VL

University

£ of Glasgow

e

Dennis, Tristan Philip Wesley (2018) Mining genome data for endogenous
viral elements and interferon stimulated genes: insights into host virus co-
evolution. PhD thesis.

https://theses.qgla.ac.uk/30887/

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.gla.ac.uk/
research-enlighten@glasgow.ac.uk



















1.4 - Murine ERVs

A large proportion of insights into host:ERV co-evolution have been
made in mice. The mouse is an extremely common model organism in
medical genetics, and has been extensively characterised and studied. This
extends to genomic data: the bulk of genome and annotation data available
for the mouse is second only to that of the human. Also, the mouse is used
and bred frequently as a model organism, due to a low generation time and
small size, making it easy to validate and study ERV-related insights acquired

from genome data. Mice possess ERVs of all three classes (Figure 1.7).

Figure 1.8) Phylogeny of known murine ERV lineages. Class indicated by
coloured ring, the same coloured text within indicates murine ERV
lineages. ‘%’ indicates % of the murine genome taken up by ERV sequences
of the given class. Figure from Stocking, 2008.
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1.4.1 - Class | murine ERVs

Of the three ERV classes in mice, class | ERVs are the most diverse but
lowest in number (Figure 1.7). All class | murine ERVs described so far are
gammaretroviruses. MLV is the most extensively characterised class | murine
ERV (Gross, 1953). A endogenous gammaretrovirus with an exogenous
counterpart, endogenous MLV is capable of reinfecting the mouse genome,
and is polymorphic between different strains of inbred mouse (Frankel et al,
1990). MLV possesses a Pro PBS, with 49 loci present in the published genome
of the C57BL/6 mouse. About 20 copies are shared between every mouse,
(Jern et al, 2007; Kozak, 2015). It is split into three groups based on their
ability to infect cells of the mouse and other species: xenotropic, polytropic
and modified polytropic (xmv, pmv and mpmv respectively - not to be
confused with the Mason-Pfizer Monkey Virus). (Kozak, 2015).

Mus musculus retrovirus utilising tRNA®™ (GLN) is present at about 80
copies in the murine genome (Itin and Keshet, 1986; Ribet et al, 2008).
GLN proviruses are ~8.4kb long with a 430bp LTR. Two GLN proviruses possess
all the requirements for infectious particle formation, which was observed in
in vitro analyses of GLN (Ribet et al, 2008).

Loci in the Mus musculus endogenous retrovirus (MMERV) (Bromham et
al, 2001) also possess intact envelopes, leading to speculation that it may be
present as an endogenous gammaretrovirus of mice. In silico searches have
identified 191 MMERV loci in the genome of the mouse (Lee et al, 2012), and
this lineage has been shown to possess two PBS specificities (PBSP™ and
PBS®Y). MMERV has been discovered in Mus caroli and Mus dunni also (named
McERV and MdEV). MMERYV proviruses are ~8.6kb in length, with ~450bp LTRs,
and possess gag, pol and env ORFs, some of which are completely intact. Like
MLV, MMERV has a ~99bp 5’ extension of Gag, forming a Glyco-Gag ORF.
(Bromham et al, 2001).

There are three non-intact lineages of class | murine ERV. The first is
murine retrovirus like sequence (MuRRS). (Schmidt et al, 1985), with an
estimated copy number of 50-100, 600bp LTRs and a 5.7kb long genome

missing env and punctuated by stop codons. The second is murine endogenous
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retrovirus C (MUERV-C), a similarly degraded gammaretrovirus (Zhao et al,
1999) with a LINE1 fragment in place of a 5’LTR and Gag c-terminus, a
deleted env ORF and numerous stop codons and frameshifts. The final
degraded class | murine ERV is murine retrovirus on the Y chromosome
(MURVY). MURVY has an 8.8kb genome, and 627/628bp long 5’/3’ LTRs
respectively. Around 500 inactivated copies of the MURVY exist on the Y
chromosome as part of a duplicated segment. (Hutchison and Eicher, 1989;
Eicher et al, 1989).

1.4.2 - Class Il murine ERVs

Class Il ERVs group close to exogenous Betaretroviruses. Indeed, the
Betaretrovirus type species is MMTV (Green et al, 1946). Three copies of
MMTV have been found in the C57BL/6 mouse genome (Kozak et al, 1987),

all of which are intact and capable of particle formation. (Figure 1.7).

The remaining class Il murine ERVs are known to be retrotransposons,
the most prolific of which is the intracisternal a-type particle (IAP) (Dalton et
al, 1961). IAP has since been characterised as a diverse ERV ‘superfamily’
(Qin et al, 2010; Magiorkinis et al, 2012). Although an env-encoding IAP
locus exists and, is capable of infectious particle formation (Ribet et al,
2008), IAP has undergone env loss and explosive proliferation in the genomes
of several mammalian species, including that of the mouse (Magiorkinis et al,
2012). Although IAP displays a diverse range of structures and LTR sequences,
they are unified by the presence of intact Gag and Pol encoding genes,
flanking LTRs 300-600bp in length, and betaretrovirus-like sequence features

(described in greater detail above).

The Mus musculus D-type retrovirus (MusD) is a retrotransposing class
Il ERV, discovered due to its similarity to ETn. (Mager and Freeman, 2000).
MusD is ~6-7.8 kb in length, with some proviruses encoding intact Gag and Pol
peptides, and capable of forming intracellular particles. However, in all cases,
the Gag peptide is missing the n-terminal myristoylation signal, precluding
infectious particle formation. Provision of this signal, and an in trans
expressed env protein allows for rescued particle formation (Mager and

Freeman, 2000; Benit et al, 2007).
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The final class Il murine ERV is MYSERV. A poorly defined group of
murine ERVs, MYSERV is a RepBase designation for an inactive family of ERVs
marked by their similarity to mys and mysTR, a group of ERV-like
retrotransposons undergoing explosive amplification in other species of
rodent, in a similar manner to IAP (Wichman et al, 1985; Cantrell et al,
2005).

1.4.3 - Class lll murine ERVs

The only known class Ill murine (spumaretrovirus-like) ERV is MUERV-L
(Cordonnier et al, 1995). Part of the ERV-L lineage, MUERV-L is marked by
its advanced age, predating the divergence of placental mammals (Lee et al,
2014). In many lineages, including humans, ERV-L is inactive and degraded.
Contrastingly in mice, MUERV-L is an active retroelement, having undergone
multiple bursts of expansion in the last 2-10 million years (Benit et al, 1997;
Costas et al, 2003), and has contributed to mice the antiretroviral fv1 gene
(Benit et al, 1997). MUERV-L is approximately 6 kb in length, with intact
Gag-Pol ORFs and paired LTRs of ~500nt in length and a PBS complementary
to tRNAY. (Figure 1.7).

1.4.4 - ERV-like transposons

What | describe here as ‘ERV-like’ transposons corresponds to the
‘altered ERVs’ described above. These elements possess flanking LTRs
homologous to extant ERVs, but possess internal regions that display little or
no homology to retroviral genes. In all three instances (ETn, VL30 and MaLR),
the elements have LTRs homologous to known ERVs, suggesting that they
replicate in a non-autonomous fashion, utilising the proteins of other ERVs to

replicate.

Approximately 5kb in length, VL30 (virus-like 30) elements consist of
paired LTRs flanking fragmented gag and pol ORFs. (Keshet and Itin, 1982;
Adams et al, 1988). The gag and pol like ORFs bear only a faint homology in
certain sections to other retroviral proteins. VL30 LTRs were found to be

similar to MdEV, an endogenous gammaretrovirus of mice (Wolgamot et al,
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1998): a prelude to the discovery of MMERV (Bromham et al, 2001). As such,
there is speculation that recombination between VL30 and an ancestral
gammaretrovirus was responsible for the generation of MdEV/MMERV
(Wolgamot et al, 1998).

Early transposon (ETn) elements were characterised as retrovirus like
elements active during murine embryogenesis (Brulet et al, 1983). The full-
length ETn element is 5.6kb in length, is flanked by paired LTRs ~200bp in
length. The internal region has no potential ORFs, nor any significant
homology to retroviral proteins (Sonigo et al, 1987). The finding of a small
region of homology in ETn to a fragment of betaretrovirus led to the
characterisation of MusD - a transposing ERV with identical LTRs to ETn.
(Mager and Freeman, 2000).

The mammalian apparent retrotransposon (MaLR) is the final non-
autonomous ERV-like transposon. Present in the murine genome at ~388,000
copies, it is by far the most numerous retrotransposon. The internal region is
unrelated to known ERVs, but it shares ~50% LTR homology with MuERV-L
LTRs, suggesting that it replicates by utilising MUERV-L proteins. (Waterston
et al, 2002; Smit et al, 1993).

1.5 - Direct paleovirology: EVEs

Compared to ERVs, non-retroviral EVEs (EVEs) are relatively rare.
However, a surprising level of diversity of integrated EVEs has been
discovered in eukaryotic genomes, starting with the 2004 discovery of
endogenous flaviviral elements in the genome of the Aedes mosquito.
(Crochu et al, 2004). Subsequently, it has been found that every known
group of viruses is capable of endogenisation (Katzourakis and Gifford, 2010;

Aiewsakun and Katzourakis, 2012).

The mechanism by which retroviruses endogenise is obvious - genomic
integration of a dsDNA intermediate is an obligate step in the retroviral life
cycle. Mechanisms of EVE integration are less obvious. It has been

documented that DNA viruses can integrate into host genomes via non-
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homologous dsDNA end-joining (e.g. for hepadnaviruses, Bill and Summer,
2004) and telomeric homologous recombination (e.g. for herpesviruses,
Morissette and Flamand, 2010). For RNA viruses, the mechanisms of
integration are even more mysterious, given that existence as a DNA
intermediate, presence in the nucleus and chromosomal integration are not a
necessary part of their life cycle. It has been proposed that RNA viruses are
reverse transcribed and integrated by retroviral or retrotransposon proteins
to aid endogenisation (Katzourakis and Gifford, 2010). Additionally,
recombination between ERVs and exogenous RNA viruses can take place,
leading to integration of the RNA virus as an EVE (Geuking et al, 2009).

For ssDNA viruses of eucaryotes, only the integration of parvoviruses
through non-homologous DNA recombination has been studied, due to the
potential of adeno-associated virus in gene therapy. (Kotin et al, 1992;
Krupovic and Forterre, 2015). For circular ssDNA viruses, such a circoviruses,
nanoviruses and geminiviruses, no integration mechanism has been found,
despite evidence of widespread integration of these viruses into eucaryotic
germlines (Katzourakis and Gifford, 2010). It has been proposed that
integration took place during repair of chromosomal DNA strand breaks via a
nonhomologous end joining mechanism. Additionally, the rolling-circle
method of replication employed by these viruses may be significant, given
that rolling circle rep-like endonucleases mediate integration of circular

ssDNA molecules in prokaryotic genomes (Krupovic and Forterre, 2015).

1.5.1 - Circoviruses

The increasing body of sequence and metagenomics data is bringing
attention to the circular ssDNA viruses, particularly circoviruses (family
Circoviridae). Circoviruses are small, with 1.8-2.1kb ssDNA genomes. (Figure
1.8). All circoviruses encode two genes: cap and rep, with a third ORF (orf3)
being encoded by porcine circoviruses (PCVs), and other ORFs being
identified in other circovirus species (Rosario et al, 2017). The rep and cap
genes diverge from one of two intergenic regions (IR) in an ambisense fashion
(Figure 1.8), and are transcribed as such. In the case of PCVs, alternative
splicing takes place, leading to the production of numerous transcripts.

However, this has not been studied in other circoviruses (Cheung et al,
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2012). cap encodes the Cp protein: the viral structural protein. Cp is
significantly divergent, with the only distinguishing motif being an N terminal
domain rich in basic amino acids. This is hypothesised to have DNA binding
activity, and may be involved in the intracellular distribution of viral proteins
during replication (Cheung and Greenlee, 2011). rep encodes the replication
associated protein (Rep), also known as the replicase (referred to as such
hereafter). Rep is the most conserved circovirus protein, and possesses
features associated with rolling circle replication (RCR) in other ssDNA viruses.
The IR between the 5’ ends of the genes is characterised by a conserved

nonanucleotide motif, where Rep initiates RCR (Figure 1.9).

The circovirus life cycle begins with entrance via clathrin-mediated
endocytosis (Cheung et al, 2012). The viral particle then penetrates the
nucleus, where it uncoats. In the nucleus, the ssDNA genome is converted to
dsDNA by host factors, and transcribed to produce viral mRNAs, which are
translated into viral proteins in turn. RCR of the viral genome is initiated via
a stem loop structure in the intergenic region which is marked by a conserved
nonanucleotide motif. The viral Rep protein ‘nicks’ the genome at this
location, and the exposed ssDNA is bound by host DNA polymerase. The host
DNA polymerase synthesises a new copy of the viral ssDNA genome, and the
old strand is displaced. The resulting dsDNA (consisting of an original DNA
strand and the newly synthesised complementary strand) is again nicked by a
viral Rep protein, and the process begins anew, allowing rapid synthesis of a

large amount of viral genomes (Cheung et al, 2012).

1.5.2 - Circovirus classification

Circoviruses are circular, rep encoding ssDNA viruses (CRESS-DNA). A
large number of CRESS-DNA sequences are highly divergent, and are
ubiquitous. They are commonly discovered in metagenomics samples of the
environment and of oceanic invertebrates, as well as stool and tissue samples
of animals (Delwart et al, 2012). This group of loosely-defined viruses
represents a pool of incredible diversity (Simmonds et al, 2017; Schulman
and Davidson, 2017), of which established ssDNA virus groups, such as

Circoviridae, represent just a part.
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Family Circoviridae consists of two genera: Circovirus and Cyclovirus.
The two genera share the basic structural features of Circoviridae: rep and
cap ORFs arranged in an ambisense orientation in a small circular ssDNA
genome. Cycloviruses are classified based on phylogeny, and on the putative
differences in replication and transcription employed by cycloviruses. First,
the 3’ IR present in circoviruses is absent or consistently smaller in
cycloviruses (Li et al, 2010). Secondly, the putative origin of replication
(nonanucleotide motif) is located on the Rep encoding strand of circoviruses
and the Cp encoding strand of cycloviruses. Finally, the presence of introns

has been reported for cycloviruses. (Rosario et al, 2012).

Intergenic region

OriR

Cap

Figure 1.9) Canonical circovirus genome structure. Orange and green ORFs
are labelled with direction of expression.

1.5.3 - Circovirus diversity, host range, and role in disease

Members of the genus Circovirus have been studied extensively as
veterinary pathogens. They have been identified in numerous species of bird,
including pigeons, geese (Todd et al, 2001a), canaries (Todd et al, 2001b),
finches, gulls (Todd et al, 2007), and corvids (Stewart et al, 2006). They
are well known as the agent causing beak and feather disease (Raidal et al,
2015). Similarly, PCV-1/2 has been well-studied as the causative agent of
postweaning multisystemic wasting disease in swine (Hamel et al, 1998). As
well as well-studied disease associations, circoviruses have been identified in
numerous hosts through a series of degenerate PCR and metagenomics studies,
including freshwater fish (Lorincz et al, 2011; Lorincz et al, 2012),
chimpanzees, humans, (Li et al, 2010) dogs (Hsu et al 2016), and Aleutian
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mink (Lian et al, 2014). In addition to discovery in a wide range of hosts and
being veterinary pathogens, circoviruses have gained prominence due to their
presence as a contaminating agent in the live-attentuated rotavirus (RotaRix)
vaccine (Victoria et al, 2010), although no adverse reactions or human
infection by circoviruses as a result of this vaccine have been reported
(FDA.gov). In addition, despite having no evidence of human infection,
circoviruses are studied as possible contamination agents in porcine-human

xenotransplantation (Denner and Mankertz, 2017).

Circovirus EVEs (CVe) are relatively widespread in animal genomes.
Similarity-search based approaches have established a wide past host range
of circoviruses in multiple mammalian groups (Katzourakis and Gifford,
2010), birds (Cui et al, 2014), snakes (Gilbert et al, 2014) and fish (Feher
et al, 2013). In addition, a study by Liu et al, 2011 found numerous circo-
like viruses integrated in the genomes of mites and a gastropod (Liu et al,
2011). These studies have also informed the time-scale of circovirus
evolution: an ortholog between different members of genus Crotalus set the
minimum estimated date of circovirus infection of snakes to at least 10
million years ago (mya). (Gilbert et al, 2012). Similarly, the discovery of an
orthologous CVe between the dog and the cat set the date of circovirus
invasion of carnivore germlines to at least 54mya (Katzourakis and Gifford,
2010).

In contrast to circoviruses, cyclovirus CVe have yet to be discovered.
Cycloviruses have been isolated from invertebrates and vertebrates.
Mammals and birds, including a large number of domestic animals - chickens,
sheep, cows, goats, horses and cats (Delwart and Li, 2012), make up the
vertebrate sources of cyclovirus sequences, where arthropods (cockroaches
and dragonflies) make up the invertebrate sources. Interestingly, cycloviruses
have also been isolated from human samples of sera, cerebrospinal fluid (CSF)
and bronchial aspirate (Phan et al, 2014; Smits et al, 2013; Tan et al,
2013). These discoveries, have led to speculation that cycloviruses may be
the etiological agents behind human diseases. For example, cyclovirus-Viet
Nam (CyCV-VN) was identified in the CSF of patients with CNS infections (Tan
et al, 2013). CyCV-VN was subsequently discovered to have a geographical

distribution spanning Asia, Africa, Europe and South America. (Macera et al,
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2016; Garigliany et al, 2014; Phan et al, 2014). These studies have led to
speculation that cycloviruses may be an emerging human pathogen, resulting
from cross-species transmission of mammalian and arthropod circo- and

cycloviruses (Li et al, 2011; Delwart et al, 2012).

1.6 - Indirect paleovirology - antiviral genes

The majority of viruses do not leave behind EVEs, making the viral
fossil record as sparse as its geological-paleontological counterpart. The
study of antiviral genes can be used to infer the presence and activity of
viruses over evolutionary timescales. This approach is called ‘indirect
paleovirology’. (Patel et al, 2011) This approach is most powerful where a
virus:host conflict is known - i.e. where a gene is known to be antiviral. For
example, many studies involving paleovirology have focussed on interferon

stimulated genes (ISGs).

1.6.1 - Interferon stimulated genes (1SGs).

ISGs are a component of the innate immune system. They are
stimulated by Type I, Il and Type lll interferons (IFNs), often secreted in
response to the detection of conserved pathogen associated molecular
patterns (PAMPs). The induction of these genes in response to IFN signalling
leads to the expression of hundreds of antiviral factors, resulting in an
‘antiviral state’ within the cell that is refractory to viral replication.
(Schoggins et al, 2011). ISGs are critical in combating viral infection, and
there are numerous examples of direct co-evolutionary conflicts between
viruses and antiviral ISGs (Sawyer et al, 2005; Daugherty et al, 2014).
These conflicts can be studied as a history of history of host:virus co-

evolution, and can be traced through indirect paleovirology studies of ISGs.

1.6.2 - Virus:ISG coevolution

Viral evolution requires the host to co-evolve in order to counteract
constantly changing viruses. Variants of host genes are fixed under selection
pressure exerted by viral disease. This fixation is more rapid than usual due

to the fitness cost associated with inability to repel viral infection - the host
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may suffer less due to a variant gene than an inability to combat the virus.
The virus then counter-evolves, and the variant then begins to exert a
renewed selection pressure. These bouts of selection represent virus:host
conflict and co-evolution. (Daugherty and Malik, 2012). They can be
identified by searching protein coding gene sequences for instances of
positive selection - whereby beneficial mutations are increased in frequency
until they become fixed in the opoulation. This is assessed by studying the
ratios of non-synonymous nucleotide changes that change the amino acid
sequence versus synonymous changes that leave the amino acid unchanged
due to genetic code redundancy. A greater rate of fixation for non-
synonymous changes versus synonymous is mostly explained by the action of
positive (aka diversifying) selection. (Lemey et al, 2009). Examples of genes
that are, or have been, under positive selection are trim5a and
tetherin(Sawyer et al, 2005, McNatt et al, 2009; Busnadiego et al, 2014).
Signatures of residues under positive selection at the host:virus interface can
be used to guide in vitro studies of host:virus co-evolution. For example,
Sawyer et al, (2005) successfully used selection analyses to discern specific
residues responsible for antiviral activity and species specificity in primate

TRIM5a sequences.

1.6.3 - Antiviral gene dynamism

Antiviral gene groups often undergo lineage specific changes in copy
number, as these changes are more likely to be selected for in ISGs. This is a
potential adaptation by the host to adapt antiviral specificity without losing
existing function. This phenomenon, referred to as gene dynamism
(Daugherty et al, 2016; Mitchell et al, 2015), is particularly common in ISG
families (Shaw et al, 2017).

Duplication at antiviral ISG loci presumably confers a selective
advantage, in that multiple copies of an antiviral gene can then go on to
encode different antiviral specificities (Daugherty et al, 2014). A broad
study of the mammalian interferome found that antiviral ISGs were
significantly more likely to have undergone expansion (Shaw et al, 2017).
This is mirrored by studies of single genes/gene groups. Gene duplication has

been reported at the trim5 locus in cows, and at the mxb locus in the
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common ancestor of eutherian mammals. (Sawyer et al, 2007; Mitchell et al,
2015). Relatively extensive duplication has taken place at mammalian
apobec3g and parp family loci. (Daugherty et al, 2014; Munk et al, 2012).
The consequences of these gene duplications are evident: parp family
duplication has given rise to a gene family encoding a diverse range of
antiviral specificities. (Daugherty et al, 2014). This is supported by in vitro
analyses of IFIT1 and IFIT1B specificities: ancestral duplications at the
mammalian ifit1 locus gave rise to multiple ifit proteins encoding different

antiviral specificities (Daugherty et al, 2016).

Numerous instances of gene loss have been observed at antiviral gene
loci., The mx proteins have been inactivated in toothed whales (Braun et al,
2015). These losses occur either through pseudogenisation, gene conversion,
or deletion of the locus, and they have occurred in the mx, ifit, parp, trim5
and apobec3g gene families (Mitchell et al, 2015; Daugherty et al, 2016;
Daugherty et al, 2014; Sawyer et al, 2007; Munk et al, 2012). The
selective advantage of gene loss is more difficult to ascertain, especially in
contrast to gene duplication - where the duplicate gene can be analysed in
silico and in the lab. Braun et al, (2015) speculate that loss of the mx genes
in odontoceti (toothed whales) is due to viral infection that exploited the mx
genes. By contrast, it is possible that a relaxation of selection pressures may
be responsible for gene inactivation and loss. This could occur either through
assumption of the lost gene’s function by a paralog or through relaxation of a

specific viral selection pressure (Sawyer et al, 2007).

Studying gene dynamism can be a valuable tool in indirect
paleovirological studies of host:virus co-evolution. Gene loss can be used to
make inferences on the lineage-specificity of antiviral activity. In addition,
the lineage-specific loss of a gene suspected of antiviral activity can provide
supporting evidence for its antiviral activity: loss of a gene indicates that a
housekeeping role is either unlikely, highly lineage specific, or redundant.
Contrastingly, studying ISG expansion can give insights into the range of
specificities encoded by the duplicated genes (Daugherty et al, 2014;
Daugherty et al, 2016).

1.7 - Using paleovirology to study host:virus co-evolution
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Indirect (gene-based) and direct (ERV and EVE based) paleovirological
analyses can provide insights into host-virus co-evolution. These analyses are
performed on ERV, EVE and ISG nucleotide or amino acid sequences acquired
through the mining of genome data, either through in silico approaches, such
as similarity searching, or through molecular cloning, sequencing and assaying
of virus and gene sequences (Katzourakis and Gifford, 2010; Frankel and
Stoye, 1989).

1.7.1 - Phylogenetic analysis

ERV and EVE sequences can be used to reconstruct the phylogenetic
relationships between endogenous and extant exogenous viruses. This can be
used as a basis for classification. (Tristem et al, 2000; Benit et al, 2001). In
addition, it can identify new genera and groups. An example of this is in
Retroviridae, where ERV diversity grouping outwith established genera
warrants the creation of new genera within Retroviridae (Johnson et al,
2015). Similarly, the identification of novel parvoviruses by metagenomic
and in silico screening led to the (tentative) proposition of the

Chapparvovirus genus. (de Souza et al, 2017).

In addition, phylogenetic analysis can be used to identify virus past
host range. The discovery of an EVE or an ERV in a host species definitively
extends the host range of that virus group to the species in which it was
discovered. Examples of this are the unexpected discovery of filovirus EVEs in
rodent genomes (Taylor et al, 2010), and the discovery of a deltaretrovirus
ERV in the genome of the long-fingered bat (Hron et al, 2018). Furthermore,
where a phylogeny of retroviral peptides from multiple hosts is different to
that of their corresponding hosts, it is indicative of host switching having
taken place. (Diehl et al, 2016). These discoveries of host range can
underscore the stability or instability of host range in groups of viruses (i.e.
how prone they are to crossing species barriers), and could potentially be
used as predictive factors for identifying virus reservoirs by guiding virus
discovery efforts. (Taylor et al, 2010; Katzourakis and Gifford, 2010).
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The strong conservation of virus polymerases (Xiong and Eickbush,
2010), makes them candidates for the phylogenetic analysis of EVE and ERV
evolution, and many studies rely on the RT domain for classification and
phylogenetic analysis of ERVs (Tristem, 2000; Jern et al, 2005; Hayward et
al, 2015). In addition, an apparent conservation and predisposition of viral
polymerases to integrate has made them the most appropriate candidates for
phylogenetic analysis of EVEs. (Katzourakis and Gifford, 2010; Beyli et al,
2010). Other peptides can be used: the TM domain of Env has been used in
phylogenetic screening and analysis of Retroviridae (Benit et al, 2001). The
propensity of retroviruses to recombine has resulted in the resolution of
different evolutionary histories for different protein coding genes within
single retrovirus lineages (Benit et al, 2001; Diehl et al, 2016). An example
of this is the evolutionary history of recombination between the retroviral
envelope and polymerase. Env, which determines host specificity, has a
specificity for mammals in the genus Betaretrovirus, and for a diverse range
of hosts in genus Gammaretrovirus. Betaretroviral acquisition of a
gammaretrovirus env gene can confer a more diverse host range, and result

in the reactivation of previously defunct ERVs (Henzy and Johnson, 2013).

The amplification processes and history of individual ERV lineages is
reflected in phylogenies of ERV sequences (Katzourakis et al, 2005). As such,
they can be used to infer the dynamics of ERV reproduction in a host genome.
ERV phylogenies can produce distinct types of topology based on their age.
‘Starlike’ trees have short internal branches, and long external branches.
(Figure 1.9). The short internal branches may reflect ancient proliferation
events, with the long branches indicating subsequent lengthy residence in the
host germline following inactivation. (Figure 1.9). These topologies are
displayed by ancient ERVs, such as ERV-Fb (Katzourakis et al, 2005), and
HERV-W (Grandi et al, 2016). ‘Comblike’ trees are often displayed by
youthful, proliferating ERV lineages, such as mysTR (Cantrell et al, 2005),
HERV-K-HML2 (Katzourakis et al, 2005) and IAP (Magiorkinis et al, 2012).
(Figure 1.9). Such topologies can be used to make general inferences as to

the evolutionary history and transpositional activity of an ERV.
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Figure 1.10) ERV amplification dynamics reflected in their phylogenies.
Left: a ‘star-like’ phylogeny commonly displayed by old, inactive ERV
lineages (HERV-FB), contrasted with Right: a ‘comb-like’ phylogeny of the
type commonly shown by recently acquired, possibly active ERV lineages
(HERV-K-HML2). Figure adapted from Katzourakis et al, 2005.

1.7.2 - Sequence analysis

Sequence analysis of ERVs and EVEs, and the identification of
conserved structural motifs can be used to assist phylogenetic analysis and
classification (Jern et al, 2005; Rosario et al, 2017). The presence or
absence of features idiosyncratic to a viral lineage can be identified, such as
the presence of accessory genes, structural features in protein coding ORFs,
non-coding motifs (PBS, PPT, nonanucleotide motif) and replication strategies
(e.g. ribosomal frameshifting/termination suppression). These features assist

in classification of virus sequences. (Jern et al, 2005; ). (Figure 1.5).

Where retroviral genome features have been analysed in vitro, their
presence, absence and characteristics can be used to make inferences in ERV
and EVE biology. For example, the loss of the Gag myristoylation signal in
MusD indicates that it is incapable of forming infectious particles - a defect
rescued by provision of the signal in vitro (Ribet et al, 2007). Subsequently,
the loss of particle-forming activity has been proposed as important in
determining env loss, intracellularisation and intragenomic proliferation
(Dewannieux et al, 2004; Magiorkinis et al, 2012). In addition, the activity
of innate immune effectors can be identified in ERV sequences: Jern et al,
2007 and Lee et al, 2008 identify evidence of APOBEC3G mediated
hypermutation in the proviruses of MLV and HERV-K(HML2) respectively.
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Mutations in ERV proviruses can therefore be studied and corrected. Then,
the ancestral forms of EVE and ERV sequences can be reconstructed in silico
and used in in vitro studies of the properties of these viral elements and
genes, with examples being the reconstruction and assaying of HERV-K and
MuERV-L as HERV-K(CON) and ancML (Dewannieux et al, 2006; Lee and
Bieniasz, 2007; Blanco-Melo et al, 2018).

1.7.3 - The timeline of host:virus co-evolution

EVE and ERV sequence data can be used to calibrate the time-scale of
host:virus evolution. They can be dated using orthology - where an
integration is shared between two species, having integrated in a common
ancestor). This approach uses estimates of host divergence times to propose
minimum estimated integration dates of ERV and ERV loci. (Lee et al, 2013;
Keckesova et al, 2012). (Figure 1.10). Additionally, EVE and ERV sequences
can be dated using the co-divergence between the two sequences that has
taken place since integration. For example, in duplicated EVEs, or in the
paired LTRs of ERVs, the sequences are identical upon integration. The
pairwise distance between the sequences can be estimated, and used with
the host rate of neutral substitution to estimate the date of duplication or
integration (Gifford et al, 2008). However, recombination or gene
conversion that alters LTR sequences can lead to artefactual results when
estimating the age of ERV integrations (Johnson, 2015). These events can be

resolved through phylogenetic analysis of ERV LTR sequences.

These data can provide multiple insights into the timescale of
host:virus co-evolution. They have shown that viruses are much older than
molecular clock estimates provide -the slowest molecular clocks indicate that
viruses are hundres, if not thousands of years old (Drummond, 2003). Not
only do EVEs and ERVs contradict this estimate quite dramatically - ERV-L
orthologs indicate that Retroviridae is at least 100 million years old (Lee et
al, 2014), but they also allow for reassessment of the ages of viral groups
previously thought to be quite modern. The discovery of lentivirus orthologs
in the genomes of primates shows them to be at least 12 million years old
(Gifford et al, 2008). Similarly, hepadnaviruses were thought to be relatively

modern viruses, with an age in the order of thousands of years (Zhou and
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Holmes, 2007), but orthologous hepadnaviruses in bird genomes
demonstrates their age to be around 40 million years (Gilbert and Feschotte,
2010). ERV and EVE sequence data has provided evidence that, despite rapid
mutation, viruses have remained relatively conserved over deep time. This
process is described as ‘idempotence’ - rapid evolution in a constrained
mutational space leads to converged evolution to similar, conserved states.
(Gifford, 2012; Holmes et al, 2011). Finally, the identification of dated

EVEs can date the association of viruses with certain species groups (e.g. the
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Figure 1.11) ERV invasion leads to orthologous integrations (a). b) Shows
how acquired EVE/ERV lineages are lost from the viral fossil record by
lineage extinction prior to the present day.

association of snakes with circoviruses is at least 12 million years old (Gilbert
et al, 2014).

1.7.4 - Functional genomics analyses

In many instances, EVE and particularly ERV sequences have been
shown to have been functionalised by the host. Typically this involves either
the LTR based or epigenetic regulation of genes, or the direct contribution of
an ERV/EVE ORF to the repertoire of host protein coding genes. (Mager and
Stoye, 2015). ChIP-seq studies can discern regulatory factor binding and
histone methylation state at or around ERV sequences to determine their role
in gene expression and regulation. These studies rely on genome annotation
of ERVs and EVEs, which in turn allow study of individual ERV loci and thus
giving context to studies of ERV functionalisation. For example, Schmid et al,
2010 find that STAT1 binds MER41 elements in humans. Chuong et al, 2016
build on this to find that MER41 is a primate specific ERV LTR.
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1.7.5 - Study of gene evolution

There are numerous cases where ERV genes have been functionalised
or ‘exapted’ by the host, with notable examples being fv1 and syncytin.
Additionally, an exapted EVE ORF has also been found in parasitic wasps
(Bezier et al, 2009), and endogenous bornavirus like elements are also under
scrutiny for their potential role in host physiology (Kobayashi et al, 2016;
Fujino et al, 2014). Identification of potentially exapted ERV ORFs can be
undertaken through screening of genome data for intact ORFs, analysis of
discovered ORFs for signatures of selection, followed by in vitro analysis of
the ORF. An example of this is the identification of percomORF - a retroviral

Env ORF under purifying selection in spiny-rayed fish (Henzy et al, 2017).

1.8 - Mining genome data for paleovirological insight

Direct and indirect paleovirology studies rely on gene and ERV/EVE
sequences. The largest source of gene and EVE/ERV sequence data is WGS
data. (Hayward et al, 2013; Hayward et al, 2015; Katzourakis and Gifford,
2010). Sequence data is accumulating at an enormous rate - not just whole
genome sequence assemblies, but also transcriptome, ChIP-seq and
metagenomics data. ERVs and EVEs are often not captured by conventional
automated analysis pipelines. Additionally, information on gene dynamism
and birth/loss has the potential to not be captured by annotation pipelines.
(Braun et al, 2015). This presents a requirement for methods that allow the
retrieval of ERV, EVE and ISG peptides in a manner that fully leverages the
rapidly burgeoning bulk of genome sequence data to allow indirect and direct

paleovirological analyses to be performed.

1.8.1 - Similarity searches

Similarity searching can be used to find sequences homologous to a
query in a specified database (an organism WGS assembly, for example).
(Lemey et al, 2009). It is frequently used in paleovirological analyses of

ERVs, EVEs and ISGs. (Tristem et al, 2000; Katzourakis and Gifford, 2010;
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Daugherty et al, 2016 - amongst many others). In some cases, similarity
searches can be used to identify genome features that are not conserved (and
thus cannot be directly identified using a similarity search), but are
identifiable based on their positional relationships to more conserved
sequence features (Figure 1.12c). This approach is particularly useful when
characterizing genomic sequences such as endogenous viruses and
transposons that have relatively predictable structures comprising compact
arrangements of genes, and is relied upon by the RetroTector (Sperber et al,
2009) and LTR-Digest (Steinbiss et al, 2009) ERV detection tools.

Hidden markov models (HMMs) can be used in an iterative approach.
Using HMMER (Prakash et al, 2017), a set of query sequences is used to
create a hidden Markov model (HMM). This in turn is used to query sequence
databases further and find more distant homologies. Distant homologs are
used to update the HMM. This process is repeated until no new sequences are
found (Figure 1.12b). HMMs have been used to make inferences into virus
evolution in deep time (Nasir and Anolles, 2015). However, HMMs tend to
rely on intact peptide sequences or complete coding ORFs, making them less
amenable to use in investigations involving ancient, non-functional DNA

sequences.

One of the most common methods of similarity searching is the basic
local alignment search tool (BLAST) (Camacho et al, 2009). BLAST takes a
user inputted query sequence and efficiently searches target databases for
sequences exhibiting similarity (homology) to the query (hits) (Figure 1.12a).
BLAST based approaches are useful in that they do not rely on existing
annotations, they can be used to study features that have not been captured
by automated annotation pipelines, and rely less on the presence of a
complete open reading frame (ORF). Examples include undiscovered genes,
transposable elements, non-coding sequences, and any type of degraded
genomic material. In the most basic example, similarity searches can be used
to retrieve single sequences from genomic databases for further analysis -
using the NCBI BLAST webserver, for example. Similarity searches can be
augmented with other strategies to enable recovery of more distantly
homologous sequences. Position specific iterated BLAST (PSI-BLAST) use

iterative approaches to achieve this. (Altschul et al, 1997). In PSI-BLAST,
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the first search is performed to identify related amino acid sequences in the
target database. The MSA constructed using these sequences is used to create
a position specific scoring matric (PSSM). The search then continues in a
similar manner to HMMER as described above, halting when convergence is

reached (no new sequences are discovered) (Figure 1.12b).

BLAST-based approaches are especially useful when investigating
genomic features that are not well annotated in public sequence databases,
such as small RNAs, pseudogenes, transposable elements, highly dynamic
gene families, ERVs and EVEs. These investigations often take the form of a
heuristic process (i.e. a trial-and-error discovery process with loosely defined
rules). Tools are required that not only implement automated screening
pipelines, but also facilitate interrogation, analysis and interpretation of the

data they produce.
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Figure 1.12) Strategies for similarity searches of genomes based

(a) Basic approach: a sequence probe is used to search target genomes,
and the results are used to investigate; (i) copy number variation across
species genomes; (ii) relationships between a set of aligned, homologous
sequences are analysed with phylogenetics.

(b) Iterative approaches to detect remote homologies: in position-
specific iterated BLAST (PSI-BLAST), an initial similarity search is
performed to identify related sequences in the target database, these are
used to derive a PSSM which in turn is used to search for more matches.
This can lead to the detection of new homologs, which are used to update
the PSSM for another round of screening. This process is repeated until
derived, or until convergence (the point at which no new sequences are
identified by searching). A similar approach is implemented in HMMR, but
using a hidden Markov model (HMM) in place of a PSSM.

(c) Using conserved sequences to detect and characterize novel genes,
pseudogenes and mobile genetic elements: characterization of loci
detected via similarity-based screening can sometimes lead to the
identification of new probes for subsequent rounds of screening. In this
instance, the expected structure of a retroviral genome is used to identify
conserved features common to Retroviridae.
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Figure 1.13) Basic DIGS searching strategy involving 1) the searching of
target databases with a subset of probes derived from a reference library.
This is followed by the ‘genotyping’ of extracted hits by comparison to the
reference library and recording in MySQL (2). This approach can be
extended to perform a heuristic program of investigation based on analysis
of results (green line). Figure provided by Rob Gifford.

1.8.2 - Introduction to DIGS

The database integrated genome screening (DIGS) tool is an
implementation of BLAST coupled with a relational database management
system (RDBMS) that can be used to systematically screen organism genomes
for sequences of interest. DIGS screens take on two main steps. (Figure 1.12),
and require two key components (in addition to a genome database): the
reference and probe libraries.

The reference library is used to classify hits identified in the first
round of screening. It consists of a FASTA file of sequences. The sequences in
the reference library typically encompass the genetic diversity of the
sequences under investigation. For example, in DIGS for ERVs using RT, we
used a reference library that spanned the diversity of Retroviridae - Spuma-,
Gamma-, and Betaretroviruses, as well as non-retroviral transposon
sequences derived from gypsy, copia, and LINE1 elements. The inclusion of

non-retroviral RT sequences was so that if searches for retroviral RT matched,
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however distantly, to non-retroviral elements, they would be classified as
such. The probe library is used to screen the genomes under investigation.
The probes are often derived from the reference library. Although the entire
reference library can be used, a subset is usually sufficient. If the probe
library consists of amino acid sequences, tBLASTn is used in BLAST searches.

If nucleotide sequences, BLASTn is used.

Screening proceeds in two rounds. First, BLAST is used to search each
genome specified in the control file with each sequence contained in the
probe library. The results of this screen are stored. In the second round of
screening, each result of the first round of screening is BLASTed against the
reference library. It is then classified based on the highest significant
sequence match. This is called the ‘genotyping’ stage. The results of this

second stage are stored in the results table (Figure 1.12).

1.8.3 - Why use DIGS?

In addition to utilising BLAST - a well-established tool, DIGS has a
number of advantages. It can be used to implement automated screens in a
heuristic investigation, screening the published body of genome data using
BLAST to search for any sequences of interest: ERVs, EVEs or I1SGs.

This flexibility is reflected in the second ‘genotyping’ step of screening,
where hits are classified according to the reference library. This allows the
user to essentially create a bespoke screening programme. For example, if
the user is interested in studying Betaretroviruses, they can compile a
reference library encompassing a high diversity of betaretroviral sequences
for more accurate classification. This reference library can be updated with
newly acquired and analysed sequences, allowing for more fine-grained
classification of the sequences of interest by repeating the ‘genotyping’ step
of screening with the updated library. This can be used to discover
endogenous viral diversity by implementing a ‘phylogenetic screening’

approach.

The use of an RDBMS is a key feature of DIGS. BLAST reports are large

and extensive. The amount of processing and organisation required for
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analysis beyond the scope of manually searching the results of the web-tool is
not trivial. In addition, web-based and command-line BLAST are limited in
the data sets that can be interpolated with the results. Using an RBDMS is an
easy way to store BLAST results - the database is interrogated using
structured query language (SQL), allowing powerful and flexible
interrogations and operations to be performed on the data. In addition, the
use of auxiliary data tables allows the layering of multiple different

datatypes onto DIGS results (discussed in Methods).

1.9 - Research scope and aims

Direct and indirect paleovirological analyses use ERV, EVE and ISG
sequences to make discoveries of biological relevance to host:virus co-
evolution. These sequences can be retrieved from publicly available WGS
databases using similarity-search based approaches. With the increasing ease
of genome sequencing, genome data is accumulating at a rate faster than can
currently be analysed. There is therefore unprecedented scope for mining
genome data in heuristic investigations into host-virus co-evolution. The aim
of this PhD was to study host:virus co-evolution by systematically mining
genome sequence data. Accordingly, | chose to study endogenous viral

elements, endogenous retroviruses, and interferon stimulated genes.
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Chapter 2 - Materials and Methods

2.1 - Materials

2.1.1 - Sequence data

Genomes

Animal WGS data was retrieved from NCBI genomes. WGS assembly
information, corresponding animal taxonomy, and usage in each chapter, is

tabulated in Appendix 2.1.

Datasets

Host taxonomy data were retrieved from NCBI taxonomy and tabulated
in Appendix 2.1. Functional genomics datasets were retrieved from the NCBI
Gene Expression Omnibus (GEO) (Edgar et al, 2002). (Table 2.1). The
functional genomics datasets were generated as part of ChlP-seq surveys of
chromatin and genomic features in mouse embryonic stem cells. (see Table
2.1).

Probe and reference libraries

Reference libraries for the ERV screens were derived from previously
published studies of ERV and exogenous retrovirus (XRV) taxonomy (Tristem,
2000; Benit et al, 2001; Herniou et al, 1999), as well as reviews and
analyses of murine ERVs (Stocking, 2008). Probe libraries were extracted as
subsets of the reference. (Table 2.2) Similarly, previous studies of
Circoviridae taxonomy, as well as literature searches, were used to derive
reference libraries spanning the established diversity of Circoviridae, as well
as basal CRESS sequences. (Table 2.2). For the ISG screens, The probe
consisted of the human orthologs of the core mammal gene in question, and
the references consisted of the human paralogs and mammalian orthologs of

that gene, retrieved from Biomart. (Smedley et al, 2015).
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Table 2.1: Functional genomics datasets used in this thesis

Cell type Factor ChiPped

Citation

GEO Accession

mES TRIM28 dependent mH3K9
E14 SOX2

E14 0CT4

E14 NANOG

E14 ESRRB

E14 SMAD1

E14 E2F1

E14 TCFCP2I1
E14 CTCF

E14 ZFX

E14 STAT3

E14 KIF4

E14 c-Myc

E14 n-Myc

E14 GFP/control
E14 p300

E14 Suz12

mES p53

Murine BMM  STAT1

Rowe et al, 2013
Chen et al, 2012
Chen et al, 2012
Chen et al, 2012
Chen et al, 2012
Chen et al, 2012
Chen et al, 2012
Chen et al, 2012
Chen et al, 2012
Chen et al, 2012
Chen et al, 2012
Chen et al, 2012
Chen et al, 2012
Chen et al, 2012
Chen et al, 2012
Chen et al, 2012
Chen et al, 2012
Li et al, 2012

Ng et al, 2011

GSE41903.
GSE11431
GSE11431
GSE11431
GSE11431
GSE11431
GSE11431
GSE11431
GSE11431
GSE11431
GSE11431
GSE11431
GSE11431
GSE11431
GSE11431
GSE11431
GSE11431

GSE26360
GSE33913

Table 2.2 — Reference sequences used in DIGS screening for ERVs and EVEs

Full name Abbrev Virus family Accession

Beak and feather disease virus BFDV Circoviridae NC_001944
Columbid circovirus CoCV Circoviridae NC_002361
Starling circovirus StCv Circoviridae NC_008033
Canary circovirus CaCv Circoviridae NC_003410
Starling circovirus SvCV Circoviridae NC_008033
Raven circovirus RaCV Circoviridae NC_008375
Gull circovirus GuCv Circoviridae NC_008521
Finch circovirus FiCVv Circoviridae NC_008522
Zebra finch circovirus ZfCV Circoviridae NC_026945
Duck circovirus DuCvV Circoviridae NC_007220
Swan circovirus SwCV Circoviridae NC_025247
Barbel circovirus BarbCV Circoviridae NC_015399
Wels catfish circovirus SgCV Circoviridae NC_025246
Porcine circovirus 1 PCV-1 Circoviridae NC_001792
Porcine circovirus 2 PCV-2 Circoviridae NC_005148
Canine circovirus 1 Ccfcv Circoviridae NC_020904
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Mink circovirus

Mexican free-tailed bat circovirus

Porcine circovirus 3

Cyclovirus VN isolate cs1

Human cyclovirus V55700009

Bat circovirus isolate BtRp-CV-14/GD2012
Human stool-associated circular virus NG13
Dragonfly cyclovirus 5

Circoviridae 5-LDMD-2014

Circoviridae 11-LDMD-2014

Circoviridae 13-LDMD-2014

Circoviridae 16-LDMD-2014

Avon-Heatchote Estuary Associated Virus 13
Avon-Heatchote Estuary Associated Virus 14
Avon-Heatchote Estuary Associated Virus 21
Calanoida sp. copepod associated circular virus
Baboon Endogenous Retrovirus

Chimpanzee Endogenous Retrovirus 1
Chimpanzee Endogenous Retrovirus 2

Canis familiaris Endogenous Retrovirus

Feline Leukemia Virus

Gibbon Ape Leukemia Virus

Human Endogenous Retrovirus T

Koala Retrovirus

Mus dunni Endogenous Virus

Murine Leukemia Virus (Moloney)

Type C Murine Retroviruslike DNA Sequence
Reticuloendotheliosis Virus
Rhinolophus ferrumequinum Retrovirus
Human Endogenous Retrovirus W
Endogenous Retrovirus 9

Endogenous Retrovirus E

Endogenous Retrovirus F Type C
Lemon Shark Endogenous Retrovirus
Komodo Dragon Endogenous Retrovirus

Human Endogenous Retrovirus - |
Human Endogenous Retrovirus F type B
Human Endogenous Retrovirus X type A
Walleye Epidermal Hyperplasia Virus
Walleye Dermal Sarcoma Virus

Human T-Cell Lymphotropic Virus 1
Human T-Cell Lymphotropic Virus 2
Bovine Leukemia Virus

Rabbit Endogenous Lentivirus K

MiCV

TbCV

PCV-3
CyCV-VN
CyCV-VS5700009
BtRp-CV-14
CyCV-NG13
DfCyV-5
5-LDMD-2013
11-LDMD-2013
13-LDMD-2013
16-LDMD-2013
AHEaCV-13
AHEaCV-14
AHEaCV-21
COACY

BaEV

CERV-1
CERV-2

CfERV

FeLV
GaLVv
HERV-T
KoRV
MDEV
MLV
MuRRs
REV
RfRV
HERV-W
ERV-9
ERV-E

ERV-Fc

RV-Lemonshark

RV Komodo
Dragon

HERV-I
HERV-Fb
HERV-Xa
WEHV
WDSV
HTLV-1
HTLV-2
BLV
RELIK

Circoviridae
Circoviridae
Circoviridae
Circoviridae
Circoviridae
Circoviridae
Circoviridae
Circoviridae
CRESS
CRESS
CRESS
CRESS
CRESS
CRESS
CRESS
CRESS
Retroviridae

Retroviridae

Retroviridae

Retroviridae

Retroviridae
Retroviridae
Retroviridae
Retroviridae
Retroviridae
Retroviridae
Retroviridae
Retroviridae
Retroviridae
Retroviridae
Retroviridae
Retroviridae

Retroviridae
Retroviridae
Retroviridae

Retroviridae
Retroviridae
Retroviridae
Retroviridae
Retroviridae
Retroviridae
Retroviridae
Retroviridae
Retroviridae

NC_023885
NC_028045
NC_031753
KF031471
KC771281
KJ641714
GQ404856
JX185426
NC_025710
NC_025716
NC_025717
NC_025720
NC_026639
NC_026641
NC_026648

NC_027795
AHZZ010479¢
See GLUE pr¢
repo

See GLUE pr¢
repo

See GLUE pr¢
repo
M18247.1
M26927.1
AC022143.7*
AF151794.2
AF053745.1
J02255.1
X02487.1
NC_006934
JQ303225.1
AC005187.1*
CT737353.7*

AL023280.1*

See GLUE pr¢
repo
Y07810.1

Y07807.1

M92067.1
AP001629.1*
AC114321.2*
AF133051.1
AF033822.1
J02029.1
M10060.1
K02120.1
FJ493031.1
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