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Abstract

Viral metagenomic sequencing describes an unbiased technique to identify viruses
present in a sample. The rise of metagenomics, through next generation sequencing (NGS) and
bioinformatics, has aided disease epidemiology, diagnostics, and vaccine development for the
swine industry. Metagenomic techniques originated from labor intensive functional screening
which NGS overcame by significantly increase the data output. Although, with this increase of
data, computational methods were needed to elucidate biological significance. Therefore,
bioinformatics made NGS relevant for viral metagenomics targeting swine health. Viral
metagenomics for the swine industry involves uncovering molecular characteristics to aid in the
development of vaccines, diagnostics, and therapeutics.

We utilized metagenomics to identify a novel mammalian orthorubulavirus 5 (PI1V5)
while attempting to isolate porcine rotavirus B (RVB). During cell passaging, the responsible
technician fell ill with symptoms of a respiratory infection. On passage four, cells exhibited the
cytopathic effect of syncytia formation and were sent for NGS which identified a human PIV5
strain, named Moskva. The resulting genome demonstrated an 87% nucleotide identity to a
human PIV5 strain. The original cell culture and pig fecal samples were negative for Moskva by
gRT-PCR. Moskva formed a distinct clade from other PIV5 strains in a whole genome based
phylogenetic tree. Comparing the two major surface glycoproteins, fusion (F) and
hemagglutinin-neuraminidase (HN), amongst human PI1V5 strains, Moskva had 32 and 31 amino
acid substitutions, respectively. The novel PIV5 strain proved that further research is needed to
determine prevalence of PIV5 in different mammalian hosts and geographical locations; in
addition, the effects of amino acid substitutions in the viral surface proteins F and HN of the

Moskva strain, especially with relevance to human health, need to be determined.



Viral metagenomics was further applied to investigate Betaarterivirus suid 2 (PRRSV-2),
the causative agent of porcine reproductive and respiratory syndrome (PRRS). PRRSV-2
detection and genome assembly through NGS approaches indicated that current PRRSV-2
analytic methods for NGS were insufficient. Nearly half of the PRRSV-2 qRT-PCR positive
samples were unsuccessfully assembled using NGS. Read classification detected a novel porcine
virus, a lentivirus, which was found especially as a coinfecting agent with PRRSV-2. While
PRRSV-2 glycoprotein 5 (GP5) has been used historically for phylogenetic analysis, five of the
ten PRRSV-2 genes illustrated increased nucleotide diversity when compared to GP5, indicating
that other PRRSV-2 genes could be suitable candidates to demonstrate PRRSV-2 diversity.
Comparatively, both the whole genome and GP5 phylogenetic trees lacked clustering patterns
relative to temporal or geographical distribution, which also indicated the need for the use of a
different PRRSV-2 gene for phylogenetic analysis. The use of a representative gene for PRRSV-
2 classification is crucial to more accurately comprehend PRRSV-2 diversity and its implications

for PRRSV-2 evolution, distribution, and virulence.
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Chapter 1 - Introduction

1.1 The Rise of Metagenomic Sequencing

Metagenomic sequencing described an unbiased sequencing approach originating from a
need to detect microbes uncapable of being cultured (Thomas et al.). Viral metagenomics aimed
to elucidate the genomic sequences of all viruses within a sample including previously unknown,
or novel, viruses. Metagenomics began with random shotgun sequencing and the development of
Sanger sequencing, a first generation sequencing method. Sanger sequencing initiated with an
amplification of the targeted region or genome through PCR using primers to a known genomic
region. The process therefore amplified the target sequence. PCR amplification bypassed the
need for viral cultures which fulfilled a key aspect, a more unbiased approach, of metagenomic
sequencing (Tyson et al.; Venter). During Sanger sequencing, fluorescently-labelled terminating
dideoxynucleotides (ddNTPs) were added, and these ddNTPs would halt sequence extension
when the base was incorporated. The newly generated sequences, now with differing nucleotide
lengths, were run on a gel to distinguish these varying lengths. The fluorescent ddNTP, read
according to the position in the gel, indicated the nucleotide sequence of the amplified target.
First generation sequencing provided a less biased approach compared to culture methods,
although Sanger sequencing was still biased due to the necessity for primer design (Applications;
Slatko et al.). The sequence bias demonstrated by first generation sequencing was detrimental to
the discovery of novel viruses and detecting multiple pathogens, or coinfections, concurrently.

Second generation sequencing, or next generation sequencing (NGS), provided a further
unbiased approach which appealed to metagenomic studies. To provide the unbiased nature of
NGS, the NGS technology of Illumina utilized random hexamer primers to amplify all
deoxyribonucleic acid (DNA) and complementary DNA (cDNA) during the library preparation

process. While the random hexamer primers still introduced bias as a result of amplification



inefficiencies (Hansen et al.), unlike Sanger sequencing, NGS detected the sequences of novel
viruses and viral coinfections without requiring uniquely designed primers for each virus (Oka et
al.; Farlow et al.; X. Zhang et al.). In lHllumina sequencing, DNA or cDNA from each original
sequence were clonally amplified, aiding in sequence accuracy, to generate clusters on a flow
cell. Every flow cell sequenced numerous clusters as one flow cell averages 1,000,000 clusters
per square millimeter (Optimal Template Loading Concentration and Cluster Densities for
[llumina Instruments). Somewhat similar to Sanger sequencing, when a fluorescence-labelled,
reversible terminator deoxyribonucleotide (dNTP) was incorporated into each sequence in a
cluster, the entire cluster omitted the same fluorescence signal. After the fluorescence signal had
been detected indicating the nucleotide base, the terminator in the dNTP was reversed. This
reversal quenched the fluorescence and allowed for another base to be incorporated into the
sequence. lllumina sequencing generated paired reads of up to 300 bases per read, compared to a
maximum of 1,000 bases per read with Sanger. Both first and second generation sequencing are
known as sequencing by synthesis technologies as a result of base detection during nucleotide
polymerization (Morozova and Marra; Pettersson et al.). NGS has become a favored technology
for metagenomic studies as a result of the increasingly unbiased approach while retaining
sequence accuracy.

Third generation sequencing has transitioned from high throughput with short reads to a
moderate data output with significantly longer reads, typically more than 10,000 bases, but can
surpass 100,000 bases. The genome of most pathogenic swine viruses is less than 20,000 bases
which is readily elucidated through third generation sequencing (Philips). Additionally, the
length of reads allows third generation sequencing to forego PCR amplification during library
preparation (Besser et al.). In third generation sequencing technologies, including nanopore

sequencing, a single strand of nucleic acid moved through a protein pore while changing the



ionic current. These ionic changes are read to decipher the nucleotide sequence. Problems arose
for nanopore sequencing in nucleotide regions where the same base is repeated. Without a
change in ionic current, the exact number of base repetitions were difficult to determine
(Shendure et al.; Y. Wang et al.). These nucleotide inaccuracies are detrimental for genome
discovery in viral metagenomics. While long reads are beneficial for viral metagenomic
applications, the decrease in data output and sequence accuracy hinder the use of third generation
sequencing for metagenomics.

Viral metagenomic sequencing was developed through a need to sequence nucleic acids
in an unbiased approach to demonstrate comprehensive microbe presence and generate viral
genomes. The first generation sequencing approaches utilized PCR to form the foundation for
sequencing uncultured viruses for metagenomics. Sanger sequencing lacked the ability to detect
novel viruses and viral coinfections efficiently without designing numerous primers. NGS was
created where random hexamer primers amplified DNA and cDNA in a relatively unbiased
technique. Additionally, Illumina sequencing proved to be high throughput with sustained read
accuracy upholding its preferred use for metagenomic studies. While third generation sequencing
generates long reads, its read accuracy is of high concern for elucidating quality viral genomes.
Viral metagenomics studies often utilize NGS for its high throughput nature and accuracy

resulting in an abundance of genetic sequences for virus detection and genome assembly.



1.2 Integrating Bioinformatics with Viral Metagenomics

Metagenomic sequencing applications have been significantly improved through
bioinformatics as raw metagenomic sequencing data per se has minimal applications to
animal/swine health. Metagenomic sequencing generates large amounts of data, ranging from 7-
150Gb with Illumina NGS technologies, which requires computational methods to decode the
data for biological relevance (Sequencing Platforms | Compare NGS Platform Applications &
Specifications). Bioinformatic techniques include a wide range of applications, from initial
quality and trimming of sequencing reads, to further downstream applications such as genome
classification, assembling viral genomes, elucidating genetic changes, and demonstrating
evolutionary relationships.

The first step after next generation sequencing is to trim reads to remove barcodes and
regions of low quality. Sample barcodes, utilized in next generation sequencing, are added to
reads during library preparation. These barcodes are used to sequence multiple samples during
one sequencing run through a process known as multiplex sequencing. After sequencing,
generated read are demultiplexed to separate reads according to the respective samples (Illumina,
Inc., San Diego, CA). Without the ability to separate reads by sample through bioinformatics,
multiplex sequencing would be unattainable and sequencing efficiencies would be diminished.
Once reads are demultiplexed, barcodes and regions or entire reads of low quality can be
removed through quality trimming. Quality scores are assigned during sequencing and trimming
removes adapter sequences and regions falling below a quality threshold. A nucleotide would
receive a low-quality score as a result of low confidence in the accuracy of the assigned base. For
example, in lllumina sequencing, a nucleotide could be assigned a low quality score due to a
weak fluorescent signal within a cluster (Sequencing Quality Scores). If low quality sequences

are not trimmed, inaccurate genomes and genetic variants, including single nucleotide



polymorphisms (SNPs) and insertions or deletions (INDELS), could be detected and associated
with virulence/attenuation of swine viruses. Trimming programs are necessary so downstream
analyses and classifications only use high-quality sequences free of barcode sequences (National
Institute of Plant Genome Research, Aruna Asaf Ali Marg, New Delhi, India).

Another bioinformatic technique, de novo assembly, combines sequencing reads to form
larger genomic sequences known as contigs or scaffolds. Unassembled, short NGS reads, are of
little use for viral metagenomics applications since genes and viral genomes are larger than these
short reads (Sequencing Platforms | Compare NGS Platform Applications & Specifications). De
novo assembly is important to elucidate complete viral genomes and accurately determine
genetic variants (Afolabi et al.). Assembler applications overlap sequencing reads and generate
contigs and scaffolds using scoring algorithms that include the length of overlap, number of base
mismatches, and depth of read coverage among other factors. Many de novo assemblers are
available, including A5, IVA and Ray (Darling lab at the University of Technology Sydney,
Ultimo, Australia; Pathogen Informatics, Wellcome Sanger Institute, Hinxton, Cambs, UK;
Laval University, Quebec City). A5 has demonstrated increased conservation of open reading
frames (ORFs), IVA assembles paired-reads of varying read coverage efficiently, while Ray
consistently outputs lengthy assemblies. Although Ray also utilizes increased computer power
and time (Hunt et al.; Tritt et al.; Khan et al.). Combining assemblers in a bioinformatics pipeline
ensures various assembled contigs and scaffolds will be generated representing the spectrum of
potential viral genomes.

Downstream genome alignments demonstrate similarity and disparities between viral
sequences to elucidate biological relevance. Assembled contigs and scaffolds can be sent through
a search in the Basic Local Alignment Search Tool (BLAST) to determine genomic identity to

published GenBank sequences (National Center for Biotechnology Information, U.S. National



Library of Medicine, Bethesda, MD, USA). BLAST is necessary to indicate if a contig or
scaffold is similar to a known viral sequence. A genome alignment, between the contig or
scaffold, and published virus genomes can be generated through MAFFT (Berkeley Software
Distribution, University of California, Berkeley, CA). Similar to assemblers, alignment
algorithms differ in the match and mismatch scoring matrix, gap open penalty and computing
power required. Genetic changes, including SNPs, INDELSs, and gene truncations are discovered
through alignments (Okumura et al.). Genetic changes impact phenotypic characteristics
therefore influencing viral virulence characteristics. For example, specific SNPs and SNP
combinations, forming a haplotype, demonstrated increased virulence of Porcine Reproductive
and Respiratory Syndrome virus (PRRSV) (Walker et al.). Similarly, a truncated PA-X protein in
swine influenza A viruses (IAVs) displayed increased pathogenicity and replication in cultured
swine cells (Xu et al.). Metagenomic sequencing and bioinformatic techniques, including
alignments, are necessary to study known and novel viruses and their genetic alterations that play
a role in swine health.

Genome alignments are input into phylogenetic analyses, which demonstrates
evolutionary relationships amongst viruses (Y. Zhang et al.). Numerous applications, including
PhyML and MEGA are available to generate phylogenetic trees with bootstrap values, which are
statistical supports of the branching points called nodes (French Institute of Bioinformatics,
Evry, France; Institute for Genomics and Evolutionary Medicine, Temple University,
Philadelphia, PA). Phylogenetic tree algorithms vary in the regression models used to determine
evolutionary distance and relationship. Nelson et al. described the evolutionary transmission
events of influenza A virus (IAV) between mammalian hosts through phylogenetic analyses.
This study determined IAV has evolved within each host independently for at least the last

century, with the most recent interhost transmission event occurring more than 100 years ago



(Nelson et al.). In an attempt to classify and evaluate previous classification cutoff values of
rotavirus B (RVB) strains, phylogenetic analyses were performed on each RVB gene segment,
which supported the cutoff value for four gene segments while refuted the cutoff values for the
remaining seven gene segments (Shepherd et al.). Identification of accurate genotypes is
important to detect and track recombination and genetic motifs. Furthermore, epidemiological
approaches, including discovering spatial and temporal viral distribution, are elucidated through
the combination of phylogenetic analyses with demographic information (Ayolabi et al.; W.
Wang et al.). An epidemiological investigation of IAV discovered the diversity and dynamics of
IAV infections within farrow-to-wean farms, increasing the knowledge on IAV evolution in this
environment (Diaz et al.). Phylogenetic analyses are crucial for understanding viral evolution,
especially as evolution pertains to viral virulence and represent the foundation of molecular
epidemiology.

The swine health industry utilizes metagenomics alongside bioinformatics to create
relevant sequencing and analysis approaches. Without bioinformatics, metagenomics would be
unfeasible. Metagenomic sequencing outputs large amounts of sequencing data which requires
computational analyses to determine the biological relevance of sequences in a time efficient
manner. Aiding in the endeavors for biological significance, there are abundant bioinformatic
techniques providing various methods and applications for viral metagenomic data targeting

swine health.



1.3 Applications of Viral Metagenomic Sequencing in Swine Health

Viral metagenomics has numerous applications especially as the technique applies to
swine health. Firstly, epidemiology has improved through the integration of metagenomics with
bioinformatics. Similarly, diagnostic medicine of the swine industry benefits from viral
metagenomics through the detection of novel pathogens, improved diagnostics for known
pathogens and the development of vaccines. Collectively, metagenomic sequencing aids global
swine health through innumerable applications of the technology.

Epidemiological applications for swine health have been aided by viral metagenomics.
Through an epidemiological study, the spread of PRRSV-2 lineage 3 has been traced across
China since 2010. Specifically, the study described two PRRSV-2 strains in question, GZgy17
and SCyal8, which underwent independent recombination events with separate lineages, 8 and
1, respectively. By inoculating the two strains independently into 4 week old piglets,
recombination was determined as a key component for pathogenicity, i.e. increasing mortality
rates (Zhou et al.). Epidemiology allows the geographical and temporal distribution of viruses to
be correlated with other characteristics, such as recombination events in this PRRSV-2 study.

Beyond tracing and studying recombinant viruses, viral metagenomics can discover
coinfections and associate viral presence with clinical signs. The detection of multiple viruses
within the same sample relies upon the massive parallel sequencing offered by NGS. For
example, the virome of Spanish pigs exhibiting periweaning failure-to-thrive syndrome (PFTS),
contained significantly less porcine parvovirus 6 (PPV6) while demonstrating an increased
abundance of ungulate bocaparvovirus 2 (BoPV2), ungulate protoparvovirus 1 (PPV) and
porcine circovirus 3 (PCV3) (Franzo et al.). By knowing which viruses are associated with

specific clinical signs aids in developing targeting therapies and surveillance strategies for swine



herds. Determining viral and virome presence with specific illness, through epidemiological
analyses, offers many applications of viral metagenomics to swine health.

Beyond epidemiology, the identification of novel viruses and viral variants through
metagenomics impacts the development and validity of diagnostic assays. Diagnostic tests, such
as PCRs/RT-PCRs and ELISAs, are commonplace to detect pathogens and evaluate immune
responses, respectively. Although, specificity of these tests relies upon accurate pathogen
information including sequence data and virus diversity. Through metagenomics, the genomic
changes were elucidated that led to classical swine fever virus (CSFV) variants escaping
detection by RT-PCR. The authors developed a new primer set which was able to detect the
CSFV subset with the altered sequence in the E(RNS) region (Leifer et al.). ELISAs also rely
upon knowledge of the detailed molecular characteristics of the pathogen studied and they need
to be validated for their detection characteristics and cross-reactivity (Hause et al.). Without
accurate virus genomic sequences and their respective diversity, PCRs/RT-PCRs and ELISAs for
specific viruses cannot be developed. Still, viral metagenomics has further applications beyond
detecting novel viruses and the development and improvement of diagnostic tests.

Results from metagenomic sequencing can also be utilized for vaccine research in the
swine industry. Metagenomic techniques were applied towards the development of a live-
attenuated porcine epidemic diarrhea virus (PEDV) vaccine candidate and was critical for the
discovery of amino acid changes associated with attenuation of the vaccine candidate. Animal
immunogenicity testing demonstrated that the vaccine virus could confer lactogenic immunity
from sows to piglets (Won et al.). The development of effective and safe porcine vaccines
nowadays depends on accurate metagenomic sequencing. Genetic changes, such as INDELs and
SNPs, within both the viral target antigens or vaccine strains themselves, affect the efficacy of

vaccines; but metagenomics, in combination with bioinformatics, aids in elucidating genetic



changes that might otherwise go undetected, and aids in the development of efficacious vaccine
candidates. The integration of viral metagenomics with bioinformatics is also utilized in
developing and evaluating antiviral therapies in the swine industry.

Viral metagenomics provides innumerable applications to swine health with only a few
described here. Epidemiology benefits directly as viral spread and distribution can be traced
through metagenomic sequencing. Furthermore, the development and testing of diagnostic assays
and vaccines relies upon the accuracy that metagenomic sequencing has provided through NGS
and bioinformatics. For the multitude of applications it holds, viral metagenomics offers a

foundational approach to improve and protect swine health.
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Chapter 2 - Accidental Discovery of a Novel mammalian

orthorubulavirus 5

Published in Viruses, August 2019, Volume 11, Issue 9

2.1 Introduction

Mammalian orthorubulavirus 5 (P1V5), formerly named parainfluenza virus 5, resides
within the Paramyoxiviridae family (Knipe and Howley; “International Committee on
Taxonomy of Viruses (ICTV)”). PIV5 is globally distributed and has been associated with
respiratory disease in canine, cattle, swine, and lesser panda (Oem et al.; Liu et al.; Lee and Lee;
Zhai et al.). While the pathogenesis of PIV5 in humans is unknown, both PIV5 and contagious
mumps orthorubulavirus belong to the Orthorubulavirus genus (Knipe and Howley). Symptoms
of mumps rubulavirus in humans include fever, swollen salivary glands and possibly
miscarriages or hearing loss (“Mumps - Symptoms and Causes”). We discovered a divergent
Russian PIV5 strain (Moskva) in Vero cells exhibiting cytopathic effect (CPE). The cells were
suspected to be accidentally contaminated by an ill laboratory technician since the swine clinical
samples used for cell culture inoculation and the initial cells were negative for Moskva by RT-
PCR. In addition, Moskva contained a small hydrophobic (SH) protein coding sequence (CDS)

which is present in human PI1V5 strains.
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2.2 The Study

In November 2015, an outbreak of enteric disease occurred in three-day old piglets on a
farm residing in the Republic of Buryatia, Russia (Alekseev et al.). Next Generation Sequencing
(NGS) identified only porcine rotavirus B (RVB) in the fecal samples (apart from host genes or
bacteria), and fecal sample supernatants were passaged on Vero cells in hopes of isolating RVB
(Alekseev et al.). Concurrently, the scientist passaging the cell cultures exhibited mild
respiratory symptoms including tussis and rhinorrhea. CPE, namely syncytia formation, was
observed on the fourth passage of the cells. The nucleic acid from the 15™ passage was extracted,
and NGS was performed to identify the CPE causative pathogen using an Illumina HiSeq2000
(Mlumina, San Diego, CA, USA) (Alekseev et al.). NGS generated 9,280,254 paired reads while
8,949,411 reads resulted after trimming (Alekseev et al.). Kraken identified ~85% (7,602,876)
paired reads as eukaryotic and ~9% (818,499) as viral. Of viral reads, ~65% (534,325) were
classified as Paramyoxiridae and ~33% (271,890) were classified as Retroviridae (retrovirus)
(Knutson et al.). De novo assembly of the viral reads generated a PIVV5 genome (Moskva,
MK593539), which upon BLASTN yielded an 87% nucleotide identity to human PIV5 strain
DEN, isolated from the United Kingdom in 1980 (JQ743322). The highest BLASTn hit to a non-
PIV5 strains was to human parainfluenza virus 2 strain (68% identity) from Vietnam
(MHO006623). Primers (forward, CCGGATCACGTGTCCTCAAA; and reverse,
ACCAGGAACCGCACTAATGG) were designed to Moskva, and a RT-PCR was developed
utilizing RevertAid H Minus First Strand cDNA Synthesis Kit, using recommended
manufacturer protocols (Thermo Fisher Scientific, Waltham, MA, USA). The original Vero cell
stock and fecal samples were negative for Moskva by RT-PCR. Testing of the cell culture from
passage 4 demonstrated PIV5 titers of ~103° TCIDso/ml (Reed and Muench), supporting the

hypothesis of human contamination of the cell culture.
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Moskva is 15,218 nucleotides in length and contains a 28-nucleotide deletion in the 5°
untranslated region compared to other PIV5 strains in GenBank. Moskva displays a genome
organization of nucleocapsid (N), V, phosphoprotein (P), matrix (M), fusion (F), SH,
hemagglutinin-neuraminidase (HN), and large (L) genes (Knipe and Howley). The M protein is
the most abundant capsid protein, and the L protein is crucial for RNA-dependent RNA
replication for Paramyxoviruses (Knipe and Howley). Both, the nucleocapsid and L open
reading frames (ORFs) exhibited novel truncations of 9 and 11 residues, respectively. These two
Moskva gene truncations exemplify previously unknown diversity of PIV5. In addition, Moskva
contains a putative SH gene. The presence of the SH gene varies amongst PIV5 strains, and six
of seven human strains contain the SH gene. The SH ORF is present in Moskva which again
supports the hypothesis of human contamination of the Vero cell culture (Lee and Lee). The SH
protein of PIV5 has been suggested to limit apoptosis via tumor necrosis factor a (TNFa) and
causes a decrease in CPE in vitro (Knipe and Howley; Lin et al.). The identification and
proposed function of the SH protein contradicts our observed CPE using Moskva in susceptible
cell cultures.

Pairwise nucleotide and amino acid MAFFA alignments were generated in Geneious
version 11.5.1 to calculate genomic identities (Geneious, Newark, NJ, USA). PIV5 nucleotide
percent identities of the complete genome increased with the addition of Moskva from 95.5-
100% to 85.4-100% (Table 2.1). Using the 80% whole genome nucleotide identity classification
set by the International Committee on Taxonomy of Virus, Moskva belongs to the Rubulavirus
genus (“International Committee on Taxonomy of Viruses (ICTV)”). Moskva showed an 84.9-
88.8% nucleotide identity to the other PIV5 GenBank genomes, regardless of the gene or host
species (Table 2.1), highlighting the uniqueness of Moskva within the rubulaviruses. The

Moskva RNA-dependent RNA polymerase (L protein) had a 96.9% amino acid identity to the L
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proteins of other PIV5 strains, confirming Moskva as a member of the PI1V5 species
(“International Committee on Taxonomy of Viruses (ICTV)”). The uniqueness and divergence of
Moskva was reflected as a distinct lineage in a whole genome phylogenetic tree (Figure 2.1). The
500 bootstrapped Maximum Likelihood tree was created in Geneious and edited in FigTree
(Institute of Evolutionary Biology, University of Edinburgh, Edinburgh, Scotland). Host and
geographic clades were absent in the tree, which was reflected in all individual gene
phylogenetic trees (Supplemental Figure 5.1). The divergence in genomic identities and
phylogenetic trees suggests undiscovered divergent PI1V5 strains are circulating in geographically
distinct regions.

The PIV5 genome encodes two glycoproteins, F and HN, which are essential for viral
attachment, fusion, and entry. With Moskva exhibiting human origin, the F and HN amino acid
sequences of Moskva were compared to the human PI1V5 strains. The protein models illustrated
the location and magnitude of substitutions using SWISS MODEL (Swiss Institute of
Bioinformatics, Lausanne, Switzerland; F, 4jf7.1; HN, 4wsg.1), Phyre2 (Imperial College
London, London, UK; F, c2b9bA; HN, c4jf7B) and Chimera (Resource for Biocomputing,
Visualization and Informatics, University of California, San Francisco, CA, USA). Consistent
with Moskva’s evolutionary divergence, the F and HN proteins of Moskva had more residue
substitutions (32 and 31, respectively) relative to a consensus sequence of the human PIV5
strains (Figure 2.2). Of the 32 Moskva F protein substitutions, the majority of the substitutions
(n=25) occurred in unclassified regions of PIV while 5 and 2 substitutions occurred in domains |
and 111, respectively (Bose, Heath, et al.; Poor et al.). Domain Il (including the hydrophobic
loop), the fusion peptide, and heptad repeat region B (HRB) lacked residue substitutions in
Moskva (Bose, Heath, et al.; Waning et al.). The hydrophobic loop plays a crucial role

interacting with the HN protein for fusion activation, and the region is conserved in all the strains
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of Paramyxoviruses (Bose, Heath, et al.; Waning et al.). In the HN protein, the stalk was more
conserved than the head, with 23 residue substitutions in the head versus only two substitutions
in the middle of the stalk (Figure 2.3). The stalk of HN interacts with the F protein for fusion,
and residue substitutions in the stalk near the head of the protein are less detrimental than those
substitutions further from the head of the protein (Bose, Welch, et al.). The described changes in
the F and HN glycoproteins, further confirm the divergence of Moskva from other human PIV5

viruses while supporting regions of conservation.
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2.3 Conclusion

A novel PIV5 strain (Moskva) was reported, and Moskva is hypothesized to have resulted
from accidental cross-contamination of Vero cells by a human experiencing respiratory illness.
While PIV5 is a global pathogen, our genetic and phylogenetic analyses indicated greater
diversity of PIV5 strains than previously reported. The branching of Moskva suggests distinct
PIVS5 strains are likely circulating globally undetected. Moreover, Moskva had a noteworthy
number of amino acid substitutions in its surface glycoproteins, as well as shorted M and L
genes, indicating considerably greater PIV5 diversity than was previously known. Further
research is required to understand the implications of PIV5 global presence, the role of the SH
protein in human PI1V5 strains, the functional relevance of the amino acid substitutions of its
surface proteins, and the M and F protein truncations, especially as these topics pertain to human

health.
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2.4 Figures and Table
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Figure 2.1 Whole genome ph
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ylogenetic tree of P15 strains. Bootstrap values greater than 70

are shown at major nodes. Strains are colored according to host with black representing human

strains; red, canine; orange, swine; green, simian; teal, pangolin; blue, tiger; pink, panda; and

purple, bovine. Moskva is in bold.
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Figure 2.2 Uncleaved Fusion (F) monomer and trimer protein models illustrating the

residue substitutions in Moskva. Regions and substitutions are colored according to the legend.
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Figure 2.3 Hemagglutinin-neuraminidase (HN) monomer and tetramer protein models
illustrating the residue substitutions in Moskva. Regions and substitutions are colored

according to the legend.
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Bovine, panda,

Length Excluding Moskva Including Moskva Human Simian Swine pangolin, tiger
n=26 n=27 n=7 n=2 n=4 n=6

Gene/Genome Nt aa nt aa nt aa nt aa nt aa nt aa nt aa
Nuc'e(cl’\lc)aps'd 1,530 509 95.8-100 97.7-100 86.3-100 93.5-100 86.8-87.5 94.1-95.1  87.8 945  87.3-87.7 93.9-94.7 87.5-87.7 93.7-94.5

(x) 669 222  955-100 94.6-100 87.3-100 94.6-100 87.7-88.8 94.6-96.9  88.8 97.3  87.7-88.3 95.5-96.9 87.4-88.2 95.5-96.9
PhOSP?S)pFOte'” 1,177 391 95.8-100 95.9-100 87.1-100 94.1-100 88.1-88.6 94.4-959  88.6 96.2  87.8-88.3 94.6-95.7 87.9-88.2 94.9-95.7

M("’,:}Ir)'x 1,134* 377*  95.3-100 96.0-100 86.2-100 93.7-100 87.0-87.7 95.0-96.6 87.4-87.5 95.5-95.8 87.1-87.4 95.5-95.8 86.6-87.4 94.4-95.8

FU(IS:')O” 1,656 5511  94.8-100 95.9-100 83.3-100 91.5-100 84.9-85.8 93.3-946 852 03.7-93.8 85.0-85.1 93.3-93.5 84.9-85.1 93.5-93.7
Hemagglutinin-
neuraminidase 1,698 565  95.6-100 95.1-100 84.8-100 91.3-100 85.5-85.8 92.8-94.5 85.6-857 92.6 85.6-85.8 91.9-92.6 84.9-85.8 92.2-92.8

(HN)

L"E‘[?e 6,678% 2,256¢ 06.9-100 98.1-100 87.4-100 96.9-100 87.9-88.2 97.3-97.8  88.2 97.5 87.9-88.0 96.9-97.3 87.8-88.2 97.2-97.6
Entire genome 15,2465 95.5-100 85.4-100 86.2-86.7 86.6-86.7 86.2-86.4 86.4-86.5

*Moskva: 1,107nt and 368aa.
fSimian strains: 1,589nt and 529aa; Human MEL strain: 1,605nt and 534aa.
fMoskva: 6,735nt and 2,245aa.

SMoskva: 15,218nt.

TBoldface indicates the highest percent identity to Moskva in the corresponding gene/genome.

Table 2.1 Comparison of the nucleotide (nt) and amino acid (aa) lengths of various PIV5 ORFs and homology with PI1V5

strains from humans and other mammals.
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Chapter 3 - Next Generation Sequencing (NGS) Targeting
Coinfections and Phylogenetic Analysis of Betaarterivirus suid 2

(PRRSV-2) in an Integrated US Swine Producer

3.1 Introduction

Porcine reproductive and respiratory syndrome (PRRS) is an endemic disease of swine
that has been estimated to cost the US swine industry $302 million annually (Holtkamp et al.).
The causative agent of PPRS, discovered in 1991, is a positive stranded RNA virus,
Betaarterivirus suid (PRRSV) (“International Committee on Taxonomy of Viruses (ICTV)”).
The virus belongs to the Arteriviridae family within the Nidovirales order. Betaarterivirus suid 1
(PRRSV-1) comprises European-type strains while Betaarterivirus suid 2 (PPRSV-2) contains
North American type strains (Meng et al.). Although the presentation of clinical disease does not
greatly differ between the two genotypes, PPRSV-2 has been associated with an increased
severity of respiratory disease, including pneumonia and dyspnea. Additionally, both genotypes
produce comparable reproductive disease such as late term abortions, stillbirths, and decreased
piglet birth weights (Ladinig et al.; Loula; Rossow et al.; Martinez-Lobo et al.). PPRSV-2 causes
continual losses to the US swine industry. As a result, continued PRRSV-2 research is critical to
uncover virus characteristics related to the pathogenicity, diversity, and evolution of the
pathogen, to lessen the consequences of PRRSV-2 infections in US swine.

The detection of PRRSV-2 within viral coinfections is limited so far. Detection of viral
coinfections in PRRSV-2 infected swine could reveal mechanisms potentially responsible for the
observed severity and length of PRRSV-2 clinical signs. Furthermore, historical and current
PRRSV-2 classification and comparison have mainly utilized PRRSV-2 glycoprotein (GP) 5

(GP5). Reliance solely on GP5 for classification and distinction amongst PRRSV-2 isolates
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could miss genetic variation/s in other genomic regions which could be of importance to
PRRSV-2 disease presentation. GP5 classification of PRRSV-2 strains is done by restriction
fragment length polymorphism (RFLP) or by sequencing and subsequent phylogenetic analyses.
Sequencing relies on the complete GP5 sequence while RFLP determines the genomic
differences due to insertion/s or deletion/s of nucleotides at limited positions within GP5;
therefore, RFLP cannot distinguish between all PRRV-2 strains (Wesley et al.). The present
study aimed to (i) determine the entirePRRSV-2 genome through next generation sequencing
(NGS), (ii) identify PRRSV-2 coinfections, (iii) demonstrate genomic diversity outside GP5, and
(iv) classify PRRSV-2 strains phylogenetically from a multi-US state, integrated US swine

producer.
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3.2 The Study

In order to compare the diversity of PRRSV-2 strains circulating in a large, closed swine
herd from 2012-2019, serum samples from farms in Oklahoma, Kansas and Texas were collected
when miscarriage rates rose above 2% in sows beyond 70 days of gestation. Serum samples were
collected and underwent processing, extraction, and gRT-PCR. Samples proceeded in our
analysis pipeline if qRT-PCR indicated PRRSV-2 presence through a Ct value at or below 26
(n=91), indicative of a relatively high PRRSV-2-specific RNA presence (ThermoFischer
Scientific, Waltham, MA, USA). Nuclease (DNase and RNase) inhibitor treatment, library
preparation and metagenomic sequencing were conducted according to previous studies with the
exception of utilizing an Illumina NextSeq sequencing machine (Bentley et al.; Tritt et al.).

Resulting sequencing reads underwent trimming and Kraken classification (Knutson et
al.) which resulted in 51 of the 91 (56%) qRT-PCR PRRSV-2 positive samples being also
positive the presence of PRRSV-2 genomic sequences (Table 3.1). This indicated a discrepancy
in the detection of PRRSV-2 through gRT-PCR versus NGS, even with a PRRSV-2 Ct value
threshold of 26. Viral coinfections, amongst the PRRSV-2 gRT-PCR positive samples, occurred
most often with porcine endogenous retrovirus (n=42; 46%), lentivirus (n=34; 37%), and Torque
teno sus virus (n=31; 34%). The identified porcine lentivirus is a novel virus as indicated by the
absence of porcine lentivirus sequences in GenBank. As Kraken classified sequencing reads,
similar to Equine Infectious Anemia Virus (EIAV), future research should assemble the
lentivirus genome and determine its classification within the lentivirus genus and its similarity to
EIAV. With the relatively high number of lentivirus detections by Kraken, this porcine lentivirus
should be investigated as playing a role in the PRRSV-associated disease complex in future
studies. Porcine endogenous retrovirus and Torque teno sus virus have been reported as

ubiquitous porcine pathogens with unsubstantiated disease association, and these results support
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the findings of pathogens unrelated to the investigated disease being regularly present in in swine
samples (Pogranichniy et al.; Plotzki et al.; Qin et al.).

The cumulative number of distinct viruses identified as coinfections within one sample
were also quantified through Kraken classification (Figure 3.1). Most samples positive for
PRRSV-2 via gRT-PCR contained three viruses (n=30; 33%), followed by two viruses (n=25;
27%); ten samples (11%) contained PRSSV-2 only. Of samples positive for PRRSV-2 by NGS
and Kraken, nine samples (18%) were positive for PRRSV-2 only, and most of these samples
had two viruses present (n=19; 37%). Previous research has indicated PRRSV-2 being prevalent
as a coinfecting agent (Saade et al.). These findings support the notion that PRRSV-2 is
potentially acting in synergy with other co-infecting viruses, as 89% of all PRRSV-2 gRT-PCR
positive samples, and 82% of those with PRRSV-2 genomic sequences identified with NGS and
Kraken, revealed a viral coinfection. Further research is needed to elucidate the role of PRRSV-2
coinfections in PRRS pathogenesis, especially with the porcine lentivirus described, and the
consequences of this pertaining to disease severity, secondary infections and PRRSV
epidemiology.

Viral and unknown Kraken classified reads were input through de novo assembly and
sent through a BLASTN search as previously described (Knutson et al.). Of the initial 91 gRT-
PCR PRRSV-2 positive samples, merely 30 (33%) were identified with complete PRRSV-2
genomes consisting of ten genes (ORF1a, ORF1b, GP2, envelope (E), GP3, GP4, GP5, ORFb5a,
matrix (M) and nucleocapsid (N)). Therefore, even with the qRT-PCR threshold, only 30
samples had successful PRSSV-2 genome assemblies, although 51 samples contained Kraken-
classified short reads. This further corroborated the need for enhanced sample screening methods
to improve the rate of successfully assembling a PRRSV genome. An additional 33 complete

PRRSV-2 genomes were assembled from viral isolates, originating from symptomatic swine,
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which underwent the same DNA extraction, library preparation, sequencing and bioinformatic
assembly. Finally, eight vaccine genomes, from vaccines utilized in the farm system, were
included in downstream analysis, bringing the total to 71 PRRSV-2 genomes. Pairwise MAFFT
alignments were created in Geneious version 11.1.5 which illustrated whole genomic identities
ranging from 81-99% (Table 3.2; Geneious, Newark, NJ, USA). ORF5 (coding for GP5), used
historically for PRRSV-2 classification, consisted of identities ranging from 82-100%. Of the ten
PRRSV-2 genes, five (ORF2a, ORF5a, ORF3, ORF1lab and ORF1a) demonstrated increased
diversity relative to GP5. The most divergent gene, ORF1la, consisted of 7% greater diversity
(74-99%) than GP5 while the most conserved gene, ORF6 (86-100%), illustrated 4% less
diversity relative to GP5. The majority of PRRSV-2 genes demonstrated increased diversity
relative to ORF5. Diversity of genes outside of ORF5 seem to reflect PRRSV-2 evolution and
could influence virulence; further studies should include analyses of additional PRRSV-2 genes,
especially ORF1a, to determine PRRSV-2 evolution and diversity.

Phylogenetic analysis was utilized through bootstrapped, 500 replicates, maximum
likelihood nucleotide trees of the 71 PRRSV-2 genomes in Geneious and edited through FigTree
(Figure 3.2; Institute of Evolutionary Biology, University of Edinburgh, Edinburgh, Scotland).
The complete genome nucleotide tree identified an outgroup with three vaccine genomes (MLV,
Fostera and ATP) alongside one PRRSV-2 genome originating from swine samples obtained in
Colorado during 2018 (2018.01_CO_PF_3D). Genomes did not group according to year or
geographical location within the US. Similarly, in the GP5 tree, the 2018.01_CO_PF_3D virus
grouped with the same three vaccines (Figure 3.3). A second clade was formed representing four
distinct GP5 sequences (2015.03_KS_VI_2Y, 2018.05 OK_VI_2Y_A, 2019.05 TX_S_2Y, and
2019.03_TX_S_2Y). Similar as observed for the whole genome phylogenetic tree, PRRSV-2

GP5 sequences did not group according to year or geographical location within the US. Even
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though the vaccine outgroup was the same, the location of individual PRSSV-2 genomes on the
two phylogenetic trees either based on the whole PRRSV-2 genome or on GP5 only was
different. Similar to the genomic identities of the whole genome and GP5 varying (81-99% and
85-99%, respectively), phylogenetic analyses demonstrated a lack of distinction between the
whole genome and GP5 phylogenetic trees. Neither the complete genome nor GP5 based
phylogenetic trees depicted strains clustering according to year or geographical location which
might indicate that the inclusion of a different PRRSV-2 gene could help to depict these

demographics better for evolutionary analyses.

26



3.3 Conclusions

PRRSV-2 has drastic impacts, both on swine health status and economic return, for the
US swine industry and the swine industry worldwide. In order to understand the use of NGS for
detecting PRRSV-2 and viral coinfections, in addition to evaluating genetic diversity within and
outside of GP5, samples from a large, integrated swine producer were collected, and PRSSV-2
positive samples were sequenced. Although 91 samples were positive for PRRSV-2 by gRT-
PCR, only 51 (56%) were positive by Kraken read classification and only 30 (33%) of these
resulted in complete PSSRV-2 assembled genomes. The efficiency of NGS to detect PRRSV-2
in swine samples and to yield complete PRSSV-2 genome did not correlate well with the
previously set gRT-PCR cutoff of 26, indicating different screening methods and sequencing
approaches could increase NGS efficiency. In this study, samples were qRT-PCR tested prior to
nuclease inhibitor treatment. Testing the samples by gRT-PCR after nuclease inhibitor treatment
is one alternative approach to screening PRRSV-2 samples prior to NGS. Decreasing the Ct
cutoff value is another option, although some samples capable of assembling complete PRRSV-2
genomes could be dismissed. The three prevalent viruses in coinfection supported the ubiquitous
presence of porcine endogenous retrovirus and Torque teno sus virus while identifying a novel
porcine lentivirus via Kraken short read-classification. The implications of a porcine lentivirus,
especially in a coinfection with PRRSV-2, are subjects for future research. PRRSV-2 genome
analyses demonstrated that the majority of PRRSV-2 genes are more diverse than GP5.
Furthermore, phylogenetic analysis of the whole PRRSV-2 genome and GP5 illustrated a lack of
coherence between the two phylogenetic trees. Future studies are needed to investigate the
diversity found in PRRSV-2 genomes outside of GP5 and uncover the implications of genomic
diversity relative to temporal and geographical distribution, evolution, and virulence. Altogether,

the use of NGS allowed a comprehensive understanding of the virome present in swine samples
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derived from symptomatic animals, including PRRSV, while also providing the opportunity to
assemble the complete genome of PRRSV and other viruses. NGS can provide insights into the
PRRSV genome and was able to identify novel genetic diversity within its genome which
enhances the swine industries understanding of the viral variant. PRRSV epigenetics especially
benefits from NGS as scientists can work to understand disease severity and geographic
distribution of PRRSV variants. With this knowledge, scientists and swine farmers will have an
enhanced ability to monitor PRRSV distribution and target PSSRV variants of concern.
Moreover, our results indicate that PRRSV is typically associated with other viruses. Viral co-
infections may result in different disease outcomes; therefore, this aspect of PRRSV

pathogenesis should be investigated in future research.

3.4 Figures and Tables
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Figure 3.1 Number of Kraken identified viruses present within a sample. The number of

samples (n) is indicated at the top of each bar.

29



2018.01_CO_PF_3D

Fostera

100

10— MLV
100]

@
>0 s
N

QQQS

|
)
&
=

op

Collection Branch

Color

State
cO
KS

1

2

2

33

7
8

Purple

Red
Dark Blue

Green

OK
TX

Vaccine

Taxa
Color

Collection

Count

Year

18.01_KS_VI_2Y_A

8

1

1

8

1

2

9
8

Red

Green

Dark Blue

Black

Purple

Pink

2013

2014

2015

2016

2017

2018

2019

Vaccine

2018.01_KS_S_2Y

100[ 2!

0.04

Figure 3.2 Whole genome phylogenetic tree of PRRSV-2 strains. Bootstrap values greater

than 70 are shown at nodes. PRRSV-2 nomenclature is as follows:
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CollectionYear.CollectionMonth_CollectionState_SampleType (L=Lung; S=Serum,
PF=Processing Fluid; TH=Tissue Homogenate; VI=Viral Isolate) AgeOfAnimal(D=Days;
W=Weeks; Y=Years)_ Letter (this letter distinguishes samples with the same demographic

information).
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Figure 3.3 Glycoprotein 5 (GP5) phylogenetic tree of PRRSV-2 strains. Bootstrap values
greater than 70 are shown at nodes. PRRSV-2 nomenclature is as follows: CollectionYear.
CollectionMonth_CollectionState_SampleType (L=Lung; S=Serum, PF=Processing Fluid,;
TH=Tissue Homogenate; VI=Viral Isolate) AgeOfAnimal (D=Days; W=Weeks;

Y=Years) Letter (this letter distinguishes samples with the same demographic information).
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PRRS Identified by Sequencing
_ . Overall Reads (Kraken)
Virus Ide_ntlfled by Ves No
Sequencing Reads
n=91 n=51 n=40
Count | Percent | Count | Percent | Count | Percent

PRRS 51 56% 51 100% 0 0%
Porcine Endogenous 0 0
Retrovirus " s % S
Lentivirus* 34| 371%

Torque Teno Sus Virus
Bacteriophage
Circovirus
Parvovirus
Porcine Kobuvirus
Adenovirus
Mimivirus

IAV

Porcine Pegivirus
Posavirus
Hypovirus
Coronavirus

*Classified as Equine Infectious Anemia Virus
Table 3.1 Total number and relative abundance of Kraken classified viruses present in

31

samples.
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Nucleotide Amino Acid
Genome/Gene Percent Percent
Protein(s i :
(5) Length Identity Length Identity
Entire Genome 14,9472 | 80-99
ORF1la
Nonstructural 7,098° | 74-99 | 2,365 | 75-100
proteins
ORFlab
Nonstructural 11,468¢ | 78-99
proteins
ORF3
GP3 765 79-100 254 75-100
ORF5a q p
GP5a 141 82-100 46 76-100
ORF2a
GP2a 771 82-100 256 78-100
ORF5
GP5 603 82-100 200 82-100
ORF2b
2b: E 222 83-100 73 83-100
ORF4
GP4 537 83-100 178 85-100
ORF1b
Nonstructural 4377 | 85-100 | 1,458 | 94-100
proteins
ORNF7 372 | 86-100 | 123 | 87-100
OEAFB 525¢ | 86-100 | 174° | 90-100

2Ranging from 14,846nt to 15,412nt

b7,098nt and 2,365aa for 36 strains; 7,107bt and 2,368aa for 26 strains;
7,512nt and 2503aa for 1 strain and 2 vaccines; 7,494nt and 2,497aa for
Fostera vaccine

€11,468nt for 36 strains; 11,477nt for 26 stains; 11,882 for
2018.01_CO.J_PF_3D_NA 2vx and 2 vaccine strains; 11,864 for Fostera

d141nt and 46aa for 46 strains and Fostera vaccine; 156nt and 51aa for 5
strains and 2 vaccine strains; 138nt and 45aa for

35




2019.01_KS.R_S 2Y_AT_2vx; 5 vaccine strains do not code for ORF5a
(10nt short at 5' end)

e528nt and 175aa for 2017.12_OK.F_VI_2Y_FS_1

Table 3.2 Homology analyses of PRRSV-2 genomes assembled in this project.
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Supplemental Figure 5.1 Individual gene [A, nucleocapsid (N); B, V; C, phosphoprotein (P); D, matrix (M); E, fusion (F); F,
SH; G, hemagglutinin-neuraminidase (HN); and H, large (L)] phylogenetic trees of PIV5 strains. Bootstrap values greater than
70 are located at major nodes. Strains are colored according to host with black representing human strains; red, canine; orange, swine;

green, simian; teal, pangolin; blue, tiger; pink, panda; and purple, bovine. Moskva is in bold.
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