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Abstract

Rodents and bats are two key groups of host species for viral diversity and zoonotic
transmission to humans. Whilst the use of NGS and PCR based virus discovery is improving
our collective knowledge of the virome, very little is known about the virome overall, and
even less is known about the specific virome of these mammalian hosts. Similarly, information
is lacking regarding the prevalence of viruses within UK rodents. As climate change progresses
and rodents are driven into closer proximity to humans and livestock, the risk of rodent
zoonotic transmission is increasing, increasing the risk of transmission of viruses with
pandemic potential. Evolutionary information about key viruses may help to improve
pandemic preparedness, but the field of historic virology is still relatively underdeveloped,
particularly regarding historic RNA virus investigations. Therefore, this project was designed
to take a three-pronged approach to investigating virus diversity within UK rodents via
degenerate PCR and NGS screening, and to advance the field of historic RNA virus discovery.

140 modern rodents from 5 species were screened by degenerate PCR for the presence of
adenoviruses, hantaviruses, coronaviruses, Rotaviruses and Rubiviruses. 2 adenoviruses and
1 hantavirus were identified, and all other viruses were not found in. This screening was
complemented by unbiased NGS sequencing of these rodents and analysis of the NGS data.
The metagenomics screening yielded a total of 216 viral hits across 19 viral genera, including
potentially important viruses such as Cardioviruses, Hepaciviruses and hantaviruses, amongst
others. These viruses were PCR confirmed, and expanded the known viral diversity of bank
voles, field voles, wood mice and vyellow-necked mice to include Picobirnaviruses,
Kunsaigiviruses, Rosaviruse, Pegiviruses, Bocaparvoviruses and polyomaviruses. Hepacivirus
F, Rosaviruses and Orbiviruses were also found in the UK for the first time, and accurate
abundance estimates for 19 viral genera were quantified, ranging from 0.7%-67.1%.
Collectively, this drastically improves our collective knowledge of the UK virome.

This project also advanced the techniques used for historic RNA virus discovery and
manipulation. A protocol for historic RNA extraction from preserved animals ranging from at
least 35-156 years old was developed with over 90% extraction success. NGS library
preparation processes were improved to yielded functional NGS libraries, albeit with
substantial adaptor dimer contamination. gPCR screening methods for historic coronaviruses
were also developed, and historic coronaviruses were found in 3 samples. Collectively, this
advances the methodology and techniques of historic RNA virus discovery, and shows as a
proof of concept that conventional screening methods can be used for the discovery of
historic viruses in well preserved samples.
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Chapter 1- Introduction

1. Understanding the virome

a. What is the virome?

The virome can be described as the collective term for all viruses on Earth, including
an estimated 103! virions'%34, This project is more concerned with the mammalian
virome, which can be described as including all viruses that infect eukaryotic
organisms or cells, virus derived genetic elements within mammalian eukaryotic
chromosomes such as endogenous retroviruses that can modulate host gene or
protein expression, archaeal viruses that can infect archaea, and bacteriophage
viruses that can infect bacteria®. Prions may also be considered a part of the
mammalian virome, although there is some debate regarding their inclusion, and
they are not relevant to this project and will not be considered further>.
Bacteriophages, archaeal viruses and viruses of protozoa were also not considered
to be within the scope of this project, as they are not directly relevant for mammalian
infection, although it should be noted that their indirect effects on human and animal
health can be significant®®.

b. How much do we understand?

i. Estimated understanding of the virome

Whilst our understanding of the virome in some more common host species such as
Mus musculus is relatively deep (largely due to their use as laboratory model species),
as of 2014, it was estimated that approximately 1% of the virome had been
discovered*>’. Whilst the majority of the virome is comprised of bacteriophage,
limited further virome composition information is available, in part due to the lack of
an analogue for the bacterial 16S rRNA gene as a consistent marker limiting sequence
information availability'. With recent advancements in metagenomics technologies,
more of the virome has been discovered across both small mammals and humans®?,
Despite these advancements, it is still sometimes estimated that only 1-2% of the
total virome has been discovered, although more optimistic updates suggest that up
to 6% of the viral diversity in vertebrates has now been identified>°. Recently, the
Global Virome Project (GVP) has begun, and aims to use modern technologies to
identify approximately 70% of the virome within the next 10 years.

ii. Rapid evolution limiting our understanding
The rapid evolution of viruses limits our understanding of the overall virome. Viral
evolution can lead to cross-species transmission, which can in turn lead to rapid viral
evolutionary adaptation to the new host species, potentially leading to a closely
related yet distinct viral species>'!. Hantaviruses are a good example of this concept,
where the Tula and Tatenale viruses are phylogenetically very similar and are derived
from similar host species but are divergent enough to be classified as distinct species,
largely due to their coevolution within their respective hosts'*?. This virus-host
coevolution can lead to increased transmission, leading to further evolution in a
continuous cycle®®. Because of this, viruses with rapid transmission potential such as



influenza viruses evolve quickly and divergently relative to eukaryotes, bacteria and
other kingdoms of life, and even relative to other less rapidly evolving viruses'4*°,
There is also evidence of horizontal gene exchange between RNA viruses of different
Baltimore classes, which adds further diversity and evolutionary potential'®. RNA
viruses tend to have RNA-dependent RNA polymerases (RdRps) that replicate
extremely quickly with little (if any) proofreading capacity, resulting in a very high
mutation rate that in turn drives rapid evolution, with an average mutation rate of
1072- 10* mutations per site per year'” %19 The large population sizes of RNA viruses
also drives genetic variability and evolution, as there are many viruses reproducing
within a given population at any given moment, any of which may mutate and
evolve'®?°, Segmented viruses may also undergo reassortment, where two different
viruses of the same species or family co-infect a cell and segments are exchanged
during the packaging of progeny viruses. This is commonly observed phenomenon in
Rotaviruses, where 3-5% of viruses show reassortment, and influenza, where in
swine shows in 2018 at least 7 different reassortment events were observed?%?*,
Between cross-species transmission and adaptation, rapid evolution and large
population sizes, unreliable replication, recombination and reassortment, the virome
is constantly evolving and fluctuating, limiting our overall understanding>*/:'8 20,

iii. Sampling bias and other issues of understanding
Our understanding of the virome is also subject to sampling bias. As expected, there
have been significant investigations and studies into the human virome and its
composition, and some mammalian reservoir species have also undergone extensive
virome investigations, whilst other species have been undersampled or not sampled
at all®’?223, However, whilst some rodent and bat species have been sampled to
some degree, this kind of extensive metagenomics analysis has not been performed
on the majority of species, including key livestock species such as goats, or even the
majority of bat or rodent species®?*#?>. Rare and endangered species are also
undersampled, and host spatiotemporal dynamics are often not considered when
designing virome investigation studies?®. Also, metagenomics virology study results
are often poorly annotated or the data itself is not publicly available, which limits
their value and the virome information provided to the wider scientific community?“.

Sampling methods, including metagenomics library preparation procedures, RNA
extraction and data analysis pipelines, can lead to skewing of results and may result
in low copy number viruses being missed, particularly when there is a high
bacteriophage background or multiple animal pooling is performed®242627_ Sampling
methods often also bias towards double-stranded DNA (dsDNA) viruses rather than
RNA viruses and viral investigations tend to steer understandably towards known
zoonotic diseases, causing sections of the virome to be inadequately investigated®?3.
The type of sample can also bias virome investigations. For example, gut or faecal
samples may contain viruses from the food of the animal sampled, whereas viral
tissue tropism may result in viruses present in the animal but not the sampled tissue
being missed?3. Similarly, many virome investigations rely on convenience sampling



rather than probability sampling, which may introduce bias due to characteristics
often associated with convenience samples, such as premature death and illness
(often from persistent infections, in turn leading to bias against the detection of non-
lethal acute infections)?. Additionally, there is bias towards sampling locations- for
example, rodents and bats in China have been sampled extensively alongside rodents
in some major US cities such as New York, whereas other regions have been poorly
sampled such as some hyperdiverse regions of Brazil and the Americas®?>?932, Not
all environments have been adequately investigated either- for example, farms and
urban areas have been relatively well investigated due to their proximity and impact
on human health, whilst other areas have been undersampled?430:32:33,

The above factors contribute to the presence of significant biases in investigations
into the virome, and the overall understanding of the virome. However, as
metagenomics technologies advance, these biases are likely to become less
significant, provided that the appropriate consideration is given to the host species
targeted and habitats tested®>3%.

c. Why does it matter?

i. Human zoonosis
Zoonotic viruses are defined as viruses that can be transmitted from vertebrates to
humans and cause an infectious disease, and which may be transmitted either via
direct contact or indirect contact®. Whilst this definition is imperfect- for example,
it fails to distinguish between viruses that are directly transmitted from animals in
every case such as rabies and those that have jumped species and are now near
exclusively transmitted amongst humans such as SARS-CoV-2- it is broadly accepted
for its simplicity and broad applicability®®. Whilst further breakdowns of the term
zoonosis have been proposed, for the purposes of this work the above definition
offered by Mollentze and Streicker will be considered sufficient®>>3¢. One definition
of reservoir hosts is that they are animals that can be infected by a virus and then
proceed to transmit the virus to another susceptible host- such as another animal of
the species or a human via zoonotic transmission- without suffering symptoms of
disease from the virus, and one definition of a maintenance host is a host species in
which a pathogen can persist without requiring zoonotic transmission from another
host®’3%, However, the precise definition of reservoir host is difficult both
conceptually and practically, and will vary via context and by who is defining the
term, to the extent that some consider a reservoir to be a single species and others
consider a reservoir to be a complex set of species amongst which a pathogen may
be transmitted°. In practice, the terms zoonotic host and reservoir host are often
used somewhat interchangeably. Dead-end hosts are those that can be infected by a
virus but are unable to transmit the virus further, although in some rare cases dead-
end hosts may be involved in infrequent and circumstantial transmission%. Many
important viruses have zoonotic potential, and most viruses that are important for
human public health have close relatives in bats, rodents or other reservoir species®*.



Each spillover event increases the risk that a virus that can transmit laterally between
humans enters a human host, potentially leading to major international pandemics?*.

Whilst all kingdoms of life can be infected by viruses, it is largely mammalian species
that are likely to act as reservoir species for zoonotic viruses, with bats, rodents and
to a lesser extent primates and birds acting as important hosts largely due to their
vast species diversity and associated large zoonotic virus pool, although
invertebrates and other kingdoms of life can also act as reservoirs under some
circumstances’2>323>, Most newly emerging infectious viral diseases of humans are
likely caused by spillover events3!. Broadly, increased host species phylogenetic
relatedness to humans is associated with increased zoonotic spillover potential, as is
species diversity and viral richness, although other factors such as opportunity to
interact with humans, reproductive rate and availability of key resources such as food
for the host species are also important when considering spillover risk324°. Both virus
traits and host traits contribute towards spillover risk- for example, RNA viruses are
more likely to spillover and cause a zoonotic infection than DNA viruses, and host
sympatry (having a geographical and ecological range that overlaps with other
potential hosts) also increases zoonotic virus host potential’. Some clinical features
also increase transmissibility and zoonotic potential, such as symptoms that
exacerbate viral shedding®?. Trying to elucidate the factors that are involved in
causing or enabling zoonotic spillover events is difficult and often inconsistent, as the
variety of host and viral factors, the role of reservoirs, temporal and spatial variability
and other ecological factors all interact in a complex web that varies on a case-by-
case basis®®.

Zoonotic transmission rates are linked to many biotic and abiotic factors, but usually
the most important factor is the frequency of contact between humans and the
animal reservoir species®’. As global urbanisation increases, humans and wildlife are
driven into closer proximity, allowing for more cross-species interactions and a
greater risk of zoonotic infection332, For example, there has been an increase in bats
and rodents in urban areas due to habitat change, which increases the risk of
zoonotic infections??. Seasonal virus prevalence is also a variable risk factor for
zoonotic transmission and is likely to become more important as climate change
advances*“*2, As climate change progresses, a variety of factors are likely to influence
zoonotic risk. One such example is the expansion of host ranges for insect vectors of
arboviruses, as global temperature increases expand the regions at which
temperatures are suitable for mosquitoes and other insects, as well as increased
rainfall providing more insect breeding sites. Some rodent populations will likely
increase due to the favourable breeding conditions of warmer winters and spring
leading to an increase of food, followed by heat waves which drive rodents towards
human dwellings as shelter, in turn increasing the risk of rodent-human interaction
and zoonotic transmission*’. Whilst this effect on rodent populations is largely
theoretical at this point, there is evidence from Germany that favourable rodent
breeding conditions is associated with increased rodent populations, which are



associated with an increase in tick-vector population increases, which in turn is
associated with an increased transmission risk of tick-borne diseases such as tick-
borne encephalitis virus®. Increased rainfall and flooding may lead to outbreaks of
pathogens such as Norovirus due to water contamination, and increased winds may
lead to increased airborne transmission of viruses, such as strains of avian influenza
(although in the case of avian influenza this is likely to act as a secondary transmission
route relative to enteric transmission)*?. Overpopulation and rural to urban human
migration will also increase the risk of transmission of zoonotic viruses, and human
global migration may lead to zoonotic diseases being transmitted globally into naive
human populations*’. These factors and others will likely lead to an increased rate of
viral spillover events, which may then lead to outbreaks and viral host-adaptation, in
turn possibly driving some zoonotic viruses to be maintained in human populations
and become endemic®’.

It is difficult to accurately estimate the incidence of zoonotic infections, as they are
often not routinely screened for and typically present with mild or indistinct
symptoms®C. For example, an estimated 80% of Lassa virus (LASV) infections are
asymptomatic, and other diagnostic issues regarding LASV render it impossible to
accurately estimate LASV spillover infections, therefore it is likely that the zoonotic
risk of LASV is frequently undersetimated***>. There are also likely many missing
zoonotic viruses that have yet to be discovered, largely in the Americas but also
worldwide, with significant variability by host taxonomic order®. Indeed, some
estimates suggest that up to 99.9% of potentially zoonotic viruses have yet to be
discovered, which represents approximately 750,000 individual viruses*®. Whilst it is
unlikely that all or even most of the undiscovered zoonoses will have the potential to
cause a major pandemic, it is probable that at least some of these viruses will*°.

ii. Animal cross-species transmission
Whilst animal to human spillover is common, most cross-species viral transmission is
between non-human mammalian species (for example, influenza spillover from birds
to pigs and vice versa), including important livestock animals?>“%, Viral spillovers into
farm animals can have major health consequences for the livestock and economic
consequences for the farmers- for example, a relatively recent CoV spillover and
outbreak in pigs in China was fatal to the animals*’. Approximately 1/3™ of all meat
consumed worldwide is pork, and as pigs are well known reservoirs for a variety of
potentially pathogenic viruses that can cause disease in humans, the increase in
swine farming to meet food demands leads to both an increased risk of spillover into
humans and more infections affecting animal welfare in pigs*®. Zoonotic disease
comes at a significant economic cost- as of 2010, an estimated $2 billion per year
were lost to zoonotic disease (excluding SARS-CoV-2), with estimates including
indirect costs of zoonoses being 10-fold higher®. If SARS-CoV-2 is also considered to
be zoonotic (as discussed below), this figure increases into the trillions of dollars, with
one estimate in December 2023 of total economic loss due to SARS-CoV-2 since 2020



reaching $14.7-21.8 trillion in total, equivalent to approximately $5-7 trillion per
year’,

It is possible for “reverse zoonotic infection” to occur, where humans transmit
viruses to animals, one example of which is the reverse zoonotic spillover of
astroviruses from humans to marine mammals3>°*, There is also evidence of zoonotic
and reverse zoonotic transmission on farms, through a pathway known as the
wildlife-livestock-human interface where wildlife infects livestock via zoonotic
transmission, which then infects humans, or humans infect livestock, which then
infects wildlife?*. For example, human swine handlers have been shown to transmit
influenza viruses to swine via reverse zoonotic transmission, which have then in turn
transmitted the influenza virus or a recombinant variant to another human via
zoonotic transmission?’.

The farm environment can often lead to favourable conditions for rodent reservoir
host species such as the brown rat (Rattus norvegicus) amongst others, where factors
such as the availability of food and water for the livestock can lead to a population
boom of the zoonotic host, in turn leading to increased zoonotic risk*>°2. So far,
metagenomics studies on farm animals are limited and of variable quality, leading to
inadequate information about the virome and health of important livestock
animals?®. Intensive farming processes can also lead to rapid outbreaks of disease
amongst farm animals due to cross-species transmission and increased host
population sizes, and as farming demands increase to match an increasing population
this is likely to become more commonplace?*?°.

Domestic and companion animals are also important to consider regarding zoonoses.
Whilst there is some variability regarding the definition of a companion animal,
domestic pets such as cats, dogs, small rodents and pet birds are usually considered
to be companion animals®3. The most common companion animals within the EU are
cats and dogs, which have been shown to harbour and transmit a variety of viruses
(such as astroviruses) via zoonotic transmission>*>3. Whilst many zoonoses are still
transmissible from domestic animals, due to effective vaccination and animal control
others are becoming less common, such as rabies lyssavirus, which in many parts of
the world (typically in MEDCs with effective vaccination programmes) is now
significantly more likely to be transmitted by a wild animal than a domestic dog,
although it should be noted that dog rabies is still a significant threat and public
health burden in the majority of the world?3. Pet rodents have also been shown to
harbour and transmit zoonotic viruses- for example, in 2013 two people in the UK
became infected with Seoul orthohantavirus from their pet rats, and consequently
developed HFRS''. Pet parrots have been known as the cause the spillover of
Newcastle disease virus into the poultry industry, with important animal welfare and
economic consequences>. A variety of other viruses, including West Nile virus,
Bluetongue virus (BTV) and Crimean-Congo haemorrhagic fever orthonairovirus have
also been highlighted as important zoonoses in companion animals within the EU®3,



iii. Improving evolutionary understanding

Whilst zoonoses are important, there are other reasons for studying the virome. For
example, information regarding zoonotic viruses and their transmission is
significantly more useful in the wider context of the mammalian virome, as are
zoonotic risk assessments?>. Understanding the virome, hosts, environments and
other such links in the disease network is essential for adequate pandemic
preparedness, as a broader general understanding of these factors leads to a quicker
response and counter effort when a pandemic emerges and can potentially allow for
the mitigation of a pandemic before it reaches a critical point'%3?, Improving our
knowledge of the virome- both of currently known and currently unknown viral
species- can improve the development and efficacy of therapeutics and vaccines, and
lead to a better success rate in clinical trials for these medical interventions®. Gaining
a greater insight into the virome and the evolutionary history of the viruses within
may also grant new perspectives and clinical options regarding known clinically
important viruses®'. Monitoring the virome is also important to identify novel strains
or species in rapidly evolving viruses and to identify and act against variants that may
have evolved to circumvent existing antiviral therapies and preventative measures'’.
Finally, viruses and virus-like particles have major uses in a variety of fields, such as
vaccine development, genetic engineering and cancer treatment, and in other non-
medical fields such as plant farming and cosmetics>*. As both virological discovery
and manipulation technologies and our understanding of the virome develop, it
stands to reason that these applications will be enhanced by the discovery of new
and more useful species or strains of viruses, as well as finding applications for viruses
that are inconceivable with current knowledge°*.



2. Methods of virus discovery

a. History of virus discovery

The tobacco mosaic virus was the first virus discovered in the 1890s and the term
virus was first coined in 1898, although the first theories of viruses for agents of
disease were recorded in the 9™ century*>>°¢. Shortly after, the first human viruses
were isolated, including the poliomyelitis virus in 1912 and influenza A virus in 1918,
as well as rabies lyssavirus, Dengue virus and measles virus amongst an estimated 40
others, largely due to the development of tissue culture techniques in 19074°°. The
evolution of virus discovery is fundamentally tied to the technology available, and
improvements in techniques such as tissue culture allow for the advancement of
virus discovery and understanding, even to date**>°®., For example, the rapid
increase of vaccine development to usher in the “golden age” of vaccination in the
1950s was largely possible due to the development and uptake of cell culture
techniques®’. Early virus discovery methods such as the use of Chamberland filters
allowed for the illustration of the presence of the virus, but no further information
about viral properties®>.

Virus particles were first able to be visualised using X-ray crystallography and
electron microscopes in the 1940s, and whilst the first isolation of poliovirus via cell
culture techniques in 1950 and subsequent use of cell culture technology has been
revolutionary and fundamental to improving our understanding of viruses, the major
leap forward in virus discovery came in the early 1980s with the back to back
inventions of Sanger sequencing and the polymerase chain reaction (PCR)>>°%. For
the first time viruses could be amplified and sequenced, allowing for significant
insights into viral genomes and their associated proteins®. The 21 century then led
to the development of high-throughput NGS (next generation sequencing)
technology and the development of bioinformatics, increasing the efficiency and
frequency of virus discovery near exponentially®®. Finally, due to the recent mass
generation of bioinformatics data, data-driven virus discovery is becoming more and
more common, where bioinformaticians and virologists scour data available in public
repositories in an effort to find the viruses that will likely have been sequenced and
disregarded or missed within the data. Whilst there are mixed feelings amongst the
virology community regarding these researchers with some declaring them as “data
parasites”, this is an efficient, cheap and risk-free (due to the lack of wet lab steps)
method of virus discovery which is likely to become more common in the future®>.
Whilst most historical virus discovery methods have fallen out of common use and
been superseded by modern molecular methods, it is likely that for the foreseeable
future a combination of PCR and NGS approaches will provide the best results for
virologists for both virus discovery and diagnostics32.

b. PCR- based virus discovery
PCR is still one of the most important techniques for virus discovery and sequencing
used today- indeed, PCR is often still used as the confirmatory gold standard when
assessing NGS based virus discovery*” %9, Invented in the 1980s by Kary Mullis, PCR



works by using specific primers to bind to target DNA (or RNA for reverse-
transcription PCR (RT-PCR)), and through multiple cycles of denaturation at high
temperature, primer annealing at relatively low temperature and extension at an
intermediate temperature, a polymerase is used to amplify the target nucleic acids
in an efficient and accurate manner®'. PCR is typically used as the method of choice
when screening many samples for a specific virus, due to the ability to design specific
primers against a conserved region of the target virus, in turn allowing for efficient
amplification and identification of even low-copy number viruses®!. Alternatively,
more degenerate pan-family or pan-genus primers can be designed, allowing for the
identification of a broad range of related viruses and more divergent viruses within
these groups, or even the identification of new viral families'>>°. PCR can also be used
for viral prevalence assessment through mass PCR screening, or for virus full-genome
retrieval by “primer-walking” (essentially sequencing the entire genome via a series
of smaller PCR reactions), although this is labour intensive and inadvisable for large
genomes*’®?, Metadata regarding animal samples can also be gained or confirmed
via PCR screening. For example, PCR screening for the Y chromosome can be used to
identify the sex of animals, and cytochrome B PCR and sequencing can be used for
species identification®>®. PCR amplification steps are also fundamental for the
generation of NGS libraries and NGS screening technology°.

One major advantage of PCR screening is the extreme sensitivity, where a well-
designed PCR reaction can theoretically amplify and identify even a single copy of a
target virus, far surpassing the sensitivity of current NGS methods?%376>, Another
advantage of PCR is that it requires very little input material, in turn preserving
precious and limited samples whilst still generating useful data®. Quantitative PCR
(gPCR) can be used to quantify the amount of target genome present in the sample,
allowing for accurate estimations of viral copy number and viral load, and gPCR
reactions are often used as the “gold-standard” for diagnostic screening for many
viruses and other pathogens, with immense value in rapid diagnostics and outbreak
situations3%34%%, PCR is also relatively cheap, easy and quick to perform, allowing for
rapid diagnostic testing and research advancement®’.

However, there are disadvantages to using PCR for virus detection. One is that prior
sequence knowledge is required for primer design, meaning that it is necessary to
target a specific virus. Primers are highly specific for the genome region that they
were designed using, so a more divergent virus may be missed due to a lack of primer
binding®%6%%>, Similarly, PCR reagents and cycle conditions must be optimised to be
efficient, and the presence of contaminants such as PCR inhibitors can reduce the
efficiency of or prevent the PCR reaction entirely'>®!, Whilst PCR is effective for
identifying the presence of a virus and gPCR is useful for quantifying the virus, PCR is
unable to determine whether the individual screened is still infective and likely to
transmit the virus, although current NGS technologies also cannot do this®®.
However, in a well-designed PCR reaction, the advantages far outweigh the



disadvantages, and PCR is likely to remain a key tool for virus discovery and screening
for the foreseeable future3®.

C. NGS-based virus discovery

NGS technology has been the most recent major innovation in virus discovery, first
coming into routine use in the mid-2000s with the Roche 454 sequencing and early
lllumina Solexa sequencing systems>>%, NGS technology is highly parallel, high-
throughput technology that results in the generation of gigabytes or terabytes of
data, theoretically sequencing every section of DNA or RNA in the target sample
(although in practice the sensitivity of NGS is not sufficient for this)®>%°, This can lead
to the delivery and analysis of billions of reads and hundreds of billions of bases of
sequence, leading to the generation of an extreme amount of data®. NGS sequencing
has become a key approach to virus discovery and has facilitated the rapid expansion
of our understanding of the virome and viral phylogeny>°°.

The most prominent NGS technology is Illumina technology, which generates short
read fragments ragning from 50-500bp (base pairs), although typically of 150bp®°. At
the time of writing, the most advanced Illumina sequencer is the lllumina NovaSeq
6000, which has the capacity to generate up to 20 billion reads within 48 hours °,
However, the lllumina library preparation process remains largely the same as that
for previous lllumina sequencers, albeit with some optimisation (such as the removal
of a gel-based size selection step) and with increased availability of kit-based library
preparation methods such as the NEBNext Ultra Il Library prep kit”°.

The initial input into the kit is double stranded DNA, therefore RNA to cDNA synthesis
steps are required to be performed if using RNA samples®® 7%, The DNA is then
fragmented to the approximate target size either chemically or mechanically, before
proceeding to the end repair and polishing step where DNA overhangs are removed.
This is followed by the A-tailing step, where a poly-A adenine tail is enzymatically
added to the target DNA’C. The next step is adaptor ligation, where a double-
stranded DNA adaptor binds to the double-stranded target DNA, before being
enzymatically cleaved into two separate smaller adaptors- one at the 5’ end and one
at the 3’ end of the target DNA®°. The 3’ adaptor contains a recognition site for a P7
index primer and a “barcode”, a 6 base recognition sequence that is later used to
identify sequences pertaining to a specific input sample, and the 5’ adaptor contains
a recognition site for a universal P5 primer used for amplification and during the
library synthesis reaction. These primers are added sequentially, and the library is
amplified by PCR after primer ligation to generate sufficient material to sequence®.
Between the adaptor ligation and the library amplification, purification is performed
using reversible magnetic SPRI (Solid-phase reversible immobilisation) beads, which
help to remove unbound contaminants and to allow for size selection and filtration”°.
This is also performed at the end of most protocols. Finally, before loading onto the
sequencer, it is typical to perform quality control and quantification to ensure a
successful library generation, often by using a Tapestation or Bioanalyzer instrument
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to assess fragment size®. Figure 1 shows an example of lllumina library preparation
using the NEBNext Ultra Il kit.
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Figure 1- Library preparation process for the NEBNext Ultra Il Library Prep kit.

Figure is taken from the kit insert (NEB). Left hand side shows end repair and poly-A
tailing, double stranded adaptor ligation, uracil cleavage to produce 2 single stranded
adaptors and a SPRI bead clean up step. Right hand side shows the annealing of the
P7 and P5 primers and the amplification of the library, followed by another SPRI bead

clean up step.

12




After library preparation, the library must be amplified and sequenced to generate
data, and the lllumina platform does this via the proprietary “sequencing by
synthesis” process®®. Here, the library is loaded onto a flow cell, which is a glass slide
containing millions of oligonucleotides that are bound to the surface and are
complementary to the adaptor sequence of the library, all contained within millions
of individual fluidic channels. The adaptors contained within the library bind to the
surface cells and are immobilised, before buffers, dNTPS and polymerases are added
to allow for an extension process similar to that used in PCR ©°, The bound fragment
then undergoes bridge PCR, where it is repeatedly amplified by PCR to generate an
individual cluster of identical molecules that can then be sequenced®. The
sequencing process is relatively similar to Sanger sequencing, where a fluorescently
labelled dNTP is reversibly bound and imaged at each site of the growing strand, with
the fluorescent wavelength corresponding to an individual nucleotide. The labelled
dNTP is then removed and replaced with a standard dNTP, and the next sequencing
cycle continues in the same way to continue sequencing the cluster of molecules®”.
Most lllumina sequencing is performed using paired-end sequencing to improve read
quality, where the same cluster is sequenced in the forward direction, and then again
in the reverse direction®.

The libraries must then be analysed by bioinformatics to be of any use, ideally using
a high-performance computer (HPC) to minimise analysis time?’. Initially, samples
must be demultiplexed using their index primer barcode to identify which sequences
were produced by each library- this is performed as standard by most commercial
sequencing companies®. The libraries then undergo various steps to become
suitable for analysis, including quality assessment, adaptor trimming, background
sequence removal (and host sequence removal for pathogen analysis), often de novo
assembly, and alignment to reference sequences®?’. There are many standard
pipelines available for this such as the CZID pipeline and Genome Detective, all
following broadly the same process and giving similar results but often using
alternative specific software?’”/*7?, It is beyond the scope of this work to undertake
an in-depth review of alternative bioinformatics tools- for an overview, see the mini-
review by Chappell and colleagues as a starting point’!. Regardless, following
bioinformatic analysis, it is possible to match sequences to reference genomes, which
shows exactly which organism is most similar to the reads that have been sequenced,
the region of the genome that has been sequenced, and the number of reads that
have been sequenced for this region®®’'. This is extremely useful for virus
discovery>>°,

Other metagenomics technologies are also available, such as the Oxford Nanopore
technology and MGI DNA nanoball technology®®’3. The MGI DNA nanoball
technology is an alternative approach to providing short read sequences via rolling
circle replication, and is a relatively new and somewhat unproven technology which
gives comparable results to lllumina sequencing (both being over 99.9% accurate in
most cases) but at a lower cost® 7. Oxford Nanopore technology is typically more
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useful for long-read analysis and is therefore less directly comparable to lllumina
technology. This is performed by passing a single molecule through a nanopore,
where each nucleotide is detected based on the change in charge relative to the
previous nucleotide and timescale®®. The Oxford Nanopore system has many
advantages such as being more portable, quicker and often able to detect a full
genome of a pathogen, leading to a potential future in diagnostic applications,
although it is currently hampered by a 10-15% error rate limiting its utility and
preventing it from replacing lllumina technology®. Hybrid approaches have been
tested where Oxford Nanopore sequencing is used in parallel with Illumina
sequencing, in which the nanopore sequence acts as a reference “backbone” and the
Illumina reads are used to identify mismatches and to “polish” the genome to
increase accuracy, although this is both expensive and slow’.

There are many advantages to using NGS technology for virus discovery. The largest
and most obvious advantage is that the sheer amount of data generated is almost
overwhelmingly large- often numbering billions of reads- which is frequently able to
produce well supported, high copy number full genomes for phylogenetic analysis®°.
Metagenomics is also unbiased as it gives reads for all microbes (excluding those with
very low copy numbers) and host cells within the sample, which allows for a true
snapshot of the microbial community and allows for the detection of pathogens in
diagnostic situations where there are no obvious candidates for testing?”®. There is
also no requirement for prior knowledge of the sequence of the target organism, as
specific primers or probes are not required, which is particularly useful in rare or
understudied species’?#?>%1, NGS can also be used to analyse virome changes over
time in some circumstances, such as when monitoring the same patient or in
livestock management, although this does require some previous knowledge of what
would be considered a “normal baseline” virome and is not currently routinely
performed?*. Additionally, NGS experiments are logistically easier and safer than
other culture-based virus discovery techniques?°.

There are also many disadvantages of NGS. One is that when screening pooled
samples for virus discovery, it is impossible to know which individual sample(s)
contained the virus in question, and thus any hits must then be validated by PCR®®.
Additionally, the computing power and bioinformatics expertise required to process
a NGS dataset is still considerable, despite the increased availability of simplified
pipelines and cloud-based high performance computing capacity, and even with
significant bioinformatics skill it is still possible to mischaracterise an endogenous
retrovirus as a novel virus in animals with poor genome annotation?>’%7>. Another
disadvantage is the relatively high cost of NGS, with a cost of approximately £5000
per commercial flow cell, although the cost per sample can be decreased by pooling
samples into one reaction with unique barcodes at the expense of decreased reads
per sample, and it should also be noted that NGS experiments are becoming more
affordable over time3®’¢, Additionally, due to the requirement to match reads to
reference sequences, there is the risk that truly novel or highly divergent viruses may
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not match any reference sequences and may be lost as “dark matter”, although with
the increase in data-driven virus discovery these viruses may be identified later®>>7>,
Database and reference sequence quality may also be variable>®7>. There is also an
element of unavoidable skewing of a library, as some viruses may amplify
preferentially, and others may not be purified or sequenced adequately®. When
considered in comparison to PCR this further hampers the already lower sensitivity
of NGS investigations, although this issue is often able to be overcome with sufficient
reads per sample and NGS sensitivity is increasing over time?®®. Despite all of these
disadvantages, the sheer volume of data provided by NGS and metagenomics studies
and their ability to provide an in-depth analysis of the virome far outweigh their
associated issues, provided a researcher or laboratory has the resources and
expertise to handle the data?>7’>.
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3. Ancient RNA viruses and their discovery

a. Introduction to ancient and historic genomics

Whilst the word “ancient” is commonly considered in a prehistoric context, in a
molecular context ancient DNA and RNA can simply be defined as DNA or RNA that
persists and is informative for a prolonged time after organismal death’’. Whilst this
definition is simplistic and understandable, it fails to adequately distinguish between
freshly killed animals and preserved specimens, although this is admittedly a difficult
line to draw’”’8. Whilst each group will draw their own line for specimen age required
to be considered as “ancient” vs historic, our group considers any specimen that was
collected prior to the year 2000 and has been preserved in some manner (i.e through
formalin fixation, ethanol preservation, or extreme freezing) to contain historic
nucleic acids, and any specimen which has a fossil origin or is likely to contain nucleic
acids that are over 1000 years old as containing ancient nucleic acids’®. Most of the
following discussion is applicable to both ancient and historic genomics, and
therefore distinctions will not be drawn in many cases.

Ancient DNA and ancient RNA (aDNA and aRNA, respectively) and their historic
counterparts are found in a variety of specimens, including animals frozen in
permafrost and their faeces, formalin fixed and frozen human lung tissue, fossils and
extinct animals such as the Tasmanian tiger®®83, aRNA has been discovered in
exceedingly old animal samples, with the oldest sequenced to date being
approximately 14,000 years old, although the very oldest aRNA found was in ice cores
estimated to be up to 140,000 years old®%8!, An important source of aRNA is natural
history collections, such as those housed at the Natural History Museum in the UK
(NHM), the Smithsonian National Museum of Natural History in the USA and the
Berlin Museum of Medical History in Germany’®84, Whilst aDNA is now relatively well
understood and working with it is not too unusual, far less is known about aRNA, and
working with aRNA is still considered to be both difficult and unusual’’-’8. Initial aDNA
research was limited to mitochondrial DNA investigations, and only in the last two
decades have ancient genomic investigations become viable due to advances in
technology®°.

b. Technology and challenges
Most frequently, ancient genomics studies are performed using metagenomics
technologies with modifications for ancient nucleic acids, such as additional bead
clean up steps or alternative filtration criteria to retrieve smaller fragments®> 2!, Most
investigations focus on aDNA as the processes for working on aDNA are significantly
more developed than for aRNA, due in part to the perception of RNA as much more
fragile than DNA286, Whilst this may be broadly true, there are some factors that can
increase the preservation of RNA- for example, circular RNAs and RNA preserved in
encapsidated viruses tend to be relatively well preserved®®. For both aDNA and aRNA,
the nucleic acids tend to be highly fragmented with fragment lengths generally
around and often below approximately 100bp, which many metagenomics protocols
tend to filter out by default’”788487 Additionally, nucleic acid preservation quality
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and fragmentation may vary both between specimens and tissues, and even within
the same tissue within an individual specimen, although it has previously been found
that liver tends to be a (relatively) well preserved tissue in most small animal
specimens®®/,

The nature of the sample itself and its preservation can also affect ancient genomic
investigations. One major factor that can affect nucleic acid preservation is the
method of preservation of the sample, whether chemical or temperature based’”:°,
Chemical fixatives such as formalin and ethanol effectively preserve nucleic acids,
although formalin is known to damage the tissue and nucleic acid contained within
during the preservation process’’#. However, working with formalin in particular
presents safety risks and makes processing the tissue more difficult, whereas ethanol
readily evaporates if not carefully monitored and topped up, potentially leading to
drying out and damage to the specimen’’#3, Additionally, some museum samples
predate formalin fixation, and others were collected shortly after the beginning of
the usage of formalin but before widespread use, leading to questions regarding the
level of fixation and how best to process the tissue®>%*. Another issue is that for
natural history collections, whilst the date of entry to the collection is usually known,
the exact date of animal death, time from death to fixation, transportation
information including whether the specimen has ever dried out and other important
metadata such as animal age at time of death is often missing, potentially
complicating downstream analysis of this censored data®:.

Another major issue of ancient genomics work is the risk of contamination with
modern nucleic acids. The primary route of contamination is from the user or the
environment throughout every step of the process®’. To try and avoid this, efforts
such as deep cleaning laboratories before and after ancient genomics work and
ideally working in a specific ancient genomics laboratory should be taken, although
due to a collective lack of experience and specific and robust protocols for ancient
genomics work across the scientific community this is often insufficient to prevent
contamination entirely®3. Another issue is potential contamination of reagents- for
example, even a previously unopened kit can be contaminated, as is known to occur
with standard filtration steps using silica matrices within some column filtration DNA
extraction protocols®!. Even with the most stringent control measures, it is never
possible to rule out contamination with 100% certainty throughout ancient genomics
work, so steps must be taken to assess contamination when analysing results®’. A
common method for this is to assess nucleic acid damage using software such as
mapDamage 2.0, which uses the relatively predictable accumulation of nucleotide
damage to assess whether a read is from an ancient sample or modern
contamination®.

Finally, the analysis of ancient sequences presents its own challenges. One of the
most important is that most reference sequences and reference databases are based
on modern genomes, and as a result, any significantly divergent ancient sequence
data may not be identified as the animal or microbe in question, leading to the loss
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of likely novel sample reads®?. This is particularly true for rapidly evolving organisms
such as many RNA viruses, or when screening extinct animal hosts>®3. Another is that
any form of PCR screening of ancient samples is difficult, as the primers will likely be
designed based on modern genomes, which are unreliable as described above®?. This
presents difficulties when attempting to validate the findings of ancient genomics
studies, which are understandably subjected to a high level of skepticism and scrutiny
as standard®.

c. Virus discovery

Despite the technical challeneges, there have been examples of both DNA and RNA
virus sequences isolated from ancient samples within the last 10 years®>°°, One study
found plant DNA and RNA viruses in frozen faeces of an estimated age of 700 years®'.
Ancient plant viruses have also been found in leaves preserved within herbarium
sheets, where an RNA virus of the genus Tobamovirus was identified in an estimated
100-year-old specimen®®. Fungal viruses have also been isolated from the skin and
muscle tissue of an extinct Tasmanian tiger®3. Recently, Rustrela virus was isolated
from preserved lion tissue from the 1980s°*.

Human infecting viruses have also been found, primarily in frozen human remains
and formalin fixed tissues®"2°. The first human virus identified in this way was found
in human remains frozen in permafrost and contained the 1918 pandemic strain of
influenza A virus, which suggested that other viruses could be found in preserved
human tissue®-86°2, The 1918 strain of influenza A virus has also been identified in
human lung FFPE (formalin-fixed paraffin embedded) tissue in museum collections in
German samples, as has the full genome of a measles virus isolate from German
museum collection sample FFPE lung tissue from 19127892, Human parvovirus B19
has been isolated from Neolithic skeletal remains with an estimated age of between
500 and 7000 years old, with 63.9%-99.7% genome coverage, suggesting that
complete or near complete virus genomes can be found in extremely old samples
under the correct conditions®. Picornavirus or picornavirus-like sequences have
been recently identified in the extinct Tasmanian tiger, although further research is
required to provide more specific information on these sequences®:. Finally, 2
different bacteriophages have also been found in archival bat samples from the
1800s-1900s within the Smithsonian Museum archives in New York®4. Other non-viral
pathogens have also been identified through ancient genomics, such as Borellia
burgoferiin an ancient human sample®.

d. Importance and potential application
There are a variety of applications for ancient genomics, ranging from virus discovery
and characterisation through to using aRNA quantities to assess gene expression
levels in tissues®°°, In both pathogens and mammals ancient genomics can be used
to analyse genome changes over time, and to observe and characterise evolutionary
history, including genomic sequencing of extinct species and their closest living
relatives today’’#>. From a virology perspective, this can allow for the rolling back of
the molecular clock and the identification of common ancestors to modern viruses,
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providing key information about their origin, evolution, and if there are any
previously unnoticed evolutionary hotspots in the genome that may evolve and
mutate in the future’’#%. This also allows for improved phylogenetic analysis,
including potential reclassification of viruses that share a newly discovered common
ancestor, and potentially the identification of recombinant viral strains®-°°. Museum
collections in particular can be useful for providing a “snapshot in time” of the virome
at different points throughout history, and for tracking changes within the virome,
potentially including the generation of divergent strains, geographic expansion and
even host switching events’”°%, This can help to provide insight into key pathogens
and their evolution over time, in turn enhancing our collective knowledge of these
pathogens and improving pandemic preparedness®.
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4. Rodents and bats as virus host species
This project primarily considers the virome of rodents and bats, and an introduction
to these host species is provided here.

a. Rodents

Rodents belong to the order Rodentia, which contains approximately 2300 species
across 33 families and 43% of all mammalian species, making it the largest
mammalian order®°?, Excluding Antarctica, rodents are found on all continents and
in most environments in all countries, and are often widespread and present in large
numbers in any given area’. Rodents possess many characteristics that make them
effective virus hosts, including extremely high species diversity, shared and often
sympatric habitats amongst large groups of rodents, and rapid generation times and
short lifespans, as well as being evolutionarily ancient animals’°>°*, Accordingly, they
are reservoir hosts for viruses of a minimum of 22 families and hundreds of species
(over 500 of which were found as recently as 2023), including viruses such as LASV
and CoVs, and are known to transmit some of these viruses to other species,
including humans’2°4945% Indeed, other than bats, rodents host the most viruses
that may be zoonotically transmitted per species of all mammals, although this may
be in part due to research bias and disproportionate research effort into rodent
viruses’. Often, infections by viruses transmitted from rodents to humans are mild
and undetected, making it difficult to truly estimate the burden of zoonotic viruses
from rodents due in part to a limited understanding of the rodent virome, with a
large number of predicted “missing” rodent viruses remaining to be discovered
worldwide®%32, Zoonotic transmission from rodents can occur in a variety of ways,
including via the consumption of infected urine or meat, inhalation of aerosolised
waste, directly through bites or scratches, or indirectly through a vector such as an
insect, tick or flea'3°>%, The rodent species considered below are those that are of
interest to this project, although it should be noted that a variety of other rodent
species are relevant in this context.

Many viruses have previously been isolated from bank voles (Myodes glareolus),
including CoVs, picornaviruses (including Parechovirus B), and Anelloviruses, amongst
others??4197.98 Bank voles are also reservoirs for hantaviruses, including Puumala
virus, which can be transmitted to humans**°°, Bank voles are widespread within
Great Britain and Europe, suggesting a broad application to virome investigations
into these animals*'%, Similarly, field voles (Microtus agrestis) have also been
shown to be reservoirs for many viruses, including CoVs, TATV, rotavirus A,
astroviruses, and picornaviruses, amongst others'?2%6297 These viruses have been
detected within the UK and across Europe, suggesting similar research value as for
bank voles'?6264101,

Yellow-necked mice (Apodemus flavicollis) are also found in the UK and are less well
studied, but have been associated with CoVs, picornaviruses and paramyxoviruses,
amongst others®!. They are also believed to act as incidental hosts for Tula
orthohantavirus, although further research is required into the viral profile of yellow-
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necked mice and their association with hantaviruses'®>. Wood mice (Apodemus
sylvaticus) are similarly found in the UK and understudied, but have been associated
with Anelloviruses and picornaviruses, although it is likely that other viruses will be
present within wood mice*°8, Finally, the African multimammate mouse (Mastomys
natalensis) is the primary reservoir for LASV and is known to be responsible for the
majority of zoonotic transmission to humans*°®, M. natalensis is frequently found
in and around domestic dwellings, and is the most common rodent in Africa, which
somewhat explains the frequency of zoonotic spillover into humans and high
incidence of LASV*,

b. Bats

The second most diverse group of mammals is bats of the order Chiroptera, which
consist of approximately 1400 species and represent approximately 20% of
mammalian species?>'%, Much like rodents, bats are found on all continents bar
Antarctica, but some regions such as Central and South America are home to
significantly more bats?3. Bats are also frequent and effective viral hosts, due to many
traits shared with rodents including high species diversity and interspecies habitat
sharing, but also due to characteristics not found in rodents such as long life spans
for their body size allowing for chronic infections and living in close proximity in large
and often sympatric groups, with up to 1 million bats sharing a single roost”3>°3,
Indeed, bats host the most viruses per species of any mammalian order with a
minimum of 58 viral families detected in bats”®’. Whilst bats are often considered to
be effective viral hosts, some families of bats are hosts to a greater diversity of viruses
than other families of bats, and this is often associated with increased host species
diversity within the family and a broad distribution as demonstrated by the
Rhinolophidae'®*.

Spillover events from bats to humans cause significant disease outbreaks annually,
and much like rodents it is believed that there are still many “missing viruses”
circulating within bats which are yet to be discovered, particularly in South and
Central America’??3?. Bats are perhaps most importantly associated with CoVs,
where they have been found to act as reservoirs for both a and  CoVs, including
those with significant zoonotic potential and those closely related to SARS-CoV-
213252967 Another major virus associated with bats is rabies lyssavirus, where in
some countries with effective dog vaccination programs bats are the primary cause
of zoonotic rabies infections, although as previously discussed this is not the case
throughout much of the world?®®’. However, bats are also associated with a variety
of other important viruses and virus families, including Nipah virus, hantaviruses,
Hepaciviruses and Reoviruses, amongst others!?23105106,

Whilst some viruses such as rabies lyssavirus are transmitted to humans directly from
bats via bites, more commonly an intermediate host or insect vector is responsible
for the zoonotic transmission, and larger animals such as primates can act as
intermediate hosts for key viruses such as Ebolaviruses?>?>3%57, As is the case with
rodents, land use changes and climate change are driving bats and humans into
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closer proximity, increasing the zoonotic transmission risk. For example, the range of
bat species Pipistrellus kuhlii has increased almost 4-fold in the last 40 years, and the
frequency of these bats roosting near to humans has increased over the same time
period, in a response that is believed to be linked to climate change and urbanisation
via multi-temporal epidemiological modelling'®’. Pipistrellus kuhlii is known to be
infected with viruses including the Rhabdovirus Vaprio virus and an a-CoV, suggesting
that there may be a potential zoonotic transmission risk to humans and
demonstrating an example of the importance of climate change when considering
bat to human zoonotic transmission'%,
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5. Key viruses
This section is designed to introduce viruses of relevance to this project. These are
virus species that were found screened for by degenerate PCR (chapter 4), found in
the metagenomics data produced (chapter 5) or screened for in historic specimens
(chapter 6). Whilst each virus considered here is discussed to a reasonable depth,
this section is not intended to act as an extensive literature review of the viruses
considered here, nor to cover all potentially important viruses with zoonotic
potential.

a. Adenovirus

Adenoviruses are members of the family Adenoviridae and are non-enveloped
dsDNA viruses (Baltimore classification group |) with genomes ranging from 25-48kb,
although typically around 36kb'%>1° Traditionally, the adenovirus genome was
believed to be stable and unlikely to recombine, although further research has shown
that for some species of adenovirus this is not the case, with the majority of recently
identified pathogenic adenoviruses being recombinant’'''3, The adenovirus
genome is complex, and typically contains approximately one ORF for each genomic
kilobase, encoding several multi-functional structural proteins and some non-
structural proteins''2. Most adenoviruses use the coxsackie-adenovirus receptor, but
some serotypes use other receptors such as CD46'*4. Adenoviruses infect a variety of
hosts, including humans, rodents such as wood mice and shrews, bats, pigs, cats,
dogs, non-human primates, reptiles such as lizards, fish, and birds, amongst others**>-
119 There are over 80 species of adenovirus, distributed amongst 6 genera, the
largest and arguably most important of which is the Mastadenovirus genus which
infects mammals including humans'®®. Adenoviruses are distributed globally and are
typically transmitted via the respiratory or faecal-oral routes, although due to their
ability to persist as fomites they can also be transmitted via touching contaminated
materials'?1?%, Adenoviruses are typically considered to be relatively host-
specifict9115121  However, there is now significant evidence supporting zoonotic
transmission from non-human primates and cats to humans, and reverse zoonotic
transmission from humans to non-human primates and potentially to bats, as well as
interspecies transmission amongst non-human mammalian species''®.

There are 7 species of adenovirus that infect humans, named Adenovirus A-G, and
over 90 serotypes, most of which fall under the species Adenovirus D'>'?°, Some
serotypes of Adenovirus A, F and G are known to cause gastroenteritis, some
serotypes of Adenovirus B, C and E are known to cause respiratory infections
(typically upper respiratory tract infections), and some serotypes of Adenovirus B, D
and E are known to cause conjunctivitis®®'13>120, Adenovirus infections in humans
occur worldwide with no obvious seasonal pattern, and infections tend to be
asymptomatic in otherwise healthy individuals but can cause severe respiratory or
gastrointestinal disease in immunocompromised people and children, particularly
when co-infection occurs with bacterial pathogens or other respiratory
viruses'09110,119,122,123 = Global prevalence across all serotypes is high, with an
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estimated 20 million annual cases in the USA alone, but serotype prevalence and
disease burden varies by location*%120,

In terms of gastroenteritis, adenoviruses are the second most important viral
pathogen worldwide (after Rotaviruses) and cause significant illness and mortality,
and whilst adenovirus prevalence varies globally, it can reach up to 31% in children
with gastroenteritis in LEDCs*?%%24, Whilst typically an estimated 3% of respiratory
disease is caused by adenovirus infections, in outbreak situations the prevalence can
reach up to 16% and transmission rates to close contacts can reach almost 50%, and
whilst most respiratory adenovirus infections are mild and self-limiting, severe cases
can lead to symptoms such as adenoviral pneumonia which can have a mortality rate
of up to 30%!3120125 Up to 90% of conjunctivitis cases can be attributed to
adenovirus infections and most cases are mild and self-limiting, but severe cases can
lead to significant complications including loss of vision'?°. Adenovirus infections are
typically diagnosed by PCR (except for conjunctivitis, which is usually diagnosed
clinically), but can also be diagnosed via enzyme immunoassays or viral culture,
although differential diagnosis is often not performed due to the typically mild nature
of the disease'??!??, There are no specific antiviral adenovirus treatments available,
and whilst vaccines against human adenovirus 4 and 7 are available for military
personnel they are not typically administered to the general public'*?*%°,

Adenoviruses are promising tools for vaccine development, largely due to their large
and well-understood genome allowing for a significant delivery capacity (up to 36kb
in third generation vectors), which are also traits that may be useful for gene
therapy''#'?°, The broad cell tropism of adenoviruses allows for a variety of target
tissues, and they have been shown to elicit an effective innate and humoral immune
response in clinical trials''4. A variety of adenovirus-based vaccines are in clinical
trials including those for HIV-1 and for SARS-CoV-2, and an adenovirus-based
Ebolavirus vaccine has been approved for clinical use. There are issues with
adenovirus-based vaccines, such as a seroprevalence of up to 80% for some
serotypes limiting effectiveness, although attempts are being made to mitigate these
issues via using recombinant non-human primate adenoviruses as vectors''4,
Adenoviruses are also under investigation as anti-cancer agents, both as anti-cancer
vaccines and as therapeutic agents in combination with existing therapies''#12°,

b. Arenavirus
The family Arenaviridae consists of enveloped negative sense ssRNA viruses
(Baltimore classification group V)'?71?%, Arenavirus genomes are approximately
10.5kb, and typically consists of a small (S) segment of approximately 3.5kb that
encodes the nucleoprotein and glycoprotein precursor, and a large (L) segment of
approximately 7.2kb that encodes the RdRp and matrix protein, and some (although
not many) arenaviruses also encode a medium (M) segment* %7, Unusually for
segmented viruses, there is very little evidence of arenavirus reassortment, although
an error prone RdRp does lead to a high mutation rate and rapid strain
generation'?%'3°, There are over 40 species within four genera of arenavirus, namely
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the Hartminivirus, Antennavirus, Reptarenavirus (which infects reptiles and snakes)
and Mammarenavirus, which infects mammals, and unless otherwise stated will be
the genus discussed here'?”'3!, Arenaviruses can be broadly split into old world (OW)
viruses, which circulate within Africa and Europe and include (LASV), lymphocytic
choriomeningitis virus (LCMV) and lujo virus, and new world (NW) viruses which
circulate within the Americas and include junin virus, machupo virus, guanarito virus
and chapare virus, amongst others, although there are some arenaviruses found in
fish that do not fit into either category>?'3°. NW viruses are then further divided into
clades A-D, with viruses that infect and cause disease in humans found in clade B and
very rarely in clade D*3°, Whilst tacaribe virus naturally infects bats, rodents act as
the natural host for most arenaviruses, and zoonotic transmission to humans via
inhalation of aerosolised droppings or the consumption of food contaminated by
infected urine is common, and transmission from direct contact with rodents can
occur but is much less common+29130.132 Hyman to human transmission occurs
naturally in some New World Arenaviruses such as machupo virus and chapare virus
and can occur rarely via contaminated organ transmission in LCMV?®%/133/134,

LASV is the most clinically important arenavirus, and whilst the incidence of LASV is
likely underreported, it is believed to infect up to 3 million individuals with
approximately 10,000 deaths annually***3?, The largest burden of LASV is in Nigeria
where it is endemic, but other West African countries such as Sierra Leone, Guinea
and Ghana amongst others also report LASV infections, with up to 7 geographically
distinct LASV lineages circulating in this region***>. The main reservoir species for
LASV is M. natalensis. Rodent infection appears to be persistent and asymptomatic,
and transmission is primarily zoonotic although human to human transmission via
direct contact of infected bodily fluids can occur. LASV diagnosis is difficult, due to
symptomatic similarity to other diseases within the area, a long incubation period of
up to 10 days, a lack of any form of reliable standardised diagnostic assay, and up to
80% of infections being asymptomatic or mild*>. LASV causes Lassa fever, which tends
to cause mild febrile iliness, but can progress to severe symptoms including seizures,
coma and death. Whilst Lassa fever generally has a low mortality rate of < 1%, in
severe outbreaks a mortality rate of up to 70% has been recorded, and approximately
20% of cases in hospitalised patients are fatal*>. There is currently no vaccine
available for LASV prevention, and no specific antiviral LASV treatments are available,
although intravenous Ribavirin administered shortly after contracting LASV has
shown modest benefits**4>128,

LCMV is the only Mammarenavirus reported to be native to Europe to date, where
the natural reservoir of M. musculus is widespread across mainland Europe®. The
incidence and prevalence of LCMV is unknown, and most infections are either
asymptomatic or cause a mild and self-resolving febrile illness, although fatalities can
occur at a rate of < 1%°%13>. LCMV is believed to be under-diagnosed, but when
performed diagnosis is typically made serologically or via PCR%>13>, Whilst naturally
acquired LCMV is generally mild, LCMV acquired via organ transplant is usually fatal,
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with a 90% mortality rate. Congenital LCMV is also severe and can cause a variety of
neurological symptoms ranging from mild learning disabilities to severe mental
retardation, epilepsy and ocular disorders'*>. Much like LASV, there is no vaccine
approved for LCMV prevention, and no specific antiviral therapy is available,
although off-label use of Ribavirin may show some limited benefit'?813,

Lujo virus is unique amongst OW arenaviruses that can infect humans as it causes
viral haemorrhagic fever (VHF) symptoms including vomiting, diarrhoea and
haemodynamic collapse amongst others, with a very high mortality rate of up to 80%
in some settings'?°. The rodent host of lujo virus is unknown, as is the incidence due
to its rarity, and there are no specific treatments or vaccines available. To date, lujo
virus has only been reported in Zambia and South Africa, and the rarity of lujo virus
may lead to under diagnosis or misdiagnosis, although an accurate PCR assay is
available for lujo virus diagnosis'?°.

NW arenaviruses typically cause fewer infections than OW arenaviruses, but with
much higher mortality’*°. NW arenaviruses tend to be relatively geographically
constrained, so are typically only tested for in their endemic area by PCR'3%134, Junin
Virus, which causes Argentine haemorrhagic fever, is endemic within Argentina
where it is transmitted zoonotically from its rodent host (primarily Calomys
musculinus) to humans®3!. Prior to vaccine development, an estimated 500 cases per
year were observed, which has since reduced to approximately 13 cases per year,
with mortality due to VHF symptoms of up to 20%. There are no specific antiviral
drugs against junin virus, but treatment with convalescent serum reduces mortality
to approximately 1%, and an effective vaccine has been available since the 1990s*3*.
Machupo virus causes Bolivian haemorrhagic fever, another VHF with approximately
25-35% mortality*3. Machupo virus infections occur sporadically within Bolivia, and
are transmitted via the rodent Calomys callosus, although human to human
transmission has also been reported*%'33, There are no specific antiviral therapies or
vaccines available for machupo virus, although vaccine research is underway*33.

Guanarito virus is another VHF causing virus that causes Venezuelan haemorrhagic
fever, with a mortality rate of approximately 23%*°. It is transmitted zoonotically by
the rodent reservoir Zygodontomys brevicauda primarily to agricultural workers, but
this is an infrequent occurrence, and annual cases are estimated to be in the low
hundreds. There are no specific antiviral treatments or vaccine available for
guanarito virus, and treatment is supportive only3¢. Finally, chapare virus is an
extremely rare arenavirus which is the causative agent of chapare haemorrhagic
fever, with a mortality rate approaching 50%"3*. Cases occur sporadically within
Bolivia, and there is evidence that chapare virus transmission is both zoonotic
(possibly from the rodent Oligoryzomys microtus, but this has yet to be confirmed)
and human to human, particularly within nosocomial settings. There are no specific
antiviral treatments or vaccines against chapare virus, and misdiagnosis as dengue
fever is common®3*,
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c. Arterivirus

Arteriviruses are positive sense ssRNA viruses (Baltimore classification group V)
within the family Nidovirales, and the so called “Picornavirus supergroup” 6137138,
They are small, enveloped viruses, with a monopartite genome of ~12.5-16kb*38139,
The genome encodes 10-15 ORFs, including 2 major ORFs (ORF1a and ORF1b) and 8-
13 minor ORFs, encoding a minimum of 10 proteins including 5 glycoproteins and one
large polyprotein which is later cleaved to give the RdRp protein'*¥1%°. Macrophages
are believed to be the primary target cell, although arteriviruses have also been
detected in liver, lung, brain, spleen, and heart, and specific receptors for entry
remain unknown'38140,

The rapidly expanding Arteriviridae are currently split into 6 subfamilies, 13 genera
(largely demarcated by host species), 11 subgenera and 23 species, and are believed
to be globally distributed, including within the UK'3749141 Pprevalence is highly
variable, and differs according to geographical location, virus and animal host'3%142,
A variety of host species can be infected with arteriviruses, including pigs, horses,
rodents, non-human primates, hedgehogs, shrews and turtles®!37,140,141,143
Arteriviruses are currently believed to be the only RNA viruses that infect mammals
that are not known to infect humans, either directly or indirectly'*3. Cross species
transmission is believed to occur between small mammals and non-human primates,
yet despite the taxonomic relatedness between non-human primates and humans
and the opportunities for spillover, no zoonotic infection has ever been
reported®3” 141143 Some arteriviruses, such as porcine reproductive and respiratory
syndrome virus (PRRSV) and equine arteritis virus (EAV) are considered important
pathogens of livestock, whereas others such as wobbly possum disease virus,
hedgehog arterivirus 1 and simian haemorrhagic fever virus are considered to be
pathogens of wildlifel#144,

Arterivirus transmission is believed to be primarily sexual, although vertical
transmission and aerosol transmission also occurs#?-1#4, Arterivirus infection may be
asymptomatic or may lead to severe and potentially fatal respiratory disease or
haemorrhagic fever, and is associated with late-term abortion in pregnant
livestock!3®142, Infection may also become persistent, which can in turn cause
animals to act as reservoirs for transmission- this is particularly an issue with stud
stallions used in horse breeding and EAV transmission'3%44, Arterivirus infections can
be diagnosed through RT-PCR or through ELISA, although ELISA diagnosis gives no
information on whether an animal is acutely infected, chronically infected, or has
been transiently infected in the past'®®'#2, Arterivirus diagnostics are often
unreliable, and testing is often not performed at all in many settings'3®'#4. No specific
treatments are available, and most arteriviruses are not currently vaccine
preventable, although vaccines are available for PRRSV and are in development for
EAV138,

PRRSV infects pigs, and is the most important livestock arterivirus, estimated to cost
over $700 million annually within the USA alone'*?. Outbreaks can cause severe
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disease and variant strain outbreaks can reach mortality rates approaching 100% in
infected herds, particularly when co-infection with other pathogens occurs®3®,
Prevalence is highly variable ranging from 18.5-53.8% seroprevalence in Nepal and
Nigeria respectively, and appears to be more common in female pigs and older
pigs**2. Whilst limited vaccination options are available for PRRSV these tend to be
strain specific and of limited use in outbreak situations, although improved vaccines
are in development!32, EAV is also an economically important Arterivirus that can
cause severe disease and mortality in horses, and often causes chronic infections in
stallions which enter a “carrier state” and spread EAV when mating!38140.144 EAV is
distributed globally (excluding New Zealand, and seroprevalence varies significantly
by breed of horse and geographic region, although tends to be ~20% across
Europe'**. No vaccines are available for EAV'%,

d. Astrovirus

Astroviruses are small, positive sense ssRNA viruses (Baltimore classification group
IV) within the family Astroviridae that were first identified in 1975 and lack an
envelope, with a genome of ~6.8-7.9kb which encodes a 5° UTR, 3 open reading
frames, a 3’UTR and a poly-A tail’®76%4, Astroviruses have a highly error prone
polymerase leading to a high mutation rate can readily recombine (including across
species barriers) due to the circulation of multiple strains, further increasing diversity
and evolution'®*®°1, Astroviruses are globally distributed and infect a variety of
species, including rodents such as field voles, bats, companion animals and humans,
with prevalence estimates in rodents of ~15%3°%%2, Due to their high mutation rate
and variety of host species astrovirus spillover is believed to be relatively frequent,
largely due to their variety of hosts and host species proximity®>*, There is no clear
major reservoir species for astroviruses, making evolutionary and spillover patterns
difficult to elucidate®. Astroviridae are split into the genera Mamastroviruses and
Avastroviruses traditionally believed to infect mammals and birds respectively,
although recently spillover between the two genera has been observed in both
directions®. Until recently, only 8 human astroviruses were known, although recent
studies have identified more species and strains of human and animal
astroviruses'¥14>,

Astrovirus prevalence and incidence worldwide is difficult to estimate. An outdated
estimate of global incidence is ~11% although this varies significantly by region,
population density, season, and urban or rural environment, with estimates ranging
from 2-42% and seroprevalence studies suggesting a much higher rate of exposure
of up to 65%’612414>-147 " Astroviruses are transmitted via the faecal-oral route and
are estimated to cause 2-9% of non-bacterial acute gastrointestinal disease annually,
with co-infection between astroviruses and other viruses of gastrointestinal
significance being relatively common®?#145148 - Astrovirus infections are commonly
asymptomatic and tend to only be of clinical significance in children, the elderly and
the immunocompromised, with children under 2 years of age bearing most of the
disease burden®*®!4’  Astrovirus infections are usually either asymptomatic or cause

28



mild gastroenteritis with diarrhea that self-resolves following an incubation period of
4-5 days, but in severe cases symptoms can include wasting, encephalitis, meningitis
and rarely death’®1%®, Traditional astrovirus diagnosis involved electron microscopy
or immunoassays, although these methods are difficult and have largely been
superseded by PCR and gPCR based molecular methods or metagenomics analysis in
severe cases’®'>. There are no specific treatments for astrovirus infection and
management is generally limited to rehydration via the provision of fluids and
electrolytes to combat the effects of diarrhea. There is some evidence that the
antiviral Nitazoxanide may have some benefit if provided quickly, although further
studies and clinical trials will be needed to confirm this and to elucidate its
mechanism of action as an antiviral compound*8,

There are still large knowledge gaps regarding astroviruses. Due to the difficulty of
using cell-culture systems to test astrovirus infections and characteristics and the lack
of any easily usable animal system other than turkey poults, studies are difficult to
perform’®'48_ As a result little is known about the evolutionary history and genome
composition of astroviruses, and the astrovirus receptor remains unknown°%148,
With the advent of new technologies and increased usage of NGS, some of the
knowledge gaps are likely to close as research continues'*.

e. Coronavirus

Coronaviruses (CoVs) are enveloped viruses with positive-sense ssRNA genomes
(Baltimore classification group V) within the family Coronaviridae and order
Nidovirales'*®*>°,  Coronaviridae are split into two subfamilies, namely
Orthocoronavirinae which contains all coronaviruses that infect mammals, and
Letovirinae, which contains one genus that infects frogs'3. Orthocoronavirinae are
then split into 4 genera, including alpha-coronavirus and beta-coronavirus, which
infect mammals, and gamma-coronavirus and delta-coronavirus, which primarily
infect birds but can also rarely infect mammals'*%*>1, The genus beta-coronavirus
contains 4 subgenera, including Merbecovirus, Nobecovirus, Sarbecovirus and
Embecovirus, and across all genera over 50 CoV species are known'4%'>?, Genomes
range from 22-36kb and tend to be of approximately similar sizes within a genus,
with an average size of approximately 30kb'#%>%13 The CoV genome is
monocistronic and contains two major open reading frames and several smaller
minor open reading frames, encoding 3 structural and typically 5 non-structural
proteins, and replication is cytoplasmic**®**%> Due to a relatively inaccurate
polymerase CoVs undergo rapid recombination, leading to the rapid generation of
new strains*//1°6:157,

Many species are natural hosts for CoVs, including humans, rodents including bank
voles, bats, cats, birds, camels, and marine animals amongst others, and cross-
species transmission has been reported, with bats and rats believed to act as the
reservoir species for most a and B CoV species'#1>29103,150,157 "CoV/s are ubiquitous
and globally distributed in humans and likely in rodents, although limited research is
available on the prevalence and distribution of rodent CoVs'®%°2157.158 7 CoVs are
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known to be pathogenic in humans- namely the four seasonal CoVs (two a-CoVs 229E
and NL63 and two B-CoVs HKU1 and OC43), the three pandemic coronaviruses SARS-
CoV (severe acute respiratory syndrome coronavirus), MERS-CoV (Middle East
respiratory syndrome coronavirus) and SARS-CoV-2, but rarely canine coronavirus
and porcine coronavirus HKU15 can also cause infections in humans*®%8, |t is
believed that CoVs 229E and NL63 were originally transmitted to humans from bats,
and that CoVs 0C43 and HKU-1 were transmitted to humans from rodents*>°. Whilst
the impact of the SARS-CoV-2 pandemic cannot be overstated, it is beyond the scope
of this work to provide any more than a surface level overview of the unprecedented
impact of this virus.

All four seasonal CoVs are globally distributed, and typically cause either
asymptomatic infections or mild cold and flu-like symptoms in humans via an upper
respiratory tract infection®. Whether there is a zoonotic element to seasonal CoV
infections is unknown, but it is possible that bats may act as potential reservoir hosts,
as CoVs with approximately 80% nucleotide similarity to the seasonal coronaviruses
NL63 and 229E have been identified in bats via PCR'*°. Despite spanning two genera
and using different receptors, the pathogenesis and progression of all four seasonal
CoVs is similar, and all four are transmitted via the respiratory route and are more
prevalent in children'?®, When diagnosed, seasonal CoVs are diagnosed via RT-PCR,
but due to the mild nature of the symptoms of these diseases they are often not
diagnosed, in turn limiting epidemiological understanding of these viruses. However,
it is estimated that 15-30% of human respiratory infections are caused by seasonal
CoVs, with OC43 causing the most infections'?3. These viruses show a seasonal
pattern within the northern hemisphere, with infection peaks in the winter and
particularly February (although this seasonality is not observed within the tropics),
and demonstrate an alternating biennial pattern, where the seasonal a-CoVs (NL63
and 229E) peak one year, and the seasonal B-CoVs (OC43 and HKU1) peak the
following year'>®161.162 The reason for the alternating pattern is not fully understood
and may have been disrupted by the lockdowns and health interventions associated
with the COVID-19 pandemic- further research is required to discern whether this
pattern rematerialises in the coming years'61.163,

The first pandemic CoV was SARS-CoV, a B-CoV first identified in 2002 in China®>*.
Approximately 8000-8500 people were infected with SARS-CoV, and whilst most had
self-resolving flu-like symptoms, approximately 25% of those infected suffered from
respiratory failure with an approximately 10% mortality rate. SARS-CoV was
transmitted via the respiratory and possibly the faecal-oral route and was infamous
for rapid transmission>*. SARS-CoV was zoonotic, and whilst it is unknown whether
palm civets were the reservoir host, they as a minimum acted as an intermediate
host for transmission to humans®!. There are no specific antiviral treatments or
vaccines available for SARS-CoV, and no cases have been reported since 2003*>%,

MERS-CoV was the second pandemic CoV and is a B -CoV that was first identified in
2012'°. Whilst the peak of infections occurred directly after the discovery of MERS-
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CoV in the Middle East some cases are still reported today*>. It is believed that
zoonotic spillover occurred from camels, although it is unclear whether camels are
reservoir hosts or whether other species such as rodents or bats act as the true
reservoir'>'%, Approximately 1400 cases of MERS-CoV infection have been
confirmed of which approximately 80% occurred in Saudi Arabia, and transmission
occurs via the respiratory route allowing for rapid viral spread®*. Whilst
symptomatically similar to SARS-CoV, MERS-CoV infection has a much higher
mortality rate of approximately 35%, although in some settings this reached up to
60%, particularly in people with underlying health conditions. There are currently no
effective antiviral treatments or vaccines for MERS-CoV, although many vaccines are
in development and clinical trials>*.

SARS-CoV-2, the causative agent of COVID-19, is responsible for the largest viral
pandemic of the 215t century. Whilst it is difficult to truly estimate the number of
SARS-CoV-2 infections due to the frequent asymptomatic transmission, lack of
testing since the peak of the pandemic and deliberate misinformation campaigns, at
the time of writing this is estimated to be over 700 million with almost 7 million
deaths worldwide, and these values are constantly increasing'®>. The SARS-CoV-2
pandemic has also modified the epidemiology of other respiratory viruses such as
influenza and seasonal CoVs, largely due to barrier interventions and lockdowns
reducing their transmission. Whether this modified epidemiology persists remains to
be seen’®. Whilst the natural host is of SARS-CoV-2 is unknown, it is believed to most
likely be a zoonotic disease of bat origin due to the genomic similarity of SARS-CoV-
2 and other CoVs found in bats (such as the beta-CoV RaTG13 found in Rhinolophus
affinis), possibly spilling over to humans via an intermediate host**1¢,

SARS-CoV-2 is transmitted via the respiratory route and typically causes mild or
asymptomatic disease, although approximately 1.3% of cases are fatal with an
increased mortality rate in the immunocompromised and elderly*>#%>, Amongst the
CoVs, SARS-CoV-2 is unique in that following symptomatic infection post-acute
COVID-19 syndrome or “PACS” (also known as long COVID) occurs in an estimated
35% of patients, reaching up to 87% in hospitalised patients'®>, PACS is defined by
the WHO as having at least one persistent symptom following probable or confirmed
SARS-CoV-2 infection presenting within 4 months of infection and persisting for 2 or
more months that cannot be otherwise explained by an alternative diagnosis.
Common symptoms include fatigue, memory problems, dyspnea, joint pain and sleep
problems*®>, SARS-CoV-2 diagnosis is typically made via RT-PCR, and accurate assays
can reliably detect SARS-CoV-2 infections in saliva samples'®’. Initial treatment for
SARS-CoV-2 infection was purely supportive, but recently a variety of antiviral drugs
have been shown to be effective for SARS-CoV-2 treatment 1°4,

A variety of safe and effective vaccinations are now available for SARS-CoV-2, and
whilst efficacy varies slightly by vaccine brand and demographic they all provide
effective prevention in all demographics against the progression to severe COVID-19
disease and death, including against variants of concern'®®. Whilst these vaccines are
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effective after one dose, subsequent doses increase protection and reduce the rate
of waning immunity'®. Although there are some side-effects associated with SARS-
CoV-2 vaccines such as a low risk of Guillain-Barre syndrome and myocarditis, these
side-effects are less likely following vaccination than from natural SARS-CoV-2
infection, and the vaccines are safe for pregnant people'®. It is currently unclear
whether the vaccines provide any protection from the development of PACS*®.

f. Cytomegalovirus

The genus Cytomegalovirus (CMV) belongs to the subfamily betaherpesvirinae within
the family Herpesviridae and consists of enveloped viruses with extremely large
dsDNA genomes (Baltimore classification group 1) of 230-240kb'%%17%, CMV infections
are largely considered in the context of humans (HCMV) but can also infect non-
human primates and rodents including rats, mice and guinea pigs, with seemingly no
capacity for cross-species transmission'’?. HCMV infection is distributed globally,
with approximately 50% of individuals in higher income countries and 90% of
individuals in LEDCs proving seropositive and harbouring a latent infection’?.
Infection is typically asymptomatic but can cause disease in the
immunocompromised including transplant recipients, and is particularly harmful to
newborns and neonates that are infected during pregnancy'’“'’2. Transmission
occurs directly via saliva and urine and sexually, and vertical transmission can also
occur'’?, Diagnosis is typically made via RT-PCR of saliva or urine but is often not
performed except for when newborns are symptomatic'’?. Congenital CMV
infections are the most common and important CMV infections and are the leading
cause of non-genetic hearing loss in the world, although other potentially serious
symptoms can also occur in babies including seizures and microcephaly®’*'72,
Children can be treated with a 6-month course of ganciclovir which shows moderate
benefit in children with hearing loss, but no effective antiviral treatments are
available for adults'’%'72, Despite decades of vaccine development no vaccines are
currently available for prevention of CMV infection'’97%,

g. Hantavirus
Hantaviruses, of the family Hantaviridae within the order Bunyavirales, are
enveloped viruses with a tripartite negative sense ssRNA genome (Baltimore
classification group V)10 There are four genera of hantavirus, specifically
Orthohantavirus, Mobatvirus, Thottimvirus and Loanvirus, and over 50 known
hantavirus species of which at least 22 infect humans and are typically found in the
Orthohantavirus genus*>'’3, Unless otherwise stated this work will be considering
the Orthohantavirus genus. The hantavirus genome consists of three segments: a
small (S) segment, which encodes the nucleocapsid protein and is typically ~1.8kb, a
medium (M) segment, which encodes two glycoproteins and is typically ~3.5kb, and
a large (L) segment, which encodes the RdRp and is typically ~6kb but can reach up
to 12kb'%%3, Hantaviruses are distributed globally but functionally they can be further
divided into OW hantaviruses that circulate within Asia and Europe (including the
UK), and NW hantaviruses which circulate within the Americas, although
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hantaviruses have also rarely been detected in Africa'?®4'/3175 Rodents are the
primary hosts for hantaviruses, including field voles and common voles for OW
hantaviruses and pygmy rice rats for NW hantaviruses, although they have also been
detected in bats and can spillover into humans where they can cause severe
disease'?3363176  Zoonotic transmission to humans is believed to primarily occur
through the inhalation of aerosolised virus via rodent faeces or urine, although in the
specific case of the NW hantavirus Andes orthohantavirus horizontal transmission
amongst humans has been observed!’¢172,

OW hantaviruses are found in Europe and Asia and can cause haemorrhagic fever
with renal syndrome (HFRS) or a milder form entitled nepropathia epidemica (NE) in
humans331€, It is difficult to accurately predict OW hantavirus incidence due to the
relative frequency of asymptomatic infection, but some estimates reach up to
200,000 cases per year with a mortality rate ranging from 1-15% with up to 90% of
infections and fatalities occurring in China3%'7318°  |mportant OW hantaviruses
include Hantaan orthohantavirus and Seoul orthohantavirus, which primarily
circulate in Asia and can cause HFRS, and Puumala orthohantavirus and Dobrava-
Belgrade orthohantavirus, which typically circulate in Europe and are more likely to
cause NE'®°. Another OW hantavirus is Tula orthohantavirus which circulates in
Europe and is typically considered to be non-pathogenic, although there is a single
report of severe infection in an immunocompromised host 018,

HFRS symptoms include febrile and gastrointestinal symptoms, dizziness and rarely
potentially fatal renal failure'3. Diagnosis is made by RT-PCR, but due to the rare and
often asymptomatic or mild nature of OW hantavirus infections are often
underdiagnosed**®*, There is no specific antiviral treatment for HFRS and vaccines
against OW hantavirus infections are only available in China and South Korea, where
their efficacy is unclear'?>180,

NW hantaviruses are found in the Americas and have rarely been reported elsewhere
such as in Europe due to imported cases'’®. Human infections with NW hantaviruses
are rare but severe, with an estimated 4000 cases reported in South America and
likely fewer in North America, and a seroprevalence typically ranging from 0.5-6%
with mortality rates reaching up to 50%3*'76, NW hantavirus infection is heavily
linked to rodent density and factors such as deforestation that drive rodents into
closer proximity with humans such as extreme weather events are NW hantavirus
risk factors associated with increased infections*>'”’. NW hantavirus infections can
cause a clinical syndrome known as hantavirus cardiopulmonary syndrome (HCPS,
also known as Hantavirus pulmonary syndrome, HPS), and key NW hantavirus species
include Sin Nombre orthohantavirus, which primarily causes HCPS in North America,
and Andes orthohantavirus, which primarily causes HCPS in South America, which
combined cause most HCPS infections®363173180 HCPS infection can have a long
incubation period of up to 54 days followed by mild febrile disease that often
progresses to severe disease including symptoms including haemorrhage, sepsis and
organ failure potentially leading to death'’®. Diagnosis is typically made through RT-
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PCR, and there are no specific antiviral treatments available for HCPS. Treatment is
purely supportive and palliative, although a variety of antiviral treatments are under
investigation'’5177.180_ Similarly, there are no approved vaccines for the prevention
of HCPS, but many candidates are undergoing clinical trials*°.

h. Hepacivirus

Hepaciviruses are enveloped positive sense ssRNA viruses (Baltimore classification
group IV) belonging to the Flaviviridae family'09182183 |n 2011, 2 species belonged to
the Hepacivirus genus, but since the increased adoption of NGS technologies and
screening of other species, the genus has expanded significantly and currently
contains 14 species which can then often be subdivided into several genotypes'0984,
Hepaciviruses replicate within the cytoplasm and contain an 8.9-10.5kb genome
which is translated as a single polyprotein and then cleaved into three structural and
seven non-structural proteins'®>18>186 The Hepacivirus genus and the Pegivirus
genus are phylogenetically similar to the point that some unclassified viruses are
described as “Hepegivirus”, although further genomic sequencing and phylogenetic
analysis will likely assign these viruses to either genus'9>185187,

Hepaciviruses are found in a variety of hosts, including humans, horses, bats, rodents
including bank voles, dogs, cattle and others, and tend to be highly species restricted
with limited if any zoonotic transmission, although it is believed that Hepacivirus C
(HCV) was transmitted originally into humans via zoonotic transmission from a
reservoir species suspected to be horses!?>143183187 |t is believed that Hepaciviruses
have evolved with their hosts, which may be partially responsible for limiting
zoonotic transmission'®®. Some Hepaciviruses such as HCV are globally distributed
whereas other Hepacivirus species have a much less widespread distribution- for
example, to date Hepacivirus F and J are found exclusively in mainland
Europe!®®18318 The prevalence of most Hepaciviruses are difficult to estimate due
to their wild animal hosts and limited sampling*®’. The route of transmission for most
Hepaciviruses is unknown, although equine hepacivirus is known to be transmitted
vertically in some cases, and other Hepaciviruses are suspected to possibly be
transmitted via insect vectors'%%', Hepacivirus viral loads are highest in the liver in
most infections, although virion can also be found in blood and other organs*®.

HCV is the species of causative agent of hepatitis C and is also known as Hepatitis C
virus, and is one of the most important pathogens worldwide'%. The incidence of
HCV infection is high with estimates of up to 3 million new acute infections and 1
million deaths annually excluding those from hepatocellular carcinoma and up to 160
million people living with chronic hepatitis C infection, although accurate incidence
and prevalence data is often lacking in many environments'®’'88, With 8 different
genotypes and 86 subtypes that tend to largely be confined to specific geographic
regions, HCV is globally but unevenly distributed, with Pakistan, Nigeria, Egypt,
Russia, China and India accounting for > 50% of all deaths, and a larger burden in
LEDCs than MEDCs'®”8  HCV transmission is primarily through percutaneous
exposure, largely via needle sharing, blood transfusion and blood products, and
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intravenous injections of drugs, although vertical transmission and sexual
transmission can also occur'®,

Hepatitis C infection is often asymptomatic leading to significant underdiagnosis, but
may also cause acute or chronic disease, which canin turn cause cirrhosis, liver failure
and frequently fatal hepatocellular carcinoma. Diagnosis is typically made through
HCV specific RT-PCR, although serological methods can also be used for disease
monitoring during treatment'®®, There are many anti-HCV treatments available and
whilst the specific combination of drugs used to treat patients varies by location, HCV
genotype and patient demographic, treatment can be curative and is near 100%
effective in most cases, although the severe side effects and cost can be prohibitive
in some settings'®>'88, No HCV is vaccine is currently available although promising
vaccine candidates are in development, with one candidate in phase Il clinical
trialst®3188,

Rodent Hepaciviruses include Hepacivirus species E-J with a variety of rodent hosts
including bank voles, South African four-striped mice and brush-tailed possums?%°. Of
these rodent Hepaciviruses, Hepacivirus F and Hepacivirus J are particularly
interesting as these may be beneficial as an effective small animal model for HCV
pathogenesis'®!8, Previously known as bank vole hepacivirus 1 and 2 respectively,
Hepacivirus F and J are common in bank voles within mainland Europe with
prevalence estimates of 10.99% and 17.79% respectively'°%1% In laboratory infected
animals, liver pathogenesis and progression in Hepacivirus F and J infected bank voles
was similar to that of HCV pathogenesis in humans, and since bank voles are effective
research animals they have been suggested as HCV small animal model species'®.

i. Murine leukemia virus

Murine leukemia virus (MLV) is a member of the genus gamma-retrovirus within the
family Retroviridae®*°°, MLV is an enveloped virus with a positive sense ssRNA
genome of approximately 8-9kb which forms a DNA intermediate as part of its
replication cycle (Baltimore classification group VI) and is often considered to be a
“simple” retrovirus as the genome encodes only the gag, pol and env genes without
accessory proteins'®*!, Like all retroviruses, MLV is known to integrate into the host
genome at random sites with (usually) no negative impacts on the infected cell, at
which point it is called a provirus and becomes heritable if integrated into germline
cells'®191-193  Retroviruses and integrated proviruses (also known as endogenous
retroviruses) evolve over time due to transcription errors from an inaccurate
polymerase and can be used to track changes in the host genome and for molecular
dating in paleogenomics®®'%4. However, this integration renders it difficult to
distinguish between endogenous retroviruses and infectious retroviruses when
analysing metagenomics data’®.

Whilst retroviruses have been identified in all vertebrate classes, MLV has been
shown to be effective at host-switching within the same host order but not at any
more phylogenetically divergent levels such as host class'®. MLV strains can be
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considered ecotropic (only infects rodent cells), xenotropic (only infects cells from
hosts other than mice or rats) or amphotropic (infects both mice and other host
cells)'®419, MLV has also been shown to undergo recombination- indeed, the
accidental recombination of two laboratory strains of MLV led to the identification
of xenotropic murine leukemia virus-related virus (XMRV)*°*. XMRV was falsely linked
to prostate cancer and chronic fatigue syndrome due to its ability to infect human
cells under cell culture conditions, prior to approximately 5 years of research
attempting to identify the origin and association of XMRV disproving this link*4, MLV
has been found globally in many species of both laboratory and wild rodents, where
some strains can cause lymphoma and neurological deficits'8919>1%_  Similarly,
individual strains of MLV tend to be relatively geographically isolated and some are
more common than others, with MLV-E strains appearing to be the most common?*°®.
Like other retroviruses, MLV is transmitted vertically and horizontally via several
routes, including salivary transmission, via bloodborne transmission and via sexual
transmission®°,

MLV has been an effective tool in cell culture investigations due to its simplicity,
capacity to infect human cells, and ability to integrate into the host genome and still
cause a productive infection'8%191, MLV genomes are also amenable to pseudotyping,
where the envelope glycoprotein of MLV is substituted for an envelope protein of a
different virus of interest, in turn allowing for cellular entry and expression of this
glycoprotein. Whilst an effective research tool, MLV is not an effective basis for
prophylactic or therapeutic vaccines in humans due to a potential oncogenic effect
upon genomic integration and the need to infect actively replicating cells to produce
new virions®°!,

j- Orbivirus

Orbiviruses are a genus of non-enveloped dsRNA viruses (Baltimore classification
group ) within the family Reoviridae and subfamily Sedorovirinae, with a genome
consisting of 10-12 genomic segments with sizes ranging from ~3kb to ~0.8kb,
resulting in an overall genome size of ~18-20kb'%%197-1%% These genomes are often
split into large, medium and small segments, and typically encode 7 structural and 3-
5 non-structural proteins, although the exact number varies by Orbivirus species®’.
There is significant variability within some genomic segments, and this variability
along with frequent reassortment by nature of the multi-partite genome has led to
many circulating species and subtypes of Orbivirus. To date, at least 22 distinct
species and 160 subspecies of Orbivirus have been identified'®’1%°,

Orbiviruses are arboviruses that replicate in and are transmitted by a variety of vector
species, primarily biting midges of the Culicodies genus and ticks'°®'°8, Orbiviruses
are broadly associated with tropical regions, although they have also been reported
in temperate regions and desert regions and have been reported in most of the
inhabited world excluding northern Europe, Asia and Canada'“?-?%1, Prevalence varies
significantly by season due to vector populations and activity, which also varies
geographically by region and largely follows vector range, and is expected to increase
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as climate change expands vector ranges?°%-2%2, Orbiviruses infect a variety of host
species, including deer, cattle, rodents, bats, horses, dogs and very rarely humans as
incidental hosts!0%197.202  Within ruminants, vertical transmission is relatively
common, and rarely horizontal transmission via sexual transmission, sharing food
substances or blood products can occur?®?. Important Orbiviruses include BTV,
epizootic haemorrhagic disease virus (EHDV), African horse sickness virus (AHSV), as
well as the rarely human infecting viruses of the Kemorovo complex, lebombo virus,
changuinola virus and orungo virus*°®'°8,

Human Orbiviruses are extremely rare with less than 200 confirmed cases worldwide,
and no human fatalities have ever been associated with Orbiviruses°®. Symptoms for
all types of human Orbivirus infection are febrile in nature, and Kemerovo complex
viruses can also lead to vomiting and abdominal pain, orungo virus can cause
headache and encephalitis, and lebombo virus and the single reported case of
changuinola virus produced no specific symptoms'°1°8, There has also been one
incident of AHSV in humans in 1989, where veterinary workers were accidentally
exposed to virus aerosols and developed uveochoriretinitis and three of four
individuals developed frontotemporal encephalitis, although there is no record of
natural or zoonotic AHSV infection in humans'®®, Diagnosis is made serologically, and
population studies in the Czech Republic and Sub-Saharan Africa have showed
seroprevalence of 18% and up to 35% for Kemorovo complex viruses and orungo
virus respectively, suggesting a possible underreporting of human Orbivirus
infections, possibly due to non-specific symptoms and a lack of diagnostic
investigations. No human Orbivirus treatments or vaccines are available°®,

The most important Orbivirus is BTV which infects many wild and livestock animals
and is estimated to cause an economic loss of at least $3 billion annually, as well as
causing severe disease and suffering in animals®”2%2, Sheep are the most commonly
and severely infected animals, although cattle and deer can also become infected
with BTV%8, BTV in primarily transmitted by bites of Culicoides flies, although vertical
transmission occurs with variable frequency based on isolate, and tick bite
transmission can also occur®®?%?, Infections may be asymptomatic, but symptoms
can include oedema, haemhorrage and a characteristic cyanosis of the tongue, and
in severe cases can lead to respiratory distress and death!°®292, Even non-fatal
infections tend to lead toward reduced productivity within the animal and can cause
spontaneous abortion in pregnant ruminants?%?. Locally enzootic strains of BTV tend
to cause mild disease whilst incursive strains tend to cause severe disease in a given
area, although the reasons for this difference remain unknown'°. BTV vaccines are
available but tend to be serotype specific live-attenuated vaccines with limited cross-
protection?%?. The multipartite nature of the live attenuated vaccines also presents a
risk of recombination with circulating natural strains, potentially resulting in the
generation of new infectious strains. New recombinant and vector-based vaccines
are currently under development to attempt to mitigate these risks and aim to
prevent vertical transmission?%2,

37



EHDV is another important Orbivirus that infects key livestock species such as cattle
and white-tailed deer, although it is difficult to accurately predict the economic
impact of EHDV due to frequent misdiagnosis of EDHV as BTV due to similar clinical
presentation?°%?!, EHDV has a similar distribution to BTV, largely due to sharing
vector species in the Culicoides flies, although EHDV has a larger impact in the North
American deer farming industry?®2%2, EHDV infections in cattle have become
increasingly common throughout the 215t century, and whilst infections are often
asymptomatic or mild they can lead to haemorrhagic disease and death in
approximately 20% of wild animals or up to 80% of livestock in severe outbreaks.
Diagnosis of EHDV is usually made through qPCR, and serotype specific vaccines are
available, although vector management strategies such as removing breeding sites
are often considered preferable to vaccination?®.

Whilst the importance of Orbiviruses is clear, there are significant issues in the
investigation of and knowledge gaps regarding Orbvivirus infection. For example, the
role of specific genome segments and protein functions are often still unknown, as is
the full spectrum of vector species and mechanism of vertical transmission'®,
Various cell lines are used in studying Orbiviruses in vitro, and small animal models
are available for Orbivirus investigations'®.

k. Paramyxovirus

The Paramyxoviridae is the second largest family of negative sense ssRNA viruses
(Baltimore classification group V), and is comprised of four subfamilies, 17 genera
and 86 species, although this family is rapidly expanding?®®2%*, Paramyxoviruses are
enveloped monopartite viruses with genomes of approximately 15-21kb that encode
6 major proteins®?%32% Due to the highly specific nature of paramyxovirus
replication, all paramyxovirus genomes adhere to the “rule of six”, which states that
the genome length must be exactly a multiple of six to allow for efficient viral
replication?%®. Most paramyxoviruses use one of three receptors for cell entry,
specifically ephrin B2 and ephrin B3 for Henipaviruses and glycoproteins such as sialic
acid for other paramyxoviruses, which allows them to enter into target cells which
are generally lung epithelial, endothelial and neuronal cells®32%7,

Paramyxoviridae can be split into four subfamilies of which the
Orthoparamyxovirinae and Avulavirinae are the most significant due to their capacity
for causing diseases in humans and key animal species?*?203208,
Orthoparamyxovirinae can infect a variety of host species, including but not limited
to humans, bats, pigs, horses, rodents including bank voles and field voles, dogs and
cats?03205.207.207 " preyalence estimates and host geographic range are difficult to
qguantify for most of these viruses, although it is believed that due to frequent
asymptomatic transmission, limited surveillance and globalisation that prevalence
and host range are significantly underestimated for the majority of
paramyxovirus®>?%*, Paramyxoviruses frequently spillover from reservoir hosts
(generally bats or rodents) into other hosts, likely due their use of highly conserved
receptors, often causing severe disease in humans and key animal species®*?%,
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Important human and animal pathogens within the Paramyxoviridae include hendra
and nipah viruses of the Henipah genus, measles, mumps, and Newcastle Disease
virus, amongst others?93:208,

Measles virus is believed to be the most contagious pathogen on Earth, with a basic
reproduction number of 12-18, and prior to vaccination programs caused
approximately 135 million cases and 6 million deaths annually?!°. Measles infection
is usually mild and self-limiting, typically causing a rash and febrile symptoms, but in
severe cases could lead to pneumonia and fatal subacute sclerosing
panencephalitis?!?. Despite only being able to infect humans measles was distributed
globally, but successful eradication of measles has been achieved in 83 countries,
changing the distribution of measles to be more prevalent in LEDCs and those with
less successful vaccination campaigns?'. Since the introduction of the measles
mumps rubella (MMR) vaccine and other measles vaccines, measles infections and
deaths have decreased by an estimated 73%, and whilst issues such as vaccine cost
and distribution and vaccine misinformation have hampered the success of
vaccination campaigns the elimination of measles is possible?0:211,

Mumps virus is a paramyxovirus that causes inflammation and swelling of glands, and
in severe cases can lead to meningitis, encephalitis, oophoritis and orchitis amongst
other symptoms?'t. Mumps virus is considered a pathogen of humans (although
there is some evidence that bats may also be infected), and prior to vaccination an
estimated 0.1-1% of the global population contracted mumps annually following a
global distribution pattern. As of 2016 121 countries had introduced mumps virus
vaccinations resulting in up to 97% decrease in incidence, although this varied by
location, and much of Africa and Asia still has limited vaccination coverage and severe
Mumps outbreaks?!.

Nipah virus is a zoonotic Paramyxovirus with important health impacts on both
humans and livestock, and is most common in South-East Asia®*?%’. The natural
reservoir for nipah virus is Pteropus bats, where the virus is shed in the faeces, saliva
and is contained in blood and other tissue?"’. Pigs may consume infected bat or pig
faeces or contaminated fruit and may develop febrile and potentially fatal illness
which may be horizontally transmitted between the herd of pigs, and horses can be
similarly infected with a fatality rate exceeding 50%2°’. Transmission to humans then
occurs via human contact with infected pig saliva, urine or faeces, although direct
transmission to humans via the consumption of date palm sap and infected horse
meat can also occur®>?%, In humans, nipah virus can be asymptomatic, but symptoms
can include severe respiratory symptoms, encephalitis, flu like symptoms,
encephalitis and vomiting often leading to a fatality rate exceeding 50%. There is also
evidence of limited human to human transmission via close contact with patient
saliva’?’. Symptomatic diagnosis of nipah virus is difficult, so serological methods
including ELISAs, PCR testing and cell culture techniques are used diagnostically?®’.
There are no specific treatments for nipah virus and no vaccines for humans or
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livestock are available, although one human vaccine is currently in phase | clinical
trials?3297,

The other major henipah virus is hendra virus, which tends to cause infections in
horses and has been known to spill over into humans causing fatal disease in over
50% of cases?”. Pteropid bats are believed to be reservoir hosts for hendra virus,
which has so far only been observed in South-East Asia and Australia where it causes
annual spillover infections®*2%°, Spillover into horses via the faecal-oral route may
lead to a subclinical infection or a potentially lethal symptomatic infection, which
may then be transmitted to humans via close contact where febrile symptoms may
develop which in turn may be fatal, although no human to human transmission has
been observed??°%729°  Hendra virus diagnosis is generally made via serological
ELISAs, and no specific treatment is available®®?%°, Whilst there are no hendra virus
vaccines available in humans an effective vaccine is available in horses?*2%,

|.  Parvoviridae

The Parvoviridae are a family of highly diverse non-enveloped negative sense ssDNA
viruses (Baltimore classification group 1)?*?. The Parvoviridae family is rapidly
expanding, with the discovery of new viruses via metagenomics investigations
occurring relatively frequently?'22'3, The Parvoviridae are split into three subfamilies,
namely the Parvovirinae, Densovirinae, and Hamaparvovirinae, which tend to infect
vertebrates, invertebrates, and both, respectively?'4?'>, As of 2021, 23 genera and
over 100 species constitute the Parvovirinae- for all genera assigned to each
subfamily at the time of writing, see Table 1212214, Parvoviridae genomes range from
3.9-6.3kb in size, and all Parvoviridae encode up to four major non-structural proteins
and at least two capsid proteins, although other accessory proteins are often also
encoded and are highly variable due to their tendency to recombine?!224216 Dye to
the lack of a viral polymerase, parvovirus replication requires either the use of host
enzymes or the presence of a “helper virus” that co-infects the same cell and provides
the necessary polymerase to replicate. Replication is also tied to the host cell cycle,
with increased viral replication in rapidly dividing host cells?*?2. Some Parvovirinae
such as some members of the Dependoparvovirus and Protoparvovirus genera can
rarely integrate into the host genome during replication, in turn giving rise to
heritable endogenous virus elements (EVEs) that can be replicated with the host
genome?7:218,
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Table 1- Organisation of the Parvoviridae family.

The genera comprising each subfamily of the Parvovirinae, and the number of species
accurate as of 2021. Genera of importance to this project have been highlighted in
bold. Adapted from?**.

Subfamily Genus Number of species
Densovirinae Aquambidensovirus 2
Blattambidensovirus 1
Hemiambidensovirus 2
Iteradensovirus 5
Miniambidensovirus 1
Pefuambidensovirus 1
Protoambidensovirus 2
Scindoambidensovirus 3
Hamaparvovirinae Brevihamaparvovirus 2
Chaphamaparvovirus 8
Hepanhamaparvovirus 1
Ichthamaparvovirus 1
Penstylhamaparvovirus 1
Parvovirinae Amdoparvovirus 5
Artiparvovirus 1
Aveparvovirus 2
Bocaparvovirus 25
Copiparvovirus 7
Dependoparvovirus 8
Erythroparvovirus 7
Loriparvovirus 1
Protoparvovirus 13
Tetraparvovirus 6
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Parvoviridae as a family are globally distributed, although it is difficult to estimate
overall incidence and prevalence due to the variability and frequent animal tropism
of these viruses, and prevalence varies significantly by geography even when
considering the same parvovirus species?'®??1, Parvovirus transmission is poorly
understood and whilst it is believed that droplet and aerosol transmission is likely
the major route of transmission, iatrogenic transmission and vertical transmission
may also occur?'2222223 Many parvoviruses are non-pathogenic although others are
pathogens of humans and animals often with severe consequences, and some may
have zoonotic potential, although this has yet to be confirmed?!%2%4,

The genus Dependoparvovirus belongs to the Parvovirinae subfamily and contains 9
species, which are known to infect a variety of species including humans, rodents,
bats, lagomorphs such as rabbits, waterfowl, cats, birds, sea lions and
others?12214217.225 ' Many Dependoparvoviruses can replicate autonomously within
the host cell without using cellular machinery to do so, although the presence of
helper viruses is still required?*?. Dependoparvoviruses can infrequently integrate
into the host cell genome, and analysis of Dependoparvovirus EVEs show that they
are amongst the most ancient Parvoviridae and are likely to have diverged from the
common parvovirus ancestor between 23 and 79 million years ago?*’. First identified
in adenovirus preparations in the 1960s, the most important Dependoparvoviruses
belong to the Adeno-associated virus (AAV) species, and AAVs can be found both in
humans and other animals such as bats?'??'7. AAVs are considered non-pathogenic
in both humans and animals, although other Dependoparvoviruses such as
anseriform dependoparvovirus 1 can cause potentially severe disease within
waterfowl?!”226, AAVs are distributed globally with an estimated seroprevalence of
approximately 70% in humans and 18.6% in bats?'2%/,

Since the 1980s, AAVs have been considered to be the best vector available for
human gene therapy, and the only FDA or European Medicines Agency approved
gene therapy treatments (Luxturna to treat retinal disease and Glybera to treat lipase
deficiency, respectively) utilise AAV vectors?'?217225. AAV therapy is currently only
used to treat monogenic recessive diseases, although over 100 phase | and Il clinical
trials are underway using AAVs as vectors to treat a variety of diseases??®. Most
diseases amenable to AAV mediated gene therapy are those that affect the central
nervous system (CNS), liver and striated muscle due to the natural tropism of AAVs
for these cell types??®. There are issues with AAV mediated gene therapy, such as the
small genome size limiting the size of the gene that can be supplied via AAV infection,
rare and unpredictable genomic intergation, and prohibitive costs. High AAV
seroprevalence can lead to immunological prevention of effective therapies,
although methods of capsid alteration such as using historical capsids, in silico design
or using rare AAV strains can help to minimise immunological interference??®. Despite
these limitations AAV mediated gene therapy is an extremely useful tool, and with
further development may usher in a new age of treatments for genetic
disorders?!2:217,:226,
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The genus Protoparvovirus consists of 15 species, and is known to infect a variety of
hosts, including humans, rodents, cats, dogs, pigs, foxes and bats, amongst other
species?!?213215225227 The pathogenicity of Protoparvoviruses varies significantly by
species- for example, feline panleukopenia virus (FPV) and canine parvovirus (CPV)
within the species Protoparvovirus carnivoran 1 can cause illness and significant
mortality in cats and dogs respectively, whereas human Protoparvovirus infections
cause mild, if any, disease?’??13215  Similarly to Dependoparvoviruses,
Protoparvoviruses can integrate into the host genome via EVEs, and due to their non-
autonomous replication they have a tropism for fast dividing cells, rendering them
useful for cancer therapy?'82%8,

FPV is a pathogen of cats primarily (although rarely FPV can spillover into dogs) which
can cause severe disease in kittens over 6 weeks of age if untreated, although the
availability of an effective vaccine has significantly reduced the disease burden of
FPV212215 CPV is believed to have emerged in the 1970s due to a cross-species
transmission of FPV and subsequent host adaptation, and quickly caused a global
panzootic in dogs?'#?*>. CPV is transmitted via the faecal-oral route and is highly
contagious, with symptomatic onset following a 3-7 day incubation period, including
diarrhoea and vomiting, loss of appetite, fever and dehydration which may be fatal
if left untreated?’. Vaccines have been developed for CPV and have reduced the
disease burden, although these are strain specific and do not guarantee absolute
protection from all strains?'®. Protoparvoviruses can also infect rodents including rats
and mice, where disease appears to be asymptomatic?’?. Similarly, the newly
identified Protoparvovirus called Newlavirus appears to be asymptomatic in at least
2 different species of fox in Canada, although further investigations will need to be
conducted to confirm this??’. Rodent Protoparvoviruses, and in particular rat H-1
parvovirus, may act as oncolytic viruses with a potential role in cancer therapy??8.

To date, three species of Protoparvovirus have been known to infect humans-
bufavirus, discovered in 2012, tusavirus, discovered in 2014, and -cutavirus,
discovered in 2016213, Bufavirus is the most studied of these and appears to cause
mild and self-limiting gastrointestinal disease in children with a global distribution,
although the prevalence of bufavirus infection varies from approximately 1% - 5% by
location. Due to relative clinical insignificance of bufavirus infection no specific
treatments or vaccines are available?’3. Tusavirus has been identified in a single stool
sample via metagenomics and in one individual in seroprevalence investigations,
giving an overall prevalence of approximately 0.5% in these investigations-
accordingly, very little is known about tusavirus infections?!3,
identified in faecal samples from Brazillian children with diarrhoea and has since
been isolated in skin biopsies from cutaneous T-cell lymphoma patients, at a
prevalence of approximately 1% and 23.5% in their studies respectively, although
little else is known about cutavirus?*®. Transmission methods are unknown for these
three viruses although their presence in stool does to some extent imply that the

Cutavirus was
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faecal-oral route may be important, and it is unclear whether cutavirus may be
transmitted via direct skin to skin contact?!32%°,

The genus Bocaparvovirus (formerly known as Bocavirus) consists of 29 species and
is the largest genus of Parvoviridae??. Bocaparvoviruses have most frequently been
discovered via metagenomics analysis and have been found in a variety of host
species including humans, rodents, cows, pigs, dogs, cats, non-human primates,
camels and other mammals?*?2%>, Some of the animal Bocaparvoviruses such as the
canine minute virus and feline bocavirus have been shown to cause mild and self-
limiting disease and typically mild but rarely fatal disease respectively in their animal
hosts, whereas others are asymptomatic?'221>22>, Whilst it is difficult to estimate
prevalence and distribution for many of these viruses, rodent Bocaparvoviruses are
globally distributed and may infect a variety of rodent species, illustrating a potential
zoonotic transmission risk??4.

Human Bocaparvoviruses are globally distributed, and are considered to be primarily
respiratory but also gastrointestinal pathogens that are often identified in co-
infections with other respiratory pathogens??. There are four serotypes of human
Bocaparvovirus (human bocavirus 1-4), at least some of which are believed to have
arisen through recombination events?!®??!, These viruses most commonly infect
children and usually cause mild and self-limiting common cold symptoms in infected
individuals, although they have also been rarely associated with meningitis and
meningoencephalitis??>3°,  Human Bocaparvovirus infections are often not
diagnosed due to their mild nature and are dismissed as a common cold, but when
they are diagnosed it is usually via specific PCR assays?*. These viruses are
transmitted via aerosols, and no specific treatments or vaccines are available for
human Bocaparvovirus infection??®23°, Human Bocaparvovirus prevalence varies by
location but in Japan are estimated to cause approximately 16% of respiratory
infections, and seroprevalence is believed to reach up to 96% in adults
worldwide??%230,

Chapparvoviruses  include the two genera Icthamaparvovirus  and
Chaphamaparvovirus within the subfamily Hamaparvovirinae?*??'4231, As the genus
Icthamaparvovirus contains only 1 species that infects the gulf pipefish, this project
will only consider the genus Chaphamaparvovirus®'*. This genus contains 15 species
including those identified in bats, birds, pigs, rodents, fish, dogs, cats, chickens and
other species?'>?'4, Chaphamaparvoviruses are globally distributed and usually do
not cause disease in their hosts, although there are some exceptions such as mouse
kidney parvovirus, fechavirus and tilapia parvovirus, each of which can be
fatal?'?2'8225 EVEs have been observed in Chaphamaparvoviruses suggesting a
potential for genomic recombination and evolutionary studies?'8. Whilst it is possible
that a human Chaphamaparvovirus exists and could even cause kidney disease, this
has yet to be observed, and whilst there is a zoonotic risk due to the relatively high
prevalence of rodent Chaphamaparvoviruses in major cities such as New York City,
zoonotic spillover has never been confirmed?!??3!, No transmission route has been
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confirmed, although the ability of Chaphamaparvoviruses to persist outside of the
body suggests a possible fomite or respiratory route, and the presence of
Chapamaparvovirus DNA in urine may also suggest a transmission route involving
consumption of contaminated food?*'. Regardless, some Chaphamaparvoviruses
such as fechavirus appear to be highly contagious and can cause rapidly progressing
outbreaks in confined areas??°.

Other Parvoviridae are also important, such as the Erythroparvovirus parvovirus B19
(B19V) and the Tetraparvovirus parvovirus 4 (PARV4)??3232 B19V is a pathogen of
children that is globally distributed and follows a seasonal pattern with outbreaks
every 3-5 years??’. Global prevalence varies significantly with areas including China,
the Indian subcontinent and Eastern Europe having lower prevalence than in other
areas of the world, and seroprevalence is highly variable ranging from approximately
30-70%%%%223, B19V infection typically causes relatively mild febrile disease and a
characteristic rash known as “fifth disease” in childhood and febrile disease without
a rash in adulthood, although there have been reports of rare and serious
neurological symptoms including encephalitis, meningitis and peripheral
neuropathy, amongst others??%233, B19V is transmitted via aerosol droplets and can
be transmitted vertically via cross-placental transmission in up to 33% of infected
pregnant people, which can lead to abortion or fetal hydrops in the infant with a
decreasing risk as the pregnancy progresses toward term?20:222.223_ B19V diagnosis is
typically made serologically using commercial immunoassays against IgM and IgG
and no specific treatment or vaccine is available, although there has been a reported
use of high-dose intravenous immunoglobulin which may have improved the patient
outcome??%223,

PARV4 comprises 3 genotypes- genotypes 1 and 2 are found in Europe, Asia and
North America, and genotype 3 is found in Sub-Saharan Africa, leading to a broad and
potentially global distribution?3?, Seroprevalence for PARV4 is geographically variable
ranging from 0-50%, and whilst PARV4 is not regularly screened for it can be
diagnosed serologically??*?32, PARV4 transmission routes are currently unknown,
although previously PARV4 infection has been associated with intravenous drug
users suggesting that subcutaneous injury may be a viable, yet likely secondary,
transmission route??!. The link between PARV4 and disease is unclear- some studies
suggest that PARV4 causes mild influenza-like febrile illness, others suggest B19V
symptoms include a rash and fetal hydrops, and yet others suggest that B19V causes
gastrointestinal symptoms or alternatively an asymptomatic infection??%232,
Alternatively, PARV4 may not be intrinsically pathogenic, but may act as a helper
virus for co-infections, potentially exacerbating the symptoms of the other
pathogen?3?. Further research is required to determine PARV4 pathogenicity or lack
thereof?21.232,

m. Pegivirus
Pegivirus is a genus of the Flaviviridae family, and Pegiviruses are small positive sense
ssRNA viruses (Baltimore classification group IV) with genomes of 8.9-11.3 kb?3%235,
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The Pegivirus genome consists of one ORF which translates into a single polyprotein
that is cleaved to give rise to two structural and six non-structural proteins, as well
an internal ribosome entry site (IRES) that directs polyprotein translation and a 5’
non-translated region?3>23¢ The Pegivirus genus consists of 11 species with further
genotypic subdivisions and can infect a variety of mammalian hosts including
humans, rodents, bats, primates, pigs, horses and birds?3423>237.238 primates are
believed to be the natural hosts of Pegiviruses, which are believed to be
evolutionarily ancient viruses?*#?3>, To date there is no evidence of Pegivirus spillover
events or zoonotic transmission, possibly due to relatively slow evolution by RNA
virus standards?3>2%7,

In most hosts Pegiviruses do not cause disease, although there is evidence that
pegivirus equi (also known as Theiler’s disease associated virus, TDAV) may cause or
contribute to the development of Theiler’s disease in horses, which can cause
asymptomatic to severe hepatitis following the administration of blood products and
is fatal in up to 18% of infected horses'®>?38, Pegivirus infections are similarly
considered non-pathogenic in humans, although Pegivirus RNA has been isolated
from brain biopsies of encephalitis patients and may rarely be associated with the
development of lymphoma®®>23>239, As it is generally considered non-pathogenic
diagnostic screens and blood donation screens do not routinely screen for Pegivirus
infection, and no specific treatments or vaccines are available'®>23°,

Pegiviruses are distributed globally with substantial variation in prevalence by
area’*>?%9, Whilst 1-20% of the global population is estimated to be seropositive for
Pegivirus exposure, in MEDCs seroprevalence estimates tend to range from 1.1-6%
whilst in LEDCs they can reach as high as 75.3%23>23%, Only 2 species of Pegivirus are
known to infect humans- HPgV-1 (previously known as GB virus C) consisting of 7
geographically isolated genotypic strains, and HPgV-223>236240_ pegijvijruses can cause
both chronic and acute infections, and may spontaneously clear within 2 years of
infection or may persist for decades for unknown reasons that are suspected to link
to host genetics?*>236,

Pegivirus transmission is primarily through percutaneous needlestick injuries, but can
also be transmitted sexually, iatrogenically via blood products or via vertical
transmission- accordingly, intravenous drug users are the most likely to contract
Pegivirus infection and Pegiviruses are often seen in coinfections with other
bloodborne viruses such as HIV-1 and HCV?®°. Active Pegivirus infection has been
associated with improved outcomes and prolonged survival in patients suffering with
HIV-1, hepatitis C, Ebola and malaria co-infections?3>23¢240_ Whilst the mechanisms
through which Pegivirus infection improves the prognosis of these diseases is
unknown, it is generally believed that immune system modulation is
involved?3>236.240 There are suggestions that Pegivirus infection may be used as an
effective therapy or as a potential “bio-vaccine” in resource limited settings where
the availability of HIV treatments such as HAART are limited, although the potential
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for Pegivirus associated disease requires further research and investigation prior to
this becoming feasible?3>2%,

n. Picobirnavirus

The Picobirnavirus genus is the only member of the family Picobirnaviridae, and
Picobirnaviruses (PBVs) are usually bipartite viruses with a dsRNA genome (Baltimore
classification group I11)24242, Typically, the total genome size of PBVs is approximately
4.2kb, consisting of a large segment (segment 1) of approximately 2.3-2.6kb and a
small segment (segment 2) of approximately 1.5-1.9kb, although some PBVs have a
small genome profile where segments 1 and 2 are approximately 1.75 and 1.55kb
respectively?*2243, Whilst most PBVs are bipartite, monopartite genomes resulting
from the fusion of genomic segments 1 and 2 have been reported, and tripartite
genomes have also been reported, although further research is required regarding
whether these tripartite genomes were detected due to the presence of a mixed
infection or a genuine tripartite genome?*>244, Segment 1 contains 2-3 ORFs, leading
to 2-3 proteins including a capsid protein and another protein of unknown function,
whilst segment 2 contains 1 ORF encoding the RdRp?*. PBV genomes are highly
variable and can be separated into three distinct genogroups showing < 40%
intergenogroup similarity, where genogroups | and Il are found in mammals and
genogroup lll is found in invertebrates, although it has also been suggested that 2
further genogroups (IV and V) are circulating in humans?*2422%>_ There are currently
only two ICTV recognised species within the Picobirnavirus genome (Human
Picobirnavirus and Rabbit Picobirnavirus), and it has been suggested that due to their
variability that PBVs may actually exist as a quasispecies rather than as individual
speciesl6'243'244.

PBVs have been isolated from a variety of host species including humans, rodents,
bats, pigs, cattle, horses, wolves, dogs, birds and invertebrates, and appear to be
globally distributed®#124>-24’ The broad host range of PBVs is believed to be due to
their ability to undergo recombination and the natural host of PBVs is currently
unknown, although frequent interspecies transmission between mammalian species
and zoonotic transmission via an unknown but likely faecal-oral or waterborne
transmission route has been observed?4%:243:246.247 There have also been suggestions
that PBVs may in fact be bacteriophages and that their broad host range may be
explained as infecting bacteria that are ubiquitous throughout mammals® 241246,
Whilst PBVs have never been successfully propagated in a mammalian cell system,
they have also never been successfully propagated in a prokaryotic culture system
either, lending support to neither the prokaryotic nor eukaryotic origin theories?*.

PBVs are usually found in the stool of infected individuals, although they have also
been isolated from respiratory tracts of humans, pigs and cattle and found in serum
samples from mammals and could likely be found in other tissues following further
investigations?43246:248 PBV infection can persist for a prolonged time and often goes
through cycles of silence followed by periods of high viral activity, possibly due to
immunological responses?*>?*3, There is significant debate regarding the
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pathogenicity of PBV infection in humans and animals. Some studies indicate that
PBVs are non-pathogenic in mammalian hosts, others suggest that they can cause
opportunistic infections in immunocompromised hosts, and yet others suggest that
they can directly cause symptomatic infections as the primary infectious
agent®241.248 pPBV infection either as the sole pathogen or as a co-infection is often
associated with diarrhoea, although recently PBVs have also been implicated in
causing acute respiratory infection as the sole pathogen identified in hospitalised
patients?*>?48, No specific PBV treatments or vaccine are available?41243,

PBV identification was traditionally performed via PAGE electrophoresis and size
discrimination, and despite how insensitive this method is it is still performed
today?#>?#3, Recently, RT-gPCR has become a more frequent method of diagnosis as
it is significantly easier and more sensitive, although the extreme variability of the
PBV genome can lead to issues with successful priming?*%243. PBVs are often also
incidentally found during metagenomics studies?*®?4’. Due to the diagnostic
difficulties and the lack of concordance regarding the pathogenicity of PBVs leading
to limited investigations, PBV prevalence and incidence is difficult to accurately
assess®241,243.247 - A recent study in hospitalised patients suggested a prevalence of
19.2%, although this is likely to be lower in the non-hospitalised general population
and is likely to be highly variable according to geographic area and demographic
groups?*2248_|n pigs, a prevalence of 20.9% has been reported in Argentina and of
75.8% in the Caribbean, as has a prevalence of 14.28% in horses, 23.4% in Brazillian
cattle, and from 0-42.35% in goats in Turkey, illustrating the variability in PBV
prevalence’**?%>. Finally, PBVs have been identified in wastewater in multiple
countries suggesting a possible waterborne transmission route?4%248,

0. Picornavirus
Picornaviruses, of the family Picornaviridae, are RNA viruses with genomes ranging
from ~6.5-10kb and are non-enveloped viruses?*°. Whilst Dicipiviruses have a dsRNA
genome, all other Picornaviridae have positive sense ssRNA genomes (Baltimore
classification groups Il and IV, respectively)®”?°°, Picornaviruses are extremely
diverse and to date 68 genera, 158 species and approximately 700 genotypes have
been identified, in turn identifying picornaviruses as the largest and most diverse
Baltimore classification group IV viruses. In the age of metagenomics, picornavirus
discovery is increasing in frequency with new picornaviruses often identified as
incidental findings>>2°%2>1,  Picornavirus genomes typically encode a single
polyprotein that is cleaved by viral proteases into at least 7 non-structural proteins
and 3-4 capsid proteins, although this is not always the case and multiple
polyproteins may rarely be encoded?**%°%%>2, The picornavirus polymerase is highly
error prone, leading to a high mutation rate and significant recombination, in turn
leading to the extreme diversity of picornaviruses?®''!, Picornaviruses are
ubiquitous, both in terms of their global distribution and host range, where they have
been found on all continents excluding Antarctica and infect hosts of all major
vertebrate lineages including humans, rodents, bats, livestock animals such as pigs,
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and birds, amongst others*®111:251.253-255 Some picornaviruses have shown zoonotic
potential, with some rodent picornaviruses such as some Enteroviruses having
previously been shown to undergo zoonotic transmission®”2°¢, Of the picornavirus
species identified to date, an estimated 24 species from 9 genera are known to infect
humans, with disease profiles ranging from asymptomatic infection through to
potentially lethal disease as demonstrated by polio?>®2°8, Due to the diversity of the
Picornaviridae, it is difficult to identify general traits for this family and it is beyond
the scope of this work to examine the whole family in-depth?°?.

Enteroviruses are one of the earliest described genera of picornavirus and are
arguably the most important genus?>°. There are 15 species of Enterovirus, of which
7 infect humans (human Enterovirus A-D and Rhinovirus A-C)?>%?%0, The species
Enterovirus C is then further divided into three genetic subgroups with a variety of
serotypes within each subgroup, and due to rapid recombination between
Enterovirus species and strains new serotypes emerge frequently, leading to over 300
serotypes reported to date!!'260261 Animal hosts of Enteroviruses include cattle and
pigs for Enteroviruses E-G, non-human primates for Enteroviruses H and J, dromedary
camels for Enterovirus I, and currently unclassified Enterovirus species in rodents and
goats'®41262. The zoonotic potential of these viruses is unknown, although it is
possible that Enterovirus E and H may infect humans via contact with infected
livestock faeces, and there is evidence that swine vesicular disease virus may have
evolved from a strain of human coxsackievirus B5 that spilled over from humans into
pigs?°®2%2, Some Enteroviruses are relatively geographically constrained, whilst
others such as coxsackievirus A are globally distributed, in part due to their effective
transmission via the faecal-oral and respiratory routes and their prolonged survival
as fomites?°%263.264 Many Enterovirus infections are asymptomatic, whereas others
cause hand, foot and mouth disease (HFMD), which is most common in children, and
some cases may cause potentially fatal CNS symptoms such as meningoencephalitis,
although the specific Enterovirus and immune state of the individual may affect
disease outcome?>9:264,

Historically, the most important picornavirus was the poliovirus, which used to cause
an estimated 350,000 cases and up to 35,000 deaths worldwide prior to a
concentrated global vaccination campaign®''?>%. Poliovirus consists of three wild
poliovirus strains (WPV1-3), all of which can cause both acute poliomyelitis and post-
polio syndrome?>®, WPV 2-3 have been eradicated worldwide, and whilst WPV 1 has
not successfully been eradicated, its prevalence and incidence has dropped
significantly and its endemic range has reduced to only include Pakistan and
Afghanistan?>8. Like other Enteroviruses, poliovirus is transmitted via the respiratory
and faecal-oral routes and has been known to be transmitted via contaminated food
and water?>8,

Many poliovirus cases are asymptomatic but following an incubation period of up to
10 days, acute poliomyelitis may develop, which primarily causes flu-like symptoms.
Up to 1% of cases may progress to temporary or acute flaccid paralysis limiting
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movement without sensory loss, and up to 10% of paralytic cases may be
fatal11.2°8.265 40-50% of acute poliomyelitis patients develop post-polio syndrome,
where debilitating neuromuscular symptoms may develop up to 40 years post
infection. Previously, ELISA serological assays were used for poliomyelitis diagnosis,
whereas more recently RT-PCR and cell culture techniques have become more
commonplace?®®. There is no specific antiviral treatment for either acute
poliomyelitis or for post-polio paralysis, and no way to reverse the paralytic effects
of poliovirus infection?®>. However, there are effective anti-polio vaccines, including
a live attenuated oral poliovirus vaccine (OPV) and an inactivated vaccine?*. The OPV
vaccine is commonly considered to be more effective and is preferentially used,
although the high recombination rate of poliovirus can lead to reversion to a
pathogenic strain and the development of vaccine-derived poliovirus (VDPV)
infection, which can in turn cause paralysis>*®?%>, Outside of Pakistan and
Afghanistan, all non-imported poliovirus cases are VDPV cases, and since 2021 VDPV
has been reported in 36 countries and ~2000 cases worldwide. Improved vaccines
with reduced risks of VDPV development are currently in development?2,

Many other Enteroviruses are of clinical importance. For example, enterovirus 71
causes HFMD in children, and whilst most infections are mild and self-limiting,
potentially fatal neurological symptoms and breathing difficulties have been
reported?®*. Whilst enterovirus 71 consists of many genotypes and is globally
distributed, the majority of the disease burden is Asia, where China alone reported
~7.2 million cases and ~2500 deaths from 2008-2012, and whilst the death rate is
usually low in outbreak settings mortality can spike to over 50%%%*. Diagnosis is
primarily made via RT-PCR, and whilst no specific treatments are available for
enterovirus 71 infections vaccines are available, albeit at potentially prohibitive
costs?°924 Coxsackievirus A also causes HFMD primarily in children, and some
serotypes such as coxsackievirus-A6 can cause significant mortality in adults?6326°,
Much like enterovirus 71, coxsackievirus A is globally distributed but most of the
disease burden is in Asia, and there is no specific antiviral therapy for coxsackie virus
A infetion or prophylactic vaccine available?®*?%, Other human Enteroviruses such as
Echovirus 30 and Enterovirus D68 can also cause disease in humans®>°. Livestock
Enteroviruses have a relatively mild disease burden and a minimal effect on the
farming industry but can still cause disease in animals- for example, some can cause
severe diarrhoea in goats, and Enterovirus G strains can infect pigs?®*.

The genus Cardiovirus contains 6 species (Cardiovirus A-F) and approximately 32
genotypes?>®. Cardiovirus A consists of one genotype (encephalomyocarditis virus,
EMCV) that primarily infects rodents, Cardiovirus B consists of the rodent viruses
Theiler’'s murine encephalomyelitis virus (TMEV) and thera virus, as well as Vilyusk
human encephalomyocarditis virus?®’2%8, Cardiovirus C consists of 2 serotypes of
Boone cardiovirus that infects rats, Cardiovirus D consists of 11 genotypes of Saffold
virus (SAFV) which infects humans, Cardiovirus E consists of one genotype that infects
red-backed voles and Cardiovirus F consists of one genotype that infects grey-backed
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voles?®/

. Cardioviruses as a genus are globally distributed, although the exact
distribution varies by species and even genotype- for example, whilst Boone
cardioviruses are globally distributed, others such as Cardiovirus E and Cardiovirus F
are not?>32%7_ Prior to 2007 Cardioviruses were not believed to infect humans, but
retrospective studies showed that a SAFV strain had been present in the faecal
sample of a child in 1982, illustrating at least 41 years of human Cardiovirus

infections®'™.

EMCV is a virus of rodents, which is readily transmitted to pigs via faecal-oral
transmission, and then can be onwardly transmitted zoonotically to humans, or to
non-human primates, dogs, boars and elephants*®°>2%, To date there has been no
reports of a direct transmission route from rodents to humans, although this is
suspected to occur?®®, EMCV consists of two strains (although it has been proposed
that 4 species and 7 serotypes may be more appropriate) and is endemic in rodents
of a variety of species with a seroprevalence of up to ~38%2°¢. EMCV infections cause
disease ranging from asymptomatic to fatal myocarditis, and disease severity and
progression appears to vary according to serotype and host species and age*®2%8,
EMCV seroprevalence in humans ranges from approximately 3-50% depending on
location, and usually causes an asymptomatic or mild and self-limiting febrile disease,
although in severe cases can cause reproductive failure, encephalitis, diabetes
mellitus and infant death*®2%%, TMEV infects mice and in a natural infection tends to
cause an asymptomatic enteric infection, although TMEV genotype 2 strains can be
more virulent and may cause fatal myocarditis®>2°7269270, Very little is known about
Cardiovirus C species except that they were identified in Rattus norvegicus and
laboratory rats?®’.

SAFV is a ubiquitous virus of humans that consists of 11 genotypes, some of which
are globally distributed such as SAFV1-3 and others of which are not, such as SAFV4-
8 which are primarily found in Afghanistan and Pakistan?°”:2°°, The majority of SAFV
infections appear to be asymptomatic and seroprevalence in children is typically
approximately 80%, although it can reach up to 100% in some areas?’?’*, SAFV is
believed to be transmitted via the faecal-oral route and can cause mild and self-
limiting febrile respiratory disease or gastroenteric disease that is typically diagnosed
by RT-PCR?>7?’2_ |n rare cases SAFV can cause more severe disease, including acute
flaccid paralysis, meningitis, pancreatitis, and rarely sudden death, particularly in
children?’%272, Due to the rapid mutation rate and broad distribution of SAFV, there
are concerns about a more dangerous strain evolving and potentially causing a global
pandemic?®’.

The genus Parechovirus consists of 6 species (Parechovirus A-F) and 29 genotypes to
date®*®. Parechovirus A primarily infects humans, whilst Parechovirus B and C
primarily infect rodents'°>2°¢, Parechovirus D primarily infects bats but also infects
ferrets, Parechovirus E primarily infects birds, and Parechovirus F primarily infects
lizards?°®. Parechoviruses are globally distributed and can cause infections ranging
from asymptomatic to potentially fatal''%?’3, Parechovirus B can infect a variety of
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rodent species across mainland Europe and the USA including bank voles and yellow-
necked mice, with a prevalence of up to ~26% by RT-PCR%2, Zoonotic transmission
of Parechovirus B into humans is considered unlikely, although there have previously
been reports of intrauterine foetal death and sudden infant death syndrome being
associated with Parechovirus B infection in humans and in rodents®>°9192,

To date, 19 genotypes of human parechovirus (HPeV) have been identified, and
HPeVs have been isolated worldwide?’*?74, HPEV 1 and HPEV 3 appear to be the most
clinically important and most commonly isolated HPEVs, with HPeV 3 incidence
reaching up to 57% in Malawi and causing an estimated 2% of viral infections in many
countries?’®, HPeVs are transmitted via the faecal-oral route and appear to be
seasonal, and are usually diagnosed via RT-PCR?’327>, Most HPeV genotypes tend to
cause relatively mild and self-limiting disease, but HPeV 3 has been associated with
a variety of neurological sequelae including sepsis and meningoencephalitis
alongside severe symptoms including cardiac arrest and premature death 27327,
HPeVs are primarily pathogens of children, and in particular premature babies are at
risk of developing severe symptoms upon HPeV infection, although
immunocompromised and elderly adults are also at risk of severe HPeV?73274, The
severity and outcome of HPeV infection is linked to both the viral genotype and the
demographics of the patient, and those with neurological sequelae are
approximately 3.5-fold more likely to require ventilator support in severe cases?’%.
There are no specific treatments or vaccines available for HPeVs and treatment is
largely supportive?’3275,

Hepatitis A virus (HAV) is a member of the Hepatovirus genus that is ubiquitous and
distributed worldwide**?7, Initially HAV was only isolated in humans and non-human
primates, but recently Hepatoviruses have been isolated from bats and rodent
species too, although cross-species transmission has yet to be observed?’®. Similarly,
there was initially only one member of the Hepatovirus genus, but in 2015 Drexler
and colleagues identified 13 novel species in a variety of hosts, dramatically
expanding the genus?’®. HAV is unusual in that it exists as a non-enveloped virus and
is shed in the faeces as such but derives an envelope from host-cell membranes when
circulating in blood?’®. HAV is primarily transmitted via the faecal-oral route but is
also the leading cause of water-borne hepatitis, and a conservative estimate of HAV
incidence is given as 1.4 million by the WHO!'12”7_ The HAV burden is significantly
higher in LEDCs, as poor sanitation, poor hygiene and crowded conditions are all
associated with increased transmission and can lead to severe outbreaks?’’. HAV is
known to cause acute hepatitis which becomes more severe with advanced age, and
can rarely cause fulminant hepatitis, liver failure and death. A safe and effective
vaccine that provides long-term immunity is available, but vaccination rates are
variable and generally too low to adequately prevent widespread transmission?’”.

There are also less clinically important genera of Picornaviridae. The genus Rosavirus
is a relatively new genus of Picornavirus that was discovered in wild canyon mouse
stool in 2011 prior to full genome capture in 2013°%278, Retrospectively named
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Rosavirus A, Rosavirus B has since been discovered in the Street rat and Norway rat
in China, and Rosavirus C has been discovered in five rat species in China®. A second
genotype of Rosavirus A was found in a faecal sample from a child with diarrhoea in
The Gambia at a prevalence of 0.55%, but very little is known about the potential
disease profile, transmissibility or overall prevalence for this or any other
Rosavirus®>?. The genus Kunsagivirus is another new picornavirus genus first
discovered in 20132°>, Kunsagivirus A was found in a faecal sample from a European
roller bird (Coracias garrulus) by metagenomics, although it was also suggested that
the natural host of this virus could be a shrew that was eaten by the bird due to the
relatively close relation of Kunsagivirus A to other rodent picornaviruses®>,
Kunsagivirus B has since been discovered in Cameroonian fruit bats, and Kunsagivirus
C was discovered in archival blood of a Tanzanian yellow baboon from 1986,
suggesting that Kunsagiviruses have been circulating since at least the mid-
1980s2°%27°, In 2020, a new genotype of Kunsagivirus C was identified in wild vervet
monkeys in Uganda suggesting that it is possible that non-human primates are the
true reservoir hosts of Kunsagiviruses, or at least an effective intermediate host?>*.
Whilst very little is known about the life cycle, disease profile or spillover ability of
Kunsagiviruses, it has been speculated that they likely have a broader host range than
currently known and may have a relatively broad geographic range including Africa
and Europe®?.

p. Polyomavirus
Polyomaviruses are non-enveloped dsDNA viruses with a circular genome (Baltimore
classification group 1) of the family Polyomaviridae?2%?%*, Polyomavirus genomes are
approximately 5kb and contain early, late and non-control regions, which in turn
encode at least 3 structural proteins in all polyomaviruses alongside an extra
structural protein in avian polyomaviruses and some mammalian polyomaviruses?®.
The Polyomaviridae consists of four genera- Alphapolyomavirus which infects
mammals and humans, Betapolyomavirus which also infects mammals and humans,
Gammapolyomavirus which infects and can cause fatal disease in birds, and
Deltapolyomavirus which infects humans?®’. Polyomaviruses are known to infect a
variety of species including humans, rodents, bats, cattle, goats, pigs, non-human
primates and fish, amongst others'93282.283 Whilst it is believed that some newly
discovered species of polyomavirus may be zoonotic, transmission between host
species is rare even when both hosts are genetically similar and further research is
required to confirm the zoonotic potential of new polyomaviruses'®3:280.282 There are
over 100 species of polyomavirus, some of which are globally distributed such as BK

polyomavirus, and new species are being discovered frequently in a variety of
hOSt5282’284’285

14 polyomaviruses are associated with infections in humans, some of which are
potentially pathogenic?®'2%4, BK polyomavirus and JC polyomavirus were the first
polyomaviruses discovered in humans and are broadly distributed globally with a
seroprevalence of up to 80%, with a suspected but unconfirmed respiratory or faecal-

53



oral transmission route?®*. Like most human polyomaviruses, they tend only to cause
disease in immunosuppressed individuals and cause asymptomatic but persistent
infections in immunocompetent people. In immunosuppressed patients, BK
polyomavirus can cause kidney failure or haemorrhagic cystitis, whereas JC
polyomavirus can cause potentially fatal progressive multifocal leukoencephalopathy
and may be linked to the development of tumours?®*. Merkel cell polyomavirus is
asymptomatic in immunocompetent humans and is believed to be present as a
persistent infection in up to 80% of the global adult population. Other than a raccoon
polyomavirus, Merkel cell polyomavirus is the only polyomavirus with compelling
evidence for causing cancer in the host, and 80-85% of Merkel cell carcinomas
contain Merkel cell polyomavirus DNA?84,

Trichodysplasia spinulosa polyomavirus is the cause of trichodysplasia spinulosa (TS),
a skin condition characterised by follicular pauples, keratonic protrusions and
eyebrow alopecia in immunocompromised individuals?®3?%4, TS is a very rare
condition and can be treated with cidofovir, and since being isolated from respiratory
samples trichodysplasia spinulosa polyomavirus is believed to very rarely cause
respiratory disease and to be transmitted via a possible respiratory route?®3. Human
polyomaviruses 6 and 7 have high global seroprevalences of 83-93% and 63-83%
respectively and can cause puritic rash symptoms in immunosuppressed patients.
Human polyomavirus 6 may also be involved in the development of a variety of
tumours, although further research is required to confirm this?%4. Many other human
polyomaviruses, such as human polyomaviruses 10 and 12, are not believed to cause
disease?®*. Finally, humans have previously been infected with the polyomavirus
simian virus 40 (SV40), which was discovered as a contaminant of some batches of
poliovirus vaccine in the 1960s which were grown in SV40 cells and have since been
associated with a variety of human tumours?®4,

g. Rhadinovirus

The genus Rhadinovirus is a member of the sub-family gammaherpesvirinae within
the family Herpesviridae and is an enveloped virus with a dsDNA genome (Baltimore
classification group 1) of approximately 130kb'%%?8¢, Rhadinoviruses are globally
distributed and establish a persistent infection within the host due to a biphasic lytic
and latent life cycle?®®. Whilst primarily considered in the context of human infection,
Rhadinoviruses can also infect rats, mice, deer and cattle, and in cattle they can cause
post-partum metritis?®”2%, Like most Herpesviridae, Rhadinoviruses are generally
well adapted to the host and can cause disease in immunosuppressed individuals or
in an alternative host following cross-species transmission®°,

The most important Rhadinovirus is human herpesvirus 8, also known as the Kaposi’s
sarcoma-associated herpesvirus (KSHV)?8¢. KSHV is globally but unevenly distributed,
and whilst incidence and prevalence are difficult to estimate, it is believed to be most
prevalent in endemic regions within the Middle East and Africa where
seroprevalence can reach up to 85%2%°. KSHV is suspected to cause 40,000 new cases
of cancer annually and up to 20,000 deaths, although this is likely an underestimate
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due to a lack of effective diagnostic assays and underreporting?®®. KSHV has been
implicated in many diseases but has only been clearly epidemiologically linked with
Kaposi’s sarcoma, primary effusion lymphoma (PEL) and multicentric Castleman
disease (MCD), all of which are cancerous conditions?8®?%°, These diseases don’t
usually present in the immunocompetent host but are typically found in the
immunocompromised and specifically in AIDS patients, where Kaposi’s sarcoma
presents in 20% of individuals?®®. Average survival time following diagnosis with one
these conditions is low- 10 months for PEL and approximately 1 year for MCD?%,
There is no specific antiviral treatment for KSHV, and treatment for diseases of KSHV
is symptomatic and variable, with Kaposi’s sarcoma treatment being based on which
form of disease presents and no generalised treatment plans for PEL or MCD due to
their rarity?®©28°, No vaccine is currently available for KHSV although vaccine
development research is ongoing?®.

r. Rotavirus

Rotaviruses are multi-partite dsRNA viruses (Baltimore classification group Ill), with
an approximately 18.5kb genome split across 11 genomic segments which in turn
range from ~3kb to ~0.6kb'32°92°1, Rotaviruses belong to the Reoviridae family and
the Sedoreovirinae subfamily*>°?, The Rotavirus genome encodes 6 structural and 6
non-structural proteins, and the majority of segments are monocistronic, although
segment 11 has 2 ORFs encoding 2 different non-structural proteins®’*. Rotaviruses
are classified according to their VP7 glycoprotein and VP4 protease sensitive protein
segments, although where possible a full 11 segment “barcode” should be used for
identification?®3,

Rotavirus infections in humans are primarily caused by group A Rotaviruses, although
there is also evidence of group B and C Rotavirus infections in humans?®*. Rotavirus
infection is the leading cause of severe gastroenteritis in children under 5 globally,
causing millions of cases and deaths with estimates ranging from 125,000-600,000
deaths annually?°%29429 Approximately half of infections (50.2%) are in children
under 5 years of age, although Rotavirus infection can occur at any age and can be
severe in the immunocompromised and the elderly?°*2°32%¢ LEDCs bear the majority
of the global Rotavirus burden, with approximately half of all Rotavirus deaths
occuring in Nigeria, Pakistan, India and the Democratic Republic of Congo?®.
Rotaviruses can infect a variety of species including humans, rodents such as bank
voles, pigs, cows, horses, dogs, cats and birds®>29%297, Different Rotavirus species
tend to infect different host species, although due to significant genetic reassortment
zoonotic transmission and interspecies transmission is relatively common?93296.297,
An estimated 2.7-5.4% of Rotaviruses are reassortant rendering it difficult to perform
evolutionary investigations on these Rotaviruses’®®>. The risk of zoonotic
transmission is increased in LEDCs, where an often-increased proximity to livestock
and rodents promotes zoonotic transmission®®>?°/. As well as being potential
reservoir species and allowing for zoonotic transmission, pigs infected with
Rotaviruses may suffer from a variety of symptoms including reduction in weight and
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potentially death, leading to a large economic and animal welfare burden. This
disproportionately affects LEDCs, where Rotavirus prevalence in pigs may reach up
to 67% with an even higher seroprevalence®®.

Rotavirus transmission typically occurs via the faecal-oral route, and in humans
generally causes mild and self-limiting gastroenteritis with symptoms including
diarrhoea, vomiting, nausea and stomach pain, although infections can be fatal,
particularly in young children?®42°8, Symptomatic diagnosis is difficult due to the non-
specific nature of Rotavirus symptoms and is often not performed in mild cases,
potentially leading to an underestimation of Rotavirus incidence?®®. Since 1990
Rotavirus diagnosis has been performed via PCR, and whilst the original Gouvea
primers are still used today multiplex PCR techniques such as a semi-nested Rotavirus
specific multiplex PCR panel are now the standard, although serological and
traditional culture methods are also infrequently used??%2°22°52%%  Rotavirus
treatment entails oral rehydration and intravenous rehydration in severe cases and
no specific Rotavirus antiviral treatments are available?®,

Vaccination has been relatively successful for Rotavirus prevention. At least 118
countries have approved a Rotavirus A vaccination for use with an estimated 40%
global coverage, resulting in approximately 40% reduced hospitalization and 25%
reduced Rotavirus-associated mortality globally?®®. Whilst vaccination has been
effective worldwide, the benefit is more substantial in MEDCs, with LEDCs reporting
reduced vaccine effectiveness comparatively. This is believed to be due to
socioeconomic differences and increased zoonotic transmission, and to some extent
vaccine cost?’'?%3, Live-attenuated vaccines have been FDA approved for use
including the monovalent Rotarix and the pentavalent RotaTeq vaccines, however,
both provide protection against specific strains of Rotavirus with limited protection
against new or less common strains?®'. These vaccines are not associated with
complete sterile immunity but do significantly reduce the incidence of severe disease
and death and have been shown to drive significant herd immunity-based protection
from Rotavirus infection?®. Rotavirus vaccines have been associated with a slightly
increased risk of intussusception and are unsuitable for administration to
immunocompromised and premature children?®, As these are live attenuated
vaccines there are also concerns regarding potential reassortment between vaccine
strains and wild strains, potentially leading to immunological evasion and reduced
vaccine effectiveness??'?°3, Vaccination programmes vary significantly by country
and there is currently no individual vaccine suitable for global use?3. Various new
human vaccines using recombinant technology are in development??!. Rotavirus A
vaccines are also available for livestock?’*.

s. Rubivirus
The genus Rubivirus is a member of the Matonaviridae family and contains positive
sense ssRNA viruses (Baltimore classification group 1V)3%. The genus contains 3
species- Rubivirus rubella, also known as rubella virus (RubV), Rubivirus ruteetense,
more commonly known as ruhugu virus (RuhV), and Rubivirus strelense, also known
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as rustrela virus (RusV)3%°. The only known Rubivirus prior to 2020 was RubV and until
2018 this virus was classified as a member of the Togaviridae3°*3%2, In 2020 RuhV and
RusV were discovered, and since then other Matonaviridae viruses described as
“Rubi-like” have been discovered from unexpected hosts such as the Pacific electric
ray>°1393, Rubivirus genomes are approximately 10kb long and contain 2 ORFS which
encode 2 polyproteins, which are then in turn cleaved into 3 structural and 2 non-
structural proteins39%:394,

RubV is a highly contagious virus that is endemic globally with a strict tropism for
humans and an estimated 13 genotypes3°%3053% |n 2019 an estimated 45,000 cases
of rubella were reported worldwide, but the incidence of congenital rubella
syndrome (CRS) is significantly higher at 100,000 confirmed and 236,000 estimated
cases per year in LEDCs alone39%307.3% RybV is transmitted via aerosols, and RubV
diagnosis is made in by a variety of methods but most commonly via serological
assessment of 1gG and IgM, or PCR testing®®. Up to 50% of infections are
asymptomatic or of sub-clinical significance and symptoms include low-grade fever,
headache, and other cold like symptoms, often known as “German measles” 301,307,308
There is no specific antiviral treatment for RubV infection and treatment is
symptomatic3°°,

CRS is a congenital birth syndrome that can cause heart defects, hearing loss,
cataracts, and retinopathy and rarely neonatal death. CRS risk varies throughout
pregnancy with a higher risk of CRS occurring if the infection is active during the first
12 weeks and a reduced risk following 20 weeks of pregnancy, although if the mother
has an active rubella infection at the time of delivery the risk of CRS increases to
90%3%8. The exact mechanism of CRS mediated damage is unknown, although it is
currently believed that the syndrome may develop due to apoptosis of key organs
and immune system modulation by the virus3%. Effective vaccines are available for
RubV and are included in the routine vaccination of at least 150 countries, leading to
eradication in an estimated 80 countries3%3307.308 vaccination is often delivered as
part of the MMR vaccine and whilst one dose is considered protective, two doses are
commonly delivered, with an effectiveness of 95% protection after one dose and 99%
protection after two doses*"’. As the RubV vaccine is a live attenuated virus of the 1a
vaccine strain, it can very rarely lead to reactivation and symptomatic rubella
infection and should not be given to pregnant people30%3%,

RusV is a newly discovered Rubivirus with a broad host range in zoo animals including
red-necked wallabies, South American coati and lions, and other animals including
domestic cats, otters, donkeys, capybaras, wood mice and yellow-necked
mice®1:301,302,305 \Whilst RusV was first discovered in 2020, studies on archival tissues
of zoo lions have shown that RusV has been circulating since the 1980s, if not
earlier®2%1, Initially identified in Germany, RusV has since been found in Austria and
Sweden, although there have been no reports of RusV beyond the Germanic region
of mainland Europe®'3°', RusV has been found in cases of fatal non-suppurative
meningoencephalitis in all infected animals except for Apodemus mice, which implies
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that Apodemus mice are potentially the reservoir hosts of RusV°301.302.305 pye to the
widespread range of Apodemus rodents and their proximity to humans the zoonotic
potential of RusV should be assessed, although there is no evidence of zoonotic
spillover into humans reported to date3°>3%2, RuhV was also first identified in 2020 in
healthy leaf-nosed bats (Hipposideros cyclops) in Uganda. The lack of disease in these
bats suggests that these are potential reservoir hosts, and to date no RuhV spillover
has been observed into any other species®*’. There is currently no information
available on the transmission route of either RusV or RuhV and further research into
these viruses is required to adequately assess spillover risk3%302,
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6. Project aims and overall approach

As wildlife (and particularly UK wildlife) is undersampled in terms of virus discovery,
the underlying hypothesis for this project was that an in-depth investigation into
both modern and historic wildlife would yield new information regarding viruses of
key families, and potentially allow for the discovery of modern viruses. By identifying
viruses in UK wildlife, our collective understanding of viral zoonotic risk would be
improved in a manner that may aid with agricultural and medical decision-making
process. The potential identification of novel viruses would also be important, as it
would not only potentially shed further light on the evolution and phylogenetic
relationships of key virus families and the relationships between them, but would
also allow for the assessment of their pathogenic potential and allow for mitigation
of the threat (if any) posed by these viruses before they caused significant disease
and mortality.

To meet these aims, this project utilised two different sample types via three total
approaches- the three “prongs” described in the title. The first group of samples is
the liver and gut tissue of 140 freshly collected and well-preserved Welsh rodents of
five species. The first prong was to screen these samples via degenerate PCR for
viruses with zoonotic potential. The second prong involved using NGS to sequence
these animals, in turn gaining a snapshot of the virome and possibly identifying novel
or unexpected viruses. This prong also aimed to provide an estimate of viral positive
proportion within these animals without pre-existing section bias. The third and final
prong was to attempt to perform historic virus discovery, using preserved animals
from the collection at the NHM. This would in turn involve advancing historic RNA
extraction and library preparation techniques, followed by screening using both
conventional PCR and metagenomics. Overall, these three prongs aimed to provide
a greater insight into both the virome and viral prevalence of community rodents in
the UK, and of historic viruses within Africa, with a hope to identify novel viruses and
provide phylogenetic and evolutionary information of key viral species such as CoVs,
hantaviruses and LASV.
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Chapter 2- Materials and methods

1. Sample types and collection

a. Modern samples

Modern samples (i.e. fresh samples that have only been subjected to short-term
preservation processes) were collected from 3 sites in Fongoch and Nant Y Mwyn
regions of Wales across 3 expeditions by Dr. Andrea Sartorius (Figure 2). A total of
108 animals were sampled in May, September and October 2019, and a further 32
animals were sampled in September 2021, resulting in a total of 140 animals
sampled. These included 13 bank voles (Myodes glareolus), 7 field voles (Microtus
agrestis), 17 yellow-necked mice (Apodemus flavicollis), 100 wood mice (Apodemus
sylvaticus) and 1 least weasel (Mustela nivalis). Animals were live trapped and
euthanised, followed immediately by dissection, where a section of liver and a
section of gut were taken from each animal (excluding one bank vole, where only the
liver was taken). Only animals that appeared healthy upon basic inspection were
sampled to prevent sample bias, and all animal experiments were approved by, and
carried out in strict accordance with, thr University of Nottingham’s experiments and
ethics comittees and complied with the Home Office of Great Britain and Northern
Ireland’s Animals (Scientific Procedures) Act 1986. Samples were stored in RNAlater
(Thermofisher, USA) to stabilise and preserve RNA. Samples were stored on dry ice
during transport from the field to the collecting laboratory where they were stored
at -20°C until further transport to the Virology Research Group laboratory, where
they were then stored at -70°C.
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Figure 2- UK sampling sites.

A map of the UK and Wales showing the sampling sites for the UK rodents. A
represents Frongoch, B represents Rhandrimwhyn, the closest village to the Nant Y
Mwyn mine.
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b. Historic samples
Animals were collected over many expeditions throughout the 19% and 20t centuries
and were stored in sealed ethanol jars in the Natural History Museum archive at a
cool room temperature. Animals sampled were selected from African specimens to
represent a diverse range of sample ages (ranging from an estimated 40 years old to
over 150 years old) species (Table 2). Animals (excluding sampling batch 2 and 3
specimens) were checked for pre-existing incisions into the chest, and if none were
present a scalpel was used to open the chest cavity of the specimen. Small samples
(approximately 1 cm?3) of liver and/or gut were then taken using a scalpel blade. A
pilot collection of 6 samples was performed in 2019, where liver samples were
collected from 2 Franquet’s epauletted fruit bat (Epomops franqueti) specimens, 2
greater long-fingered bat (Miniopterus inflatus) specimens and 2 hammer-headed
bat (Hysignathus monstrosus) specimens by Dr. Patrick McClure and Roberto Portela
Miguez (NHM) using scalpels. A second collection was performed in early 2021,
where gut samples were collected from the previously sampled E. franqueti by
Roberto Portela Miguez and Darren Choonea (NHM) using a biopsy needle. A third
collection was performed in October 2021, where gut samples were collected from
12 E. franqueti and 5 M. natalensis by Roberto Portela Miguez using a biopsy needle.
A fourth collection was performed in December 2021, where gut and liver samples
were taken from 5 previously sampled E. franqueti and 2 previously sampled M.
natalensis specimens by Roberto Portela Miguez using a scalpel. Based on RNA
extraction results and concerns about food contaminants in the gut, it was decided
that all sampling from this point onwards would focus on liver samples. A fifth
collection was performed in April 2022 where liver samples were taken from 4
previously sampled E. franqueti and 2 previously sampled M. natalensis specimens
by Roberto Portela Miguez using a scalpel. A sixth and final (to date) collection was
performed in May 2022, where liver samples from 3 E. franqueti, 2 Epomops
franqueti strepitans, 9 Buettikofer’s epauletted fruit bat (Epomops buettikoferi)
specimens, 2 M. africanus, 4 H. monstrosus, 2 intermediate horseshoe bat
(Rhinolophus affinis superans) specimens, 13 M. natalensis, 2 Guinea multimammate
mouse (Mastomys erythroleucus) specimens, 1 Mastomys coucha erythroleucus (a
specimen that may either be M. erythroleucus or Mastomys coucha, the Southern
multimammate mouse), 1 Mastomys that could not be identified to the species level
and 3 Tullberg’s soft-furred mouse (Praomys tullbergi) specimens were collected by
the author, Roberto Portela Miguez and Dr. Joseph Chappell using scalpels. All
specimens from the sixth collection had not previously been sampled, and the aim
was to collect as many samples as possible across a variety of specimen species.
Samples were stored in O-ring tubes filled with ethanol taken from the sample jar
and were double bagged in plastic storage bags. Samples were then transported at
room temperature and stored in the Virology Research Laboratory at either room
temperature or 4°C. All samples were collected within Africa, but due to limited
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record keeping for historic samples, further geographic specificity is often
unavailable.
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Table 2- Historic specimen metadata.
List of specimens investigated and their species, minimum age, and sample tissue
type. Sample species is as described on the jar for the specimen. Minimum age
represents how long since the sample entered the NHM collection- it is not possible
to provide specific ages for the samples due to archival information gaps resulting in
censored data. Specimens collected prior to 1891 are considered likely not fixed, and
those collected after 1891 are considered likely to have been fixed3%.

Sample name Species Tissue | Sampling | Minimum age | Formalin
type batch of sample fixation
(years) status

Epol Epomops franqueti Liver 1 Unknown Unknown

Epo2 Epomops franqueti Liver 1 Unknown Unknown

Minl Miniopterus inflatus | Liver 1 Unknown Unknown

Min2 Miniopterus inflatus | Liver 1 Unknown Unknown

Hypl Hypsignathus Liver 1 Unknown Unknown
monstrosus

Hyp2 Hypsignathus Liver 1 Unknown Unknown
monstrosus

1966.3498G Epomops franqueti Gut 2 57 Likely fixed

1966.3498H Epomops franqueti Liver 2 57 Likely fixed

1966.3499G Epomops franqueti Gut 2 57 Likely fixed

1966.3499H Epomops franqueti Liver 2 57 Likely fixed

1984.1654 Epomops franqueti Gut 3 39 Likely fixed

1984.1655 Epomops franqueti Gut 3 39 Likely fixed
Tomes

1966.3502 Epomops franqueti Gut 3 57 Likely fixed
Tomes

1966.3503 Epomops franqueti Gut 3 57 Likely fixed
Tomes

1966.3504 Epomops franqueti Gut 3 57 Likely fixed
Tomes

1966.3505 Epomops franqueti Gut 3 57 Likely fixed
Tomes

1966.3506 Epomops franqueti Gut 3 57 Likely fixed
Tomes

1880.7.21.3 Epomops franqueti Gut 3 143 Not fixed

1880.7.21.1 Epomops franqueti Gut 3 143 Not fixed

1880.7.21.4 Epomops franqueti Gut 3 143 Not fixed
Tomes

1948.598 Epomops franqueti Gut 3 75 Likely fixed
Tomes

1867.4.12.324 | Epomops franqueti Gut 3 156 Not fixed
Tomes

1932.1.17.14 Mastomys natalensis | Gut 3 91 Likely fixed

1932.1.17.15 Mastomys natalensis | Gut 3 91 Likely fixed

1979.1229 Mastomys natalensis | Gut 3 44 Likely fixed
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1979.1230 Mastomys natalensis | Gut 3 44 Likely fixed

1979.1240 Mastomys natalensis | Gut 3 44 Likely fixed

1966.3503G Epomops franqueti Gut 4 57 Likely fixed
Tomes

1966.3503H Epomops franqueti Liver 4 57 Likely fixed
Tomes

1966.3506G Epomops franqueti Gut 4 57 Likely fixed
Tomes

1966.3506H Epomops franqueti Liver 4 57 Likely fixed
Tomes

1880.7.21.1G Epomops franqueti Gut 4 143 Not fixed

1880.7.21.1H Epomops franqueti Liver 4 143 Not fixed

1880.7.21.4G Epomops franqueti Gut 4 143 Not fixed
Tomes

1880.7.21.4H Epomops franqueti Liver 4 143 Not fixed
Tomes

1979.1229G Mastomys natalensis | Gut 4 44 Likely fixed

1979.1229H Mastomys natalensis | Liver 4 44 Likely fixed

1979.1240G Mastomys natalensis | Gut 4 44 Likely fixed

1979.1240H Mastomys natalensis | Liver 4 44 Likely fixed

1867.4.12.324G | Epomops franqueti Gut 4 156 Not fixed
Tomes

1867.4.12.324H | Epomops franqueti Liver 4 156 Not fixed
Tomes

1966.3503H2 Epomops franqueti Liver 5 57 Likely fixed
Tomes

1966.3506H2 Epomops franqueti Liver 5 57 Likely fixed
Tomes

1979.1229H2 Mastomys natalensis | Liver 5 44 Likely fixed

1979.1240H2 Mastomys natalensis | Liver 5 44 Likely fixed

1880.7.21.4H2 | Epomops franqueti Liver 5 143 Not fixed
Tomes

1984.1655H Epomops franqueti Liver 5 39 Likely fixed
Tomes

66.3498 Epomops franqueti Liver 6 57 Likely fixed

69.963 Epomops buettikoferi | Liver 6 54 Likely fixed

59.205 Epomops buettikoferi | Liver 6 64 Likely fixed

47.588/B62 Epomops buettikoferi | Liver 6 76 Likely fixed

79.428 Epomops buettikoferi | Liver 6 44 Likely fixed

62.1819 Epomops buettikoferi | Liver 6 61 Likely fixed

68.962 Epomops buettikoferi | Liver 6 55 Likely fixed

68.966 Epomops franqueti Liver 6 55 Likely fixed
strepitans

79.434 Epomops buettikoferi | Liver 6 44 Likely fixed

62.1818 Epomops buettikoferi | Liver 6 61 Likely fixed

68.357 Epomops buettikoferi | Liver 6 55 Likely fixed
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66.3509 Epomops franqueti Liver 6 57 Likely fixed

Epomops franqueti Liver 6 55 Likely fixed
68.356 strepitans

Hypsignathus Liver 6 55 Likely fixed
68.970 monstrosus

Hypsignathus Liver 6 59 Likely fixed
64.59 monstrosus

Hypsignathus Liver 6 55 Likely fixed
68.971 monstrosus
84.800 Epomops franqueti Liver 6 39 Likely fixed

Miniopterus inflatus | Liver 6 52 Likely fixed
71.607 africanus

Hypsignathus Liver 6 44 Likely fixed
79.424 monstrosus

Miniopterus inflatus | Liver 6 51 Likely fixed
72.285 africanus

Rhinolophus affinis Liver 6 62 Likely fixed
61.1642 superans

Rhinolophus affinis Liver 6 62 Likely fixed
61.16.43 superans
76.1540 Mastomys natalensis | Liver 6 a7 Likely fixed
79.1241 Mastomys natalensis | Liver 6 44 Likely fixed
76.1547 Mastomys natalensis | Liver 6 a7 Likely fixed

Mastomys coucha/ Liver 6 75 Likely fixed

Mastomys
48.1163 erythroleucus
79.1181 Mastomys natalensis | Liver 6 44 Likely fixed
79.1198 Mastomys natalensis | Liver 6 44 Likely fixed
1988.167 Mastomys natalensis | Liver 6 35 Likely fixed
79.1295 Praomys tullbergi Liver 6 44 Likely fixed
79.1297 Praomys tullbergi Liver 6 44 Likely fixed
79.1294 Praomys tullbergi Liver 6 44 Likely fixed
79.1537 Mastomys natalensis | Liver 6 44 Likely fixed
1988.169 Mastomys natalensis | Liver 6 35 Likely fixed
77.3425 Mastomys natalensis | Liver 6 44 Likely fixed
77.3427 Mastomys natalensis | Liver 6 44 Likely fixed

Mastomys Liver 6 55 Likely fixed
68.652 erythroleucus

Mastomys (Praomys) | Liver 6 52 Likely fixed
71.393 natalensis

Mastomys (Praomys) | Liver 6 52 Likely fixed
71.402 natalensis

Mastomys Liver 6 55 Likely fixed
68.654 erythroleucus
12.11.25.16 Mastomys natalensis | Liver 6 111 Likely fixed
9.1.9.25 Mastomys spp. Liver 6 114 Likely fixed
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2. RNA extraction

a. Modern Rodents

For modern rodent gut and liver samples RNA extraction was performed using the
GenElute™ Mammalian Total RNA Miniprep kit (Sigma-Aldrich, USA) according to the
protocol provided by the manufacturer with some modifications. The tissue in the
lysis solution was homogenised using a ribolyser (Bio-Rad, USA) for 40 seconds at a
speed of 6 and checked for remaining chunks of tissue. If tissue was present, the
sample was ribolysed a second time as before. An extra spin at 14,000 rpm for 1
minute was added at the end of the protocol and the RNA was then transferred to a
fresh collection tube to prevent fibres from the tube from interfering with RNA
guantification. Samples were eluted in 50 pl of elution buffer, 1 ul of which was used
for purity assessment and quantification. Quantification and purity assessment was
then performed using a Nanodrop One spectrophotometer (Thermofisher, USA),
where concentration was reported and the 260 nm/280 nm and 260 nm/230 nm
absorbance ratios (detecting protein or phenol contamination respectively) were
assessed, before RNA was stored at -70°C. Liver samples were labelled as (sample
number)H and gut samples as (sample number)G.

b. Historic samples

For historic samples, RNA extraction was performed using the Roche High Pure FFPET
RNA Isolation kit (Roche, Switzerland) according to the protocol provided by the
manufacturer with some modifications. Modifications included homogenisation
following the addition of 100 ul of RNA tissue lysis buffer and 40 pl of proteinase K
using a ribolyser for 40 seconds at a speed of 5. After homogenization samples were
checked for chunks of tissue and the homogenisation was repeated if tissue chunks
were present. This was performed up to 3 times as necessary, followed by the
addition of the recommended 16 pl of 10% SDS and the continuation of the standard
protocol. The second incubation (following the addition of extra proteinase K) was
extended to 45 minutes to assist with tissue breakdown. Samples were eluted in 35
pl of elution buffer and stored at -70°C. 1 ul was used for Nanodrop quantification
and purity assessment as before. A further 2 pl was used for quantification and
fragment size assessment using a TapeStation 4200 electrophoresis platform
(Agilent, USA). Either a high sensitivity RNA screentape (Agilent, USA) was used
according to the manufacturer instructions if the Nanodrop concentration was < 5
ng/ul, or a standard sensitivity screentape was used (Agilent, USA) if the Nanodrop
concentration was = 5 ng/ul.
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3. PCR screening (modern samples)

a. cDNA synthesis

cDNA synthesis was performed using the RNA to cDNA EcoDry™ Premix with random
hexamer primers (Takara, USA) according to the manufacturer’s protocol with some
modifications. Each EcoDry premix was reconstituted in 2 pl of Dep-C water (Sigma-
Aldrich, USA) and split into 1 pl aliquots. For each sample, up to 19 pul of RNA was
added to provide approximately 1500 ng of RNA where possible, or as close to 1500
ng as possible if the RNA concentration was too low. The reaction volume was
increased to 20 ul using Dep-C water, and the reaction was performed according to
the manufacturer instructions. Samples were stored at -20°C until further use.

b. Primer design

Primers were designed in Geneious Prime version 2022.1.1 (Dotmatics, USA).
Reference sequences for human and animal viral species of the target genus and
family were downloaded from NCBI Genbank (NCBI, USA) and were aligned in
Geneious Prime using the Clustal Omega nucleotide aligner function. This alignment
was then used to manually design primers targeting highly conserved regions of the
target genomes to maximise virus capture. Primers were designed with an optimal
GC content of 40-60% where possible, a length of approximately 17-23 nucleotides,
high GC content at the 3’ end known as a GC clamp, and an annealing temperature
(Tm) of 55-58°C which matched the paired primers to within 2°C where possible, as
this offers the highest chance of a successful PCR®!. Primers were designed with the
minimum required degeneracy to allow broad annealing to the target virus with the
minimum possible hairpin likelihood, and a PCR product of between 300 and 1000bp
where possible®. Figure 3 shows an example of a primer designed in this manner. All
primers were synthesised by Sigma-Aldrich (Merck, USA), and degenerate screening
primers were tested by using a gradient PCR- a PCR where a variety of annealing
temperatures around the expected Tm are tested to find the optimal annealing
temperature- using positive control DNA. All primer notation is according to standard
IUPAC convention (Table 3).
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Table 3- IUPAC base notation.
Standard IUPAC base notation was used throughout this project.

Single letter code Corresponding bases
A Adenine

C Cytosine

G Guanine

T Thymine

R AorG

M AorC

w AorT

S CorG

Y CorT

K GorT

\ A CorG

H A CorT

D A GorT

B C,GorT

N ACGorT
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c. PCR result confirmation

All PCR results were visualised using agarose gel electrophoresis to view DNA band
sizes. A 2% agarose gel with 5 pl of ethidium bromide was produced and submerged
in a 10% TAE running buffer containing 30 ul of ethidium bromide. 2 pl of 10x
FastDigest Green buffer loading dye (Theromofisher, USA) was added to each
sample, and 7 pl of sample-buffer mix was added to the gel. 3.5ul of GeneRuler Mix
DNA ladder (Thermofisher, USA) was added to assess band sizes, at no fewer than 1
ladder to every 10 samples. The gel then underwent electrophoresis at 90 volts for
36 minutes for expected products of < 500bp, or 42 minutes for expected products
of 2 500bp, prior to visualisation using UV light and PCR band identification. Samples
producing a product of the expected size were then sent to be sequenced by Sanger
sequencing (Source Bioscience, UK), and samples were diluted either 1:5 or 1:10 in
Dep-C water (for low and high visual intensity bands respectively) prior to postage as
recommended by Source Bioscience. Sequence quality was then assessed using
Geneious Prime, and sequence identity was confirmed using NCBI nucleotide BLAST
(NTBLAST, NCBI, USA).

d. GAPDH screen

All samples underwent PCR screening for GAPDH, a ubiquitously expressed
housekeeping gene which is often used as a positive control for RNA extractions
which in this case doubles as a positive control for a successful cDNA synthesis
reaction. For each reaction, 0.5 ul of cDNA was added to 0.05 pM of laboratory
developed GAPDH forward primer (5’-CCATCTTCCAGGAGCGAGA), 0.05 pM of
laboratory developed GAPDH reverse primer (5’-GCCTGCTTCACCACCTTCT), 0.25 mM
of dNTPs (Sigma-Aldrich, USA), 1.24 ul of 10x buffer (Qiagen, Netherlands), 1 unit of
hot-start Tag polymerase (Qiagen, Netherlands) and 9.7 ul of Dep-C water. The PCR
cycles used were 95°C for 15 minutes, followed by 50 cycles of 94°C for 20 seconds,
55°C for 20 seconds and 72°C for 30 seconds, before a final step of 72°C for 10
minutes. Samples were then stored at 4°C until further use. A negative control
reaction was included in all GAPDH PCRs.

e. Species identification

The liver sample for each animal underwent species identification via mitochondrial
cytochrome B PCR, an established method for determining host species?®64190.103 For
each reaction, 0.5 ul of cDNA was added to 0.05 pM of CytoB forward primer (5’-
TGAGGBGCYACAGTWATYACAAAC), 0.05 pM of CytoB reverse primer (5'-
CGYAGGATDGCRTATGCRAATA)?1?, 0.25 mM of dNTPs (Sigma-Aldrich, USA), 1.24 ul
of 10x buffer (Qiagen, Netherlands), 1 unit of hot-start Tag polymerase (Qiagen,
Netherlands), and 9.7 ul of Dep-C water. The PCR cycles used were 95°C for 15
minutes, followed by 50 cycles of 95°C for 20 seconds, 51°C for 20 seconds and 72°C
for 1 minute, before a final step of 72°C for 10 minutes was performed. Samples were
then stored at 4°C until further use. A negative control reaction was included in all
CytoB PCRs.
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f. aand B Coronavirus screen
3 sets of CoV primers were tested. The Woo CoV_F (5-

GGTTGGGACTATCCTAAGTGTGA) and Woo_CoV_R (5'-
CCATCATCAGATAGAATCATCATA), and Woo_Cov_2_F (5'-
GHTGGGAYTAYCCTAARTGYGA) and Woo_CoV_2_R (5'-

CCATCRTCAGWCARDATCATCATD) primer sets were initially tested*>3. The Woo_CoV
primers were already validated but did not include CoVs identified since 2005, and
the Woo_CoV_2 primers were designed in silico to include modern CoVs but were
not vyet validated. The third primer set was Alt_ CoV_.F (5-
GGWCCWCATGARTTTTGYTCNC) and Alt_CoV_R (5'-
ACACAATARTAACTCADACCDCC), which was designed to attempt to confirm a
potentially positive sample. A gradient PCR was performed for each primer set using
an 0C43 CoV as a template using reagent quantities of 1 ul of template cDNA, 0.05
pM of each primer, 0.25 mM of dNTPs, 1.24 ul of 10x buffer, 1 unit of hot-start Taq
polymerase, and 9.7 ul of Dep-C water per reaction. These reagent quantities are the
standard quantities for all PCR reactions throughout this project and were used for
all PCRs unless otherwise stated. The PCR cycles used were 95°C for 15 minutes,
followed by 50 cycles of 95°C for 20 seconds, annealing for 20 seconds and 72°C for
30 seconds, and a final step of 72°C for 1 minute. The annealing temperatures tested
were 48.8°C, 49.8°C, 51.8°C, 54.6°C, 58°C, 62°C, 65.4°C or 68.1°C.

All rodent gut and liver samples underwent CoV screening using the Woo_CoV
primers using the standard reagent quantities described above, a negative control
and an OC43 CoV positive control. The PCR cycles used were 95°C for 15 minutes,
followed by 50 cycles of 95°C for 20 seconds, 49°C (the optimal annealing
temperature as shown by the gradient PCR) for 20 seconds and 72°C for 30 seconds,
and a final step of 72°C for 1 minute.

One potentially positive wood mouse liver was screened with the Alt_CoV primers
and Woo_CoV_2 primers, using standard reagent quantities and the same controls
as used for the Woo_CoV screen. The cycles were as described above, except for
annealing at 51°C and 49°C, respectively.

g. Old-World Hantavirus screen
All rodent gut and liver samples underwent Old-World Hantavirus screening using
the established and validated HAN_L_F (5’- ATGTAYGTBAGTGCWGATGC) and
HAN_L R (5- AACCADTCWGTYCCRTCATC) primers using the standard reagent
guantities described above, a negative control and a known Tatenale
orthohantavirus (TATV) positive sample as a positive control*’>. The PCR cycles used
were 95°C for 15 minutes, followed by 50 cycles of 95°C for 20 seconds, 59°C for 20
seconds and 72°C for 30 seconds, and a final step of 72°C for 1 minute. Samples were
also screened with the OW_HAN_F (5- TGCWGATGCHACWAARTGGTC) and
OW_HAN_R (5’- GGNAAYTGGCTRCARGGWAA) primers under the same conditions,
except for annealing at 55°C and extending for 30 seconds. Potentially positive
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samples were stored at 4°C for short term use or frozen at -20°C for long term
storage.

h. Rubivirus screen

Rubivirus screening primers Rub_1 F (5’- AAYAACTGCCGCACBCC) and Rub_1 R (5’-
TCCTCVAGYTCGTSGAG) were designed in silico. Very few reference sequences were
available for Rubivirus genomes, thereofre the alignments were supplemented with
other reported sequences to ensure appropriate primer target breadth3%*. A gradient
PCR was performed for each primer set using a negative control and a rubellavirus
vaccine extract sample as a positive control, with standard reagent quantities. The
PCR cycles used were 95°C for 15 minutes, followed by 50 cycles of 95°C for 20
seconds, annealing for 20 seconds and 72°C for 30 seconds, and a final step of 72°C
for 1 minute. The annealing temperatures tested were 54.4°C, 56.4°C, 58.8°C, 61.8°C,
65.4°C, 68.3°C, 70.7°C or 72.3°C.  All rodent gut and liver samples underwent
rubivirus screening using the Rub_1 primers and standard reagent quantities, with
the same controls as above. The PCR cycles used were 95°C for 15 minutes, followed
by 50 cycles of 95°C for 20 seconds, 59°C (the optimal annealing temperature as
shown by the gradient PCR) for 20 seconds and 72°C for 30 seconds, and a final step
of 72°C for 1 minute.

i. Adenovirus screen

4 sets of adenovirus primers were tested: AdHex 365 F (5’-
GTGGAAYCMKGCDGTKGAC) and AdHex_365_R (5- GTTCATGTASTCRTAGGTGTTB),
Alt_Adeno_F (5’- CCMTTYAACCAYCMCCG) and Alt_Adeno_R (5'-
GTRTTGYGNGCCATGGG), Alt_Adeno_2 F (5- TWYACNCTGGCYGTGGG) and
Alt_Adeno_ 2 R (5- VCCRGCMARCACHCCCA), and Alt_Adeno 3 _F (5'-
TAYGCYAMYTTYTTCCCC) and Alt_Adeno_3 R (5’- CAGCTVACNGARGAGTC). A
gradient PCR was performed for each primer set using a confirmed adenovirus
positive clinical isolate as a positive control and standard reagent quantities. The PCR
cycles used were 95°C for 15 minutes, followed by 50 cycles of 95°C for 20 seconds,
annealing for 20 seconds and 72°C for 30 seconds, and a final step of 72°C for 1
minute for all primer sets. The annealing temperatures tested were 54.6°C, 56.4°C,
58.8°C, 61.8°C, 65.4°C, 68.3°C, 70.7°C or 72.3°C. Samples were visualised using
agarose gel electrophoresis as previously described.

All rodent gut and liver samples underwent adenovirus screening using the
Adhex_365 primers using the standard reagent quantities and positive control
described above, as well as a negative control reaction. The PCR cycles used were
95°C for 15 minutes, followed by 50 cycles of 95°C for 20 seconds, 56°C (the optimal
annealing temperature as shown by the gradient PCR) for 20 seconds and 72°C for
20 seconds, and a final step of 72°C for 1 minute. Potentially positive samples were
stored at 4°C for short term use, or frozen at -20°C for long term storage. No samples
were screened with the Alt_Adeno, Alt_Adeno_2 or Alt_Adeno_3 primers as they
failed to produce a product at the gradient PCR stage at any temperature.
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j- Rotavirus screen

2 sets of Rotavirus screening primers were tested- R_VP1 F (5'-
CCAWTRGGAASAAGARATGTHCC) and R_VP1_R (5’- TRTGYTGMGABGMRTCCC) which
were designed in silico, and the more established R_VP7_1 F (5'-
CTCCTTTTAATGTATGGTATTGAATATACC) and R_VP7_1 R (5-
RGTATAAAANACTTGCCACCATTTTTTCCA) primer set, which target the VP1 and VP7
segments of the Rotavirus genome respectively?®°. A gradient PCR was performed for
each primer set using a Rotavirus positive clinical isolate sample as a positive control.
cDNA was produced for the positive control using the same process as described for
the samples, and a second batch of heat-inactivated control cDNA was produced by
heating the RNA of the control to 95°C for 5 minutes before following the process as
described for the samples. A gradient PCR was performed using both the heat-
inactivated control and the normal control for each primer set, using standard
reagent quantities. The PCR cycles used were 95°C for 15 minutes, followed by 50
cycles of 95°C for 20 seconds, annealing for 20 seconds and 72°C for 30 seconds, and
a final step of 72°C for 1 minute. The annealing temperatures tested were 54.6°C,
56.4°C, 58.8°C, 61.8°C, 65.4°C, 68.3°C, 70.7°C or 72.3°C. No samples were screened
with the R_VP1 or R_VP7 primer sets as they failed to produce a product at any
temperature at the gradient PCR stage.
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4. NGS investigations (modern samples)

a. Sample Pooling
Samples were pooled prior to NGS sequencing to reduce sequencing costs. Samples
were stratified by tissue type (i.e. liver or gut), then stratified by sampling date, and
then further stratified by species based on field identification and prior to species
identification PCR. The only exception to this was Pool L, which included only the vole
that could not be morphologically confirmed and the least weasel samples. The wood
mouse samples and yellow-necked mouse samples were then further split into pools
of 4-10 animals based on lead content in liver tissue, as this was of interest to a
collaborating research group. Liver and gut pools were produced using the same
constituent samples for each pool.

Once samples had been selected for a pool, sample cDNA was diluted in Dep-C water
so that a total of 2 pg of RNA was contained within the pool. Each pool was then
diluted in Dep-C water to give a total concentration of 67 ng/ul, and a total volume
of 30 pl. This ensured that the sample was within the input range for the NGS library
preparation kit (11 pl of sample, with a total RNA input of 5 ng-1 pg) whilst providing
sufficient volume to perform 2 library preparations and all necessary quantification
and quality control.

b. rRNA depletion and library preparation

rRNA depletion was performed to prevent excessive sequencing of sample rRNA,
which would limit the sequencing of target viral RNA present within the sample®.
rRNA depletion was performed using the NEBNext® Ultra™ Il rRNA Depletion Kit v2
(New England Biolabs, USA) according to the manufacturer’s protocol. NGS library
preparation was performed using the NEBNext® Ultra™ Il RNA Library Prep Kit for
Illumina® (New England Biolabs, USA) according to the manufacturer’s protocol and
using SPRIselect beads (Beckmann Coulter, USA) during bead cleanup steps. Samples
were then indexed using the NEBNext ® Multiplex Oligos for Illumina® (Index Primers
set 3) (New England Biolabs, USA) for libraries A-L, or NEBNext® Multiplex Oligos for
[llumina® (Index Primers set 4) (New England Biolabs, USA) for libraries M-R
according to the manufacturer’s instructions. Each library had a unique primer set
assigned, and the liver and gut pools for each library had the same primer set
assigned- for example, both the liver pool A samples and the gut pool A samples were
assigned primer set 17.

c. Library quality control
To ensure the library was successfully synthesised, each library was quantified and
sample purity was assessed using the Nanodrop One. The concentration of this was
used to inform the operating parameters of the TapeStation. The TapeStation was
used to assess library concentration and fragment size distribution prior to
sequencing. Where the concentration given by the Nanodrop was > 15 ng/ul, the
standard sensitivity DNA screentape was used according to the manufacturer’s
instructions, and where the concentration given by the Nanodrop was < 15 ng/ul, the
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high sensitivity DNA screentape was used according to the manufacturer’s
instructions. Library concentration and fragment sizes were assessed (a large, clean
peak of between 240 and 300bp indicated the successful production of a standard
130-170bp insert library). The sample was also checked for the presence of excess of
adaptor dimer, as indicated by a large peak of approximately 128-135bp. Where this
was observed, TE buffer was added to the library to make the volume up to 50 ul and
an additional 0.9x SPRISelect bead cleanup was performed as recommended by the
manufacturer’s instructions. Libraries that did not synthesise successfully in the first
instance were repeated a second time to ensure successful library generation where
reagent availability allowed. Before libraries were sent for sequencing, the gut and
liver libraries for each sample set were then combined e.g. library A liver and library
A gut libraries were combined to give a single library (library A). These combined
libraries were then diluted to 15 nM as required by Genewiz. Samples were sent to
Genewiz, where they underwent Illumina Nova-Seq sequencing using a single S4
sequencing lane.

d. Library analysis

Sequencing was downloaded from the Genewiz SFTP server using Cyberduck
software and was imported into Geneious Prime?°33!1, Within Geneious Prime reads
were paired using the default settings and were merged using the BBMerge plugin
with default settings®'?. Reads also underwent quality control within Geneious to
remove non-functional reads with a continuous repeated base. The merged reads
and associated metadata were then uploaded to CZID using the command line
interface.

e. Confirmatory PCR
The individual samples comprising each library were PCR screened for the presence
of any likely viral hits from the CZID analysis. This made it possible to identify which
sample(s) the hit came from and to provide some more genomic information for
those viruses, and to confirm that the hit is a true positive for at least one sample
from the library??. All screening was performed via endpoint PCR using standard
reagent quantities unless otherwise stated (instances where gqPCR screening was
performed will be highlighted accordingly). Specific primers were designed and used
for confirmatory screening according to the sequence information and contigs
recovered from CZID. All endpoint PCR results were visualised using agarose gel
electrophoresis as previously described. No positive controls were used throughout
confirmatory PCR screening as all results of the correct band size were sequenced via
Sanger sequencing as previously described, although negative control reactions were
included in all screening PCRs. All PCR cycles were 95°C for 15 minutes, followed by
50 cycles of denaturation at 95°C for 20 seconds, annealing at the optimal primer
temperature for 20 seconds, and extension at 72°C, followed by a final step of 72°C
for 1 minute. gPCR reactions were performed using 20 ul of 2x SybrGreen
(Thermofisher, USA), 0.08 pM of forward and reverse primer, 7.4 ul of dH,0 and 1 pul
of cDNA template per sample. gPCR cycles were as follows: 95°C for 2 minutes,
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followed by 40 cycles of 95°C for 5 seconds, annealing for 15 seconds at the optimal
primer temperature and extension at 60°C for 10 seconds, followed by heating to
95°C for 10 seconds, cooling to 65°C for 5 seconds, and performing melt curve
analysis by heating to 95°C in increasing 0.5°C increments at 1 second intervals.
Sample quantification was performed after each cycle and after each temperature
increase during the melt curve. All primers, primer sequences, annealing
temperatures, extension times and product sizes are shown in Table 4.
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Table 4- Primers used for NGS hit confirmation.
All primers, sequences, annealing temperatures, extension times and product sizes used in confirmatory PCR sequencing for modern sample
analysis. Pan-Cardi_F and Pan-Cardi_R primers were designed and validated by Dr. Patrick McClure, all other primers were designed by the
author for this project. Rot1 and Rot8 primers target Rotavirus segments 1 and 8, respectively. All Picobirnavirus primers were designed to target
Picobirnavirus segment 2. TATVL primers targeted the L segment of TATV, and TATVM primers targeted the M segment of TATV.

Virus Forward | Forward primer sequence (5’-3') Reverse Reverse primer sequence (5’-3’) | Annealing Extension | Product
primer primer name temperature | time size (bp)
name (°C) (seconds)

Adenovirus A-AdD- GGGGTGAAGTTTGACACC A-AdD- AGAGCGGGTACGTTCC 55 30 238
14113 _F 14351 R
B-AdB- GTTTTCAGCATACTCGGTGG B-AdB- GTTTAATGACATCACTTTTGGGC 57 30 312
6969_F 7281 _R
C-OAdC- | TCGGATCATCATCATCGTCC C-OAdC- AGAAGGAACTGTTGGGCG 57 45 565
19055_F 19620_R
G-AdD- TCATGTTCGACTCCAGCG G-AdD- TTCATGTAGGGGAAGCCG 57 30 336
19965_F 20301_R
I-AdD- CGACATCATGGACAACGTC [-AdD- GGAAGGTGTGGTTGAGG 57 45 578
19347 F 19925 R
M-AdD- GAGTCCGAGATCAAGCG M-AdD- GTCTGGGAGCTGACGG 55 30 355
21334_F 21689 R
N-AdD- GCAAATCAAACTCAAGTGCC N-AdD- GTCTGGGAGCTGACGG 56 45 607
21082_F 21689 R
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0-AdD- | TCGCCGCATCAGGAC 0-AdD- TAGGGTTTGAAGGTGGGG 56 30 373
18404 _F 18777_R
O-AdD- | GACTTCCTGGCGTTCGT 0-AdD- ACAGGTTCATCAAGTGCCC 57 30 313
12533 _F 12846_R

Arterivirus L-Art- GAACGGGACACTGGTTC L-Art- CCTGGGTCTGGCGC 55 10 197
14646_F 14843 R
N-Art- CTACCCATACCAACAACTGAC N-Art- GCCAAGGGAAAATGAGGC 56 30 315
14586_F 14901_R

Astrovirus B-Ast- GATGCTGGTGACATAAGGC B-Ast-3687_R | CAAATTCAAAACACTGCAGCC 57 30 459
3228 F
|-Ast- GAACAACGTGTCAGGCC I-Ast-3241R | GCCTGATATCTGCCTCCTC 58 45 603
2638F
K-Ast- GGAGATTGTTAGGTTCTTGGC K-Ast-1394_R | GGAAATGTGAAGTAGTGCAGC | 57 45 626
768_F
M-Ast- | ACAGTCAGCAGTCTCTGG M-Ast- TAGATTGATCAGAGGAGCCC 56 30 381
4596_F 4977 R
P-Ast- CTATATGCTGGGCTAATAAAACC P-Ast-4142_R | ATAAGCAGATTGACTTGGTCC 55 30 230
3912 F
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Bocaparvovirus D-Boc- TCTGAACAACTTTCAAGCCG D-Boc-312_R | CGAGTGCGAAGAAAGAGG 56 30 302
10_F
P-Boc- GGAATGTGGAAAAGAATATCCTG P-Boc-865_R | AATTCTGTGCTTCCTTCTTGT 56 30 395
470_F

Chapparvovirus P-ChaP- CGATTCTTTACCCGAACTTGAG P-ChaP- GTAGAGCGCTGTCAAAGG 56 10 95
689_F 784_R

Coronavirus J-CoV- AAGCAATCGTTATTATAATGACAGCCAG | J-CoV- TCAAATCTACGCCCGTTGAAGACC | 61 10 102
23225 F 23327_R
J-CoV- TTGCAGTGTTGTAAATGGGAAG J-CoV- GTACTTCAACGCTAAATGCTGT 57 10 122
14272_F 14394 R

Cytomegalovirus [-CMV- TCAGACACATACCCTACCG [-CMV- GCTATATGCCAATACACTGTCC 56 30 356
174345F 174701R
[-CMV- AAACTGCGGGCACTGG [-CMV- ATTCCCCGTGCCAAGAG 56 30 370
174579_F 174949 R

Dependoparvovirus | O-AAV- GTCATTACCAAGTCCACCAG O-AAV- TTGCTGGCTACGTACGG 56 30 325
2937_F 3292 R

OW hantavirus I-TATVL- | GGTCTCGAGATAACTTGTTGG [-TATVL- CCATGTCACTTTCTGTAGGC 56 30 221
4121F 4342R
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L-TATVL- | TCGATATATTGATGGAATGGAGG L-TATVL- GGAACTCAGCATTTGTAGGAG 56 30 442
3072_F 3514 R
M- GTGATTTTGACTAAGACACTG M-TATVM- | AACACAAAGCTCAACTGC 53 30 107
TATVM- 1458 R
1351 F
N-TATVL- | CGCAGAGTAGGTGTGTC N-TATVL- CGCAGAGTAGGTGTGTC 55 30 396
3623_F 4019 R
N-TATVL- | GTACAAGCAAACAGAAGGGC N-TATVL- CCAACAGCTTGTAAGGCC 57 45 532
5092_F 5624 R
Hepacivirus F A-HepF- | ATGACCATCGCTGAGGC A-HepF- TTGTGACTCAAACACGCAC 57 45 739
7583_F 8322_R
B-HepF- | TCTTACAAGGGCTCGTGG B-HepF- CAGCAACAATCTCAGGGG 56 30 267
2127 F 2394 R
M-HepF- | AACTGGATCAGGCAAGACC M-HepF- ATGGAGTGAATATAAGATGGCG | 56 30 490
3761 _F 4251 R
N-HepF- | CATCATGCCCAAAAGTGAGG N-HepF- CCTTGCATCACCATCGG 56 30 396
7761_F 8157 R
Murine Leukemia | A-MLV- | CTTCAATGAATTAAGATTTGAGGG A-MLV- AGAAGCAAAATTAGGAGTGGTC | 55 30 339
Virus 7041_F 7380_R
C-MLV- | TGAACTGATAGCACTCACCC C-MLV- GTCTCTGTGATGGCTGCC 57 30 308
4016_F 4324 R
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I-MLV- GCTCTCCCAGATCCGAC I-MLV- GGTCGTATTACAAAGGGCC 56 30 291
6426_F 6717_R

Orbivirus E-Orb- AGACGACATTTCTACCCGG E-Orb- CTTAAACAATAGTATCAGTTGGGC | 56 30 214
2427 F 2641 R

Paramyxovirus C-Jei- TCATGCGGAGAATGCCC C-Jei-2860_ R | AGAGTCCTAGGCTAAGATTGG 55 30 200
2660_F
C-Para- | GATAAGTCATTAACCGGCGC C-Para- CGTTGTTGATCCAAAGTAAGGC | 58 30 458
16102_F 16560_R
D-Para- | GACAGAATTTAAAGTACTGGCC D-Para- TGTGTATTGATGTTAGGGCC 55 30 308
17276_F 17584 R
N-Jei- ATCTATATGACAGAATCTGGTGG N-Jei-8317_R | AATCAGTTTTGGGTTTGAGGT 56 10 121
8196_F

Pegivirus L-Peg- GTCAAACCCTGGGCCAC L-Peg-4869 R | GTAGTGACCACGGAAGGG 57 10 193
4676_F
N-Peg- | CCTTTCTACGGCGTAACC N-Peg- TCTAGGGAAATGGAAAAGGTAG | 55 30 304
5219 F 5523_R

Picobirnavirus G-PiBiS2- | GATGMGGTTGATAGGCGC G-PiBiS2- GCAAATTGATCACGTAGAGG 57 45 682
811 F 1493 R
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H-PiBiS2- | GGAAGACTCAAATGACACGC H-PiBiS2- TGCGTCTTGAACTTCCAGC 57 30 399
259 _F 658_R
I-PiBiS2- | GCCTGAGATATCTCGAACGG I-PiBiS2- CTCGTTTATACCAGTGTTGGAC 57 30 316
1367_F 1638_R
L-PiBiS2- | ACTTCAAATAGGTGGGGAGC L-PiBiS2- CCACAACATCGTCTTTCCC 57 30 254
566_F 820_R
M-PiBiS2- | CAGCATGGGTTAGCATGG M-PiBiS2- GGTCAAACTTGGAGAAATCG 55 30 104
788_F 892 R
0-PiBiS2- | TCCATTCTCGGTAAACATAGC O-PiBiS2- TTACGTAGAGGATGATACTTCAC 55 50 764
711 F 1475 R
P-PiBiS2- | GTACAATCGTATACTAGCCATGG P-PiBiS2- ACCAATTTTCTATCCCAGACG 56 30 453
1213 _F 1666_R
Picornavirus- A-Pic- TTTATATAAAGTAGATCTTCTACCCTC A-Pic-697_R TGGCAACTCTACAGAAGGG 55 45 678
Cardiovirus 19 F
B-Pic- ATTCCTCAGGCTCTTCCC B-Pic-2432_R | TCATCATTGCAGTTCCTGTG 56 30 452
1980_F
D-Pic- TCCACCACGGTTTCCC D-Pic-4944 R | GCCATCAGGATTTTGCCC 56 45 567
4377_F
G-EMCV- | TTTCCCTTTTGAAAACCACG G-EMCV- AATACATGGGGGAGGGG 55 45 701
810 F 1511_R
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J-Pic- GTTTTGACAGGGTTGACGG J-Pic-7770_R | ATCTTCACCTAAATAGATTCAACC | 56 30 242
7528 _F
M-Pic- TCCCAAGATGATGCCGC M-Pic- CCGTTGCGAAGAGTTGG 56 30 485
3046_F 3531_R
N-Pic- GTTGTCCAGCGTTAATGGG N-Pic-461_R | GTTGTCCAGCGTTAATGGG 57 10 213
248 F
N-Pic- AAGGTGAAGAAAGTAAGTTTTGG N-Pic-1543_R | GGCTTGCTGGGATTGTG 56 70 1104
439 F
Q-Pic- TAGGATCCACTGCTGAAGG Q-Pic-1104_R | TGTGGTTCCATTTCGATATCC 56 45 539
565_F
R-Pic- TTTGACTTCATGACAGGGGA R-Pic-2578 R | GTGGGTAGGGGAAATAAAAGG 56 30 401
2177_F
Pan- GGYCkAAGCCGCTTGGAATA Pan-Cardi_R | GCTTTTGGCCSCAGAGG 60 30 341
Cardi_F
Picornavirus- M-Ent- CAGTTCTCGGTGATCATGG M-Ent- GTTGGGAAGGAAATGGGTAG 56 10 98
Enterovirus C 4599 F 4697_R
Picornavirus- P-Pic- TTTTCGCATGCAATTTCTATCC P-Pic-6872_R | AATGCTGGAACATCAAGTGG 56 30 467
Kunsagivirus 6405_F
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Picornavirus- L-PEV- GGTTCTGACTTTATGGATGGC L-PEV- CATTTTTTCCAGTGATGTAGGC 56 60 960
Parechovirus 4140 _F 5100_R
Picornavirus- B-Ros- TGAAAAAACAGCCTGCCG B-Ros- CAGCTTTCCTTTGTAGTGGTG 57 50 763
Rosavirus 6869 _F 7632_R
M-Ros- TCGCTCCCCCACATCA M-Ros- CAAAGCAGCACGAAGGC 57 30 207
7321 _F 7528 R
Picornavirus- G-Sap- CGATTGTGGTTGTGCTGC G_Sap_4816R | AGTTGTAAAATCCTCACCATCC 57 30 209
Sapelovirus 4607 _F
Polyomavirus F-Poly- GATACAGTTAAAGCAAACCAGC F-Poly- CATTTTTTGCAGGATCTGGG 56 30 435
1710_F 2145 R
Protoparvovirus F-PrPa- CTCCTGCTGATCAACGC F-PrPa- TGTTAGAATCAAGAGCCACC 55 50 800
2536_F 3336_R
I-PrPa- AGGTTCCAGTAGTACCAGC [-PrPa-4292R | AGTCTAACTAAAAGTTGACCTGG | 56 30 442
3850F
I-PrPa- TCACTTGGTTCTAGGTTGGG [-PrPa-2734R | GCTTGGTTAATGAAAATGTGAGC | 57 30 359
2375F
O-PrPa- CCATTAAGGTTTACAACAATGACC O-PrPa- GGTACTGTTGGTTTCCATGGA 57 10 132
3277_F 3409_R
Rodent Hepacivirus | N-RHep- | ACTGCGAGTGAAGCCG N-RHep- CCCGAGTTCACAGCCTG 57 30 277
194 F 471 R
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Rotavirus B-Rotl- | CGATCAACTTCTACTTGACGC B-Rot1- CTCAGCTTCAAACTAATGGCG 57 45 558
3142 F 3700_R
B-Rot8- | GTGTTTGGTTTATATGAAGGGAG B-Rot8- CAGCTTCAAACTAATGGCG 55 45 638
385 F 1023 R

Rhadinovirus Q-Rhad- | GTTTGATTCTGCCACCACC Q-Rhad- TGTCTACCCACTCTTCTGGA 57 30 316
6777_F 7093 R
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Library A adenovirus screening was performed with the primers A-AdD-14113_F and
A-AdD_14351_R. Initial Hepacivirus F screening was performed with the A-HepF-
7583 F and A-HepF-8322 R primers, and subsequent Hepacivirus F screening was
performed with the B-HepF-2127_F and B-HepF-2394_R primers. MLV screening was
performed with the primers A-MLV-7041_F and A-MLV-7380_R initially, and
subsequently with the primers C-MLV-4016_F and C-MLV-4324 R. Picornavirus
(Cardiovirus) screening was performed with the primers A-Pic-19_F and A-Pic-697_R.

Library B adenovirus screening was performed with the primers B-AdB-6969 F and
B-AdB-7281_R. Initial astrovirus screening was performed using the B-Ast-3228 F
and B-Ast-3687_R primers, and subsequent screening was performed with the K-Ast-
768 _F and K-Ast-1394_R primers. Hepacivirus F screening was performed using the
primers B-HepF-2127_F and B-HepF-2394_R. Picornavirus (Cardiovirus) screening
was performed with the B-Pic-1980_F and B-Pic-2432_R primers, and picornavirus
(Rosavirus) screening was performed with the B-Ros-6869_F and B-Ros-7632_R
primers. Rotavirus screening was performed by denaturing the target DNA at 95°C
for 5 minutes, followed by screening with the B-Rot1-3142_F and B-Rot1-3700_R
primers alongside the B-Rot8-395_F and B-Rot8-1023 R primers.

Library C adenovirus screening was initially performed with the A-AdD-14113_F and
A-AdD-14351 R primers, followed by subsequent screening with the C-oAdC-
19055 _F and C-0AdC-19620_R primers and the I-AdD-19347_F and I-AdD-19925_R
primers. Initial astrovirus screening was performed with the K-Ast-768_F and K-Ast-
1394 R primers, followed by subsequent screening using the B-Ast-3288 F and B-
Ast-3687_R primers and the |-Ast-2638_F and I-Ast-3241_R primers. MLV screening
was performed using the C-MLV-4016_F and C-MLV-4324 R primers. Initial
paramyxovirus screening was performed using both the C-Para-16102_F and C-Para-
16560 _R primers and the C-Jei-2660_F and C-Jei-2860_R primer sets, followed by
subsequent screening using the D-Para-17276_F and D-Para-17584_R primers.

Library D astrovirus screening was performed with the K-Ast-768_F and K-Ast-1394 R
primers. Bocaparvovirus screening was performed with the D-Boc-10_F and D-Boc-
312 R primers. MLV screening was initially performed with the A-MLV-7041_F and
A-MLV-7380_R primers, and subsequent screening was performed with the I-MLV-
6426_F and I-MLV-6717_R primers, as well as the C-MLV-4016_F and C-MLV-4324_R
primers. Paramyxovirus screening was initially performed with the C-Para-16102_F
and C-Para-16560_R primers, and subsequent screening was performed with the D-
Para-17276_F and D-Para-17584_R primers. Picornavirus (Cardiovirus) screening was
initially performed with the D-Pic-4377_F and D-Pic-4944_R primers, followed by the
A-Pic-19F and A-Pic-607_R primers. Further Cardiovirus screening was performed
using the B-Pic-1980_F and B-Pic-2432_R primers, as well as the G-EMCV-810_F and
G-EMCV-1511_ R primers.

Library E adenovirus screening was initially performed using the A-AdD-14113 F and
A-AdD-14351 R primers, followed by subsequent screening using the B-AdB-6969 F
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and B-AdB-7281 R primers as well as the [-AdD-19347 F and [-AdD-19925 R
primers. Astrovirus screening was performed with the I-Ast-2638 F and I-Ast-3241_R
primers. Initial hantavirus screening was performed with the I-TATVL-4121_F and |-
TATVL-4342_ R primers, followed by subsequent screening using the L-TATVL-3072_F
and L-TATVL-3514_R primers and the N-TATVL-5092_F and N-TATVL-5624 R primers.
Hepacivirus F screening was initially performed with the A-HepF-7583_F and A-HepF-
8322_R primers, followed by subsequent screening using the B-HepF-2127_F and B-
HepF-2394 R primers and the M-HepF-3761_F and M-HepF-4251 R primers. MLV
screening was performed with the C-MLV-4016_F and C-MLV-4324_R primers.
Orbivirus screening was performed with E-Orb-2427_F and E-Orb-2641_R primers.
Initial Picobirnavirus screening was performed using both the I-PiBiS2-1367_F and |-
PiBiS2-1638_R and G-PibiS2-811_F and G-PiBiS2-1493_R sets, and subsequent
testing was performed using the L-PiBiS2-566 F and L-PiBiS2-820 R and O-PiBiS2-
711_F and O-PiBiS2-1475_R primer sets. The following primer sets were using in
order for Picornavirus (Cardiovirus) screening: A-Pic-19_F and A-Pic607_R, B-Pic-
1980_F and B-Pic-2432_R, D-Pic-4377_F and D-Pic-4944_R, M-Pic-3046_F and M-Pic-
3531_R.

Library F astrovirus screening was performed using the K-Ast-768 F and K-Ast-
1394 R primers. Initial hantavirus screening was performed with the I-TATVL-4121 F
and I-TATVL-4342_R primers, followed by subsequent screening using the L-TATVL-
3072_F and L-TATVL-3514_R primers and the N-TATVL-5092_F and N-TATVL-5624_R
primers. MLV screening was performed using the C-MLV-4016_F and C-MLV-4324_R
primers. Picobirnavirus screening was performed using the G-PiBiS2-811_F and G-
PiBiS2-1493 R primers. Polyomavirus screening was performed using the F-Poly-
110_F and F-Poly-2145_ R primers. Protoparvovirus screening was performed using
both the F-PrPa-2536_F and F-PrPa-3336_R primer set and the I-Prpa-3850_F and I-
PrPa-4292 R primer set.

Library G adenovirus screening was performed using the G-AdD-19965_F and G-AdD-
20301 _R primers. Picobirnavirus screening was performed using the G-PiBiS2-811 F
and G-PiBiS2-1493 R primers. The following primer pairs were used in order for
picornavirus (Cardiovirus) screening: A-Pic-19_F and A-Pic-607_R, B-Pic-1980_F and
B-Pic-2432_R, D-Pic-4377_F and D-Pic-4944 R, G-EMCV-810_F and G-EMCV-1511_R,
M-Pic-3046_F and M-Pic-3531_R. Picornavirus (Sapelovirus) screening was
performed using the G-Sap-4607_F and G-Sap-4816_R primers.

Initial library H adenovirus screening was performed with the A-AdD-14113_F and A-
AdD-14351_R primers, followed by subsequent screening with the B-AdB-6969 F
and B-AdB-7281_R primer set and the I-AdD-19347_F and |I-AdD-19925_R primer set.
Astrovirus screening was performed with the I-Ast-2638 F and I-Ast-3241 R primers.
MLV screening was initially performed with the I-MLV-6426_F and I-MLV-6717_R
primers, followed with subsequent screening with the C-MLV-4016_F and C-MLV-
4324 R primers. Initial Picobirnavirus screening was performed with the I-PiBiS2-
1367_F and I-PiBiS2-1638_ R primers, followed by subsequent screening with the G-
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PiBiS2-811_F and G-PiBiS2-1493 R primer set and the H-PiBiS2-259 F and H-PiBiS2-
658 R primers.

Initial library | adenovirus screening was performed using the I-AdD-19347_F and I-
AdD-19925 R primers, followed by subsequent screening with A-AdD-14113_F and
A-AdD-14351_R. Astrovirus screening was performed with the 1-Ast-2638 F and I-
Ast-3241 R primers. CMV screening was performed using the I-CMV-174345 F and
I-CMV-174701_R primers, followed by subsequent screening using the I-CMV-
174579_F and I-CMV-174949_R primers. Initial hantavirus screening was performed
using the I-TATVL-4124 F and I-TATVL-4342_R primers, followed by subsequent
screening using both the L-TATVL-3072_F and L-TATVL-3514_R primer set and the N-
TATVL-5092_F and N-TATVL-5624_R primer set. Initial Hepacivirus F screening was
performed with the A-HepF-7583_F and A-HepF-8322 R primers, followed by
subsequent screening with both the B-HepF-2127_F and B-HepF-2394_R primer set,
and the M-HepF-3761_F and M-HepF-4251_R primer set. Initial MLV screening was
performed with the [-MLV-6426_F and |-MLV-6717_R primers, followed by
subsequent screening with the C-MLV-4016_F and C-MLV-4324_R primers. Initial
Picobirnavirus screening was performed with the I-PiBiS2-1367_F and I-PiBiS2-
1638_R primers, followed by subsequent screening with the following primer sets:
G-PiBiS2-811_F and G-PiBiS2-1493_R, L-PiBiS2-566_F and L-PiBiS2-820_R, O-PiBiS2-
711 F and O-PiBiS2-1475_R. Initial picornavirus (Cardiovirus) screening was
performed with the A-Pic-19_F and A-Pic-607_R primers, followed with subsequent
screening by both the B-Pic-1980_F and B-Pic-2432_R primer set and the G-EMCV-
810 _F and G-EMCV-1511_R primer set, as well as the Pan-Cardi_F and Pan-Cardi_R
primers. Protoparvovirus screening was performed using the I-PrPa-3850 F and I-
PrPa-4292 R primers.

Library J adenovirus screening was performed with the A-AdD-14113 _F and A_AdD-
14351 R primers. Astrovirus screening was performed with the K-Ast-768 _F and K-
Ast-1394 R primers. Coronavirus screening was performed using the both J-CoV-
23225 F and J-CoV-23227_R primer set and the J-Cov-14272 and J-CoV-14394 R
primer set via qPCR. MLV screening was performed using the C-MLV-4016_F and C-
MLV-4324 R primers. Initial Picobirnavirus screening was performed with the G-
PiBiS2-811 F and G-PiBiS2-1493 R primers, followed by subsequent screening with
both the L-PiBiS2-566_F and L-PiBiS2-820_R primer set and the H-PiBiS2-259_F and
H-PiBiS2-658 R primer set. Picornavirus (Cardiovirus) screening was performed with
the J-Pic-7528 F and J-Pic-7770_R primers.

Initial library K adenovirus screening was performed with the A-AdD-14113_F and A-
AdD-14351 R primers, followed by subsequent screening with both the [-AdD-
19347 _F and |-AdD-19925 R primer set and the B-AdB-6969 F and B-AdB-7281 R
primer set. Astrovirus screening was performed with the K-Ast-768-F and K-Ast-1394-
R primers. Initial MLV screening was performed with the C-MLV-4016_F and C-MLV-
4324 R primer set, followed with subsequent screening by both the A-MLV-7041_F
and A-MLV-7380_R primer set and the I-MLV-6426_F and I-MLV-6717_R primer set.

89



Initial library L arterivirus screening was performed via gPCR using the L-Art-14646_F
and L-Art-14843_R primers, followed by subsequent screening via endpoint PCR
using the N-Art-14586_F and N-Art-14901 R primers. Astrovirus screening was
performed using both the K-Ast-768 F and K-Ast-1394 R primer set and the |-Ast-
2638 _F and I-Ast-3241_R primer set. Hantavirus screening was performed using the
L-TATVL-3072_F and L-TATVL-3514_R primers. Initial Hepacivirus F screening was
performed using the B-HepF-2127 _F and B-HepF-2394_R primers, followed by
subsequent screening using the A-HepF-7583_R and A-HepF-8322_R primers. MLV
screening was performed using the C-MLV-4016_F and C-MLV-4324_R primers.
Picornavirus (Parechovirus) screening was performed with the L-PEV-4140_F and L-
PEV-5100_R primers. Picobirnavirus screening was performed using the L-PiBiS2-
566_F and L-PiBiS2-820_R primers. Pegivirus screening was performed via qPCR using
the L-Peg-4676_F and L-Peg-4869 R primers.

Initial library M adenovirus screening was performed using the M-AdD-21334_F and
M-AdD-21689 R primers, followed by subsequent screening using both the O-AdD-
18404 F and O-AdD-18777_R primer set and the [-AdD-19347_F and |I-AdD-19925 R
primer set. Astrovirus screening was performed with the M-Ast-4596_F and M-Ast-
4977 _R primers. Initial hantavirus screening was performed using the M-TATVM-
1351 _F and M-TATVM-1458 R primers by qPCR, followed by subsequent screening
using the N-TATVL-5092_F and N-TATVL-5624_R primers. Hepacivirus F screening
was performed using the M-HepF-3761 F and M-HepF-4251 R primers. Initial
Picobirnavirus screening was performed using the M-PiBiS2-788_F and M-PiBiS2-
892_R primers, followed by subsequent screening using the O-PiBiS2-711_F and O-
PiBiS2-1475 R primers. Picornavirus (Cardiovirus) screening was performed using the
M-Pic-3046_F and M-Pic-3531_R primers. Picornavirus (Enterovirus C) screening was
performed via qPCR using the M-Ent-4599 F and M-Ent-4697_R primers. Initial
picornavirus (Rosavirus) screening was performed using the M-Ros-7321_F and M-
Ros-7528 R primers, followed by subsequent screening with the B-Ros-6869 F and
B-Ros-7632_R primers.

Initial library N adenovirus screening was performed using the N-AdD-21082_F and
N-AdD-21689 R primers, followed by subsequent screening with the following
primer pairs: M-AdD-21334_F and M-AdD-21689_R, O-AdD-18404_F and O-AdD-
18777 _R, I-AdD-19347_F and I-AdD-19925_R. Arterivirus screening was performed
using the N-Art-14586_F and N-Art-14901_R primers. Initial astrovirus screening was
performed using the M-Ast-4596 F and M-Ast-4977 R primers, followed by
subsequent screening using the O-Ast-3194 F and O-Ast-3502_R primers. Initial
hantavirus screening was performed using the N-TATVL-3623 F and N-TATVL-
4019 R primers, followed by subsequent screening using the N-TATVL-5092_F and
N-TATVL-5624 R primers. Hepacivirus F screening was performed using the N-HepF-
7761 _F and N-HepF-8157_R primers. Paramyxovirus screening was performed via
gPCR using the N-Jei-8196_F and N-Jei-8317_R primers. Pegivirus screening was
performed using the N-Peg-5219 F and N-Peg-5523 R primers. Picobirnavirus
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screening was performed using the O-PiBiS2-711_F and O-PiBiS2-1475_R primers.
Initial picornavirus (Cardiovirus) screening was performed using the N-Pic-248 F and
N-Pic-461_R primers via gPCR, followed by subsequent screening with the Q-Pic-
565_F and Q-Pic-1104_R primers via endpoint PCR. Rodent Hepacivirus screening
was performed with the N-RHep-194_F and N-RHep-471_R primers.

Initial library O adenovirus screening was performed using the O-AdD_18404 F and
O-AdD-18777_R primers, followed by subsequent screening using both the N-AdD-
21082_F and N-AdD-21689_R primer set and the I-AdD-19347_F and I-AdD-19925_R
primer set. Initial astrovirus screening was performed using the O-Ast-3194 F and O-
Ast-3502_R primers, followed by further screening using the P-Ast-3912_F and P-Ast-
4142 _R primers. Dependoparvovirus screening was performed using the O-AAV-
2937 _F and O-AAV-3292 R primers. MLV screening was performed using the C-MLV-
4016_F and C-MLV-4324 R primers. Picobirnavirus screening was performed using
the O-PiBiS2-711_F and O-PiBiS2-1475_R primers. Initial picornavirus (Cardiovirus)
screening was performed using the N-Pic-248 F and N-Pic-461_R primers via gPCR,
followed by further screening using both the Q-Pic-565_F and Q-Pic-1104_R primer
set and the M-Pic-3046_F and M-Pic-3531_R primer set via endpoint PCR. Initial
Protoparvovirus screening was performed using the O-PrPa-3277_F and O-PrPa-
3409_R primers, followed by subsequent screening using the I-PrPa-3850_F and I-
PrPa-4292 R primers. Rhadinovirus screening was performed using the O-Rhad-
6233_F and O-Rhad-6679_R primers.

Library P adenovirus screening was performed using the O-AdD-18404_F and O-AdD-
18777 _R primers. Astrovirus screening was initially performed using the P-Ast-
3912 F and P-Ast-3912 R primers, followed by subsequent screening using both the
M-Ast-4596_F and M-Ast-4977_R primer set and the O-Ast-3194 F and O-Ast-
3502_R primer set. Bocaparvovirus screening was performed using the P-Boc-470 F
and P-Boc-865_R primers. Chapparvovirus screening was performed via qPCR using
the P-ChaP-689 F and P-ChaP-784 R primers. Hepacivirus F screening was
performed using the M-HepF_3761_F and M-HepF-4251 R primers. Picobirnavirus
screening was initially performed using the P-PiBiS2-1213 F and P-PiBiS2-1666_R
primers, followed by subsequent screening using the O-PiBiS2-711_F and O-PiBiS2-
1475 _R primers. Picornavirus (Cardiovirus) screening was initially performed using
the N-Pic-248_F and N-Pic_461-R primers via qPCR, followed by subsequent
screening using both the Q-Pic-565_F and Q-Pic-1104_R primer set and the A-Pic-
19 F and A-Pic-607_R primer set via endpoint PCR. Picornavirus (Kunsagivirus)
screening was performed using the P-Pic-6405_F and P-Pic-6872_R primers.

Initial library Q adenovirus screening was performed using the M-AdD-21334_F and
M-AdD-21689_ R primers, followed by further screening using the I-AdD-19347_F and
[-AdD-19925 R primer set. Initial astrovirus screening was performed using the M-
Ast-4596_F and M-Ast-4977_R primers, followed by subsequent screening using both
the O-Ast-3194 F and O-Ast-3502_R primer set and the P-Ast-3912 F and P-Ast-
4142 R primer set. MLV screening was performed using the C-MLV-4016_F and C-
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MLV-4324 R primer set. Picornavirus (Cardiovirus) screening was initially performed
using the Q-Pic-565_F and Q-Pic-1104_R primers, followed by subsequent screening
using both the B-Pic-1980_F and B-Pic-2432_R primer set and the A-Pic-19_F and A-
Pic-607_R primer set. Rhadinovirus screening was performed using the Q-Rhad-
6777_F and Q-Rhad-7093_R primers.

Initial library R adenovirus screening was performed using the O-AdD-18404 _F and
O-AdD-18777_R primer set, followed by subsequent screening using the I-AdD-
19347 _F and I-AdD-19925_R primer set. Astrovirus screening was performed using
the M-Ast-4596_F and M-Ast-4977_R primers. MLV screening was performed using
the C-MLV-4016_F and C-MLV-4324 R primers. Initial Picobirnavirus screening was
performed using the M-PiBiS2-788_F and M-PiBiS2-892_R primers via qPCR, followed
by subsequent screening using the O-PiBiS2-711_F and O-PiBiS2-1475_R primers via
endpoint PCR. Picornavirus (Cardiovirus) screening was performed using the N-Pic-
248 F and N-Pic-461_R primers.

f. Phylogenetic analysis

Phylogenetic analysis was performed when > 60% of the identified viral genome was
recovered, and the virus had been PCR confirmed in at least one animal. Some
exceptions were made to this where either no full genes were sequenced or samples
formed an outgroup that compromised tree clarity- these are highlighted in the
results where appropriate. Geneious Prime was used to produce an alignment of a
reference sequence database and the samples to be analysed using the Clustal
Omega translation alignment function, to align by translated amino acid sequence.
The aligned sequences were then manually checked to ensure that all sequences
were in the same translational frame and adjustments were made as required by
manually deleting 1 or 2 bases from the 5’ end of sequences that were out of frame
as necessary. The sequences were then realigned, and this process was repeated
until all sequences aligned were in the same frame. Using NCBI genome annotations
for the reference sequence provided for the specific tree, genome loci for specific
genes were identified and confirmed within the reference sequence within the
alignment. All sequences were then manually trimmed to encompass the stated
region of the selected gene, including a full gene wherever possible.

Phylogenetic analysis was then performed using iqtree2.2.2.6 for Windows using the
command line interface3'3. Tree generation was performed using the aligned .fasta
files exported from Geneious with 1000 bootstrap replicates. The igtree model finder
function was used to select the best Bayesian phylogenetic model from 484 options
for each tree, and the selected model for each tree is described in the figure legend.
Each tree was then visualised using FigTree v1.4.4, where bootstrap values of < 70%
were omitted and host species illustrations were added?'#,
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5. NGS screening (historic samples)

a. GAPDH and TapeStation quality control

All historic sample RNA was quantified and the fragment size was assessed using the
TapeStation 4200 as previously described. Any sample with a successful RNA
extraction result (i.e. concentration >0 ng/ul) then had cDNA produced using EcoDry
(as previously described for the modern samples) and underwent GAPDH qPCR using
primers designed in-house by Dr. Joseph Chappell. For each sample, 10 ul of Sybr
Green PCR Master Mix (Thermofisher, USA), 8 pM of GAPDH-70-F (5’-
ATTGACCTCAACTACATGGTCTACA) primer, 8 pM of GAPDH-70-R (5'-
TGACBGTGCCYTTGAACTTGC), 8.2 ul of Dep-C water and 1 pl of template cDNA was
added. The PCR cycles used were 95°C for 2 minutes, followed by 40 cycles of 95°C
for 5 seconds, 63°C for 30 seconds and a plate read for every cycle. A positive result
produced a 70bp product. Where GAPDH-70 qPCR was successful, GAPDH-149 PCR
was performed using the GAPDH-149-F (5’- TTGACCTCAACTACATGGTCTAC) and
GAPDH-149-R (5’- CCATTTGATGTTGGCGGGA) primers, using the same reagent mix
and cycles as for GAPDH 70 PCR. A positive result produced a 149bp product. Where
GAPDH 149 PCR was successful, GAPDH 295 PCR was performed, using the same
reagents and cycles as the other GAPDH PCRs, with the GAPDH-295-F (5'-
TGACCTCAACTACATGGTCT) and GAPDH-295-R (5’- GTTCACRCCCATCACAAACA)
primers. A positive result produced a 295bp product. All statistical analysis was
performed using GraphPad Prism 10.0.3, and all graphs were generated in GraphPad
Prism (GraphPad Software, USA).

b. rRNA depletion

For the first 4 sample batches, rRNA depletion was performed using the NEBNext®
Ultra™ II rRNA Depletion Kit v2 following the manufacturer’s instructions as
previously described. For the 5" sample batch and those following, the same kit and
protocol was used with some modifications to enhance capture of small fragments
as recommended by Beckmann Coulter technical support (private communication).
For the first bead clean up step, 100 pl of RNA sample purification beads were added
(instead of the 90 pl recommended in the protocol), along with 100 pl of 99.5% pure
isopropanol (IPA, Thermofisher, USA). For the second bead clean up, 160 ul of
SPRISelect beads were added (instead of the 144 ul recommended in the protocol),
along with 160 pl of IPA. All other steps were performed as recommended by the
manufacturer.

c. Library preparation and indexing
For the first 3 sample batches library preparation and indexing was performed using
the NEBNext® Ultra™ Il RNA Library Prep Kit for lllumina® and NEBNext® Multiplex
Oligos for lllumina® (Index Primers set 4) kits following the manufacturer’s
instructions as previously described. For the 4" sample batch and those following,
the same kit and protocol was used with some modifications. For the first bead clean
up step, 103 ul of SPRISelect beads were added (instead of the 87 ul recommended
by the manufacturer) along with 103 pl of IPA. For the PCR enrichment of adaptor
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ligated DNA sample amplification was increased by adding 5-8 additional cycles to
the amount recommended by the manufacturer according to the input
concentration. For the second bead cleanup, 55 ul of SPRISelect beads were added
to the sample (instead of the 50 pl recommended by the manufacturer) along with
50 ul of IPA. The bead cleanup modifications were suggested by Beckmann Coulter
technical support (private communication). All other steps were followed as
recommended by the manufacturer. For the 6™ batch samples, the same steps were
followed as for the 4™ batch samples, except adaptors were diluted to 1:10000 rather
than 1:1000 as recommended by the protocol.

d. Library quality control

All libraries underwent quantification and quality assessment using the TapeStation
4200 as previously described. Due to the variability in RNA fragmentation and
fragment size in the historic samples these libraries were considered to be successful
if a library peak ranging from 200bp- 300bp in size was observed on the TapeStation
trace. The samples from the 5t batch also underwent quantification at the second
strand synthesis stage to ensure that cDNA was being successfully produced by this
protocol, by using the TapeStation 4200 and high sensitivity DNA screentape
according to the manufacturer's instructions.

e. Historic sample PCR
3 sets of primers for historic CoV screening were designed in silico and tested- NHM-
CoV-5360_F (5’- ACTAARTTTTATGGTGGBTGGVA) and NHM-CoV-5451 R (5’-
CAYTTAGGATARTCCCANCCCA), NHM-CoV-8969_F (5’- TGATRTWCAACAGTGGGGHT)
and NHM-CoV-9080_R (5’- ACAHCGWGTCATAATDGCRTC), and NHM-CoV-C_F (5’-
ATGCGWGTTWTACATTTTGGYGC) and NHM-CoV-C_R (5’-
ACAAGAAGTGTGYCADYWGG). Standard qPCR reagent quantities and cycles were
used, 2x negative controls were tested, and NL63 and OC43 CoV cDNA from clinical
isolates was used as positive controls (diluted at 1:100). Historic bat samples were
tested by gqPCR using the NHM-CoV-8969 primer set, as the NHM-CoV-5360 primers
were not successful. Potentially positive isolates were sent for Sanger sequencing as
previously described. The NHM-CoV-C primers were not successful during testing and
follow up PCR investigations were not performed on the samples due to limited
sample availability. 2 sets of primers for the L segment of historic LASV were tested-
NHM-LASVL-3939 F (5’- CAAGTTGGGMTTTRATGTATGAYTTCATC) and NHM-LASVL-
4046_R (5’- TCAACAYTAYTAACRTGGCATATGCA), and NHM-LASVL-4130 F (5’-
AWGGACACATCATWGGRCCCC) and NHM-LASVL-4241 R (5’-
ACAAYGAGAARGAATTTGAMAATGCY). All reagents and quantities were as described
above for standard gPCR reactions, using 2x negative controls and a synthetic LASV
construct designed by Dr. Patrick McClure as a positive control. The NHM-LASVL-
3939 F set of primers failed to give a positive result, but the NHM-LASVL-4130_F
primer set were successful when tested, and these primers were used to screen any
historic M. natalensis samples that had a positive GAPDH result and/or a RIN value.
Potentially positive isolates were sent for Sanger sequencing as previously described.
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Chapter 3- Modern sample RNA extraction results, library
preparation and filtering

1. Successful RNA extraction and cDNA synthesis

RNA was successfully extracted from all samples. Purity (as defined by the ratios of
absorbance measured at 260 nm/280 nm and 260nm/230 nm) were determined
using a Nanodrop spectrophotometer. Ratios between 2.00 and 2.20 were
considered optimal, although samples were not disregarded if outside of this range.
Samples were named BV (bank vole; Myodes glareolus), FV (field vole; Microtus
agrestis), YM (yellow-necked mouse; Apodemus flavicollis), WM (wood mouse;
Apodemus sylvaticus), V (vole) or W (least weasel; Mustela nivalis) according to
reported morphology upon sample collection, although this was not always accurate
upon species identification PCR. The liver samples for WM6 and WM7 were extracted
twice due to low concentrations and sub-optimal purities in the first instance (260
nm/280 nm values of 2.39 and 2.51, respectively, and 260 nm/230 nm values of 0.56
and 1.42 respectively), resulting in increased but still sub-optimal purities upon the
second extraction (260 nm/280 nm values of 1.8 and 2.07 respectively, and 260
nm/230 nm values of 1.25 and 1.89 respectively). RNA concentrations for gut
samples were on average 916.21 ng/ul, ranging from 2138.8 ng/ul in sample YMS5 to
131.8 ng/ul in sample WM62. RNA concentrations for liver samples were typically
slightly lower than gut samples, with an average concentration of 838.4 ng/ul,
ranging from 3294.1 ng/ul in sample YM6 to 16.5 ng/ul in sample WM®6. Bank voles
and field voles had higher average RNA concentrations across both tissues (1177.94
ng/ul and 1158.31 ng/ul respectively) than yellow-necked mice and wood mice
(848.43 ng/ul and 816.84 ng/ul, respectively). Sample concentrations and Nanodrop
260 nm/280 nm and 260 nm/230 nm values are shown in Table 5 for all samples.

Following RNA extraction, cDNA synthesis was performed on all liver and gut samples
for all animals. Approximately 1500 ng of each sample was diluted in dH;0 to give an
optimal reaction concentration of 75-100 ng/ul. GAPDH screening was positive for
both tissues in all samples, confirming that both RNA extraction and cDNA synthesis
was successful for all samples (data not shown).

Species identification was performed using cytochrome B PCR as described in the
methods section, and cytochrome B sequences were analysed by NTBLAST to allow
for specific speciation. 129/140 animals were as expected according to field
identification. Of the 13 reported bank voles, 11 were identified as bank voles by
NTBLAST, whilst BV4 and BV7 were identified as field voles by NTBLAST. Of the 15
reported field voles, 6 were identified by NTBLAST as field voles, 7 were identified as
wood mice (FV1, FV2, FV3, FV4, FV6, FV8 and FV9), and 2 were identified as bank
voles (FV5 and FV7). Sample V1 was identified as a field vole by NTBLAST and all other
samples were identified by NTBLAST as matching the species reported during field
identification. The final species counts were 13 bank voles, 7 field voles, 17 yellow-
necked mice, 100 wood mice, and 1 least weasel (Table 5). This was performed after
library generation and submission- accordingly, libraries A and B are mixed species
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libraries, whilst libraries C-R are unaffected. Samples were not renamed to prevent
confusion and human error.
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Table 5- Key information for all Welsh rodent samples.

RNA concentration and Nanodrop 260 nm/280 nm and 260 nm/230 nm absorbance
ratios are shown for all samples, as is sampling location. Thick line indicates the split
between first and second cohort of samples. For WM6 and WM?7 liver, left number

represents first extraction and right number represents second extraction. For

species identification, samples shown in red are those for which the cytochrome B
PCR based species identification does not match the reported field identification.

Liver Gut
Sample | RNA 260 260 RNA Cytochrome | Sampling
concentration | nm/280 nm/230 concentration B PCR result | location
(ng/ul) nm ratio | nmratio | (ng/ul)
BV1 489.1 2.12 2.29 Bank vole Frongoch
BV2 634.7 2.09 2.22 572.3 2.11 2.33 Bank vole Frongoch
BV3 839.3 2.08 2.24 310 2.09 2.01 Bank vole Frongoch
BV4 718.2 2.1 2.02 1407.4 2.13 2.33 Field vole Nant Y Mwyn
BV5 1467.1 2.11 2.19 712.9 2.06 2.26 Bank vole Nant Y Mwyn
BV6 2513.2 2.11 2.3 1682.2 2.11 2.36 Bank vole Nant Y Mwyn
BV7 157.3 2.08 2.11 1384.8 2.07 2.28 Field vole Nant Y Mwyn
BV8 280.9 2.09 2.2 879.2 2.07 2.33 Bank vole Nant Y Mwyn
Fv1 Wood Frongoch
1412.5 2.11 2:32 222 2.09 2.13 mouse
FV2 Wood Frongoch
2.08 2.29
916.3 461.8 2.11 2.27 mouse
FV3 Wood Frongoch
3262.9 2.11 2.27 1078.4 2.08 2.34 mouse
Fv4 Wood Frongoch
2417.3 2.14 2.33 978.2 2.11 2.33 mouse
FV5 1921.7 2.11 2.25 494.8 2.11 2.03 Bank vole Frongoch
FV6 Wood Frongoch
1905.7 2.12 2.32 3124 2.09 2.24 mouse
FV7 2801.5 2.12 2.3 686.6 2.07 2.24 Bank vole Frongoch
Fv8 Wood Frongoch
365.9 2.1 2.25 765.7 2.09 2.32 mouse
FV9 Wood Frongoch
612.8 2.1 2.31 1334.9 2.09 2.25 mouse
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WM4

207.3

2.11

2.08

927.8

2.13

2.42

Wood
mouse

Frongoch

WM5

461

2.13

2.2

554

2.07

2.3

Wood
mouse

Frongoch

WM6

16.5/6.5

2.39/1.8

0.56/1.25

1498.2

2.14

2.42

Wood
mouse

Frongoch

98




WM7 Wood Frongoch
14.3/19.8 2.51/2.07 | 1.42/1.89 | 517.7 2.04 2.35 mouse

WMS8 Wood Frongoch
2502.2 2.11 2.3 353.8 2.12 1.92 mouse

WM9 Wood Frongoch
160.2 2.19 0.17 960.4 2.1 2.3 mouse

WM10 Wood Frongoch
2560.2 2.1 2.3 515.3 2.06 2.01 mouse

wM11 Wood Frongoch
3045.8 2.12 2.31 539.3 2.15 2.3 mouse

WM12 Wood Frongoch
1354 2.06 2.09 349.9 2.1 2.22 mouse

WM13 Wood Frongoch
994.8 2.11 2.24 427.7 2.1 1.86 mouse

wmM14 Wood Frongoch
130.3 2.07 2.07 342.3 2.1 2.14 mouse

WM15 Wood Frongoch
1709.1 2.12 2.31 1651.1 2.13 2.33 mouse

WM16 Wood Frongoch
189.7 2.09 2.11 492.6 2.09 2.26 mouse

WM17 Wood Frongoch
187.9 2.07 2.18 1296.2 2.09 2.28 mouse

WM18 Wood Frongoch
149 2.06 2.18 526 2.15 1.9 mouse

WM19 Wood Frongoch
90.2 2.06 1.98 837.7 2.07 2.37 mouse

WM20 Wood Frongoch
211.2 2.1 2.21 499 2.14 2.28 mouse

wMm21 Wood Frongoch
2840.8 2.14 2.36 980.9 2.15 2.32 mouse

WM22 Wood Frongoch
118.6 2.08 3.14 452.1 2.11 2.29 mouse

WM23 Wood Frongoch
283 2.08 2.6 235.4 2.08 2.05 mouse

WM24 Wood Frongoch
3036.7 2.13 2.24 682 2.12 2.32 mouse
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WM25 Wood Frongoch
1418.2 2.1 2.36 490 2.11 2.29 mouse

WM26 Wood Frongoch
1121.2 2.09 2.37 1034.6 2.09 2.22 mouse

WM27 Wood Frongoch
469.8 2.09 2.37 499.3 2.11 2.26 mouse

WM28 Wood Frongoch
1730.8 2.08 2.2 387.1 2.11 2.04 mouse

WM29 Wood Frongoch
541.6 2.11 1.66 210.4 2.1 2.22 mouse

WM30 Wood Frongoch
337.5 2.08 2.48 485 2.11 2.27 mouse

WM31 Wood Frongoch
483.6 2.1 2.48 741.5 2.09 2.22 mouse

WM33 Wood Frongoch
122.3 2.07 2.22 921.2 2.11 2.34 mouse

WM34 Wood Frongoch
331.7 2.08 2.27 657.4 2.12 2.32 mouse

WM35 Wood Frongoch
1916.4 2.11 2.26 492 2.11 2.26 mouse

WM36 Wood Frongoch
1027.7 2.09 2.3 562.4 2.05 2.27 mouse

WM37 Wood Frongoch
2764.1 2.1 2.32 589.6 2.09 2.32 mouse

WM38 Wood Frongoch
91.9 2.06 2.24 655.8 2.09 2.28 mouse

WM39 Wood Frongoch
356.7 2.11 2.16 265 2.11 1.92 mouse

WM40 Wood Frongoch
642.4 2.07 2.13 661.4 2.08 2.28 mouse

WM41 Wood Frongoch
1216.3 2.1 2.25 844.8 2.1 2.03 mouse

WM42 Wood Nant Y Mwyn
117.5 2.06 2 1190.8 2.11 2.27 mouse

WM43 Wood Nant Y Mwyn
794.9 2.11 2.32 1011.7 2.1 2.26 mouse
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WM44 Wood Nant Y Mwyn
1017.6 2.11 2.23 455.9 2.13 23 mouse

WM45 Wood Nant Y Mwyn
150.8 2.07 1.91 672.4 2.1 2.34 mouse

WM46 Wood Nant Y Mwyn
569.7 2.05 2.3 431.2 2.13 2.22 mouse

WM47 Wood Nant Y Mwyn
421.2 2.11 2.26 343.9 2.11 2.25 mouse

WM48 Wood Nant Y Mwyn
380.6 2.1 2.27 1572.4 2.1 2.33 mouse

WM49 Wood Nant Y Mwyn
388.4 2.1 2.23 167.7 2.06 2.08 mouse

WM50 Wood Nant Y Mwyn
571.5 2.05 2.26 391.1 2.11 2.28 mouse

WM51 Wood Nant Y Mwyn
1096.3 2.11 2.27 669.1 2.11 2.28 mouse

WM52 Wood Nant Y Mwyn
1462.8 2.11 2.18 867.1 2.09 2.01 mouse

WM53 Wood Nant Y Mwyn
912.3 2.1 2.01 597.4 2.09 2.21 mouse

WM54 Wood Nant Y Mwyn
591.1 2.08 2.09 507.6 2.07 1.82 mouse

WM55 Wood Nant Y Mwyn
167.4 2.06 1.77 389.6 2.1 2.25 mouse

WM56 Wood Nant Y Mwyn
1301.8 2.1 23 141.5 2.08 2.26 mouse

WM57 Wood Nant Y Mwyn
811.6 2.11 2.24 862.8 2.08 2.28 mouse

WM58 Wood Nant Y Mwyn
1660.6 2.14 1.97 355.2 2.1 2.19 mouse

WM59 Wood Nant Y Mwyn
352.2 2.09 2.2 780.2 2.1 2.28 mouse

WM60 Wood Nant Y Mwyn
238.2 2.06 2.08 572.4 2.05 2.3 mouse

WM61 Wood Nant Y Mwyn
528.1 2.12 2.29 795.4 2.04 2.19 mouse
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WM62 Wood Nant Y Mwyn
431.7 2.1 2.2 131.8 2.08 2.01 mouse

WM63 Wood Nant Y Mwyn
300.4 2.09 2.23 240.8 2.11 2.19 mouse

WM64 Wood Nant Y Mwyn
497.4 2.14 2.25 389.1 2.13 2.19 mouse

WM65 Wood Nant Y Mwyn
716.7 2.06 1.74 544.4 2.03 2.3 mouse

WM66 Wood Nant Y Mwyn
865.8 2.09 1.79 215.3 2.09 2.24 mouse

WM67 Wood Nant Y Mwyn
385.2 2.11 2.1 176.7 2.07 2.12 mouse

WM68 Wood Nant Y Mwyn
765.8 2.12 2.28 996.4 2.13 2.33 mouse

WM69 Wood Nant Y Mwyn
478.1 2.12 2.2 257.1 2.1 2.13 mouse

WM70 Wood Nant Y Mwyn
50.8 2.14 2.04 1494.6 2.08 2.2 mouse

WM71 Wood Nant Y Mwyn
1122.3 2.09 2.28 840.4 2.12 2.35 mouse

WM72 Wood Nant Y Mwyn
188.7 2.11 1.32 1088.1 2.1 2.32 mouse

WM73 Wood Nant Y Mwyn
2019.5 2.13 231 679.9 2.13 2.35 mouse

WM74 Wood Nant Y Mwyn
306.5 2.16 2.25 497.2 2.14 2.34 mouse

WM75 Wood Nant Y Mwyn
138 2.1 2.17 640.8 2.09 2.33 mouse

WM76 Wood Nant Y Mwyn
331.1 2.11 2.29 1547.1 2.04 2.25 mouse

WM77 Wood Nant Y Mwyn
1344 2.09 2.22 1003.1 2.08 2.35 mouse

WM78 Wood Nant Y Mwyn
464.4 2.12 2.28 447.8 2.1 2.26 mouse

WM79 Wood Nant Y Mwyn
269.9 2.12 2.24 1069.2 2.09 2.34 mouse
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WM80 Wood Nant Y Mwyn
1032.8 2.12 2.3 1005.1 2.1 2.18 mouse
V1 164.4 2.07 2.15 1260.4 2.07 2.3 Field vole Nant Y Mwyn
W1 Least Nant Y Mwyn
1220.8 2.14 2.27 951.7 2.1 2.31 weasel
BV9 661.7 2.09 2.06 1011.3 2.07 2.3 Bank vole Nant Y Mwyn
BV10 304.2 2.11 2.03 1089 2.07 2.31 Bank vole Nant Y Mwyn
BV11 1371.7 2.09 1.12 3566.8 2.13 2.29 Bank vole Nant Y Mwyn
BV12 486.8 2.1 2.27 2174.3 2.14 2.33 Bank vole Nant Y Mwyn
BV13 467.8 2.1 2.27 2029.5 2.14 2.33 Bank vole Nant Y Mwyn
FV11 1463.2 2.14 1.93 642.5 2.05 2.02 Field vole Nant Y Mwyn
Fv12 501.6 2.1 2.29 2571.4 2.12 1.97 Field vole Frongoch
Fv13 332 2.08 2.25 1733.3 2.1 2.33 Field vole Frongoch
FV14 362.5 2.09 2.26 24534 2.12 2.32 Field vole Frongoch
FV15 1208.7 2.08 2.31 2239.8 2.12 2.32 Field vole Frongoch
YM9 Yellow- Nant Y Mwyn
necked
712.8 2.07 2.11 386.4 2.1 2.28 mouse
YM10 Yellow- Nant Y Mwyn
necked
322.9 2.13 1.81 725.2 2.06 2.15 mouse
YM11 Yellow- Nant Y Mwyn
necked
200.9 2.1 2.19 1143.5 2.07 2.31 mouse
YM12 Yellow- Nant Y Mwyn
necked
174.7 2.1 2.18 318 2.12 2.29 mouse
YM13 Yellow- Nant Y Mwyn
necked
244.5 2.08 2.19 931.1 2.11 2.34 mouse
YM14 Yellow- Nant Y Mwyn
necked
2576.1 2.12 2.3 776.1 2.07 2.26 mouse
YM15 Yellow- Nant Y Mwyn
necked
171 2.04 1.72 250 2.11 2.22 mouse
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YM16 Yellow- Nant Y Mwyn
necked
1462.2 2.1 2.3 504 2.12 2.33 mouse
YM17 Yellow- Nant Y Mwyn
necked
279.3 2.1 1.93 2457.9 2.14 2.34 mouse
wmMsl Wood Nant Y Mwyn
379.7 2.12 2.24 1532.5 2.11 2.34 mouse
WM82 Wood Nant Y Mwyn
408.5 2.12 1.81 911 2.06 2.26 mouse
WM83 Wood Nant Y Mwyn
663.6 2.04 2.23 1888.2 2.11 2.29 mouse
WM84 Wood Nant Y Mwyn
405.5 2.1 2.24 2221.2 2.14 2.34 mouse
WMS85 Wood Nant Y Mwyn
613.1 2.04 2.25 1969.2 2.14 2.34 mouse
WM86 Wood Nant Y Mwyn
181.8 2.07 2.22 1476.7 2.1 2.34 mouse
WM87 Wood Nant Y Mwyn
742.2 2.06 2.09 3554.8 2.15 2.08 mouse
WM88 Wood Nant Y Mwyn
594.1 2.04 2.27 784.9 2.11 2.3 mouse
WM89 Wood Nant Y Mwyn
777 2.07 2.25 2439.1 2.14 2.33 mouse
WM90 Wood Nant Y Mwyn
170 2.08 2.28 2508.1 2.12 2.34 mouse
WM91 Wood Frongoch
872 2.06 2.25 1940.5 2.14 2.33 mouse
WM92 Wood Frongoch
1293.8 2.1 221 1889.6 2.12 2.09 mouse
WM93 Wood Frongoch
198.9 2.09 1.99 754 2.08 2.32 mouse
WM94 Wood Frongoch
563.6 2.07 2.28 1137.6 2.1 2.34 mouse
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2. NGS library preparation

Prior to library preparation, samples were pooled. Up to 10 samples were pooled per
library, with separate pools being produced for gut and liver tissue using the same
constituent samples (Table 6). Pooling was performed prior to speciation and
according to species field identification, although it was later found that pools A and
B contained mixed species. All samples were diluted equally within each pool to 200-
300 ng/ul according to number of samples in the pool, and the pool was then diluted
to give a total concentration of approximately 67 ng/ul for library preparation.
Pooled samples were analysed using the TapeStation electrophoresis platform prior
to library preparation, and a RIN (RNA Integrity Number, a measure of RNA
fragmentation that acts as a proxy indicator for RNA quality where 1 is highly
fragmented and 10 is extremely intact) was obtained for each pool (Table 7). 30/36
pools were of high quality (RIN > 7.0), and 5 of these fell into the intermediate quality
category (RIN of between 3 and 7). Only the Pool L gut library had a RIN below this
threshold. Following technical advice from the library preparation kit provider (NEB,
USA) it was decided to proceed to synthesise libraries from all 36 pools.
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Table 6- Pooling scheme for all libraries.

Pooling scheme for each library. Gut and liver pooling was performed separately, but
with the same constituent samples comprising each library. All pools except for pool
L were designed to contain only one species, according to the field identification of
the animals. All samples were added at a concentration of 200-300 ng/ul according
to the number of animals in the pools, and pools were then diluted to approximately
67 ng/ul for sequencing (resulting in a minimum concentration of 6.7 ng/ul per

sample).

Pool | Samples added

A |Bvi [Bv2 [BV3 |Bv4 |BVS |BV6e |BV7 |BVS -
B |FV1 |Fv2 |FV3 |Fv4 |FV5 |FV6 |FV7 |FV8 |FV9 | Fv10

cC |YymM1 |[YmM2 |YM3 |YM4 |YM5 |YM6 |YM7 |YMS -
D | WM25 | WM35 | WM37 | WM41 | WM64 | WM65 | WM68 | WM70 | WM75 | WM77
E | WM15 | WM31 | WM61 | WM62 | WM66 | WM67 | WM72 | WM73 | WM76 | WM79
F | WM4 | WM5 | WM14 | WM24 | WM33 | WM34 | WM36 | WM39 | WM63 | WM74
G |WMLI |WM2 |WM6 | WM7 | WM8 | WM9 | WM12 | WM13 | WM40 | WM80
H | WM3 | WM22 | WM26 | WM30 | WM38 | WM45 | WM50 | WM57 | WM59 | WM69
| WM10 | WM11 | WM17 | WM18 | WM27 | WM46 | WM47 | WM60 | WM71 | WM78
;- [wmie | wm20 | wm23 | wm28 | wM29 | wM43 | WM44 | WM49 | WMS2 | WMs8
K | wM19 | wm21

L | v1 W1

M | BV9 | BV10

N | FVil | FV12

0 | WM8L | wms2

P | WM88 | WM89

Q | YM9 |YM10

R | YM14 | YM15
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Table 7- RIN values for each pool prior to library synthesis.

RIN values for each pool prior to library synthesis. RIN value is a measure of
fragmentation which acts in this case as a proxy for indicator for RNA quality, where
10 is perfectly intact and high quality RNA and 1 is highly fragmented and low
quality RNA. RIN of > 7.0 is considered to be high quality, RIN between 3 and 7 is
considered to be of intermediate quality.

Pool Gut RIN Liver RIN | Pool Gut RIN Liver RIN
A 9.0 7.8 J 8.6 8.3
B 7.3 7.5 K 8.7 5.9
C 9.1 8.5 L 29 5.8
D 9.1 8.6 M 9.0 9.1
E 7.4 8.9 N 6.7 8.7
F 6.8 8.2 0 7.4 8.7
G 4.7 7.7 P 7.6 8.9
H 8.7 8.5 Q 8.1 8.3
I 7.5 7.9 R 7.3 9.0
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NGS libraries were then produced for each library, and their quality was assessed by
TapeStation analysis (Figure 4 for gut pool TapeStation traces and Figure 5 for liver
pool TapeStation traces). Libraries were considered successful if a clear peak
corresponding to between 240 and 300bp was identified on the trace. Gut library P
and liver libraries G, | and K failed to synthesise an effective library in the first
instance, and liver libraries | and K underwent fresh library preparations accordingly
(12 and K2 in Figure 5). Due to reagent limitations, gut library P and liver library G
were not repeated. Some libraries showed a peak at approximately 135bp, indicating
the presence of adapter dimer in addition to the peak between 240 and 300bp.
Sequence from adapter dimers would be generated during sequencing, thereby
reducing the overall yield of target reads. Accordingly, an extra bead clean-up step
was performed to remove the adaptors for liver libraries A, B, C, D, E, F, H, |, J, K, N,
O and R, and for gut libraries A, C, D, H, 1, J, K, M, N, P, R. Due to sample volume
limitations, these were not re-analysed on the TapeStation. Matching gut and liver
libraries were then diluted and mixed in an equimolar manner to produce a final pool
at 30 nM for each library containing both the gut and liver sequences. These were
then submitted to Genewiz for Illumina NovaSeq sequencing. Due to all samples
being processed on one NovaSeq S4 lane, individual index primers were assigned to
the gut and liver pools for each sample set. This enabled identification of a target
sequence and library demultiplexing.
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Figure 4- TapeStation trace of all Welsh rodent gut libraries.

Letter in top left corner of each trace denotes which pool generated the trace. X axis shows fragment size in base pairs, Y axis shows sample
intensity in normalised fluorescent units. X axis scale is logarithmic, increasing from 0-1500 bp, whilst Y axis scale is variable and adjusted to
each library. “Upper” and “Lower” peaks show upper and lower markers used to calibrate the software. Peaks at approximately 240-300bp

&
=

=
=

2000 4

L
r g

R 5000

Sample Intensity [Normalized FU]

=
=

&
=

2
=

2000

e

Size
bp)

show the presence of a successful target library, and peaks at approximately 135bp show the presence of adaptor dimer. All pools except for
pool P showed a peak at 240-300bp, demonstrating successful library synthesis. Pools A, C, D, H, J, M and N showed the presence of adaptor

dimer.
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Figure 5- TapeStation trace of all Welsh rodent liver libraries.

Letter in top left corner of each trace denotes which pool generated the trace. Pools 12 and K2 represent show the second attempt at library
preparation for these samples. X axis shows fragment size in base pairs, Y axis shows sample intensity in normalised fluorescent units. X axis
scale is logarithmic, increasing from 0-1500 bp, whilst Y axis scale is variable and adjusted to each library. “Upper” and “Lower” peaks show
upper and lower markers used to calibrate the software. Peaks at approximately 240-300bp show the presence of a successful target library,
and peaks at approximately 135bp show the presence of adaptor dimer. All pools except for pools G, | and K showed a peak at 240-300bp,
demonstrating successful library synthesis. Pools C, D, E, F, H, J and K showed the presence of adaptor dimer.
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3. Metagenomic preparation and host filtering

Approximately 3.1 billion total reads were received from the NovaSeq S4 lane, which
were demultiplexed by Genewiz as part of their service. Libraries ranged from
approximately 1.35x108 reads to 2.15x108 reads, and were imported into Geneious
Prime 2022.1.1, where reads were paired and merged as described in the methods.
Filtration was applied to reduce each individual library to > 7.5x107 paired reads or >
1.5x108 unpaired reads as these are the caps for uploading samples to CZID. Where
this was not possible filtering was performed to reduce read count to as close to cap
as possible to minimise read loss, and libraries were then analysed by CZID despite
exceeding the read cap. Initial filtering was performed by removing low quality reads,
followed by host species reads (by removing reads that match to a reference host
genome downloaded from NCBI Genbank), human reads, bacterial reads and fungal
reads. Once sufficiently filtered, libraries were uploaded to CZID, where they were
processed through the CZID pipeline 7.0 or 7.13'>. Table 8 shows initial read numbers,
post-filtration read numbers, and read numbers passing CZID controls. The library
with the least initial reads was library K with 124,310,755 reads, and the library with
the most initial reads was library N with 214,273,480 reads. Host and quality filtration
removed between 99.42 % (library P) and 44.27% of reads (library A), with cohort 2
libraries consistently removing more reads during initial filtration than cohort 1
libraries. The CZID filtration then removed between 96.91% of reads (library C) and
16.12% of reads (library H), with substantial variability between libraries and no
apparent link to the quantity of reads passing initial filtration. After both rounds of
filtration, 14/18 libraries showed 100% of reads passing CZID quality control. 99.99%
of library P reads passed quality controls, 86.73% of library A reads passed quality
controls, 82.1% of library B reads passed quality controls, and library K had the lowest
proportion of reads passing quality controls, with 75.95% of reads passing. Following
CZID processing, 1.0x10° reads were generated for each sample by CZID as a
reportedly random snapshot of the processed reads and were analysed for plausible
hits.
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Table 8- Read counts and filtration efficiency for all libraries.
All values are in paired reads. Post-filtration read number represents the number of
reads uploaded to CZID following internal host filtration and quality assessment.
Reads numbers following CZID filtration represents reads that remained after passing
through the CZID pipeline. % of reads passing CZID quality controls is relative to the
number of reads that passed CZID filtration.

Library | Number of | Read numbers Read numbers | % of reads | Pipeline
initial reads | following internal following CZID | passing version
host and quality filtration (% of | CZID
filtration (% of initial reads quality
reads) uploaded to controls
CZID)
A 134,568,804 | 75,000,000 (55.73%) 34,520,599 86.73% 7.0
(46.03%)
B 148,111,940 | 75,000,000 (50.64%) 11,230,837 82.1% 7.0
(14.97%)
C 162,293,069 | 75,000,000 (46.21%) 2,313,886 100% 7.0
(3.09%)
D 196,976,464 | 46,887,959 (23.80%) 3,747,439 100% 7.1
(7.99%)
E 175,750,467 | 43,911,729 (24.99%) 4,079,330 100% 7.1
(9.29%)
F 214,273,480 | 75,000,000 (35%) 47,069,833 100% 7.1
(62.76%)
G 162,237,188 | 75,000,000 (46.23%) 62,910,058 100% 7.1
(83.88%)
H 175,537,689 | 45,734,195 (26.05%) | 5,726,284 100% 7.1
(12.52%)
150,244,780 | 64,816,262 (43.14%) 41,347,002 100% 7.1
(63.79%)
J 176,497,221 | 44,383,332 (25.15%) 6,123,341 100% 7.1
(13.8%)
K 124,310,755 | 49,102,980 (39.5%) 29,294,279 75.95% 7.0
(59.66%)
L 157,280,122 | 41,336,787 (26.28%) 18,185,977 100% 7.1
(43.99%)
M 167,766,623 | 11,903,979 (7.1%) 5,510,246 100% 7.1
(46.29%)
N 214,913,500 | 20,488,319 (9.53%) 12,167,327 100% 7.1
(59.39%)
o 188,279,603 | 7,048,368 (3.74%) 5,123,789 100% 7.1
(72.69%)
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181,902,286 | 1,046,725 (0.58%) 414,910 99.99% |7.1
(39.64%)

159,868,124 | 7,961,039 (4.98%) 5,691,771 100% 7.1
(71.5%)

172,658,639 | 18,913,376 (10.95%) | 3,140,672 100% 7.1
(16.61%)
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4. Discussion

As stated above, pooling was performed prior to species confirmation. As a result,
library A is not entirely comprised of bank voles as intended but instead of 6 bank
voles and 2 field voles, and library B is not entirely comprised of field voles as
intended but instead of 7 yellow-necked mice, 2 bank voles and 1 field vole. Host
filtration may have been inefficient in these pools, as host filtration was performed
by matching reads to a host genome from NCBI Genbank and removing reads that
match. Accordingly, by nature of not knowing that mixed host species genomes were
present, the unexpected species genomes have not been filtered against. Whilst it
would have been possible to then filter the library again against the correct host
species genome, as species identification was performed after metagenomics
analysis and PCR screening a second round of filtration at this point was deemed to
have limited analytical value and was not performed. This would likely cause the
largest effect in library B, which was filtered against a field vole genome despite
unknowingly only being composed of 10% field vole samples, and a milder effect on
library A as 75% of sequences were bank vole sequences. Fortunately, all hosts were
rodents that are phylogenetically similar, so host genomes will have a reasonable
overlap that still allows for some filtration. If this project was repeated, species
identification would be performed prior to pooling.

The CZID pipeline is similar to and demonstrates similar performance to other
established pipelines such as those reported by Brinkmann and colleagues?’71316,
Brinkmann and colleagues reported on the efficacy of 14 different in-house pipelines
used in bioinformatics research groups, using a variety of software for each step
including those used in the CIZD pipeline such as Diamond and those not used in the
CZID pipeline, such as Kraken?”31>316 The CZID process is split into three sections-
host filtering, alignment and post processing. All processes performed in CZID
pipeline 7.0 and 7.1 are identical and performed in the same order with no significant
differences. The differences between the 2 pipelines are only in the underlying code
where modifications have been made to increase efficiency, and reviewing these
changes is beyond the scope of this project. Whilst it is very unlikely that pipeline
version will have had a major effect on sample processing, pipeline usage has been
recorded for posterity regardless.

During host filtering, the pipeline validates that the input is suitable (present in a
fastq file format), prior to using the STAR aligner to remove host mapped reads
according to the host species information provided in the metadata at the point of
upload. Following this, the trimmomatic system is used to remove adapter
sequences, using the known sequences of the Illumina adaptors to identify these.
Reads then pass through the Price Seq filter to remove low quality reads (> 10% N
reads or > 15% low quality nucleotides). These are reasonable thresholds that allow
for the removal of low quality reads without being too stringent and allowing for
some flexibility in read quality. Trimmomatic is a well-established and effective
program that is commonly used for removing lllumina adaptors and is capable of
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accurately trimming adaptor sequences from target reads. Trimmomatic is therefore
a good choice of trimming software to use here3'’. Following this, CZID-dedup is used
to identify duplicate reads by matching the first 70 bases of each read, followed by
the LZW step which uses the Lempel-Ziv-Welch algorithm to remove low complexity
reads and reduce sequence clutter. Bowtie2 is then used to remove remaining host
reads, prior to the subsampling stage where CZID subsamples 1 million reads to
continue through the pipeline. CZID purports that this is random, but in our
experience of reprocessing the same library 3 times identical results were obtained
across all 3 uploads, therefore it appears that this process is not random after all. This
suggests that it is possible that only the first 1,000,000 reads are being analysed and
the rest are not being examined by CZID, which could lead to a significant loss of data
or low copy number viruses that are not represented in the subsampled reads, which
is @ major drawback to the CZID pipeline. After subsampling the 1 million reads are
passed through the STAR aligner and Bowtie2 filter system once again, followed by a
pass through the GSNAP filtration system, which is designed to remove
contaminating human reads. After this, the samples proceed to the alignment
stage'°.

During the alignment stage, the sample reads take multiple paths to reach an overall
alignment (Figure 6). The “Alignment Minimap2” stage uses the minimap2 system to
align against the NCBI nucleotide database. The “Call Hits Minimap2” stage then
assigns matched accessions from the minimap2 alignment to specific taxon
identities. The “Alignment Diamond” stage uses the Diamond system to align against
the NCBI non-redundant protein database to align reads at the amino acid level. The
“Call Hits Diamond” stage assigns the aligned reads from the Diamond alignment to
specific taxons. Using both Diamond and minimap2 is wise as Diamond uses protein
alignments to call hits whilst Minimap2 uses nucleotide alignments. By using both
methods it allows for both high confidence nucleotide alignments whilst still allowing
for detection of microorganisms that have undergone synonymous mutations that
do not alter the amino acid sequence and may be missed by the nucleotide
alignment38319, After all alignments are performed, taxon counts from both the
minimap2 alignment process and Diamond process are combined to give a single set
of overall taxon counts, and .fasta files are generated for both identified and
unidentified reads. These .fasta files then proceed to the post-processing stage3*.
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Figure 6- Progression of reads through the CZID alignment process.

Screenshot showing the pathing of the reads through the CZID alighnment stage.
Filtered reads are represented by the arrows on the far left and aligned reads being
passed to the post processing stage are shown on the far right. The Diamond and
Minimap2 processes use protein and nucleotide alignments respectively to allow
for high confidence microorganism detection3'3%°,
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As with the alignment stage, samples take multiple paths through the post-
processing stage (Figure 7). Rapsearch2 is the output file from the Diamond aligner-
accordingly, the “Download Accessions Rapsearch2 Accessions” stage is matching
the Diamond output with specific accession numbers. Similarly, Gsnap represents the
output file from the minimap2 alignment, so the “Download Accessions Gsnap
Accessions” stage is matching the minimap2 output with specific accession numbers.
The “Assembly” stage uses the SPAdes to assemble individual reads into contigs and
uses bowtie2 to link the original reads and their associated contigs?’>'°. SPAdes is
often considered to be the gold standard approach for bioinformatics read assembly,
where it has been shown to be reliable and accurate®?°. However, faster programs
which can utilise longer k-mers for assembly such as SKESA may have provided better
assembly coverage at approximately the same speed, and are specifically designed
for microbial genomic assembly, therefore whilst the use of SPAdes in this pipeline is
still valid and reliable it is possibly sub-optimal®?°. The “Generate Coverage Stats”
step uses the assembled reads to estimate contig coverage of the identified
genomes. The two “Blast Contigs” stages are performed together, first to identify the
contigs produced by the minimpap2 alignment using the NCBI NTBLAST database and
then to identify the contigs produced by the Diamond alignment using the NCBI non-
redundant protein database (NCBI NRBLAST) in order to refine the overall output.
Taxon counts are then combined from the two alignments and the “Compute Merged
Taxon Counts” stage creates hit summary files, before the “Combine Json” stage
produces Json output files, which are Javascript files to allow for easier usage. The
“Generate Annotated Fasta” stage generates both annotated read fasta files and
unidentified reads fasta files, which then passes to the “Generate Taxid Fasta” stage,
which generates taxonomic ID summaries. Finally, the “Generate Taxid Locator”
stage attaches the taxonomic ID summary to the non-host reads, finishing the
process.
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Figure 7- Progression of reads through the CZID post-processing stage.

Screenshot showing the pathing of the reads through the post-processing stage.
Aligned reads enter the flowchart in the arrows on the far left. Through multiple
pathing, the CZID post-processing steps allows for accurate linking of alignments
generated in the alignment stage to specific hits, produces specific contigs, and
converts the data into a more user-friendly Ul.
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For cohort 1 (libraries A-L), a relatively powerful (64GB RAM) local PC was used to
process the libraries. However, due to the size of the libraries, this was inefficient-
the entire process from importing the libraries through to filtering sufficiently for
CZID upload took approximately 5-7 days per library. For the second cohort (libraries
M-R), Dr. Stuart Astbury processed the samples through a multi core HPC at the
University of Nottingham. As well as being significantly quicker (the entire process
was completed overnight for 6 libraries, M-R), this appears to have increased the
stringency of the filtration, removing more reads prior to upload to CZID, despite
using the same programs to filter (STAR and bowtie2, repeated for two passes). It is
unclear why this occurred, although it is possible that some of the stringency
parameters which are not reported by CZID may be different to those used by Dr.
Astbury. Regardless, this resulted in more manageable datasets and likely reduced
false positive results, which is beneficial for downstream analysis.

This goes some way as to explaining the substantial difference in reads post-filtration
between the two cohorts. However, this does not explain the differences in read
number between libraries of the same cohort. Whilst efforts were made to minimise
adaptor dimer contamination where possible, it is not possible to remove 100% of
adaptor dimers prior to library sequencing, which will be filtered out in the read
quality assessment stage, in turn reducing the total number of reads passing
filtration. Operator experience and familiarity with the library preparation kit may
also have an effect, as shown by the first 3 libraries prepared (libraries A, B and K)
having the lowest % of reads passing quality filters. It is possible that increasing
experience allowed for enhanced precision and accuracy when judging how dry
beads are during the bead purification steps as the project progressed, which can in
turn affect both yield and quality of sequences. For these libraries, there was no clear
link between the RIN of the constituent pools of the libraries and either quality or
read filtration efficacy. There is also no apparent link between initial library size and
either raw number or % of reads passing filters. Regardless, some libraries were
better quality and gave a better yield than others, perhaps in part due to the inherent
randomness of working with animal samples.

Dr. Astbury also used the HPC to reanalyse some of the previously processed libraries
using Kraken2, a well-known taxonomic identification software for metagenomics
analysis®*. The idea behind this approach was that using Kraken2 analysis on the HPC
would not result in the non-random read cap imposed by CZID and prevent
essentially the loss of all reads after the first 1,000,000 reads from the rest of the
data. However, the Kraken2 results were near identical to the CZID results in the 3
libraries assessed in this manner, improving confidence in the results provided by
CZID. As Kraken2 uses a different k-mer count and database to the NCBI databases
used throughout the CZID pipeline, this is reassuring and suggests that the analysis
of the libraries is robust and reproducible via two different bioinformatics
approaches3'>3?1, Whilst it is possible that any very low copy number viruses were
still not detected (as is the case with all metagenomics projects), this validation from
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an alternative method supports that the majority of viruses would be identified by
the CZID approach®. Whilst the HPC method was significantly quicker, the output is
in a less user friendly interface and is more difficult to interpret. It is unfortunate that
our access to the HPC became available after the completion of most of heavy
computational work for this project. However, for future work or other
metagenomics projects within the laboratory, the HPC approach will be used.

Generating and processing the libraries for metagenomics analysis was highly
successfuland produced large quantities of high quality data. This allowed for the
later analysis of the metagenomics data with a high degree of confidence in the reads
and allowed for specific virus detection PCRs to be designed and performed based
on these libraries.
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Chapter 4- Modern sample degenerate PCR screening results
(Prong 1)

After the successful isolation of RNA and the generation of cDNA from liver and gut
tissue of 140 rodents, the next step was to attempt to identify evidence of infection.
Prior to receiving metagenomics data, this was performed by PCR screening of these
samples using pan-family or pan-genus primer sets designed to detect key viral
species.

1. Identification of 2 adenoviruses

Initial adenovirus screening using the AdHex PCR primers yielded no positive results
in any gut samples. BV2H and WM29H were the only positive samples (2/140), and
all controls were as expected, i.e. the positive adenovirus control yielded a positive
result and the negative control was negative and yielded no bands. As both positive
samples were liver samples, it is unlikely that environmental food contamination has
occurred here. Using NCBI NTBLAST both were identified as most similar to human
Mastadenovirus C, and not identified as closely related to rodent Mastadenovirus
isolates by NTBLAST. Following the trimming of low quality 5’ and 3’ end bases BV2H
yielded a 329 base fragment, and WM29H vyielded a 281 base fragment. Upon
alignmen, these two sequences were not identical, sharing 67.02% identity, with
reduced similarity at the 5’ end of the alignment (the hexon CDS) and increased
similarity at the 3’ end of the alignment (the hexon gene) (Figure 8). BV2H was
67.32% similar to the most closely related adenovirus sequence (accession number
AF542120) and WM29H was 84.47% similar to the most closely related adenovirus
sequence (accession number LC720425), and in both alignments the 5’ end was more
similar than the 3’ end (Figure 8).

Attempts were made to perform further PCR investigations to identify more of the
adenovirus genome and allow for full gene phylogenetic analysis. The Alt_Adeno,
Alt_Adeno_2 and Alt-Adeno_3 primers all failed to generate a product at any
temperature upon gradient PCR investigations. This process exhausted the positive
control material and further investigations were not performed. Despite this,
phylogenetic analysis was performed on the available hexon sequence relative to
bases 20,051-20,392 of a human adenovirus C reference sequence (NC_001405).
Both BV2H and WM29H formed a clade amongst human adenovirus sequences,
albeit with long branch lengths and weak bootstrap support.
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Figure 8- Alignments of the BV2H and WM29H adenovirus isolates, and their most similar viruses
as identified by NTBLAST analysis.

In all alignments, red shapes indicate trimming of samples to match sequence length and
remove low quality bases. In the identity bar, green bar represents 100% match, yellow bar
represents a 50% chance of a match, a red bar represents 25% chance of a match and a blank
space indicates a 0% chance of a match. Bar height also decreases as likelihood of match
decreases. A) Alignment of BV2H isolate (top sequence) and WM29H isolate (bottom sequence)
across the entire length of the sequenced region of the WM29H isolate. These isolates are
67.02% similar. B) Alignment of BV2H isolate (top sequence) and AF542120 (bottom sequence),
across the entire length of the sequenced region of the BV2H isolate (bases 1227-1571 of
AF542120 reference sequence). These sequences are 67.32% similar. C) Alignment of WM29H
isolate (top sequence) and LC720425 (bottom sequence) across the entire length of the
sequenced region of the WM29H isolate (bases 20,039-20,323 of LC720425 reference
sequence). These sequences are 84.47% similar.
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Figure 9- Midpoint rooted phylogenetic tree of degenerate PCR identified sequences.
Relative to adenovirus hexon gene bases 20,051- 20,392 relative to reference
sequence NC_001405 (human adenovirus C). Tree generated using TIM3+F+|+G4
model with 1000 bootstrap replicates. Node values represent % bootstrap support.
Red branches and text highlight sample libraries, host species is shown next to each
branch. Scale bar represents 0.2 substitutions per site. M.g= Myodes glareolus, A.s=
Apodemus sylvaticus, “Mouse” represents a mouse host where the specific species
was not recorded.
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2. ldentification of an old-world hantavirus sequence

All samples were screened using both the established Han_L primers'’> and the
OW_HAN primers, designed in-house. The OW_HAN primers yielded no positive
results, whilst the Han_L primers yielded 1/140 positive liver samples (in sample V1H,
a field vole). In all reactions the positive control produced a clear positive band whilst
the negative control produced no bands of any size, therefore all controls were as
expected. The sequence chromatogram was of low quality, but the sequence was
identified as most similar to a Black Creek Canal Orthohantavirus RdRp (accession
number GU997097) with 87.61% similarity by NCBI NTBLAST based on the final 73
bases of the sequence. Only the final 73 bases were analysed by NTBLAST as the
chromatogram trace of this region was of significantly higher quality than the rest of
the trace and could be reliably basecalled. No further investigations were performed
due to the return of the NGS data shortly after these results were obtained.

3. Other PCR screening panels

The initial CoV screening with the Woo_CoV primers yielded 1/140 positive liver
samples (a wood mouse, WM18H). The positive control yielded a clear positive result,
whilst the negative controls produced no PCR products of any size. Accordingly,
WM18H was sent for sequencing, but failed to sequence on 3 separate occasions,
exhausting the available material. Follow up PCR investigations were then performed
on WM18H using both the Alt_CoV and Woo_CoV_2 primers. For both primer sets,
the OC43 positive control was positive and the WM18H sample was negative. The
initial PCR using the Woo_CoV primers was then repeated on WM18H and yielded a
negative result, despite a clear positive result being observed in the positive control.
Accordingly, this was deemed to be a negative sample and the initial screening was
deemed to have yielded a false positive result.

Rubivirus screening yielded no positive results. Following a successful primer test
gradient PCR which demonstrated that the Rub_1 primers effectively bound to the
RubV vaccine extract at 59°C, all liver and gut samples were screened using the Rub_1
primers. All animal samples were negative, the positive control produced a clear
positive result and the negative control reactions produced no PCR product of any
size.

Rotavirus PCR screening was unsuccessful. Both the R_VP1 primers and the R_VP7
primers failed to produce a positive result using established Rotavirus clinical isolate
positive control material as a template when tested by gradient PCR. After
attempting the gradient PCR 3 times with each primer set for both denatured and
not denatured control material, the control material was exhausted and no further
investigations were performed.
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4. Discussion

The rationale behind performing degenerate PCR screening was primarily based on
the increased sensitivity of a targeted PCR relative to an unbiased metagenomics
screening®. As sufficient RNA and cDNA was available for all samples, degenerate
screening was a worthwhile endeavour, especially whilst waiting for the return of the
NGS data. Additionally, we considered that by targeting conserved regions of target
genomes whilst also incorporating the necessary degeneracy to develop a pan-genus
screening PCR where possible, we may identify more novel “dark matter” virus
strains that may be too divergent to be identified by traditional metagenomics
alignment and identification software such as kraken2°. Finally, an additional goal of
this screening approach was to potentially develop an element of a multiplex
screening panel for future virus discovery projects and clinical samples. Due to time
limitations, a multiplex panel was not produced, although the successful primer sets
that gave valid positive control PCR hits- i.e. the AdHex primers, the Woo_CoV
primers and the Rub1 primers- may be incorporated into a multiplex screening panel
at a later date. The viruses screened for were chosen based on a variety of factors
which will be discussed below for individual viruses. The primary screening selection
criteria included likelihood of identification in these samples and potential clinical
significance if identified. Accordingly, screening primers were designed for both OW
and NW arenaviruses. Samples were not screened for the presence of NW
arenaviruses due to the extreme unlikelihood of finding any positive samples, as they
are near exclusively found in the Americas'*°. OW arenavirus screening was not
performed due to a lack of positive control material rendering results unreliable. The
metagenomics data did not identify any arenaviruses of either type in any sample,
therefore omitting this screening is unlikely to have resulted in any viruses being
missed.

The adenovirus screening identified 2 positive samples, which were then found to be
most similar to human Mastadenovirus C by NCBI NTBLAST. Although only small
sections of the genomes were obtained, these sections were part of the Hexon gene
which has previously been used for adenovirus typing by assessing hypervariable
regions within this gene''3. Whilst Hexon typing alone is not sufficient to accurately
identify all adenovirus strains- particularly in recombinant adenoviruses- it still
provides useful information that can be used to approximate viral strain identity and
relatedness between them!*3, The viruses identified here were relatively divergent
across this region, with the WM29H sequence being only 84.47% similar to the most
similar virus by NTBLAST and BV2H being only 67.32% similar to the most similar virus
by NTBLAST. Amongst other criteria, the ICTV requires a 5-15% difference within the
polymerase gene of the adenovirus genome for an adenovirus to be considered as a
novel species 3?2, Whilst the viruses found here are quite divergent and genetically
distinct, without the isolation of further genomic sequence- particularly of the
polymerase gene- it is not possible to accurately assess species demarcation for these
viruses. ldeally, further investigations would have been performed to identify more
of the genome for these viruses- perhaps using the multiple target approach
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described by Wu and colleagues- but due to a lack of control material, this was not
possible!'3, Whilst it is unexpected that these viruses from rodents were identified
as most similar to human viruses by NTBLAST this could be due to the limited length
of available sequences. These viruses also clustered amongst human adenoviruses
within the phylogenetic tree with strong bootstrap support (Figure 9) supporting that
these viruses are indeed similar to human adenovirus species, although it should be
noted that phylogenetic analysis of such a small section of genome may not be
entirely reliable.

Interestingly, these Mastadenovirus C positive sequences were not identified by CZID
during the metagenomic screening. This could be due to a low grade infection
resulting in a low viral copy number below the sensitivity threshold of metagenomics
identification, or potentially due to excessive subsampling of reads by CZID. It is also
impossible to rule out Adenovirus contamination from the operator during nucleic
acid extraction, PCR, or sequencing, although the standard molecular laboratory
control measures and cleaning regimens render this unlikely. Regardless, this
demonstrates that PCR and the associated sensitivity of this method still has a place
within virus discovery workflows, even in the metagenomics age>>®°. However, the
PCR screening did not identify any of the Mastadenovirus D sequences identified by
the metagenomics data, and it was found that the designed pan-adenovirus primers
may not effectively bind to and identify Mastadenovirus D viruses when aligned
against Mastadenovirus D viruses specifically due to a 3’ mismatch in the
Mastadenovirus D reference sequence. This would in turn limit their value for virus
discovery and would limit their use in clinical diagnostics as some Mastadenovirus D
strains are known human pathogens®3. Future work regarding these viruses should
focus on increasing the genomic coverage of the sequences identified here, in
particular aiming to cover the polymerase gene and re-designing the screening
primers to increase the range of detectable adenoviruses. Adenoviruses were
selected for screening due to being relatively common viruses with the potential for
rapid transmission which are known to circulate in rodents''3129,

The hantavirus screening identified one positive field vole, specifically V1H. Due to
poor sequencing only 73 bases were usable, and the V1H sequence was found to be
most similar to Black Creek Canal Orthohantavirus by NTBLAST analysis. Black Creek
Canal Orthohantavirus is a NW hantavirus that is found in Hipsid cotton rats in Florida
and has been responsible for a singular recorded case of HPS'’°. Whilst this is
extremely unlikely to be found in a Welsh rodent, the 73bp region found here was in
the L segment of the hantavirus which is a highly conserved region, therefore whilst
the NTBLAST result does not serve to allow for identification of the virus found here
to the species level it does serve to illustrate that an Orthohantavirus is present in
this animal*’. A species level identification and phylogenetic analysis may have been
possible if more of the hantavirus genome had been recovered here. Whilst further
PCR investigations of the sample with alternative primer sets would allow for this,
improving the quality of the sequence would also enable further analysis. One such
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approach entails cloning the recovered insert into a bacterial vector and then
sequencing multiple bacterial copies of the clone, thus yielding sufficient high quality
sequence to allow for further analysis (although this was not performed due to time
constraints). The metagenomics data also indicated the presence of a hantavirus
(more specifically TATV) within library L which was later confirmed by specific PCR to
be present in V1H, supporting the degenerate PCR result and confirming this finding
as a true positive virus hit and allowing for species identification as TATV. However,
the metagenomics data also indicated the presence of hantaviruses in libraries |, M
and N, which were not detected by the degenerate PCR screening. This is likely due
to an attempt to develop pan-hantavirus primers that covered both NW and OW
hantaviruses, resulting in excessive degeneracy and a lack of specificity in the primer
design, in turn leading to limited primer sensitivity. If these primers were to be used
in any diagnostic capacity further refinement would be necessary. The rationale
behind screening for hantavirus is that TATV has previously been identified in voles
in Chester, UK, and the Kielder Forest, UK, which are approximately 45 and 225 miles
away from the sampling sites for this study respectively, and Seoul orthohantavirus
has also been identified within the UK in rats'*'2, As such the detection of TATV
within these samples acts to expand the known range for TATV within the UK, and it
is now reasonable to assess that TATV infection is present within the northern half of
England and Wales as a minimum?®2.

The coronavirus screening did not yield any positive results, despite a false positive
in the initial screening. This false positive was likely a contamination event for that
specific PCR, as there were several CoV molecular biology projects being undertaken
in the same molecular laboratory as this project at the same time. The metagenomics
data indicated that a coronavirus may have been present in library J, but the
potentially positive sample identified by degenerate screening (WM18H) is not
present in library J. No CoVs were found during the degenerate screening of library J
samples and specific confirmatory PCR investigations based on the metagenomics
data were also unsuccessful, suggesting that this result may be a false positive. CoVs
were investigated due to rodents being well known host species’ for a and B
coronaviruses within the United Kingdom, and due to current global interest in
coronaviruses and their spillover and zoonotic transmission potential®’. The Woo
primers are well established screening primers, but they were initially designed and
published in 2005 and due to the rapid evolution of CoVs it was decided that these
primers should be updated to include more divergent and novel viruses that have
been identified since this assay was published!>>'*¢, During gradient PCR
investigations the Woo_CoV_2 primers performed as well as Woo_CoV primers,
suggesting that whilst the modifications made did not reduce either the sensitivity or
specificity of the primers, it may not necessarily have improved them either. Further
investigations into the capacity of the Woo_CoV_2 primers to detect more divergent
and varied CoVs would be beneficial to assess their value as potential diagnostic or
evolutionary assessment screening primers.
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All samples were negative when screened for Rubiviruses. As all controls were as
expected and the primers provided a clear positive result when tested on the
gradient PCR, this is believed to be a true negative result and is supported by the lack
of Rubivirus sequence found in the metagenomics data. This is unsurprising as
rodent-borne Rubiviruses have never yet been detected within the UK3%Y). Rubivirus
screening was performed due to a previous record of the presence of RusV in yellow-
necked mice and wood mice, of which 17 and 100 respectively were investigated
here3°l. RusV has also previously been found in Germanic Europe, but there is no
published literature available regarding any investigations into rustrela presence
within the UK therefore this investigation was designed to investigate the presence
of RusV in the UK and to fill that knowledge gap®'. Whilst our study is only confined
to one region of the UK, our results suggest that RusV and other Rubiviruses are not
circulating within UK rodent populations within this region of Wales.

In the metagenomics data Rotavirus reads were found in libraries B and |, albeit at
very low read numbers, and confirmatory PCRs were unsuccessful for all samples
within these libraries. One possibility to explain this is that the degenerate screening
primers used were ineffective, despite targeting two different Rotavirus segments
including the VP7 segment commonly used for Rotavirus typing. Designing more
specific and less degenerate Rotavirus primers (i.e. designing Rotavirus A specific
primers, Rotavirus B specific primers etc. as a multiplex panel) may have resolved this
issue, although this was not performed. Another possibility is that the heat
denaturation step may have been incorrect in some manner, either by overly
denaturing to the extent that the primers didn’t bind or by not denaturing enough so
that the RNA was still double stranded, as this denaturation step was largely
empirical®®®. Alternatively, it is possible that the metagenomics results simply
represent low level contamination from the molecular laboratory where Rotavirus
work has previously been conducted. Rotavirus investigations were performed due
to the timing of the degenerate screening being undertaken in the winter, as prior to
the COVID-19 pandemic Rotaviruses showed strong seasonality with an increase in
cases in the winter and spring in the UK and USA, and Rotaviruses have also shown
seasonal prevalence patterns within rodents?°#3%3, Therefore, it was believed that
there was a reasonable chance of isolating a Rotavirus during this timeframe.

Throughout the primer design process for this screening, great care was taken to
ensure that primers are extremely unlikely to form any hairpins within 15°C of their
annealing temperature, as it was rationalised that this would likely reduce binding
and lead to false negative results. However, self-dimerisation was not taken into
account at this stage of the project, which may have resulted in reduced primer
efficiency and may explain some of the examples where a virus that was not found
via degenerate screening was identified in the metagenomics data. Similarly, the
rationale behind this screening was to make primers with broad target ranges, where
possible targeting a conserved region of the genome to target the entire species,
genus or even family. As a result, many of these primers are highly degenerate (up
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to 96x in some cases), which may have proved too degenerate and impacted primer
concentrations and efficacies. Accordingly, more positive results may have been
obtained by designing primers that were more target specific and narrower in scope.
Upon repeating this project, primers that are narrower in scope and free of self-
dimers would be designed, ideally whilst retaining moderate degeneracy to still
identify reasonably divergent viruses, and the sample screening would be repeated
accordingly. Additionally, if this project was repeated, sensitivity testing would be
performed, where specific primer sets would be tested by attempting to identify
targets in a serial dilution of reducing target DNA amongst a background of irrelevant
DNA. This would allow for the accurate assessment of sensitivity breakpoints prior to
testing specific samples and using valuable cDNA.

Despite the primer design issues, the positive adenovirus results and the hantavirus
identification demonstrated the value of PCR investigations in the field of virus
discovery and will hopefully form the basis of further investigations into these
samples>®®, This degenerate screening was performed in part to provide a frame of
reference for the metagenomics data as a sense-check, and whilst it may not have
been successful in that regards, it proved useful as a minimum to troubleshoot the
primer design process to allow for more successful primer design for confirming
metagenomics hits.
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Chapter 5- Analysis of metagenomics data, PCR confirmation

results and phylogenetic analysis of virus hits (prong 2)

After the successful generation of 18 metagenomics libraries and the filtration of the
NGS data 1,000,000 reads were analysed for each library. This allowed for the
identification of multiple viruses in each library, and for PCR investigations to confirm
viral hits and to assess viral prevalence.

1. Hits by virus species

a. Alignments and reference sequences

Once reads were identified as potential virus hits in CZID, they were exported into
Geneious Prime and aligned to a reference sequence relevant to the virus in question
prior to specific primer design and PCR. All reference sequence accession numbers
are shown in Table 9. Reference sequences were selected according to quality of
sequence available, genome annotations and logical relatedness to sample (i.e.
rodent viruses where available). Whenever possible, reference sequences used were
those highlighted in the “refseq” section of NCBI Genbank. This is because reference
sequences are required to meet a certain standard and to be validated by NCBI,
therefore these were perceived to be more reliable and more likely to be accurate.
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Table 9- Accession numbers for reference sequences used for NGS analysis.
Reference sequences selected to match virus identified by CZID hits, and where
possible to select a high quality sequence ideally identified as a refseq by NCBI
genbank (shown by the NC_ prefix in accession number).

Virus Reference sequence accession number

Adenovirus NC_010956

Arterivirus NC_048210

Astrovirus NC_036583

Beta papillomavirus NC_005134

Bocaparvovirus KY927869

Chapparvovirus NC_055465

Coronavirus NC_ 012936

Ccmv NC_006273

Dependoparvovirus NC_002077

Hepacivirus F NC_038427

MLV NC_001501

Orbivirus Segment 1: NC_027533
Segment 2: NC_027539
Segment 3: NC_027540
Segment 4: NC_027541
Segment 5: NC_027542
Segment 6: NC_027543
Segment 7: NC_027544
Segment 8: NC_027545
Segment 9: NC_027546
Segment 10: NC_027547

Paramyxovirus KY370098

Pegivirus NC_021154

Picobirnavirus Segment 1: NC_007026
Segment 2: NC_007027

Picornavirus- Cardiovirus KY432930

Picornavirus- Enterovirus C MN914205

Picornavirus- Kunsagivirus NC_038317

Picornavirus- Parechovirus NC 034453

Picornavirus- Rosavirus NC 024070

Polyomavirus NC_055556

Protoparvovirus NC 038545

Rhadinovirus NC_055233

Rodent Hepacivirus NC_021153

Rotavirus Segment 1: NC_011507
Segment 2: NC_011506
Segment 3: NC_011508
Segment 4: NC_011510
Segment 5: NC_011500
Segment 6: NC_011509
Segment 7: NC_011501
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Segment 8: NC_011502
Segment 9: NC_011503
Segment 10: NC_011504
Segment 11: NC_011505

TATV

S segment: NC_055635
M segment: NC_055637
L segment: NC_055636
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A total of 114 viruses were identified by CZID during the metagenomics screening,
with an average of 6.39 viruses per library. 76/114 viruses (66.67%) were confirmed
by PCR in at least 1 animal within the target library. The remaining 38 viruses were
often identified with low read numbers and low genomic coverage and were unable
to be confirmed by PCR. Table 10 shows all viral reads detected in all libraries. Both
CZID and Geneious prime attempt to assemble contigs when mapping to reference,
therefore some samples have low read values but high genomic coverage where
contig assembly has been highly successful. If a hit had > 30% genomic coverage then
this was deemed sufficient for an accurate NTBLAST analysis, and if it had > 60%
genomic coverage this was deemed sufficient for phylogenetic analysis, provided all
or most of at least 1 informative gene was present within the available sequence.
Viruses with genomic coverage of < 30% were still assessed by NTBLAST, but the
results were found to be unreliable as they often best matched to extremely short
regions of reference sequences- these are not reported here. Genome coverage was
assessed by mapping available reads and contigs to the appropriate reference
sequence, and then estimating the total % covered by mapped reads i.e. number of
bases with reads or contigs mapped divided by the total number of bases in that
reference sequence. Whilst this measurement does not account for contig length or
gaps, it was deemed sufficient for approximate genomic coverage estimation. PCR
confirmation was performed using specific primers designed based on the
metagenomics data wherever possible, as described in chapter 2.
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Table 10- Summary of viruses identified by CZID.

All viruses detected in all libraries by NGS, the primary host species of that library in which the virus was found (BV=bank vole, FV= field vole,
WM= wood mouse, YM= yellow-necked mouse, W= weasel) the number of reads (or contigs when sufficiently assembled) per library,
approximate % genome coverage, and prevalence within individual samples in the library as confirmed by PCR. Where > 30% genome was
recovered, NTBLAST analysis was performed, and best match and % identity is shown in those cases. “Host” represents a sample where the
NTBLAST result identified the reads as most likely to be originating from host genomic carryover. Library L Picobirnavirus S2 was identified as
either a Picobirnavirus or host chromosomal reads with equal probability by NTBLAST and is hence highlighted. Orbivirus S10 represents segment

10.
Virus Library | Host Number | % genome Proportion positive Best match (NTBLAST) Similarity to
species | of reads | coverage within library (by closest match
PCR)
Adenovirus A BV 2 2 3/8
B BV 1 1 1/8
C YM 1 10 7/8
E WM 9 8 3/10
G WM 1635 80 3/10 DQ630759 (Ovine adenovirus 6 strain 81.86%
ooy e
H WM 10 8 2/10
I WM 124 25 0/10
J WM 52 15 1/10
K WM 19 8 1/9
M BV 13 10 1/5
N FV 6 3 0/5
0 WM 1101 |60 0/7
P WM 4 2 2/7
Q YM 7 2 4/5
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R YM 5 2 0/4
Arterivirus L FV/W 79 15 1/2
N FV 85 40 1/5 KC862571.1 (Porcine reproductive and
respiratory syndrome virus isolate DK-2003-6-
5)
Astrovirus B WM 5 25 0/10
C YM 68 15 1/8
D WM 13 10 1/10
E WM 1 10 2/10
F WM |90 65 1/10
H WM 92 25 4/10
KOR/18-026/intestine/2022)
J WM 268 25 2/10
K WM |5504 |60 3/9
L FV/W 1 1 0/2
M BV 885 80 1/5 OR261080 (Bovine astrovirus strain 92.16%
BAstV/T996-2600/France/2020)
N FV 216 75 1/5 MN626433 (Astrovirus sp. isolate 95%
AV/UKMal_TT)
0] WM 4 10 1/7
P WM 18 25 0/7
Q YM 10 20 0/5
R YM 16 20 0/4
Beta papillomavirus | P WM 4 7 0/7
Q YM 1 1 0/5
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R YM 2 2 0/4
Bocaparvovirus D WM 2 5 1/10
P WM 15 25 1/7
Chapparvovirus P WM 1 2 0/7
Coronavirus J WM 5 2 0/10
cmyv I WM 10 1 0/10
Dependoparvovirus | O WM 228 50 1/7 NC_055486 (Murine adeno-associated virus 2 | 91.57%
isolate MAAV2/NYC/Manhattan/poolF1)
Hepacivirus F A BV 13 30 1/8 Host
B BV 1 3 1/8
E WM 5 10 2/10
I WM 2 5 0/10
L FV/W 154 70 0/2 Host
M BV 4163 95 1/5 MN242372.1 (Hepacivirus myodae isolate 73.01%
MgHVS5, complete genome)
N FV 37 15 2/5
P WM 2 5 1/7
MLV A BV 4 15 8/8
C YM 88 25 7/8
D WM 19 25 10/10
E WM 104 25 10/10
F WM 30 15 10/10
H WM 169 35 10/10
I WM 23 15 10/10
J WM 154 25 10/10
K WM 13 15 2/10
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L FV/W 73 25 2/2
0] WM 1 2 7/7
Q YM 69 20 5/5
R YM 393 40 4/4
Orbivirus E WM $10: 42 10 6/10
Paramyxovirus C YM 18 15 1/8
D WM 143 35 1/10
Pegivirus L FV/W 1 1 0/2
N FV 86 30 1/5 MW897328 (Phaiomys leucurus Pegivirus 75.56%
isolate XZS)
Picobirnavirus E WM S1:95 60 1/10 S2: MW930262 (Picobirnavirus sp. isolate YS23 | S2: 85.12%
S2:402 RNA-dependent RNA-polymerase gene)
F WM S§1:310 95 2/10 S1: MW930266 (Picobirnavirus sp. isolate YS27 | S1: 89.37%
S2: 445 RNA-dependent RNA-polymerase gene) S2:81.9%
S2: MT150089 (Rabbit Picobirnavirus isolate
rab049pbv01 RNA-dependent RNA polymerase
gene)
G WM S1:316 95 1/10 S2: QXV86671 (RNA- dependent RNA- $2:73.52 %
S2:404 polymerase (Picobirnavirus sp.))
H WM S1:141 20 1/10
S2: 50
S2:90 R57-k141_224336)
J WM S1:12 20 0/10
S2:11

143



FV/W S§1:51 60 1/2 S2: MW977276 (Porcine Picobirnavirus isolate | S2:80.12%
S2:48 15213 NODE_ 440_len_1675_cov_
49.185185 RNA-dependent RNA polymerase
(RdRp) gene), OR host
BV S1:3 20 0/5
5$2:11
FV $1:10 25 0/5
S2:4
WM $1:99 80 1/7 S2: KY399057 (Picobirnavirus dog/ KNA/ 2015 $2:89.51%
$2:135 strain PBV/ Dog/ KNA/ RVC7/ 2015 RNA-
dependent RNA polymerase gene)
WM S1:2 20 0/7
S$2:5
YM $1:10 20 1/4
S2:2
Picornavirus- BV 9 10 5/8
Cardiovirus BV 3 10 2/8
WM 34 60 1/10 JX257003 (Encephalomyocarditis virus type 2 91.38%
isolate RD 1338 (D28/05) polyprotein gene)
WM 5 10 1/10
WM 559 90 2/10 OP381184 (Encephalomyocarditis virus isolate | 98%
UK2016)
WM 2 95 1/10 ON136175 (Cardiovirus species) 82.22%
WM 1 5 0/10
BV 174 60 1/5 NC_075977 (Cardiovirus F1 isolate RtMruf- 84.8%

PicoV/ JL2014-1 polyprotein (QKJ43_gp1)
gene, complete cds)
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ON136180 (Kunsagivirus species) 91.24%

NC_038880 (Rosavirus M-7 polyprotein) 84.06%

NC_055556 (Apodemus flavicollis polyomavirus | 96.24%
1isolate 3346)

EF495130 (Wood mouse herpesvirus strain
Brest/An711)

99.39%

N FV 3 5 0/5
0] WM 3 8 0/7
P WM 5 10 0/7
Q YM 5 10 0/5
R YM 5 10 0/4
Picornavirus- M BV 1 2 0/5
Enterovirus C
Picornavirus- P WM 116 75 2/7
Kunsagivirus
Picornavirus- L FV/W 4 2 0/2
Parechovirus
Picornavirus- B BV 10 50 2/8
Rosavirus M BV 1 2 0/5
Polyomavirus F WM 41 50 1/10
Protoparvovirus F WM 4 15 3/10
I WM 4 25 7/10
0] WM 3 5 3/7
Rhadinovirus 0 WM 722 45 5/7
Q YM 258 5 3/5
Rodent Hepacivirus | N FV 37 15 1/5
Rotavirus B WM 1-3 per 15 0/10
segment
I WM 1 per 2 0/10
segment
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Tatenale virus

WM S:1 2 0/10
L:1
WM M: 1 1 0/10
WM M: 1 1 0/10
FV/W S:1 5 1/2
M: 2
L: 2
BV S:1 1 0/5
M: 1
L:1
FV S: 264 95 1/5
M: 268
L: 358

S: NC_055635 (Tatenale orthohantavirus strain
Upton_Heath segment S)

M: MK883759 (Tatenale orthohantavirus strain
Norton_Juxta segment M)

L: MK883761 (Tatenale orthohantavirus strain
Norton_Juxta segment L)

S:90.85%
M: 89.85%
L: 86.89%
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b. Adenoviruses were frequently identified

Adenoviruses were PCR confirmed in a total of 28 individual animals (20% of total
animals) and adenovirus reads were identified in a total of 15 libraries. Hits were
confirmed in a total of 12/15 libraries, with libraries I, N and O failing to provide PCR
hits. Sufficient genomic coverage for NTBLAST analysis was only present in libraries
G and O, with other libraries ranging from approximately 1-25% genomic coverage
(Table 10). The library G sequence provided approximately 80% genomic coverage
and by NTBLAST the best match was ovine adenovirus 6 (DQ630759) with 81.86%
similarity. The library O sequence provided approximately 60% coverage and by
NTBLAST the best match was murine adenovirus 2 (NC_014899) with approximately
85.39% similarity. Phylogenetic analysis was attempted on these libraries, but due to
large sequence gaps throughout key genes this was not possible.

c. Astroviruses were frequently identified

Astroviruses were PCR confirmed within 24 individual animals (17.1% of total
animals), and astrovirus reads were found in a total of 16 libraries. Hits were
successfully PCR confirmed within 11/16 libraries, and of these 5 libraries provided
sufficient genomic coverage for NTBLAST analysis (libraries F, I, K, M and N). The
remaining libraries had genomic coverage ranging from approximately 1-25% (Table
10). The library M sequence provided approximately 80% genomic coverage and the
best match by NTBLAST was a bovine astrovirus strain (OR261080) with
approximately 92.16% similarity. The library N sequence provided approximately
75% genomic coverage and the best match was an astrovirus species sequence
(MN626433) with approximately 95% similarity. The library | sequence provided
approximately 70% genomic coverage with a best match of a racoon dog astrovirus
(OR043647) with approximately 84.3% similarity. The library F sequence provided
approximately 65% coverage and best matched an astrovirus species sequence
(LC460091) with approximately 94.64% similarity, and the library K sequence
provided approximately 60% genomic coverage with a best match of a rodent
astrovirus sequence (KT946735), with 96% similarity.

Phylogenetic analysis of the entire highly conserved astrovirus RdRp gene (bases
3181-3885 relative to the rodent Astrovirus reference sequence NC_036583) and the
less conserved capsid N gene (bases 4419-5341 relative to the rodent astrovirus
reference sequence NC _036583) was performed on the library F, I, K, M and N
sequences (Figures 10A and 10B, respectively). The library | sequence formed
outgroups in both genes which substantially reduced the clarity of the trees and was
therefore omitted. In the RdRp gene, all libraries clustered amongst other rodent
astroviruses, and the libraries F and K sequences formed an individual clade that
clustered amongst rodent and porcine astroviruses. The libraries M and N sequences
were more divergent, forming individual branches, although still amongst rodent
astroviruses. In the capsid gene the library M and N sequences formed individual
branches that were most closely related to a rodent astrovirus, whilst the library F
and K sequences formed a clade that clustered with the same porcine astroviruses as
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for the RdRp gene. In both genes, library F and K sequences formed a clade, whilst
libraries M and N sequences were quite divergent relative to the library F and K clade,
suggesting that least two astrovirus species or strains may be present. Further ORF2
genomic information is required to assess species demarcation3?*,
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Figure 10- Phylogenetic analysis of the NGS identified astrovirus sequences.

A shows midpoint rooted phylogenetic tree of complete astrovirus RdRp gene, relative to
bases 3181-3885 of reference sequence NC_036583 (rodent astrovirus). Tree generated
using TVMe+1+G4 model with 1000 bootstrap replicates. Scale bar represents 0.2
substitutions per site. B shows midpoint rooted phylogenetic tree of astrovirus capsid N
gene bases 4419-5339 relative to reference sequence NC_036583 (rodent astrovirus). Tree
generated using TVMe+G4 model with 1000 bootstrap replicates. Scale bar represents 0.3
substitutions per site. For both trees, node values represent % bootstrap support, red
branches and text highlight sample libraries, and host species is shown next to each
branch. M.h= Marmota himalayana, M.a= Microtus agrestis, R.n= Rattus norvegicus, A.s=
Apodemus sylvaticus, M.g= Myodes glareolus.
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d. A near full hantavirus genome was recovered

Hantavirus reads were identified as TATV by CZID in 6/18 libraries (E, F, I, L, M and N)
(Table 10). Libraries E, F, | and M gave 1-2% genomic coverage with between 2 and 5
reads per library and were unable to be confirmed by PCR. 2 field voles tested
positive for the hantavirus L segment by PCR (1.4% of total animals), 1 of which was
in library L and the other in library N. The library L sequence provided approximately
5% genomic coverage and therefore was insufficient for NTBLAST analysis. The library
N sequences provided approximately 95% genomic information (full M and S
segments and approximately 95% of the L segment). Upon NTBLAST analysis the S
segment was identified as most similar to TATV strain Upton Heath (NC_055635) with
90.85% similarity, the M segment was identified as most similar to TATV strain
Norton Juxta (MK883759) with 89.85% similarity, and the L segment was identified
as most similar to TATV strain Norton Juxta (MK883761) with 86.89% similarity.

Phylogenetic analysis of all segments of the library N hantavirus was performed
(Figures 11 A, 11 B and 11 C show the phylogenetic analysis of the L, M and S
segments respectively). In all segments the library N segment formed a clade
amongst TATVs. By BLASTX (translated protein BLAST) amino acid analysis, the M
segment is 98.08% identical to a known TATV (QIA61110) and the S segment is 97.2%
identical to another known TATV (QIA61108).
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Figure 11- Phylogenetic analysis of NGS identified hantavirus.

A shows midpoint rooted phylogenetic tree of hantavirus L segment (RdRp gene) CDS,
bases 1-6465 relative to TATV orthohantavirus strain Upton-Heath reference sequence
(NC_055636). Tree generated using GTR+F+I+R5 model with 1000 bootstrap replicates.
Scale bar represents 0.2 substitutions per site. B shows midpoint rooted phylogenetic tree
of entire hantavirus M segment (glycoprotein precursor gene), bases 1-3355 relative to
TATV orthohantavirus strain Upton-Heath reference sequence (NC_055637). Tree
generated using GTR+F+I+R5 model with 1000 bootstrap replicates. Scale bar represents
0.3 substitutions per site. C shows midpoint rooted phylogenetic tree of entire hantavirus S
segment (nucleocapsid gene), bases 1-1302 relative to TATV orthohantavirus strain Upton-
Heath reference sequence (NC_055635). Tree generated using GTR+F+I+R5 model with
1000 bootstrap replicates. Scale bar represents 0.4 substitutions per site.

For all trees, node values represent % bootstrap support, red branches and text highlights
sample libraries, and host species are shown next to each branch. S.c= Sorex caecutiens,
O.p= Oryzomys palustris, S.a= Sigmodon alstoni, O.1= Oligoryzomys longicaudatus, O.f=
Oligoryzomys fulvescens, P.m= Peromyscus maniculatus, P.b= Peromyscus beatae, E.e=
Eothenomys Eleusis, M.p= Microtus pennsylvanicus, M.ar= Microtus arvalis, M.g= Myodes
glareolus, M.m= Microtus maximowiczii, M.a= Microtus agrestis, C.s= Crocidura
shantungensis, C.d= Crocidura douceti, A.sa= Anourosorex squamipes, S.r= Sorex roboratus,
A.a= Apodemus agrarius, A.f= Apodemus flavicollis, H.s= Hylomyscus simus, R.n= Rattus
norvegicus, E.m= Eliurus majori, S.a= Stenocephalemys albipes, Z.b= Zygodontomys
brevicauda, C.I= Calomys laucha, S.h= Sigmodon hispidus, N.c= Niviventer confucianus,
S.m= Sorex minutus, S.i= Sorex isodon, S.ar= Sorex Araneus.
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e. Hepacivirus hits were PCR confirmed

Hepacivirus F reads were identified in 8 libraries and were PCR confirmed in 8 animals
(5.7% of total animals)- 3 wood mice, 3 bank voles, and 2 field voles. The library |
sequence provided only approximately 5% genomic information and could not be
confirmed by PCR. The library L sequence provided approximately 70% genomic
information, but could not be confirmed by PCR in either animal and upon NTBLAST
analysis the library L reads were identified as probable host genomic reads. The
libraries B, E, N and P sequences provided approximately 3, 10, 15 and 5% genomic
coverage respectively, and were all PCR confirmed in at least 1 animal. The library A
sequence provided approximately 30% genomic coverage and was PCR confirmed in
1 bank vole but upon NTBLAST analysis was found to be most closely related to host
chromosomal reads. Library M provided approximately 95% genomic coverage and
was most similar to Hepacivirus myodae isolate MgHV5 (MN242372). Hepacivirus
myodae is an alternative name for Hepacivirus F>?°.

Phylogenetic analysis of the library M sequence was performed using all Hepacivirus
F sequences available on Genbank, assessing the Hepacivirus RdRp (bases 7344-9098
relative to the Hepacivirus F reference genome NC_038427) and E2 genes (bases
1494-2372 relative to the same reference sequence), shown in Figures 12 Aand 12 B
respectively. Upon phylogenetic analysis of the RdRp gene the library M sequence
formed an outgroup, and upon analysis of the E2 genes the library M sequence
clustered amongst the Hepacivirus F sequences and formed a clade with another
Hepacivirus F virus (OV121128).

37 rodent Hepacivirus reads spanning approximately 15% of the genome were also
identified in library N and were PCR confirmed in 1 field vole (0.7% of total animals)
(Table 10). There was insufficient data to either accurately confirm this hit by
NTBLAST or by phylogenetic analysis, therefore whilst it is reasonable to suggest
some form of Hepacivirus was present it is difficult to provide any further information
or to distinguish it from the library N Hepacivirus F virus with confidence.
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Figure 12- Phylogenetic analysis of NGS identified Hepacivirus F sequences.

A shows midpoint rooted phylogenetic tree of entire Hepacivirus F NS5B (RdRP) gene,
bases 7344-9098 relative to Hepacivirus F reference genome (NC_038427). Tree
generated using TPM2+I+G4 model with 1000 bootstrap replicates. Scale bar represents
0.02 substitutions per site. B shows midpoint rooted phylogenetic tree of entire
Hepacivirus F E2 gene, bases 1494-2372 relative to Hepacivirus F reference genome
(NC_038427). Scale bar represents 0.02 substitutions per site. Tree generated using
TPM2u+F+G4 model with 1000 bootstrap replicates. For both trees, node values
represent % bootstrap support, red branches and text highlights sample libraries, and
host species is shown next to each branch. M.g= Myodes glareolus.
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f. MLV was the most common virus identified

MLV reads were identified in a total of 13 libraries, and was PCR confirmed in at least
1 animal in 13/13 libraries (Table 10). A total of 94 animals (67.1% of total animals)
were MLV positive by PCR including 69 wood mice, 16 yellow-necked mice, 6 bank
voles, 3 field voles, and the least weasel. All sequences except for those of libraries
H and R provided < 30% genomic coverage so did not undergo NTBLAST analysis. The
library H sequence provided approximately 35% genomic coverage and was
identified as probable host chromosomal sequence upon NTBLAST, and the library R
sequence provided approximately 40% genomic sequence and was also identified as
probable host chromosomal sequence by NTBLAST. Investigations to distinguish
between MLV EVEs and exogenous MLV viruses were not performed due to time
constraints.

g. 1 section of Orbivirus was found

Orbivirus reads were found in library E, where the entire segment 10 was recovered
and no reads were recovered for any other segments. This was PCR confirmed in 6
wood-mice (4.3% of all animals tested) (Table 10). No match was provided by
NTBLAST, but by BLASTX this sequence was identified as most similar to Kemorovo
virus NS1 protein (AYM94264) with 31.87% similarity. Phylogenetic analysis of the
full segment 10 was then performed (Figure 13), where the library E Orbivirus was
found to form an outgroup with significant branch length and therefore divergence
relative to other Orbiviruses. Due to time constraints, no further genomic segments
were identified.
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Figure 13- Phylogenetic analysis of NGS identified Orbivirus sequence.

Midpoint rooted phylogenetic tree of full Orbivirus segment 10, relative to bases 1-
809 of changuinola virus segment 10 reference genome (NC_022638). Tree
generated using TPM3u+F+1+R3 model. Node values represent % bootstrap support.
Red branch and text highlights sample library. Scale bar represents 0.4 substitutions
per site. A.s= Apodemus sylvaticus.
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h. Picobirnaviruses found in multiple libraries

Picobirnavirus reads were identified in 12 libraries and were PCR confirmed in 5 wood
mice, 1 yellow-necked mouse and 1 field vole (5% of total animals) across 7 libraries
(E, F, G, H, L, O, and R) (Table 10). For the library E virus approximately 60% of the
total genome was identified, and whilst insufficient segment 1 sequence was
recovered for NTBLAST analysis, segment 2 was found to be most similar to
Picobirnavirus sp. isolate YS23 (MW930262) with approximately 85.12% similarity.
For the library F virus approximately 95% of the total genome was recovered and by
NTBLAST analysis segment 1 was most similar to Picobirnavirus spp. isolate YS27
RdRp gene (MW930266) with 89.37% similarity. The library F segment 2 was
identified as most similar to Rabbit Picobirnavirus isolate rab049pbv01 RdRp gene
(MT150089) by NTBLAST with 82.51% similarity. The library G PBV segment 1 was not
identified by NTBLAST despite approximately 95% genome coverage, yet was
identified as most similar to a marmot Picobirnavirus putative capsid (AVX53463) by
BLASTX with approximately 44.31% similarity. The library G PBV segment 2 was
identified as most similar to a Picobirnavirus species RdRp (QXV86671) with
approximately 73.52% similarity by NTBLAST. Approximately 55% of the segment 1
genome and 80% of the segment 2 genome for the library O Picobirnavirus was
provided by the NGS data. Segment 1 provided no results following NTBLAST analysis
but by BLASTX analysis was found to best match a marmot Picobirnavirus capsid gene
(AVX53810) with approximately 47.32% similarity, whilst segment 2 was identified as
most similar to the Picobirnavirus dog/ KNA/ 2015 strain PBV/ Dog/ KNA/ RVC7/ 2015
RdRp gene isolate (KY399057) with approximately 89.51% similarity. The library H
virus only provided approximately 20% genomic coverage for each segment and
could not be analysed by NTBLAST. Library | Picobirnavirus sequences could not be
confirmed by PCR, but approximately 60% of the total genome and nearly all of
segment 2 was recovered which was identified as best matching Picobirnavirus sp.
isolate R57-k141_224336 (MX556509) by NTBLAST. Approximately 60% of the library
L Picobirnavirus genome was recovered, and whilst not enough of segment 1 was
recovered to undergo NTBLAST analysis segment 2 was identified as most similar to
Porcine Picobirnavirus isolate 15213 _ NODE_ 440_len_1675_cov_49.185185 RdRp
(MW977276) or host chromosomal sequence with identical similarity of 80.12%. By
BLASTX analysis this segment was identified as most similar to a chicken
Picobirinavirus RdRp (AXL64612.1) with 72.97% similarity. Finally, library R provided
approximately 20% genomic coverage, but neither segment provided sufficient
genome for accurate NTBLAST analysis.

Phylogenetic analysis of segment 1 was performed on the library F and G viruses, as
these were the only libraries where sufficient genomic information available (Figure
14 A). The entire S1 segment was analysed, and libraries F and G formed their own
clade with strong bootstrap support amongst other Picobirnaviruses. Phylogenetic
analysis of the entire segment 2 was performed on the library E, F, G, |, L and O
viruses, as these all provided sufficient genomic coverage (Figure 14 B). The library E
and O sequences formed a highly supported clade with a chicken PBV isolate
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(NC_040439). The library L, | and G sequences formed their own clade, most closely
clustering with a dog PBV isolate (NC_030526). The library F sequence formed a clade
of its own, but clustered amongst other PBV sequences.
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Figure 14- Phylogenetic analysis of NGS identified Picobirnavirus sequences.

A shows midpoint rooted phylogenetic tree of Picobirnavirus segment 1, relative to
full S1 segment (bases 1-2666) of the porcine Picobirnavirus strain reference
sequence (NC029801). Generated using TPM3u+F+R2 model with 1000 bootstrap
replicates. Scale bar represents 0.2 substitutions per site. B shows midpoint rooted
phylogenetic tree of PiBiS2, relative to full S2 segment (bases 1-1730) of the porcine
Picobirnavirus strain reference sequence (NC029802). Generated using TVM+F+G4
model with 1000 bootstrap replicates. Scale bar represents 0.2 substitutions per site.
For both trees, node values represent % bootstrap support, red branches and text
highlight sample libraries and host species is shown next to each branch. A.s=
Apodemus sylvaticus, M.a= Microtus agrestis.
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i. Picornaviruses of three genera were identified
Cardiovirus reads were identified in a total of 13 libraries and were PCR confirmed in
7/13 (Table 10). A total of 13 animals (9.3% of total animals) were Cardovirus positive
by PCR, including 7 bank voles, 4 wood mice and 2 field voles. The sequences from
libraries J, N, O, P, Q and R all provided low read numbers and low genomic coverage
and failed to be confirmed by PCR. The library A, B and E sequences all also provided
limited genomic coverage but were PCR confirmed in at least 1 animal per library.
Library D and M viruses each provided approximately 60% genomic coverage, and
their sequencess were found to be most similar to EMCV type 2 isolate RD 1338
(D28/05) (JX257003) with 91.38% similarity and Cardiovirus F1 isolate RtMruf-PicoV/
JL2014-1 (NC_075977) with 84.8% similarity by NTBLAST, respectively. The library G
sequence yielded approximately 90% of a Cardiovirus genome and was identified as
most similar to EMCV isolate UK2016 (OP381184) with 98% similarity by NTBLAST, and
the library | sequence yielded approximately 95% of a Cardiovirus genome and was
best matched to a Cardiovirus species (ON136175) by NTBLAST with 82.22% similarity.

Phylogenetic analysis was performed on libraries D, G, | and M. Figure 15 A shows a
phylogenetic tree of the highly conserved RdRp gene relative to bases 6599-7976 of
the rodent Cardiovirus isolate SX1 (MF139053), where the library | sequence forms a
clade of its own amongst other Cardioviruses and the library D sequence forms a clade
with an EMCV isolate (NC_001479). For this tree the library G and M sequences were
omitted as they formed outgroups that significantly reduced the clarity of the rest of
the tree. Figure 15 B shows a phylogenetic tree of the less conserved capsid gene
(bases 1579-2222 relative to the same reference sequence), where the library G and |
sequences formed a clade which then clustered with another clade consisting of the
library D sequence and the same EMCYV isolate, whilst the library M sequence formed
another clade with a different Cardiovirus isolate (NC_075977). In this tree all library
sequences clustered amongst rodent Cardioviruses.
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Figure 15- Phylogenetic analysis of NGS identified Cardiovirus sequences.

A shows midpoint rooted phylogenetic tree of Cardiovirus RdRp-like protein gene
(bases 6599-7976) relative to rodent Cardiovirus isolate SX1 (MF139053). Generated
using GTR+F+I+G4 model with 1000 bootstrap replicates. Scale bar represents 0.1
substitutions per site. B shows midpoint rooted phylogenetic tree of Cardiovirus
capsid gene (bases 1579-2222) relative to rodent Cardiovirus isolate SX1
(MF139053). Generated using TIM2+F+I+G4 with 1000 bootstrap replicates. Scale
bar represents 0.2 substitutions per site. For both trees, node values represent %
bootstrap support, red branches and text highlight sample libraries and host species
are shown at branch ends. A.s= Apodemus sylvaticus, R.a= Rattus Argentiventer, R.n=
Rattus norvegicus, M.g= Myodes glareolus. “Mouse” represents a mouse host where
the specific species was not recorded, “rat” represents a mouse host where the
specific species was not recorded.
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Kunsagivirus reads were found in library P and Kunsagivirus was PCR confirmed in 2
wood mice (1.4% of total animals, Table 10). Approximately 75% of the Kunsagivirus
genome was recovered and when analysed by NTBLAST was identified as most similar
to a Kunsagivirus species isolate (ON136180) with 91.24% similarity. Phylogenetic
analysis of this isolate was then performed using the highly conserved Kunsagivirus
RdRp gene (bases 6117-7155 relative to the Kunsagivirus 1 strain roller/SZAL6-
KuV/2011/HUN reference sequence NC_038317) and the less conserved
Kunsagivirus capsid-like gene (bases 1695-2042 also relative to NC_038317), shown
in Figures 16 A and 16 B respectively. All Kunsagivirus genomes available on Genbank
were used for this analysis. Within the RdRp gene the library P sequence formed a
clade with the Kunsagivirus 1 strain (NC_038317), whereas within the capsid-like
gene this virus formed a clade with a rodent Kunsagivirus strain (ON136180).

Rosavirus reads were identified in libraries B and M and were PCR confirmed in 2
bank voles (1.4% of total animals), both of which were in library B (Table 10). The
library M sequence only provided 1 Rosavirus read covering approximately 2% of the
genome and could not be confirmed by PCR. The library B sequence provided
approximately 50% Rosavirus genome coverage and upon NTBLAST analysis was
found to most closely match a Rosavirus M-7 (NC_038880) isolate with 84.06%
similarity. Insufficient genomic information was available to perform phylogenetic
analysis on this isolate.
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Figure 16- Phylogenetic analysis of a NGS identified Kunsagivirus sequence.

A shows midpoint rooted phylogenetic tree of Kunsagivirus RdRp gene (bases 6117-
7155) relative to the Kunsagivirus 1 strain roller/SZAL6-KuV/2011/HUN reference
sequence NC_038317. Generated using TIM3+F+G4 model with 1000 bootstrap
replicates. Scale bar represents 0.2 substitutions per site. In both trees node values
represent % bootstrap support, red branches and text highlights sample libraries and
host species are shown at branch ends. B shows midpoint rooted phylogenetic tree
of Kunsagivirus capsid-like gene (bases 1695- 2042) relative to the Kunsagivirus 1
strain roller/SZAL6-KuV/2011/HUN reference sequence NC_038317. Generated
using HKY+F+G4 model with 1000 bootstrap replicates. Scale bar represents 0.2
substitutions per site. A.s= Apodemus sylvaticus.
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j.  Other PCR confirmed hits
Arteriviruses were found within 2 libraries and a total of 2 field voles (1.4% of total
animals), with 1 positive animal per library (Table 10). The library L genomic coverage
was approximately 15% and was therefore not analysed by NTBLAST. The library N
sequence genomic coverage was approximately 40% and the best match by NTBLAST
was a PRRSV isolate (KC862571) with 77.78% similarity.

Bocaparvovirus reads were identified in 2 libraries (D and P) and were PCR confirmed
in 2 wood mice (1.4% of total animals, Table 10). 1 PCR positive animal was found in
each library and genome coverage ranged from approximately 2-25% and was
therefore insufficient for reliable NTBLAST analysis or phylogenetic analysis. A
Dependoparvovirus was PCR confirmed within 1 wood mouse (0.7% of total animals)
and Dependoparvovirus reads were only found in library O, where 228 reads covering
approximately 50% of the genome were found (Table 10). NTBLAST identified this
virus as most similar to a murine AAV isolate (NC_055486) with 91.57% similarity.
Due to limited genomic information phylogenetic analysis was not performed.
Protoparvovirus reads were identified in libraries F, | and O, and were successfully
PCR confirmed in all 3 libraries, giving a total of 13 positive wood mice (9.3% of total
animals tested). The library O sequence provided approximately 5% genomic
coverage, the library F sequence provided approximately 15% genomic coverage and
the library | sequence provided approximately 25% genomic coverage, therefore
accurate assessment by NTBLAST would not have been possible for these viruses
(Table 10).

Paramyxovirus reads were found in libraries C and D, and were PCR confirmed in 1
yellow-necked mouse and 1 wood mouse (1.4% of total animals), with 1 successful
PCR confirmation per library (Table 10). The library C paramyxovirus sequence
provided only approximately 15% of the total genome which was insufficient for
NTBLAST analysis. The library D paramyxovirus sequence provided approximately
35% of the total genome which whilst insufficient for phylogenetic analysis did allow
for NTBLAST analysis, where the best match was identified as most similar to
Mossman virus (NC_005339) with 94% similarity. Insufficient genome was recovered
to perform reliable phylogenetic analysis.

Pegivirus reads were found in libraries L and N and were PCR confirmed in 1 field vole
(0.7% of total animals) (Table 10). Library L provided only 1 read and approximately
1% genomic coverage and could not be PCR confirmed. The library N Pegivirus
provided approximately 30% genomic coverage and was identified by NTBLAST as
most similar to Phaiomys leucurus Pegivirus isolate XZS (MW897328) with
approximately 75.56% similarity. Due to limited genome coverage phylogenetic
analysis was not performed.

Polyomavirus reads covering approximately 50% of the genome were identified in
library F and the presence of a polyomavirus was PCR confirmed in 1 wood mouse
(0.7% of total animals) (Table 10). Whilst there was insufficient genomic coverage to
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perform phylogenetic analysis, coverage was sufficient for NTBLAST analysis which
identified this virus as most similar to Apodemus flavicollis polyomavirus 1 isolate
3346 (NC_055556) with 96.24% similarity.

Rhadinovirus reads were identified in libraries O and Q and were PCR confirmed in a
total of 5 wood mice and 3 yellow-necked mice (5.7% of total animals), confirming
hits in both libraries (Table 10). The library Q sequence provided 258 reads, although
due to the size of the Rhadinovirus genome this only provided approximately 5%
genome coverage and therefore could not undergo NTBLAST analysis. The library O
sequence provided 722 reads covering approximately 45% of the genome and when
analysed by NTBLAST was identified as most closely related to a wood mouse
herpesvirus (EF495130) with 99.39% similarity.

k. Other unconfirmed hits

A single Chapparvovirus read was identified in library P with approximately 2%
genomic coverage and was unable to be confirmed by PCR in any animals. 5 CoV
reads were identified in a single library (library J) providing approximately 2% of the
genome with 1x read coverage at each point. Neither degenerate CoV primers nor
specifically designed library J CoV primers provided any hits by PCR. 10 CMV reads
approximating < 1% of the genome were identified in library I. Efforts to confirm this
hit by PCR were not successful and no animals tested positive for CMV. A single
Enterovirus C read was found in library M with approximately 2% genomic coverage,
although this could not be PCR confirmed. 4 Parechovirus reads were identified in
library L providing approximately 2% genomic coverage, but these could also not be
confirmed by PCR. Rotavirus reads were found in library B, with 1-3 reads per
segment being identified and resulting in approximately 15% of the overall genome
being identified. However, all samples were negative by PCR. A single Rotavirus read
was also identified in library | and was unable to be confirmed by PCR (Table 10).
Finally, cucumber green mottle mosaic virus was identified at relatively high read
numbers in all libraries, likely a contaminant from the cucumber used to bait the
traps. As this is a plant virus these reads were not investigated further.
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2. Hits by host species

Positivity proportion values were assessed by PCR screening all animals that were
represented in the pool in which a viral hit was found. An animal was deemed positive
if the virus was PCR positive by one set of primers in either or both target tissues and
confirmed by sequencing and NTBLAST analysis of the PCR product. PCR positive
animals within the species were then quantified, and the poroprotion positive value
was calculated as a proportion of PCR positive animals relative to the total number
of animals of the host species.

a. 24 bank vole viruses

A total of 13 bank voles were tested throughout this project, and 24 viral hits were
found in total in bank voles representing an average of 1.85 viruses per animal.
Within these samples, Cardioviruses were PCR confirmed identified in 7 animals, MLV
in 6, adenoviruses in 5, Hepacivirus F in 3, Rosaviruses in 2 and an astrovirus in 1.
Cardiovirus and Rosavirus were identified using Cardiovirus or Rosavirus specific
primers rather than generic picornavirus primers. A total of 10 viruses were found in
liver samples and 23 in gut samples (Table 11).
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Table 11- Viruses found within bank voles.

All virus hits confirmed within bank vole samples, the tissue in which they were
found, and proportion positive values for each virus within the libraries. Only PCR
confirmed hits are shown. Total number of viral hits shown in red.

Virus Liver hits Gut hits Positive animals (%
proportion
positive)

Adenovirus 0 5 5/13 (38.4%)

Astrovirus 0 1 1/13 (7.7%)

Hepacivirus F 3 2 3/13 (23.1%)

MLV 4 6 6/13 (46.2%)

Picornavirus- 2 7 7/13 (53.8%)

Cardiovirus

Picornavirus- 1 2 2/13 (15.4%)

Rosavirus

Total hits 10 23 24

180




Other potential hits include Rotavirus, an unidentified picornavirus, Enterovirus C,
and/or TATV as at least 1 read for each of these were identified within the NGS data.
These were unable to be confirmed by PCR and therefore it is not possible to verify
these hits or to provide proportion positivity values (Table 10).

b. 15 field vole viruses

A total of 9 field voles were tested throughout this project, and 15 viral hits were
identified by PCR within field voles representing an average of 1.67 hits per animal.
Within these samples, MLV was PCR confirmed within 3 animals, arteriviruses,
Cardioviruses, TATV and Hepacivirus F in 2 animals, and an astrovirus, Pegivirus,
Picobirnavirus and rodent Hepacivirus in 1 animal per virus. Hepacivirus F and rodent
Hepacivirus were identified as two different viruses by CZID and were confirmed
using Hepacivirus F and rodent Hepacivirus primers respectively. A total of 11 viruses
were found in liver samples and 14 in gut samples (Table 12).
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Table 12- Viruses found within field voles.

All virus hits confirmed within field vole samples, the tissue in which they were found,
and proportion positive values for each virus within the libraries. Only PCR confirmed
hits are shown here. Total number of viral hits shown in red.

Virus Positive liver Positive gut Positive animals
samples samples (% proportion
positive)
Arterivirus 2 2 2(22.2%)
Astrovirus 0 1 1(11.1%)
Hepacivirus F 2 1 2(22.2%)
MLV 2 3 3(33.3%)
Pegivirus 1 1 1(11.1%)
Picobirnavirus 1 1 1(11.1%)
Picornavirus- 0 2 2(22.2%)
Cardiovirus
Rodent Hepacivirus | 1 1 1(11.1%)
TATV 2 2 2 (22.2%)
Total hits 11 14 15
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Other potential hits include an adenovirus, Rotavirus, Parechovirus, paramyxovirus,
and/or a Cardiovirus as at least 1 read for each of these were identified within the
NGS data. These were unable to be confirmed by PCR and therefore it is not
possible to verify these hits or to provide proportion positivity values (Table 10).

c. 17 yellow-necked mouse viruses
A total of 17 yellow-necked mice were tested throughout this project, and a total of
33 viral hits were PCR confirmed within these animals representing an average of
1.94 hits per animal. Within these samples, MLV was PCR confirmed within 16
animals, adenoviruses were identified within 11, Rhadinovirues in 3 and an
astrovirus, paramyxovirus and Picobirnavirus within 1 each. A total of 20 viruses
were found in liver samples and 23 in gut samples (Table 13).
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Table 13- Viruses found within yellow-necked mice.

All virus hits confirmed within yellow-necked mouse samples, the tissue in which they
were found, and proportion positive values for each virus within the libraries. Only

PCR confirmed hits are shown here. Total number of viral hits shown in red.

Virus Positive liver Positive gut Positive animals

samples samples (%proportion

positive)

Adenovirus 2 9 11/17 (64.7%)
Astrovirus 0 1 1/17 (5.9%)
MLV 16 9 16/17 (94.1%)
Paramyxovirus 1 1 1/17 (5.9%)
Picobirnavirus 0 1 1/17 (5.9%)
Rhadinovirus 1 2 3/17 (17.6%)
Total hits 20 23 33
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Other potential hits include a Beta papillomavirus and a Cardiovirus as at least 1 read
for each of these were identified within the NGS data. These were unable to be
confirmed by PCR and therefore it is not possible to verify these hits or to provide
proportion positivity values (Table 10).

d. 144 wood mouse viruses

A total of 100 wood mice were tested throughout this project, and a total of 144 viral
hits were confirmed by PCR representing an average of 1.44 hits per animal. Within
these samples, MLV was PCR confirmed within 69 animals, astroviruses within 20,
Protoparvoviruses in 13, adenoviruses in 12, Orbiviruses within 6, and
Picobirnaviruses and Rhadinoviruses within 5 animals each. Additionally,
Cardioviruses were PCR confirmed within 4 animals, Hepacivirus F within 3 animals,
Bocaparvoviruses and Kunsagiviruses within 2 animals each, and a paramyxovirus,
AAV and polyomavirus were PCR confirmed within 1 animal each. A total of 102
viruses were found in liver samples and 135 in gut samples (Table 14).
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Table 14- Viruses found within wood mice.
All virus hits confirmed within wood mouse samples, the tissue in which they were
found, and proportion positive values for each virus within the libraries. Only PCR

confirmed hits are shown here. Total number of viral hits shown in red.

Virus Positive liver Positive gut Positive animals
samples samples (% proportion

positive)

AAV 1 1 1(1%)

Adenovirus 3 10 12 (12%)

Astrovirus 4 18 20 (20%)

Bocaparvovirus 2 1 2 (2%)

Hepacivirus F 2 1 3(3%)

MLV 68 69 69 (69%)

Orbivirus 6 4 6 (6%)

Paramyxovirus 1 1 1(1%)

Picobirnavirus 0 5 5(5%)

Picornavirus- 2 4 4 (%)

Cardiovirus

Picornavirus- 1 2 2 (2%)

Kunsagivirus

Polyomavirus 1 1 1(1%)

Protoparvovirus 8 11 13 (13%)

Rhadinovirus 3 5 5(5%)

Total hits 102 135 144
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Other potential hits include a coronavirus, Chapparvovirus, CMV, and a hantavirus as
at least 1 read for each of these were identified within the NGS data. These were
unable to be confirmed by PCR and therefore it is not possible to verify these hits or
to provide proportion positivity values (Table 10).

e. 2 least weasel viruses
Only 1 least weasel was tested during this project, as it was accidentally caught whilst
trying to catch the target animals. MLV was identified from both the liver and the gut
of the weasel and an astrovirus was identified within the liver, representing a total
of 2 viral hits confirmed. No further viruses were identified (Table 15).
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Table 15- Viruses found within a least weasel.
All virus hits confirmed within the least weasel sample, the tissue in which they were
found, and proportion positive values for each virus within the libraries. Only PCR
confirmed hits are shown here. Total number of viral hits shown in red.

Virus Positive liver Positive gut Positive animals (%
samples samples proportion
positive)
Astrovirus 1 0 1 (100%)
MLV 1 1 1 (100%)
Total hits 2 2
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Other potential hits include Hepacivirus F and a Parechovirus as at least 1 read for
each of these were identified within the NGS data. These were unable to be
confirmed by PCR and therefore it is not possible to verify these hits or to provide
proportion positivity values (Table 10).

f. Summary of viral hits

In total, 144 viral hits were identified from liver tissue and 193 from gut tissue across
140 animals giving a total of 216 viral hits and an average of 1.54 viral hits per animal
(Table 16). The most common virus by far was MLV, which was PCR confirmed in
67.1% of animals (94/140), followed by adenoviruses and astroviruses, which were
PCR confirmed in 20% (28/140) and 17.1% (24/140) of animals respectively. A total
of 17 picornaviruses were PCR confirmed, with 9.3% of animals testing positive for
Cardioviruses (13/140), and 1.4% of animals testing positive for Kunsagiviruses and
Rosaviruses (2/140 per virus species). Protoparvoviruses were PCR confirmed in a
total of 9.3% of animals (13/140), whilst Rhadinoviruess and Hepacivirus F were each
PCR confirmed in 5.7% of animals (8/140 per virus). Picobirnavirus hits were PCR
confirmed in 5% of animals (7/140), Orbiviruses within 4.3% of animals (6/140), and
TATV, arteriviruses and Bocaparvoviruses were each PCR confirmed in 1.4% of
animals (2/140 per virus). Finally, a paramyxovirus, Pegivirus, polyomavirus, AAV and
rodent Hepacivirus were each PCR confirmed in 0.7% of animals (1/140 animal each).
Other hits were found within the NGS data but were unable to be confirmed by
specific PCR. A total of 21 animals were negative for all tested viruses and gave no
hits- these were 4 field voles (44.4% of field voles), 2 bank voles (15.4% of bank voles)
and 15 wood mice (15% of wood mice).
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Table 16- Virus found across all species.

All virus hits confirmed throughout all samples, the tissue in which they were found,
and proportion positive values for each virus within the libraries. Only PCR confirmed
hits are shown here. Total number of viral hits shown in red.

Virus Positive liver Positive gut Positive animals
samples samples (% proportion
positive)
AAV 1 1 1(0.7%)
Adenovirus 5 24 28 (20%)
Astrovirus 5 21 24 (17.1%)
Arterivirus 2 2 2 (1.4%)
Bocaparvovirus 2 1 2 (1.4%)
Hepacivirus F 7 4 8 (5.7%)
MLV 91 88 94 (67.1%)
Orbivirus 6 4 6 (4.3%)
Paramyxovirus 1 1 1(0.7%)
Pegivirus 1 1 1(0.7%)
Picobirnavirus 1 7 7 (5%)
Picornavirus- 4 13 13 (9.3%)
Cardiovirus
Picornavirus- 1 2 2 (1.4%)
Kunsagivirus
Picornavirus- 1 2 2 (1.4%)
Rosavirus
Polyomavirus 1 1 1(0.7%)
Protoparvovirus 8 11 13 (9.3%)
Rhadinovirus 4 7 8 (5.7%)
Rodent Hepacivirus | 1 1 1(0.7%)
TATV 2 2 2 (1.4%)
Total hits 144 193 216
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3. Discussion

MLV was by far the most common virus found within the samples and was present
in 67.1% of animals. However, MLV is known to incorporate into host species
genomes as an endogenous provirus, which may have been misidentified by the CZID
“mapping to reference” process as an exogenous retrovirus®>*°3, Similarly, as PCR
confirmation was performed on animal cDNA that included the host genome it is
possible that the PCR primers would bind to both endogenous MLV proviruses and
exogenous MLV viruses, rendering it difficult to distinguish between viral and
genomic PCR positives. Difficulty distinguishing between endogenous and exogenous
viral sequences (potentially due to co-evolution of virus and host) may also explain
why all MLV sequences were suggested to be probable host genomic contamination
by NTBLAST, further complicating the assessment of MLV sequences>. Specialist
software such as RetroTector is availsble to distinguish between endogenous and
exogenous retroviruses, however many of these programmes are specific to human
genomes and would not be suitable for this project 32¢. Accordingly, due to time
constraints and the relative value of these investigations vs. further characterising
other genomes investigations into the endogenous or exogenous nature of the MLV
hits found was not performed, therefore it is difficult to state that the proportion
positivity estimates given here are definitive and accurate representations of the
MLV burden within these species. However, not all animals within the same species
were positive by MLV PCR and MLV was not found in all libraries. Therefore it stands
to reason that MLV proviruses were not found in all animals and that it is probable
that some or all of MLV PCR hits were true positives. Similarly, the identification of
MLV in all 5 host species suggests that at least some of the MLV hits are likely viral in
origin, as it is unlikely that MLV has integrated and persisted within only some
members of 5 distinct host species that were trapped in the same location, although
in the weasel in particular it is possible that the MLV reads came from food
contamination as weasels are known to eat small rodents as a major component of
their diet3?’.

There are similar issues in interpreting any identified Dependoparvovirus,
Chapparvovirus and Protoparvovirus hits, as all can integrate into the host genome
and form either proviruses or EVEs?'/?'8, Whilst an in-depth analysis of endogenous
Vs exogenous parvoviruses is beyond the scope of this work, it is possible to draw
some relatively simple conclusions here. For example, the Chapparvovirus found
here was only identified as a single read in 1 library and could not be confirmed by
PCR, which suggests that it is a genomic read that mapped to the Chapparvovirus
reference sequence and is likely not a valid hit. The Protoparvovirus hits are more
likely to be true positives, as these were PCR confirmed in multiple (but not all)
animals in the libraries in which the reads were found. Unlike MLV which was found
in all 5 host species, Protoparvovirus reads were only identified in wood mice,
therefore it is more difficult to confidently assert that these reads are not of
endogenous viruses. The Dependoparvovirus reads were only PCR confirmed in 1
animal, but were identified by NTBLAST as a murine AAV, somewhat supporting that
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this virus is likely to be an exogenous infection rather than an endogenous provirus
or an EVE. The Dependoparvovirus is perhaps the most important of these, as with
further investigations and genomic recovery this could be developed into an effective
gene therapy vector?'%217:226,

Adenoviruses were the second most common virus found here. The sequences with
sufficient genomic coverage for NTBLAST analysis were identified as most similar to
adenovirus species, which when considered with the successful PCR confirmation in
these libraries suggests that these are true positive adenovirus hits. Despite having
significant genomic coverage for the library G and O viruses there were large gaps in
the polymerase and hexon genes that are often used for species demarcation in both
viruses, in turn preventing accurate phylogenetic analysis??. Neither of the samples
that were positive for adenoviruses by degenerate PCR (BV1H and WM29H) were
positive by confirmatory PCR following NGS analysis despite both being found in
libraries where other adenovirus hits have been confirmed in other animals. This
could be due to the high diversity of adenoviruses limiting the efficacy of the PCR
primers, although as adenovirus primers were designed based on the NGS data
specifically this should have mitigated the impact of this to some degree'®. It is also
possible that the two hits in BV1H and WM29H were false positives as both were
identified as most similar to human Mastadenovirus C despite originating from
rodent tissue, although this could be a result of attempting NTBLAST analysis on a
small segment of approximately 300 bases.

Astrovirus reads were PCR confirmed in 11/16 libraries in which reads were found
and were the third most common virus identified here. Phylogenetic analysis of both
the RdRp gene and the capsid N gene suggest that these viruses are indeed
astroviruses, as they all cluster comfortably amongst the astrovirus tree with
reasonable bootstrap support and with similar topography across both genes. All
hits were identified as highly similar to known astrovirus species by NTBLAST,
supporting this identification. It is also reasonable to infer that the PCR confirmed
astrovirus hits from other libraries are true positive hits as the same PCR primers
were used to identify phylogenetically confirmed hits. The library M and N viruses
appear to be somewhat divergent, but due to extremely unclear ICTV guidelines for
astrovirus species demarcation that are currently being reworked it is very difficult
to assess whether or not these are potentially novel species3??. It does appear that
there are likely to be at least two astrovirus species or strains (separated by host
species) that were detected here as two clades were formed in the capsid
phylogenetic tree (Figure 10 B), although this may simply illustrate the relative
diversity of this gene instead'®. The recovery and analysis of further genomic
information would help to confirm this. It is also interesting that the library F and
library K viruses formed a clade in both trees, as library F was primarily composed of
animals from Frongoch, and library K was primarily composed of animals from Nant
Y Mwyn. This suggests that the Astrovirus genes analysed were similar across this
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distance, in turn suggesting that the same species and strain of Astrovirus is likely to
be present across these regions of Wales.

Hantavirus reads were found in 6 libraries but could only be PCR confirmed in 2
libraries. For the 4 libraries where the hits could not be confirmed it is likely that low
grade contamination from our laboratory has occurred due to a history of TATV work
on previous projects'?. For the library N TATV nearly a full genome was recovered,
and all 3 segments were found to be closest to TATVs by NTBLAST, and formed clades
with the TATV reference sequences during hantavirus genus phylogenetic analysis.
Therefore, it is likely that this virus is a TATV (Figures 11 A, 11 B and 11 C). According
to ICTV criteria, new hantavirus species must be > 7% different at the amino acid level
across the M and S segments>?8, BLASTX analysis was performed to assess this, as this
translates the submitted nucleotide sequence into protein prior to alignment with
other sequences, in turn allowing for the matching of sequences with synonymous
mutations resulting in the same protein sequence. By BLASTX analysis neither the M
nor S segment were greater than 3% divergent from the most similar viruses,
suggesting that this virus is not a novel species. Due to previous evidence of TATV in
the UK within field voles and the identification of the library N virus as TATV it is
reasonable to assume that the library L virus is also TATV, although more genomic
information would be recovered to definitively confirm this'?. The tentatively
confirmed TATV hit in the V1H sample within library L also supports the TATV hit in
sample V1H degenerate screening, further validating this hit.

As is common in metagenomics projects, many picornaviruses have been identified
in this project?°!. Based on the phylogenetic analysis shown in Figures 15 A and 15 B,
the Cardioviruses identified in libraries, D, G, | and M are indeed Cardioviruses, as
they cluster well within the Cardiovirus tree for all both genes. Amongst both trees
the library D virus always clusters with an EMCV isolate, and therefore is likely to be
more specifically an EMCV. Across the RdRp gene the library | virus appears to be the
most divergent and forms its own individual clade amongst the tree. By BLASTX
analysis of the entire polyprotein, the library | virus is 93.39% similar to the most
similar virus (Cardiovirus polyprotein, UZQ18722) and the library G virus is 93.09%
similar to the same reference sequence. ICTV species demarcation criteria requires
greater than 30% divergence across the polyprotein amino acid sequence, therefore
these viruses are Cardioviruses®*?.

Reads belonging to 4 picornavirus species other than Cardiovirus were detected
throughout this project. The most informative of these were the Kunsagivirus reads
of library P which covered approximately 75% of the genome. Whilst it is safe to
assess the library P virus as definitely belonging to the genus Kunsagivirus, not
enough of P1 gene was recovered to assess whether this is a new species within this
genus according to the ICTV criteria®?2. In the RdRp gene the library P virus shared a
clade with the roller strain reference sequence (NC_038317, Figure 16 A), although
this may possibly be due to the rodent reference sequence (ON136180) not providing
RdRp coverage, as this virus formed a clade with the rodent reference sequence upon

193



phylogenetic analysis of the capsid-like gene (Figure 16 B). If confirmed, this would
lend significant support to the theory that the first Kunsagivirus discovered was not
infecting the roller bird that produced the faeces in which it was found but was
instead infecting a rodent that was consumed by the roller bird, and support that
rodents are the true hosts of Kunsagiviruses®>*. The library B Rosavirus sequence
recovered was also insufficient for assessment of species demarcation by the ICTV
standards, although the NTBLAST result and the positive PCR confirmation suggests
that the virus is indeed a member of the Rosavirus genus®??. More genomic
information would allow for phylogenetic analysis to the species level and
assessment of novelty. To our knowledge, this is the first time that a Rosavirus has
been identified within the UK, and the first example of Rosavirus found in a bank vole,
although more definitive confirmation and genomic characterisation would be
required to confirm this®>2°%254.278,

The library M Rosavirus reads, the library M Enterovirus C reads and the library L
Parechovirus reads were all unable to be confirmed by PCR and were all identified by
4 reads or fewer. It is possible that these are legitimate hits and were truly present
in the samples, particularly considering the ubiquitous and diverse nature of
picornaviruses'>>°, However, even amongst these highly diverse viruses there are
more conserved regions such as the polymerase gene, and reads from 1 picornavirus
species such as a Cardiovirus may map to a conserved region of a reference sequence
for an alternative picornavirus reference sequence, such as a Parechovirus'''.
Accordingly, due to low read numbers and the presence of Cardioviruses within
library M this is likely to be the case for the library M Rosavirus reads and the library
M Enterovirus C reads, and these hits are likely to be artefacts of alignment. Library
L did not contain any other picornaviruses, therefore this logic does not apply for
ruling out the Parechovirus hit, however due to a lack of PCR confirmation and
minimal genomic coverage it is unlikely to be a true positive hit. Alternatively, it is
possible that a highly divergent picornavirus is present in library L which did not map
to a reference sequence due to significant genomic differences, although more
genome recovery would be necessary to investigate this theory®?°°, It is possible that
the reads associated with the unconfirmed Cardiovirus in library P could be an
erroneous mapping of a Kunsagivirus read to a conserved region as a Kunsagivirus
was PCR confirmed within library P.

Hepacivirus F reads were found in 8 libraries, but it is difficult to definitively state that
they are true positive results in any library other than library M. The library M
Hepacivirus F was identified as most similar to a known Hepacivirus F virus by
NTBLAST, and upon phylogenetic analysis clustered amongst Hepacivirus F viruses in
the E2 gene, supporting its identification as such (Figure 12 B). Whilst the library M
virus formed an outgroup in the RdRp gene tree (Figure 12 A) it should be noted that
the rate of substitutions per site is extremely low, so a small amount of divergence
may lead to major changes in tree topography in this instance. Whilst Hepacivirus F
has previously been identified in mainland Europe, to our knowledge this is the first

194



time that Hepacivirus F has been identified within the UK, suggesting a potential
expansion to the range of this virus'°1%, The ICTV guidelines for a new Hepacivirus
species state that it must be 2 25% divergent across a conserved region of the NS3B
gene (amino acids 1123-1566), amongst other criteria®??. By BLASTX analysis the
library M Hepacivirus virus is 95.01% similar to the most closely related Hepacivirus
F virus (CAH0532115, a bank vole from Germany), suggesting that this is not a novel
Hepacivirus and further supporting the identification of this virus as a member of the
Hepacivirus F species. Whilst the exact cross-species transmission route of
Hepaciviruses is currently unknown, one hypothesis involves the action of a biting
insect as a vector. If this is the case, then it is possible that in infected insect crossed
over from Europe (either carried on high winds or via commercial travel methods)
and in turn infected the animals found here, supporting the validity of these
findings3?°.

For other libraries it is difficult to confirm that Hepacivirus F has been found, as the
library A and L sequences were identified as most likely to be host genomic
contamination by NTBLAST. For the library A sequence this may be an artefact of
attempting to analyse a somewhat fragmented sequence with relatively low genomic
coverage by NTBLAST, although it is also possible that this is indeed a false positive
due to genomic contamination. The positive PCR result in 1 animal does not clarify
this, as specific Hepacivirus F PCR primers were designed based on the library A
sequence and would therefore bind to the sequence regardless of whether it was
viral or genomic in origin, and as the cDNA used for PCR screening included the host
genome it is impossible to determine whether this PCR result was viral or genomic in
origin. The library L sequence yielded approximately 70% Hepacivirus F genomic
coverage and could not be confirmed by PCR. It is possible that due to the lack of
specific host filtration that genomic least weasel reads mapped to the Hepacivirus F
reference sequence and no viral Hepacivirus reads were present, although this is
somewhat unlikely as most of the Hepacivirus F genome was covered by detected
reads. It is unclear why this sequence could not be PCR confirmed as the significant
genomic coverage (that includes the primer sequences) suggests a sufficient viral
load for PCR detection, as PCR is more sensitive than NGS®. Further genomic
recovery and phylogenetic analysis may clarify whether these viruses are indeed
Hepaciviruses or whether host genome contamination was detected here.

The overall Hepacivirus F proportion positivity stated here may not be accurate and
may in fact be anywhere from 1/140 animals (if only the library M hit is a true
positive) to 8/140 animals (if all hits are true positives). Either of these values are
lower than the previously published prevalence value of 10.99%, although this value
was based on samples from mainland Europe so may not be directly comparable to
this study'®®. The recovery of more Hepacivirus F genome for these animals would
allow for phylogenetic analysis and more accurate confirmation of these hits. The
rodent Hepacivirus hit of library N was confirmed by PCR using specific rodent
Hepacivirus primers, but insufficient genomic information is available to provide a
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more in depth analysis. Accordingly, it is possible that this virus could be any
Hepacivirus from species E-J as these are all rodent Hepaciviruses, including
Hepacivirus F, although further genomic information would be required to identify
which species this virus belongs to'%°.

PBV reads were found in 12 libraries and upon phylogenetic analysis the viruses in
libraries E, F, G, L and O clustered amongst other PBVs (Figures 14 A and 14 B
respectively). NTBLAST identified the viruses from these libraries as most similar to
PBVs in all cases except for when assessing the library L virus, further supporting the
identification of these viruses as PBVs. The library L PBV segment 2 was reported by
NTBLAST analysis to be either a PBV segment 2 or host genomic contamination,
although BLASTX analysis identified this as most similar to a chicken Picobirnavirus
suggesting that this may indeed be a true positive PBV hit. Interestingly, the segment
1 NTBLAST result for the library F virus identified this as a probable PBV RdRp, which
is unexpected as the PBV RdRP gene is found on segment 22%°. It is unclear why this
has occurred when the same reference sequence was used for this alignment and all
other Picobirnavirus alignments and accurately differentiated between segment 1
and segment 2 reads in all other libraries. Additionally, the library F PBV segment 1
had near full genomic coverage, therefore minimising the interference associated
with missing genomic segments. By BLASTX analysis the library F segment 1 is similar
to a marmot Picobirnavirus capsid gene (AVX53485) with 75.96% similarity and 48%
query coverage, and is 76.71% similar to a Picobirnavirus RdRp gene (QXV86692) with
only 17% query coverage. This suggests that perhaps the NTBLAST misidentification
of this segment as a RdRp gene is due to high similarity across a small segment rather
than a slightly less precise match across a larger query region. The library J, N and P
hits could not be confirmed by PCR or analysed by NTBLAST or phylogenetics
suggesting these viruses were not true positive hits, perhaps due to host reads
misaligning as PBV reads. The library | PBV reads could not be confirmed by PCR
despite having significant genomic coverage and undergoing PCR using 4 separate
primer pairs, all of which have yielded positive results elsewhere, although it should
be noted that the PBV genome is extremely variable which may lead to reduced
primer efficiency in some cases?*%?43, This is surprising as sufficient genomic coverage
was available to perform phylogenetic analysis on the library | segment 2, which
clustered amongst the other PBV sequences from this project within the tree. With
PCR confirmation this would be a clear true positive result, but due to a lack of PCR
confirmation this cannot be stated definitively despite the support from the
phylogenetic and NTBLAST analyses. Accordingly, the prevalence of PBVs may be
greater than the proportion positive reported here for these species.

There are no specific ICTV guidelines for Picobirnavirus species demarcation,
therefore it is difficult to accurately assess whether any of the viruses found here
represent novel species or genogroups>2?. Whilst PBVs have been reported within
rodents previously, to our knowledge this is the first time that PBVs have been
reported in wood mice, yellow-necked mice or field voles, potentially representing
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an expansion of the known host species for PBVs, and potentially representing novel
PBV species which may be specific to the UK®41242,

Orbivirus reads were found in library E, and whilst the entirety of segment 10 was
recovered and not a single read mapping to any other segment was identified. By
BLASTX analysis this sequence was found to be most similar to a Kemerovo virus, and
although this was with very low similarity of 31.71% no other hits were identified by
BLASTX, suggesting that this is a highly divergent Orbivirus hit. However, this is not
sufficient to reasonably assess species demarcation as ICTV species demarcation
assessment requires analysis of the Orbivirus segments 1 and 3, as well as
recombination studies3??. Whilst Orbiviruses have been reported in most of the world
native Orbiviruses have never been reported within the UK or UK wildlife to our
knowledge, therefore if confirmed through further genome recovery and analysis
this could represent a major expansion of the known range of Orbiviruses with
potentially significant implications for the UK agricultural industry and livestock
management®®1%?_|f this was the case, the geographical isolation of the UK Orbivirus
would also explain the substantial divergence seen here, and would suggest that the
virus found here would likely represent a new species, although the recovery of at
least all of segment 1 and 3 and ideally the whole genome would be required to
confirm this.

Arterivirus reads were recovered from 2 libraries and were PCR confirmed in 1 animal
in each library. There was insufficient genomic coverage in either library to allow for
phylogenetic analysis, but the NTBLAST result for library N of most similarity to PRRSV
suggests that for library N at least this was a true arterivirus positive. Considering the
library L PCR positive result was confirmed using the same primer set, it is reasonable
to suggest that this is also a true positive result. Insufficient genomic sequence was
recovered to accurately assess potential novelty of these arteriviruses. The main
value of these findings is the proportion positive of 22.2% within field voles (2/9
animals), which despite the small sample size suggests that there could be a large
arterivirus burden within field voles. This could have agricultural implications due to
the potential cross-species transmission of arterivruses from small mammals to
livestock animals, where arteriviruses such as PRRSV can cause severe disease'**.

Bocaparvovirus reads were found in 2 libraries and were PCR confirmed in 2 animals.
Due to the absence of any NTBLAST data or phylogenetic analysis due to insufficient
genome recovery it is difficult to definitively state that these were true positive hits,
although PCR confirmation with Bocaparvovirus specific primers suggests that this is
the case. Both hits were found in wood mice, and whilst Bocaparvoviruses have
previously been found in other members of the Apodemus genus this is to our
knowledge the first time that they have been reported within A. flavicollis
specifically®??*, Whilst more genomic sequence is required to validate this hit and to
perform phylogenetic analysis, if confirmed this suggests that Bocaparvoviruses may
infect a broader range of rodent host species than currently believed.
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Paramyxovirus reads were detected in 2 libraries, and insufficient genome was
recovered from either library for phylogenetic analysis, although the library D (wood-
mouse) sequence was identified by NTBLAST as being most similar to Mossman virus.
Mossman virus is a paramyxovirus of mice suggesting that this paramyxovirus hit is
likely to be a true positive result, and as the same PCR primers were used for the
library C hit this implies that this is also likely to be a true positive result>3%33!, Many
other paramyxoviruses have also been detected in a variety of rodent species,
supporting the possibility of finding paramyxoviruses within the rodents tested
here3!,

Pegivirus reads were identified in library L and library N. For library L, only a single
read was found and could not be PCR confirmed. Accordingly, this is likely an
erroneous read, or perhaps a Hepacivirus read to a conserved section of genome that
has been misidentified as a Pegivirus read due to the genetic similarity of
Hepaciviruses and Pegiviruses'®>?3’. The library N Pegivirus was PCR confirmed, and
whilst insufficient genomic coverage was available to perform phylogenetic analysis
this virus was identified as most similar to a Pegivirus found in Blyth’s vole (Phaiomys
leucurus) by NTBLAST, suggesting that this is a true positive Pegivirus identification.
To our knowledge, this is the first time that a Pegivirus has been reported in bank
voles, although Pegiviruses have been reported in a variety of other rodent
species?®*#237, Whilst this is unlikely to have major implications for either human or
animal welfare due to the believed inability of Pegiviruses to undergo cross-species
transmission, if confirmed by further genomic analysis this would nonetheless
represent a new host species for Pegivirus infection?3>237,

Polyomavirus reads were found and PCR confirmed in 1 wood mouse within library
F, providing approximately 50% genomic coverage. This was found to be most closely
related to an A. flavicollis polyomavirus, which when considered with the positive
PCR result suggests that this is a true positive polyomavirus hit. To our knowledge
this is the first time that polyomaviruses have been reported from A. sylvaticus
specifically, although polyomaviruses have previously been reported from other
rodent species including A. flavicollis, therefore it is perhaps unsurprising that
polyomaviruses can also infect the closely related wood mouse'®*?8!, Further
genomic recovery would be necessary to definitively confirm the presence of a wood
mouse polyomavirus and to allow for species demarcation and novelty assessment.

Rhadinovirus reads were found in two libraries and the library O sequence was
identified as most similar to a wood mouse herpesvirus by NTBLAST with > 99%
similarity, which is reasonable considering Rhadinoviruses are within the
Herpesviridae family®°. Considering this and the PCR confirmation it is reasonable to
assume that these are true positive Rhadinovirus hits. For the library Q virus
insufficient genome was recovered for accurate NTBLAST analysis, but PCR hits were
confirmed using the same primers as for the library O hits, providing reasonable
evidence that these are true positive hits. Whilst many human Rhadinoviruses can
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have clinical consequences there is little evidence that rodent Rhadinoviruses are
significant, or that they can easily undergo cross-species transmission'6928’,

Many other virus hits were identified within the NGS data which could not be
confirmed by PCR. For example, the CoV reads found could not be PCR confirmed,
and are likely contamination from previous CoV work within our laboratory. This is
likely also the case for the Rotavirus reads identified here. The CMV reads may
represent a false positive, or potentially a few reads of an endogenous or latent CMV
infection in 1 animal- regardless, this could not be PCR confirmed and insufficient
genome was recovered to investigate any further and this was discounted from any
further analysis®*?, Cucumber green mottle mosaic virus was also identified in all
pools, in many cases with significant genomic coverage, although this was not
investigated further due to the fact that these are exclusively plant viruses that
cannot infect mammals333. As with all metagenomics studies, a variety of bacterial,
fungal and archaeal reads were detected, but the analysis of these was beyond the
scope of the project. Bacteriophage reads were also detected in all libraries, but as
stated in the introduction these were not analysed as this was beyond the scope of
this project™°.

Proportion positivity values provided here must not be interpreted as broadly
applicable prevalence values. To make prevalence estimates such as these, many
further factors require consideration, including sample size vs. overall host species
population, geographic distribution, seasonal distribution, and the health of the
animal host (where diseased animals are more likely to be caught than healthy
animals potentially leading to a prevalence over-estimation)3**. Here, there is a
reasonable chance of an overestimation and an underestimation of proportion
positivity for the Hepacivirus F and Picobirnaviruses respectively. For all species
except for wood mice the sample size was somewhat small, potentially reducing the
accuracy of any prevalence estimates given, hence the alternative use of proportion
positivity. Additionally, the vast majority of these samples were collected in
September or October, and as rodent viral burdens have previously been shown to
vary by season any prevalence data presented may have been inaccurate during
summer and winter*!, The animals sampled represented a range of adult and juvenile
rodents, therefore the age of the animal is unlikely to be a significant source of error
in this work.

UK wildlife has been under sampled to date, and to our knowledge this is the first
time that an in-depth analysis of the virome of Welsh rodents has been performed?.
Accordingly, these proportion positivity values do not have reasonable points of
comparison within the UK at the time of writing?®. As Great Britain is an island and is
therefore limited in cross-species interaction, prevalence estimates for other parts
of the world- including mainland Europe- may not be effective comparators for this
study. Therefore whilst the proportion positivity estimates provided here are subject
to the usual limitations of wildlife studies such as inevitable sampling bias, these are
still valid and reasonably accurate proportion positivity estimates, although further
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research and data regarding host population sizes would be required to convert
these values into accurate prevalence estimates?®?%, More viruses were identified in
gut tissue than liver tissue, perhaps due to viruses present within food consumed by
the animal, or possibly due to simply extracting larger gut tissue sections than liver
sections allowing for the recovery of increased viral copy numbers and increased
sensitivity?>®°, Interestingly, the average number of hits per animal ranged from 1.44
(in wood mice) to 1.94 (in yellow-necked mice; discounting the single least weasel
sample which had 3 hits), suggesting that no individual species of those tested here
had a greater overall viral richness or burden than any other. Whilst this is somewhat
unexpected, relatively high viral burdens and substantial viral richness is often found
in rodents, therefore it is not too surprising that all species tested provided hits for
many viruses’.

It is unlikely that there are incidental viruses present in liver tissue that are not
derived from the host. However, this is likely to occur when considering viruses found
in the gut tissue, due to the potential detection of viruses present in food consumed
by the host animal rather than directly infecting the animal host itself?3. For example,
the presence of cucumber green mottle mosaic virus that was most likely derived
from the cucumber used to bait the traps that were used to capture the animals
illustrates this clearly, as this is a plant virus that cannot infect mammalian hosts>33,
Therefore in instances where the only PCR confirmation for a specific virus is in the
gut tissue without phylogenetic data or NTBLAST data to support this- such as in the
yellow-necked mouse astrovirus in library C- it is impossible be entirely certain that
the virus in question is indeed present in the rodent host tissue rather than the food
of the host. Whilst this could inflate proportion positivity values, it is debatable as to
whether this is a valid hit as it is reasonable to argue that the consumption of infected
food is probable within the lifecycle of the host animal. This leads to a potential
source of infection, and therefore suggests that the virus is still a valid hit and will be
present in this manner in some wild hosts®. Furthermore, despite the exact source of
the virus being unclear within this specific situation, it is still reasonable that these
viruses be investigated as they have been discovered regardless of source and are
still valid hits from a virus discovery perspective.

Some of the animals tested here were negative for all viruses and did not appear to
give any specific viral hits either by PCR or NGS. That they are truly infected by no
viruses is very unlikely due to the ubiquitous nature of viruses infecting all
mammalian life°. It is possible that the viruses present in these samples were present
at very low copy numbers below the sensitivity threshold of NGS, or as bacterial and
fungal background reads were not considered in this project it is possible that a
significant bacterial presence was preferentially sequenced, reducing the reads
available for amplification of viral sequences®. Alternatively, the diluting effect of
pooling the samples may have reduced the number of reads per animal to the point
where low copy number viruses were not detected, although an average of
approximately 22.14 million reads were sequenced per animal rendering this
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unlikely*'. This diluting effect may also explain to some extent why no truly novel
viruses have been definitively identified here, as any low copy number divergent
reads may have been diluted out and not mapped to reference sequences, in turn
being lost as “dark matter”3?. Another potential issue with the pooling approach
taken here is that often multiple animals within the same pool tested positive for the
same virus. Accordingly, when analysed by metagenomics, there is a risk that
multiple strains/species of the same genus were analysed and compiled into one
consensus genome, which would either lead to artificial diversity and variability
relative to a reference or a low copy number divergent virus being masked by a higher
copy number and less divergent virus®. This could be further elucidated by primer
walking and full genome characterisaiton of each virus found, although this was
neither financially nor practically viable.

The pooling dilution effect and the random subsampling by CZID may also explain the
absence of commonly found viruses such as y-herpesviruses and LCMV?®°33>, Whilst
no LCMV reads were found, sporadic individual y-herpesvirus reads were
occasionally found, albeit never with more than one read per library. Accordingly,
these were not investigated and were discounted from further analysis. However,
with greater read depth and/or effective degenerate screening primers it may have
been possible to screen all samples for these viruses, and it is likely that a proportion
positivity estimate could have been gained for these viruses. This was not performed
due to time and financial constraints.

There were both advantages and disadvantages to the primer design approach taken
here. By designing specific primers for individual viruses based on the NGS data, in
theory primers should be perfectly accurate for the specific virus detected within the
library and be able to detect very low copy numbers of this virus. Indeed, if enough
copies are present for NGS sequencing, PCR should be able to amplify these viruses®°.
This was largely seen here, as over 66% of viruses detected by the NGS analysis were
PCR confirmed. However, if there were multiple species of the same genus or strains
of the same species within the library some viruses may have been preferentially
amplified over others, essentially masking closely related hits within the same library.
Another issue is that whilst this approach was taken at the start, only a few primer
sets were designed for each virus based upon up to 4 libraries (excluding cardiovirus
primers, where more sets were developed). In situations where viruses were found
in most libraries- for example, when considering adenovirus or astrovirus hits-
designing specific primers for each library may have increased the chances of
confirming a hit. However, this was neither cost effective nor efficient, therefore
designing up to 4 primer sets for an individual virus was deemed to be a reasonable
middle ground between confirming as many hits as possible whilst being practically
feasible. It is also true that by taking this approach highly divergent viruses may not
have been detected, and viruses with highly variable genomes such as PBVs show
variability across the binding sites between libraries, reducing primer sensitivity and
leading to false negative results?#2243,
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With more genomic coverage for many of these viruses more in-depth phylogenetic
analysis could be performed, and increased genomic coverage may allow for the
analysis of more samples, as this would likely reduce the amount of sequences that
formed outgroups reducing the clarity of the tree that resulted in their omission.
Ideally primer walking PCR would have been used to increase genomic coverage of
key genes and recover full genomes. This would have allowed for improved
phylogenetic analysis and species demarcation for many of the viruses found here,
although this was not performed due to time and budget constraints*’. Other
approaches for enhancing phylogenetic analysis were considered, such as
concatenating reads within the library O adenovirus to produce pseudo-genomes
that were more suitable for phylogenetic analysis, although in this specific case all of
the important genes for phylogenetic analysis such as the hexon gene were still
missing significant amounts of sequence rendering phylogenetic assessment
unreliable.

Future work for these samples would ideally involve recovering more genomic
sequence in positive animals by overlapping PCRs and primer walking, as this would
then allow for more in depth phylogenetic analysis and increased confidence when
confirming hits*’. Priority should be given to the Kunsagivirus and Rosavirus
genomes, as these are relatively rare picornaviruses which may lead to the
identification of novel species?*>?’%, Enhanced confirmation and phylogenetic
analysis should also be performed on those viruses which have been found in a new
host for the first time, including the Hepacivirus F viruses, PBVs and Orbiviruses found
here. This would also allow the elucidation of which of these viruses have zoonotic
potential, as improved phylogenetic analysis would allow for the identification of
how similar the viruses are to known zoonotic viruses. It is not reasonable to infer
that any of the viruses found here are zoonotic without futher investigations.
However, many of the genera found here including adenoviruses, Cardioviruses and
PBVs include species that have previously been shown to undergo zoonotic
transmission, and therefore it is possible that some of the viruses of these species
found here may also have zoonotic potential®> %246 Although rare, some species of
polyomavirus also have zoonotic potential and therefore the polyomavirus found
here is worth investigating futher, and some species of paramyxovirus have also been
shown to undergo zoonotic transmission suggesting that the paramyxovirus found
here also warrants further investigation?%”.28°,

Whilst this work only considers the virology of the metagenomics, many reads for
bacteriophages, bacteria, fungi and archea were also identified in the specimens. It
is beyond the scope of this thesis to analyse this data, but this data will be shared
with other research groups and the University of Nottingham to allow for in-depth
analysis and investigation into these reads, before eventually being made publically
available.
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Chapter 6- Historic virus investigation results (Prong 3)

1. Sample collection
In total, 21 Epomops franqueti (Franquet's epauletted fruit bat), 9 Epomops
buettikoferi (Buettikofer's epauletted fruit bat), 6 Hypsignathus monstrosus
(Hammerheaded fruit bat), 4 Miniopterus inflatus (Greater long-fingered bat) and 2
Rhinolophus affinis (Intermediate horseshoe bat) were sampled, giving a total of 42
unique bat specimens sampled. 18 Mastomys natalensis (Natal multimammate
mouse), 2 Mastomys erythroleucus (Guinea multimammate mouse), 1 Mastomys
spp. that is either Mastomys coucha (Southern multimammate mouse) or M.
erythroleucus, 3 Praomys tullbergi (Tullberg's soft-furred mouse) and 1 Mastomys
spp. were sampled, giving a total of 25 unique rodent specimens, and a total of 67
unique specimens overall (Table 2). Praomys and Mastomys are closely related
genera both morphologically and phylogenetically and have previously been
considered to be the same genus prior to a relatively recent reclassification, hence
the double labelling on some of the specimen jars, however it is safe to assume that
any specimen containing the species name natalensis is a member of the Mastomys
genus33¢, M. coucha and M. natalensis are also phylogenetically and morphologically
very similar, therefore it is not too surprising that initially determining the species of
these specimens was unsuccessful®3¢, Cytochrome B speciation was not performed
due to the lack of sample material available- accordingly, some specimens were not
identified to the species level and the morphologically stated species name was not
confirmed. The minimum age of sample is based on the date of entry into the NHM
collection rather than the actual collection date of the sample itself by the
expedition, as this information is not always available. Accordingly, this information
is the minimum time since collection and samples are often likely to be older than
the value provided here. The specific specimens that batch 1 came from were not
recorded- accordingly, information about age and specimen number is not available.
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2. RNA extraction, cDNA synthesis and GAPDH analysis

a. RNA extraction

RNA extraction was performed for all samples. Following a successful extraction,
each sample RNA underwent quantity and quality assessment using the Nanodrop
spectrophotometer, and quantification and fragmentation assessment using the
TapeStation electrophoresis platform. As described in chapter 3, optimal quality
values for Nanodrop 260 nm/280 nm and 260 nm/230 nm ratios are between 2.00
and 2.2, but for these archival and degraded samples a reduction in these purity
ratios was expected and purity ratios outside of this range did not preclude samples
from further processing. Similarly, historic RNA was expected to be highly degraded
and fragmented due to its age and a low RIN value was expected, although where
the TapeStation could not provide a RIN and gave a result of “N/A” the sample was
considered to be too degraded to generate a metagenomics library. Table 17 shows
the RNA extraction information for each sample.

A total of 79 RNA extractions were attempted throughout this project. The batch 1
and 2 samples are not counted amongst these, as these were extracted prior to the
author joining the project and the data was not available to the author- if these were
counted, the total would be 89 extractions. Of these 79 extractions, 68 were
successful. 2 extractions (1867.4.12.324G and 1867.4.12.324H) were unsuccessful
due to physical degradation of the sample, where the sample was so friable that
during transport it broke down into tiny tissue chunks that could not be used. 9
extractions (shown as “extraction unsuccessful” in Table 17) appeared to be
successful (i.e they were able to be processed and proceed to the quantification step
of the extraction process) but failed to show any RNA concentration data during
either Nanodrop or TapeStation assessment. It is unclear why these samples failed
to extract, although it is interesting to note that sample 1966.3503 was successfully
extracted in batches 3 and 4 but failed to be extracted in batch 5. cDNA synthesis was
then attempted on all samples that gave either a positive RIN or a positive quantity
of RNA upon TapeStation analysis. cDNA synthesis success was assessed via GAPDH
PCR.
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Table 17- Historic sample RNA extraction.
Shows a successful or failed RNA extraction for each sample, and if successful the
Nanodrop concentration and 260/280 and 260/230 purity ratio, the TapeStation
concentration and RIN value and GAPDH 70 PCR result. “Sample too degraded to
extract” represents a physically degraded sample, “extraction unsuccessful”
illustrates a sample which successfully completed the RNA extraction process but
gave no RNA concentration upon either Nanodrop or TapeStation analysis. For
GAPDH analysis, + represents a positive sample assessed via endpoint PCR rather
than gPCR, therefore no Ct value is available. - represents a negative sample. Samples
with blacked out boxes were not analysed GAPDH PCR.

Sample Nanodrop 260/280 | 260/230 | TapeStation RIN GAPDH
concentration concentration 70 Ct
(ng/ul) (ng/ul)
1984.1654G 4.5 1.49 0.13 0.355 N/A -
1984.1655G 8.2 1.53 0.54 0.292 N/A -
1966.3502G 15.1 1.47 0.35 0.0763 N/A +
1966.3503G 16.1 1.41 0.25 0.461 2.5 +
1966.3504G Extraction unsuccessful
1966.3505G Extraction unsuccessful
1966.3506G 185.9 1.87 1.50 64.8 | 2.1 +
1880.7.21.3G Extraction unsuccessful
1880.7.21.1G 15.2 1.49 0.56 0.656 2.6 +
1880.7.21.4G 5.0 1.59 0.24 0.647 2.4 -
1948.598G 29.7 1.45 0.67 5.52 N/A -
1867.4.12.324G | 54.9 1.20 0.26 6.29 N/A -
1932.1.17.14G Extraction unsuccessful
1932.1.17.15G 28.6 1.63 0.51 7.26 N/A +
1979.1229G 19.5 1.41 0.63 3.920 2.3 -
1979.1230G Extraction unsuccessful
1979.1240G 11.9 1.41 0.31 1.640 1.7 -
1966.3503G2 33.7 1.10 0.26 0.296 N/A -
1966.3503H 39.5 1.14 0.27 0.590 3.6 36
1966.3506G2 516.1 2.01 1.84 389.6 2.3 -
1966.3506H 954.4 2.07 2.02 624 2.2 27
1880.7.21.1G2 23.5 1.11 0.28 0.117 N/A -
1880.7.21.1H 48.3 1.15 0.29 0.171 N/A -
1880.7.21.4G2 49.8 1.18 0.32 1.700 3.3 38
1880.7.21.4H 101.0 1.11 0.28 0.165 N/A > 40
1979.1229G2 33.6 1.45 0.68 1.806 1.4 -
1979.1229H 23.8 1.34 0.48 0.644 1.8 38
1979.1240G2 34.0 1.43 0.97 7.30 N/A -
1979.1240H 26.7 1.43 0.79 1.260 1.9 > 40

1867.4.12.324G2

Sample too degraded to extract

1867.4.12.324H

Sample too degraded to extract

1966.3503H2

Extraction unsuccessful
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1966.3506H2 1040.9 2.03 1.62 114 1.8
1979.1229H2 21.2 1.46 0.69 1.68 1.6
1979.1240H2 25.7 1.35 0.44 2.07 1.7
1880.7.21.4H2 62.5 1.11 0.29 4.98 N/A
1984.1655H 2.2 1.12 0.08 0.661 1.7
66.3498 358.8 1.98 1.79 104 2.4

69.963 29.1 1.24 0.31 10.2 3.9

59.205 122.2 1.8 1.47 56.3 1.9 -
47.588/B62 26.6 1.27 0.37 4.97 N/A -
79.428 119.5 1.65 1.47 314 1.3 -
62.1819 239.6 1.82 1.56 105 1.5 -
68.962 24.9 1.22 0.29 0.337 N/A 36
68.966 29.6 1.11 0.25 5.15 N/A -
79.434 22 1.57 1 3.22 1.7 -
62.1818 5.8 1 0.11 0.241 N/A -
68.357 9.5 1.35 0.53 0.277 N/A 37
66.3509 135.3 1.84 1.19 29.7 2.7 36
68.356 1.1 1.06 0.16 0.831 N/A -
68.970 41.5 1.42 0.46 10.6 3.6 31
64.59 209.4 1.92 1.66 28.6 2.7 29
68.971 208.2 1.91 1.48 36.2 3.2 29
84.800 31.7 1.57 0.78 10.4 2.4 35
71.607 Extraction unsuccessful

79.424 239.4 1.74 1.63 84.7 1.5 34
72.285 38.3 1.61 0.77 7.18 N/A -
61.1642 40.8 1.6 0.7 9.20 N/A 36
61.16.43 15.7 1.49 0.38 0.062 N/A -
76.1540 15.1 1.58 0.42 0.675 1 39
79.1241 5.4 1.63 0.46 0.378 N/A -
76.1547 38 1.52 1.04 7.01 N/A -
48.1163 98.9 1.55 1.1 13.0 2.3 -
79.1181 8.2 1.56 0.65 0.432 2 -
79.1198 7.9 1.5 0.63 0.172 N/A -
1988.167 16.8 1.45 0.61 0.502 2.1 39
79.1295 4.3 1.57 0.39 0.115 N/A -
79.1297 3.1 1.75 0.39 0.768 N/A -
79.1294 7.5 0.97 0.13 N/A NA TR
79.1537 14.7 1.56 0.66 3.08 1.7 38
1988.169 7.9 1.47 0.98 0.748 N/A -
77.3425 15.9 1.49 0.73 0.728 1.7 38
77.3427 27.6 1.6 0.89 7.01 N/A 38
68.652 12.7 1.29 0.28 N/A N/A F
71.393 13 1.47 0.98 0.142 N/A -
71.402 Extraction unsuccessful

68.654 Extraction unsuccessful
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12.11.25.16

6.5

1.17

0.25

N/A

N/A

9.1.9.25

16.4

1.48

0.48

0.858

N/A
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b. GAPDH analysis

GAPDH PCR was used to assess cDNA synthesis and as a proxy measurement for RNA
fragmentation. GAPDH analysis was not performed on batch 2 or 5 samples due
limited RNA and sample RNA was preserved to use for library preparation instead. Ct
data is unavailable for batch 1 and 3 samples as these experiments were conducted
using endpoint PCR rather than gPCR. All samples that gave a positive RNA
concentration upon TapeStation analysis underwent GAPDH PCR (Table 18). GAPDH
70 PCR was performed first and GAPDH 70 positive samples were then tested for
GAPDH 149, and GAPDH 149 positive samples were tested for GAPDH 295 as another
proxy measurement of RNA fragmentation. Fragment sizes were estimated to be
somewhere between the largest product size GAPDH positive result and smallest
product size GAPDH negative result for each sample.
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Table 18- Historic sample GAPDH PCR results.
Shows samples that underwent GAPDH investigations, which GAPDH investigations were performed and Ct values for positive samples. +
indicates a positive result without a Ct value as these samples were analysed using endpoint PCR rather than qPCR. - represents a negative
sample. Blacked out boxes represent no experiment performed for that sample using those GAPDH primers.

1966.3506G2

Sample GAPDH 70 Ct | GAPDH 149 Ct | GAPDH 295 Ct | Sample GAPDH 70 Ct | GAPDH 149 Ct | GAPDH 295 Ct
Epol + + + 47.588/B62 | -
Epo2 + 79.428 -
Minl - 62.1819 -
Min2 - 68.962 36
Hyp1l - 68.966 -
Hyp2 - 79.434 -
1984.1654G - 62.1818 -
1984.1655G - 68.357 37
1966.3502G + 66.3509 36
1966.3503G + 68.356 -
1966.3506G + 68.970 31
1880.7.21.1G + 64.59 29
1880.7.21.4G - 68.971 29
1948.598G 84.800 35
1867.4.12.324G | - 79.424 34
1932.1.17.15G | + 72.285 -
1979.1229G - 61.1642 36
1979.1240G - 61.16.43 -
1966.3503G2 - 76.1540 39
1966.3503H 36 79.1241 -

76.1547
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48.1163

79.1181

79.1198

1988.167

79.1295

79.1297

79.1537

1988.169

77.3425

77.3427

1966.3506H 27
1880.7.21.1G2 | -
1880.7.21.1H -
1880.7.21.4G2 | 38
1880.7.21.4H >40
1979.1229G2 -
1979.1229H 38
1979.1240G2 -
1979.1240H > 40
66.3498 32
69.963 36
59.205 -

71.393

9.1.9.25
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Whilst conventionally gPCR would use a certain Ct cutoff value (often 35) to identify
positive samples, due to the age and degradation of these samples any positive Ct
value was considered as a positive result, including for samples that had not reached
the Ct threshold but were beginning to show a peak at a Ct > 40. In essence, Ct value
requirements were relaxed relative to most reactions to ensure sufficient sensitivity.
A total of 50 RNA extractions were attempted on bat samples, resulting in 44 eligible
for GAPDH screening. Of these, 21 were GAPDH 70 positive, 5 were GAPDH 149
positive, and 3 were GAPDH 295 positive. 29 RNA extractions were attempted on
rodents, resulting in 22 samples eligible for GAPDH screening. Of these, 8 were
GAPDH 70 positive, 1 was GAPDH 149 positive, and 1 was GAPDH 295 positive. In
total, 66 samples were eligible for GAPDH screening, and of these 29 were GAPDH 70
positive, 6 were GAPDH 149 positive and 4 were GAPDH 295 positive. Results
breakdowns by species are shown in Table 19.
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Table 19- GAPDH PCR success by species.
All %s are of the total number of attempted extractions for that species, excluding
those from batches 2 and 5. E. franqueti, E. franqueti Tomes and E. franqueti
strepitans are grouped for this analysis, as are M. inflatus and M. inflatus africanus,
and M. natalensis and M. (Praomys) natalensis. For this analysis, sample 48.1163 is

considered as M. erythroleucus.

Species Attempted Eligible for GAPDH 70 GAPDH 149 | GAPDH 295

extractions GAPDH PCR | positive (%) | positive (%) | positive (%)
(%)

E. franqueti 29 24 (82.76%) | 13 (44.83%) | 2 (6.90%) 2 (6.90%)

E. buettikoferi |9 9 (100%) 3(33.33%) | 0(0%)

H. monstrosus | 6 6 (100%) 4 (66.66%) |3 (50%)

M. inflatus 4 3 (75%) 0 (0%)

R. affinis 2 2 (100%) 1 (50%) 0 (0%)

Bat samples 50 44 (88%) 21 (42%) 5 (10%) 3 (6%)

M. natalensis | 22 18 (81.82%) | 8 (36.36%) | 1 (4.55%) 1 (4.55%)

M. 3 1(33.33%) |0 (0%)

eyrthroleucus

P. tullbergi 3 2 (66.66%) 0 (0%)

M. spp. 1 1 (100%) 0 (0%)

Rodent 29 22 (75.86%) | 8 (27.59%) | 1(3.45%) 1 (3.45%)

samples

All samples 79 66 (83.54%) | 29 (36.71%) | 6 (7.59%) 4 (5.06%)
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All data was tested for normality via Shapiro-Wilk normality test, and all data was
found to follow a non-normal distribution pattern. Overall, there was no link between
RNA concentration and GAPDH 70 success rate, suggesting that the quality of the
sample is not directly linked to RNA extraction quantity. The average concentration
of GAPDH positive samples was 101.02 ng/ul by Nanodrop and 37.09 ng/ul by
TapeStation, whereas for the GAPDH negative samples the average Nanodrop
concentration was 51.29 ng/ul and the average TapeStation concentration was 20.47
ng/ul. However, these differences were not statistically significant (p=0.076 for
Nanodrop concentration and p=0.208 for TapeStation concentration by Mann-
Whitney test). Nanodrop and TapeStation concentrations were also proportional for
most samples (Figure 17 A). The average minimum age of GAPDH 70 positive samples
was 65.79 years vs. 62.53 years for GAPDH negative samples, showing no significant
differences (p=0.538, Mann-Whitney test). There was no correlation between age
and GAPDH success (p=0.70, linear regression), nor between age and GAPDH 70 Ct
value (p=0.80) (Figures 17 B and 17 C, respectively). For calculation purposes, N/A
RIN results were considered to be 0. GAPDH 70 positive samples had an average RIN
value of 1.83 whereas GAPDH 70 negative samples had an average RIN of 0.58, and
this value was statistically significantly different (p < 0.0001) (Figure 17 D). There was
no correlation between RIN and age (p=0.79, linear regression).
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Figure 17- Analysis of historic sample concentration, age, RIN and GAPDH 70 status.
For all figures, blue circles are GAPDH positive samples, and red squares are GAPDH
negative samples. For RIN calculations, N/A RIN results were counted as O for
calculation purposes. A) Nanodrop vs TapeStation concentrations for each sample.
B) Nanodrop concentration vs minimum age of each sample, and whether each
sample was GAPDH positive. C) Age vs GAPDH 70 Ct value. D) RIN vs minimum age
of each sample. No statistically significant relationships were found except for a
positive correlation between RIN value and GAPDH PCR success (p < 0.0001, t-test),
and an increased average RIN value was associated with GAPDH 70 success (p <
0.001, Mann-Whitney test).
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3. Library preparation

1966.3506G and 1966.3506H initially underwent the Illumina library preparation
process as described in the manufacturer’s protocol with no modifications. These
samples were chosen as they had the highest concentrations of all samples according
to both the Nanodrop and the TapeStation, whilst having acceptable RINs by archival
RNA standards (2.3 and 2.2, respectively). The library preparations were
unsuccessful, and no library was visible on the TapeStation traces. If a library had
been successfully synthesised a peak would be visible between 240 and 300bp, which
was not the case in either library. The peak at 138bp in library 3506H suggests a small
but quantifiable amount of primer dimer. Figure 18 shows the TapeStation traces for
these attempted libraries.
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Figure 18- TapeStation traces for sample 1966.3506G and 1966.3506H attempted

libraries.

A shows 1966.3506G and B shows 1966.3506H. “Upper” and “Lower” peaks show
upper and lower markers used to calibrate the software. A successful library would

show a peak between 200 and 300bp, which is absent in both traces. The indication

of a peak at 138bp for 3506H would suggest a small amount of adaptor dimer.
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Based on these results and further GAPDH 70 investigations, it was hypothesised that
due to the extensive RNA fragmentation within the samples that the fragments were
too small to be undergo library preparation via conventional lllumina methods and
were being filtered out by the bead clean up steps, as these filter out small fragments.
Accordingly, modifications were made to the protocol by adding IPA to the bead
clean up steps as recommended by Beckmann Coulter technical support. Beads and
IPA were added in a 1:1 ratio, and the quantity of beads added was also increased
from a ratio of 1.9x sample volume to 2.1x sample volume. Additional amplification
cycles were also added to the protocol for future samples beyond this point.

Following the modified protocol described above libraries were attempted of 4
additional samples- 1979.1240H2, 1984.1655H, 1979.1229H2 and 1966.3506H2.
These were the 5% collection samples that yielded both a positive RNA concentration
and a RIN value. To ensure that second strand synthesis was producing the
complementary DNA strand as expected, these 4 samples were analysed on the
TapeStation after the second strand synthesis was complete. As this step is
performed prior to PCR amplification and concentrations were expected to be low
but quantifiable, these were considered to be successful enough to continue to the
end of the library preparation if either a visible trace was present, or there was a
measurable sample concentration as determined by the software. Accoridngly,
second strand synthesis was successful for the libraries 1979.1229H2 and
1966.3506H2, as a concentration of 0.547 pg/ul was called by the software for library
1979.1229H2 and a visible trace was observable for library 1996.3506H2 (Figure 19).
These libraries proceeded to completion. The second strand synthesis reactions for
1979.1240H2 and 1984.1655H were unsuccessful as no trace or concentration was
available for either library (Figure 19), so these libraries were not completed to
conserve reagents.
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concentration as called by the software. Concentration for C= 0.547 pg/ul. Libraries A and B were unsuccessful, whereas libraries C and D successfully
underwent second strand synthesis.



The libraries for 1979.1229H2 and 1966.3506H2 were completed as described above
and underwent quality control analysis on the TapeStation (Figure 20). Library
synthesis for 1966.3506H2 was unsuccessful and the TapeStation trace gave no
indication of a library, whereas 1979.1229H2 gave a small peak at 204bp, suggesting
successful generation of a library containing approximately 70-75bp inserts.
However, a significantly larger peak was observed at 133bp in the TapeStation trace
for 1979.1229H2, suggesting a large amount of adaptor dimer contamination which
was approximately 12-15x greater than the target library. This rendered this library
unsuitable for sequencing as only 6-8% of sequenced reads would represent target
sequence rather than adaptor dimer.
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Figure 20- Post-library preparation TapeStation traces for 1979.1229H2 (A) and
1966.3506H2 (B).

“Upper” and “Lower” peaks show upper and lower markers used to calibrate the
software. Red circle in A highlights significant adaptor dimer at 133bp, blue circle
represents ~75bp insert library shown by a peak at 204bp. Peak at 71bp in A
represents single adaptor contamination. Absence of peaks at approximately 200-
300bp in B suggests a lack of successful library generation. Low level jagged trace
represents background noise from the library preparation process.
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Following the partial success of library 1979.1229H2 attempts were made to reduce
adaptor contamination by increasing adaptor dilution. 4 more libraries were
attempted using batch 6 samples- 66.3498, 68.963, 59.205 and 76.1540. These were
chosen as they all gave acceptable RIN values and extraction concentrations, all
except for 59.205 were GAPDH 70 positive, and these samples represented 3
different target species across a minimum of 20 years of age. Of these samples
66.3498 and 59.205 failed to generate any form of library, as shown by the absence
of any peak at 200-300bp. Sample 68.963 generated an approximately 75bp library
with a peak at 200bp but with approximately 6.5x greater adaptor dimer at 128bp,
whilst sample 76.1540 also generated an approximately 75bp library peak at 200bp
with 7.5x greater adaptor dimer at 125bp. These are still unsuitable for sequencing
as only approximately 13.3% and 11.8% respectively of reads represent the target
library, but this is still more successful than previous attempts and closer to an
analysable library. TapeStation traces for these samples are shown in Figure 21. No
further attempts at library preparations were performed due to the limited quantity
of available sample and the significant cost of reagents.
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4. Coronavirus presence in historic samples shown by PCR

gPCR screening for CoVs was performed using the NHM-CoV-8969 F and NHM-CoV-
9080 _R primers. A total of 22 samples were tested including all of the extraction
batch 5 samples and all of the batch 6 samples that were GAPDH 70 positive. These
primers target an 111bp fragment, therefore a GAPDH 70 positive result suggests
sufficiently large fragments for the PCR to be successful may be present. Due to the
historic nature of these samples any positive Ct value was considered to be a
potential positive result- in essence, the Ct threshold was ommitted to allow for
maximum sensitivity, albeit at an increased risk of false-negative results. Any samples
with a positive Ct value were sent for sequencing. 6 samples were potentially
positive, which were 1966.3503H2, 1966.3506H2, 68.970, 84.800, 76.1540 and
68.962, with Ct values of 34, 39, 39, 36, 38 and > 40, respectively (Table 20). 2x
negative controls, an OC43 CoV positive control and an NL63 CoV positive control
were also tested and gave results as expected (Ct values of 0, 0, 33 and 38,
respectively).
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Table 20- Historic sample CoV screening.

Screened using the NHM-CoV-8969_F and 9080 _R qPCR results. - represents a
negative result. Results shown in red produced a PCR product but were not identified
as CoVs by sequencing. Results shown in black produced a PCR product which were
identified as CoVs by sequencing.

Sample CoV PCR Ct Sample CoV PCR Ct
1966.3503H2 34 68.971 -
1966.3506H2 39 84.800 36
1880.7.21.1H - 79.424 -
1880.7.21.4H2 - 76.1540 38
1979.1229H2 - 1988.167 -
1979.1240H2 - 79.1537 -
66.3498 - 77.3425 -
68.963 - 68.962 > 40
66.3509 - 68.357 -
68.970 39 61.1642 -
64.59 - 77.3427 -
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All positive samples except for 68.970 were successfully sequenced, and of these
1966.3506H2, 68.962 and 84.800 were identified as most similar to CoVs by NTBLAST.
Due to the small product size produced by the primers, after the trimming of the
primer sequences and low quality bases the remaining sequence was quite short
(81bp, 64bp and 80bp for 1966.3506H2, 68.962 and 84.800 respectively). For all
positives, NTBLAST identified 2 human coronavirus OC43 matches (accession
numbers OR266949 and 0Q828657) and 18 canine respiratory coronavirus matches
(top two accession numbers 0Q621727 and 0Q621726) as the best matches, with
equal quality E values of 4.54-%° for all 20 matches due to all matches having identical
sequences across the target region. This is likely because of the highly conserved
nature of the polymerase region of ORFlab gene that the primers target rather than
the presence of either a human or canine coronavirus in bat samples®3’. 1966.3506H2
was 94.44% similar to these hits, 68.962 was 93.10% similar, and 84.800 was 94.60%
similar. Across the 3 samples the majority of the sequence is similar, excluding at
position 65 as shown in Figure 22 A-C where the isolate from sample 68.962 had a
cytosine base and the other two samples had an adenine base. There may be more
differences towards the 3’ end of the read, but due to poor read quality it is difficult
to be certain of these. All three samples were then aligned by translation relative to
bases 18500-18700 of one of the canine CoV matches identified by NTBLAST
(0Q621727) and bases 18600-18800 of one of the human CoV matches identified by
NTBLAST (OR266949) (Figure 22 D). Across this region the two reference sequences
were 100% identical to each other. Excluding the extreme 3’ and 5’ ends where the
sequence quality was lower and was therefore less reliable, all 3 historic CoV samples
were identical to the reference sequences and each other except for at positions 80,
83 and 86 relative to the alignment shown in Figure 22 D. A distance matrix for the
similarity between these samples is shown in Table 21, although these values may be
unreliable due to the low read quality at the 3’ end of all samples. Phylogenetic
analysis was not performed on these samples due to the short and highly conserved
segments observed. Attempts to confirm the hits with other genomic regions were
not made due to a lack of effective primers and time constraints.
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Table 21- Similarity analysis of the historic CoVs detected.
Similarity matrix between the 3 historic CoV sequences, and 2 of their closest
matches (OR266949, a human coronavirus OC43, and 0Q621727, a canine
respiratory coronavirus). The two reference sequences were 100% identical across
this region, and all historic CoVs are 85-96.15% similar to each other and reference
sequences across this region. For this historic CoVs, similarities are potentially
underestimated due to some low quality chromatogram at the 3’ and 5’ ends of the

sequence.

1966.3506 | 68.962 84.800 0Q621727 | OR266949
1966.3506 96.15% 85.9% 85.9%
68.962 88.33% 88.33% 85% 85%
84.800 96.154% 88.33% 85.9% 85.9%
0Q621727 | 85.897% 85% 85.9%
OR266949 | 85.897% 85% 85.9%
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A

1966.3506_E. franqueti ... AGTATCATG ATTTATATT TA _-T TCCATAAAGLAGCACATGTIGCTTCCTCTGACG CAATTAT P-.CP-.C CGCAGTGE

B

68.962_E. buettikaferi li...

84.800_E. franqueti liver... fTTCA JTATCF\T ATTTATATT _.TA J—I— TCCATAAAJJA CACATGOGTTG CTTCCTCT AC CAATTAT ACACJJT A*

1 10 20 30 40 &0 &0 0 a0 50 9
Identity D
L+ 1. 1966.3506_E. franqueti gut_... .—l_ATC ATGATTTATATTGTAGTGTCCATAAAGGAGCACATGTTGCTTCCTCTGACGCEMATTATGACACGGHEG
O+ 2. 68.962_E. buettikoferi liver_N... .ATTGTA GTGTCCATAAAGGAGCACATGTTGCTTCCTCTGACGCEATTATGA CIHENGE GEN
L+ 3. B4.B00_E. franqueti liver_NH... TG A TCATGAT TTATATTGTAGTGTCCATAAAGGAGCACATGTTGCTTCCTCTGACGCMATTATGACACGGTG
o

L+ 4, 00621727 18500-18700 (Ca... GGGGATATATTGG T TCT T TATIHEEGENA TCATGAT T TATAT TGTAGTGTCCATAAAGGAGCACATGTTGCTTCCTCTGAMGCEA TMATGACACGGETG

C+ 5, OR266949.1 18600-18800 (H... I;EGGGATATATTG GTTCTT TATHSEGIENA TCATGAT T TATATTGTAGTGTCCATAAAGGAGCACATGTTGCTTCCTCTGAMGCHATMATGACACGGTG

Figure 22- Analysis of the historic CoV hits and canine and human reference sequences.

In all sequences and the alignment, a red shape represents where bases have been trimmed, either to remove low quality sequence or to show the alignment of
the same region. A shows the chromatogram and sequence for the historic CoV isolated from 1966.3506, B shows the chromatogram and sequence for the
historic CoV isolated from 68.962, C shows the chromatogram and sequence for the historic CoV isolated from 84.800. D shows the alignment of the 3 historic
CoV isolates to a human CoV isolate (OR266949) and a canine CoV isolate (0Q621727), two of the closest matches reported by NTBLAST. Identity bar is dark
green for regions of > 70% similarity, light green/yellow for regions of 70-30% similarity and red for regions of < 30% similarity. Reference sequences were 100%
identical to one another across the aligned region, and excluding the 3’ and 5’ ends where the chromatogram were of lower quality only differed from historic
CoV sequences at bases 80, 83 and 86.



LASV screening gPCR was also performed on all historic rodent samples which had a
RIN greater than 0 and/or a positive GAPDH 70 PCR result. 2x negative controls and
2 positive control reactions at different concentrations using a synthetic positive
control were also included in all reactions. The positive controls worked as expected
and the negative controls showed low level non-specific binding (Ct values of 40 and
40). Of the 12 samples tested, 5 produced Ct values suggesting a potential positive,
but all 5 were unable to be validated by sequencing (Table 22). Whilst it is possible
that some of these results may be true positives, the non-specific binding in the
negative controls and their similar Ct values to the potentially positive sample results
renders this unlikely. Due to time constraints further LASV PCR investigations were
not performed using alternative primer sets.
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Table 22- Historic samples LASV gPCR.
- represents a negative result by gPCR. Ct values are shown for PCR positive samples,
although no positives found here were able to be validated by sequencing.

Sample LASV PCR Ct Sample LASV PCR Ct
1932.1.17.15 38 77.3425 37
1979.1229G - 77.3427 39
1979.1229H - 48.1163 -
1979.1240G - 79.1181 -
1979.1240H - NC1 40
76.1540 39 NC2 40
1988.167 - Positive control 34
10—10
79.1537 39 Positive control 40
10-12

230




5. Discussion

One of the main concerns of all ancient and historic molecular work is contamination
with modern nucleic acids®. All reasonable efforts were taken to avoid this including
working in a separate laboratory to all other projects, deep cleaning of all areas and
equipment both before and after experiments, using separate equipment wherever
possible and separate lab coats, and using new and sterile reagents for historic
molecular work and then ensuring that those reagents are only used for this work.
Despite these efforts it is not 100% possible to rule out molecular contamination
throughout this process, as is the case in all historic and ancient genomics work®?.
Future work on this project should be performed in an historic sample paleo-
molecular lab such as the recently opened aeDNA (ancient and environmental DNA)
facility at the University of Nottingham.

Specimen species were chosen according to two main criteria. The most important
was that the specimens or their phylogenetically similar relatives were members of
species that are known reservoirs of important viruses. For example, E. franqueti has
been shown to be an important reservoir for CoVs, and M. natalensis is the major
reservoir species for LASV, two viruses of importance to both wildlife and human
health*>'>°, The second criterion was that there was a reasonable number of the
species available in the NHM archives, so that sampling these species will not cause
significant damage to the overall collection. Additionally, pregnant specimens or
infant specimens were excluded, both due to difficulty with sampling and due to their
potentially great value for other projects.

Despite the care taken with specimen selection, the very nature of the samples
caused some issues regarding tissue collection- this is a common issue with historic
genomics projects’’. The first and most important issue was that it was impossible to
accurately predict the quality of a specimen and its tissue prior to sampling it. Some
specimens were relatively easy to sample, whilst others had highly friable tissue that
was difficult or impossible to extract which led to failed RNA extractions for some
samples. This is likely due to a variety of factors, including the actual age of the
sample, the time between the death of the animal and preservation, the method of
initial preservation of the animal, the transport conditions to the NHM archives, and
whether the sample had ever dried out within the jar’”#3%7, Similarly, some animals
will have been formalin fixed and others will not have due to their age predating
formalin usage, and as it is impossible to know which are which, all samples were
treated as if formalin fixation had occured, which is likely not optimal for some of
these specimens®¥238, Indeed, formalin fixation status is not recorded for any of these
samples, and it is therefore unknown whether many of the specimens were or were
not fixed. It is believed that the mass manufacturing of formalin was first performed
in 1891, and therefore this work assumes that mass adopton of formalin fixation
followed shortly after this3?°. Accordingly, samples collected prior to 1891 are
considered as likely unfixed, and those after 1891 are considered likely to have been
formalin fixed. Without further metadata it is impossible to draw definitive
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conclusions between any of these factors and sample quality. Another factor was the
ease of sampling- for example, in larger animals such as M. natalensis and H.
monstrosus organ identification and sampling was significantly easier than for
smaller animals such as M. inflatus, where their small organs made precise sampling
difficult. Larger animals tended to have larger organs, which allowed for larger tissue
chunks to be taken for RNA extraction, which made the RNA extraction process more
straightforward, even if this did not necessarily relate to quality of RNA. Due to the
unpredictability of the specimens, the best approach for obtaining high quality
samples was to simply sample as many animals as possible, as only ~37% of samples
gave reasonable quality samples without excessive fragmentation (indicated by
GAPDH 70 PCR). This approach is common amongst aDNA work, as it is well
established that sample quality assessment prior to extraction is largely impossible
with current technology and methodology””’.

Sample section also affected RNA extraction success. For example, for specimen
1966.3503 the first liver tissue RNA extraction was successful and the second was
unsuccessful, despite being from the same organ from the same animal. This suggests
that even within the same organ there must be some variability regarding quality of
RNA preservation and fixation, as has been observed within other aRNA studies®.
The cause of this is unclear, although it is possibly due to variable penetration of the
fixative or the speed of fixation. Sampling the entire organ would likely have solved
this problem, but due to the historical importance of these specimens and their
irreplaceability this was not an option. The somewhat empirical nature of the tissue
sampling may also have affected RNA extraction success, as larger and more intact
tissue is easier to process. Similarly, the tissue type will have affected the success of
the extraction for any given sample. Liver tissue RNA extraction was frequently more
successful and easier than gut RNA extraction due to the elastic nature of gut tissue
rendering it difficult to break down adequately. Focussing on liver tissue in the later
collection batches also removed the risk of incidental virus discovery from food
contaminants within the gut, and thus liver tissue was the predominant tissue type
investigated?®.

There was no major difference in the success rate of extractions between species,
although bat extractions had an overall slightly better success rate than rodent
extractions (88% vs 75.86%). However, 42% of bat samples were GAPDH 70 positive
vs 27.59% of rodent samples, showing a small but appreciable difference in quality
and success rate by this metric. The reason for this is not entirely clear, although as
the rodents were bigger than the bats (excluding the H. monstrosus specimens) it is
possible that the fixation time was longer due to slower fixative penetration, possibly
resulting in increased genomic fragmentation. There was no clear link between
sample age and extraction success or GAPDH 70 success. This was surprising, as it
stands to reason that older samples would have undergone more degradation prior
to extraction, yet this was not observed. The minimum age of the specimens tested
here is 35 years, suggesting that RNA degradation may occur over time and may have
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plateaued by this point. To test this more samples with ages between 6 months and
35 years old could undergo RNA extraction to see if there is a link between age and
RNA degradation across this timeframe. However, there was a statistically significant
link between RIN and GAPDH 70 success, suggesting that GAPDH 70 PCR can act as
an effective proxy indicator of genomic fragmentation and quality. Whilst this is
unlikely to have a significant impact on the downstream analysis of these samples,
this suggests that only one of these quality control analyses are necessary, and
therefore sample RNA could be conserved and cost per sample could be reduced by
omitting RIN analysis or GAPDH 70 assessment.

Whilst the Nanodrop analysis was useful for a baseline indication of the success of
extraction, the purity values are unreliable when the concentration of the nucleic
acid is < 20ng/ul as is the case for approximately half of the samples here*°. Using a
Qubit system instead of a Nanodrop may have increased quantification accuracy,
although it is often considered sensible to assess purity using a Nanodrop and
concentration using a qubit which may not have been an option here due to sample
scarcity®3>34°, Despite these drawbacks, for a given sample the Nanodrop
concentration and TapeStation concentration tended to be in broad agreement
(Figure 16 A). The fact that neither Nanodrop nor TapeStation concentration was
statistically significantly linked to GAPDH 70 success but that a higher RIN was
significantly associated with GAPDH 70 success suggests that the RNA degradation
and fragmentation is likely the key factor dictating extraction success. The GAPDH
results also showed that the fragment size is typically above 70bp but below 149bp
for most samples. This is in broad agreement with other studies, such as that
performed by Dux and colleagues who found their average RNA fragment size to be
95-136bp in a sample from 191278,

Library preparation was not successful for any of these samples. For some samples
such as 66.3498, no indication of a library was seen on the TapeStation trace even
when the GAPDH 70 PCR was positive and the input concentration was high (Figure
20). The reasons for this are unclear, although one possibility is that whilst the RNA
is not too fragmented to produce a library (as indicated by the GAPDH 70 result) it is
damaged in some other way. Historic DNA and RNA is known to undergo significant
damage in a variety of ways, including the formation of abasic sites and atypical
nucleotides, as well as misincorporation of bases such as uracil bases as a
consequence of cytosine deamination®®°. This damage can lead to reduced
interaction with the enzymatic steps of library preparation process, in turn
preventing or reducing the effectiveness of library preparation, and whilst aDNA can
be repaired via a variety of methods there are currently no published methodologies
or available protocols for aRNA repair’”#°. Whilst some damage of this nature is
inevitable and is indeed useful for assessing that the sampled RNA is in fact historic
in origin rather than a modern contaminant, to assess this software such as
mapDamage 2.0 is used, which requires NGS data available to analyse, which in turn
requires a successful library generation®. It should be noted that it is difficult to
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distinguish genuine damage from random chance nucleotide misincorporations,
even with this or equivalent software®3. Another option is that despite efforts to
enhance the capture of small fragments, they were simply filtered out as part of the
library preparation process- a known issue with the NEB Ultra Il library DNA
preparation kit which may also occur in the RNA kit’’. Other library preparation
approaches such as the Santa Cruz reaction were considered but were not used as
these tended to increase the amount of adaptor dimer present, which was already
posing a significant problem?”’.

Adaptor dimerisation is common during library preparation and occurs to some
extent in all libraries. Adaptor dimers reduce the read count when the library is
sequenced as the adaptor dimer is recognised as a target read by the software,
diluting the quantity of target reads accordingly**!. For samples which synthesised a
library, there was always a significant excess of adaptor dimers ranging from 6.5 fold
greater than the library to 15 fold greater, in turn diluting the reads available for the
actual library to down approximately 13-6%. Accordingly, in a 100 million read library,
only between 6 and 13 million reads would represent the sample rather than the
adaptor dimer. By the time low quality reads, host reads, genomic reads, bacterial
and fungal reads and other contaminants have been removed, this will result in very
few reads remaining in which to detect viruses. As historic viruses are likely present
at low copy numbers due to preservation process and nucleic acid degradation over
time, the limited sensitivity of NGS may then result in failing to identify viruses that
are present in the sample®. Substantial adaptor dimer contamination is unsurprising,
as adaptor dimers are more likely to form when the initial RNA input is low which
was the case for many of these libraries®*'. Similarly, whilst it was necessary to
increase the amplification cycles within the library preparation beyond the
manufacturer recommendations due to the low input concentrations this is also
likely to have increased the amount of adaptor dimer, as the adaptor is the primer
binding target within these steps regardless of whether attached to the target DNA
or having formed a dimer®*. It was not economically feasible to try and sequence
libraries with such a significant adaptor dimer presence. Whilst it is theoretically
possible to simply “overpower” the dimers with enough reads per sample, this would
have required a full NovaSeq S4 lane and 3x10° reads per library (or possibly a pool
of two libraries), and at a cost of approximately £5000 per lane this was prohibitively
expensive. This would also then require significant filtering to remove the adaptor
dimer contamination, which in turn requires significant computing power, likely
requiring the use of the HPC which also comes at a cost and complicates later
analysis. Accordingly, even the most successful libraries synthesised here were not
sequenced.

Various approaches were considered to overcome the adaptor dimer contamination
which were not pursued due to time constraints. The first was to design custom
adaptors that included a rare restriction digest site. The protocol would have been
adapted to include a restriction digest step at the very end, before undertaking the
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entire protocol from the adaptor ligation onwards a second time as the library
fragments would also have lost their adaptors to degradation. This would in theory
result in significantly more target sequences being present due to the previous round
of amplification, resulting in a better ratio of target to adaptor. This approach was
not pursued as custom adaptors are expensive and repeating the entire second half
of the library preparation process for each sample is both expensive and inefficient.
There were also concerns about the restriction digestion causing the loss of target
DNA, although using a restriction enzyme with a 6 base recognition site would result
in the cutting of approximately 1 in every 4096 fragments, or 0.024% of fragments,
resulting in relatively negligible loss of target sequences, or of approximately 1 in
every 65,536 fragments (0.0015%) using an enzyme with an 8 base recognition site.
Finally, there were concerns regarding the potential bias after an extra amplification
step, where more well represented fragments would be disproportionately amplified
and may lead to a loss of less well represented fragments. However, it was accepted
that in principle this would have been an acceptable risk in order to at least identify
well represented viruses in the sample.

Another approach considered to minimise adaptor-dimer contamination was using
custom adaptors containing uracil bases and then using uracil-N-glycosylase to
remove the adaptors after amplification34?. However, the standard adaptors already
contain uracil which is cleaved as part of the standard process for strand separation,
therefore adding uracils would lead to premature cleavage loss of adaptors. Gel
extraction approaches were also considered, but due to the difficulty of extracting
such small fragments from a gel and the risk of contamination from nucleic acids
remaining in the gel tank this was not pursued further. Alternative adaptor schemes
are available but tend to be targeted towards miRNA libraries rather than aRNA
libraries, limiting their effectiveness for this project3**.

Whilst the metagenomics approach was being optimised and developed, gqPCR
screening of the samples was considered to be a useful approach for rapid historic
virus investigation. The CoV PCR produced 3 positive results from 22 samples (13.6%).
This is broadly in line with values reported in other papers, where positivity rates in
modern African bats (including E. franqueti) were approximately 8.8%, supporting
that these are likely to be true positive results'>°. Similarly, all negative controls were
negative, suggesting that there was no contamination within the PCR, and all
extractions were carried out under sterile conditions, suggesting that contamination
did not enter the reaction at this point. However, as it was not possible to perform a
confirmatory PCR at another point in the genome and it is impossible to rule out
contamination with 100% certainty, there is still a small possibility that these results
are false positives. Regardless, finding CoVs in these samples is reasonable
considering the geographical profile and virological profile of the animals sampled,
as CoVs have previously been found in African bats including E. franqueti*>°.

Because of the highly conserved nature of the region targeted by the PCR and the
small product size, the fact that the NTBLAST report identified the samples as human
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and canine CoVs does not necessarily indicate contamination. This is supported by
the alignment shown in Figure 22 D, where the reference sequences are identical,
illustrating how highly conserved this region is. The fact that the two reference
sequences were 100% identical across this region and the 3 historic CoV sequences
were not suggests that evolution has occurred from the sequence seen in the historic
CoVs to the sequence seen in the modern reference sequences across this highly
conserved region. This evidence supports that the CoV sequences found here are
indeed historic in origin. More genomic information is required to distinguish this
further and to allow for species examination and phylogenetic analysis, as well as for
definitively confirming the historic origin of these viruses. Whilst it would have been
possible to clone the viruses into bacterial strains and then to sequence the clones
to increase the read quality across the 3’ and 5 regions, this would only have
provided a small amount of further sequence which would have been similar to the
designed primers and therefore unreliable, therefore this was not performed. Ideally,
successful libraries would have been produced and sequenced for these samples, as
these either would have provided more genomic information and thus confirmed the
hits or had no CoV reads and refuted the hits. This would also have allowed
mapDamage 2.0 to have been used on these samples to confirm that the hits were
historic in origin®. CoVs have also recently been found in Miniopterus bats,
suggesting that further screening of these could be worthwhile in the future®.

None of the animals tested for LASV produced a positive PCR result, despite 5 animals
producing a product with identifiable Ct values. This is somewhat surprising, as
reported LASV prevalence in M. natalensis ranges from 5.9-14.5%, and 9/10 animals
tested were M. natalensis giving a predicted 1/10 positivity rate3*3. However, this
prevalence value fluctuates both by geographical location within Africa and whether
the sample was collected in the wet or dry season, which is not information that is
available for these samples®*3. Also, only 10 animals were tested here, which is a
small enough sample size that all samples could be negative through chance alone.
Testing alternative genomic locations with alternative primer sets may have
increased the likelihood of identifying a positive sample, but this was not pursued
due to time constraints. Additionally, as primers are designed based on modern virus
genomes, there is a possibility that primers may not bind to highly divergent historic
genomes even if primers are successfully tested on modern controls, limiting the
effectiveness of this PCR approach®'. This also serves to illustrate some of the
limitations of analysis based on Ct values alone without confirmatory sequencing. For
example, it is possible that a non-specific PCR product was produced and detected in
the LASV “positive” samples, which would then give rise to a Ct value despite no
actual virus being detected. Melt curve analysis would have improved the confidence
of these results but was not performed in this case, and still would not have been a
sufficient alternative to PCR product sequencing and analysis.

Overall, this project has made significant progress regarding developing the process
of RNA extraction and library preparation for historic RNA samples, which is known
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to be difficult and unreliable at best’”#%, It should be noted that the protocol used
here and the protocol used by Speer and colleagues are very similar, with the only
significant difference being that Speer et al. used a bead beater to enhance tissue
breakdown, whereas a bead beater was not used in this project®. It is possible that
enhancing sample breakdown via bead beating may have allowed for the release of
more RNA and RNA of better quality. Unfortunately, the RNA extractions for this
project were performed before the publication of the study by Speer and colleagues,
and therefore their methods could not be adopted here®*. There are still issues to be
addressed, primarily regarding adaptor dimer contamination within library
preparations, although this is a well-known issue in ancient and historic library
preparations by a variety of techniques, including more sensitive preparation
methods such as the Santa Cruz reaction where adaptor dimers can form a large
proportion of libraries”’. Regardless, this project has generated a large collection of
RNA samples to be tested once these issues are resolved. This project has also found
evidence of CoVs in three historic bat samples illustrating both that virus discovery is
plausible within archival samples and that key virus species can be detected, for
which there is very little published evidence of to date®'. This may later allow for
more thorough genomic investigations and potentially enhanced phylogenetic and
evolutionary biology studies. Work on this project is still ongoing within the
laboratory group, with a 7t collection of approximately 125 samples having been
performed in August 2023.
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Chapter 7- Final conclusions and further work

The overall aim of this project was to take a three-pronged approach to virus
discovery, by utilising 3 different approaches to expand our collective knowledge of
the virome®. The first prong entailed using degenerate PCR screening of UK rodents
to identify potentially novel viruses. The second prong involved using metagenomics
to perform an unbiased investigation into the viruses within UK wildlife and their
abundance. The third prong involved using a combination of PCR based and
metagenomics investigations into historic viruses in an effort to provide evolutionary
information on key virus families.

The first two prongs involved testing 140 UK rodents of 5 species, caught in a
previously uninvestigated region of Wales. Before any investigations into the viral
profile animals could be performed the RNA extraction and cDNA synthesis for these
samples was required. This project used an established methodology for this, yielding
high quality nucleic acid samples from all animals. This provided sufficient samples
to perform reliable virus investigations in the first and second prongs.

The degenerate PCR screening approach was met with limited success in this project.
Only 5 viruses were considered for due to time constraints, and of these, both sets
of Rotavirus primers were unable to be validated, therefore only 4 viruses were
successfully screened for- adenoviruses, hantaviruses, coronaviruses and
Rubiviruses. The adenovirus screening was the most successful and adenoviruses
were found in 1 bank vole and 1 wood mouse, although only a small section of the
genome was recovered. Whilst these hits were validated by Sanger sequencing, they
were not detected in the metagenomics data for these animals, although that may
be due to issues regarding the sensitivity of NGS and is therefore unsurprising®.
What is more surprising is that adenoviruses were detected in the NGS data and
confirmatory screening PCR in 28 samples that were not detected by degenerate
PCR. Whilst the exact reasons for this are unclear, it is likely due to a primer design
issue, potentially that the primers were too degenerate and therefore would not
effectively bind to many adenovirus species. This was likely an issue throughout the
degenerate primer design process for all viruses.

The degenerate PCR did yield a positive hantavirus result in 1 field vole, which was
then confirmed by the NGS data. However, the degenerate hantavirus primers
resulted in a false negative result for another animal in which a near full TATV
genome was recovered by the NGS, likely due to the same primer design issues as for
the adenovirus primers above. As this appears to be consistent across both primer
sets, this then calls into question the validity of the entirely negative CoV and
Rubivirus screening results, as if there are systemic issues with primer design
throughout this process then it is possible that these primers are also unreliable
potentially leading to false negative results. However, the CoV primers and the
Rubivirus primers tested here were effective in validation tests, and the Rubivirus
negative result in particular is unsurprising, suggesting that these may be accurate
results®9?,
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Whilst the aims of this prong were not met- i.e. no novel viruses were discovered,
likely due to excessive primer degeneracy- valuable lessons were learned from this
approach. Significantly more care was taken when designing primers for the other
two facets of this project, resulting in better primers and more success in those
approaches. The degenerate screening approach was also reasonable in principle,
and by reworking the primers used and improving their design by removing some
degeneracy whilst still maintaining enough degeneracy to detect novel primers, an
effective virus discovery screening panel could be developed. Such a panel could also
be expanded in future to include other viruses of interest.

The second approach taken here involved using NGS libraries to perform unbiased,
high throughput screening of the entire liver and gut virome for the same samples.
Whilst it is true that using other tissue such as spleen, lung or kidney may have
improved the success of viruses with strong tissue tropism for other tissues, these
tissues were unavailable for this project and this screening approach was still highly
successful, allowing for the identification of many viruses. One virus identified via this
approach was a near full genome of a TATV virus. This has a two-fold impact, in that
it expands the known range of TATV within Great Britain to include Wales as a
minimum and adds to the limited amount of TATV sequences available by identifying
the sequence of an entire TATV M and S segment and most of a TATV L segment®?.
Sufficient genomic coverage for phylogenetic analysis was also recovered from a
variety of other viruses found within these samples, including Hepacivirus F,
astrovirus, Orbivirus, two genera of picornavirus and Picobirnavirus. Whilst none of
these viruses were found to be novel species by phylogenetic analysis, many of these
represent an expansion to the knowledge base for that virus in other ways. For
example, this is the first time that Hepacivirus F, Rosavirus or Orbivirus viral hits have
ever been reported within Great Britain, representing an expansion to the range of
these viruses'9>199.252 Similarly, this is the first time (to our knowledge) that a
Picobirnavirus has been identified in a field vole, that a Pegivirus or Rosavirus has
been identified in a bank vole, that a Picobirnavirus or a polyomavirus has been
identified in a wood-mouse, or that a Picobirnavirus or a Bocaparvovirus has been
identified in a yellow-necked mouse?*!?24234252,254281 " Fach of these findings
represents an expansion of the host range for the virus in question, and whilst the
impact of any individual finding of these is somewhat minor, collectively they
represent a major increase in the knowledge of the virome and potential host species
within the UK. Further work is required to provide more information on these viruses
and to characterise their genome fully, as due to the geographically isolated nature
of the UK it is likely that at least one of these viruses will prove to be a novel species
or genus upon full genome phylogenetic analysis.

The second prong approach also allowed for the estimation of the abundance of 19
species or genera of virus within the poorly sampled UK. Whilst some of these
proportion positivity values may not be entirely accurate- for example, issues
regarding endogenous vs exogenous viruses for MLV (or potentially MLV-like viruses-
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insufficient sequence was recovered to distinguish between these) and difficulty
validating some Hepacivius F hits may artificially inflate these values, although for the
most part these are accurate proportion positivity estimates and often the first for
the virus in question within the UK'®2. Whilst it is difficult to extrapolate these results
across the entire UK or to apply them to other rodents within the UK, these estimates
allow for an increase in the knowledge of the virome of UK rodents. Some of the
findings also could have potential health or agricultural implications, such as the
relatively high abundance of adenoviruses and astroviruses that could theoretically
evolve to infect humans, and the high proportion positivity of arteriviruses within
field voles. Further work for this approach has many applications, including sampling
more animals to increase the sample size and therefore the accuracy of the
proportion positivity estimates and to work towards gaining prevalence estimates,
repeating this approach on another area of the UK to compare the proportion
positivity and spatial virome dynamics between the two sites, and simply as a
baseline for deciding which viruses are likely to be present within UK rodents for
future wildlife screening projects. For example, performing similar studies at
different times of the year may allow for a temporal comparison of the virome with
this study, and this may also act to provide indications of which virus species may be
found and in which host animals, whilst also providing a reasonable sample size to
compare against.

The final prong involved investigating viruses within historic bat and rodent samples
in an effort discover and characterise ancestral viruses. Whilst this goal was not
successful, significant advances in the field of historic RNA virus discovery and
methodology were made throughout this project. For example, by altering existing
protocols and refining the methodology, a method for historic RNA extraction from
mammalian samples was developed which is now over 90% reproducible in the latest
batch of specimens and is highly successful considering the potentially degraded
state of ancient and historic specimens’”®3, Whilst this project was unable to
successfully optimise a protocol for the production of a NGS library from ancient or
historic samples, it was able to advance this field and make significant progress
towards doing so. By modifying and adapting existing library preparation protocols
to be compatible with highly fragmented and degraded genomes it was possible to
demonstrate NGS library synthesis from 3 different historic specimens, albeit with
significant adaptor dimer contamination. Whilst this was not an option for this
project, similar libraries produced in research groups with more funding would be
able to “overpower” the adaptor dimer contamination with sufficient sequencing
power, and in turn be able to perform phylogenetic analysis on libraries of this quality
on historic samples. Whilst future work should and will focus on refining the historic
library preparation process, even at the current level of optimisation the methods
developed here could lead to effective historic or ancient RNA virus discovery if
widely adopted.
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The work on historic samples also was able to identify the presence of historic CoVs
in 3 different specimens by gPCR. Whilst the genome sections identified were
extremely small, they were similar enough to be identified as CoVs by NTBLAST, but
different enough across a highly conserved region to support that they are truly
historic viruses that were present in the preserved animal at the time of preservation
and not contamination from the laboratory process. To our knowledge, this is the
first time that historic CoVs have ever been identified in archival samples, let alone
by qPCR. Whilst this not only serves as effective proof of concept for historic virus
discovery via conventional methods, this also allows for the expansion of the
screening programme using this approach to include other important viruses of
animals®®. Whilst considerations must be made regarding sample scarcity and
irreplaceability vs diversity and importance of viruses screened for, these results
indicate that accurate virus discovery in historic samples is plausible and may
eventually lead to significant evolutionary discoveries. It must also be noted that this
project primarily screened for RNA viruses due to many viruses of potential human
and livestock importance being RNA viruses, their tendency to evolve rapidly, and as
screening for both DNA and RNA viruses would have doubled both input requirement
from irreplacable samples and cost'’.

Overall, the 3 pronged approach to virus discovery was successful. As well as
characterising a small part of the UK virome, this study identified viruses that are
novel within their hosts and the UK, provided accurate proportion positivity values
for many viruses within the UK and made significant advancements in the field of
historic virus discovery. Whilst all of these results findings are potentially significant
in their own right, a key lesson from this project is that virus discovery is most
successful when a diverse variety of approaches and methods are utilised, and that
metagenomics, PCR and historic virus work all have key roles to play in characterising
the virome going forwards.
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Professional internship reflective statement

For my placement, | worked with the research and specialist molecular development
team within the Microbiology department at Queens Medical Centre, Nottingham,
as a research assistant. My project was to develop an in-house 16S rRNA sequencing
assay for use within the department. This assay was designed to be used on both
fluid and tissue samples, but not bone samples.

Although | was not able to fully complete the project, my work has advanced the
development of the 16S rRNA assay significantly, and it is now in late-stage
development. Hopefully, another member of the department will be able to use the
data and documentation that | generated to complete the project in the near future,
as this project should reduce patient test result turn-around times and help them to
secure a positive outcome once completed.

The first step of this project was to extract nucleic acids from samples. My role in this
was to compare two extraction process (automated mechanical extraction using a
Promega Maxwell RSC instrument or manual extraction using a QIAAmp DNA Mini
Kit), and to refine and optimise the extraction process for high-throughput routine
use in the laboratory. | found that the QIAAmp method was substantially more
reliable than the automated extraction process, and that the workflow was more
convenient for a busy lab.

The second step was to develop a PCR assay that would allow for diagnostic
sequencing of the 16S rRNA gene. This involved identifying and testing a target range
within the gene, then identifying and testing appropriate primers and cycling
conditions to allow for accurate amplification of the target range. After significant
development at this stage, the V1-3 region of the 16S rRNA gene was identified as
the most reliable target, and a standard PCR assay was developed. Following PCR, all
samples would be viewed on an agarose gel to identify positive results and any
potential off-target amplification, and negative control tests would be assessed for
any contamination.

The third step was to purify the sample to minimise any potential contamination,
whilst also maintaining sufficient concentration for downstream sequencing. My role
was to compare two purification methods- one automated (using the EXO-SAP IT
enzyme system) and one manual (QlAquick Gel Extraction kit)- to identify which
worked best. | found that the EXO-SAP IT system caused a significant reduction in
sample concentration, which frequently made downstream sequencing impossible,
and was less efficient at removing any off-target effects. Following purification, all
samples were quantified using the Qubit system.

The final major step was to perform Sanger Sequencing using a SeqStudio analyser.
My role was to actually perform the sequencing, including diluting the samples to the
correct concentrations (where applicable), amplifying the sample, performing a bead
purification and running the sequencing. | was then responsible for analysing the
sequences, and running them through three databases (EZBIOCloud, SepsiTest and
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RDP) that | was responsible for identifying at the start of the project to identify the
bacteria present in the sample.

Whilst the basis for this pipeline was clear in the project brief, the majority of the
specific process were developed throughout my placement. This pipeline was first
tested on known bacterial samples stored in a pathogen bank, and was then tested
on 50 patient diagnostic fluid and tissue samples. Although the pipeline took some
time to develop, by the end of my placement the pipeline was broadly functioning as
desired, and producing the results expected. Unfortunately, due to time constraints,
insufficient samples were tested to validate and implement the pipeline- something
that will hopefully be performed within the department in the near future.

My other responsibilities included general lab maintenance and stock checking, and
writing change management documents and standard operating procedures for this
pipeline for the rest of the team to use.

Throughout this project, | developed many skills that will be beneficial to me in the
future. | learnt how to manually perform Sanger Sequencing, and re-enforced my
understanding of the sequencing process. | also improved my knowledge of PCR
reaction development, including exploring the concept of touchdown and nested
PCRs. Additionally, this project was the first time that I've performed a gel extraction,
which is a common laboratory technique that could be useful to me in the future. |
also learnt how the NHS operates within a research framework, including how to
handle confidentiality, quality etc. Finally, | significantly enhanced my document
writing and management skills, and how to transcribe experimental results in a
manner that someone else can then come along and follow up on them.

This placement was an extremely positive experience for me, and has shown me that
in an ideal world my career will involve both research and diagnostics. It also re-
enforced that | am happier in a lab than behind a desk, and | will take this information
forwards with me into my future career.
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