAAAAAATTGGCATTAACATA
GGATGTGGAAGAACGATATCACCTGGCATTTATTATTACATTATATAAAATAAAAAAAATAATTAAATATTTGATGAGGTATTAATAACACCAACATTTACATATTTTTCTAAAGAATTAAAA
TTAGAAGTTCCCCTTTTAATTCCAACAAAATATAAGTCTTTTGATATAGAATTATAATATGTGTCCCATACTGAAAATAAAGTATTTAATTCTAGTACAGCGTTTAAATCTATTTCTGTAAGA
TTTTTATAATAGTCTACCATATCTACTAAATTACCGATGGTACCATAAGAACATCCTGGACTGGTTCTTCTTGTACCGTGTTCCGGTCTATTAGTTGAGGCACAAGTAAAAAAAAATAAAC
CATCTGGCTTTAACATATCGTATATCTTTTTAAAAGATTCTTTATATTCAGGGTCGTGTTCAAAACATTCAGTTGATACGATTGTGTCAAAGGTATCATTTTGAAATGGTAAATCTTTTGTT
TTAGATACAATAGTTACATTCCTTGCTTGTATTACATCATTCCCATTATAATTACACTCTTCAAATAAGAAACGATTATTTCCATTAATATCCCCCGAACCAACGTCTAAAACATTTTTTTGA
ATAAAAAAATTTGTAAGTATATTTTTAACAAATAGTGTAAAATCTCTAGCTTGTGGATGCATATTTGTAATTATTAATAATAATATCTTTATATTATATTAAAGAATATGCCTTCTCCATTTTT
GAGATCCGACGCAAACCTAATAAAAATTGCTCAAGATTACATAGACGCGGGGTTCGTAGATATACCAGACGATGAAGTTGTACATTTGATACATTTTGGAATTAACATTAAAAGATTATT
GATGATAATGACAAAATTACTCAAACTAAACAAGGCAATTGACGATGTTAAATATAGCCCATATATAGGCCCTATTGACCCAGTTATAAGCGATACTTTAAAAAATGAATTTAAAGAGTTA
AATAGGAAATATAAAAAGTCTCCGTTATTTAATGTAAAGCGCCCCAGAAGAGGTCGTCCCAGAAGAGGTAGTTATGCCGGTCCTCCGAGTTCAGTCCCCAGAAGAGGTCGTTCTGCCG
GTCCTCCGAGTTCAGTCCCCAGAAGAGGTCGTTCTGCCGGTCCTCCGAGTTCAGTCCCCAGAAGAGGTCGTTCTGCCGGTCCTCCGATTTCCGGTGTAGGTCCTTCAAGTAGCGAC
GCAGCTCCTTCAAGTTTCGGAACCCCTAAGTATATAACCGTTAACGGCCGAAAGCGTAAACTTTATAGAGGATTATACGGCGGGGTTTATTATAAAAATACGTCGGGTAAAAAAATTTA
TTTAAAATCGAAAATGAAAAAAAATAAACTTATTAAATCAGCAGATGGAATCTCGGTAACCGGATGGAAAAATATTTTAGATTTTTATGAAAAATCAAATCACAAAATTACATGGGTACAC
TCGCCTACTAGGGTTTTAAAGACAGTAAAAATAGGTGACATGCTGGAATTTACTGTTAAAACAGACGATTCTGGAGAAATGTACGATAATTATCTAGACATAATTGTTAGTCCAGACGAC
GATGGAAATTATCCAGTTTTAATTGATGGTAAAAAATATTTAGTTGCTGGTAATGTACACGATGCTAAGAACACTTTTAGTTATGTTTATGGTGCACCAGATTTATTCAACCGAGGTAGGA
ATTGGTATGTATATAAATTCAAAACCCGAATTAATTTAACTGAGGTATAAAACTAATATTAAAAATAAGTATAATACATTAATTAAATGTCGCATTTAAGTTTTAGTTTACGCCGAGTACAA
AAAGAAATAGAAAATTTTAAAAATAAAAAACACATTTATAACTTTAATATTTTAGAATTTTTTGAAAATTTAAAATTTGAAATATTATCACAAAACAACAAAAATTATTTAATGATTTATGATAA
ATACTTAAATCTTTTTACACAATTGGAAATAAATCAGTGTTATCCTTTTAAACCTTATAATGTTAGATATCTAAAGTTCAATAATAGTCTGTCATATTTAAATAATTTAAATAACCTGACTGA
AGTATTTAAAAATAGAGATAAAACATTTTATATTTTTTTCTTTAGATGTATGTACTCATTTAATCCTAGATTTTTAAATTTAGAAAAAAATGAATGTTACTGTTGTAAATCGCTGATGTGTAC
AAACGAATGGTGTCCAAGTTTTACCTTCACAAATTTATTATTAGAACAACTCGAAATCAGGTTTATGAAATGTTATTCGTCTACTCTTGGATATAAATACTTGAAAAATATATACGATACAT
TATTTATTAAATTTCCAAGTGATATAATATTAAATATATTATATTACATATACTAGAATTAAAAATATTTTGTTATTGTAAAATGTTGATCAAATATTTATATAATTTATTATTTTTAATTTTATC
GGTATCTGGCTTCGGAATTTTTTTAATTTTAGCATTACAAATAATTTATTTAATTATAATCTAAATAATAAATTTCCTAGTTAGTATAAAAAGGTATTTAATCGCCCCAAAGAGCGATTGCCT
GTTAATGCTATTTTTTGGAGTATTAACCCGCATAATTATTCGCCTTCGTATAGAGGAAAAGACAGAACTAAAGAAAGCGGACTTATACACCCCGAAGGGTGCTGCCGTAATGCTTTAAT
AAATTAGCTGATGATCTAGAATTCCAAGTTCGTAAGAAAGTAAGACTCCCCGCTCTATGAACGTCCTCAAAATTTTCAGCAGTGTCGTTCTCGGTCCATACACGTAGAGCGGTTCGCCA
CTCCTTCTCTATCTCAAGCCACGTCCTGAGGCGCAATGGTACACCTAGAGCATACCGCAGTATAGAGACGTCAGTCTCGGCAGACCATTCAAAATACTCGGCGTCGCGCAAATCTAC
CATCGCATTGTCGAGAGCATCCTGAGCAATGCGAACATCCCGCAAAGCTCGGTCGAAAGTATTGCGCGCAGTTTCCCAATCGCCCGTCAGTAGACCCTCTATGAAGATTGCCGTGTT
TGCGTATTGTACAGACTGGCGCATGTGTAAATCGTGAATATGTACATCCGAGAAACGGTCTGAGAGTCTAGAAAGCGTCTGTACAGTCATATCACTTGCTGCTCGGGCCGTCGAATAT
TGTAAAGCCACATCCGCTGAAGATCGAGCTACAATATCGCGGCACGTCTGAGCGATTGTACGTCTTGAGTTCATGCGGTCCACTTCGTAAAGAACGTGGGATTCGGTGAGCCGCTTG
CGAAATCCGTGAGCGACTAGCCACACTTCGTCAGCTTCAGCAGGAACTCGAAATGCCTTAGACACCTGCGCGAGTCTACATAGACTTATCGGGTCCAGTTCCTTGAACGTCTTGACCA
GAAGATCGCATGGAAGAGTATCCATAATATCTGGATTTCACGTGGACTTATGCGCCCCGAAGGGCGCTGCCGTCATGCTATTTTTTGGGGGGTTTTAAATTTTCACAAATCACGTTTCA
CGTTTTAAGATTTAATACCACGACCTCATCCACGCCGCAAGTCTACGAGCACGACGTCTTGCTCGCGCCTTCTCTGCCCACCTTTTGACAAACTGGTCGGCGTCGTAAATCCGCTGCA
CACATTCGTCTCCGCACCTTGGTCTCCATTCAGCTCGACACTCCTTATCCGTATGAAGTTGCGATCCAGAAAATTGAGGCTCTGTGAAGTTGGAACTCGCGACGACAATTGCTACTAG
AGCGAAGAGAGCAAAAATCGATTTCCACATTCGAATGTCGACTTCAATTTAAAATTCAACGACAGTTTTTAGATATAATTAATTTTAGCAATTAATACAGCGGACTTACACACTCTGAAGA
GTGTTGCCGGTTTAATCTAAATGAAAAAGAAAAACTTAAACAAATTTCTCCAAAATGCCTTAGGCGACTTATTCTCGATGTCACATTGTGGCGCACCTACTTCGCGTCTCAAGATTTCGA
TTTGAGATATCAGGTTCTCCAGGTATGCGGTACATTCTGCTACCCTGATTGTGTGTGCTTGAATTAGGAGATTTCGATGCTCTCTGACTCGGTCGAGTTTTTGCTGAATGATGGCAATT
CGCACTTCGATTGGAATGAGATCCGTATTAACCACGAGTCTACAGTCTGGTTTCATTCTAATTTGTCGCACGGACTTATGCGCTCCCTAAGGAGCGCTGCCGTGAAATATTTAAGTTGA
CATGATACGAAGAGAGTAGTTGTGTGAATAATCTAGATAATTGTGTACTATCAATGCGGTAACGGCACAGAATAGTGCACAAATCATCCGGAACTTCCACATTTCAAAAACCTTACGCT
GCTCACTGAGTTTTTCAGCGTCGCCAATAAGATCTAACTGACTATGAATTGTAGAAATGTTATCAAAAAGCGTCTCAACTGTAACTTCTTGTGCGCGCTTCCATTCTAAATCTTCGCGGA
CATAAACCAGAAGCGCCTTGTAAAACATCTCGTCGGCTTCCCCAGCGGCGTCTCCAGCTGTAGTACAAGCTGAATTCGCTAATAAATAGTTCTCATGCGCGCTATCTCGTGTGCGCAT
GAGAGCATCTACTGGTGTGCCATCTCCGTAGCCATTTTTCGCTTTCTCAAAGATAATTTGAGCGCTTTCGAACTTTTTTTTTGCTACCTGTTGAGCCGCAACGGAGTCTTGCGCTACTTT
TTTAGTTTGAAAACGCTCTTCGAGTGCCTCGACGAGTGGTGGAATAATGTTTCTCTTGATTTCTACCTCAACAAGGCGCTGAACTTCGCGAGTCTTTGCTTTGATCTCGGATTGGAGGG
TTGCGATTGCTTTGGACGTCATTTTAAATTTGTCACGTGGACTTATGCGCTCCCTAAGGAGCGCTGCCGTGAAATATTCAGAGATCTCTAATCTTCCGTTTTGGAATCCATTGCTTGGA
CCACGCGGAATGAAGGCAACAATGACCCACGCCATAGCTATAGGCAATAGAGTG
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Supplementary Table 4.3. CpV-BQ71 Predicted ORFs and Functional Annotation. GeneMarkS,
GeneFragScan, Prodigal, and Glimmer were used to predict ORFs. Putative ORFs predicted by two or
more tools are listed. Each ORF was assigned a locus tag and functionally annotated. ORFs that could not
be assigned a functional annotation are labelled as hypothetical proteins. The location of each ORF start
and end position and strand they are encoded on are listed. A total of 193 putative ORFs were identified,
of these, Prodigal (P) predicted 185, GeneMarkS (GM) predicted 190 ORFs, GeneFragScan (FS) predicted
170 ORFs, and Glimmer (G) predicted 188. For gene annotation, the number of source hits and source
names for each protein are listed, collectively, 23 prediction tools were used. Annotation prediction tools
included, Blastp analysis against the IMG-VR db, non-redundant (Blastp-NR) db, and non-redundant db
with the Virus filter (Blastp-NRV); InterPro, SMART, ProSiteProfiles, ProSitePatterns, SUPERFAMILY,
Pfam, Gene3D, Phobius, TMHMM, SignalP, NCBIfam, PRINTS, PANTHER, CDD, PIRSF, FunFam,
Phyre2; and HMM databases efam-xc, RVDB, PHROGS, and VOGBD.

Locus tag Product Protei_n St_a_rt Er_1<_:1 Strand OREF tools Number_of Source Hits
accession position  position source hits
Blastp-NR, IMG-
BQ1_001 hypothetical protein XNN68104 55 678 +  P/GM/FS/G 4 VR, RVDB,
VOGBD
BQ1 002 hypothetical protein XNN68105 2018 1569 -  P/GMFS/G 3 B'a\S,tF‘{""F'{s'D'g'G‘
BQ1_003 hypothetical protein XNN68106 2140 2901 + P/FSIG 2 IMG-VR, VOGBD
L . Blastp-NR, Blastp-
BQ1_004 So'\r']/;\aﬁ;?:'”grgt‘;?;a'” XNN68107 3644 2958 - GMIFS/G 5 NRV, IMG-VR,
gp RVDB, VOGBD
BQ1 005 hypothetical protein XNN68108 3885 4328 + GM/G 1 IMG-VR
BQ1_006 hypothetical protein XNN68109 4407 5015  +  GM/FS/G 1 IMG-VR
BQ1_007 hypothetical protein XNN68110 4999 5400 +  PIGMIFSIG 1 IMG-VR
IMG-VR, RVDB,

VOGDB, SMART,

BQ1_oog '|-boxdomaincontaining  y\Nggi11 5793 6443  +  PIGMFS/IG 8 SUPERFAMILY,

protein Pfam, Gene3D,
ProSiteProfiles,
InterPro
Blastp-NR, Blastp-
BQ1_009 hypothetical protein XNN68112 7150 7689 + P/GM/FS/G 4 NRV, IMG-VR,
PHROG, efam-xc
IMG-VR, RVDB,
F-box domain containing ProSiteProfiles,
BQ1_010 protein XNN68113 7749 8501 + P/GM/FS/G 5 SUPERFAMILY.
Pfam, InterPro
BQ1_011 hypothetical protein XNN68114 8618 9091 + P/GM/FS/G 1 IMG-VR
BQ1_012 hypothetical protein XNN68115 9259 9591 + P/GM/FS/G 1 IMG-VR
Blastp-NR, IMG-
VR, RVDB,
F-box domain containing VOGB.D’ SM.ART’
BQ1_013 protein XNN68116 9687 10196 + P/GM/FSIG 9 ProSiteProfiles,
Pfam,
SUPERFAMILY,
Gene3D, InterPro
BQ1_014 hypothetical protein XNN68117 10320 11030 + P/GM/FS/G 1 IMG-VR
IMG-VR, SMART,
i ini ProSiteProfiles,
BQ1 015 ' -poxdomaincontaining  y\ngei1g 11116 11862  + P/GMIFS/G 7 SUPERFAMILY,
= protein
Pfam, Gene3D,
InterPro
hypothetical extracellular Phobius, SignalP,
BQ1_016 protein XNN68119 11937 12236 + P/GM/FSIG 3 IMG-VR
BQ1_017 hypothetical protein XNN68120 12401 12240 - P/GM/G 2 IMG-VR, RVDB
transmembrane protein IMG-VR, Phobuis,
BQ1_018 XNN68121 12505 13218 + P/GM/FSIG 5 TMHMM, RVDB,

similar to AMEV204

VOGDB
hypothetical IMG-VR, Phobius,
BQ1_019 fransmembrane protein XNN68122 13250 13456 + P/IGM/G 3 TMHMM
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BQ1_020

BQ1_021

BQ1_022

BQ1_023

BQ1_024

BQ1_025
BQ1_026

BQ1_027

BQ1_028

BQ1_029

BQ1_030

BQ1_031

BQ1_032

BQ1_033

BQ1_034

BQ1_035

hypothetical
transmembrane protein
hypothetical
transmembrane protein

RING finger E3 ubiquitin
protein ligase

hypothetical protein

Zinc-finger, ring type
domain contaning protein

hypothetical protein
hypothetical protein

hypothetical protein

hypothetical
transmembrane protein

DNA cytosine-5
methyltransferase

glycosyltransferase family
2 protein

E3 ubiquitin-protein ligase

FkbM family
methyltransferase protein

hypothetical
transmembrane protein
hypothetical
transmembrane protein

D12 class N6 adenine-
specific DNA
methyltransferase protein

XNN68123

XNN68124

XNN68125

XNN68126

XNN68127

XNN68128
XNN68129

XNN68130

XNN68131

XNN68132

XNN68133

XNN68134

XNN68135

XNN68136

XNN68137

XNN68138

13854

13908

14225

15211

15552

16317
17017

17268

18183

20038

20111

21217

21810

22721

23883

23949

170

13453

14087

15103

15507

16211

16931
17223

18155

18731

18737

21163

21729

22706

23713

23710

24851

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G
GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/G

P/GM/FS/G

11

10

15

12

12

17

IMG-VR, Phobuis,
TMHMM, RVDB
IMG-VR, Phobius,
TMHMM
Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD,
SMART,
ProSiteProfiles,
SUPERFAMILY,
Pfam, Gene3D,
InterPro
IMG-VR
Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD,
ProSiteProfiles,
SUPERFAMILY,
Pfam, Gene3D,
InterPro
IMG-VR
IMG-VR
Blastp-NR, IMG-
VR, PHROG
IMG-VR, Phobius,
TMHMM
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, efam-xc,
RVDB, VOGBD,
ProSitePatterns,
NCBIfam,
SUPERFAMILY,
Pfam, Gene3D,
PRINTS,
PANTHER,
InterPro
Blastp-NR, Blastp-
NRV, IMG-VR,
efam-xc, RVDB,
VOGBD,
PANTHER,
SUPERFAMILY,
Pfam, CDD,
Gene3D, InterPro
Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD,
SMART,
ProSitePatterns,
Gene3D,
ProSiteProfiles,
SUPERFAMILY,
Pfam, InterPro
Blastp-NR, Blastp-
NRV, IMG-VR,
efam-xc, RVDB,
VOGBD,
SUPERFAMILY,
InterPro

IMG-VR, Phobius

IMG-VR, Phobius,
TMHMM
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, efam-xc,
RVDB, VOGBD,



BQ1_036

BQ1_037
BQ1 038
BQ1_039

BQ1_040

BQ1_041

BQ1_042

BQ1_043

BQ1_044

BQ1_045

BQ1_046

BQ1_047

BQ1_048

BQ1_049

BQ1_050

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical
transmembrane protein

thymidine kinase

hypothetical
transmembrane protein

hypothetical protein

hypothetical
transmembrane protein

hypothetical protein

Diverse functionality
domain-containing protein

hypothetical
transmembrane protein
hypothetical
transmembrane protein

Ribonucleoside-
diphosphate reductase
large subunit

ERV/ALR sulfhydryl
oxidase protein

translation initiation factor
4E

XNN68139

XNN68140
XNN68141
XNN68142

XNN68143

XNN68144

XNN68145

XNN68146

XNN68147

XNN68148

XNN68149

XNN68150

XNN68151

XNN68152

XNN68153

25422

27064
27277
28064

28623

28968

29043

29797

29848

30081

31671

32409

34374

37107

37156

171

24841

25511
27199
27318

28096

28660

29201

29204

30051

31643

32288

34271

36686

36658

37707

+

P/GM/G

P/GM/FS/G
P/GM/FS/G
P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/G

P/GM/FS/G

16

15

12

10

PANTHER, Pfam,
Gene3D, PRINTS,
NCBIfam, PIRSF,
Gene3D,
SUPERFAMILY,
ProSitePatterns,
InterPro
Blastp-NR, Blastp-
NRV, IMG-VR,
VOGBD
Blastp-NR, Blastp-
NRV, IMG-VR
IMG-VR

IMG-VR, Phobius

Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, efam-xc,
RVDB, VOGBD,
Pfam, PIRSF,
FunFam, Gene3D,
ProSitePatterns,
PANTHER,
SUPERFAMILY,
Gene3D, InterPro
IMG-VR, Phobius,
TMHMM, efam-xc,
RVDB, VOGBD
Blastp-NR, IMG-VR
Blastp-NR, Blastp-
NRV, IMG-VR,
Phobius, TMHMM,
RVDB, VOGBD
IMG-VR
Blastp-NR, IMG-
VR, Phobius,
TMHMM, RVDB,
VOGBD,
PANTHER, Pfam,
InterPro
IMG-VR, Phobius,
TMHMM
IMG-VR, Phobius,
TMHMM
Blastp-NR, Blastp-
NRV, PHROG,
efam-xc, RVDB,
VOGBD,
SUPERFAMILY,
Gene3D, CDD,
NCBIfam, PRINTS,
ProSitePatterns,
Pfam, PANTHER,
InterPro
Blastp-NR, Blastp-
NRV, IMG-VR,
Phobius, TMHMM,
RVDB, VOGBD,
ProSiteProfiles,
SUPERFAMILY,
Gene3D, Pfam,
InterPro
Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD,
Gene3D,
SUPERFAMILY,



BQ1_051

BQ1_052

BQ1 053
BQ1_054
BQ1 055
BQ1_056

BQ1_057
BQ1 058

BQ1_059

BQ1_060

BQ1_061
BQ1_062

BQ1_063

BQ1_064

BQ1_065
BQ1_066

BQ1_067

BQ1_068

BQ1_069

hypothetical protein

Ribonuclease-diphosphate
reductase small subunit

hypothetical protein
hypothetical protein
hypothetical protein
Putative Metallopeptidase
WLM domain containing
protein

hypothetical protein
hypothetical protein

hypothetical protein

DNAJ homolog subfamily A
member

hypothetical protein
hypothetical
transmembrane protein
yqadJ-like viral recombinase
domain containing protein

pyrimidine dimer DNA
glycosylase, endonuclease
\

hypothetical protein
hypothetical protein

RNA cap guanine-N2
methyltransferase family
protein

DNA polymerase family X

AAA family ATPase/CfxQ-
like protein

XNN68154

XNN68155

XNN68156
XNN68157
XNN68158
XNN68159

XNN68160
XNN68161

XNN68162

XNN68163

XNN68164
XNN68165

XNN68166

XNN68167

XNN68168
XNN68169

XNN68170

XNN68171

XNN68172

37751

38805

39822
40590
40887

41801

42246
42301

47424

47801

48904
49467

49504

50107

50480
50721

51398

52187

52224

172

38740

39767

40547
40835
41294
41286

41806
47382

47768

48868

49281
49258

49701

49682

50253
50500

50886

51462

53210

+

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G
P/GM/FS/G
P/GM/G
P/GM/FS/G

P/GM/FS/G
P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G
P/GM/G

P/IGM/G

P/GM/FS/G

P/GM/FS/G
P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

16

13

12

11

PANTHER, Pfam,
InterPro
Blastp-NR, Blastp-
NRV, IMG-VR,
VOGBD
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, Phobius,
TMHMM, efam-xc,
RVDB, VOGBD,
PANTHER, Pfam,
Gene3D, CDD,
SUPERFAMILY,
ProSitePatterns,
InterPro
Blastp-NR, IMG-VR
Blastp-NR, IMG-VR
IMG-VR, RvVDB
Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB
Blastp-NR, IMG-VR
Blastp-NR, IMG-VR
Blastp-NR, IMG-
VR, VOGBD
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, RVDB,
VOGBD,
SUPERFAMILY,
CDD,
SUPERFAMILY,
Pfam, Gene3D,
PANTHER,
InterPro
Blastp-NR, IMG-VR
IMG-VR, Phobius,
TMHMM
Blastp-NR, IMG-
VR, VOGBD
Blastp-NR, Blastp-
NRV, PHROG,
efam-xc, RVDB,
VOGBD
IMG-VR
IMG-VR
Blastp-NR, Blastp-
NRV, IMG-VR,
efam-xc, RVDB,
VOGBD,
PANTHER,
ProSitePatterns,
Gene3dD, Pfam,
SUPERFAMILY,
InterPro
IMG-VR, RVDB,
VOGBD, Pfam,
Gene3D,
SUPERFAMILY,
InterPro
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, RVDB,
VOGBD, PRINTS,
Pfam, PANTHER,
Gene3D,
SUPERFAMILY



BQ1_070

BQ1_071

BQ1_072

BQ1_073

BQ1_074

BQ1_075

BQ1_076

BQ1_077

BQ1_078

BQ1_079

BQ1_080

BQ1_081

BQ1 082

BQ1_083

BQ1_084

BQ1_085

BQ1_086

BQ1_087

BQ1_088

BQ1_089

BQ1_090

BQ1_091

hypothetical protein

DUF5871 protein

GxxExxY protein

hypothetical protein

DUF5764 protein

hypothetical
transmembrane protein

DUF5759 protein

hypothetical protein

Holliday junction resolvase,
A22

hypothetical extracellular
protein

DUF5754 protein

hypothetical
transmembrane protein

hypothetical protein

SWIB/MDM2-domain
containing protein

hypothetical protein

hypothetical
transmembrane protein

hypothetical
transmembrane protein

putative Mn2+ efflux pump

MntP

hypothetical protein

hypothetical
transmembrane protein

transcription initiation factor
1B

hypothetical protein

XNN68173

XNN68174

XNN68175

XNN68176

XNN68177

XNN68178

XNN68179

XNN68180

XNNG68181

XNN68182

XNN68183

XNN68184

XNN68185

XNN68186

XNN68187

XNN68188

XNN68189

XNN68190

XNN68191

XNN68192

XNN68193

XNN68194

53266

53711

54374

55497

55548

56880

56932

57294

57463

58008

58923

59428

59986

60100

60777

61384

61679

62104

62351

62804

62855

64236

173

53655

54340

54754

54751

56522

56530

57294

57428

57972

58430

58603

58952

59450

60714

60956

61076

61410

61712

62118

62361

63874

63871

P/GM/FS/G

P/GM/FS/G

P/GM/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/G

13

IMG-VR, RVDB
Blastp-NRV, IMG-
VR, RVDB,
VOGBD, Pfam
Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD,
NCBIfam, Pfam,
InterPro
Blastp-NR, Blastp-
NRV, efam-xc,
RVDB, VOGBD
Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD,
Pfam, InterPro
IMG-VR, Phobius,
TMHMM
Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD,
Pfam
VOGBD
Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD,
SUPERFAMILY,
Gene3D, Pfam
IMG-VR, RVDB,
VOGBD
Blastp-NR, Blastp-
NRV, IMG-VR,
efam-xc, RVDB,
VOGBD, Pfam
Blastp-NR, Blastp-
NRV, Phobius,
TMHMM, VOGBD
IMG-VR
Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD,
Pfam, Gene3D,
PANTHER,
SUPERFAMILY,
CDD,
ProSitePatterns,
SMART, InterPro
IMG-VR
IMG-VR, Phobius,
TMHMM, RVDB,
VOGBD
IMG-VR, Phobius,
TMHMM, RVDB
Blastp-NR, IMG-
VR, Phobius,
TMHMM, RVDB,
VOGBD
Blastp-NR, Blastp-
NRV, Phobius,
IMG-VR
Blastp-NR, IMG-
VR, Phobius,
TMHMM
IMG-VR, efam-xc,
RVDB, VOGBD,
Gene3D
IMG-VR



BQ1_092

BQ1_093

BQ1_094

BQ1_095
BQ1_096

BQ1_097

BQ1_098

BQ1_099

BQ1_100

BQ1_101

BQ1_102

BQ1_103

BQ1_104

BQ1_105

BQ1_106

BQ1_107

E3 ubiquitin-protein ligase

hypothetical
transmembrane protein

DUF5871 protein

hypothetical
transmembrane protein
hypothetical
transmembrane protein
hypothetical
transmembrane protein

deoxycytidylate deaminase

Ac78 protein

20G-Fe(ll) oxygenase

hypothetical

transmembrane protein

hypothetical
transmembrane protein

transcription elongation
factor S-II

DNA topoisomerase |

DUF5872 protein

glycosyltransferase 17

ribonuclease I

XNN68195

XNN68196

XNN68197

XNN68198

XNN68199

XNN68200

XNN68201

XNN68202

XNN68203

XNN68204

XNN68205

XNN68206

XNN68207

XNN68208

XNN68209

XNN68210

64318

65004

65085

65900
66427

66754

67554

67798

67910

69527

69762

69838

70386

71244

71804

72453

174

64644

64648

65804

66403

66687

67209

67210

67643

68626

68631

69565

70341

71225

71759

72418

73172

P/GM/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/IGM/FS/IG

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

13

13

10

Blastp-NR, IMG-
VR, Phobius,
RVDB, VOGBD,
SUPERFAMILY,
Gene3D
IMG-VR, Phobius,
TMHMM, efam-xc
Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD
IMG-VR, Phobius,
TMHMM
IMG-VR, Phobius,
TMHMM
IMG-VR, Phobius,
TMHMM, VOGBD
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, efam-xc,
RVDB, VOGBD,
PANTHER,
ProSitePatterns,
Pfam, Gene3D,
SUPERFAMILY,
InterPro
IMG-VR, Phobius,
TMHMM, RVDB,
VOGBD
Blastp-NR, Blastp-
NRV, IMG-VR,
VOGBD, Pfam,
Gene3D,
PANTHER,
InterPro
IMG-VR, Phobius,
TMHMM
IMG-VR, Phobius,
TMHMM
Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD,
CDD,
ProSitePatterns,
Gene3dD, Pfam,
ProSiteProfiles,
SMART,
SUPERFAMILY,
InterPro
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, RVDB,
VOGBD, Gene3D,
SUPERFAMILY,
Pfam, InterPro
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, efam-xc,
RVDB, VOGBD,
Pfam, InterPro
Blastp-NR, Blastp-
NRV, IMG-VR,
efam-xc, RVDB,
VOGBD, Pfam,
PANTHER,
InterPro
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, RVDB,



BQ1_108

BQ1_109

BQ1_110

BQ1_111

BQ1_112

BQ1_113

BQ1_114

BQ1_115

BQ1_116

BQ1_117
BQ1 118

BQ1_119

deoxyuridine 5'-
triphosphate
nucleotidohydrolase

XNN68211

thymidylate synthase ThyX  XNN68212

DNA ligase, ATP-
dependent

mRNA-capping enzyme

hypothetical protein

hypothetical protein

minor capsid protein P9
transmembrane helices
containing protein

hypothetical protein

N1R/p28-like protein

hypothetical extracellular
protein
hypothetical protein

NUDIX hydrolase

XNN68213

XNN68214

XNN68215

XNN68216

XNN68217

XNN68218

XNN68219

XNN68220
XNN68221

XNN68222

73618

73681

74487

76891

81681

81735

82228

82817

83104

83578
84353

856372

175

73169

74451

76832

78837

78814

82217

82785

83092

83520

84330
84856

84851

+

+

+

P/GM/G

P/GM/FS/G

P/GM/FS/G

P/GM/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G
P/GM/FS/G

P/GM/G

12

16

13

8

VOGBD, NCBIfam,
Gene3D, SMART,
FunFam,
SUPERFAMILY,
CDD,
ProSiteProfiles,
PANTHER, Pfam,
Hamap, InterPro
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, efam-xc,
PVDB, VOGBD,
PANTHER, Pfam,
SUPERFAMILY,
Gene3dD, InterPro
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, efam-xc,
RVDB, VOGBD,
PANTHER, CDD,
ProSiteProfiles,
Pfam, NCBIfam,
Hamap,
SUPERFAMILY,
Gene3D, InterPro
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, efam-xc,
RVDB, VOGBD,
Pfam,
ProSiteProfiles,
SUPERFAMILY,
Gene3D,
PANTHER, CDD,
PRINTS,
ProSitePatterns,
SMART, InterPro
Blastp-NR, IMG-
VR, RVDB,
VOGBD, Gene3D,
SUPERFAMILY,
Pfam, PANTHER,
InterPro
IMG-VR
Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD
IMG-VR, Phobius,
TMHMM, RVDB,
VOGBD, Pfam,
InterPro
IMG-VR
Blastp-NR, Blastp-
NRV, IMG-VR,
PVDB, VOGBD,
ProSiteProfiles,
PANTHER,
SUPERFAMILY,
Gene3D, Pfam,
ProSitePatterns,
SMART, InterPro
IMG-VR, SignalP,
Phobius
IMG-VR
Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD,



BQ1_120

BQ1_121

BQ1_122

BQ1 123

BQ1_124

BQ1_125

BQ1_126

BQ1 127

BQ1_128

BQ1_129

BQ1_130
BQ1_131

BQ1_132

BQ1_133

BQ1_134

BQ1_135

BQ1_136

DUF5767 protein

hypothetical
transmembrane protein

MYM-type Zinc finger with

FCS sequence motif-
containing protein
hypothetical protein

proliferating cell nuclear
antigen, PCNA

hypothetical
transmembrane protein

VV A18-like helicase

hypothetical protein

NTPase/helicase

DUF 1599 protein

hypothetical protein
hypothetical
transmembrane protein

DUF5760 protein

hypothetical protein

P-loop containing
nucleoside triphosphate
hydrolase protein

hypothetical
transmembrane protein

TATA-box binding protein

XNN68223

XNN68224

XNN68225

XNN68226

XNN68227

XNN68228

XNN68229

XNN68230

XNN68231

XNN68232

XNN68233
XNN68234

XNN68235

XNN68236

XNN68237

XNN68238

XNN68239

85474

86549

87611

87656

88347

89158

90943

91149

91438

93038

93127
93864

94057

94889

94988

96926

97984

176

86505

86908

86892

88303

89114

89631

89633

90976

92781

92778

93843
94028

94470

94503

96880

97255

97247

P/GM/FS/G

P/GM/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G
GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/G

15

15

10

10

SUPERFAMILY,
GenedD, InterPro
Blastp-NR, Blastp-

NRV, IMG-VR,

RVDB, VOGBD,

Pfam, InterPro
IMG-VR, Phobius,
TMHMM
Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD
IMG-VR
Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD,
PANTHER,
SUPERFAMILY,
CDD, Pfam,
NCBIfam, Gene3D,
NCBIfam, PRINTS,

Hamap, InterPro

IMG-VR, Phobius,
TMHMM
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, efam-xc,

RVDB, VOGBD,

Pfam, SMART,

CDD, Gene3D,

PANTHER,

ProSiteProfiles,

SUPERFAMILY,

InterPro
IMG-VR
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, RVDB,
VOGBD,
ProSiteProfiles,
Gene3D,
SUPERFAMILY,
InterPro
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, efam-xc,
VOGBD, Pfam,
InterPro

IMG-VR, RVDB

IMG-VR, Phobius,
TMHMM
Blastp-NR, IMG-
VR, RVDB,
VOGBD, Pfam,
InterPro
IMG-VR
Blastp-NR, Blastp-
NRV, IMG-VR,

PHROG, RVDB,
VOGBD, Gene3D,

SUPERFAMILY,

InterPro

IMG-VR, Phobius,
TMHMM, PHROG,

RVDB, VOGBD
Blastp-NR, Blastp-

NRV, IMG-VR,

RVDB, VOGBD,



BQ1_137

BQ1_138

BQ1_139

BQ1_140
BQ1_141
BQ1_142

BQ1_143

BQ1_144
BQ1_145
BQ1_146

BQ1_147
BQ1_148

BQ1_149

BQ1_150

BQ1_151

BQ1_152

BQ1_153

BQ1_154

BQ1_155

BQ1_156

hypothetical protein

late transcription factor
VLTF3

potential major capsid
protein A

potential major capsid
protein B

potential major capsid
protein C

putative major capsid
protein D

hypothetical
transmembrane protein

Putative DNA
primase/helicase

hypothetical protein

1Q motif containing protein

hypothetical protein
hypothetical protein

hypothetical protein

mRNA capping protein

hypothetical extracellular
protein

Flap endonuclease 1

YqaJ-like viral recombinase
domain containing protein

Viral A32 protein

type Il secretory pathway
component PulF

Thioredoxin

XNN68240

XNN68241

XNN68242

XNN68243

XNN68244

XNN68245

XNN68246

XNN68247

XNN68248

XNN68249

XNN68250
XNN68251

XNN68252

XNN68253

XNN68254

XNN68255

XNN68256

XNN68257

XNN68258

XNN68259

98692

98765

101585

102955
104372
106012

106093

107635
108566
110246

111317
112046

112625

112713

114049

115062

116022

116887

117159

117244
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98012

99838

99924

101687

103038

104462

106446

106412

107703

108597

110271
111387

112065

113603

113702

114115

115118

116066

116935

117561

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/G

P/IGM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G
P/GM/FS/G

P/IGM/FS/IG

P/GM/FS/G

PIFSIG

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

12

14

12

SUPERFAMILY,
Gene3D, Pfam,
PANTHER,
InterPro
IMG-VR, VOGBD
Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD,
Pfam, InterPro
Phyre2, Gene3D,
IMG-VR, RVDB,
Blastp-NR
Phyre2, Gene3D,
IMG-VR, Blastp-NR
Phyre2, Gene3D,
IMG-VR, Blastp-NR
Phyre2, IMG-VR,
RVDB, Blastp-NR
IMG-VR, Phobius,
TMHMM
Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD
Blastp-NR, IMG-VR
Blastp-NR, IMG-
VR, RVDB,
ProSiteProfiles
Blastp-NR, IMG-VR
IMG-VR
Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD
Blastp-NR, Blastp-
NRV, Gene3D,
RVDB, VOGBD

IMG-VR, Phobius

Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD,
SUPERFAMILY,
Pfam, Gene3D,

SMART,
PANTHER,

PRINTS, InterPro

Blastp-NR, Blastp-
NRV, IMG-VR,

PHROG, efam-xc,
RVDB, VOGBD,
SUPERFAMILY,
Pfam, Gene3D,

PANTHER,
NCBIfam, CDD,
InterPro

Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD,

Gene3D,
SUEPRFAMILY,
Pfam, InterPro
IMG-VR, Phobius,
TMHMM

Blastp-NR, Blastp-
NRV, IMG-VR,

PHROG, efam-xc,
RVDB, VOGBD,
CDD, Gene3D,



BQ1_157

BQ1_158

BQ1_159

BQ1_160

BQ1_161

BQ1_162

BQ1_163

BQ1 164
BQ1_165

BQ1_166
BQ1_167

BQ1_168

BQ1_169

BQ1_170
BQ1 171

BQ1_172

DNA topoisomerase |

hypothetical
transmembrane protein

exodeoxyribonuclease I

hypothetical protein

transcription initiation factor
TFINB

hypothetical protein

Helicase

hypothetical protein
hypothetical protein

glycosyltransferase
hypothetical protein
Glutaredoxin-like protein
hypothetical

transmembrane protein

hypothetical
transmembrane protein

hypothetical protein

patatin-like phospholipase
family protein

XNN68260

XNNG68261

XNN68262

XNN68263

XNN68264

XNN68265

XNN68266

XNN68267
XNN68268

XNN68269

XNN68270

XNN68271

XNN68272

XNN68273
XNN68274

XNN68275

117625

120880

121988

122570

122685

123652

126370

129348
130994

131902
131986

133267

133333

133648
134022

135387
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120840

121149

121146

122052

123626

126243

129303

130595
130599

131078

132855

132848

133620

133965
134630

134623

+

+

P/GM/FS/G

P/IGM/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G
P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/IGM/G

P/GM/FS/G

P/GM/FS/G
P/IGM/G

P/GM/FS/G

16

13

13

11

Pfam,
SUPERFAMILY,
InterPro
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, efam-xc,
RVDB, FunFam,
Pfam, PRINTS,
SUPERFAMILY,
SMART, Gene3D,
ProSiteProfiles,
PANTHER, CDD,
InterPro
IMG-VR, Phobius,
TMHMM
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, RVDB,
VOGBD, NCBIfam,
Pfam,
SUPERFAMILY,
ProSiteProfiles,
Gene3D,
PANTHER,
InterPro
Blastp-NR, IMG-VR
Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD,
Gene3D, CDD,
SUPERFAMILY,
InterPro
Blastp-NR, IMG-
VR, RVDB,
VOGBD
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, RVDB,
VOGBD, Gene3D,
SMART,
ProSitePatterns,
Pfam,
SUPERFAMILY,
SMART, InterPro
IMG-VR
IMG-VR
Blastp-NR, Blastp-
NRV, IMG-VR,
efam-xc, VOGBD
Blastp-NR, IMG-VR
IMG-VR, Phobius,
SignalP, TMHMM,
RVDB, Gene3D
IMG-VR, Phobius,
TMHMM
IMG-VR, Phobius,
TMHMM
Blastp-NR, IMG-VR
Blastp-NR, Blastp-
NRV, IMG-VR,
RVDB, VOGBD,
Gene3D,
PANTHER, Pfam,
SUPERFAMILY,
ProSiteProfiles,
InterPRo



BQ1_173

BQ1_174

BQ1_175

BQ1_176

BQ1_177

BQ1_178

BQ1_179

BQ1_180

BQ1_181

BQ1_182
BQ1 183

BQ1 184

BQ1_185

BQ1_186

BQ1_187

WLM domain-containing
protein

DNA polymerase type-B

hypothetical protein

hypothetical
transmembrane protein

tail fiber protein containing
WIAG-tail domain

fibronectin type Il domain
containing tail fiber protein

fibronectin type 11l domain
containing transmembrane
protein

hypothetical
transmembrane protein

SAM-dependent
methyltransferase

hypothetical protein
hypothetical protein

F-box domain-containing
protein

hypothetical extracellular
protein

hypothetical
transmembrane protein

F-box domain-containing
protein

XNN68276

XNN68277

XNN68278

XNN68279

XNN68280

XNN68281

XNN68282

XNN68283

XNN68284

XNN68285
XNN68286

XNN68287

XNN68288

XNN68289

XNN68290

135893

135953

139070

140097

140154

145167

149818

154778

155423

155469
156528

158155

158515

159582

160285
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135411

138937

139663

139678

145088

149783

154509

154614

154812

156491
157112

157388

158261

158956

159638

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G

P/GM/FS/G
P/GM/FS/G

P/GM/FS/G

GM/G

P/GM/FS/IG

GM/FS/G

15

13

12

Blastp-NR, IMG-
VR, RVDB,
Phobius, VOGBD
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, efam-xc,
RVDB, VOGBD,
Gene3D,
PANTHER,
ProSitePatterns,
PRINTS, Pfam,
SUPERFAMILY,
SMART, InterPro
Blastp-NR, Blastp-
NRV, RVDB, IMG-
VR, VOGBD
IMG-VR, Phobius,
TMHMM
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, efam-xc,
RVDB, VOGBD,
PANTHER,
InterPro
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, VOGBD,
CDD, Gene3D,
ProSiteProfiles,
SUPERFAMILY,
SMART,
PANTHER, Pfam,
InterPro
IMG-VR, PHROG,
Phobius, CDD,
SUPERFAMILY
IMG-VR, Phobius,
TMHMM
Blastp-NR, Blastp-
NRV, IMG-VR,
PHROG, efam-xc,
RVDB, VOGBD,
CDD, Gene3D,
Pfam,
SUPERFAMILY,
InterPro
Blastp-NR, IMG-
VR, RVDB
IMG-VR
Blastp-NR, IMG-
VR, RVDB,
VOGBD, Pfam,
ProSiteProfiles,
Gene3D,
SUPERFAMILY,
InterPro
IMG-VR, Phobius,
SignalP
IMG-VR, Phobius,
TMHMM
IMG-VR, RVDB,
VOGBD, Gene3D,
SMART,
SUPERFAMILY,
Pfam,
ProSitePatterns,
InterPro



Blastp-NR, IMG-

VR, RVDB,
BQ1_188 high mobility group protein ~ XNN68291 160585 160349 - P/GM/FS/G 6 Gene3D,
SUPERFAMILY,
InterPro
BQ1_189 tape measure protein XNN68292 161545 161105 - P/GM/FS 2 IMG-VR, efam-xc
- . Blastp-NR, Blastp-
BQ1_190 50'\:&%?:9;”3&2?13'” XNN68293 161786 162472  + GMIFS 5 NRV. IMGVR,
RvDB, VOGBD
BQ1_191 hypothetical protein XNN68294 163290 162529 - P/IFS 2 IMG-VR, VOGBD
. . Blastp-NR, IMG-
BQ1_192 hypothetical protein XNN68295 163412 163861 + P/GM/FS 3 VRF’), RVDB
Blastp-NR, IMG-
BQ1_193 hypothetical protein XNN68296 165375 164752 - P/GM/FS/G 4 VR, RVDB,
VOGBD

Supplementary Table 4.4. Genes used for Phylogenetic Analysis of CpV-BQ1. The protein accession
number and the viruses they are found in, used for the assembly of the polB, A32, and VLTF-3 phylogenetic

trees.

Accession Organism Phylogenetic Tree
XNN68277 Chrysochromulina parva virus BQ1 PolB
AAB49739.1 Chrysochromulina brevifilum virus PW1 PolB
AAR05089.1 Phaeocystis globosa virus 08T PolB
BAE06251.1 Heterosigma akashiwo virus 01 PolB
AAC00532.1 Paramecium bursaria Chlorella virus 1 PolB
YP_001427279.1 Chlorovirus heliozoae PolB
CAY39796.1 Ostreococcus tauri virus 1 PolB
CBI70206.1 Ostreococcus tauri virus 2 PolB
AAB66713.1 Micromonas pusilla virus SP1 PolB
CAI65453.1 Emiliania huxleyi virus 86 PolB
QIG59463.1 Dishui Lake phycodnavirus 2 PolB
XDR79888.1 Micromonas commoda virus PolB
AAB49746.1 Micromonas pusilla virus SG1 PolB
YP_009174732.1 Yellowstone lake phycodnavirus 1 PolB
AAA88827.1 Paramecium bursaria Chlorella virus NY2A PolB
YP_004061614.1 Bathycoccus sp. RCC1105 virus BpV1 PolB
NP_077578.1 Ectocarpus siliculosus virus 1 PolB
AAB67116.1 Feldmannia species virus PolB
YP_009665694.1 Feldmannia irregularis virus a PolB
AGM15559.1 Phaeocystis globosa virus PgV-16T PolB
AET73919.1 Phaeocystis globosa virus 14T PolB
2/';;3122795 region 273836 - Chrysochromulina parva virus BQ2 PolB
ALH23271.1 Chrysochromulina ericina virus CeV-01B PolB

180



ARF11832.1
ARF09278.1
ARF11096.1
BAV62410.1
YP_010789826.1
YP_010788776.1
YP_010776439.1
YP_010781734.1
YP_010777236.1
U0G94055.1
QDY51635.1
YP_009052217.1
ABU23717.1
YP_010783595.1
P06856.5
XNN68257
YP_009507425.1
NP_048749.2
YP_001426918.1
YP_003212915.1
YP_004063517.1
YP_009664892.1
YP_293826.1
QIG59506.1
XDR79698.1
AET43649.1
YP_009174839.1
YP_001497732.1
YP_004061509.1
NP_077511.1
YP_002154709.1
YP_009665688.1
YP_008052384.1
AET73733.1

MH918795 region
94067 - 94909

ALH23031.1
ARF09327.1
ARF10841.1

Klosneuvirus KNV1

Catovirus CTV1

Hokovirus HKV1

Acanthamoeba castellanii mimivirus
Moumouvirus australiensis
Megavirus baoshan

Powai lake megavirus

Tupanvirus soda lake

Acanthamoeba polyphaga mimivirus

Aureococcus anophagefferens virus QBARTUTK

Mimiviridae sp. ChoanoV1
Aureococcus anophagefferens virus BtV-01
Pyramimonas orientalis virus
Tetraselmis virus 1

Vaccinia virus WR

Chrysochromulina parva virus BQ1
Heterosigma akashiwo virus 01
Paramecium bursaria Chlorella virus 1
Chlorovirus heliozoae

Ostreococcus tauri virus 1
Ostreococcus tauri virus 2
Micromonas pusilla virus SP1
Emiliania huxleyi virus 86

Dishui Lake phycodnavirus 2
Micromonas commoda virus
Micromonas pusilla virus PL1
Yellowstone lake phycodnavirus 1
Paramecium bursaria Chlorella virus NY2A
Bathycoccus sp. RCC1105 virus BpV1
Ectocarpus siliculosus virus 1
Feldmannia species virus

Feldmannia irregularis virus a
Phaeocystis globosa virus 16T

Phaeocystis globosa virus 14T
Chrysochromulina parva virus BQ2

Chrysochromulina ericina virus CeV-01B
Catovirus CTV1
Hokovirus HKV1
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PolB
PolB
PolB
PolB
PolB
PolB
PolB
PolB
PolB
PolB
PolB
PolB
PolB
PolB
PolB
A32
A32
A32
A32
A32
A32
A32
A32
A32
A32
A32
A32
A32
A32
A32
A32
A32
A32
A32

A32

A32
A32
A32



BAV62527 .1

YP_010789698.1
YP_010788906.1
YP_010776318.1
YP_010777350.1
YP_009052240.1

QDY52214.1

Q0I190457.1
YP_010783224.1
QTC35543.1
XNN68241
YP_009507423.1
NP_048850.1
WZ077348.1
YP_003212932.1
YP_004063535.1
YP_009664910.1
YP_294161.1
QIG59621.1
XDR79675.1
YP_009174814.1
YP_001497859.1
QOR60143.1
NP_077586.1
YP_002154650.1
YP_009665633.1
YP_008052476.1
AET73828.1

MH918795 region 159579 —

160727
ALH23099.1
ARF11172.1
ARF09332.1
ARF10614.1
BAV61530.1
YP_010789706.1
YP_010788897.1

YP_010776327 1

YP_010782005.1

Acanthamoeba castellanii mimivirus
Moumouvirus australiensis
Megavirus baoshan

Powai lake megavirus
Acanthamoeba polyphaga mimivirus

Aureococcus anophagefferens virus
Mimiviridae sp. ChoanoV1

Pyramimonas orientalis virus
Tetraselmis virus 1

Vaccinia virus

Chrysochromulina parva virus BQ1
Heterosigma akashiwo virus 01
Paramecium bursaria Chlorella virus 1
Chlorovirus sp.

Ostreococcus tauri virus 1
Ostreococcus tauri virus 2
Micromonas pusilla virus SP1
Emiliania huxleyi virus 86

Dishui Lake phycodnavirus 2
Micromonas commoda virus
Yellowstone lake phycodnavirus 1
Paramecium bursaria Chlorella virus NY2A
Bathycoccus sp. RCC716 virus 1
Ectocarpus siliculosus virus 1
Feldmannia species virus

Feldmannia irregularis virus a
Phaeocystis globosa virus 16T

Phaeocystis globosa virus 14T
Chrysochromulina parva virus BQ2

Chrysochromulina ericina virus CeV-01B
Klosneuvirus KNV1

Catovirus CTV1

Hokovirus HKV1

Acanthamoeba castellanii mimivirus
Moumouvirus australiensis

Megavirus baoshan
Powai lake megavirus

Tupanvirus soda lake
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A32
A32
A32
A32
A32
A32

A32

A32

A32

A32

VLTF-3
VLTF-3
VLTF-3
VLTF-3
VLTF-3
VLTF-3
VLTF-3
VLTF-3
VLTF-3
VLTF-3
VLTF-3
VLTF-3
VLTF-3
VLTF-3
VLTF-3
VLTF-3
VLTF-3
VLTF-3

VLTF-3

VLTF-3
VLTF-3
VLTF-3
VLTF-3
VLTF-3
VLTF-3
VLTF-3

VLTF-3

VLTF-3



AVG46193.1
YP_009052430.1
QDY52221.1
YP_010804359.1
YP_010783292.1
AHB35758.1

Acanthamoeba polyphaga mimivirus
Aureococcus anophagefferens virus BtV-01
Mimiviridae sp. ChoanoV1

Pyramimonas orientalis virus

Tetraselmis virus 1

Vaccinia virus

VLTF-3
VLTF-3
VLTF-3
VLTF-3
VLTF-3
VLTF-3
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