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Abstract

Rodent-bourne viral zoonoses are a clinically significant group of
viruses, however, their prevalence in the United Kingdom is not well-
understood. Of particular importance are the Hantaviridae and the

Picornaviridae.

This thesis describes the screening of rodent tissue collected from
four sites in the United Kingdom, as well as sites in Poland and
Egypt, for Orthohantaviruses, picornaviruses and orthobornaviruses.
Two strains of Tatenale orthohantavirus were detected in field voles
(M agrestis) captured at two sites in the United Kingdom. One of these
viruses represents a novel strain and was detected in a location with
no previous detection of Orthohantaviruses. Additionally, four
species of picornaviruses were detected in Mus musculus, Rattus
norvegicus and Myodes glareolns. Additional high-throughput sequencing
recovered the first complete coding genome of Tatenale virus, which
allowed characterisation of the genome and confirmed its status as a
novel species. The serological screening of captive non-human
primates for evidence of orthohantavirus infection showed evidence
of both acute and past infections, which may have implications for
the healthcare of these animals, and the conservation efforts of the
species. Similarly, there was serological evidence of acute infection in
vulnerable human cohorts, which has implications for the healthcare
of these individuals and the local population. Finally, high-throughput
sequencing of samples from humans with neurological disease of

unknown aetiology, recovered evidence of human pegivirus infection



in patients with neurological disease, a controversial and emerging

topic in clinical virology currently.
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International Committee on Taxonomy of Viruses
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Open reading frame

Polymerase chain reaction
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Quantitative polymerase chain reaction
Rosavirus

Reverse-transcription polymerase chain reaction
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Seoul virus
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name, strain name and the GenBank accession number. PUUV, Puumala virus;
HOKY, Hokkaido virus; FUSV, Fusong virus; YUJV, Yuanjiang virus; KHAV,
Khabarovsk virus; TATYV, Tatenale virus; PHV, Prospect Hill virus; ILV, Isla
Vista virus; TULV, Tula virus; ADLV, Adler virus; LUXYV, Luxi virus; FUGV,
FUSONEG VIFUS. ..ottt ss e se st ss st s s saens 3-84
Figure 17 Summary of the PCR prevalence of Ljungan virus in bank voles
captured at each of three sites in Poland. ... 3-89
Figure 18 The PCR prevalence of Ljungan virus in bank voles of different age
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Figure 19 Phylogenetic tree of the qPAR LV amplicons with previous LV
isolates. Maximum Likelihood trees were created using the K2+G model,
branch lengths are drawn to a scale of nucleotide substitutions per site.
Numbers above individual branches show bootstrap support after 100
replicates. LV sequences from this study are highlighted with a blue box.
Sequences are shown with species name, strain name and the GenBank

accession number. HPeV, Human parechovirus. ........cccccccvevennncncnncncncunene. 3-90
Figure 20 Prevalence of Rosavirus in bank voles captured at each of the

three sites in Poland ... sessaesees 3-92
Figure 21 Prevalence of Rosavirus in bank voles of different ages................ 3-93

Figure 22 Phylogenetic tree of the RoV. Maximum Likelihood trees were
created using the K2+G model, branch lengths are drawn to a scale of
nucleotide substitutions per site. Numbers above individual branches show
bootstrap support after 100 replicates. RoV sequences from this study are
highlighted with a blue box. Sequences are shown with species name and the
GenBank accession NUMDET ... 3-94
Figure 23 Phylogenetic tree of gPAR CaV amplicons, and published
sequences. Maximum Likelihood trees were created using the K2+G model,
branch lengths are drawn to a scale of nucleotide substitutions per site.
Numbers above individual branches show bootstrap support after 100
replicates. CaV sequences from this study are highlighted with a blue box.
Sequences are shown with species name, strain name and the GenBank
ACCESSION NUMDET . ...ttt st sstaesssaessaestacs 3-95
Figure 24 Phylogenetic tree of gPAR amplified HuV sequences, and published
HuV sequences. Maximum Likelihood trees were created using the K2+G
model, branch lengths are drawn to a scale of nucleotide substitutions per
site. Numbers above individual branches show bootstrap support after 100
replicates. HuV sequences from this study are highlighted with a blue box.
Sequences are shown with species name, strain name and the GenBank

ACCESSION NUMDET . ...ttt sttt st st st s ssasstacs 3-96
Figure 25 Primers designed to recover Upton-Heath TATV L CDS, mapped

onto the CDS of Norton-Juxta L segment..........ccccceureeeveeurerenceerencneeurenescnenne 4-116
Figure 26 Primers desinged to recover Upton-Heath TATV M CDS, mapped
onto the CDS of Norton-Juxta M segment.........c.cccceveevceurerenceerenerceereneseenne 4-116
Figure 27 Primers designed to recover Upton-Heath TATV S CDS and UTR,
mapped onto the CDS of Norton-Juxta S segment. ........cccocceururerercrrercrcucunenee 4-116
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Figure 28 Phylogenetic relationship of the L segment of Tatenale virus with
other vole-associated orthohantavirus species. Representative complete
coding sequences were used. Maximum Likelihood trees were created with a
GTR+G+I model [349]. Branch lengths are drawn to a scale of nucleotide
substitutions per site. Numbers above individual branches show bootstrap
support after 1000 replicates. Tatenale virus strains are highlighted in boldface
and a blue box. Sequences are shown with the species name, strain name and
the GenBank accession number. PUUV, Puumala virus; HOKYV, Hokkaido
virus; FUSV, Fusong virus; YUJV, Yuanjiang virus; KHAV, Khabarovsk virus;
TOPYV, Topografov virus; TATV, Tatenale virus; PHV, Prospect Hill virus; ILV,
Isla Vista virus; TULYV, Tula virus; ADLV, Adler virus; LUXV, Luxi virus; FUGV,
Fugong virus; ANDYV, ANdEs Virus........c.coeeevererenccuneninccrneecenneecesseeesessanes 4-119
Figure 29 Phylogenetic relationship of the M segment of Tatenale virus with
other vole-associated orthohantavirus species. Representative complete
coding sequences were used. Maximum Likelihood trees were created with a
GTR+G+I model. Branch lengths are drawn to a scale of nucleotide
substitutions per site. Numbers above individual branches show bootstrap
support after 1000 replicates. Tatenale virus strains are highlighted in boldface
and a blue box. Sequences are shown with the species name, strain name and
the GenBank accession number. PUUV, Puumala virus; HOKYV, Hokkaido
virus; FUSV, Fusong virus; YUJV, Yuanjiang virus; KHAV, Khabarovsk virus;
TOPV, Topografov virus; TATV, Tatenale virus; PHV, Prospect Hill virus; ILV,
Isla Vista virus; TULYV, Tula virus; ADLV, Adler virus; LUXYV, Luxi virus; FUGYV,
Fugong virus; ANDYV, ANdESs Virus........cccoeveeurerenecrnenenccrreneseenresesesesreseesessenes 4-120
Figure 30 Phylogenetic relationship of the S segment of Tatenale virus with
other vole-associated orthohantavirus species. Representative complete
coding sequences were used. Maximum Likelihood trees were created with a
GTR+G+l model. Branch lengths are drawn to a scale of nucleotide
substitutions per site. Numbers above individual branches show bootstrap
support after 1000 replicates. Tatenale virus strains are highlighted in boldface
and a blue box. Sequences are shown with the species name, strain name and
the GenBank accession number. PUUV, Puumala virus; HOKYV, Hokkaido
virus; FUSV, Fusong virus; YUJV, Yuanjiang virus; KHAV, Khabarovsk virus;
TOPV, Topografov virus; TATV, Tatenale virus; PHV, Prospect Hill virus; ILV,
Isla Vista virus; TULV, Tula virus; ADLYV, Adler virus; LUXYV, Luxi virus; FUGY,
Fugong virus; ANDYV, ANdES Virus........cccoeveeurerevccunenenccrneneneesresesesesreseesessenes 4-121
Figure 31 KEI6D Reads mapped to the Boone Cardiovirus Genome..... 4-122
Figure 32 Seroprevalence of orthohantavirus IgM in healthy blood donors,
and individuals with a ‘Chaotic’ lifestyle (Hepatitis C positive, IV drug users).....

Figure 33 Seroprevalence of orthohantavirus IgM in individuals with a
‘Chaotic’ lifestyle (Hepatitis C positive, IV drug users), by the sample year. .......

Figure 34 Seroprevalence of orthohantavirus IgM in individuals with a
‘Chaotic’ lifestyle (Hepatitis C positive, IV drug users), by sex.................... 5-136
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Figure 35 Seroprevalence of Orthohantavirus IgG in healthy blood donors,
and individuals with a ‘Chaotic’ lifestyle (Hepatitis C positive, IV drug users).
The seroprevalence is shown as a percentage of the total number of samples
USEA. oottt bbbttt bttt bbb 5-137
Figure 36 Seroprevalence of Orthohantavirus IgG in individuals with a
‘Chaotic’ lifestyle (Hepatitis C positive, IV drug users), by sex. The
seroprevalence is shown as a percentage of the total number of samples used.

Figure 37 Seroprevalence of Orthohantavirus IgG in individuals with a
‘Chaotic’ lifestyle (Hepatitis C positive, IV drug users), by the sample year.
The seroprevalence is shown as a percentage of the total number of samples
USEA. oot 5-138
Figure 38 Seroprevalence of Orthohantavirus IgG in individuals with a
‘Chaotic’ lifestyle (Hepatitis C positive, IV drug users), by sex. The
seroprevalence is shown as a percentage of the total number of samples used.

Figure 39 Seroprevalence of Orthohantavirus IgG in individuals with a
‘Chaotic’ lifestyle (Hepatitis C positive, IV drug users), by the sample year.
The seroprevalence is shown as a percentage of the total number of samples
USEA. oottt 5-138
Figure 40 The Seroprevalence of Orthohantavirus IgM in several species of
captive primates. The seroprevalence is shown as a percentage of the total
number of anNimMals USed. ... 5-139
Figure 41 Seroprevalence of Orthohantavirus IgG in several species of
captive primates. The seroprevalence is shown as a percentage of the total
number of anNiMals USed. ..ot 5-140
Figure 42 The ages of the patients at the time of sampling, whose samples
were used to create CSF pools | and 2, given as a percentage of the total
NUMDBEr Of PAIENTS. ...t sans 6-149
Figure 43 The Clinical details provided for each of the samples used to
create CSF pools | and 2. The number of each clinical detail is given as a
percentage of total number of samples..........ccoceurrniiennnicninccrreccnees 6-149
Figure 44 The ages of the patients at the time of sampling, whose samples
were used to create the EDTAI pool, given as a percentage of the total
NUMDET Of PAIENTS. ....eiueieiccicieteceie ettt ettt 6-150
Figure 45 The Clinical details provided for each of the samples used to
create the EDTA-| pool. The prevalence of each clinical detail is given as a
percentage of total number of samples..........cccoceurrvccrrnccrnerccrerccerenee 6-151
Figure 46 The Clinical details provided for each of the samples used to
create the Resp-| and Resp-2 pools. The prevalence of each clinical detail is
given as a percentage of total number of samples. .......cccccvveveernvcrcnnncenne 6-152
Figure 47 The ages of the patients at the time of sampling, whose samples
were used to create the Resp-1 and Resp-2 pools, given as a percentage of

the total NnUMber Of PAtieNts. ........coceururiceiririece ettt 6-152
Figure 48 Coverage of EDTA-I| reads mapping to the HPgV reference
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. Introduction

Zoonoses

Terminology

Zoonotic infections are defined as ‘any disease or infection that is
naturally transmissible from vertebrate animals to humans [1]. They
are transmissible either through direct (bites, handling infected
animals, etc.) or indirect (inhalation of infected fluids, contaminated
water, etc.) exposure. Whilst much of the current concern focuses on
animal to human transmission, human-animal transmission
(zooanthroponosis, reverse-zoonoses) and animal-animal
transmission also pose a significant threat to many protected animal
species [2]. It has been estimated that of the known human
pathogens, around 58% are zoonotic, including viral, bacterial, fungal,

protozoal and helminth species [3].

Emerging infectious diseases (EID) are those which have been
recently introduced into human or animal populations, whilst re-
emerging infections are those which have previously been described
in humans or animals but are rapidly increasing in incidence or host
range [4]. Around 73% of emerging and re-emerging pathogens in
humans are considered to be zoonotic in origin [5]; the primary host
species for these pathogens encompass both domesticated (cattle,
pigs, poultry etc.) as well as wild animals (rodents, bats, primates etc.).
It is the latter that represents the most significant (and increasing) risk
in the context of EID events [6]; with the majority of ‘spillover

events’ - the point in which a pathogens crosses into a novel host -,



occurring during the interaction between human and animals.
Increasing contact between humans and wildlife, through habitat
encroachment and the increasing exploitation of wildlife as exotic
pets, for example, is allowing for transmission events to occur with

greater regularity [7]

Reservoirs of Zoonoses
A reservoir host is defined as an organism in which a pathogen can be
permanently maintained, from which the pathogen is transmitted into

a defined population; humans in the case of a zoonotic pathogen [8].

Zoonotic pathogens can be found in a broad range of animal species,
including birds [9], amphibians [10] and reptiles [11], the majority,
however, are found in mammalian species. The class Mammalia
comprises 84% of known reservoir species [12], of these, rodents
(Order: Rodentia) are amongst the largest source of potential
zoonoses, second only to bats (Order Chirgptera). At least 217 species
of rodents have been identified as a reservoir for 66 zoonotic
pathogenic species. Of these rodents, 79 were considered ‘hyper-
reservoirs’, hosting between 2 and 11 pathogens [13]. Despite
numerous studies, it is still unclear why rodents harbour a
disproportionately high number of infectious agents. As rodents are
commonly used model organisms, sampling bias could likely a factor.
Another possibility is the sheer abundance of rodents compared to
other mammalian species, with rodents accounting for around 40% of
all extant mammalian species [14], especially considering the global

distribution of some species, such as the brown rat. There is a strong
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positive correlation between reservoir status and the total number of
zoonoses, with species that have shorter gestational periods and more
frequent litters [13]; reproductive traits which many species of rodents
possess. It has also been suggested that since rodents are more closely
related to humans than reservoir species of other taxa (bats, for
example), that features such cell receptors between the two should be
more conserved, assuming the evolutionary patterns of these
receptors follow the patterns of the whole genome evolution;
meaning that any infectious agents would be more able to cross the

species barrier [15].

Viral Zoonoses

Viral pathogens account for approximately 44% of novel emerging
pathogens [16]. These infections can lead to sporadic, isolated
infections in humans as a result of multiple spillover events, with a
high mortality rate but limited transmission; Hendra virus [17] and
Nipah virus [18], for example. Other viral zoonoses, however, have
led to widespread epidemics and pandemics, leading to substantial
deaths, social disruption and extensive economic burden; Human
immunodeficiency virus (HIV-1), originating in chimpanzees,
currently infects 36.9 million people globally and has led to
approximately 34 million deaths [19]. The recent West-African Ebola
virus outbreak is another example of the effects that viral zoonoses
can have, with around 28000 infected individuals, 11310 of whom

died [20], costing approximately $6 billion [21].
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Predicting which viral species are likeliest to cross into human
populations is difficult and unreliable [22]. Despite the general
unpredictability of zoonotic capability, there are certain traits which
are essential in assessing this capability; certain virus taxa may be
predisposed to zoonotic transmission, the host range of the virus may
influence potential transmission events, the transmission route of a
virus may influence the likelihood of spillover, the evolvability of a
virus will influence the likelihood of host adaptation [23]. A three-
stage model of zoonotic virus emergence has been proposed by
Morse ef al [24]. The first stage is pre-emergence, where the dynamics
of transmission change (due to ecological or socio-economic factors)
and result in virus expansion within its reservoir host and/or increase
in host range. The second stage is a localised emergence of the virus
into a human population with little to no human-human transmission.
The third and final stage is full pandemic emergence, where the virus
has sustained human-human transmission and has spread
internationally. Wolfe ez a/ [25] created a more comprehensive five-
stage model of the stages of zoonotic microbe emergence. His
proposed first stage is the microbe in its natural reservoir with no
human infection; Stage two occurs with transmission from the animal
reservoir into humans but without any human-human transmission.
Stage three occurs when there is a limited human-human
transmission, which results in small, localised outbreaks of human
infection. Stage four happens when infection in humans can be
sustained for long periods without any interaction with the animal

reservoir host; and stage five follows when humans become the



primary host of the virus, with no animal intermediary. Most species
of viruses remain in the first stage of these models and very rarely

progress to stage three or further.

Most viruses that do progress this far are those with RNA genomes.
The increased cross-species transmissibility and subsequently
increased representation of RNA viruses in zoonotic spillover events
are thought to be largely a result of the rapid evolutionary potential of
RNA viruses. The increased nucleotide substitution rate [26], lack of
proof-reading enzymes and rapid replication cycles [27] means that
mutations can accumulate quickly within the genome. This results in a
greater genomic instability than DNA based viruses [28], and a
significantly increased ability to adapt to novel hosts. Examples of
zoonotic viral outbreaks between 2003 and 2013 are shown in Figure
1. There are several prominent examples of RNA virus families which
contain zoonotic viruses. The Orthomyxoviridae, for example, contains
the species Influenza virus A, which is transmitted from birds and
several mammals and is responsible for causing respiratory disease.
The Rbabdoviridae is another notable family; the often-fatal
neurological disease ‘Rabies’ is caused by the species Rabies lyssavirus
which can be transmitted from bats and dogs. Three families in
particular should be considered for further investigation; Hantaviridae,
Bornaviridae and Picornaviridae. Hantaviridae contains several known
zoonoses that can cause viral haemorrhagic fever; though they are
generally understudied in the United Kingdom. Viruses in the

Bornaviridae family have long been suspected to be zoonotic, though it



has only been in recent years that this theory has been proven correct.
Finally, most species of the family Picornaviridae, whilst clinically
relevant, are not considered to be zoonotic in nature. The genus
parechovirus may be an exception to this, with evidence suggesting
some species may be a rodent-bourne zoonoses, warranting further

investigation into the genus.

2003 2004 2005 2006 2007 2008 2009 2010 m 2012 2013
s N ipah Ebola West Nile e (Chikungunya
e Hendra e [\larburg SARS/MERS s Crimean-Congo

Figure | Summary of viral outbreaks with a zoonotic origin. Adapted from
Wang & Crameri (2014) [346]

1.2.  Hantaviridae

1.2.1. Taxonomy
The Bunyavirales are a particularly large viral order, consisting of 12
tamilies. The family Hantaviridae contains four subfamilies based on
host class; Acantavirinae and Agantavirinae from fish, Repantavirinae
from reptiles, and Mammantavirinae from mammals. Except for
Mammantavirinae, these sub-families contain only a single genus and
species in the case of Agantavirinae and Reptavirinae, and a single genus
with three species in Acantavirinae; though this limited taxonomic
diversity is likely a result of limited sampling of potential fish and
reptile reservoir species. Mammantavirinae contains four genera,
Loanvirus, Mobatvirus, Thottimvirus and Orthobhantavirus. As with the sub-
families, these genera contain viruses associated with different host

otders; Loanvirus in Chiroptera (Bats), Mobatvirus in Chiroptera and



Order

Family

Sub-Family

Genus

Species

Soricomorpha (Moles), Thottimvirus in Soricomorpha (Shrews) and
Orthohantavirus in Rodentia. Orthobantavirus contains 36 recognized
species, of which Hantaan virus (HTNV)), is considered to be the type

species by the International Committee on Taxonomy of Viruses

(CTV) (Figure 2).

Bunyavirales

}

Hantaviridae

|
! ! ! l

Acantavirinae Agantavirinae Mammantavirinae Repantavirinae

! l l |

Orthohantavirus Mobatavirus Loanvirus Thottimvirus

|

Hantaan orthohantavirus

Figure 2 The Taxonomy of the Orthohantavirus genus, Hantaan
orthohantavirus is included as the type species.

1.2.2.

Genome

The Hantaviridae consist of a negative sensed single-stranded RNA
genome with a length of approximately 12.5 kilobases, depending on
species. These genomes consist of 3 segments, with each of these
containing an open reading frame (ORF) flanked by non-coding
regions (NCR) at both the 3’ and 5’ ends. These segments are the S

(Small), encoding a nucleocapsid protein (N), M (Medium), encoding
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two glycoproteins (Gn & Gc) and L, (Long) segment encoding an

RNA-dependent RNA polymerase [29] (Figure 3).

$ sagment (1.6-2kb) M segment (3.6kh) L segment (6.5kb)
VANAY € ————5 RNA ¥H—— 5 WRNA 3% 5

Y Y l
- I e s - >

Cleavage by host protease

Figure 3 Structure of the Hantavirus genome. The S segment encodes a
nucleocapsid (N), the M segment encodes two glycoproteins (Gc and Gn)
and the L segment encodes an RNA polymerase (L) Adapted from [347]

1.2.3. Virions
Like other Bunyavirales, orthohantavirus virions are spherical particles,
approximately 100nm in diameter and enveloped in a 5nm bilayered
membrane (Figure 4). They can be distinguished from other
Bunyaviridae under an electron microscope by their distinctive grid-

like structure within the interior of the particle [30].

i:? Polymerase
\ viralRNA
8 Nucleocapsid Trimer

Glycoprotein Complex
(Gn & Go)

Figure 4 A Schematic of a typical orthohantavirus virion,
showing each of the four encoded proteins. Adapted from
Vaheri et al (2013).
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Virus Entry and Replication

Integrins are thought to be the primary cellular receptors for infection
in humans, Integrin B, in particular, is associated with pathogenic
orthohantavirus species such as Seoul orthohantavirus (SEOV),
Puumala orthohantavirus (PUUV), HTNV [31] and Sin Nombre virus
(SNV) [32]. Integrin B, [33] and protocadherin-1 (PCDH1) [34] have
also shown to be likely receptors for entry. The receptors involved in
cellular entry in reservoir species is poorly understood, however. I
vitro evidence has shown that infectivity in cells derived from reservoir
species is maintained in the absence of Integrin Bs, indicating that

alternative mechanisms of entry exist in rodents [35].

Following attachment to the receptor, the virions of most species
enter the cell through clathrin-coated vesicles. Once in the cell, the
virion is uncoated from the clathrin and fuses into an endosome,
mediated by the PH-induced conformational changes. Viral
ribonucleoproteins are released from the endosome and transcribed,
they are then transported to the Golgi, where replication occurs
before budding out of the Golgi and being transported to the plasma

membrane for release [36] (Figure 5).
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Figure 5 Diagram of the réplication pathway of

orthohantavirus. RNP, Ribonucleoprotein. Adapted from Vaheri

etal (2013).
Reservoirs
Hantaviridae host species are primarily rodent species (Rodentia), and
until recently, these were considered to be the only reservoirs of these
viruses. However, hantavirus reservoir species have been identified in
other taxons including bats (Order Chiroptera) [37][38], shrews [39][40]
and moles [41] (Order Eulipotyphyla). Interestingly, these newly
identified reservoirs belong to the same taxonomic superorder,
Lanrasiatheria (which doesn’t include rodents), which has been
identified as the likeliest reservoirs of the ancestral hantavirus [42]. As
of the latest ICTV recognised taxonomy release (2014), there are 24
species of hantaviruses [43], though it is believed that the number of
species likely exceeds 50. Within the majority of reservoir species,
hantaviruses infection results in achronic but asymptomatic infection,
though it may result in a minor drop in reproductive fitness [44]. It is
thought that this pattern of infection is due to the immune response
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of these reservoir species, in particular the regulatory T-cell response.
Experimental inactivation of regulatory T-cells in SEOV infected
laboratory rats reduced the amount of detectable viral RNA,
suggesting that regulatory T-cells can mediate the persistence of

SEOV [45]. Similarly, the expression of tumour necrosis factor-alpha

(TNF-a) has been shown to influence Puumala virus persistence [46].

One of the core dogmas in the study of hantaviruses is that each
hantavirus species is associated with a single reservoir species. This is
supported by phylogenetic evidence that hantaviruses cluster together
based on their reservoir species (Figure 6) with viruses diverging
similarly to the reservoir, displaying a pattern of co-speciation
between each virus and their reservoir. One theory suggests that an
ancestral hantavirus-infected a common ancestor of the various
reservoir species and virus and reservoir species co-evolved. [47].
Additionally, experimental evidence shows that when a hantavirus
reservoir species is infected with an atypical virus, the host can mount
an effective immune response, entirely clearing the infection [48],

meaning they are unable to persist in species other than the reservoir.
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Studies into this apparent co-speciation have brought the validity of

this theory into question; Ramsden ez a/. [49] considered that the

divergence timescales of host species and virus species were far too

dissimilar and that the apparent similarity in phylogenies as a result of

recent preferential host-switching. Cross-species transmission has

been demonstrated for several insectivorous [50] and rodent [51]
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associated Orthohantaviruses into species other than the reservoir.
Which, with evidence that Puumala (PUUYV) virus lineages and their
bank vole (Myodes glareolus) hosts [52] have not co-diverged, raises the
possibility that hantavirus transmission between sympatrically
occurring, related hosts might be more common than previously

thought, and overlooked until recently [53].

As these viruses are mostly limited to a single reservoir species, they
are effectively limited to the geographic range of each host, which
combined with the lack of human to human transmission (except for
Andes virus, ANDV [54]), means that human hantavirus infections

are also limited to the range of the typical reservoir host locations.

Transmission

Hantaviridae is unique amongst the Bunyavirales in that they are not
transmitted through an intermediary arthropod vector. They are
instead transmitted through contact with bodily fluids; commonly the

faeces, urine and saliva, of an infected host species [55].

Transmission from a reservoir species into humans is thought to
occur indirectly, through the inhalation of dried and aerosolised
faeces and urine. In favourable conditions, such as a cool, stable
temperature, shed Hantaviruses can survive outside of a host for a
considerable amount of time. Wild-type Puumala virus, for example,
has been shown to maintain infectivity for 12-15 days at room
temperature, whilst cultured Puumala and Tula viruses can remain

infectious for 18 days at 4°C[56]. This ability for environmental
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persistence is thought to be critical for viral transmission dynamics,
where many of the reservoir species undergo strong density
fluctuations. During periods of low population densities, the
frequency of direct contact between individual animals is lower,
reducing the opportunities for transmission, which in turn can lead to

localised extinction of the virus [50]

This environmental persistence results in infectious virions
contaminating areas and objects that are frequently interacted with by
humans. For example, contaminated dust disturbed through sweeping
or simply walking [57], can cause the virions to become aerosolised
and inhaled. Alternatively, handling contaminated firewood, animal
bedding or food can also disturb virions, leading to infection.
Subsequently, people working in professions with much more
frequent contact with rodent-infested areas are more likely to become
infected; profession such as cleaning, construction [58] farming or

forestry [59] have much higher exposure and incidences of disease.

In addition to indirect exposure to the excreted virus, infection
through contact with saliva - for example through rodent bites,
grooming and sharing food - is also a known route for intraspecies
transmission, [60]. It is well understood that certain new-world
hantavirus species, such as Sin Nombre and Andes, oral transmission
through saliva is thought to be the primary route of intraspecies
transmission. Viral RNA has been detected in saliva and lung, but not
in urine of the rodent hosts [61], which suggests that viral shedding

via urine is unlikely and therefore unlikely to be a primary route of
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transmission between rodents. Oral transmission has also been
implicated in transmission into humans [62], though this route

appears to be rare.

Human Disease

Infection in humans can lead to one of two illnesses depending on
the virus; infection with Eurasian species can result in hantavirus
haemorrhagic fever with renal syndrome (HFRS), whilst those in the
Americas cause hantavirus pulmonary syndrome (HPS), also referred

to as hantavirus cardiopulmonary syndrome (HCPS) [63]

HFRS is the more prevalent and milder of the two forms of illnesses.
Following infection, an incubation period of 10 days to 6 weeks is
followed by a febrile phase with nonspecific symptoms, including
myalgia, headache, abdominal pain, inflammation and rashes.
Following this, patients can enter a hypotensive phase, presenting
with vascular leakage, associated with thrombocytopenia and shock.
The following oliguric phase is characterised by renal failure,
proteinuria and occasionally hypertension and pulmonary oedema.
Whilst uncommon, HFRS can lead to death, particularly in elderly
patients or those with pre-existing conditions. The severity of the
illness can also vary depending on the particular infecting species.
Dobrava-Belgrade virus (DOBV) and Hantaan virus (HINV) have
mortality rates of 12% [64] 5-15% [65] respectively, whilst Puumala
virus (PUUV) is associated with a mild form of the disease, known as
nephropathia epidemica (NE), and is only fatal in 0.4% of cases [60].

Most reported HFRS cases are in China; between 1950 and 2007
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there were a total of 1,557,622 diagnoses and 46,427 deaths (3%),
peaking in 1982 with 115,804 cases and gradually decreasing to 37,814
in 2000 and 11,248 in 2007. The causative agents of these infections
are likely due to Seoul virus (SEOV) and HTNV [67]. In Europe,
Russia accounts for most HFRS diagnoses, almost all of which are the
milder NE illness, averaging 7,476 cases annually. NE is also
prevalent in other northern European countries, 2,981 diagnosed
annually in Scandinavia, 526 in Germany, 270 in Belgium and 110 in
France [68]. Other HFRS causing hantaviruses circulating within
Europe include DOBV, which is found almost exclusively in the
Balkan peninsula, central Europe and the Black Sea regions. Whilst it
is much more pathogenic than the other hantaviruses, cases are much

more sporadic [69].

HPS is a much more severe form of Hantavirus infection, though less
prevalent than HFRS. It was first identified following a succession of
hospitalisations in the southwestern United States in 1993 and linked
to Sin Nombre virus (SNV). From its initial detection, there have
been 659 reported cases with a mortality rate of 36% in clinically
diagnosed cases[70], caused primarily by SNV. Like HFRS, HPS
initially presents with non-specific ‘flu-like’ symptoms lasting for
around five days; this leads into a severe phase with the onset of a
rapidly developing diffuse, non-cardiogenic pulmonary oedema,
hypotension and shock [71]. Cardiogenic shock also often develops in
fatal cases. In South and Central America, HPS is more prevalent

than in North America. By 2013, approximately 1600 cases had been
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diagnosed in Brazil, 1300 in Argentina [72] and a smaller number of
cases reported in many other countries. Andes virus (ANDV) is one
of the more prevalent South American hantavirus species, circulating
within the Oligoryzomys genus of rodents (Pygmy Rice Rats) and is the

only known hantavirus to be transmitted between humans [54].

There have been hypotheses that HFRS and HPS are in fact only
variations of the same disease. Three Swedish cases of severe PUUV
infection were diagnosed, with all three presenting with pulmonary,
rather than renal disease and satisfying the criteria for HPS [73]. Many
other reported diagnoses of HFRS in Europe have had pulmonary
involvement [74-76], though this had often been dismissed as a
complication of infection rather than a characteristic symptom.
Clement ez a/ [77] have suggested redefining HFRS and HPS (and

HCPS) into a single all-encompassing disease, Hantavirus Disease.

Bornaviridae

Taxonomy

The Bornaviridae is a small viral family, consisting of three genera,
Carbovirus, Cultervirus and orthobornavirus. Carbovirus is associated with
snakes, whilst Cultervirus is associated with fish. orthobornavirus contains
8 ICTV-recognised species and is associated with a range of host
species. Morphologically, they form enveloped, spherical virions
between 40 to 190 nm in diameter. They have a negative-sense,
single-stranded RNA genome, around 8.9kb in length (the smallest
amongst the Mononegalovirales order) that encodes 6 proteins; a

nucleoprotein (P40, N), a phosphoprotein (p24, P), protein p10 (X), a
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matrix protein (p16, M), a glycoprotein (p57, G) and an RNA

polymerase (L) (Figure 7)

N M
P

Kilobases

Figure 7 Genome Structure of Mammalian 2 bornavirus (VSBV), measured
in kilobases. N, Nucleoprotein; X, P10; P, Phosphoprotein; M, Matrix; G,
Glycoprotein; L, RNA polymerase.

The six major open reading frames are expressed from three
transcription units. The first unit is monocistronic, encoding the N
protein. The second transcription unit is bicistronic and encodes both
the P and X proteins. The final unit is tricistronic and encodes the G,

M and L proteins [78].

The Bornaviridae genome is highly conserved, with a similarity often
greater than 95% between isolates. It is thought that this is a result of
a strict selection pressure due to a complex chain of transmission
events that includes multiple host species, this would result in
multiple hosts exerting constraints, resulting in an increased

likelihood that mutations will result in a loss of fitness [79].

Reservoir Species

Reservoir species associated with orthobornaviruses include birds
(Passeriform 1 orthobornavirus, Passeriform 2 orthobornavirus,
Psittaciform 1 orthobornavirus, Psittaciform 2 orthobornavirus &

Waterbird 1 orthobornavirus), snakes (Elapid 1 orthobornavirus) and
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mammals (Mammalian 1 orthobornavirus & Mammalian 2
orthobornavirus). These viruses do not always infect their natural
hosts asymptomatically. In some species of birds, for example,
Psittaciform 1 orthobornavirus is linked to proventricular dilation
disease (PDD), which causes an often fatal nonsuppurative

ganglioneuritis of the gastrointestinal tract [80][81].

Mammalian | orthobornavirus

Mammalian 1 orthobornavirus (also referred to as Borna disease virus,
BoDV-1) has been found to infect a wide range of mammalian
species, including rodents [82], shrews [83], horses, dogs, pigs, sheep,
goats, cows, rabbits [84] and cats [85]. Classical disease (Borna
disease) has been described primarily in sheep and horses in southern
Germany, typically manifesting as a neurological disorder, with non-
purulent meningoencephalitis accompanied by neurobehavioral
alterations and paralysis. The mortality rate of the disease is estimated
at between 60-80% within 5 weeks of becoming symptomatic.
Spontaneous recovery has been observed and is associated with
permanently altered behaviour and occasional recurrence of severe

encephalitis [79].

The definitive reservoir species for BoDV-1 has yet to be identified,
though it is widely believed to be a small mammal. The reservoir is
the bicoloured shrew (Crocidura leucodon) [80,81][86][87]; both BoDV-
1-specific antibodies and nucleic acid having being detected in
screened animals. However, it is unknown if this represents the sole

reservoir species for BoDV-1. Whilst the bicoloured shrew is
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primarily distributed across Eastern, Southern and Central Europe
and Western Asia, evidence of BoDV-1 infection has been found in
regions where this shrew is not present, for example, Iceland [88],
Japan [89] and Scandinavia [90]. Though other potential reservoirs are
unknown, there is a significant volume of evidence that points to a
small mammalian host of BoDV-1, for example, rural and free-
roaming cats and those that are known to hunt rodents are at a
sevenfold increased risk of BoDV-1 infection [91] which would
suggest that they are likely contracting BODV-1 from their prey.
Additionally, focal epidemics of Classical Borna disease in Southern
Germany in livestock occur independently of both location and the
affected species. These occur at intervals of between two and five
years, which is suspected to be correlated to the fluctuation in
populations of rodent species [92]. Immunocompetent rats can be
experimentally infected intranasally with BoDV-1 [93]. Experimental
infection typically results in neurological disease and had a fatality rate

of 90% one week after onset of symptoms

BoDV-1 is also capable of horizontal transmission in brown rats (Via
urine) [94] and vertical transmission in house mice [95]. In addition,
offspring of wild-caught, Finnish bank voles (M glareolus) have also
been shown to be permissive for BoDV-1 and are capable of

shedding the virus in faeces and urine [90].

An alternative explanation for the discrepancy between the
distribution of seropositive animals and the suspected shrew reservoir

is several serologically cross-reactive viruses. Classical Borna disease is



1.3.2.2.

geographically restricted, whilst other asymptomatic, seropositive
animals are not, supporting the hypothesis of multiple viruses, with
these hypothetical species resulting in a different or no clinical

outcome.

Mammalian 2 orthobornavirus

Mammalian 2 orthobornavirus, also referred to as Variegated squirrel
Bornavirus (VSBV-1), was identified in 2015 following a series of
lethal meningoencephalitis cases in squirrel breeders. Screening of the
squirrel breeding colonies detected VSBV-1 in variegated squirrels
(Sciurus variegatoides) [97]. Following the initial discovery, screening of
captive squirrels detected VSBV-1 in three further species of squirrels,
Prevost’s squirrels (Callosciurus prevostii), Finlayson’s squirrels (C.
finlaysonii) and Asiatic striped squitrels (Tamiops swinhoei) located in

Germany, Croatia [98] and the Netherlands [99].

Importantly, it remains to be seen whether these squirrel species are
the definitive VSBV reservoir. Investigation of VSBV-1 positive
variegated and Prevost’s squirrels shows a similar pattern of virus
distribution in tissue as with BoDV-1 in bicoloured white-toothed
shrews [100], which with the lack of any observable disease would
suggest that the squirrels may be the true reservoir for VSBV-1.
Variegated squirrels are native to Central America, whilst Prevost’s
squirrel, Finlayson’s squirrel and the Asiatic striped squirrel are native
to South-East Asia; so it is unlikely that VSBV-1 had been
independently imported with multiple squirrel species. A more likely

explanation is that VSBV-1 was imported in a single species and
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transmitted into others during captivity. Alternatively, VSBV-1 may
have been transmitted into captive squirrel populations from another
source, such as a rodent or shrew. Given that the only other known
mammalian orthobornavirus, BoDV-1, is endemic in shrews within
Southern Germany, and most VSBV-1 detections have also been in
Germany, it is possible that VSBV-1 also has a similar, restricted

geographic origin.

Human orthobornavirus Infection

Mammalian | orthobornavirus

Until recently, human infection with BODV-1 was a highly
controversial topic. Many studies have reported increased BODV-1
seroprevalence (Between 0 and 48% [101]) in patients with psychiatric
disorders, such as bipolar disorder [102], major depressive disorder
[103], autism [104], schizophrenia, multiple sclerosis and Parkinson’s
disease [105]. However, the validity of these studies has been
questioned due to the reliability of certain assays, specifically ELISA-
based sandwich assays [106], in which the potential presence of cross-
reactive antibodies may cause false-positive results [107]. Studies that
claimed to have detected viral RNA have also come under scrutiny, as
the highly conserved genome means that it is difficult to differentiate
contamination with positive controls and a genuine sequence [108]. A
US-based case-control study, using standardised methods, found no
association between psychiatric illness with BODV-1 antibodies or

nucleic acids [109], further refuting the claimed causal relationship
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between psychiatric disorders and BoDV-1. Endogenous bornavirus-
like elements (EBL) are DNA sequences found in many vertebrate
genomes, including humans, which are derived from the mRNA of
ancient bornaviruses, likely as a result of their replication within the
nucleus of infected cells [110]. This ability to integrate within human
genomes also raises the possibility of novel methods of pathogenicity,
such as mutagenicity [111]. The presence of Long Interspersed
Element 1 (L1) retrotransposons in the brain [112], which are likely
responsible for the integration of EBLs in the human genome [113],
exposes a potential route for the alleged causative relationship

between BoDV-1 and psychiatric conditions.

The first definitive association of BoDV-1 and human disease was
not until 2018. A 25-year-old man in southern Germany was
hospitalised with severe fever and headache, which later developed
into encephalitis. No infectious agents were detected in the normal
panel of tests; post-mortem HTS sequencing of the brain tissue
recovered complete BoDV-1 genome. Subsequent PCR,
immunohistochemistry and indirect immunofluorescence results
supported the HTS findings [114]. A similar report published in the
same issue described the transplantation of kidneys and liver from a
brain-dead patient (from southern Germany) to three patients. The
donor recipients subsequently developed neurological syndromes; two
of which developed cerebral atrophy (and encephalitis in one) and
died 6-7 months post-transplantation. The third developed

leukoencephalitis and slowly recovered. High-throughput sequencing
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(HTS) of one of the recipients detected BODV-1, an identical
sequence was then detected in the second recipient and serological
evidence of BODV-1 infection was detected in the third. [115].
Retrospective screening of frozen brain biopsies from cases of
neurological disease of suspected infectious origin revealed a BODV-
1 positive sample from a woman (also from southern Germany)
diagnosed with Guillain—Barré-syndrome (GBS)/acute polyradiculitis
in 1996 [116], which shows that spillover of BODV-1 into humans is

not a recent event.

Both incidences of human BODV-1 infection occurred in southern
Germany, within the typical geographic range for BODV-1 infections

for animals.

Mammalian 2 orthobornavirus

Between 2011 and 2013, three breeders of variegated squirrels
developed progressive encephalitis or meningoencephalitis reported
in Saxony, Germany, ultimately resulting in the death of all three
patients [97]. At the time of death, no infectious agent could be
detected using microscopy, serology, culturing or molecular methods.

HTS of the patients and squirrels revealed VSBV-1.

Following this initial association of VSBV-1 and neurological disease,
there have been several studies retroactively screening patients who
diagnosed with a neurological disease with an unknown etiology and a
history of contact with exotic squirrel species. Attempts were made to

assess the risk of VSBV-1 in those with frequent contact with exotic
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squirrels, in particular those involved in trading these animals. Two
breeders who had died in 2005 and 2006 of meningoencephalitis had
the same clinical characteristics as the three cases identified in 2015,
and so it is possible that these two men were infected with VSBV-1,
though no samples remained to confirm this. Serological screening
identified a seropositive breeder, who had experienced severe fever
and a year-long period of headaches, lethargy and myoclonus, but
subsequently recovered. Contact tracing of these breeders showed

that there was a trade of animals between the breeder who died in

2005 and two of the breeders who died in 2013 [117]

One such case was a zoo caretaker who developed fatal limbic
encephalitis two years prior to the discovery of VSBV-1, in Northern
Germany. Viral sequence recovered from the patient was most similar
to a Prevost’s squirrel associated VSBV-1, a species which was

present at the zoo [118].

It is unclear what the exact route of transmission was, though high
RNA load from the oropharyngeal swab and reports of the patients
being bitten by their squirrels would suggest that infection was

transmitted through the squirrel’s bite.

Picornaviridae

Taxonomy

The Picornaviridae are a diverse family of non-enveloped, positive-
sense RNA viruses, composed of 35 genera and 80 species. These

viruses are known to cause a significant number of infections in

1-25



humans and animals. picornaviruses typically infect the
gastrointestinal tract causing gastrointestinal illness, occasionally
spreading into other organs where they can cause a range of diseases
[119], including respiratory, hepatic and neurological disease. The
tropism of these viruses, the clinical presentations and outcomes of
infection vary significantly between genera, species and even serotype.
The Enterovirus genus in humans, for example, can cause mild and
sub-clinical respiratory disease in the case of Rhinovirus A [120],
paralysis with Enterovirus C (Poliovirus) and encephalitis with

Enterovirus A [121].

They are also a significant cause of disease in both wild and domestic
animals [122]. Foot-and-month disease virus (Apthovirus genus) for example
causes serious morbidity in domesticated cattle and sheep. An
outbreak in the United Kingdom in 2001 led to the culling of 6.5
million animals [123] and cost the British economy approximately $8

billion [124].
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Parechovirus

Similar to other picornaviruses, parechoviruses are small non-
enveloped viruses, approximately 30nm in diameter. They have a
monopartite genome 7.3kb in length, encoding one polyprotein from
a single open reading frame, flanked by untranslated regions (UTR) at
both the 5" and 3’ end. This polyprotein is subsequently cleaved into
three structural proteins (VP0, VP3 & VP1) and seven non-structural
proteins (2A, 2B, 2C, 3A, 3B, 3C & 3D) [125] (Figure 8).
Recombination of the genome has also been widely reported, with the
break-point often occurring at either the 5’UTR-VPO or VP1-2A
junctions [1206].

Virion proteins Protease RNA polymerase

VPO VP3 VF1 27 Pl 20 3A 3B 3C 3D JUTR

Virus typing
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Figure 8 Schematic of the Parechovirus genome, showing the length
of the typical virus, and the sizes and locations of each of the genes

Adapted from [348]

The genus contains four recognised species, Parechovirus A, B, C and
D. Parechovirus A, or Human Parechovirus (HPeV), is a routinely
diagnosed, clinically important species, which can be further divided
into 19 genotypes. Infection is typically reported in infants in the first
year of life, with HPeV-1 the most prevalent genotype, causing mild

gastroenteritis or respiratory illness [127]. HPeV-3 is a more clinically
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important strain associated with fever and meningitis in infants under
8-weeks old [128]. Infections are globally distributed, and outbreaks
of different genotypes are often seasonal [129]. Genotypes 1 and 6 of
HPeV have also been detected in monkeys with diarrhoea [130],
though a definitive causal link between infection and disease was not
established. There is no evidence that HPeV has an origin in monkey
species. A more likely scenario is that infection in monkeys is a result
of zooanthroponosis, where monkeys have become infected through
contact with humans. It does, however, raise the possibility that

infected monkeys could transmit HPeV back into humans.

Parechovirus C (Sebokele virus, SEBV) was first detected in 1972 in
African wood mice (Hylomyscus sp.), from Central Africa [131]. It was
then fully sequenced using HTS in 2013 [132] and was found to be

novel enough to create a new species. Phylogenetic analyses showed

that SEBV was most closely related to the Parechovirus B species,

Ljungan virus (LV).

Metagenomic analyses of ferrets (Mustela putorius furo) in 2013
recovered the genome of a novel Parechovirus, this virus was named
ferret parechovirus (FPeV). The polyprotein of this virus was found
to be less than 43% identical at the amino acid level to either HPeV
or LV, and so was divergent enough to constitute a novel species,
Parechovirns D [133]. A parechovirus recently detected in common
pipistrelle bats (Papistrellus pipistrellus) from China was identified as a

distant second member of Parechovirus D, this virus was 72.4%
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identical at the amino acid level to the FPeV, across the entire

polyprotein [134].

Parechovirus B, Ljungan Virus

The fourth species of Parechovirus, Parechovirus B or Ljungan virus
(LV) was originally identified in Swedish bank voles (M. glareolns) in
1999 [135] and has since been detected in predominantly rodent
species, including yellow-necked mice (Apodenus flavicollis) [136], wood
mice (Apodemus sylvaticus), house mice (Mus musculus), field voles
(Microtus agrestis) [137] and Eurasian red squirrels (Sciurus vulgaris) [138].
A novel strain of LV has also been reported in gulls, though as
samples were faeces collected from the ground, a rodent origin
through dietary or environmental contamination cannot be ruled out
[139]. LV has mostly been reported in bank voles from Scandinavia
and Finland, though it is globally distributed, with strains detected in
continental Europe [138], United Kingdom [137], USA [140] and

Japan [139].

Whilst there is no formal genotyping criteria for LV, the enterovirus
genotyping criteria of >75% nucleotide or >88% amino acid
similarity in the VP1 gene has been used by many studies [139]. There
are five genotypes of LV, which have strong geographic associations;
genotypes 1 and 2 are associated with the European rodent strains
and genotypes 3 and 4 with American rodent strains, whilst the fifth
strain was detected in bird faeces in Japan. However, there is a paucity
in the sequence data available for LV, with only ten complete

genomes available.
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Ljungan infection has been linked to several diseases in rodents, for
example, type-1 diabetes in both captive [141] and wild bank voles
[142] . In 7n vive studies, LV infection and induced stress has been
associated with increased intrauterine foetal death IUFD) and foetal
malformations [143] in laboratory mice, both the experimentally
infected mouse and their offspring, suggesting the effects of LV

infection on reproductive capability are persistent [144].

Evidence has also indicated that LV may be a zoonosis and play a role
in the development of several diseases in humans. Ljungan virus was
initially discovered after a series of healthy Swedish hikers developed
fatal myocarditis [145]. These deaths, along with rates of Guillain-
Barre syndrome and type-1 diabetes, matched fluctuations in vole
populations, with peak incidence following peak population density
[146]. Vole populations were screened for potential zoonoses and LV
was detected. Blood from the deceased hikers was serologically
screened for LV-antibodies, four of the five screened were positive
[135]. LV has since been associated with several more conditions
including diabetes, foetal malformation and sudden infant death
syndrome (SIDS) [147]. Studies into foetal disorders have detected
LV in 50% [148] to 100% [149] of IUFD cases, 90% of hydrocephaly
cases and 55% of anencephaly cases [150] tested via PCR, whilst no
LV was detected in a cohort of healthy pregnancies. The association
of foetal syndromes and LV is controversial, however, due to small
cohorts used and the lack of confirmation for the specific diagnoses

in some patients [151].
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Seroprevalence of LV in humans is as high as 38% in endemic regions
such as Finland [152]. Subsequent studies have supported these
prevalence rates, as well as showing that most infections occur during
childhood, and seroprevalence was greater in highly-urbanised areas,
which may indicate a possible role of transmission between humans
[153]. This seroprevalence in both the general population and cohorts
of patients with disease indicates that LV likely has zoonotic

capability.

Viral Zoonoses in the United Kingdom
Orthohantavirus

Orthohantaviruses are suspected to have been a cause of disease in
the UK as far back as 1485, with a series of epidemics known as the
‘English Sweating Sickness’ [154]. There are currently four known
hantavirus reservoir species found in the UK; the brown rat (R.
norvegicus), bank vole (M. glareolus) yellow-necked mouse (A. flavicollis)
and field vole (M. agrestis), which could potentially harbour Seoul
virus, Puumala virus, Dobrava-Belgrade virus and Tatenale virus,
respectively, though Puumala and Dobrava virus has yet to be
reported in the UK. The reservoir for Tula virus, the European
common vole (M. arvalis) is also present in the UK, however, its
geographic distribution is restricted to the Orkney Islands to the
north of Scotland. Sero-epidemiological studies of the human UK
population showed seropositivity rates of around 2% to Seoul virus in
Northern Ireland [155]. Seroprevalence was increased in populations

with frequent contact with rodents; Yorkshire farmworkers had
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seropositivity of 7.6% [156], whilst pet rat owners and breeders had
seropositivity of 32.9% [157]. Several acute hantavirus infections have
been identified across the UK, in Glasgow (1988) [158], Somerset
(1991) [159], Sheftield (1993) [160] and Nottingham (1997) [161],
though there was no isolation of the causative virus or detection of
viral RNA. In December 2011, a 59-year-old farm resident from the
Humberside region of northern England presented with fever, chills
and a cough, and was subsequently confirmed to have a hantavirus
infection. Following trapping and screening of rodents on his farm, a
novel strain of Seoul virus was recovered from two rats; this strain
was named ‘Humber’, after the region in which it was recovered; this
was the first Seoul virus to be identified in the UK [162]. In
November 2012, another suspected HFRS patient was identified in
northern Wales, unlike the previous patient, there was no reported
contact with wild rodents, he did, however, own pet rats [163]. In
addition to the hospitalised patient, epidemiological questioning of
the original rat breeder in Cherwell, Oxfordshire, revealed he that may
have had an undiagnosed HFRS in the previous year (later confirmed
serologically). Genomic analysis of the Seoul virus isolated from the
cuthanized rats, a novel strain named ‘Cherwell’, showed a high
degree of homology with the Humber strain; for the S segment was
97.29% similar at the nucleotide level and 99.77% at the amino acid
level, the M segment was 96.47% and 97.97% similar, whilst the L
segment was 96.19% and 99.12% similar. The Cherwell strain was
isolated again in another HFRS patient in Gloucester, who also kept

pet rats, the isolated virus was found to have a 100% homology to the
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original strain. SEOV has also been detected in brown rats captured
at several pig farms across northern England, all but one of these
viruses were highly similar to the Humber strain, previously detected

in northern England [164].

Whilst Seoul virus is the only species associated with confirmed cases
of HFRS in the UK, it is possible that other hantavirus species may
also responsible for the disease, with Puumala virus as a potential
candidate. The host species for PUUV, the bank vole, is ubiquitous
across northern and western Europe, including the UK (except for
Ireland) and whilst PUUV is responsible for many infections in
regions like Scandinavia [165], Finland [166] and Russia [167], it has

yet to be reported in the UK.

Incidence of nephropathia epidemica (NE) in northern Europe is
strongly linked to the complex population dynamics of the bank vole
reservoir of PUUV [168]. These dynamics are strongly influenced by
predator-prey relationships in Scandinavia [169], whereas in Western
Europe these dynamics are typically associated with masting [170].
Masting is an event in which trees (typically beech and oak)
simultaneously produce an over-abundance of seeds and nuts, this
glut of food results in an explosion in the population numbers of the
bank voles [171], this results in an increased PUUV prevalence in the
voles and therefore increased opportunity for spillover into humans

[172].

Beech woodlands in the UK are much smaller and more fragmented
than those located in continental Europe [173], though masting
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events do still occur and are as predictable as those in continental
Europe. It is hypothesised that fragmentation of these woodlands
results in ‘islands’ of isolated and discontinuous vole populations;
causing reduced contact between vole populations from different
woodlands and prevents the critical host density necessary for the
virus to maintain itself in voles [174]. As viral spillover is associated
with the vole populations reaching a critical threshold, the inability to
reach this threshold would significantly reduce spillover
opportunities. Alternatively, the often sub-clinical nature of NE
infection [175] means that it is likely that many cases remain

undiagnosed or misdiagnosed.

Misdiagnosis of hantavirus infection is thought to be relatively
common, particularly in western Europe and the UK where, until
recently, the infection was thought to be uncommon, and therefore
often not considered by clinicians. Leptospirosis, a bacterial infection
transmitted through rodent excreta, has several overlapping clinical
manifestations with HFRS, such as high fever, acute renal failure and
thrombocytopenia; this has led to a suspicion that many leptospirosis
diagnoses are likely to be a hantavirus infection or a co-infection of
the two. This was confirmed in the Netherlands [176] and Belgium
[177], the latter of which serologically confirmed twice the number of
HEFRS cases than leptospirosis in hospitalised patients sharing these

overlapping symptoms for both diseases.

A recently discovered, putative novel species of Orthobantavirus,

Tatenale virus (TATV) has been identified in the UK. A single PCR
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positive field vole (M. agrestis) was detected in 2013 in north-west
England [178], a further 8 isolates were detected in 2017 in field voles
trapped in northern England; giving a 16.7% prevalence in this study
[179]. Currently, only a small fragment of the L and S segments have
been successfully amplified from these strains, however, the complete
S and M segments are required for new species to be recognised by
the ICTV. Both phylogenies of the L: and S segments show that
TATYV clusters with other vole-borne Orthohantaviruses. Blood taken
from the positive vole showed reactivity to a PUUV antigen in an
indirect fluorescent antibody test, which indicates that TATV appears
to be serologically cross-reactive with PUUV [178]. This would
suggest that serological evidence of human PUUYV infection in the

United Kingdom [156] may be a result of TATV infection.

Orthobornavirus

Evidence of orthobornavirus infection in the UK remains sparse, and
there has yet to be any molecular detection of BODV or VSBV in
humans or rodents. BODV-1, however, has been detected in UK cats
with ‘staggering disease’ a neurological condition characterised by a
non-suppurative meningoencephalitis, similar to Borna disease in
horses [180]. A seroprevalence study found between 2.3% and 3.1%
of those who worked ot lived on farms had antibodies to BODV-1,
though there was no apparent correlation with the development of
neurological disease [181]. Red squirrels from the UK have been
screened for the presence of VSBV-1, though all were negative [99].

However, VSBV-1 has not been detected in red squirrels, even those
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1.5.4.

that were screened in regions where classical Borna Disease is
endemic, which combined with the low samples sizes of UK squirrels
tested (N=20) is not sufficient evidence to rule out the presence of

VSBYV in the UK, though it remains unlikely

The presence of BODV-1 antibodies and RNA in these populations
would suggest that it is likely that BODV-1 and/or another yet

unidentified bornavirus is currently circulating within the UK.

Parechovirus B

Human Parechovirus infection is widely reported in the UK [182].
However, there has been little research into the prevalence of LV in
the UK, with only a single published study. The study sampled
rodents taken from Kielder forest in northern England, and detected
an overall prevalence of 24.4%, across all species. LV was detected in
four species, house mice (26.1%), wood mice (19.7%), field voles
(26.5%) and bank voles (27%), using a PCR assay targeting the 5’UTR

[137].

Rodent Reservoirs

Rodents are ubiquitous throughout the United Kingdom, several
species of which are known reservoirs of viruses with zoonotic
potential. Many others have yet to be associated with any zoonotic
viruses, or any virus at all, which is likely to be the result of a paucity

in screening studies.

Brown rats were first introduced into the UK in the 18" century,

having originated in China and Mongolia [183] and have since spread
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throughout the entirety of the UK. Whilst they can be found in rural
areas, they are considered to be a commensal animal and thrive in
areas with significant human activity [184]. In the early 20™ century,
the population of brown rats was estimated to be as high as 40
million, however by 2018 the population estimate had significantly
dropped to approximately 7 million [185], likely due to the increase in
usage of pesticides. This large population as well as its propensity
towards urban areas results in increased contact with humans, which
in turn increases the likelihood of transmitting zoonotic viruses such
as Seoul orthohantavirus and Hepatitis E virus [186], making the

brown rat an important target for screening for viral zoonoses.

Several species of mice are present throughout the UK, the most
common of which belong to either the Mus or Apodemus genus.
House mice (M. musculus) and wood mice (A. sylvaticus) are the most
prevalent species. Much like the brown rat, house mice are considered
commensal ‘pest’ species and populations are much higher in urban
areas. Population estimates from 2018 put the British population at
approximately 5.2 million [185], with the population steadily
decreasing since the 1970’s. Wood mice are significantly more
abundant in the UK, with an estimated population of 39.6 million.
They are more abundant in woodland habitats [187], however, they
are found in urban areas aswell, where they are considered a pest
species. The yellow-necked mouse (Apodenus flavicollis) 1s a close
relative of the wood mouse, they are, however, much less common in

the UK. They share a similar preference for woodland habitats,
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though their host range is restricted largely to southern England and
central and eastern Wales [188]. Population sizes in the UK are
similarly restricted in comparison to wood mice, with an estimated
size of approximately 1.5 million. These species of mice are associated
with known viral zoonoses globally, for example, house mice [189]
and wood mice [190] are reservoirs of lymphocytic choriomeningitis
virus (LCMYV), a zoonotic virus which can cause severe viral
haemorrhagic fever. The yellow-necked mouse is also the known

reservoir of a viral zoonoses, Dobrava-Belgrade orthohantavirus.

There are four species of voles present in the UK Field vole (Mzcrotus
agrestis), bank vole (Myodes glareolus), water vole (Arvicola amphibions)
and a subspecies of common vole, the Orkney vole (Microtus arvalis
orcadensis). Bank and field voles are amongst the most abundant
mammal species present in the UK the field vole population has been
estimated at 59.9 million, whilst bank voles have an estimated
population of 27.4 million. Water and Orkney voles are considerably
rarer, with a population size of approximately 132 thousand and 1
million, respectively [185]. Except for the Orkney vole, these species
are distributed throughout mainland UK the range of the Orkney
vole is limited to only the Orkney Islands, of the northern coast of
Scotland and the Channel Island of Guernsey. Preferred habitat varies
slightly between vole’s species; water voles primarily inhabit the banks
of various waterways [191], bank voles populations are denser in
deciduous woodland, but also extend into heavily vegetated grassland

habitats [192]. Field and Orkney voles, however, predominate in



1.6.
1.6.1.

rough grassland and anthropogenic habitats such as meadows and
field-margins [193]. Both field and bank voles are becoming more
common in urban areas, particularly in gardens, likely as a result of
increasing human encroachment on the vole’s natural habitat. These
species of voles have been associated with several zoonotic viruses,
though not necessarily in the UK for example Cowpox virus is found
in field voles [194], Puumala orthohantavirus in bank voles [195] and

Tula orthohantavirus in common and water voles [190]

Molecular Detection of Viral Zoonoses

Polymerase Chain Reaction and Sanger
Sequencing

Perhaps the most commonly used technique for detection of
infectious agents is Polymerase chain reaction (PCR) [197]. There
have been many variations of this technique, designed to achieve
different objectives, such as quantitative PCR (qPCR) and digital PCR
(dPCR) [198] to quantify any amplified product, or reverse-
transcription PCR (RT-PCR) to amplify a target from an RNA

sample.

Sanger sequencing is a widely used sequencing technology, which
measures the selective incorporation of fluorescently or radioactively
labelled chain-terminating ddN'TPs into a PCR amplified template

sequence.

These techniques when used for diagnostics can be cheap, simple to
run and have reproducible results. However, the oligonucleotide

primers used in these assays must be designed to target a single or a
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conserved motif in several sequences meaning only a limited range of
sequence diversity can be detected. This can be mitigated by
multiplexing primers in a single reaction, which by adding different
primers will broaden the range of targets at the expense of potentially
reducing sensitivity. Alternatively, primers can be designed to target
several aligned sequences by adding degenerate nucleotides to cover

any mismatched bases in the consensus [199].

A significant drawback to using these techniques for the discovery of
novel viruses, or viruses presenting in a novel way (such as a recent
spillover of a known virus into a novel host), is that the targeted
approach biases them towards only looking for viruses that would be
expected to be found in each particular sample [200]. For example,
researchers may not look for a virus associated with respiratory
disease in a CSF sample, or a virus associated with rodent reservoirs

in bat samples.

High-Throughput Sequencing

High-throughput sequencing (HTS), or ‘next-generation sequencing’
(NGS), are terms that encompass several modern sequencing
technologies and platforms that can sequence massive numbers of
reads in a single sequencing run. FEarly forms of these technologies
were first used for virus discovery in 2002, to detect marine viruses
from seawater [201], and in human samples in 2003 [202]. Initially,
the costs of these sequencing platforms were prohibitively expensive

for widespread screening purposes, but have become significantly
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cheaper in recent years, resulting in a massive increase in the number

of studies utilizing them for virus discovery.

Short-read sequencing platforms such as the Illumina MiSeq and
HiSeq are amongst the most commonly used for microbe detection.
Sequencing of samples using Illumina technology involves preparing a
sequencing library. DNA or cDNA is randomly fragmented into
homogenous fragments, the size of which can vary depending on the
specific sequencing machine or needs of the user. Adaptors are then
ligated onto the 5’ and 3’ ends of the fragments and the samples
amplified using indexing oligonucleotide primers, which uniquely tags
each sample and allows multiplexing of several samples into a single
library. This library is loaded onto a flow cell containing surface-
bound oligonucleotides complementary to the ligated adaptors. The
fragments bind to the oligonucleotides and are clonally amplified
using bridge amplification to produce a cluster of approximately 1000
copies, with each cluster resulting in a single read. The fragments are
sequenced using ‘Sequencing-by-synthesis’, where polymerases are
used to add a fluorescently labelled nucleotide complementary to the
first base in the fragment, the flow-cell is then read, and the process
repeats until the fragment has been completely sequenced. Paired-end
sequencing involves sequencing both the forward and reverse
directions of the fragment and aligning them to create a read-pair; this
allows for more accurate sequencing results. Once sequenced, the
data can be demultiplexed by sorting the reads by the sequence of the

indexing primers [203]. Depending on the purpose of the sequencing,
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reads can be mapped onto a reference genome, which is useful when
looking for a specific virus for genotyping or similar studies.
Alternatively, the reads can be de novo assembled into contigs without
any reference genome, which is useful for detection of unknown or

novel viruses.

Whilst Sanger sequencing and Illumina, representing the first and
second generation of sequencing technologies respectively [204] have
been used to great effect for virus discovery and analysis; the long-
read’ technologies of the third generation of sequencing have become
increasingly frequent [205]. One of the most common platforms in
this generation is the Oxford Nanopore MinlON. Sequencing
libraries are prepared in a similar process to Illumina sequencing;
sample DNA is sheared and end-repaired to create blunt ends to the
DNA, an A is added to the 3’ end and adapters ligated to both ends
of the DNA. Samples are then passed through a nanopore via a
motor protein. A voltage is applied to the nanopore containing
membrane, creating a measurable ion current flow. Each nucleotide
causes a characteristic change in the magnitude and pattern of current
which allows for base-calling [206]. This allows for ultra-long reads to
be sequenced, with single reads of 10,589 base pairs and higher being
recorded [207], which would not be possible on platforms such as
[lumina. Whilst the accuracy [208] and depth of the reads are not as
great as those from Illumina, the Minlon has a significant advantage
in that is portable and can sequence in real-time [209], allowing it to

be easily and rapidly deployed in field laboratories [210]. This has
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been successfully used for diagnosis and surveillance of samples

during virus outbreaks such as Zika [211] and Ebola [212,213].

Aims of the study

The initial aim of this project was to assess the role of British rodents
as reservoirs of viral zoonoses and viruses with zoonotic potential,
with a focus on viruses in the Hantaviridae, Picornaviridae and
Bornaviridae families. This would be achieved through the collection of
rodent tissue and screening using RT-PCR with degenerate, pan-
species primers. These methods would also be extended to Polish and
Egyptian cohorts or rodents, to assess the prevalence of similar
viruses. Secondary to the primary aim was the recovery of the
complete genome and characterisation of any viruses detected using

high-throughput sequencing.

A secondary aim of this project was to screen several cohorts of
undiagnosed, human clinical samples to investigate the possibility that
viruses with a zoonotic origin may be present in these samples. These
samples will be screened using high-throughput sequencing methods

and any viruses discovered will be further characterised.

Finally, the seroprevalence of orthohantavirus infection in human and
non-human primate populations in the East Midlands region of
England will be assessed using ELISA serological assays. This will
give further insight into the levels of exposure to orthohantaviruses in

this region.
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Materials and Methods

Screening of Rodent Tissue for Viral
Zoonoses Using Degenerate Primer
RT-PCR

Collection Sites and Samples
United Kingdom

Rodents were captured at four sites in the United Kingdom. The first
two sites were Twycross zoo and Sutton Bonnington of the
University of Nottingham campus, both are in Leicestershire, in the
East Midlands region of England. The third site was Chester Zoo, in
Cheshire, North-Western England. The fourth site was the island of

Jersey, in the English Channel. These locations are shown in Figure 9.

Samples from Twycross zoo and Chester zoo were captured as part
of routine pest-control measures between 2013 - 2014, and 2013 —
2016 respectively. Those from Sutton-Bonnington were collected
from pest-control measures or recovered from feline-predation
between 2014. Samples from Jersey had been hit by vehicles or found
injured and taken to a veterinarian who subsequently euthanised

them. They were collected in 2008 and 2011

Necropsies were performed on samples from Sutton Bonnington and
Twycross zoo; heart, brain, liver, kidney, gut, lung and spleen were
collected and stored in RN ALater (Sigma Aldrich, St. Louis, MO,
USA) at -70°c. Samples from Chester zoo and Jersey had all been

necropsied offsite. Rodents from Chester zoo had lung, liver, kidney,
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gut and spleen collected, and were stored at -70°c. Rodents from
Jersey had Spleen collected and were stored without preservative at -

70°c.

Figure 9 A Map of the United Kingdom, showing the locations in which
rodents were sampled. Leicestershire is highlighted in blue, Cheshire is
highlighted in orange and Jersey is represented by a green circle.
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2.1.1.2. Poland

A cohort of Bank voles (Myodes glareolus) was captured at three
adjacent sites in the Mazury lakes district in the Warmian-Masurian

Voivodeship, North-Eastern Poland (Figure 10).

Animals were live-captured, euthanised and processed as part of
previous studies [214]. Collection of samples was approved by the
Ethics Commission for Experiments on Animals of the M. Nencki
Institute of Experimental Biology of the Polish Academy of Sciences
(Warszawa, Poland). The samples used in this study were collected in

August and September 2010.

Only the livers of these animals were collected, which were preserved

in ethanol and stored at -70°c.

wy

Figure 10 A Map of Poland, the Warmian-Masurian Voivodeship
is highlighted in blue, the Mazury lakes district is marked in
orange.



2.1.1.3. Egypt

A cohort of Cairo spiny mice (Acomys cahirinus) was collected from
sites near St Catherine, in the South Sinai Governorate, Egypt (Figure
11). Animals were live-captured and euthanised for a previous study

[215]. Liver samples were collected and stored at-70°c.

l

Figure 11 A Map of Egypt, with the South Sinai Governorate
highlighted in blue, and Saint Catherine highlighted with an orange
circle.

2.1.1.4. Number of Rodent Samples Collected
The total number of rodents collected at each site, with the organs
available for each species are shown in Table 1. Also shown is the

percentage of organ samples that were GapDH positive.
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Animal GAPDH+
Location Species Organ Number
count (%)
Kidney 71 100
Brown Rat 71
Lung 67 100
Twycross House 208 Kidney 205 91.52
Zoo Mouse Lung 208 92.86
Kidney 2 100
Field Vole 2
Lung 2 100
Lung 8 100
Brown Rat 8
Liver 2 100
Lung 104 100
Field Vole 109
Chester Liver 83 100
Zoo Wood gl Lung 78 100
Mouse Liver 39 100
Lung 3 100
Bank Vole 3
Liver I 100
Jersey Red Squirrel 22 Spleen 22 100
Sutton
Field Vole I Liver I 100
Bonnington
Poland Bank Vole 293 Liver 293 100
Egypt Spiny Mouse 150 Gut 150 100

2.1.2.
2.1.2.1.

Table | Table of the number of rodents sampled at each site, and the
organs that were collected for each species.

Processing of Rodent Tissue
RNA Extraction

RNA was extracted from 2 mm’ sections of tissue using the GenElute

Mammalian Total RNA Miniprep Kit (Sigma Aldrich), and eluted in

50ul of elution buffer, following the manufacturer's instructions.

RNA extractions were stored at -70°c.




2.1.2.2.

2.1.3.
2.1.3.1.

RNA was quantified using 2pl of extracted RNA on either a
Nanodrop 2000 (Twycross zoo, Sutton Bonnington, Jersey, Poland,
Egypt rodent cohorts) or Nanodrop One spectrophotometer

(Thermofisher Scientific) (Chester zoo cohort).

cDNA Synthesis

First-strand cDNA was synthesised from total RNA using a
RevertAid RT Reverse Transcription Kit (Thermo Scientific).
Reactions were carried out in a 20pul mixture containing 0.5pl random
hexamers (0.4 pg/upl), 4.5 pl 5x Reaction Buffer, 1ul RevertAid
Reverse Transcriptase, 2ul of 10 mM dNTPs and 10ul RNA. As
maximum total RNA input was 5pg (500ng/ul), samples exceeding
the threshold were diluted with DEPC-treated H20O to a final

concentration of 500ng/pl.

Reactions were incubated at 25°C for 10 minutes, followed by 42°C
for 60 minutes and a final deactivation petiod of 10 minutes at 70°C.

cDNA was stored at -25°C

Positive Controls

Orthohantavirus

Initial positive controls used for screening were plasmid vectors
encoding the L segment (Polymerase) of Seoul virus, was provided by
the late Professor Richard M Elliot (MRC-University of Glasgow,
Centre for Virus Research). These plasmids were generated for use

during a previous project, prior to the onset of this project.
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After the first recovery of Tatenale virus in a field vole from
Twycross zoo, the cDNA from this animal was used as a positive

control for further screening.

2.1.3.2. orthobornavirus
Initially, the positive control for the bornavirus assay used a plasmid
containing a synthesised Variegated Squirrel Bornavirus-1 (VSBV-1)
glycoprotein. Borna Disease Virus-1 and VSBV-1 RNA were
provided by Dr Bernd Hoffman (Friedrich-Loeffler-Institut,

Germany), which was used for subsequent positive controls.

2.1.3.3. Parechovirus
The Parechovirus assays used human parechovirus (HPeV) positive
cDNA extracted from clinical samples, obtained from surplus
diagnostic samples provided by the NHS. These samples were
completely anonymised, and ethical approval had been obtained for

extended viral diagnostics to be carried out

2.1.4. Polymerase Chain Reaction (PCR)
2.1.4.1. PCR Reaction Components

PCR reactions were kept consistent across all PCR assays. Each
reaction contained 1.25 pl Mg2+ free 10x PCR buffer, 0.06 pl of
HotStarTaq DNA Polymerase (Qiagen), 0.5 pl of 2.5 mM dNTP
(Sigma Aldrich), 0.5 pl of forward and reverse primer (10 Pmol/pl),
9.19 pl of water was then added for a total volume of 12ul. 0.5ul of

cDNA was then added to each reaction.
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2.143.

GapDH cDNA Validation

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was targeted
to validate the quality of generated cDNA. Previously designed
primers targeting the conserved regions of the mammalian GAPDH

gene were used [2106];
GAPDH-F 5-CCATCTTCCAGGAGCGAGA-3’
GAPDH-R 5-GCCTGCTTCACCACCTTCT-3".

The Cycling conditions for this assay included an initial heat
activation of 95°C for 15 minutes, followed by 55 cycles of 94°C for
20 seconds, 55°C for 20 seconds and 72°C for 30 seconds, and a final
extension of 72°C for ten minutes. These primers produced a 571bp

amplicon.

Cytochrome B Species Identification
Published primers targeting the mitochondrial Cytochrome B gene
were used to genetically speciate rodent samples. Primer sequences

were
CytoB-F 5-TGAGGBGCYACAGTWATYACAAAC-3
CytoB-R 5-CGYAGGATDGCRTATGCRAATA-3’

The cycling conditions were 95°C for 15 minutes, followed by 40
cycles of 95°C for 20 seconds, 51°C for 20 seconds and 72°C for 2

minutes, with an extension of 72°C for 10 minutes.
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2.1.4.5.

Orthohantavirus Screening Assays

Pan-Orthohantavirus primers were taken from Klempa et al [217];
HANL F: 5-“ATGTAYGTBAGTGCWGATGC-3’
HANL-R: 5~AACCADTCWGTYCCRTCATC-3.

Cycling conditions were modified from the article; final conditions
were 94°C for 15 minutes, followed by 55 cycles of 94°C (30
seconds), 53°C (50 seconds) and 72°C (30 seconds), finished with

72°C (10 minutes). These primers produce an amplicon of 452bp.

The second pair of pan-Orthohantavirus primers, Han-Semi, was
designed in-house by Dr Theocharis Tsoleridis. The sequences of

these primers were;
HanSemi-F 5-GAATATATATCNTAYGGDGGDGA-3
HanSemi-R 5-CTGGTGACCAYTTNGTNGCAT-3’.

These primers targeted the L. segment and produced an amplicon of
178bp. Cycling conditions were 94°C for 15 minutes, followed by 55
cycles of 94°C, 51°C and 72°C for 20 seconds each, with a final

extension of 72°C for 10 minutes.

Orthobornavirus Screening Assays

Three pairs of primers were created, each targeting the same region of
the glycoprotein, but varying in levels of introduced degeneracy. D-
Bor was fully degenerate to all available complete orthobornavirus

genomes available. SD-Bor was semi-degenerate, designed to target
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2.1.4.6.

only mammal-associated viruses, allowing reduced degeneracy.
Finally, VSBV-1 was specific to the reference sequence for Mammalian

2 bornavirus (Accession number LN713681).
DBor primers were;
DBotF 5- GAYGCNTGGGANGAYTGYGARAT-3’
DBotR 5- CCNCCNADCCANGCNGCCCA-3’.
SDBor primers were;
SDBotF 5- GATGCATGGGAAGAYTGYGARAT-3
SDBotR 5- CCTCCAADCCANGCNGCCCA-3’.
VSBV-1 primers were;
VSBV-1F 5-GATGCATGGGAAGATTGTGAGAT-3
VSBV-1R 5’- CCTCCAATCCATGCTGCCCA-3.

All primers shared cycling conditions, 94°C for 15 minutes, followed
by 55 cycles of 94°C (15 seconds), 53°C (30 seconds) and 72°C (30
seconds), finished with 72°C (10 minutes). Amplicon sizes were

632bp.

Parechovirus Screening Assay
A Pan-Parechovirus primer pair was adapted from Nix ef a/ [218], the
primers AN345 and AN344 were renamed qPAR-F and qPAR-R,

respectively. They target a conserved region of 5’ untranslated region,
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2.1.5.

producing a 194bp amplicon from human parechoviruses and 204bp

from ljungan viruses. Sequences of these primers were;
qPAR-F 5-GTAACASWWGCCTCTGGGSCCAAAAG-3’
qPAR-R 5-GGCCCCWGRTCAGATCCAYAGT-3’

The cycling conditions for these primers were 95°C for 15 minutes,
followed by 55 cycles of 95°C for 20 seconds, 65°C for 30 seconds
and 72°C for 20 seconds, with a final extension of 72°C for 10

minutes.

Gradient PCR

Gradient PCRs were used to optimise the PCR assays. This method
involved using eight identical 12.5 pl reactions placed across the
heating block of a thermocycler capable of generating a gradient of
annealing temperatures, such that each reaction had a hotter annealing

stage than the last.

Cycle conditions of primers were identical to those used in the
original assays, except for the annealing temperature. A range of
annealing temperatures was used, depending on the primer.

Temperatures gradually increased with each reaction.

Gel Electrophoresis
PCR products were visualised using gel electrophoresis. 2% TAE
agarose gels with 5% ethidium bromide. 12.5pl of the PCR reaction

was mixed with 2.5ul of loading dye, 6pl of this mix was loaded onto
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2.1.6.

2.1.7.
2.1.7.1.

the gel, and run for 36 minutes at 90 volts. Completed gels were

visualised using UV light.

Sequencing and Sequence Analysis

‘Positive’ PCR samples (Those with appropriately sized amplicons)
wete diluted to 1ng/ul per 100bp and sent with 3.2 pmol/pl of the
appropriate forward primer to SourceBioscience (Nottingham, UK),

where they were Sanger sequenced.

Chromatograms of the sequencing were received and analysed in
FinchTV (Geospiza Inc). Using BLAST (Basic Local Alignhment
Search Tool), samples were compared against sequence data in
GenBank using the BLASTn function for nucleotide comparison and

BLASTX function for translated nucleotide comparison).

Analysis of Primers

Orthohantavirus Primer

All complete rodent-bourne Orthohantavirus L segments were
downloaded from the NCBI GenBank database, using the “Virus
Pathogen Resource’ (ViPR) [219] (Appendix 1). Sequences were
opened in MEGA7 and were aligned based on codons, using the

MUSCLE function.

Han-L and Han-Semi primers were then mapped onto the aligned

sequences using the ‘Map Primers’ function of Geneious Prime.
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2.1.7.2.

2.1.8.

2.1.9.
2.1.9.1.

Orthobornavirus Primers
Complete orthobornavirus glycoprotein sequences were downloaded
from the NCBI GenBank database (Appendix 2) and aligned based

on codons, using the MUSCLE function of MEGAT.

Statistical Analyses of Picornavirus Infected
Bank Voles

SPSS (Version 23) was used to analyse the cohort of Polish bank vole
livers. A hierarchical log-linear analysis model, incorporating age
(adolescent, adolescent-mature or mature), sex (male or female) and
capture location (Talty, Pilchy or Uriwalt) as variables were used. This
analytical approach used stepwise regression, specifically backwards
elimination, in which interactions between each variable were
examined and the most statistically insignificant interaction is
removed. Multiple steps were run, until only statistically significant
interactions remain. A chi-squared test was included in the model to

further ensure no relationships were incorrectly rejected.

Phylogenetic Analyses
Orthohantavirus HAN-L Amplicon

All complete L segment coding sequences of vole associated
Orthohantaviruses, along with the partial L. sequences from Tatenale

virus strain B41 and Kielder were downloaded using VIPR.

These sequences along with the Norton-Juxta and Upton-Heath
HAN-L amplicons were aligned by codon using the MUSCLE
function of MEGAT7. A best-fit substitution model was used on the

alignment to determine the most appropriate substitution model.
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2.2.1.

2.2.2.
22.2.1.

A maximum-likelihood tree was generated using the T92+G+1
substitution model, from the aligned L sequences. One thousand

replicates were used to determine bootstrap support.

Screening of Rodent Tissue for Viral
Zoonoses Using Degenerate Primer
RT-PCR

Evaluation of Enrichment Methods

An enrichment protocol was adapted from Daly ef o/ [220]. A 2mm’
section of tissue was suspended in 250pl of iced PBS. The tissue was
then homogenized using a Ribolyser and snap-frozen on dry-ice for 2
minutes and thawed on ice. A total of three freeze-thaw cycles were
used on each sample. The resulting homogenate was spun down at
600g for ten minutes, at 4°C. The homogenate was then removed
from the pelleted cellular debris, and 30 units of DNase (Promega)
added, the homogenate was then incubated at 37°C for 30 minutes.
RNA was then extracted using the GenElute Mammalian Total RNA
Miniprep Kit, and cDNA synthesised using the protocol described in

21.2.2

The PCR Reactions and cycling parameters used are described in

2.14.

Library Preparation
RNA Quality Control

Total RNA was extracted from animal tissue using the GenFElute

Mammalian Total RNA Miniprep Kit.
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Samples were run on an Agilent 4200 Tapestation (Agilent), using an
RNA ScreenTape to quantify the yield and assess the quality of the
extracted RNA. Quality of the RNA was expressed as an RNA
Integrity Number (RIN), with 1 being the lowest quality (and most

degraded), and 10 the highest (LLeast degraded).

Library Preparation

Libraries were prepared using NEBNext rRNA Depletion Kit
(Human/Mouse/Rat) (New England Biolabs, Ipswich,
Massachusetts, USA) and NEBNext Ultra II RNA Library Prep Kit

for Illumina (New England Biolabs), using the unmodified protocol.

A total of 1pug of RNA for each sample was used. RNA was host
ribosomal RNA (rRNA) depleted, and then sequencing libraries
created following the unmodified protocol provided. The
fragmentation stage of protocol varied, depending on the RIN of the
RNA input. RINS of each sample, the fragmentation time and their
unique index number are shown in (Table 2). Reactions were
optimised for insert sizes of approximately 200bp. Seven

amplification cycles were used for all samples.



Sample RIN Fragmentation Time (Minutes) | Index

KE4D 3.2 7 I
KEI6D 2.4 7 2
KF5D 2.6 7 3
Swm19/20 4.7 7 4
E120 8.3 I5 6
E293 8.1 15 7
KE4F 1.5 0 8

Table 2 Samples submitted for HTS library preparation. The RIN
required fragmentation time and their unique index number are

included.

2.2.2.3. Assessing Library Quality

Completed libraries were analysed using a high-sensitivity DNA

ScreenTape on an Agilent 4200 Tapestation.

2.2.2.4. High-Throughput Sequencing

Completed libraries were sent to Source BioScience (Nottingham),

where they were analysed for quality control purposes, and sequenced

on an Illumina HiSeq. Paired reads of 2 X 150 bp were produced.

2.2.3. Mapping Reads Directly to a Reference
Sequence

2.2.3.]1. Mapping of Tatenale Orthohantavirus
Reads

The reference sequences for Puumala virus were downloaded from

GenBank. The accession numbers of these sequences were

NC_005225 (L), NC_005223 (M) and NC_005224 (S).
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The reads from the KE4D and KE4F indexes were mapped to these
sequences using Geneious Prime. The Geneious mapper tool was
used, with medium-low sensitivity. Iterative fine-tuning was used,
with five iterations of mapping reads onto the consensus of the

previous iteration.

2.2.3.2. Mapping of Picornavirus Reads
E120 was mapped to the reference sequence for rosavirus-2
(NC_024070.1). E293 reads were mapped to NC_003976.2, the
reference genome for Ljungan virus. KE16D reads were mapped to
the genome of Boone cardiovirus (JQ864343.1). KF5D reads were
mapped to the reference genome for Norway rat hunnivirus

(NC_025675).

The Geneious mapper tool, in Geneious Prime, was used to map
reads to the respective reference genomes. Five iterations were used

to increase sensitivity.

2.2.4. Processing of HTS Datasets

2.24.1. Merging Paired Reads and Filtering Low-
Quality Reads

Geneious Prime software was used to process the HTS datasets. The
Paired reads were linked using the ‘Set-Paired Reads’ function, with
the forward/reverse (inward pointing) parameters used. Paired reads

were then merged using the BBMerge plugin with default settings.

Low-quality reads were trimmed using the BBDuk plugin, which

removed adaptors, low-quality sections of reads (minimum quality of
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6) and low complexity regions. Reads under 40bp, post-trimming

were discarded.

Removal of Host Sequences

The Reference genome assemblies of each of the sampled animals
were downloaded from GenBank. The GenBank genome assembly
accession numbers used for each sample are shown in Table . All
Samples used the correct genome for each animal species, except for
the swan sample. The genome assembly used to filter host sequence
for swans was the genome assembly of mallard (Anas platyrhynchos), as

no assembly was available for swan.

Sample Species Reference Genome
EI20 Bank Vole GCA _001305785.1
E293 Bank Vole GCA 001305785.1
KE4D Field Vole GCA_001305995.1
KE4F Field Vole GCA_001305995.1

KEl6D Brown Rat GCA_000001895.4
KF5D House Mouse GCA 000001635.8
Swm19/20 Swan GCA_003850225.1

Table 3 The GenBank accession numbers of the host genome
assemblies used to filter out host sequence from each dataset.

The quality trimmed reads were mapped to the host genome
assembly, using the Geneious mapper with medium-low sensitivity

and five iterations. Reads mapping to the host reference were

discarded.
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2.244.

De novo Assembly

Quality and host filtered reads were de novo assembled into contigs.
The Geneious assembler was used, with medium-low sensitivity. The
specific setting was the default for the sensitivity used, this included a
maximum of 10% gaps per read and a maximum gap size of 2, a word
length of 18, the index word length was 13, words that were repeated
more than 100 times were ignored. The maximum permissible
mismatches per read were 20%, and the maximum ambiguity was 4

per read.

Reference Database

Custom BLAST databases were created for each virus taxonomic
order (Table 4). All complete viruses within each order as of March
2018 were downloaded from GenBank. Viruses from the Retroviridae
family were not included. Databases for Tymovirales, Candovirales and
Ligamenvirales were not created as viruses in these orders are not

associated with vertebrates.

An additional database of the RNA viruses polymerase proteins was

obtained from a colleague, containing 2741 sequences.
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Viral Order Number of Sequences
Bunyavirales 10,650
Herpesvirales 13,334
Mononegavirales 28,628
Nidovirales 31,866
Picornavirales 7,791
Non-Ordered Viruses 671,634

Table 4 Custom BLAST databases created from all complete
sequence within a viral order, and those that had not been
assigned a taxonomic order. The number of sequences within
each database are also shown

2.2.5. Recovery of Upton-Heath TATV
2.2.5.1. Primer Design
The Norton-Juxta strain of Tatenale virus was used as a reference for
designing a series of overlapping primers to amplify the coding
sequence of Upton-Heath.
The primers for the S Segment are shown in Table 5, the CDS of M
in Table 6 and the CDS of L in Table 7.
Product Size
Primer Sequence (5’-3’)
(bp)
TATVS I F TAGTAGTAGACTCCTTGAAGAGC
705
TATVS705R ACCCATGACAGGACTTACAA
TATV S 586 F CCTACTGCACAATCAACGAT
731
TATVS 1316 R ATCTCCTTCACCTTCTGATCA
TATVS 1168 F ATGGGAATACAACTCGACCA
666
TATV S 1833 R TAGTAGTATGCTCCTTGAAAAGC

Table 5 List of primers used to amplify the S segment the
Upton-Heath strain of Tatenale virus.



Primer Sequence (5’-3’) Product Size
(bp)
TATVM IF ATGGAACAAAGAAGTACAGTTTGTCT

TATV M 800 R TACAGTGGTTCAGAGCTCCC 50

TATVM7I5F ACACTTGTCCAGAAAACAGA

TATVM I517R AGCCAACCAAAACAAAATGT 50

TATV M 1366 F ACACTGGTTATAGGGCAATG

TATVM 2190 R CCCTAAATGTTGAATTTCTGCA 5

TATV M 2089 F TACAGACGTGAACTCCAAAA

TATV M 2878 R GGTCCTTCAATGAACTGTCT 70

TATV M 2748 F TGGTAATACAGTCTCTGGGT

TATVM 3351 R CACGACCATCCARTTHCCA Z:;

TATV M 3447 R CTATGGCTTGTGCTCTTTATAAT

Table 6 List of primers used to amplify the CDS of the M segment
the Upton-Heath strain of Tatenale virus.

Primer Sequence (5’-3%) Product Size (bp)

TATVL37F ATGGAGAAATACAGAGAGATTCA

TATVL8I3R AAAAGCAAAATCATGGTCCC i
TATV L 678 F ATTTCATGTCACAGGTCCAA
TATV L 1460 R AGATGCCATGCTGTAGTTTT 783
TATVLI339F AGTCAATCCATAAGTCACCC
TATVL2I37R ATACTCCACTTGCTCCAATT 799
TATV L 1844 F CAGTGTTTGCCTTCCATTTT
TATV L 2667 R AGCCTTTTGATGTTTTGTCTG 824
TATV L2499 F TTTCAGCCAGACACGAAATA
TATV L 3306 R GAAACAGTCTAACTCAGGGA 808
TATV L3178 F GTCTCAGCAATGATTAAAGGC
TATV L 4025 R AACTCTCCTAATCTGTCATGC 848
TATV L 3828 F TTTAGGTGGTGATGGGTCTA
TATV L4677 R ACCTAGTTCCCTGTAGACTC 850
TATV L 4537 F AACCCAATAACTGCTGTCAT
TATV L 5376 R CCTCATACCACACCTCAAAA 840
TATV L5203 F AAGCTATACGAAGGGGATCT
TATV L5922 R GCTTGACATTGAACTGACTG 720
TATV L5735 F TCATGAAAGGGTTGCCTG 767
TATV L 6501 R | TTAATAAAAGGAAGAGGCTGAATC

Table 7 List of primers used to amplify the CDS of the L segment
the Upton-Heath strain of Tatenale virus.




2252,

2253.

2.2.6.

PCR Conditions
The RNA extraction and cDNA synthesis protocols used were
identical to 2.1.2.1 and 2.1.2.2, respectively. PCR reactions consisted

of the same reagents and concentrations as those described in 2.1.4.1.

Unless otherwise stated, the cycling conditions for these primers was
an initial heat activation of 95°C for 15 minutes, followed by 55 cycles
of 94°C for 30 seconds, 55°C for 30 seconds and 72°C for 1 minute,

and a final extension of 72°C for ten minutes.

PCR amplicons were run on a 2% agarose gel and sent to Source

Bioscience for Sanger sequencing,.

Analysis of Complete TATV

The coding sequences of the Upton-Heath and Norton-Juxta strains
of TATV were codon aligned, along with other complete vole-
associated Orthohantaviruses, using the MUSCLE function of

MEGAT.

Maximum-likelithood phylogenetic trees were then produced, using
the most appropriate substitution model, as determined by a best-fit

substitution model.

BLAST Searching Datasets Against Virus
Databases

Each of the trimmed and filtered datasets was BLASTN searched
against each of the nucleotide databases of virus sequences, and
BLASTx searched against the Nr protein database of RNA virus

polymerases.



2.3.

2.3.1.
2.3.1.1.

2.3.1.2.

A Maximum E-Value of 10” was applied, to reduce the number of

false-positives. A word-size of six was used.

Investigating Seroprevalence of
Orthohantavirus In Humans and
Captive Non-Human Primates

Sample Collection

Human Cohort

Human sera were selected from a pre-existing cohort of Hepatitis C
virus (HCV) positive patients. The chosen samples had been taken at
several healthcare centres in Nottingham that provide needle-
exchange services and support for homeless and intravenous drug-

using populations. 181 samples were selected.

Non-Human Primate Cohort

Non-human primate (NHP) sera were obtained from a previously
established biobank of animal samples at Twycross Zoo,
Leicestershire. These samples were primarily taken when animals were
sedated during routine medical treatment. Ethical approval for
investigating orthohantavirus prevalence was approved by Twycross
z0o. The NHP samples used are shown in Table 8. A total of 56

samples were obtained.
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Species Samples
Chimpanzee Pan troglodytes 24
Bonobo Pan paniscus 8
Gorilla Gorilla gorilla 3
Orangutan Pongo pygmaeus 2
Allen's swamp monkey Allenopithecus nigroviridis |
Crowned guenon Cercopithecus pogonias I
De Brazza monkey Cercopithecus neglectus 5
Diana monkey Cercopithecus diana 4
Lesser spot nosed guenon Cercopithecus petaurista 2
L'hoest monkey Allochrocebus lhoesti 2
Lowe's Geunon Cercopithecus lowei 2
Roloway monkey Cercopithecus roloway 2

Table 8 Number of samples of each species used for serological
screening of orthohantavirus.

2.3.2.

IgM and I1gG ELISA

VectoHanta-IgM and VectoHanta-IgG ELISA kits (Vector-Best,

Novosibirsk, Russia) were used, following the provided protocol.

These assays use Hantaan virus, Seoul virus, Puumala virus and

Dobrava virus antigens.

A sample was considered positive if the optical density was greater

than, or equal to the average optical density of the negative controls

plus 0.2,

Samples were run in duplicate, and any positive results were repeated.



2.3.3.

2.4.

2.4.1.

PCR Screening of IgM Positive Sera
The Han-Semi and Han-L PCR assay described in 2.1.4.4 were used

to screen the IgM positive sera.

High-Throughput Sequencing of
Undiagnosed Clinical Samples

Sample Collection

Surplus nucleic acid extractions, derived from samples that had been
taken for diagnostic purposes and no longer required, were collected.
These extractions were collected between 2015 and 2018, as part of
ongoing collaborative research projects between Nottingham
University Hospitals NHS Trust (NUH). All identifying information
associated with these samples was removed prior to collection, and so
were completely anonymised. The use of these samples for extended
molecular diagnosis of infectious agents had been ethically approved

prior to the start of this project.

The chosen samples were all PCR-negative using routine PCR-based
viral diagnostics. NUH screening panels used an AusDiagnostic ‘Viral
CSF assay (Ausdiagnostics, Chesham, United Kingdom) to screen
CSF samples, this kit targets Human herpesvirus 1/2/3/4/5 and
Enterovirus. The viral targets of the assays used to screen respiratory

and blood samples were unknown.

No information was available regarding whether samples from each
patient had also been referred for bacterial, fungal or parasitic
diagnostics, and so infection with non-viral infectious agents was

unknown.
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24.2.1.

2422,

Cerebrospinal fluid (CSF), EDTA-treated blood and respiratory
samples were collected; respiratory samples included bronchoalveolar
lavages, nasopharyngeal aspirates, endotracheal tube secretions and

throat swabs.

Pooling of Samples
CSF Samples

CSF samples were pooled into groups of ten samples. Aliquots of
twenty of these pools were then further combined into a larger, final
pool. Two final pools, each containing two-hundred samples was

created.

Due to the low nucleic acid concentration of the CSF samples, each
of the pools of ten was consecutively loaded onto the column-based
RNeasy MinElute Cleanup kit (Qiagen). The concentrated,
membrane-bound RNA was eluted into the final pools, so as to

exceed the minimum input of the library preparation protocol.

The samples were pooled in this way to facilitate the PCR screening
of any potential positive results. The pools allowed fewer PCR
reactions to be performed to determine which sample was positive,

and thus conserving nucleic acid.

EDTA Blood Samples

Samples were grouped into pools of ten. Aliquots of Eight of these

pools were then pooled again, into a final pool of 80 samples.



2.4.2.3. Respiratory Samples

2.4.3.

2.4.4.

Samples were grouped into pools of ten, and aliquots of ten of these
pools were combined again into a larger pool of one hundred. One
pool contained a total of one hundred samples was created, and a

second pool contained 70 samples.

Tapestation Analyses of RNA

The final pooled samples were analysed on an Agilent TapeStation,

using an RNA ScreenTape.

Library Preparation

Libraries were prepared using NEBNext rRNA Depletion Kit
(Human/Mouse/Rat) New England Biolabs, Ipswich,
Massachusetts, USA) and NEBNext Ultra II RNA Library Prep Kit
for Illumina (New England Biolabs), using the unmodified protocol.
The total amount of RNA inputted for each sample, the RIN, the

fragmentation times and the unique indexing primer used are shown

in Table 9.
Sample RNA Input S Fragmentation Time -
(ng/ul) (Minutes)

CSF-1 136.8 4.5 8 I
CSF-2 25.2 4.5 8 2
EDTA-I 1000 4.5 8 3
Resp-1 444 4.5 8 4
Resp-2 1000 5.5 8 5

Table 9 Samples submitted for HTS library preparation. The
RNA input, RIN, required fragmentation time and their unique
index number are included.
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2.4.5. Processing the HTS Datasets

24.5.1. Merging Paired Reads and Filtering Low-
Quality Reads

The methods used to merge paired reads and filter low-quality reads

are described in section 2.2.4.1.

2.4.5.2. Removal of Host Reads
The GRCh38 human reference genome (GCA_000001405.15) and

transcripts were downloaded from GenBank.

The representative genome for Bos Taurus (GCA_002263795.2) was

downloaded to filter the zebu reads from Resp-2.

The methods used to remove host genome sequences from the

datasets are described in section 2.2.4.2

2.4.5.3. De novo Assembly

De nove assembly of filtered reads was done following the methods

described in 2.2.4.3

2.4.6. BLAST Searching of HTS Datasets Against
Virus Databases

The methods used are described in 2.2.6.

2.4.7. Mapping of Human Pegivirus Reads to a
Reference Sequence

The reference genome for Human Pegivirus-1/GB Virus C
(NC_001710) was downloaded from GenBank. Reads from each of
the five datasets were mapped directly to this reference sequence,
using the Geneious mapper tool in Geneious Prime. A medium-low
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sensitivity and Iterative fine-tuning were used, with five iterations of

mapping reads onto the consensus of the previous iteration.

2.4.8. PCR Screening of Samples for Human
Pegivirus-|

24.8.1. Primers, PCR Reactions and Cycling
Conditions

The reagents and concentrations used are described in 2.1.4.1.

The following primers were used to amplify a 291bp fragment of the

NS5B gene;
GBV-C 8435 F: 5- CCTGGGGAAATACTATGCCT-3
GBV-C 8726 R: 5’-TGATGCATGATATGAGGGCT-3’

Cycling conditions wetre 94°C for 15 minutes, followed by 55 cycles
of 94°C (30 seconds), 55°C (30 seconds) and 72°C (30 seconds),

finished with 72°C (10 minutes).

The PCR products were visualised on an agarose gel, and sent for

Sanger sequencing, using the methods described in 2.1.5 and 2.1.6.

2.4.8.2. Samples

Each of the five final pools was screened, to confirm the detection of
HPgV-1. The constituent sub-pools of the positive pools were then
screened. The individual samples from each of the positive sub-pools
were subsequently screened to identify which samples were HPgV-1

positive.
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3. Screening of Rodent Tissue for Viral

Zoonoses Using Degenerate Primer

RT-PCR

3.1. Introduction
Zoonoses are pathogens that are transmitted from an animal reservoir
or intermediary, and into humans where they may result in disease.
Viral zoonoses are of particular importance, as they are responsible
for several severe pandemics and outbreaks, including the recent West
African Ebola virus outbreak, the emergence of HIV from primates
and numerous avian and swine influenza epidemics. Not all zoonotic
transmission events result in severe outbreaks; the majority often
result in a mild, sub-clinical illness which can be misdiagnosed as a
more common virus or go undiagnosed completely. Rodents are one
of the largest reservoirs of potentially zoonotic viruses, due in part to
their population sizes, geographic ubiquity and proximity to human
populations. Therefore, screening rodent populations for viral
families with known zoonotic species will further the known

distribution of these viruses.

There have been numerous techniques developed to detect the
presence of viruses in samples. Molecular detection techniques such
as Polymerase-Chain Reaction (PCR) are the most widely used
method of virus detection currently. Its popularity is in part due to

the low per-sample cost, simplicity of use and its adaptability to
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almost all types of pathogens. Typically, PCR requires a known
sequence to which the primers are designed to target, this can be
adapted to improve detection using degenerate primers. When many
divergent target sequences are used, there is unlikely to be a region
with identical nucleotide sequence; by introducing degeneracies into
the primer sequences, multiple sequences can be targeted with a single

primer.

This chapter describes the processing and screening of rodent tissue
from the United Kingdom, Poland and Egypt. Two-step reverse
transcription PCR, with degenerate, pan-species primers were used to
screen for known viral zoonoses, including orthohantavirus,
orthobornavirus and picornavirus. This work resulted in the discovery
of multiple strains of Tatenale orthohantavirus and four picornavirus

species from four species of rodents.
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3.2.
3.2.1.

3.2.2.

Results

Collection and processing of rodent and
small mammal tissue.

Cohorts of wild rodents were trapped and collected at four sites in the
United Kingdom, and one site each in Poland and Egypt. Tissue
samples were taken from 958 animals, with multiple organs sampled
where available. Rodent species included brown rat (Rattus
norvegicus), field vole (Microtus agrestis), bank vole (Myodes
glareolus), wood mouse (Apodemus sylvaticus), house mouse (Mus
musculus), red squirrel (Sciurus vulgaris) and Cairo Spiny Mouse

(Acomys cahirinus).

RNA was extracted from tissue collected from the rodents, and
cDNA synthesis using random hexamers. Spectrophotometry was
used to assess the yield and quality of the extracted RNA. A PCR
assay targeting the Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), a housekeeping gene, was used to validate the quality of
the extracted RNA and synthesised cDNA. GAPDH was successfully
amplified in almost all samples, indicating that the cDNA tested was

usable for viral PCR screening.

Analysis of the Polish Bank Vole Cohort
Extensive information was provided for the Polish bank vole cohort,
allowing analysis into any associations between virus infection and

host data.
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Voles were categorised into 3 age brackets; juvenile, adolescent and
mature. Across all capture sites, there were 110 juvenile (37.7%), 44
adolescent (15.1%) and 138 mature (47.3%) voles. The proportion of
ages varied by site; juvenile voles were the majority in Urwitalt and
Pilchy, whilst mature voles predominated in Tatty (Figure 12). The
number of voles by sex was almost identical overall, with a slight bias
towards males (52.3%). Urwitalt and Talty had a larger proportion of

males than Pilchy, where females made up the majority (Figure 13).

Age Of Voles At Each Site B Juvenile

30- Adolescent
Bl Mature
60+
% 404
" I I
0' T T 1

Urwitalt Pilchy Talty
Capture Site

Figure 12 A Summary of the ages of bank voles that were captured at
each of the three sites in Poland. The ages of the voles are categorised
into three groups. Bars show the number of voles of each age category
as a percentage of the total number of voles at each site.
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3.2.3.
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Capture Site

Figure 13 A summary of the sex of bank voles captured at each
of the three sites in Poland. Bars show the number of voles of
each sex as a percentage of the total number of voles at each
site.

Detection of an orthohantavirus in field
voles

Analysis of pan-orthohantavirus degenerate
primer sets

Two pairs of degenerate primers were sourced from previous studies
aiming to detect orthohantaviruses. These were a published primer
pair, HAN-L, and a pair, HAN-Semi, that were designed in-house by
a previous PhD student, Theocharis Tsoleridis. Both assays targeted

the RNA Polymerase gene, on the L. segment.
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The HAN-L Primer pair were mapped onto the consensus sequence
of an alignment of orthohantaviruses (Figure 14). The forward primer
has degenerate nucleotides at position 6, 9 and 15; Position 6 and 15
degeneracies match the degeneracies on the consensus sequence,
whilst position 9 requires an ‘N’ rather than a ‘B’ for full coverage.
Additional degeneracies occur at positions 3, 12, 14, 15, 16, 18;
however, the Sequence Logos show that these positions are a result of
a variance in a low number, often single, of sequences. The
degenerate nucleotides in positions 6, 9 and 12 of the reverse primer
require an N for full coverage. Like the forward primer, there are
degeneracies not covered by the primer which are due to minor
variants. The sequences responsible for the extra degeneracy in the
consensus sequence were all reported after this primer-pair were
created, so at the time of design, they would have matched 100% to

all known sequences.

A T K T A Y G T . ”'-'r G s & G M H R A Y G C
IATGTATGT . AGTGCGATGC
} w A C C A EETEE T C N s W OEETEE C c R T C R T ¥
TAACCA L TCAGT _CCATCATC
Figure 14 Sequence Logo graph of the HAN-L primer set mapped onto an
alignment of orthohantavirus sequences




The Han-Semi primer set were mapped to the same alignment
consensus (Figure 15). The degeneracies at positions 12, 15 and 18 in
the forward primer match completely those in the consensus, whilst

the ‘D’ at position 21 requires changing to ‘N’ to match all variants.

S el
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06 GACCA-TT. T GCAT

Figure 15 Sequence Logo graph of the HAN-Semi primer set mapped
onto an alignment of orthohantavirus sequences

3.2.3.2.

Optimisation and validation of
orthohantavirus assay

Positive controls for the Pan-orthohantavirus PCR screening assay
were originally sourced from a previous screening project within the
research group. This control was a plasmid containing the complete

coding sequence of the L segment of a Seoul Virus isolate.

The initial cycling parameters for the HAN-L primer PCR were an
initial denaturation of 94°C for 2 minutes, followed by 55 cycles of
94°C for 15 seconds, a variable temprature annealing of 50 seconds
and an extension of 68°C for 30 seconds, finished with a final
extension of 68°C for 5 minutes [157]. Cycling optimisation was
performed using a step-wise annealing temperature gradient, ranging
from 49.7°C to 68.2°C, with a plasmid with a copy number of 10* was
used as a positive. Bands were observed until 64°C, with the strongest

bands at 54°C.
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A second PCR to determine the sensitivity of the assay was
performed. Samples containing plasmid copy numbers of 10°, 10',
10, 10%,10% 10, 10° and 10°. The assay produced detectable bands
for input template copy number as low as 10°. 'To simulate a positive
sample from an infected animal, bank vole liver RNA that had been
screened and subsequently orthohantavirus-negative, was spiked with
SEOV 10', an annealing temperature of 60°C was used, to reduce
potential mispriming. Weak bands were observed in 2 of the 3 spiked
samples. Taking into account the lower concentration of positive
control material, a second annealing temperature gradient was
performed on a SEOV 10' plasmid, annealing temperatures of
between 49.1°C and 60.9°C were used. Bands were observed at all
temperatures apart from 60.9°C, which showed that annealing
temperatures of 60°C and higher were unsuitable for samples with a
low concentration of target material. Annealing temperatures were
reduced to 54°C and the spiked-sample PCR assay repeated; strong

bands were observed in all spiked samples.

The HAN-Semi assay was sourced after the screening of animal tissue
had successfully detected Orthohantavirus, and so all optimisation
was performed on positive-tissue derived RNA, rather than plasmids.
Initial screening-detected orthohantavirus without the need for an

annealing temperature gradient.

Screening serially-diluted orthohantavirus positive kidney and lung
tissue with the optimised cycling parameters showed that HAN-L

could only detect viral RNA at undiluted concentrations in the
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kidney, and a dilution of 10" in the lungs. In contrast, HAN-Semi
could detect RNA at dilutions of 10*and 10 in the kidney and lungs;

indicating improved sensitivity

Detection of orthohantavirus in field vole
tissue

Initial screening of the lungs and kidneys of the Twycross cohort used
the HAN-L primer assay. The mouse and rat samples were all
negative for the presence of orthohantavirus viral RNA. Both the
lung and kidney tissue of the field vole were positive for
orthohantavirus, tissue was rescreened using HAN-Semi to confirm
the result. sequencing and BLAST analysis showed that the sample

was closely related to Tatenale orthohantavirus.

For subsequent screening assays, we used the Han-Semi assay, due to
its improved sensitivity compared to the HAN-L assay. Screening of
the Chester zoo cohort revealed that all wood mice, brown rats and
bank voles were orthohantavirus negative. However, 12 Field voles
(10%) were positive for orthohantavirus; these results were confirmed
with the larger HAN-L assay. Sequencing of the larger HAN-L
amplicon revealed a Tatenale orthohantavirus, of a different strain to

that isolated from Twycross.

Screening of the red squirrels from Jersey, Cairo spiny mice from
Egypt and the field voles from Sutton Bonnington did not detect the

presence of orthohantavirus



3.2.34.

The bank voles from the Polish cohort were not screened, as they had
been previously screened two separate occasions, as part of a previous

MSc. projects and were all found to be orthohantavirus negative.

Analysis of the HAN-L Tatenale
orthohantavirus Amplicon

The 452bp HAN-L assay derived sequences recovered from the
Chester zoo field voles were highly conserved, with 5 of the
sequences being completely identical; the most divergent two viruses
were 97.69% identical at the nucleotide level. The Twycross zoo
strain was genetically distinct from the Chester zoo strains, with a
nucleotide similarity of 86.3-89.3%. When compared to previous
strains, B41 and Kielder-1/-2, the Chester strains were 94.9-96.9%
identical to B1 and 84-86.6% identical to both Kielder strains. The
Twycross strain shared a similar similarity to B41 as it did with the
Chester strains, 87.3% and an 86.5-86.8% similarity to both Kielder

strains.

To reflect the geographic origin of these viruses, the Chester zoo
strains were named ‘Upton-Heath’, whilst the Twycross zoo strain

was named ‘Norton-Juxta’.

The Norton-Juxta and an Upton-Heath HAN-L amplicon were
aligned with all other complete vole associated orthohantavirus L
sequences. The 3 published HAN-L derived Tatenale virus sequences
were also added to this alignment. A Maximum-Likelihood
phylogenetic tree was generated from this alignment. Norton-Juxta

and Upton-Heath both clustered with the previous Tatenale strains,
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Upton-Heath with B41 and Norton-Juxta forming a separate clade
equidistant from B41 and Kielder (Figure 16). The Tatenale viruses
form a discrete clade; the closest related orthohantaviruses are Tula

virus and Prospect Hill virus.
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Figure 16 Phylogenetic relationship of Tatenale virus with previous
Tatenale isolates and other vole-associated orthohantavirus species.
Representative partial sequences were obtained for the L segments.
Maximum Likelihood trees were created using the T92+G+| model,
branch lengths are drawn to a scale of nucleotide substitutions per site.
Numbers above individual branches show bootstrap support after 100
replicates. Tatenale virus strains are highlighted in boldface and a blue
box. Sequences are shown with species name, strain name and the
GenBank accession number. PUUV, Puumala virus; HOKYV, Hokkaido
virus; FUSV, Fusong virus; YUJV, Yuanjiang virus; KHAV, Khabarovsk

virus; TATYV, Tatenale virus; PHV, Prospect Hill virus; ILV, Isla Vista virus;

TULYV, Tula virus; ADLYV, Adler virus; LUXV, Luxi virus; FUGV, Fugong
virus.
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3.2.4.
3.24.1.

3.24.2.

Screening of Rodents for Bornavirus

Design and selection of a Bornavirus assay
Three pairs of PCR primers of varying degeneracy were designed to
amplify a conserved region of the glycoprotein gene of mammalian
orthobornaviruses. Both primers were designed on the same positions
of the gene, with one primer pair (D-Bor) being completely
degenerate to match all sequences, the second (SD-Bor) using fewer
degenerate bases at the more conserved positions and the third
(VSBV-1) was specific to Mammalian 2 orthobunyavirus (Variegated

squirrel bornavirus)

At the time of design (2015), there were 15 complete Bornavirus
genomes available on GenBank; 13 Mammalian 1 orthobornavirus

and 2 mammalian 2 orthobornavirus sequences.

The D-Bor primers were completely degenerate at all variable
positions, with a total of 6 degeneracies in the forward primer, and 5
in the reverse. The SD-Bor primers contained fewer degeneracies, 3

in both primers. The VSBV-1 pair contained no degeneracies.

Optimisation and Validation of Pan-
orthobornavirus primers.

A plasmid encoding a Mammalian 2 orthobornavirus glycoprotein
gene was produced and used as a positive control for the

orthobornavirus screening assay.

To establish the sensitivity of the primers, serial dilutions of the

glycoprotein-containing plasmid were created. Neat plasmid and
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dilutions of 10?2 10*, 10, 10°®, and 10" were screened; D-Bor and
SD-Bor were able to amplify the target down to a dilution of 10°,

whilst the VSBV-1 primers could amplify dilutions of 10™.

To determine an optimal annealing temperature for the D-Bor, SD-
Bor and VSBV-1 primers, an annealing temperature gradient PCR
was performed. Annealing temperatures used were 55.2°C, 56.6°C,
58.5°C, 60.8°C, 63.5°C, 65.8°C, 67.5°C and 68.8°C, and a plasmid
diluted 10 was used as a positive. The D-Bor primers were able to
amplify the target at annealing temperatures up to 60.8°C, whilst the
SD-Bor and VSBV-1 primers amplified a product at all annealing

temp eratures.

Three Rat kidney cDNA samples were spiked with the 10,10 and
10*® dilutions of the glycoprotein plasmid, and screened with each of
the three orthobornavirus primers. The D-Bor primers were only able
to amplify one of the three spiked samples at an annealing
temperature of 55°C. The SD-Bor primers could consistently amplify
the spiked cDNA in each dilution of the three samples, at annealing
temperatures of 55°C, 60°C and 63°C. At 65°C annealing, however, it
could only amplify the 10 and 10° dilutions. The VSBV-1 primers
were able to amplify each of the spiked samples with all three

dilutions at 63°C annealing (The only annealing temperature tested).

Screening rodent tissue
Lung and kidney extracts from the rodents captured at Twycross Zoo

were firstly screened using both the D-Bor and SD-Bor primers. All
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3.2.5.3.

samples screened were PCR-negative for orthobunyavirus. The liver
samples from the Chester Zoo, Poland and Egypt cohorts, and the
spleen samples from the Jersey cohort were screened with only the
SD-Bor primer assay. All samples tested negative for

orthobunyavirus.

Screening of Rodents for Parechovirus

Pan-Parechovirus assay
A Pan-Parechovirus assay was sourced from Nix et al [218], which
targets the 5" untranslated region of all known (at the time of

publication) parechoviruses.

Optimisation and validation of the pan-
picornavirus assay

Human Parechovirus (HPeV) samples were sourced from a
repository of surplus clinical diagnostic nucleic acids and used as

positive controls for the Parechovirus screening assay.

An Annealing temperature gradient was performed on an HPeV
positive clinical sample, to determine the optimal annealing
temperature. Annealing temperatures of 54.2°C to 66.9°C were used,;
the assay successfully amplified the target at all annealing

temperatures.

Detection of multiple picornaviruses in
Rodent tissue

Screening of the Twycross cohort yielded PCR-products

corresponding to the expected size of parechovirus amplicon in the
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kidneys of 5 brown rats and 6 house mice. However, sequencing
showed that these were PCR products generated from other
Picornaviridae genera. The rat samples were a different genus of
Picornaviridae, cardiovirus. These amplicons were most closely related
to the Boone cardiovirus strain (JQ864242.1), with a similarity of
96%. The Mouse samples contained a second picornaviridae genus,
hunnivirus. These were moderately divergent from their closest
related sequences; with 76% similarity to strain 05VZ-75-RAT099

(KT944214).

In the Polish cohort of bank voles, 97 samples were PCR positive;
sequencing of the amplicons showed that the samples were a mix of
Ljungan virus (Parechovirus-B) and rosavirus, a further Picornaviridiae
genus. To differentiate the rosavirus and Ljungan virus positives, a
rosavirus specific assay was used to rescreen all positive samples. In
total there were 80 Ljungan virus-positive voles (27.2%) and 17
rosavirus positives (6.14%). All Parechovirus and rosavirus negative

samples were GAPDH positive.

No further parechovirus or similar picornaviruses were detected with

this assay in any of the other rodent cohorts.

Analysis of Parechovirus

The overall prevalence of Ljungan Virus (LV) was 27.2%. Analysis of
the relationship between LV infection and host attributes showed
several statistically significant correlations. Prevalence of LV in voles

from Talty (18.3%) was significantly lower (P=0.005) than those from
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Figure 17 Summary of the PCR prevalence of Ljungan virus in
bank voles captured at each of three sites in Poland.

the Pilchy (42.7%) and Uriwitalt (39%) sites (Figure 17). Prevalence
of LV was also significantly associated with the age of voles. Juvenile
and adolescent voles across all sites were 34.5% and 31.8% LV
positive, respectively. Mature voles, however, were only 18.1% LV

positive, a statistically significant difference (P=0.004) (Figure 18).

LjV Prevalence By Age Of Vole
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Figure 18 The PCR prevalence of Ljungan virus in bank
voles of different age groups.



A Phylogenetic tree created with several gPAR amplicons shows that
they cluster into three clades, which suggests that they may belong to
different genotypes (Figure 19). PMgE289 and PMgE293 were both
captured at the Talty site, whilst PMgE2, PMgE13 and PMgE31 were
captured at Urwitalt. The Talty sequences cluster into one clade,
whilst the Urwitalt sequences cluster into two other clades, which
would suggest that these genotypes are more prevalent in different

geographic locations.

]
LjV] 87-012] AF327920.2 Genotype |
LiV] 174F| AF327921.2
3 LjV] Fuz1| LC133331.1

A PMgE289{ JEI21
93| PMgE293] JER7
[ PMgE13] JDZ13
%8 ' PMgE2| JDZ2
LjV] 340 KRO45607.1 |
LjV] 342 KR045608.1 Genotype 2
LjV] 145SL| AF327922.2
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HPeV] NC 001897 1

e

0050

Figure 19 Phylogenetic tree of the qPAR LV amplicons with previous LV
isolates. Maximum Likelihood trees were created using the K2+G model,
branch lengths are drawn to a scale of nucleotide substitutions per site.
Numbers above individual branches show bootstrap support after 100
replicates. LV sequences from this study are highlighted with a blue box.
Sequences are shown with species name, strain name and the GenBank
accession number. HPeV, Human parechovirus.

Due to the short sequence length and high homology between the
sequences, the generated phylogenetic tree has low bootstrapping
probability scores, and cannot be used to draw any definite

conclusions regarding the phylogeny of these viruses.
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Primers were then designed to retrieve further sequence of the
Ljungan Virus (LV), particularly coding sequence. Initial primers were
designed to target a 142bp section of VPO and a 537bp section of the
VP1 gene, for both human parechovirus and Ljungan virus.
Optimisation using annealing temperature gradients was performed
on these primers, but they failed to amplify the target sequence. LV
specific versions of these primers were then designed to improve the
specificity, but again they failed to amplify the target. A published
group of primers were taken from Nix ¢f @/ [221] and had the
annealing temperatures optimised; these again failed to amplify any
target. Several other primers were designed targeting different genes

(Table 2), all of which failed to amplify any further sequence.
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3.2.5.5. Analysis of rosavirus
A Total of 17 (6.14%) bank voles were positive for Rosa virus.
Urwitalt had the most infected voles (n=8), followed by Pilchy (N=0)
and Talty (N=3), however, this difference in virus prevalence was not

statistically significant (Figure 20).

RV Prevalence By Site

100+ M Positive

Negative

.1 - —

Urwitalt Pilchy Talty
Capture Site

Figure 20 Prevalence of Rosavirus in bank voles captured at each of
the three sites in Poland

rosavirus prevalence was similar between voles in each age bracket;
the lowest prevalence was in mature voles (5%), with prevalence
increasing to 6.3% in juvenile voles and 6.9% in adolescents (Figure

21).
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RV Prevalence By Age Of Vole
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Figure 21 Prevalence of Rosavirus in bank voles of different ages.

Phylogenetic analyses of the 330bp amplicon of rosavirus 3DPol
shows that the two sequenced samples, PMgE31” and PMgE2’ both

cluster with the rosavirus A species, specifically rosavirus Al (The

type species) (Figure 22).
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Figure 22 Phylogenetic tree of the RoV. Maximum Likelihood trees were

created using the K2+G model, branch lengths are drawn to a scale of

nucleotide substitutions per site. Numbers above individual branches show
bootstrap support after 100 replicates. RoV sequences from this study are

highlighted with a blue box. Sequences are shown with species name and the

GenBank accession number.
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3.2.5.6. Analysis of cardiovirus
Five rat kidneys were positive for cardiovirus (7%). Two of the five
were sequenced, the closest related species was Boone cardiovirus
(JQ864242.1), with an identity of 96.6%. Phylogenetic analysis of the
small fragment of the sequence also supports this, with the two
sequences clustering with Boone cardiovirus in the cardiovirus C

clade (Figure 23)
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Figure 23 Phylogenetic tree of gPAR CaV amplicons, and published
sequences. Maximum Likelihood trees were created using the K2+G model,
branch lengths are drawn to a scale of nucleotide substitutions per site.
Numbers above individual branches show bootstrap support after 100
replicates. CaV sequences from this study are highlighted with a blue box.
Sequences are shown with species name, strain name and the GenBank
accession number.
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3.2.5.7. Analysis of the hunnivirus
Six of the house mice were positive for HuV. A phylogenetic tree of
the qPAR amplicon shows that the mouse-derived HuV broadly
clusters with other rodent-derived hunniviruses, though it forms a

novel clade within this group.

Hunnivirus 83GR|83GR 70 RAT106]KT944212

Hunnivirus 83GR|83GR 70 RAT130|KT944213
Norway rat hunnivirus|NrHUV/NYC E21|KJ950971

Hunnivirus 05VZ|05VZ 75 RAT099|KT944214

Rattus tanezumi hunnivirusfWencheng Rt38 2|MF352430
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i Bovine hungarovirus 1{BHUV1/2008/HUNIQ941880
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Figure 24 Phylogenetic tree of qPAR amplified HuV sequences, and
published HuV sequences. Maximum Likelihood trees were created using
the K2+G model, branch lengths are drawn to a scale of nucleotide
substitutions per site. Numbers above individual branches show bootstrap
support after 100 replicates. HuV sequences from this study are highlighted
with a blue box. Sequences are shown with species name, strain name and
the GenBank accession number-.



3.3.
3.3.1.
3.3.1.1.

3.3.1.2.

Discussion
Hantavirus

Primers

The Primers that were initially chosen, HAN-L were designed by
Klempa et al [217] in 2006 and were subsequently adopted in
numerous studies of orthohantavirus prevalence in rodents [222],
shrews [223], bats [224], moles [225] and humans [2206]. Since then,
the diversity of orthohantaviruses has increased with the discovery of
novel species, and it becoming evident that these primers may not

detect all hantavirus strains.

HAN-L primers have been used to detect Seoul virus in British rats
[164], this particular strain would likely be highly similar to any
circulating within the Rats screened in this study and so would also
likely be detected if present. To date, no orthohantavirus has been
detected in house mice, field mice, spiny mice or red squirrels; as such
it is impossible to say whether any orthohantaviruses would be

detected by the primers used in this study.

Detection of TATV

An orthohantavirus closely related to Tatenale orthohantavirus was
detected in a single field vole from the Twycross zoo cohort and field
voles from the Chester zoo cohort. Tatenale orthohantavirus has
been detected twice, in Chester in 2013 [178] and the Scottish-English

border region in 2017 [179].

3-97



Prevalence of Tatenale virus in the voles from the Chester cohort was
10%; greater than the previously reported prevalence of B41 in field
voles that had been captured at the village of Tattenhall, 8.4 miles
away. Given the degree of similarity of the viruses from Chester and
Tattenhall, this variance in prevalence is unlikely to be a result of a
genetic factor such as increased transmissibility. The Field voles
captured at Chester zoo were predominately collected between
October 2013 and November 2014 (with a small number caught in
late 2016 and 2015), whilst those screened in Pounder ez a/ were
captured between 2009 and 2011. Puumala orthohantavirus, a closely
related species has a well-studied relationship between the population
dynamics of its reservoir, the Bank Vole (Myodes glareolus), and
Puumala virus infection. Bank Voles undergo a resource-dependent
temporal population density cycle, during which Puumala virus
prevalence fluctuates and is at its highest during years of increasing or
peak vole density [227]. Field vole populations in Northern England
exhibit a similar multi-annual cyclic pattern, these fluctuations are
irregular with cycles of 3 or 4 years being described [228]. These cyclic
population dynamic have also been reported in Scotland and
Southern England [229]; both exhibit a regular 3-4 year cycle.
Tatenale virus likely exhibits a similar pattern of prevalence following
the increasing and decreasing densities of the Field vole population,
which could be an explanation for the variation in the prevalence
between the populations screened here and previously. Thomason ef
al [179] reported a much higher prevalence of 16.7% in the Kielder

Forest populations. These voles were captured in 2015, as were the
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Chester Zoo cohort, this would mean that there is unlikely to be any
significant differences between the population densities as described
above. The Kielder strains of Tatenale virus are genetically distinct
from the Upton-Heath (and B41) strains, which could result in this
difference in prevalence; for example, Kielder could have greater
potential for transmissibility. The geography of the sample sites also
differs; Chester Zoo is situated amongst agricultural and urban land,
whereas the Kielder sites consisted of fragmented grassy clearings
surrounded by heavily forested areas. Therefore, access to food, levels
of predation and breeding site availability will differ between the two
sites, affecting population densities and therefore change the

probability of transmission.

The previous studies both used the same degenerate pan-hantavirus
primer set used in this study (HAN-L), this 452bp fragment of the
polymerase, and a small fragment of the S-segment were the only
sequences that were published and as such means that there is limited
genetic information regarding this virus. The second degenerate
primer set, HAN-Semi, was targeted at a region upstream of the
HAN-L target. There is no published sequence available for this
region of B41 or Kielder, which prevents any comparison of these

regions of the polymerase.

The Upton-Heath strain, detected in voles from the Chester zoo
cohort, were highly similar to the B41 strain, also detected in field
voles from Chester. Given the close geographic proximity and highly

similar sequences, it is likely that both viruses are of the same strain.
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The Norton-Juxta strain is divergent from both the B41/Upton-
Heath and the Kielder strains, indicating that is a third, novel strain of

Tatenale orthohantavirus.

Full-length sequence from multiple segments would allow a more
accurate phylogeny to be analysed. Accepted species demarcation of
orthohantavirus requires full-length coding sequence of both the S
and M segments; a 7% or greater amino acid difference in both the S
and M segments [230], or stricter criteria of greater than 10% AA
identity in the S and greater than 12% in the M segment [231]. As
PCR assays failed to recover any sequence data from the S or M

segments, Tatenale virus remains unable to be accurately speciated

This is only the third reported discovery of Tatenale virus, and so it
remains unclear whether the field vole represents the definitive
reservoir of this virus. The accepted dogma of hantaviruses being
associated with a single host reservoir would suggest that the field
vole is indeed the primary reservoir. However, the closely related Tula
virus has been known to infect multiple Microtus hosts, which would
suggest that Tatenale may also have a capability for host promiscuity.
Though as the geographic range of field voles do not overlap with the
only other UK Microtus species (European common vole, Mzcrotus

arvalis) this is unlikely.

As field voles are distributed throughout mainland Great Britain and
can be found in both rural and urban environments, there will likely

be many opportunities for transmission of a hantavirus between the
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3.3.2.
3.3.2.1.

reservoirs and human, if Tatenale virus is capable of transmission into

humans.

Bornavirus

No Detection of orthobornavirus

There was no detectable presence of orthobornavirus RNA in any of
the rodent tissue samples screened during the study. Given the
scarcity in the reports of Bornavirus infection in the UK and the
comparatively limited sample size used it is perhaps unsurprising that
no orthobornavirus has been detected so far. Additionally, naturally
occurring Bornavirus infection has yet to be reported in any of the
species screened. Successful experimental infection of rats with
BoDV-1 has been reported on several occasions, which demonstrates
that they are susceptible to orthobornavirus infection and may act as a
potential if improbable reservoir. Infection studies have shown that
levels of detectable orthobornavirus RNA in experimentally infected
immunocompromised rodents are relatively high, particularly in the
blood. However, these levels were found to significantly drop in
animals with functioning immune systems, which would suggest that
the presumably healthy rodents used in this study would have reduced
viremia. Experimental infection of mice with BoDV-1 have reported
the complete absence of detectable BoDV-1 in blood, which again
suggests little to no viremia in immune-competent rodents. As these
viruses are primarily neurotrophic, brain tissue or cerebrospinal fluid
would be the most suitable sample to screen. Brain tissue was only

available for a small minority of the rodents in the Twycross Zoo
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cohort and none of the other cohorts. Due to the Twycross Zoo
samples being snap-trapped for pest-control, the samples had
potentially been dead for several hours or even days before being
collected by staff, and therefore the brain tissue had substantially
degraded; RNA extraction was attempted on four samples, but as
predicted, the tissue was poor quality and resulted in a negligible yield

and poor quality of the RNA extracted.

In a separate study, VSBV-1 was recovered from multiple organs of
asymptomatic variegated squirrel; RT-qPCR showed a greater viral
load in the kidneys and a similar viral load in the lungs than the brains
of these squirrels. This would suggest that kidneys and lungs are
suitable organs to screen for infection with VSBV-1 or related
orthobornaviruses and that had any of the rodents been infected, it

would have been detected using the RT-PCR screening in this study.

This is perhaps a defining distinction in the tropism of shrew-
associated orthobornaviruses like BoDV-1 and rodent-associated
orthobornavirus like VSBV-1. It is likely that if any orthobornaviruses
were present in the rodents screened, that they would share the same
tissue tropism as VSBV-1 and that the lung and kidney tissues were

indeed suitable targets.

Given the limitations in the sample types and sizes used in this study,
particularly in the British rodent cohorts, it is premature to rule out
the possibility of orthobornaviruses circulating in the United
Kingdom. Further studies would benefit from using live-caught and

euthanised rodents to limit the degradation of tissue samples.
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Expanding from degenerate PCR screening, seroprevalence studies
would be incredibly useful to investigate past infections with

orthobornavirus.

Picornavirus

Selection of Screening Primers

Four genera of Picornaviridae were detected in the rodents screened in
this study; Parechovirus, rosavirus, cardiovirus and hunnivirus. The primers
selected from Nix ez 2/ [218] were designed to amplify only Parechovirus
A and Parechovirus B, however. Nix ef a/ had screened multiple
picornaviruses to determine the specificity of the primers, these
included 2 cardiovirus species (encephalomyocarditis virus and
Theiler's murine encephalomyelitis virus) and 4 enteroviruses
(coxsackievirus A16, echovirus 30, coxsackievirus A24 and
enterovirus 68); it is unclear why the primers had failed to amplify

cardio viruses in the previous study but had amplified them here.

The primers were designed to target a section of the 5’ untranslated
region (UTR) which encodes an internal ribosomal entry site IRES),
which are highly conserved. picornaviruses have one of five classes of
IRES [232]; Parechovirus [233], rosavirus [234), cardiovirus [235] and
hunnivirus [236] all have type II IRES sites. The similarity between
each species IRES would explain why these primers were amplifying

non-parechovirus picornaviruses.
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Detection of Ljungan Virus

This is the first detection of Ljungan virus in Poland, and Eastern
Europe in general; expanding it’s known range in Europe from
Fennoscandia, Denmark [237] and Southern Europe [138]. The three
sampling sites used are geographically isolated from one another,
Talty and Uriwalt are 6 linear kilometres from one another, whilst
Uriwalt and Pilchy are 21 kilometres apart, each of these sites is also
separated by lakes and motorways. As direct interactions between
voles from each of these sites is likely constrained, but LV prevalence
remains consistent between at least two of the sites, it would suggest
that LV is well established in the region and likely to be prevalent in
other vole populations. The Talty site had a significantly higher
proportion of samples from mature voles; mature voles have a
significantly lower prevalence of LV than juvenile specimens, this
would likely explain the lower prevalence of LV infection at the Talty

site.

Little is known of interactions between LV and wild bank vole
reservoirs. The lower prevalence of LV infection in mature voles
would suggest that infection may not be persistent, with the voles
clearing infection before reaching adulthood. This is similar to human
parechoviruses, in which most infections occur before the age of 2
and are subsequently cleared [238]. Fevola et al [239] recently
reported similar findings, lower LV prevalence in mature voles, whilst

studying multiple populations of voles in Finland. They also found a
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significant difference in LV prevalence between males and females,

with males having a higher LV prevalence.

The sequenced isolates cluster into 3 genotypes, 2 of which appear to
be novel. As these sequences are only a small fragment from a single
region of the genome, the accuracy of the phylogenetic tree cannot be
determined. Recombination events have been described in both
HPeV [126] and LV [240], this further emphasises the need for
sequencing of other regions, as different parts of the genome may

have different evolutionary origins.

Detection of rosavirus in Polish Bank Voles
RV has been detected in 6.14% of screened bank voles. The RV
genus is primarily associated with rodent reservoir hosts, including
mice [234] and multiple species of rats [241] The RV detected in this
study appears to be closely related to rosavirus A species; the closest
related strain is M-7, which was isolated from the faeces of Peromyscus
crinttus in 2010. All RV strains detected so far have neem detected in
the USA [242], Asia [241], Africa [243] and Hungary [244]. These
findings represent the first detection of a rosavirus in Poland and the
first detection in a species of vole. Given that RV was detected in
multiple samples, it is likely that bank voles are a true reservoir and

the positive voles were not spillover infections from another source.

M-7 strain of RV-A has yet to be associated with any disease in host
species, and there is no evidence to suggest that the RV detected in

this study had any pathogenic effect on the bank vole hosts. A related
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strain, rosavirus A2, has been detected in the faeces of children with
diarrhoea [243], though a causative link between virus and disease
wasn’t established. These viruses may be rodent-borne like other
rosavirus’, and the discovery in humans represent a spillover event;
the low prevalence of RV-A2 in the human cohorts (0.5%) would

suggest that humans are not a primary reservoir for these viruses.

There has been no research into the population dynamics of natural
RV infection in rodents. There was no significant difference between
the prevalence of RV in different ages of voles, as there was in LV
infection. This may be explained by persistent, chronic infection in
the voles, though more research would be required to validate this

hypothesis.

Detection of cardiovirus in British Brown
Rats

The cardiovirus genus contains three species, with a number of these
having a rodent reservoir, such as Theiler’s Murine Encephalomyelitis
Virus (TMEV) in mice [245] and Boone cardiovirus in rats [242].
These viruses are known to be pathogenic in their host species,
causing neurological disease [240]. Importantly, several viruses
closely related to the rodent-borne viruses are thought to be
pathogenic in humans, for example, Saffold virus [247] is closely
related to TMEV [248], and has been detected in children with
respiratory [249] and gastrointestinal disease [250]. cardioviruses have
also been implicated in cases of meningitis and sudden infant death

syndrome [251].
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The cardioviruses detected in this study were most closely related to
cardiovirus C, Boone cardiovirus (BcV). Boone cardiovirus was first
isolated in 2012 [252] and again in 2014 [242] in brown rats. It is
unknown whether BcV is capable of zoonotic transmission into
humans or even if it is pathogenic within its rat hosts. This is the first
isolation of a cardiovirus in the UK and the first isolation of Boone

cardiovirus outside of the USA.

Detection of hunnivirus in British House
Mice

hunnivirus, formerly Hungarovirus, has been detected in cows, sheep
[253], rats [242] and cats [254]. They were originally detected in
Hungary, and later in Northern Ireland, USA, China, Turkey and
Vietnam. The sequences detected in this study represent the first
detection of a HuV in a house mouse and the first detection of HuV
in England. This expands the known geographic distribution of these
viruses and further widens the known range of hosts. It is unknown
whether house mice constitute a true reservoir for HuV or are merely
a dead-end host; further screening and detection of HuV in M.
musculus samples and screening known hosts from the same locations,
without detection of HuV from the same locations would strengthen

the evidence of M. musculus as a primary reservoir.

To date, there is no evidence associating hunnivirus with any
pathogenicity within their host reservoirs. Lu et al [254] detected a
novel hunnivirus in single diarrheic cat and suggested a causal link

between the two, however, as the virus was detected in faeces it is
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possible that this was not a true infection, but rather a dietary
contaminant from predation on an infected rodent. Additionally,
there has been no evidence suggesting any capability of zoonotic

transmission into humans.

The 5’UTR of HuV is highly similar to that of Parechoviruses, both
in the nucleotide sequence and the secondary folding structure [236],
the most closely related IRES to that of HuV is HPeV-3. A close
evolutionary history between the two genera has been suggested, and
that modular recombination of the UTR may have occurred in
ancestral viruses. This relationship helps to further explain why the

supposedly Parechovirus-specific primers amplified HuV targets.

A complete phylogenetic analysis of the detected HuV wasn’t
possible, due to the small fragment of available sequence data, and the
complete lack of any CDS. Speciation of picornaviruses requires
>33% amino acid identity in P1 and >36% amino acid identity in the

non-structural proteins 2C+3 CD [255].

3.4. Conclusions
In this chapter, several species of rodents were screened for zoonotic
viruses. The detection of Tatenale virus in Twycross and Chester
Zoos represent only the third detection of these viruses. This has
extended the known geographic range of TATV from Northern and
North-Western England, strengthening the evidence that TATV is

endemic throughout England. The recovery of a novel TATV strain
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‘Norton-Juxta’, increases the known diversity of the species and is

further evidence of its endemicity.

The detection of several picornavirus genera, with the Parechovirus
assay, demonstrates and increased usefulness for virus-discovery,
though diminishes its suitability as a clinical diagnostic assay. The
known geographic range of LV and RV has been extended into

Eastern Europe, whilst CaV is now known to be present in the UK.

There remains no molecular evidence of orthobornavirus in the

United Kingdom.
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4. High-Throughput Sequencing of

Virus-Positive Rodents and Recovery

of Complete Tatenale

Orthohantavirus Coding Sequence

4.1. Introduction
The Previous chapter details the RT-PCR screening of rodents from
multiple locations, for zoonotic viruses. Two strains of Tatenale
orthohantavirus were recovered from field voles, and four
picornaviruses from brown rats, bank voles and house mice.
Complete genomes of these viruses were not able to be recovered
with degenerate primer-based PCR, and so were sequenced using

unbiased high-throughput sequencing (uHTS).

uHTS, or Next-Generation Sequencing (NGS), is an increasingly
popular method for both virus discovery and recovery of the viral
genome. The costs of sequencing with this technology have decreased
significantly [256,257], which has led to an increase in the frequency

of its use.
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4.2.
4.2.1.

Results

Sample Selection

Nine samples of animal tissue were chosen for Illumina HiSeq uHTS.
These samples were two bank vole livers positive for Ljungan and
rosavirus, A house mouse kidney positive for hunnivirus, a brown rat
positive for cardiovirus, A lung and kidney from a Tatenale
orthohantavirus positive field vole. Two Swan livers with no known
viral infections were also included (Table 10). Additionally, A rabbit
gut fluid sample and a Field vole gut sample were added to the

samples in this HTS run but were analysed as part of a separate

project.
Known Virus
Sample Species Organ Library
Positive
Tatenale
Kidney I
orthohantavirus
KE4 Field Vole
Tatenale
Lung 8
orthohantavirus
KEI6 Brown Rat Kidney Cardiovirus 2
KF5D House Mouse Kidney Hunnivirus 3
Rosavirus,
EI120 Bank Vole Liver 6
Coronavirus
E293 Bank Vole Liver Ljungan Virus 7
Swml9
Swan Liver None 4
Swm?20

Table 10 Samples that were selected for high-throughput sequencing.
The species, tissue type, the virus (if known) and the index number
assigned to each sample are shown.
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4.2.2.

Evaluation of Enrichment Methods

To determine whether enrichment methods would improve the
recovery of viral RNA, samples were subjected to a published
enrichment protocol, with and without the addition of RNase, and

compared to unenriched samples.

To compare the amount of host genome between enriched and
unenriched samples, a GAPDH PCR was run on dilutions from both
enriched and unenriched TATV-positive field vole kidney. GAPDH
was detectable at a dilution of 107 in the unenriched samples and 10
in the enriched sample, indicating that GAPDH had been removed
from the enriched RNA. The same samples were screened for
orthohantavirus using the HAN-Semi primers; Orthohantavirus was
detectable at dilutions of 10" in entiched samples, whilst only
undiluted in unenriched samples. These results show that the
enrichment process can successfully reduce the amount of host
genomic material, concentrating any viral nucleic acid in the sample;

this effect only improved the signal by one log, however.

The picornavirus positive samples, E120, E293, KE16D and KF5D,
were enriched using the same method. Whilst GAPDH was
detectable in each of these samples, picornavirus was not consistently

detected in the enriched samples

Preliminary library preparation of KE4F and KE4D without
enrichment showed that orthohantavirus was detectable at increased

dilutions, 10” in KE4D and 10* in KE4F.
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It was decided that the ribosomal RNA depletion that is implemented

in the library preparation process was sufficient to enrich viral RNA

in the sample and that further libraries would not be enriched.

Tapestation Analysis of RNA and Libraries

The RNA was analysed before creating the HTS libraries, as RNA

concentration and RIN (RNA Integrity Number) influences the

protocol. The libraries were then reanalysed before sequencing, to

confirm sufficient yield cDNA concentration and whether correct

fragment sizes had been created (Table 11)

Pre-Library Creation

Post-Library Creation

RNA cDNA Peak
Library | Concentration | RIN Concentration Fragment
(ng/pl) (pg/u) size (bp)
KE4D 282 3.2 35.1 285
KE4F 138 1.5 2410 280
KEI6D 735 2.4 80.4 258
KF5D 432 2.6 243 266
E120 468 83 35.1 285
E293 750 8.1 124 284
Swml9 772 4.7 196 251

Table Il Results of Tapestation analysis of the pooled RNA,
and the cDNA sequencing libraries following rRNA depletion.
RIN is the RNA Integrity Number, and indicates the quality of

RNA
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4.2.4.
424.1.

Recovery and Analysis of Complete TATV
HTS of Norton-Juxta TATV

The kidney and lung of the TATV positive Field vole captured at
Twycross zoo were subjected to uHTS. A total of 62,191,960 reads
were sequenced from the lung tissue library; after pair-merging and
trimming, 27,279,217 reads remained. These reads were then mapped
to reference genomes; 3,786,262 reads were left in the final processed
dataset. The processed reads were mapped directly onto the reference

sequences for S, M and L segments of Puumala orthohantavirus

(PUUV).

A total of 30,229 reads, representing 0.79% of filtered reads mapped
onto the reference L. sequence over five iterations. There was 100%
coverage of the 5’ untranslated region (UTR) and coding sequence

(CDS), and partial 3> UTR. The Recovered CDS of TATV was 6465

nucleotides in length (2155 amino acids).

Mapping the reads to the M segment reference retrieved 32,806
(0.87%) reads over five iterations. Reads mapped to 100% of the
reference sequence, recovering complete 5 UTR, CDS and partial
3’'UTR. The CDS of M was 3447 nucleotides (1149AA) and the

5’UTR was 40 nucleotides

31,671 reads were mapped to the S segment reference, approximately
0.84% of the total reads. These mapped across 100% of the reference,
recovering complete CDS and both the 5 and 3° UTR’s. The CDS of
the recovered S was 1302 nucleotides (434 AA), and the 5> UTR and

3’ UTR being 42 and 489 nucleotides, respectively.
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4.2.4.2. Recovery of Upton-Heath TATV
HTS libraries were prepared before the discovery of TATV in the
Chester zoo cohort of field voles, and so did not include an Upton-
Heath TATYV positive sample. To recover the genome of this strain,
the PCR primer walking technique was used, in which a series of
overlapping primers were designed using the Norton-Juxta strain as a
reference. The amplicons from these PCR reactions were then Sanger

sequenced and mapped to the Norton-Juxta reference to assemble the

full CDS.

The Complete L. CDS was recovered using 15 pairs of primers
(Figure 25) and complete S CDS with 3 primer pairs (Figure 27). Five
pairs of primers were initially designed for the M segment (Figure 20),
however, only partial CDS was recovered, with 90bp missing from

the 3’ end of the CDS.
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Figure 27 Primers designed to recover Upton-Heath TATV S CDS and UTR,
mapped onto the CDS of Norton-Juxta S segment.
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Figure 26 Primers desinged to recover Upton-Heath TATV M CDS,
mapped onto the CDS of Norton-Juxta M segment.
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Figure 25 Primers designed to recover Upton-Heath TATV L CDS,
mapped onto the CDS of Norton-Juxta L segment.
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Analysis of Complete TATV CDS

The CDS of the L. segments of both strains showed a similarity of
90.6% across the 6465 nucleotides and 99% across the 2154 amino
acids. Phylogenetic analysis of the TATV L. CDS and other
Aprvicolinae-associated orthohantaviruses show that TATV clusters
with Puumala, Khabarovsk and Yuanjiang orthohantaviruses, but
forms a distinct, novel clade from them (Figure 28). This phylogeny is
supported by strong bootstrapping values. The closest related
orthohantavirus was Khabarovsk virus, with both strains having a
similarity of 78% at the nucleotide level, and 90% at the amino acid
level. A comparable degree of similarity was also seen to the other
Arvicolinae-associated species; 77.7% (90.4% aa) to Yuanjiang virus,
77.9/77.6% nt (88.1/87.5% aa) to Puumala virus and 76.9% nt

(86.5% aa) to Tula virus.

Whilst a small section of the M CDS of Upton-Heath wasn’t
recovered, the similarity between the two strains is unlikely to differ
significantly than that of complete CDS. At the nucleotide level, the
two strains were 91.3% similar; at the amino acid level, the similarity
was 99.1%. The phylogenetic tree shows a similar pattern of
clustering as the L. CDS, with TATV again clustering with Puumala
virus, Yuanjiang virus and Khabarovsk virus. By contrast, the M CDS
forms a clade with Khabarovsk, Yuanjiang and Fusong viruses, with
strong bootstrapping values. Khabarovsk is the closest related
orthohantavirus, with a nucleotide similarity of 76.4% (Norton-Juxta)

and 77.1% (Upton-Heath), and amino acid similarities of 87.5% and
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87.8%. Similarities to Yuanjiang virus at nucleotide level were
75.3/75.7% (86.5% aa), Puumala was 74.8/75.5% at nucleotide

(84.7/84.6% aa) and 74.7/75% (*/83.5% aa) to Tula virus.

Similarities between the CDS of the S from both strains is 94.2% at
the nucleotide level, and 99.1% at amino acids level. Phylogenetic
analysis of the CDS showed an almost identical topology as the
phylogeny of M. TATV clusters with the Khabarovsk virus,
Yuanjiang virus and Fusong virus clade; forming a novel lineage. Both
the Norton-Juxta and Upton-Heath strains were most similar to
Khabarovsk 79.2% nt (89.4% aa). Similarities to other
orthohantavirus species were 78.9% at nucleotide (88.2%) to
Yuanjiang virus, 78.7/78.9% nucleotide similarity (88% aa) to Fusong
vitus, 77.9/78.4% (87.8% aa) to Puumala virus and 74/73%

(81.8/80.4% aa) to Tula vitus.
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Figure 28 Phylogenetic relationship of the L segment of Tatenale virus with other
vole-associated orthohantavirus species. Representative complete coding sequences
were used. Maximum Likelihood trees were created with a GTR+G+| model [349].
Branch lengths are drawn to a scale of nucleotide substitutions per site. Numbers
above individual branches show bootstrap support after 1000 replicates. Tatenale
virus strains are highlighted in boldface and a blue box. Sequences are shown with the
species name, strain name and the GenBank accession number. PUUV, Puumala virus;
HOKY, Hokkaido virus; FUSV, Fusong virus; YU}V, Yuanjiang virus; KHAV,
Khabarovsk virus; TOPV, Topografov virus; TATV, Tatenale virus; PHV, Prospect Hill
virus; ILV, Isla Vista virus; TULV, Tula virus; ADLV, Adler virus; LUXYV, Luxi virus;
FUGY, Fugong virus; ANDV, Andes virus

419



PUUV|Kazan|Z84205
PUUV|Samara 49/CG/2005|AB433850
PUUV|Samara 94/CG/2005|AB433852
PUUV|CG1820/POR|KT885051
100 | PUUV|DTK/Ufa 97|AB297666
PUUV|PUUV/Pieksamaki/Mg7/2008|JN831944
PUUV|Sotkamo 2009|HE801634
PUUV|UmealhulAY526218
PUUV|Orleans/Mg23/2010|KT247600
PUUV|Orleans/Mg29/2010]KT247601
100 | PUUV|Ardennes/Mg156/2011|KT247603
PUUV|Ardennes/Mg75/2011|KT247602
PUUVIMW/07/1219|KJ994777
PUUV|Jura/Mg2/2010|KT247598
100 | PUUV|Jura/Mg214/2010]KT247599
— HOKV|Kitahiyama128M/2008|AB676848
i 100 L= HOKV]Tobetsu35M/2010JAB675451
TOPV|Ls136V|AJ011647
83 FUSVIMf 682|EU072488

— YUJV|Yuanjiang Mf 13[KJ857333

100 — KHAV|Yakeshi Mm 59|EU072489

KHAV]|Yakeshi Mm 182|KJ857332

100 KHAVIMF 43]AJ011648

a3 | 1 KHAV|Fuyuan Mm 250|KJ857340

100 - KHAV|Fuyuan Mm 254|KJ857329

TATV|Upton Heath/JFV32|MK883758
100 E TATV|Norton Juxta/KE4|MK883759

PHV|Par|X55129

L] 1_00‘: TULV|Moravia/5302v/95|NC 005228
TULV|Turkey/Palandoken/8101Mo/2016|MH649271

100 ADLV|Mm/98 08|KP013579
4100[[ ADLV|Mm/296 08]KP013580
100 L ADLVIMm/302 08]KP013581
FUGV|G10|KT899702
ﬂmxsogmwsezm

ANDV|Chile 9717869|NC 003467

8]

_
020

Figure 29 Phylogenetic relationship of the M segment of Tatenale virus
with other vole-associated orthohantavirus species. Representative complete
coding sequences were used. Maximum Likelihood trees were created with a
GTR+G+| model. Branch lengths are drawn to a scale of nucleotide
substitutions per site. Numbers above individual branches show bootstrap
support after 1000 replicates. Tatenale virus strains are highlighted in
boldface and a blue box. Sequences are shown with the species name, strain
name and the GenBank accession number. PUUV, Puumala virus; HOKY,
Hokkaido virus; FUSV, Fusong virus; YU}V, Yuanjiang virus; KHAYV,
Khabarovsk virus; TOPV, Topografov virus; TATV, Tatenale virus; PHV,
Prospect Hill virus; ILV, Isla Vista virus; TULV, Tula virus; ADLV, Adler virus;
LUXYV, Luxi virus; FUGYV, Fugong virus; ANDYV, Andes virus
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Figure 30 Phylogenetic relationship of the S segment of Tatenale virus with

other vole-associated orthohantavirus species. Representative complete

coding sequences were used. Maximum Likelihood trees were created with a

GTR+G+| model. Branch lengths are drawn to a scale of nucleotide

substitutions per site. Numbers above individual branches show bootstrap

support after 1000 replicates. Tatenale virus strains are highlighted in

boldface and a blue box. Sequences are shown with the species name, strain

name and the GenBank accession number. PUUV, Puumala virus; HOKY,
Hokkaido virus; FUSV, Fusong virus; YU}V, Yuanjiang virus; KHAYV,
Khabarovsk virus; TOPV, Topografov virus; TATV, Tatenale virus; PHV,

Prospect Hill virus; ILV, Isla Vista virus; TULV, Tula virus; ADLV, Adler virus;

LUXYV, Luxi virus; FUGYV, Fugong virus; ANDYV, Andes virus
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Retrieving picornavirus Genome from
Positive Rodent Samples

KE16D, Cardiovirus Positive Rat

The Rat kidney library had 52,224,266 reads. Pairing, trimming
merging the reads resulted in 22,189,279 reads. Mapping these reads
to the R. norvegicus genome and transcriptome removed 21,545647

reads, leaving 597,406 non-host reads (2.7%).

These reads were mapped to the complete CDS sequence for Boone
cardiovirus (JQ864343.1) (Figure 31); A single set of paired-reads
were mapped to the genome. Both reads were 150 bp in length and
overlapped one another to make a 189 bp contig. This contig was
2.2% of the total length of the reference sequence, corresponding to
positions 5895-6084, the contig mapped with 94.7% pairwise identity
to the reference. The contig was then BLASTN searched against the
NCBI nt confirming that Boone cardiovirus was the closest match,
with Boone cardiovirus 2 92.59% identical and cardiovirus C 92.06%

identical.
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Figure 31 KEI6D Reads mapped to the Boone Cardiovirus Genome

425.2.

E293, Ljungan Positive Bank vole

A total of 61,790,654 reads were obtained from the E293 library;
pairing, merging and trimming of the sequencing resulted in
27,627,191 reads. 26,380,091 reads were mapped to a reference

genome for bank voles, leaving 1,246,442 unmapped reads (4.5%).
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These non-host mapping reads were mapped directly to the reference
genome for LV (NC_003976.2) to retrieve any Ljungan virus reads

from the dataset. However, no such reads were detected in the data.

E 120, Rosavirus Positive Bank Vole

There were 65,928,072 paired reads sequenced from the E120 library.
The reads were merged, into 30,934,726 reads and then quality
trimmed which resulted in a final read number of 30,842,294. These
were mapped to NC_024070.1, rosavirus 2, no rosavirus hits were

retrieved from this dataset, however.

KF5D, Hunnivirus Positive House Mouse
There were 66,682,076 initial reads; merging and trimming these tread
left 29,976,320 reads. These reads were mapped to the reference
genome and transcriptome for M. musculus and the mitochondrial

reference sequences. This removed 27,071,650 reads, leaving

2,904,670 non-host reads (9.69%).

Mapping to hunnivirus reference sequences retrieved no further HuV

sequences.

Virus Discovery Using HTS
SWN19/20, Swan Liver

Sequencing of the swan liver resulted in 56,823,438 paired reads,
these were trimmed and merged into 23,892,051 reads. Host mapping
removed 20,836,235 reads, leaving 3,055,816 reads in the final dataset

(12.7%).
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These reads were De novo assembled into 408,681 contigs, which were
then BLASTn searched against custom nucleotide databases
containing all complete viral genomes for each virus order. They were
also BLASTx searched against a database containing the amino acid

sequences of RNA virus polymerases.

No viral sequences were detected in these samples in either the

BLLASTnh or BLASTX results.

KE4, Kidney and Lung
The host-filtered reads were de novo assembled, 1,506,754 of the reads

were assembled into 101,595 contigs.

BLASTn and BLASTx against virus databases and RNA-Virus

polymerase database returned only orthohantavirus sequences.

Rat, Mouse and Bank Vole samples
The processed and trimmed sequences from the bank vole liver
samples E120 and E293, the Rat kidney KE16D and the mouse

kidney KFF5D were each individually e #ovo assembled.

KE16 produced 145,488 contigs, KF5D produced 729,201 contigs,

E120 produced 338,915 contigs and E293 produced 244,107 contigs.

BLASTn and BLASTx searches failed to detect any additional

legitimate viral reads detected in any of these samples.
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Discussion

Library Preparation

This was the first analyses of these samples derived RNA, aside from
nanodrop spectrophotometry; the cost and time and time required for
Agilent Tapestation analysis prohibited its use for all RNA extracted
for RT-PCR screening in the previous chapter. This analysis
highlights how RNA quality derived from different tissues can vary
significantly. The field vole sample KE4 had RNA extracted from
both its lungs and kidneys, these tissues would have had an almost
identical time from the death of the animal to processing and storage
at -80°c and a similar number of freeze-thaw cycles. The kidney
sample, KE4D, had a RIN and RNA yield almost double that of the
lung sample, KE4F. Lung tissue is much more exposed to the
environment than kidney and would, therefore, degrade at an
accelerated rate. Furthermore, lung tissue can contain a significant
amount of fibrous tissue, such as collagen, depending on which
section of the lung is sampled; fibrous tissue can significantly reduce

the amount of RNA extracted from samples.

The quality of some libraries was poor, and ideally would have not
have been selected for sequencing, and instead have the sample index
re-prepared. However, given the expense of the rRNA depletion kits
and the library preparation kits, it was decided to proceed with the

samples.
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Recovery of Full-Length TATV CDS

The complete CDS of all 3 segments of Norton-Juxta and almost
complete Upton-Heath CDS that were sequenced in this study is the
first reported recovery of full coding sequences for Tatenale
orthohantavirus. This is also the first sequence of the M segment to
date. Only two small fragments of the L. and the S segments had been
successfully sequenced, from which preliminary phylogenetic analysis
has been obtained, both in the previous chapter and other
publications [178,179]. The phylogenetic trees derived from the
~450bp fragment of the L. segment show that TATV is closest related
to Tula virus, and forms a novel clade from Puumala/Khabarovsk
virus and Tula/Prospect Hill virus. The Phylogeny of the complete L
CDS differs from the previous phylogenies, with TATV being much
more closely related to Khabarovsk virus than Tula virus, which is

consistent across all three complete CDS.

In addition to establishing an accurate phylogeny, recovery of full
CDS establishes TATV as a novel species of orthohantavirus, which
was suspected but was unable to be verified with the limited amount
of sequence data available. Species demarcation of viruses is often
contentious, with many papers reporting novels species, without
providing sufficient sequence data to support these claims. The
International Committee on Taxonomy of Viruses” (ICTV) [258]
latest taxonomic proposal for the Hantavirus genus removed the
species taxonomic status of 7 claimed species, whilst conferring

species status to 24 viruses [259]. These changes are a result of
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tightening of the demarcation criteria; an amino acid difference of
greater than 7% in the complete S and M segments had been
suggested in a previous ICTV release [230], whilst a more recent
proposal requires stricter criteria of >10% amino acid difference in
the S segment and >12% in the M [231]. The Norton-Juxta strain of
TATYV satisfies both sets of criteria completely, whilst the S and
partial M segments of the Upton-Heath strain are sufficiently
divergent but do not meet the required criteria due to the

incompleteness of M.

Whether TATV can infect humans, and its potential pathogenicity
remains unknown. Recovery of the complete CDS, particularly the M
segment, will allow in vitro studies into determining the potential of
TATYV as a human pathogen. Pseudotyping, for example, is a
technique in which the glycoprotein of a virus is inserted into a
lentiviral backbone with a reporter gene (a pseudotyped virus) and
transfected into cell cultures; A technique which has been used
previously with hantaviruses [260]. This experiment would examine
the virus’s ability to enter human cells; if it is unable to infect human
cells 7n vitro, then its zoonotic capability would be unlikely. Whilst
Pseudotyping would answer the question of whether TATV can
infect human cells 7z vitro, it would not provide a definitive answer to
TATV’s pathogenicity. Serological experiments using human samples
to assay past exposure to TATV would be a logical step towards
determining infectivity. However, the serological cross-reactivity

between certain species of orthohantaviruses that are closely related
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to TATV [261]; may throw doubt onto any results of these
experiments; TATV-specific antibodies must also be shown to be
unreactive to other orthohantavirus to conclusively prove TATV-
infection in seropositive samples. Ultimately, the only conclusive way
to prove the infectivity of TATV in humans would be to screen
human samples and detect viral RNA. If the positive samples were
associated with clinical symptoms, then TATV could also be shown
to have a pathogenic effect on humans. A Recent example of the
evidence required to establish the pathogenicity of an orthohantavirus
n example of this would be Tula virus, which was disputedly
suspected to be zoonotic [262] until the virus was finally recovered

from a patient hospitalised with Hantavirus Disease [263].

High-Throughput Sequencing of
Picornavirus Positive Rodent Samples

Fragment of a CaV recovered.

The sequencing of the CaV-positive rat only recovered a single
further fragment of the genome. This fragment is most identical to
the same published sequence as the qPAR amplicon, which supports
the previously generated phylogeny. This also confirms that the
sequenced virus is indeed a cardiovirus and not a different

picornavirus species with a highly similar IRES sequence.

No Recovery of LV or RV from Bank Vole
Kidney, or HuV from House Mouse Kidney

High-Throughput Sequencing of KF5, E120 and E293 failed to

retrieve any viral genome of their associated picornavirus; HuV, RV
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and LV, respectively. The precise reason the genomes were not
sequenced cannot be completely established; RNA quality, library
preparation, sequencing and data analysis are all potential steps which

may have negatively affected the recovery of the virus genome.

It is unlikely that poor RNA quality was a factor in the failure to
detect rosavirus, as the RIN of this sample was 8.3, the highest of the
samples in this HTS run. Similarly, the Ijungan Virus positive sample
(E293) had a RIN of 8.1, the second-highest of the samples. KF5D,
the hunnivirus positive, had a much lower RIN of 2.6, which may
have influenced the results. The RIN measured in the samples is
predominantly an indicator of the quality of host RNA present in the
sample. However, if a sample has been processed and stored well
enough to preserve the host RNA, then viral RNA would presumably

have been reasonably well-preserved.

Choice of the tissue sample may also have affected virus recovery.
There is surprisingly little information available regarding the organ
tropism of LV, RV and HuV; Many of the isolates are recovered from
blood samples, or only a single organ, which makes the comparison
of viral loads in organs difficult. In the case of E120 and E293,
however, only a single organ was available for screening, and so

choosing the best organ was a moot point.

A potential reason for failure to recover any LV sequence from the
sample could be that the viral load was low enough that viral genome
was not present in sufficient quantity in the RNA used to prepare the
sequencing index to be detected.
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Multiplexing of several indexes into a single sequencing library will
reduce the total number of reads for each library, assuming each
index is loaded in a uniform concentration. If fewer indexes had been
pooled into the library, then perhaps the additional reads available to
these picornavirus libraries would have recovered the genome, or

fragments thereof.

Virus Discovery with HTS

Investigation of Swan Liver

The swan tissue was included in this sequencing as an opportunistic
sample, tissue was collected from two swans which had died in the
Clumber Park, a country park located in Nottinghamshire. An
ongoing die-off of swans in the park and the recent outbreak of avian
influenza A H5NE throughout Europe, which had been detected in
swans [264], had led to an initial concern of an outbreak in these
birds. Influenza screening by the Animal and Plant Health Agency

(APHA) were negative, however.

No legitimate viral sequences were detected in these samples using

the in-house analytic pipeline.

Rodent Samples

A number of additional viruses were detected in KE4D and E120, as
well as two other rodent samples included in the sequencing run, the
results and analyses of which were part of a separate project [265].

These included picornaviruses, Paramyxoviruses and Rotaviruses.
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No additional viruses were detected in KE4F, KE16D, KF5D or
E293. It is not surprising that these samples were negative for any
further viruses, as the sequencing of only a few animals means that
the chances of finding a positive it reduced. Many studies using HTS
for virus discovery sample a much greater number of animals,
whether through pooling multiple samples into a single index [260] or
by increasing the number of indexes [267]. However, as the main
purpose of this HTS run, with the exception of the swan samples,
was to recover the complete genomes of the orthohantavirus and
picornaviruses identified in chapter one. The sample number was
therefore limited, to increase the number of reads for each of the

samples.

Bioinformatics Pipeline

The choice of bioinformatic pipeline strongly affects the outcome of
the analysis, leading to false negatives or even false positives [268].
The choice of bioinformatic pipeline can be influenced by several
factors, including hardware constraints, familiarity with software and
the sequencing technology used. The pipeline used in this chapter was
run on a Windows operating system (OS) based computer with only a
moderate amount of computing power available, narrowing down the
usable pipelines. Most published bioinformatic pipelines require a
Unix-based OS, such as macOS or Linux, whilst there is a dearth of
available software for Windows, meaning that the Geneious platform
used was one of the only accessible software’s available. Whilst

limited, the Geneious platform has successfully been used for virus
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discovery in previous studies [269] and was able to recover almost-
complete genome of the Tatenale virus, which shows that it is
sufficient for recovering viral sequences from HTS datasets.

Conclusions

This chapter describes the use of HTS to recover the complete
genome of Tatenale orthohantavirus. This recovery of the complete
coding sequence for Norton-Juxta strain and the almost-complete
coding sequence of Upton-Heath strain represents the first complete
coding sequence for TATV and the first sequencing of the M
segment. This has allowed the speciation of TATV, using the ICTV
approved species criteria. This will allow further characterisation of

TATV.

Whilst small fragments of a cardiovirus were detected, the further
sequence wasn’t recovered for LV, RV or HuV, precluding any

further work into characterising these viruses.
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5. Investigating Seroprevalence of
Orthohantaviruses In Humans and
Captive Non-Human Primates

5.1. Introduction
Molecular evidence of orthohantavirus has been reported in British
rodents on multiple occasions [164], however only serological
evidence of infection in humans have been reported [156,162].
Infection with Eurasian orthohantaviruses such as Puumala virus
(PUUYV) and Seoul virus (SEOV) often causes mild, subclinical
infection, which the patient may not seek medical attention,
precluding any diagnosis. Furthermore, unlike the persistent infection
in rodents, viremia in humans is often short-lived [270], meaning that
viral RNA is only detectable for a short-period following onset of
symptoms, and using a PCR diagnostic assay alone may potentially
lead to false-negatives. Serological screening of suspected
orthohantavirus infections, alongside PCR, is often used [271]. IgM
response to infection begins with the onset of symptoms and is used
to diagnose acute infection, before gradually decreasing over the
course of weeks [63]. IgG begins shortly after the acute stage of
infection, and persists long-term, allowing for retrospective diagnosis

of previous infection [272].

A Human cohortt consisting of hepatitis ¢ positive individuals with a
‘chaotic’ lifestyle was chosen; chaotic lifestyle was defined as IV drug
users with an increased likelihood of homelessness or rough-living.

Those with a chaotic lifestyle have greater exposure to rodents, and
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therefore are more likely to become infected with an orthohantavirus.
A cohort of non-human primates (NHP), from a zoo where Tatenale
orthohantavirus has been detected, were also selected, to determine
whether the circulating Tatenale virus (or a second, undetected

species) are causing infection.

Results

Orthohantavirus Seroprevalence in
Humans

IgM Seroprevalence

Samples from the hepatitis C positive, chaotic lifestyle cohort had an
IgM seroprevalence of 14.4%. Healthy blood donors, however, had
an IgM prevalence of 4.8% (Figure 32). Due to the small population
size for the blood donor cohort (N=21), compared to the population
size of the chaotic lifestyle cohort (N=181), no statistical significance
could be inferred.
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Figure 32 Seroprevalence of orthohantavirus IgM in
healthy blood donors, and individuals with a ‘Chaotic’
lifestyle (Hepatitis C positive, IV drug users).
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IgM seroprevalence in the chaotic lifestyle cohort was similar between
samples from 2014, 2015 and 2017, though was much lower in 2016
(Figure 33). Blood donors were all sampled during the same period.
There was no significant difference (P= 0.6171) in the IgM
prevalence between male and female samples from the Chaotic

lifestyle (Figure 34)
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Figure 33 Seroprevalence of orthohantavirus IgM in
individuals with a ‘Chaotic’ lifestyle (Hepatitis C positive, IV
drug users), by the sample year.
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Figure 34 Seroprevalence of orthohantavirus IgM in
individuals with a ‘Chaotic’ lifestyle (Hepatitis C positive,
IV drug users), by sex.
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5.2.1.2. 1gG Seroprevalence
IeG seroprevalence was similar between the Chaotic lifestyle and
healthy blood donor cohorts, 3.9% and 4.8% respectively (Figure 35).
IgG prevalence in the samples taken during different years (Figure 38)
There was no IgG detected in chaotic lifestyle cohort was not
significantly different (P=0.513969) between any of the female

samples from the chaotic lifestyle cohort (Figure 38).
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Figure 35 Seroprevalence of Orthohantavirus IgG in healthy
blood donors, and individuals with a ‘Chaotic’ lifestyle (Hepatitis
C positive, IV drug users). The seroprevalence is shown as a
percentage of the total number of samples used.
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Figure 36 Seroprevalence of Orthohantavirus IgG in
individuals with a ‘Chaotic’ lifestyle (Hepatitis C positive, IV
drug users), by sex. The seroprevalence is shown as a
percentage of the total number of samples used.
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Figure 37 Seroprevalence of Orthohantavirus IgG in
individuals with a ‘Chaotic’ lifestyle (Hepatitis C positive,
IV drug users), by the sample year. The seroprevalence is
shown as a percentage of the total number of samples
used.



5.2.2. Orthohantavirus Seroprevalence in Non -
Human Primates

5.2.2.1. 1gM Seroprevalence
Several species of primates were screened for IgM prevalence.
Orthohantavirus IgM was only detected in Chimpanzee’s and

Bonobo’s, with each species having a 12.5% prevalence (Figure 40)
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Figure 40 The Seroprevalence of Orthohantavirus IgM in several
species of captive primates. The seroprevalence is shown as a
percentage of the total number of animals used.

52.2.2. 1gG Seroprevalence
Orthohantavirus IgG was detected only in Chimpanzee’s and
Bonobo’s, the prevalence was 58.3% and 75% respectively (Figure

41).
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Figure 41 Seroprevalence of Orthohantavirus IgG in several
species of captive primates. The seroprevalence is shown as a
percentage of the total number of animals used.

PCR Screening of IgM positive Sera
Human and NHP sera that were IgM positive were screened for
orthohantavirus RNA using RT-PCR, however, none were detected

in any of the samples.
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5.3.
5.3.1.
53.1.1.

Discussion
Human Serology

Selection of Samples

Samples from the ‘Chaotic lifestyle’ cohort had an IgM prevalence
almost three times higher than that of the healthy blood donor
control, though due to the small cohort size of blood donors, no
statistical significance was inferred. As the IgM response is short-lived
[63], screening for them is generally used to diagnose acute infection,
and not for assessing prevalence. However, patients with suspected
haemorrhagic fever with renal syndrome in Northern Ireland were
screened for IgM and detected a prevalence of only 2.1% [155]. This
prevalence was much lower than detected in this study, however, both
studies were twenty years apart, and in completely different regions,

which may explain this disparity in prevalence.

Prevalence of orthohantavirus-specific IgG in the ‘Chaotic lifestyle’
cohort was 3.9%. Previous serological studies have reported various
IgG prevalence’s, which appear to reflect the relative risk of exposure
to rodents. For example, owners of pet rats have an IgG
seroprevalence of 34.1% [273] and farmers a prevalence of 7.6%

[156], whilst seroprevalence in random blood donors was 3.3%.

The human samples for the serology screening were taken from an
existing cohort of hepatitis C positive patients. These patients had all
received treatment from one of several centres that provides needle-
exchange, homeless outreach support and support for drug-users.

There was no data available that would indicate whether each patient
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was homeless or not, however intravenous drug use (IVDU) is
prevalent amongst homeless populations [274], and would suggest
that many of the sampled individuals are also homeless.
Homelessness is associated with poor health status, sanitation and
increased time spent outdoors [275], factors which increase exposure
to zoonoses, particularly those associated with rodents.
Seroprevalence of orthohantaviruses within populations with ‘chaotic’
lifestyles, i.e. the homeless and IV drug users, are not significantly
different than the baseline prevalence in the United States [276,277].
This suggests that a chaotic lifestyle may not be a significant factor in
the increased prevalence of orthohantaviruses in the ‘chaotic lifestyle’
cohort. As all the samples in this cohort were chronically infected
with Hepatitis C, susceptibility to infection from orthohantavirus may

be increased.

IgM prevalence is significantly higher than the prevalence of IgG.
Given the short-lived IgM response, an IgM prevalence lower than
IgG was predicted. A possible explanation for the large IgM
prevalence could be that samples were taken shortly after the
instigation of a chaotic-lifestyle, and therefore had only recently
become infected. Alternatively, a recent increase in transmission
events, possibly as a result of an increase in orthohantavirus positive
rodents in the region, would cause an increased IgM seroprevalence,
whilst IgG would remain consistent. IgM positive samples had no

matched samples from later time points, and therefore the greater
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5.3.2.

5.3.3.
5.3.3.1.

IgM prevalence would not be reflected in a greater IgG prevalence in

samples from later years

Non-Human Serology

Chimpanzees and Bonobos were both found to be IgG and IgM
positive. Research into orthohantavirus infection in non-human
primates is sparse. Experimental infection of primates has
demonstrated susceptibility to orthohantavirus infection in macaques
[278,279] and chimpanzees [280]. Serological evidence of

orthohantavirus was detected in captive macaques in Germany [281].

This is the first detection of natural orthohantavirus infection in both
chimpanzees and bonobos. The ELISA used in this study detects
several species of orthohantavirus but does not differentiate between
them, meaning that the causative species is unknown. Currently, only
two species have been detected in the UK, Seoul virus and Tatenale
virus. Rodents from Twycross zoo were screened for orthohantavirus
using an RT-PCR assay, all rats (the reservoir species for Seoul virus)
were negative, whilst Tatenale virus was detected in field voles. This
would suggest that Tatenale virus, and not Seoul virus, is infecting

these primates.

Limitations of the Seroprevalence Study

Human Cohorts
Samples from the ‘Chaotic lifestyle’ cohort were all chronically

infected with hepatitis C, the healthy blood donor cohort was not,
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5.3.3.2.

however. There is a possibility that the increased seroprevalence of
IgM is a result of false-positives, due to interference from the
hepatitis C infection. A more appropriate comparative cohort would
be hepatitis C positive individuals with no history of a chaotic
lifestyle, which would clarify whether the hepatitis C or chaotic
lifestyle is the factor increasing orthohantavirus seroprevalence.
Identifying a suitable cohort is problematic, however, as IV drug use
is the single greatest risk factor for hepatitis C in England, with 90%
of all laboratory-confirmed cases reporting IV drug use [282]. This

severely limits the pool of candidates available for screening.

Access to matched samples for positive samples was also limited,
preventing the retrospective screening of IgG positive samples to
determine when infection occurred and the screening of samples

from later time-points of IgM positive individuals.

Technical Limitations of the ELISA

The ELISAs performed in this chapter were intended as a preliminary
study into the seroprevalence of orthohantaviruses. The ELISA
assays used can detect multiple orthohantavirus species, though it is
not able to differentiate between these species. Commercial indirect
immunofluorescence assays can differentiate between these species
[283] and are typically used in conjunction with ELISA [157];

however, these were unavailable for used during this project.

This ELISA kit is designed for clinical diagnosis in humans and has

not been validated in non-human primates. Therefore, the possibility
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remains that the reactivity in the NHP cohort may be false positives.
Positive results from rescreening these samples with other serological

assays would support the validity of these ELISA results.

5.4. Conclusions
In this chapter, an orthohantavirus ELISA assay was used to screen
human and non-human primate cohorts. The results of these
serological assays show that there is increased exposure of
orthohantaviruses in at-risk human populations and endangered
captive non-human primates. Whilst the limitations in obtaining
appropriate control cohorts have precluded any definitive conclusions

from these results, they have highlighted a potential ......
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6. High-Throughput Sequencing of

Undiagnosed Clinical Samples

6.1.

Introduction

A significant number of clinical samples from patients with a
suspected viral illness screened using routine diagnostics, fail to detect
any viruses. In particular, patients with neurological disease such as
meningitis or encephalitis often remain undiagnosed [284,285]; 80%
of neurological samples referred for viral screening in Nottingham

University Hospitals INUH) are negative.

Diagnostic kits are often PCR-based, and either viral species-specific
primers are used, or a multiplexed to detect wider range viruses, that
tends to result in similar clinical presentation, i.e. neurological,
respiratory or gastrointestinal disease. Whilst these assays are highly
sensitive to their targets, their specificity is often narrow, which
requires clinicians to select assays based what they believe is the
likeliest virus, considering factors such as clinical presentation of the
patient, geographic area and previous clinical experience. This
targeted approach is therefore heavily biased towards viruses that are
considered to be common and which present clinically in a typical
manner. Novel viruses or unlikely viruses, such as a common
pathogen presenting in an atypical manner or a zoonotic virus, are

unlikely to be detected using these methods.
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High-Throughput sequencing (HTYS) significantly reduces the effects
of targeting bias. These technologies do not require the virus-specific
primers that are necessary for PCR-based diagnostics, they are instead
capable of sequencing any genomic material in the sample. The
expense, turn-around time for sequencing and complexity associated
with the preparation and data analysis of these platforms have largely
precluded routine use in diagnostic laboratories. However, HTS has
become increasingly popular for the retrospective screening of
undiagnosed clinical samples [286,287] and for patients with severe,
undiagnosed disease [288]. Several cloud-based analytic platforms
have recently been developed, to offset the requirement for access to
powerful, local computers. These have successfully been used to
detect previously undiagnosed viruses in clinical samples

[287,289,290]

This Chapter describes the collection, and subsequent HTS of
cohorts of undiagnosed cerebrospinal fluid, respiratory and blood
samples. It also compares the efficacy of cloud-based analytic
platforms with offline analytic pipelines, in processing an artificial

HTS dataset.

6-147



6.2.
6.2.1.
6.2.1.1.

Results
Selection of Samples

Cerebrospinal Fluid Samples

Four hundred CSF samples were collected and added in equal
volumes into pools of ten samples. Twenty of these ten-sample pools
were then equally combined into a larger pool, containing 200
samples in total; this resulted in two final pools, CSF-1 and CSF-2.
These CSF samples were all screened using the NUH standard
neurological virus panel, they were collected between August 2016
and January 2018. The patient ages of these samples are shown in
Figure 42, samples from patients under the age of 10 comprised
around half of all samples in both pools, whereas patients over 80

were the smallest grouping in both pools.

Samples were chosen primarily from patients with neurological
conditions, the most common of the neurological clinical features was
meningitis, followed by encephalitis, seizure, headaches,

meningoencephalitis and epilepsy (Figure 43).
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Figure 42 The ages of the patients at the time of sampling, whose
samples were used to create CSF pools | and 2, given as a percentage of
the total number of patients.
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Figure 43 The Clinical details provided for each of the samples used to
create CSF pools | and 2. The number of each clinical detail is given as a
percentage of total number of samples.
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6.2.1.2. Blood Samples
Eighty EDTA-preserved blood samples collected between January
2016 and December 2017 were pooled into eight groups of ten
samples each, these pools were then combined into a single large
pool, EDTA-1. Samples taken from patients between 0-9, 10-19 and
40-49 made up the majority of the EDTA-1 pool, with around 15%
of the pool each. The 20-29 and 30-39 ages were the smallest age

brackets, comprising only 5% each (Figure 44).

Samples were selected from patients with a broad range of clinical
details, though the majority of the samples were taken from patients

with a fever (Figure 45).

80-89
70-79
60-69
50-59
Ages 40-49
30-39
20-29
10-19

0-9

0 5 10 15 20

Number of Samples
(%)

Figure 44 The ages of the patients at the time of sampling,
whose samples were used to create the EDTAI pool, given as
a percentage of the total number of patients.
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Figure 45 The Clinical details provided for each of the samples
used to create the EDTA-I pool. The prevalence of each clinical
detail is given as a percentage of total number of samples.

6.2.1.3. Respiratory Samples
Respiratory samples from 170 patients collected between June 2014
and December 2017 were pooled into seventeen groups of ten. These
groups were then combined to created two larger pools, Resp-1
containing ten pools and Resp-2 containing seven pools. Most
samples were throat swabs, 93% of Resp-1 and 87% of Resp-2, whilst
the remainder of Resp-1 included nasopharyngeal swabs (6%) and
endotracheal tube secretions (1%), whilst Resp-2 was nasopharyngeal
swabs (13%). Meningitis was the most common clinical feature for
samples in both pools, followed by sepsis and febrile illness; the
remainder of the samples encompassed a range of clinical details in
smaller numbers (Figure 46). Samples from patients under the age of
ten were the most common in both pools; the distribution of other

age groups differed slightly between each pool (Figure 47).
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Figure 46 The Clinical details provided for each of the samples used to
create the Resp-| and Resp-2 pools. The prevalence of each clinical detail
is given as a percentage of total number of samples.
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Figure 47 The ages of the patients at the time of sampling,
whose samples were used to create the Resp-1 and Resp-2 pools,
given as a percentage of the total number of patients.

6-152



6.2.2.

6.2.3.

Tapestation Analysis of Pooled RNA and
Libraries

The Pooled RNA was analysed before creating the HTS libraries, as

RNA concentration and RIN (RNA Integrity Number) influences the

protocol. The libraries were then reanalysed before sequencing, to

confirm sufficient yield cDNA concentration and whether correct

fragment sizes had been created (Table 12)

Pre-Library Creation Post-Library Creation
RNA cDNA Peak
Library | Concentration | RIN | Concentration Fragment
(ng/ul) (ng/ul) size (bp)
CSF-1 1.4 4.5 0.47 274
CSF-2 2.1 4.5 0.33 256
ED;'-A' 104 4.5 0.24 281
Resp-1 37 4.5 0.94 279
Resp-2 302 55 0.4 336

Table 12 Results of Tapestation analysis of the pooled RNA,
and the cDNA sequencing libraries following rRNA depletion.
RIN is the RNA Integrity Number, and indicates the quality of
RNA

In silico Processing of Sequenced Libraries
The sequenced libraries were initially processed to remove low-quality
and host genomic sequences, the results of this processing are shown

in Table 13.
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6.2.4.
6.2.4.1.

Post QC and Number
Merged Host
q Raw o q " of
Library Paired- Filtration q
reads o Contigs
Reads (% of Raw
Created
Reads)
4,527,639
CSF-1 45,361,108 | 22,680,554 (9.98%) 136,497
CSF-2 55,584,272 | 21,082,479 7’1?:;/9)86 281,070
11,442,721
EDTA-I 35,761,102 15,388,741 (31.99%)
3,819,653
Resp-1 60,692,430 | 27,592,279 (6.29%) 173,553
11,201,496
Resp-2 244,808,674 | 111,751,983 (4.97%) 279,331

Table 13 Number of reads sequenced from each library, and
the number of low-quality and human reads removed during

processing. Also included is the number of contigs generated

from the filtered reads.

Virus discovery
Human Pegivirus
Reads matching Human Pegivirus (HPgV) were detected in the CSF-

1, CSF-2 and EDTA pools.

BLASTx searching of the EDTA-1 contigs against the RNA
polymerase AA database detected nine HPgV positive contigs.
Mapping of unassembled reads against the reference genome for
HPgV-1 detected 29 positive reads. These reads mapped to multiple
regions, covering 38.4% of the reference genome; the overall pairwise

identity of these reads to the reference genome was 91.6% (Figure

48).

A single read from the CSF-1 pool mapped to the HPgV reference
genome. This read was 85bp in length, corresponding to positions
8599-8684, a region encoding the NS5B protein, the read was 91.8%

identical to the reference sequence. BLASTn searching showed that
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its closest related strain was a genotype-2 isolate of HPgV, with an

identity of 95.5%. (Figure 49).

Two reads from the CSF-2 pool were mapped to the reference coding
sequence for HPgV. The first read was an 85bp sequence
corresponding to positions 6513-6598, in the NS5A gene; the read
was 91.8% identical to the reference sequence. The read was
subsequently BLASTn searched against the GenBank nucleotide
collection, where the most identical (97.6%) to three genotype 2
HPgV isolates. The second mapped read was 213bp in length and
mapped to positions 7912-8053, part of the NS5B gene. This read
was 92% identical to the reference genome, and when BLASTn
searched, was 95.8% identical to two genotype-2 isolates, different

from those matching read 1 (Figure 50).
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6.2.5.
6.2.5.1.

6.2.5.2.

Screening Samples for Pegivirus
CSF-1

Constituent samples from CSF-1 were screened with HPgV-1 specific

primers.

A sample from sub-pool 5 was positive. This patient was a 35-year-
old female, with ‘Headaches’ as the clinical detail associated with the
sample (#17X617313). Further clinical information associated with
the sample revealed that the patient has complained of severe
headaches for nine days, vomiting, neck stiffness and blurring of
vision. Analysis of the CSF showed a red-blood-cell (RBC) count of
16, a Peripheral blood mononuclear cell (PMNC) count of 10, a
lymphocyte count of 112 and a protein level of 476 ng/ul. These
results led to the diagnosis of viral meningitis, the patient

subsequently made a full recovery and was discharged.

A second HPgV positive patient, from sub-pool 14 was a 52-year-old
female, and like the first patient, had ‘Headaches’ (#17X612694). The
CSF had an RBC count of 2, a lymphocyte count of 1, a protein level
of 323 ng/ul and a glucose level of 3.8 mmol/l., no information for

the PMNC levels were available. This patient was also diagnosed with

suspected viral meningitis.

CSF-2
The sub-pools used to create CSF-2 were also screened and HPgV
was detected in a single sub-pool, pool 21. However, several of the

individual samples that made up this sub-pool were used completely
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6.2.5.3.

in the creation of the sequencing library, and no HPgV was detected

in any of the remaining samples.

EDTA-I

A total of five samples from the EDTA-1 sub-pools were positive.

The HPgV-1 positive patients had all presented with different clinical
disorders. The positive samples from sub-pool 4 was a 17-year-old
female presenting with pancytopenia following a liver transplant 2.5
years before the sample collection (#16X617094), and a 35-year-old
female who had been admitted with unexplained splenomegaly which
had subsequently resolved (#17X602891). Two samples from sub-
pool 6 were positive, a 35-year-old female who had received a liver

transplant

1.5 years before sampling, with no further available clinical available
(#17X0614574), and an 83-year-old male who was immunosuppressed
due to peripheral T-cell lymphoma, presenting with biliary sepsis,
abnormal liver function tests and a six-week history of fevers
(#17X615088). The fifth HPgV-1 positive sample was in sub-pool 7,
from a 76-year-old female who was receiving dialysis treatment
following a failed renal transplant, which was received 3 years before

sampling (#17X616426).
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6.2.5.4.

Phylogenetic Analysis

The PCR products from the PCR screening were sequenced, and a
225bp fragment of the NS5B RNA polymerase gene of HPgV. All
HPgV sequences from the samples were divergent from one another,
with the most similar strains being 90.1% identical to one another

(Table 14).

| CSF | EDTA
17X 17X 16X 17X 17X 17X 17X
617313 612694 617094 602891 614574 615088 616426
17X617313 100 - - - .
CSF
17X612694 885 100 - - -
16X617094 839 85.3 100 - -
17X602891 879 88.9 87.7 100 -
EDTA | 17X614574 877 92.6 85.3 87.7 100
17X615088  86.5 83.9 85.3 86.1 84.5 100
17X616426  90.1 90 83.5 86.9 90.1 85.1 100

Table 14 A Distance matrix comparing the nucleotide similarity of the
225bp HPgV-1 NS5B amplicons of samples from the CSF-1, CSF-2 pools and
EDTA-I pools.

6.2.6.

6.2.6.1.

Evaluation of Cloud-based Bioinformatics
Platforms.

IDseq

The analysis took 92 minutes from initiating the sample upload, to the
returning of a report of the results of the mapped reads. Of the
0,339,908 reads in the dataset, 1,362,725 of these reads passed host
filtering, 21.5% of the total dataset. Of these non-host reads, 996,855

reads (73.2%) were mapped to sequences from the bacterial
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6.2.6.2.

nucleotide (nt) databases. All four of the viruses added to the dataset
were detected by IDseq, in either the nucleotide or non-redundant
protein databases. The sensitivity of the IDseq analysis was lower
than the median of the published protocols, though the heavily
divergent avian bornavirus was detected unlike in the majority of

other protocols (Table 15)

Genome Detective
Genome-Detective identified and removed 6,290,069 reads as non-

viral hits, 99% of the dataset. The analysis was completed in 16

Sensitivity (%)
Time
Torque Human Measles Avian (Hours)
teno virus  herpesvirus | virus bornavirus
farccipant 100 99 100 0 15.5
(Range) (0-102) (10-400) (0-140) (0-100) (3-216)
Nt 59 56 69 0
IDseq 1.5
Nr 59 55 70 53
Genome 100 84 82 41 0.25
Detective ’

Table 15 A Comparison of the viral reads identified by IDseq and
Genome-Detective, and the COMPARE virus proficiency tests that were
presented in Brinkmann et al.

minutes. Genome Detective is designed for only analysis of viruses,
and so did not filter bacterial hits separately to human sequences. All
four viruses were detected in the dataset; detection of Torque teno
virus was as sensitive as the median of the tested protocols, whilst
Human herpesvirus 1 and Measles virus had a comparatively lower

sensitivity (Table 15).
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6.2.7.

6.2.7.1.

Reanalysing Clinical HTS Datasets Using

IDseq

Quality Control and Host Filtering

Libraries were submitted to IDseq for reanalysis. The QC and host

trimming results are shown in (Table 16)

Passed Passed Host
Libra Number Quality Filtration Total
" | of Reads (% of Raw Runtime
Control
Reads)
o 13,100,430 4 Hours
CSF-1 45,361,108 81.65% (28.88%) 8 Minutes
o 554,920 2 Hours
CSF-2 55,584,272 43.84% (0.98%) 40 Minutes
o 107,340 2 Hours
EDTA-I | 35761,102 70.15% (0.3%) I Minutes
o 24,946,47 | 4 Hours
Resp-1 60,692,430 86.74% (41.1%) 22 Minutes

Table 16 Number of reads filtered by quality and host genome
of the libraries submitted to |Dseq for reanalysis
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6.2.7.2. Detected Viruses

IDseq detected several virus species across each of the pools (Figure

51).
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Figure 51 |Dseq generated heatmap of reads mapping to virus species at
nucleotide (Nt) or non-redundant proteins (NR) levels. Darker colours
indicate more reads.

Deltapapillomavirus 4 was detected in all four of the pools, CSF-2
had 320 reads, the most in any of the pool; CSF-1 had 10 reads,

EDTA-1 had 4 and Resp-1 had 2.

Rhinovirus C was detected in both CSF pools and Resp-1. There
were 210 reads in CSF-2, 10 in CSF-1 and 2 in Resp-1. Pegivirus C
(HpGV) was detected in only the EDT'A-pool when reads were
compared to the nucleotide database, with 29 matched reads. HPgV
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was detected in CSF-2 when the non-redundant protein database was
used, with 2 reads mapping. Pegivirus A was detected in the CSF-2
and EDTA-1 pools, with 33 Nt and 16 NR matching reads in the
EDTA-1 pool and 4 Nt reads in CSF-2. Other virus hits were Citrus
Yellow Vein Clearing Virus in CSF-2 (44 Nt hits and 42 NR hits),
Pandoravirus quercus in Resp-1 (6 Nt hits), Hepacivirus C in CSF-1
(2 Nt hits) and Resp-1 (9 Nt hits), lysoka partiti-like virus in EDTA-1
(2 Nt hits, 3 NR hits) and Resp-1 (6 NR hits), and an unclassified

Anneloviridae in EDTA-1 (10 hits to both Nt and NR.
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6.3.
6.3.1.

Discussion

Samples Selection

This study was designed to make use of the surplus samples that were
no longer required by the NHS diagnostic laboratory. The samples
used were surplus nucleic acids extracts that had been sent for virus
PCR screening but were negative. Ethical approval for these samples

had been granted previously, for extended diagnosis

The use of surplus samples allowed for access to a massive cohort of
samples that would have otherwise been disposed of. However, as all
samples were extracted nucleic acids, there was no opportunity to
choose extraction protocols suited to the requirements of HTS
preparation. Additionally, several samples had only minute amounts
of nucleic acid remaining, which meant that these samples were used
completely in the creating the sequencing library, with no opportunity

to re-extract and could not be used for follow-up screening.

These samples had only a limited amount of clinical details available
initially, this included age, sex, sample type, sampling date, results of
virus screening and a very brief clinical detail summary (often only a
single word). Further details for samples had to be requested from a
clinician, which was excessively time-intensive to use on the entire
database of candidate samples and was reserved for virus-positive

samples.

As these samples had all been submitted for virus screening, the

assumption had been made that each of the patients had symptoms
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characteristic of a viral infection, and thus were likeliest to be virus-
positive. However, whilst information was available for the results of
viral PCR assays, no information was initially available for any other
diagnostic assays that had been used on these samples, or samples
taken from the same patients. Which means that patients may have
been positive for bacterial, fungal or parasitic pathogens, and were the

etiological agent of the patient’s disease.



6.3.2.
6.3.2.1.

6.3.2.2.

Detection of Human Pegivirus
Background of Human Pegivirus

Human Pegivirus (HPgV) was detected in the CSF-1 and EDTA

pools.

HPgV is a member of the Pegivirus C species and was previously
classified as Hepatitis G or GBV-C [291]. They are single-stranded,
positive sensed RNA viruses, in the Flaviviridae family. Their genome
is typical of a Flaviviridae, a single open reading frame (ORF) encoding
two structural proteins E1 and E2, and six non-structural proteins
NS2, NS3, NS4A /B and NS5A /B, flanked by a long 5’ UTR and 3’

UTR. The complete genome is approximately 9.3kb in length.

HPgV was discovered in non-human primates who had developed
hepatitis following injection of sera from a surgeon who had hepatitis
of unknown aetiology [292]. This led to the hypothesis that HPgV
was a causative agent of hepatitis, like the closely related Hepatitis C
virus (HCV). Later studies, however, failed to establish a causal

relationship between hepatitis and HPgV [293].

HPgV positive EDTA Blood Samples

Five patients of the EDTA-1 pool were found to be positive for
HPgV-1 infection. Prevalence of HPgV has been shown to be
remarkably high in healthy cohorts of blood donorts, between 1-5% in
cohorts from developed countries and 20% in developing countries
[294]. Prevalence in the blood-donors in the UK has been reported at

1% in Scotland [295], and 2.25% in Nottingham [296]. The
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prevalence in the cohort of samples used in this study was 6.25%,
much higher than previous reports. Those with exposure to
contaminated blood, such as injecting drug users, have a much higher
incidence of HPgV-1 [297]. Whilst no information was available
regarding any high-risk behaviours such as drug injection was
available for these samples, most had a relevant clinical history. Three
of the positive samples had all recently received solid-organ
transplants, two received livers and one a kidney (which was rejected).
Both kidney and liver transplantations, as well as heart and bone-
marrow transplants, have been associated with increased HPgV
prevalence in recipients [298-300], though there was no correlation
between infection and different outcomes in any of the recipients.
Human Pegivirus is considered a blood-borne virus and transmission
occur primarily through contact with contaminated blood, though
sexual [301] and mother-child [302,303] transmission has been
reported. Contaminated transfusion blood is a known route of
transmission of HPgV, and has been associated with infection of a
liver recipient during transplantation [304]. It is impossible to
determine how and when the three organ recipients became infected
with HPgV, but given the prevalence of the virus in blood-donors
and the lack of screening [305], transmission could have occurred as a

result of transfusing contaminated blood during transplantation.

One of the patients was diagnosed with peripheral T-cell lymphoma.
Human Pegivirus viremia has been associated with an increased

incidence of lymphoma, an association which persists when infection
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6.3.2.3.

risk-factors are controlled for [306,307]. In the UK, 10% of patients

attending a lymphoma clinic had HPgV positive sera [296].

It is unclear by what mechanisms HPgV infection contributes to the
development of lymphoma. Increased levels of cytokines are
associated with lymphoma development and have been shown to be
higher in HPgV-positive lymphoma patients [308]. Furthermore,
HPgV-1 is a lymphotropic virus [309], causing disruption of
lymphocytes and negatively influences immune-surveillance, another
known risk factor for the development of lymphomas [310]. Whether
HPgV infection influenced the development of lymphoma in the
patient is unknown, as is whether infection preceded lymphoma at all.
No further samples were available for this patient from earlier dates,
which may have determined whether infection preceded the diagnosis
of cancer. It should be emphasised that only correlation can be shown

with this, single positive sample, and not causation.

HPgV in the CSF

Human Pegivirus was detected in two samples in the second CSF
pool. Both patients were adult women, who had initially presented
with headaches, and were subsequently diagnosed with meningitis.
Whilst HPgV is typically associated with blood-borne infection,
several reports have detected HPgV is patients with neurological
disease. Kriesel ¢f @/ detected HPgV in the brain of a woman who had
died of primary-progressive multiple sclerosis [311]. Liu ef a/later
detected HPgV in the CSF of a patient with HIV-1, cerebral

toxoplasmosis and fungal encephalitis. This patient, however, had a
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severely compromised blood-brain barrier, which may have allowed
the transfer of the virus from the blood into the CSF, and therefore
may not represent a true neurological infection [312]. Human
Pegivirus was detected in a patient with severe encephalitis using a
metagenomic pan-microbial array, which failed to detect any other
known pathogens in the sample [313]. Retrospective screening of
patients with encephalitis of unknown origin detected HPgV in three
patients. Further analysis of matched serum samples from these three
patients showed that the sequences from viruses in the CSF and
serum differed slightly, which indicates that viruses were replicating
independently from one another and CSF infection is unlikely to be a

result of a compromised blood-brain barrier [314].

This is the first association of HPgV and meningitis. Importantly, this
association cannot be determined to be causal, given the small sample
number. Both CSF samples contained a small number of red blood
cells, the low count is unlikely to be the result of a traumatic lumbar
puncture but may be a result of a compromised blood-brain barrier.
Further samples from either of the patients were unavailable, which
precluded any further analysis into whether HPgV was detectable in
blood, and whether viruses from the two samples were genetically
distinct from one another, as was reported in Bukowska-Osko ef a/

[314].
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6.3.4.

6.3.5.
6.3.5.1.

Evaluation of Cloud-based Bioinformatics
Platforms.

The results of the comparison between cloud-based platforms and
more traditional analytic pipelines show that online platforms can
accurately identify viral genomes in HTS datasets. The proficiency
testing by Brinkmann e a/ [268] explored several virus discovery
pipelines, which encompassed numerous software and ranges of
computational power. Whilst these cloud-based platforms were not
as sensitive as some of the pipelines using high-specification
computational power, the processing times were significantly faster

than any of the traditional pipelines.

Despite the loss in sensitivity, all viruses were nevertheless detected,
including the divergent avian bornavirus, which shows that these
platforms are suitable for virus-discovery. Whilst they may not be of
immediate use ot interest to a trained bioinformatician with access to
sufficient computational processing power, the simplicity of these
platforms will allow researchers with little or no background into
bioinformatics or funds to acquire sufficiently powerful computers to

tully exploit the potential of HTS for virus discovery.

Several studies have begun to use these platforms, IDseq in particular,

for virus discovery in retrospective clinical samples [287,290].

Analysing HTS Datasets with IDseq
Quality Control and Host Filtration

IDseq QC was significantly faster than the in-house developed

geneious-based pipeline. The analysis of reads took a matter of hours
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6.3.5.2.

6.3.5.3.

to complete, rather than the days that were required for the geneious
pipeline. The substantial increase in computational power used by
IDseq was the most significant factor in this reduction of runtime;
where the geneious pipeline only used a single PC with moderate
specifications, IDseq, however, employs a series of cloud-based
software packages, scalable to the size of the dataset, and allow for

the simultaneous analysis of different portions of the dataset [287].

IDseq was able to filter more host and low-quality reads from CSF-2
and EDTA-1 than geneious but was filtered less from CSF-1 and
Resp-1. Different software packages are used by IDseq than geneious,

which would account for the variation of filtered reads.

Pegivirus C

Pegivirus C, or HPgV, was detected in CSF-2 and EDTA-1, but not
in CSF-1 where it had previously been detected with the geneious
pipeline. However, only a single HPgV read had been detected in
CSF-1, and so may have been missed due to chance. The number of
reads mapping to the HPgV Nt in CSF-2 and EDTA-1 were the same
as those mapping using geneious, which would suggest that there is

no difference in the sensitivity of the two pipelines.

Human Rhinovirus C

Rbinovirus C was detected in both CSF pools and Resp-1. Human
Rhinovirus C (HRV-C) is a member of the enterovirus genus in the
Picornaviridae family and was initially detected in 2007 [315]. There is a

global distribution of these viruses, with prevalence ranging from 1.4
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6.3.5.4.

to 30.9%, though the prevalence of >5% is typical [316]. They have
been detected primarily in respiratory samples, where they have been
associated with respiratory diseases such as acute lower respiratory
tract disease [317] and bronchiolitis [318]. Detection of HRV-C in the
Resp-1 pool would likely represent a typical respiratory infection in
one, or several, of the patients. Detection in CSF has been reported in
patients without neurological symptoms [319], as well as in patients
with meningitis, though a causal link between the two was not
established [320]. Detection in both CSF pools is therefore not
unexpected, though whether the HRV-C was the etiological agent of

the disease in the positive patients is unclear.

Hepacivirus C

Hepatitis C (HCV) is the sole virus in the Hepacivirus C genus [321], it
is a well-known and characterised human pathogen. Globally,
approximately 142 million people are infected, and infection can lead
to several liver diseases such as cirrhosis and liver cancer [322]. HCV
was detected in the CSF-1 pool; detection of HCV in the CSF has
been reported [323], though is uncommon in acute infections.
Neurological disorders have been reported in 50% of chronic HCV
cases [324], and HCV infection is associated with severe neurological
diseases such as encephalitis [325] and encephalomyelitis [320].
Whether the HCV-positive patient (or patients) were diagnosed with
neurological disease is unknown, though as many of the samples
pooled into CSF-1 had neurological symptoms, it is possible that they

were. As initial clinical information for samples was limited, it is
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6.3.5.5.

possible that known HCV-positive samples were included in the
sequencing pools. Hepatitis C is not included in the standard
neurological viral diagnostic assay, and so HCV positive patients

would still appear as a virus-negative sample.

HCV was also detected in a respiratory pool. HCV is typically not
associated with the respiratory system, so whether this represents a
respiratory infection is unclear. It is likelier that contamination of the
sample has occurred, for example, if the patient had a cut in their

mouth, then blood may have contaminated the throat swab or lavage.

Lysoka partiti-like virus

Detected in both the EDTA and Resp-1 pools, Lysoka partiti-like
virus is a picobirnavirus (PBV) that was detected in a Straw-coloured
truit bat (Eidolon helvum) from Cameroon [327]. Picobirnaviruses are
double-stranded RNA viruses and have been detected in humans.
Human infection is typically associated with gastrointestinal disease
[328], however, it has also been detected in the respiratory tract of
patients with unexplained respiratory disease [329]. Whether the
picobirnaviruses from the respiratory samples are responsible for
disease in the patients from Resp-1 is unknown; no evidence of a
causal association between picobirnavirus and respiratory disease has
been proven, and so it is likelier that the viruses from Resp-1 are

commensal.

Detection of PBV in human blood has not previously been reported.

Bovine picobirnavirus has been detected in the plasma of cattle,
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6.3.5.6.

though contamination from faeces on the skin was suggested [330];
faecal contamination of the skin site used to draw blood should be
unlikely, assuming correct protocols were followed. Cross-

contamination between sequencing libraries is another possibility.

Despite the reads mapping to a bat-associated genotype of PBV, it is
unlikely that this a bat zoonoses. PBVs show significant sequence
divergence, compared to other genera with similar genomes, and that
phylogenies of gene fragments are not necessarily representative of
the phylogeny of the virus as a whole [331]. The further genome of
the PBV in these samples needs to be sequenced to accurately

determine the strain circulating within these samples.

Anelloviridae

Anelloviruses are small, circular DNA viruses [332]. An Anellovirus
was detected in the EDTA-1 pool, the reads mapped to unclassified
anellovirus species. Anelloviruses are highly prevalent in humans
[333], and whilst they are found in healthy populations[334], several
species have been associated with disease in humans, such as fever
[335] and hepatitis [336]. Given the prevalence of Anelloviruses in
healthy humans and the lack of any further information regarding
which of the samples are positive, this strain of anellovirus cannot be

associated with a particular disease.
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6.3.5.7.

Potential Contaminants

Citrus yellow vein clearing virus CYVCV was detected in CSF2.
CYVCV is an RNA virus, responsible for disease in citrus trees [337].
There is currently no published evidence of CYVCV infection
anything other than plants, and no evidence of any plant virus causing
disease in humans [338]. It is highly likely that CYVCV is a
contaminant, though whether contamination occurred during the
collection of CSF, processing of the nucleic acid extractions or

creation of the sequencing library is unknown.

Pandoravirus quercus is a ‘Giant” DNA virus, which typically infects
amoeba [339]. Similar amoeba-associated giant viruses have been
detected in humans and associated with respiratory disease [340]. It is
possible that the Pandoravirus quercus detected here represents a true
infection, though detection of this virus indicates the likely presence
of its typical host Acanthamoeba, which has previously been detected in
patients with atypical pneumonia [341]. Presence of pandoravirus in
the samples could simply be a result of environmental contamination,

and the virus unrelated to the disease in the patient.

Deltapapillomavirus 4, or Bos Taurus papillomavirus (BPV), was
detected in all four pools, with the majority in CSF-2. BPV typically
infects ruminants, causing cutaneous papillomas and bladder and
gastrointestinal carcinomas [342]. As papillomaviruses are typically
associated with a dermatological disease, they are rarely detected in
CSF, which combined with the lack published reports of transmission

of BPV into humans, suggests that BPV detection is a result of
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6.4.

contamination. Zebu (Bos indicus) blood pools were included in the
Resp-2 pool, and cross-contamination between pools may have

occurred during the creation of libraries.

Conclusions

In this chapter, several cohorts of undiagnosed clinical samples were
high throughput sequenced with an Illumina HiSeq, with the aim of
recovering novel, misdiagnosed or zoonotic viruses. Human Pegivirus
was detected in the CSF of several patients who had been diagnosed
with viral meningitis. Whilst a causal relationship cannot be proven to
between HPgV-1 and meningitis at this time, this initial association
between the two may lead to further investigations, where a causal
relationship could be established. Several other HPgV-1 strains were
detected in the blood of immunocompromised patients, including one

with lymphoma.

Several other viruses were detected in these samples, though due to
time constraints, theses were unable to be followed up for further

investigation.

The effectiveness of cloud-based bioinformatics platforms was
compared with several custom pipelines, using an ##-sz/ico dataset. This
demonstrated that these online platforms are an effective tool for
researchers with limited access to funds for high-specification local

computing power, or experience in bioinformatics.



7. Final Conclusions

The primary aim of this project was to assess the prevalence of
viruses with zoonotic potential in cohorts of British, Polish and
Egyptian rodents, and to characterise any detected viruses. An
orthohantavirus, Tatenale virus, was detected in field voles captured
at Chester zoo, several miles from the site where Tatenale virus was
initially detected in 2013. A single field vole from Twycross zoo was
also positive for Tatenale virus, this extended the known range of the
virus into the East Midlands region of England. There were no
orthohantaviruses detected in any other species of rodents captured at
these sites, or the sites in Poland or Egypt. High-throughput
sequencing recovered the complete coding sequence of the Twycross
zoo strain of Tatenale virus (Norton-Juxta), whilst almost complete
coding sequence of the Chester zoo strain (Upton-Heath) was
recovered with primer-walking PCR. Comparison of these strains
showed both strains were 90.6%, 94.1% and 91.3% similar at
nucleotide level across the L, S and M segments respectively. The
Upton-Heath strain was highly similar to the first recovered strain of
Tatenale virus (B41), with a similarity of 98.7% and 96.9% across
fragments of S and L; given the similarities in the genome and
geographic origin, they are likely circulating within the same
populations of vole. The Norton-Juxta strain, however, is dissimilar
to all previously detected strains, 87.5% and 93.9% similarity across
the S and L, to the closest relative. Furthermore, this is the first
recovery of the complete coding sequence of Tatenale virus, which

has confirmed that Tatenale virus is a novel species of
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orthohantavirus. Previous sequence data of Tatenale virus was
insufficient to meet the ICTV criteria for assigning species status,
which required complete S and M segments. In addition to the
detection of Tatenale virus, viruses from four genera of
picornaviruses were detected; Ljungan virus and rosavirus in Polish
bank voles, cardiovirus in British brown rats and hunnivirus in British
house mice. High-throughput sequencing failed to recover complete
genomes, precluding any attempts into fully characterising these

viruses.

A secondary aim was to investigate the seroprevalence of
orthohantaviruses in non-human primates and humans in the East
Midlands. There was evidence of previous orthohantavirus infection
in chimpanzee’s and bonobos from Twycross Zoo, but not Gorillas,
Orangutans or several species of Guenon. Twycross zoo is the site in
which the Norton-Juxta strain of TATV was recovered, suggesting
that TATV may have infected these primates, though the lack of
specificity in the ELISA assay precludes confirmation of a causative
species. Additionally, orthohantavirus specific IgM antibodies were
detected in a cohort of intravenous drug abusers with an unstable
lifestyle in Nottingham, demonstrating that orthohantavirus infection

is prevalent in at-risk populations.

An additional secondary aim of the project was to investigate
undiagnosed clinical CSF, blood and respiratory samples for the
presence of novel or atypically presenting viral pathogens. Samples of

the same type were pooled, and high throughput sequenced. Multiple
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pathogens were detected in these samples, the most significant of
these was human Pegivirus. Pegivirus was detected in several patients,
most notably in the CSF of patients who had been diagnosed with
viral meningitis. However, further work would be required to
demonstrate a causative relationship between Pegivirus and
meningitis. Furthermore, the reads from these samples, as well as an
artificially simulated clinical HTS library, were reanalysed with an
online analytic pipeline, IDSeq. This pipeline was able to analyse the
reads to a comparable degree of accuracy as the in-house pipeline and
was able to do so significantly quicker, demonstrating that it would be
a useful tool for researchers with limited funding and bioinformatics

expertise.
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8. Future Work

There are several sections of this project that with further funding

and time could be greatly developed upon. The pathogenicity of
TATYV remains unknown, as the previous paucity of sequence data
has precluded any in-silico investigation. With the recovery of the
sequence of both glycoproteins, it is now possible to explore cellular
entry and tropism of the viruses. The Pseudotyping process, in which
glycoproteins of interest are expressed in non-replicative recombinant
retrovirus backbones, allows the investigation of viral entry without
the associated risk of infection and therefore does not require the
increased biosafety requirements of live-virus work. Pseudotyping
work in orthohantaviruses has been well described [260,343] which
shows that this technique is a feasible route for exploring the
possibility of Tatenale infectivity in human cells. Further serological
screening of orthohantaviruses is another future direction for this
work. The orthohantavirus nucleocapsid is often used as a target for
ELISA’s [344,345], so the now complete nucleocapsid sequence of
Tatenale orthohantavirus can be used for serological studies to
determine whether TATV had infected the seropositive non-human

primates or humans.

Repeating the high-throughput sequencing of the picornavirus
samples, to retrieve full sequence, would allow further
characterisation of these viruses. It is unclear why the initial high-
throughput sequencing failed; re-extracting samples and sequencing

the samples on an Illumina HiSeq again may recover further sequence
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data, alternatively sequencing the samples on a different platform,

such as a Minlon, may recover further sequence data.
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10.1.

Appendix |

Virus Name Accession Virus Name Accession
Variegated squirrel | LN713680.1 Borna disease virus isolate AF158633.1
Variegated squirrel | LN713681.1 Borna disease virus AY066023.1

Borna disease virus | strain AJ311522.1 Borna disease virus vaccine DQ680832. 1
Borna disease virus (isolate L76237.1 Aquatic bird bornavirus | KF578398.1
Borna disease virus (isolate L76238.1 Canary bornavirus 3 isolate KC595273.2
Borna disease virus | AB032031.1 Canary bornavirus | isolate KC464471.1
Borna disease virus | strain AB246670.1 Canary bornavirus 2 isolate NC 027892.1
Borna disease virus | strain AB258389.1 Parrot bornavirus | isolate JX065207.1
Borna disease virus | strain AYI114163.1 Parrot bornavirus | strain GU249595.2
Borna disease virus | strain AYl14161.1 Parrot bornavirus 2 isolate F)620690.1
Borna disease virus | strain AY114162.1 Parrot bornavirus 2 isolate EU781967.1
Borna disease virus | strain AJ311523.1 Parrot bornavirus 4 isolate JX065209.1
Borna disease virus | strain AJ311521.1 Parrot bornavirus 4 isolate JN035148.1
Borna disease virus 2 strain AJ311524.1 Parrot bornavirus 4 isolate JNO014948.1
Borna disease virus NC 001607.1 Parrot bornavirus 4 isolate JNO14949.1
Borna disease virus isolate DQ680833.1 Parrot bornavirus 4 strain GU249596.2

Table 17 Orthobornavirus glycoprotein sequences used to design
pan-species screening primers. Mammalian orthobornavirus

sequences are highlighted in blue.
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t was with great interest that we read the recent publication by Brinkmann et al. (1)

on the comparison of vaious methodologies for diagnosing viral infections in
high-throughput sequencing (HTS) data sets. The authors demonstrated that there is
a plethora of workflows and pipelines available to analyze HTS data sets and the
choice of technigue can lead to different results, even with a uniform proficiency
testing data set.

Processing HTS data sets is computationally intensive, may require significant
investment, and often necessitates a comprehensive technical background to fully
analyze the results. Currently, these requirements can limit the use of HTS, preventing
clinicians and researchers with minimal funding or expertise in bicinformatics from
exploring and exploiting this powerful techmology.

However, several online tools, such as IDseq (2, 3) and Genome Detective (4), have
recently been made available for research involving pathogen discovery and identifi-
cation. The cloud-based nature of these tools remowves the requirement for users to
have high-specification computers for data processing, and automated identification of
microbial sequences reduces the need for any significant background in bioinfomatics.
HTS data sets, with identifying information removed, are simply uploaded, and anno-
tated sequence matches to potential pathogens are delivered within hours, in a format
that can be easily interpreted by those with relevant clinical or academic skills. While
IDseq automatically discards any human genomic reads, the submission of data sets
containing patient sequences, although anonymized, to third-party platforms necessi-
tates ethical consideration and permission.

We evaluated |Dseq and Genome Detective against the simulated in silico data set
provided by Brinkmann et al. (1L 1Dseq analysis took 92 min from the initiation of
sample uploading to the presentation of the mapped reads, one-half of the time for the
fastest participant (participant 1) reported by Brinkmann et al (1). Of the 6339908
reads in the data set, 1,362,725 reads (21.5%) passed host filtering; of those, 896,855
reads (73.2%) mapped to bacterial nucleotide databases (70.3% to nonredundant
protein databases). Genome Detective identified and removed 6,290,069 reads (99%) as
nonviral hits, completing the analysis in only 16 min Both platforms detected all four
viruses in the data set (Table 1). Detection of Torque teno vius, human herpesvirus 1,
and measles virus was not as sensitive as in many of the other participant workflows.
However, both |Dseq and Genome Detective identified the highly divergent avian
orthobornavirus (55% similarity to a reference sequence), whereas 9 of the 13 work-
flows in the study by Brinkmann et al. (1) did not.
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TABLE 1 Comparison of viral reads identified by IDseq and Genome Detective ard the COMPARE virus proficlency tests?

Sensitivity (36}
Method and datat Torque teno wirus Human herpesvirus 1 Measles virus Avian bomavirus Time (h)
Proficiency test, participants 1 to 13 100 {0-102} 99 {10-400) 100 {0-140) 0 {0-100) 15.5 (3-216)
{median [range]}
IDseq
Nucleotide 59 56 (7] a 15
Nonredundant protein 59 55 70 53
Genome Detective 100 B4 82 41 025

=A sengitivity of = 100% indicated flse-positive results.

Qur results show that both platforms can accumtely identify viral genomes in HTS
data sets, with little or no prior knowledge of bicinformatic approaches. IDseq has the
additional capability to detect bacterial genomes as well as viral genomes. While not as
sensitive as some of the other methodologies tested, IDseq and Genome Detective
were able to identify all of the infectious agents included in the proficiency data set in
a fraction of the time reported for the other pipelines, and required very little local
computational power. IDseq, Genome Detective, and similar free cloud-based online
tools will significantly reduce the barrier to entry for exploiting HTS, without the

hardware and background required for traditional bioinformatics approaches.
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Abstract: Orthohantaviruses are globally distributed viruses, associated with rodents and other
small mammals. However, data on the circulation of orthohantaviruses within the UK, particularly
the UK-endemic Tatenale virus, is sparse. In this study, 531 animals from five rodent species
were collected from two locations in northern and central England and screened using a degenerate,
pan-orthohantavirus RT-PCR assay. Tatenale virus was detected in a single field vole {Microtus agrestis)
from central England and twelve field voles from northern England. Unbiased high-throughput
sequencing of the central English strain resulted in the recovery of the complete coding sequence of a
novel strain of Tatenale virus, whilst PCR-primer walking of the northern English strain recovered
almost complete coding sequence of a previously identified strain. These findings represented
the detection of a third lineage of Tatenale virus in the United Kingdom and extended the known
geographic distribution of these viruses from northern to central England. Furthermore, the recovery
of the complete coding sequence revealed that Tatenale virus was sufficiently related to the recently
identified Traemersee virus, to meet the accepted criteria for classification as a single species
of orthohantavirus.

Keywords: Orthohantavirus; hantavirus; high-throughput sequencing; virus discovery; field vole;
United Kingdom

1. Introduction

Orthohantaviruses are alarge and diverse genus of viruses, belonging to the Hantaviridae family
within the order Bunyavirales. The genome of orthohantaviruses consists of a linear, negative-sensed
and single-stranded RNA, divided into three segments. The large (L) segment encodes a single
RNA-dependent RNA polymerase, the medium (M) segment encodes a glycoprotein precursor and
the small (S) segment encodes a nucleocapsid protein [1]. Historically, orthohantaviruses have
predominantly been associated with rodent reservoir species [2]; however, they have increasingly
been detected in other mammalian taxa, such as bats [3], shrews [4] and moles [5]. Each species of
orthohantavirus is typically assodated with a single reservoir species, where the infection is considered
to be persistent and asymptomatic [6].

Viruses 2020, 12, 454; doi:10.3390/v 12040454 www.md pi.comffournal/virses
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Several orthohantavirus species are capable of transmission into humans, through the inhalation
of aerosolised contaminated excreta [7]. Human infection is thought to result in two forms of the
disease, depending on the causative species; old-world species are associated with a primarily renal
syndrome known as ‘haemorrhagic fever with renal syndrome’ (HFRS), whilst new-world species are
associated with pulmonary disease, ‘hantavirus pulmonary syndrome’ (HPS) [8]. However, an overlap
of clinical presentations between the two syndromes has led to suggestions that they should be
reconsidered as a single clinical syndrome, hantavirus fever (HF) [9]. The severity of HF can vary
significantly; Puumala virus (PUUY) infection, for example, causes a mild, often sub-clinical disease [10],
whilst new-world species, such as Sin Nombre virus (SNV), has a case fatality rate of 35% [11]. There are
four spedies known to cause HF in Europe; Seoul (SEOV), Dobrava-Belgrade (DOBV), Tula (TULV) and
Puumala (PUUV) [12]; the reservoirs assodated with these viruses are the brown rat (Rattus norvegicus),
yellow-necked mouse (Apodemus flavicollis)/striped field mouse (Apodenus agrarius), common vole
(Microtus arwlis) and the bank vole (Myodes glareolus), respectively. Except for the TULV-associated
common vole, which is geographically restricted to the Orkney Islands in Scotland, each of the reservoir
species associated with these viruses are present in the United Kingdom (UK). However, of these
viruses, only SEOV has been detected n the UK [13].

HF has been reported sporadically throughout the UK, including England [14], Scotland [15] and
Northern Ireland [16], though the causative species could not be confirmed due to cross-reactivity of
the serological assays used to diagnose the orthohantavirus infections [17]. The first orthohantavirus
linked to HF in the UK was in 2011 when a novel strain of SEOV was isolated from wild rats captured
on the farm of a patient with suspected HF [15]; SEOV was then detected in pet rats belonging to a
patient with serologically confirmed HF in 2013 [19]. Furthermore, a novel vole-associated hantavirus
related to TULY and PUUV—Tatenale virus (TATV)—was identified in field voles (Microtus agrestis)
captured in northwest England in 2013 [20] and again in northern England in 2017 [21]. However,
fragments of less than 400 nucleotides were retrieved for two of the three genomic segments, meaning
that phylogenetic analysis of this virus was limited. In 2019, an orthohantavirus was detected in
German field voles—Traemersee virus (TRAV)—and was suggested to be a strain of Tatenale virus,
However, the aforementioned paucity of published TATV sequence data has precluded any accurate
comparison between TATV and TRAV [22]. To better understand the prevalence and phylogeny of
Tatenale virus, we performed in-depth sampling and analysis of various rodents living in the UK.

2. Materials and Methods

2.1, Samiples

Rodents were caught at two semirural sites in the UK: Leicestershire (Site 1, 52.6524° N,
1.5291° W) and Cheshire (Site 2, 53.2273% N, 2.8844° W). Seventy-two rats (Rattus rorvegicus), 224 mice
(Mus musculus) and 12 field voles (Microtus agrestis) were collected from Site 1 between May 2013
and October 2014. Eight rats, 119 field voles, 93 wood mice (Apodemus flavicollis) and 3 bank voles
(Myodes glareolus) were collected from Site 2 between June 2013 and July 2016.

Rodents were captured as part of routine pest-management at both sites. Ethical approval for
collection of rodent tissue had been previously been granted [23] by the University of Nottingham
School of Veterinary Science Ethical Panel, reference numbers 1602 151102 and 1786 160518,

2.2, Nucleic Acid Preparation

Sections of lung and kidney tissue, approximately 1 mm? were collected, and RNA was extracted
using GenElute™ mammalian total RN A miniprep kit (Sigma Aldrich, St Louis, MO, USA), following the
provided protocol. RNA was quantified using a NanoDrop spectrophotometer (ThermoFisher Scientific,
Waltham, MA, USA). cDNA was synthesised from the RNA using RevertAid reverse transcriptase
(ThermoFisher Sdentific) following the provided protocol.
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2.3, RT-PCR Screening

Two-step RT-PCR was performed on the samples, using a degenerate primer pair (HanSemiF:
CAATATATATCNTAYGGDGGDGA and HanSemiR: CTGCTCACCAYTTNGTNGCAT) designed
in-house to target a 178 bp region of the L segment of all known hantaviruses. PCR reactions contained
05 uL of cDNA, added to 1.25 uL 10x PCR buffer, 0.06 L of HotStarTaq DNA polymerase (QIAGEN,
Hilden, Germany), 0.5 uL 10 mM dINTP's (Sigma Aldrich), 0.5 uL. each of forward and reverse primer
{10 Pmol/uL), and 9.19 uL of water for a total volume of 12.5 pL. Cycling conditions were 95 “C for
15min, 55 cycles 0f 94 °C, 51 *C and 72 *C for 20 s each, followed by 72 *C for 10 min.

A second degenerate pan-hantavirus assay, targeting a different, larger region of the L segment,
was used to confirm positive PCR results. Primers were sourced from Klempa et al. [24] (Han-L-F1:
ATGTAYGTBAGTGCWGATGC and Han-1L-R1: AACCADTCWGTYCCRTCATC); PCR reactions
contained the same concentration of reagents and primers; cycling conditions were modified to 95 °C
tor 15 min, followed by 55 cycles of 94 °C (30 s), 53 °C (50 s) and 72 °C (30 s), finished with a final
extension of 72 °C {10 min). This assay produced an amplicon of 452 bp.

2.4, High-Throughput Sequencing

The orthohantavirus positive field vole from Site 1 was selected for high-throughput sequencing
(HTS). NEBNext® rRNA depletion kit {Human/Mouse Rat) (New England Biolabs, Ipswich, MA, USA)
with RNA sample purification beads (New England Biolabs, [pswich, MA, USA) was used to deplete
host ribosomal RNA from the sample. Sequencing libraries were then created from the depleted RNA
using NEBNext® Ultra™ 11 directional RNA library prep kit for lllumina (New England Biolabs).
Libraries were sent to SourceBioscience (Nottingham, UK) and sequenced with an Hllumina HiSeq 4000.
Each read length was 2 x 150 bp, and the insert size was 200 bp on average. All generated sequence
data were analysed using the Geneious Prime 2019.0.4. Generated reads were mapped to reference
orthohantavirus sequences downloaded from GenBank.

2.5 Retrieval of TATV's Complete Coding sequence (CDS) Using PCR Primer-Walking

The complete coding sequences (CDS) of the Tatenale virus retrieved via HTS was used as a
reference sequence to design primers to retrieve the CDS of the TATV strain from Site 2, as funding
was not available for HTS of both samples.

2.6 Phylogenetic Analysis

Nucleotide sequences for each segment of both TATV strains were aligned with a full-length
coding sequence for representative Arvicolinae-associated orthohantaviruses and a non-arvicolinae
orthohantavirus (Andes Virus) outgroup, using the MUSCLE function in MEGAX [25]. MEGAX was
then used to find the best-fit substitution model for each alignment of sequences, and the model with
the lowest Bayesian information criterion scores was considered the most appropriate.

Maximum likelihood trees were created with a GTR+G+I model, using MEGAX software.
Robustness was assessed using bootstrap resampling (1000 replicates).

The pairwise evolutionary distance (PED) values of TATV and related orthohantaviruses were
calculated using a WAG amino add substitution model, in the PhyML [26] plugin on Geneious Prime.
These calculations were based on a concatenation of the complete coding regions of S and M segments
from the same virus.
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3. Results

3.1. Detection of Orthohantavirus RNA by RT-PCR

Orthohantavirus RNA was detected in a single field vole from Site 1(8.3%) and twelve field voles
from Site 2 (10%). No orthohantavirus was detected in any house mouse (n = 224), wood mouse
(IN =93}, brown rat (n = 80) or bank vole (1 = 3) samples.

The sequenced HAN-L amplicons from the Site 2 voles were highly conserved; the two most
dissimilar were 97.7% identical at the nucleotide level. Comparison of the HAN-L amplicons between
the two sites were more divergent, with a nucleotide homology of 86.3% to 89.3% between the single
Site 1 virus and Site 2 viruses. We named the strain from Site 1 ‘Norton-Juxta’ and the strain from Site
2 ‘Upton-Heath', reflecting the geographic origins of the two strains.

BLASTn searches of the 452 bp HAN-L PCR amplicons showed a high level of similarity to
Tatenale orthohantaviruses. The Norton-Juxta strain was 87.3% identical to ‘Tatenale virus strain B41'
and 86.5% identical to ‘Kielder hantavirus kld-1" at the nucleotide level, whilst the Upton-Heath Strains
were 94.9-96.9% identical to B41 and 84-86.6% identical to kid-1.

3.2, Recovery of Complete TATV CDS

A total of 62,191,960 reads were sequenced from an uHTS library created from the lung tissue
of the Norton-Juxta positive field vole. A total of 27,279,217 reads remained following pair-merging
and quality processing. Mapping of these reads to reference sequences for each segment resulted
in a total of 94,706 reads, representing 2.5% of filtered reads. The complete coding sequence of
each segment was recovered. The L segment was 6465 nucleotides in length (Genbank Accession
number MK883761), whilst the M segment was 347 nucleotides (MK883759), and the CDS of 5 was
1302 nudeotides (MKS83757).

Complete CDS of the L (MK883760) and 5 (MK883756) segments of TATV Upton-Heath
was recovered through PCR primer-walking, these sequences were the same length as those
tor TATV Norton-Juxta. Almost complete CDS of the M segment (MKB83758) was recovered,
missing A nucleotides from the 3’ end of the CDS.

3.3, Amalysis of Complete TATV CDS

Comparison of the complete L and 5 segments and almostcomplete M segments of the two
strains revealed a nucleotide similarity of 90.6%, 94.1%, and 91.3%, respectively. Phylogenetic analysis
of the three segments, with complete Arvicolinae-associated orthohantaviruses, showed that both
Morton-Juxta and Uptorn-Heath TATV clustered closely with Traemersee virus, forming a distinct
dade, and supported with strong bootstrap values in the L (Figure 1A), M (Figure 1B) and 5 segments
(Figure 1C). Nucleotide and amino acid similarities between both TATV strains and closely related
orthohantavirus species are shown in Table 1. Pairwise evolutionary distance (PED) analysis of the
concatenated 5 and M segments of Norton-Juxta and other vole-borne orthohantaviruses showed
values of between 0.12 and 0.27. The PED values between Nortorn-Juxta and TRAV were (.05

Comparison with the partial S sequence of TATV-B41 showed a nucleotide similarity of 98.7% with
Uptor-Heath and 93.9% with Nortor-Juxta. Phylogenetic analysis with the partial L and S segments
ftor other TATV strains showed that Norton-Juxta formed a novel lineage in the phylogenies of both
segments, whilst Upton-Heath clustered closely with the previous B41 strain (Supplementary Figure S1).
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Figure 1 Phylogenetic relationship of Tatenale virus with other vole-associated orthohantavins
species. Representative complete coding sequences were retrieved for each segment; L (A), M (B)
and S (C). Maximum likelihood trees were created with a GTR+G+1 model, using MEGAX software.
Branch lengths were drawn to a scale of nucleotide substitutions per site. L and S trees were
based on full-length sequences, whilst the M segment tree was based on the available sequence for
the partial Upton-Heath strain. Numbers above individual branches show bootstrap support after
1000 replicates. Tatenale virus strains are highlighted with a blue box. Black triangles represent a
compressed species-specific subtree. Sequences are shown with the species name, strain name and
the GenBank accession number. PUUY, Puumala virus; HOKV, Hokkaido virus; FUSV, Fusong virus;
YUJV, Yuanjiang virus; KHAY, Khabarovsk virus; TOPY, Topografov virus; TATY, Tatenale virus; TRAV,
Traemmersee virus; PHY, Prospect Hill virus; ILV, kla Vista virus; TULY, Tula virus; ADLV, Adler virus;
LUXV, Luxi virus; FUGY, Fugong virus; ANDV, Andes virus.

Table 1. The similarity of Norton-Juxta and Upton-Heath strains of Tatenale virus to the closest related
strain of the most related species at nucleotide (amino acid) level. Similarities to the M segment of
the Upton-Heath strain are based on the available partial sequence. * Indicates no complete sequence

data available.
Species (Accession Number) 5 M L
Morton-Juxta
Traeniersee 827 (968 TO8(MZ L1594
Khabaroosk TOZ 94 Ted (875 779009
Yuanfiang TA2(BRE)  TRA(BAS) TR(904)
Fusong TR (BRZ)  TR2(E9) -*
Puumnala T7O(R78)  T4B{BLT  TTO(881)
Hoklaide TE3B75)  THA(B44)  Te.B(885)
Upton-Heath
Traeniersee B3 (9.5 BOE(M3) BL5(9a4)
Khabaroosk 799 (BBY)  TIL(ETR) TR(90.7)
Yuanfiang TEO(BRZ)  TRT(BAS) TRV (B94)
Fusong 7988 Th{8a.2) -*
Puunala TEA(BTE) TRS5(Be) TTA(BTE
Hoklaide 79878 TET(B44)  TaT(879)
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4. Discussion

This was the first reported recovery of complete coding sequences for TATV inthe UK. Based on a
genetic divergence, we proposed that this virus represented an additional strain of TATV, tentatively
called Norton-Juxta, which extended the known range of TATV from northern to central England.
The detection of diverse TATV in field voles, but not other species of rodents sampled from the same
sites, strengthened evidence of field voles as the primary reservoir of the virus. The high similarity
between the available sequence data for TATV B41 and the corresponding sequence from TATV
Upton-Heath, together with the close geographic proximity of the collection sites, indicated that the
two viruses might be co-circulating within the same population of field voles.

Orthohantavirus species’ demarcation criteria of >7% AA divergence across S and M segments [27],
as well as stricter criteria of a PED lower than 0.1 in the concatenated 5 and M segments [28], have been
suggested. As the PED values between the complete Norton-Juxta strain of TATV and TRAV was below
the 0.1 speciation threshold, this confirmed that both TATV and TRAV were members of the same viral
species, as was hypothesised by Jeske et al. [22]. Though TRAV was the first strain with complete CDS,
TATV was detected several years prior and is more established in the literature. Thus, we proposed
that the species in which TATV and TRAV belonged to be named Tatenale orthohantavirus.

There is serological evidence of human infection with PUUV- or SNV-like viruses in the UK [29],
though there has been no molecular evidence of these viruses in either humans or mdents. A previous
study has reported that blood from a vole infected with TATV B41 is cross-reactive with PULV,
which suggests that PUUV/SNV seropositive humans may have been the result of TATV infection [20].
Until now, the paucity of sequence data has precluded significant further investigation of TATV.
Recovery of the complete coding sequence for each of the segments, particularly the glycoproteins
encoded in the M segment, will allow for in vitro studies to further explore the zoonotic potential of
the virus.
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