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General introduction and scope of this thesis



Chapter 1

The discovery of viruses, a distinct class of disease agents

‘Virus’, derived from a Latin word meaning poison, has been used to non-specifically
describe infectious disease agents for centuries®. When scientists in the 1800s came to
understand that some microbes could cause disease, a flurry of cellular pathogens were
isolated in pure culture by growing them on nutrient-rich matrices, allowing their
associations to disease to be directly tested under experimental conditions?. An assumption
that culturable bacteria, fungi, and protists caused all infectious diseases took root. Usage of
the term ‘virus’ remained non-specific into the early 1900s, with apparent oxymorons such
as ‘bacterial viruses’ appearing® — meaning ‘bacterial agents of disease’ — not ‘viruses
infecting bacteria’ as we might now understand it. However, in 1898 a key conceptual leap
was made that would shape the modern conception of viruses, namely that a category of
disease agents distinct from bacteria existed. First, work by Friedrich Loeffler and Paul
Frosch showed that the causative agent of foot and mouth disease could pass through filters
capable of holding back all known bacterial cells*. They postulated a very small, particulate
agent of disease that was capable of replication (i.e., not a toxin). Secondly, Dutch
microbiologist Martinus Beijerinck showed that the agent causing tobacco mosaic disease
could also pass filters®. Beijerinck proposed a non-bacterial identity for the agent, though he
considered it to be liquid-like, or as he called it: “contagious living fluid”. A new class of
agents known as ‘filterable viruses” were thus recognised, and over the following decades
non-specific usage of the terminology faded, until ‘filterable’ was also eventually dropped.

What defines a virus?

We now understand that viruses are not liquid-like, instead they are made up of infectious
particles called virions. The small size of most virions explains why they can pass fine
filters, though size does not define them. In fact, so-called ‘giant viruses’ have been found
that are larger than the smallest bacteria®’. More fundamentally, viruses are acellular but
require cells to replicate, as they lack some of the necessary machinery for producing
further generations. They are thus obligate intracellular parasites of host replication
machinery, and must transmit between host cells to gain access to this. Virions represent
individual virus units, such that in some cases a single virion can produce a new infection.
At the least, virions possess a genome or genome segment of RNA or DNA, and some
proteins encoded by that genome. While these features define most known viruses,
biological discoveries regularly complicate attempts at an all-encompassing yet restrictive
definition. For example, one definition® splits biological entities into either ribosome-
encoding or capsid-encoding forms, i.e., cellular life and viruses respectively. However,
viruses that lack capsids and encode other proteins are now known?®, excluding them from
this definition, and also from the viroids (virus-like elements that do not encode protein).
Dropping the capsid requirement of the definition opens the door to other selfish genetic
elements usually considered distinct from viruses, such as some transposons or plasmids. A
clean definition is likely elusive, and given that viruses are a polyphyletic group (i.e., they
did not all evolve from a single common ancestor) this should be expected. Individual
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discoveries should therefore be evaluated in terms of how much their genetic relationships
and biological behaviours overlap with those considered typically viral.

The development of virus discovery techniques

The visible effects of viruses have long been readily apparent to humans®®!*, likely since
our origin*2. Experimentation with viruses also began before their nature was understood,
for example Edward Jenner’s work on smallpox vaccination in the 1700s*3. Virus discovery
as a field arguably began with Loeffler, Frosch, and Beijerinck’s conclusions regarding
filterable viruses*®. By 1912, application of filtration techniques resulted in the discovery
of at least 17 distinct viruses***%, though detection and study was only possible via the
diseases they induced. The subsequent development of virus discovery was tied to
technological innovations enabling deeper characterisation and thus categorisation of
filterable agents. Key early advances were the 1935 crystallisation of tobacco mosaic virus
(TMV)?8, the 1937 discovery of viral nucleic acids'’, the 1939 electron microscope analysis
of TMV?, and the 1941 application of X-ray crystallography techniques?®. These enabled
analysis of virus biochemistry and morphology.

Viruses only replicate in host cells, so early attempts to produce pure virus cultures in
nutrient media were unsuccessful. Early propagation was done in whole organisms or eggs,
and this had multiple drawbacks including bacterial contamination of stocks?. It was
during a negative experiment aiming to grow pure vaccinia virus that Frederick Twort
inadvertently established the first virus culture, though it was not vaccinia. Reporting in
19152, Twort noticed that colonies of growing bacterial contaminants were killed off by a
filterable, dilutable, infectious agent that could be propagated between colonies. Subsequent
work from 1917 by Félix d'Hérelle named the ‘bacteriophages’ and properly established
virus culture in bacterial cells, and specifically the plaque assay, as vital tools in virus
research and discovery??. As eukaryotic tissue and cell culture techniques developed later in
the 1900s, many viruses were discovered by inoculating cultures with infectious material
and isolating agents?*-25, Cell, tissue, or host tropism could also be tested using panels of
different cell cultures?®, something that Twort already comprehended in 1915 when testing
bacteriophage host tropism?. With advances in immunology, the possibility to characterise
isolated viruses by their antigenic or serological properties also developed?®®, and with this
came the ability to test for viruses using immunoassays?2’. While two agents may share
similar morphology and cytopathic effects, different responses to antibodies could
distinguish ‘serotypes’.

By the 1970s scientists already had powerful tools to find and characterise new pathogenic
viruses, but a revolution in molecular biology was underway. Restriction enzymes that cut
DNA in specific locations had been isolated?®, vital components of molecular cloning
techniques that enabled amplification of specific nucleic acids?®. In 1977 Frederick Sanger
refined a technique for DNA sequencing and the first ever virus genome sequence was
published, ¢X174%%3, This would eventually allow determination of comparative virus
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relationships, but did not immediately overhaul virus discovery methods, as it required pure
input DNA at high copy number, and was therefore limited to viruses established in culture
or cloned fragments. In the 1980s the polymerase chain reaction (PCR) method was
developed®>3, which enabled amplification of specific DNA sequences via multiple cycles
of in vitro reactions. Because PCR utilises ‘primer’ sequences that match sections of a
target, it could also be used to detect closely related targets3. Primers designed to target
sequences highly conserved across an entire viral lineage have often been used to detect
unknown members of the group®®. However, detection range is limited by design, and more
divergent viruses will not be found.

To solve this, advanced molecular biology techniques agnostic to virus sequence were
applied. These included shotgun cloning, wherein total DNA from a sample was randomly
sheared, and fragments were then cloned and Sanger sequenced®®*". As this could be
applied to mixed samples containing nucleic acids from multiple organisms, it became
known as ‘metagenomics’®’. Representational difference analysis was another approach®,
which disproportionately amplified nucleic acids found in one sample but not another (i.e.,
a virus found in a test sample, but not in a control sample). Similarly, techniques such as
sequence-independent single primer amplification (SISPA) and virus discovery based on
cDNA-amplified fragment length polymorphism (VIDISCA) used restriction enzymes to
digest nucleic acids in control and test samples before amplification, with different nucleic
acid fragments then visualised by gel electrophoresis®*“°. Samples containing a new virus
displayed unique nucleic acid fragments, which were then excised from the gel, cloned, and
sequenced. Inclusion of a reverse transcription step converting RNA virus genomes to DNA
enabled detection of either genome type, and further laboratory techniques could non-
specifically enrich virus nucleic acids relative to background. These included centrifugation
of samples to remove heavier cell debris, filtration of supernatants to remove other large
particles, treatment with nucleases such as DNase to digest naked host chromosomal DNA,
and use of selective primers during reverse transcription to reduce host ribosomal RNA
levels®¥-42,

Virus discovery with high-throughput sequencing

Despite the maturation of virology during the 1900s, key issues remained at the turn of the
millennium. One of these, discussed by Twort even in 19152, was efficient identification of
viruses that do not cause visible disease or cytopathic effect, and relatedly, how to find
viruses infecting host species difficult to isolate in cell culture. While molecular techniques
offered promising solutions, they remained low-throughput and logistically complex38:38-40,
It would be the development of high-throughput sequencing (HTS) platforms in the 2000s*3
that precipitated a major leap forward for virus discovery. Also known as massively parallel
sequencing or next-generation sequencing, HTS techniques allow simultaneous sequencing
of millions of DNA fragments in a processed sample known as a ‘library’. As the fragments
overlap in their sequence content, they can be computationally ‘assembled’ together into
longer sequences*, including whole virus genomes. Using sequence similarity detection

10
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algorithms such as the basic local alignment search tool (BLAST)*, novel virus genomes
can be identified. Because HTS requires no prior knowledge of target sequences and no
cloning, it was readily integrated with metagenomic approaches*® (i.e., metagenomic HTS),
enabling discovery of apathogenic or unculturable viruses from any environment*’.
Complicating this, sequenced genomes can remain undetected if they are highly divergent
from known viruses. While fast and sensitive protein similarity detection algorithms*-%0
and even protein structure-based comparison tools®! have pushed the limits of remote
homology detection, scientists have not yet charted all virus sequence ‘dark matter’.

Today, virus discovery techniques such as VIDISCA have been updated to take advantage
of HTS technology (i.e., VIDISCA-NGS*?), while further techniques have been
developed®>-%*, Overall, the importance of metagenomic HTS is such that it spawned the
age of ‘viromic’ studies, aiming to sequence all viral genomes in a particular individual,
community, or environment. The vast increase in data processing requirements drove
advances in computational algorithms used in sequence analysis, and together these
technologies have enabled discovery of hundreds to hundreds of thousands of virus
genomes even within single reports®>-7. With virus genome discovery now far outpacing
the ability to characterise individual viruses in the laboratory, the International Committee
on Taxonomy of Viruses (ICTV) recently took the step of allowing assignment of virus
taxonomy to sequences acquired using metagenomic HTS alone®®. Further, moving away
from traditional characterisation metrics such as phenotype, taxonomy is now
recommended to centre around monophyletic evolutionary relationships, in effect
prioritising genomic sequence information®®.

The host identity problem

Over most of the history of virology, the identity of host species has been self-evident,
because virus discovery efforts began with a host disease. With the metagenomic HTS
revolution, this ‘host first’ identification order is reversed for most new viruses®%, Many
viruses today have a known genome sequence but an unknown host, referred to in parts of
this thesis as ‘stray viruses’. At first glance this problem might appear simple; for example,
we may conclude a novel virus discovered in the intestines of a person is a human-infecting
virus. However, this is not always true. Microbe cells outnumber mammal cells in
humans®, and all of these can suffer virus infections. Many eukaryotic parasites live in
mammalian guts®, and food contains numerous viruses capable of transiting the digestive
system®3. Most environments are analogous, in that the potential host diversity is high, and
links between individual viruses and their specific hosts are obscured. This is an important
challenge to solve, as without host information we cannot clearly conclude the medical or
veterinary importance of stray viruses, and cannot contextualise their evolution.

Laboratory approaches to solve host identities vary in their utility. Attempting to isolate a
stray virus in cell culture may be suitable when a specific host is suspected®, but is
otherwise low-throughput and unlikely to succeed. Many potential host taxa have never

11



Chapter 1

been isolated in culture, and no single laboratory maintains all established culture systems.
More promisingly, library preparation techniques that compartmentalise samples at the
level of single cells before sequencing allow capture of viruses inside specific identifiable
organisms®. Other approaches such as proximity ligation link physically close nucleic
acids® and can thus show which organism a virus is in. Methodologies include
hybridisation of viral mMRNA to host rRNA before sequencing®’, and Hi-C%. As these
techniques are done upstream of sequencing, they do not offer a solution for stray viruses
identified using conventional HTS, i.e., the majority.

For stray viruses, computational methods of host identification are currently the most
appropriate. Phylogenetic analysis is often used to find the most closely related virus with a
known host, as host tropism is generally a conserved feature of viruses, allowing educated
predictions®. Viruses often coevolve with their hosts, resulting in similar evolutionary
branching patterns that may hold for millions of years®. However, accuracy of inferences
depends on the degree of host switching in the lineage, the viral host range, and the degree
of relatedness to viruses with determined hosts. Furthermore, it requires prior knowledge of
some host identities across the viral lineage, information which is often absent. Many other
approaches utilise similar prior knowledge®®7°. For example, machine learning approaches
train algorithms by analysing many genome sequences of viruses with known hosts, and
then apply this to predict hosts in unknown cases’. This can be effective for lineages in
which many host relationships are already known??, but it will never predict a host that does
not occur in the training data. If available, host genome assemblies can partly solve these
issues. Viruses occasionally leave genomic traces in host genomes, and detecting these can
directly link virus lineages to hosts. In prokaryotic hosts, bacteriophage sequences are
sometimes incorporated into clustered regularly interspaced short palindromic repeats
(CRISPRs) for use in antiviral defence. Detecting CRISPR similarity to exogenous
bacteriophages allows host inference’. In eukaryotic hosts that lack CRISPR, endogenous
viral elements (EVES) may offer an equivalent line of evidence. EVESs are occasionally
generated upon infection of host germline cells, and can be vertically inherited as part of
the genome for millions of years, allowing investigation of virus host ranges™.

A host inference study system: the Cressdnaviricota

As mentioned above, the first virus sequenced was ¢X174, which has a circular genome of
single-stranded (ss)DNA and infects a prokaryote. This genomic arrangement was
previously thought extremely rare for viruses infecting eukaryotes. During the 1970s and
1980s two plant-pathogenic lineages were identified, the geminiviruses and
nanoviruses’ . Both were notable for their small virion sizes, between 15 and 20
nanometers in diameter. Upon genome sequencing the two lineages were found to share a
homologous Rep gene, indicating common ancestry between them””. In 1974 the only
lineage known to infect vertebrates was found, the circoviruses’®°. Considerable interest in
the group was raised when a globally important disease of pigs (postweaning multisystemic
wasting syndrome) was found to be circovirus-induced®. In 2005 and 2010 additional

12
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lineages causing cell lysis of diatoms and debilitation of a fungus were found, the
bacilladnaviruses and genomoviruses respectively®-82, United by a similar genome
organisation and a homologous Rep gene encoding a protein with both an endonuclease and
a helicase domain, the acronym CRESS DNA (circular Rep-encoding single-stranded
DNA) virus was coined to refer to them collectively®. Application of rolling circle
amplification to enrich circular DNAs and metagenomic analysis gradually revealed
CRESS viruses were widespread and diverse®* 8388 and numerous stray CRESS viruses
have been found, including in association to disease®®-%. At the outset of this thesis in
November 2017, the five lineages mentioned above were all officially accepted families
(named Geminiviridae, Nanoviridae, Circoviridae, Bacilladnaviridae, and Genomoviridae),
and the unofficial family Kirkoviridae was proposed in the literature®®. During work on this
thesis, the Smacoviridae®%, Redondoviridae®, and Metaxyviridae® were described by
other authors and accepted as official families, while the unofficial lineages CRESSV1 to
CRESSV6 were reported®, and likely represent further family-level clusters. In recognition
of this rapidly expanding diversity, the virus phylum Cressdnaviricota was recently
established®”. Housing many stray virus lineages — including some associated to disease —
the phylum represents an appropriate study system to develop host inference techniques.

Scope of this thesis

The aims of this thesis were to develop and apply computational approaches to both the
discovery of viruses and the identification of their hosts. While the Cressdnaviricota were a
major focus of this work, the overarching goal was to address challenges common across
the virus discovery field. The intention is that this thesis will contribute to understanding
the evolutionary history and biology of additional virus groups, and their current roles in
disease.

Previous work in our laboratory established the library-preparation method VIDISCA-NGS
as a powerful tool for enrichment and discovery of viruses. We developed a novel
computational workflow for analysis of VIDISCA-NGS data, reported in chapter 2. In
addition to field-standard sequence-similarity based approaches, the workflow was
designed to leverage the reproducible production of specific restriction fragments from a
given DNA template. The resulting ‘cluster-profiling analysis’ enabled identification of
virus-like sequences even in the absence of detectable sequence similarity.

Application of the resulting computational workflow led to the discovery of previously
unknown cressdnaviruses in human stool, reported in chapter 3. Determination of their
genetic relationships revealed three families, which we named Naryaviridae, Nenyaviridae,
and Vilyaviridae, now officially recognised by the ICTV®%, To identify their hosts, we
applied case-control analyses of human stool samples, alongside analyses of host EVEs and
small RNAs, and virus recombination. Hosts were identified as members of the important
human parasite genera Entamoeba and Giardia.

13
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Building upon this work, we aimed to develop a computational workflow that required no
training data and was capable of virus host prediction in the absence of host genome
assemblies, reported in chapter 4. Focusing on cressdnaviruses, we first phylogenetically
characterised additional unclassified lineages, resolving lineages CRESSV7 to CRESSV39.
Examining disease-associated lineages found in the gastrointestinal tracts of humans and
pigs, we predicted hosts of four, namely the Redondoviridae with Entamoeba gingivalis,
Kirkoviridae with parabasalids including Dientamoeba, CRESSV1 with Blastocystis, and
CRESSV19 with Endolimax.

Horizontal gene transfer from viruses to hosts occasionally generates EVESs, which are
useful for determination of virus host relationships. In chapter 5, we extended this concept
to horizontal gene transfer between viruses, in a case where the host of one virus lineage
was already known. We showed the cressdnavirus lineage CRESSV3 donated Rep genes to
avipoxviruses, large dsDNA pathogens of birds and other saurians. This implied saurian
hosts for CRESSV3, only the second cressdnavirus lineage after the Circoviridae
recognised to infect vertebrates. We renamed this unofficial lineage as the family
Draupnirviridae, and provided evidence that they first infected saurian hosts over 100
million years ago.

Some cressdnaviruses infecting fungi can induce debilitation and hypovirulence effects. In
chapter 6, we carried out a virus discovery project on isolates of human-pathogenic fungi
looking for further new species. While we did not identify cressdnaviruses infecting fungi,
we did find a wide diversity of new RNA viruses in the cultures, including one from a
lineage never previously confirmed as fungus-infecting.

In chapter 7, the results are evaluated and possibilities for future work are discussed.

14
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Chapter 2

Abstract

VIDISCA is a next-generation sequencing (NGS) library preparation method designed to
enrich viral nucleic acids from samples before highly-multiplexed low depth sequencing.
Reliable detection of known viruses and discovery of novel divergent viruses from NGS
data require dedicated analysis tools that are both sensitive and accurate. Existing software
was utilised to design a new bioinformatic workflow for high-throughput detection and
discovery of viruses from VIDISCA data. The workflow leverages the VIDISCA library
preparation molecular biology, specifically the use of Msel restriction enzyme which
produces biological replicate library inserts from identical genomes. The workflow
performs total metagenomic analysis for classification of non-viral sequence including
parasites and host, and separately carries out virus specific analyses. Ribosomal RNA
sequence is removed to increase downstream analysis speed and remaining reads are
clustered at 100% identity. Known and novel viruses are sensitively detected via alignment
to a virus-only protein database, and false positives are removed. A new cluster-profiling
analysis takes advantage of the viral biological replicates produced by Msel digestion,
using read clustering to flag the presence of short genomes at very high copy number.
Importantly, this analysis ensures that highly repeated sequences are identified even if no
homology is detected, as is shown here with the detection of a novel gokushovirus genome
from human faecal matter. The workflow was validated using read data derived from serum
and faeces samples taken from HIV-1 positive adults, and serum samples from pigs that
were infected with atypical porcine pestivirus.

Highlights
e A sensitive bioinformatic workflow for virus detection in VIDISCA data.
e Flagging of possible novel viruses in unclassified reads using clustering.
e  Cluster-profiling analysis for reproducible sample comparison.
e Multiple analysis approaches provide extra utility to the user.

Introduction

The host range expansion of viral pathogens and emergence of novel species can pose
substantial threats to human health (Parrish et al., 2008). Viruses evolve rapidly, possess
high molecular diversity, and are found in relatively low concentration alongside host
nucleic acids in most sample types. These factors complicate detection of novel viral
genetic material and necessitate specific virus discovery methods to achieve sufficient
detection sensitivity. Next-generation sequencing (NGS) and metagenomics have greatly
accelerated the discovery of novel viruses when contrasted with traditional wet-lab
virological techniques such as isolation in cell culture, as they can be performed on any
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virus directly from biological or environmental samples, in a high-throughput way (Shi et
al., 2018, 2016). Approaches that prioritise an unbiased metagenomic profile require high
sequencing depth to ensure pathogen detection, and are therefore relatively expensive per
viral nucleotide. The incorporation of virus enrichment techniques prior to sequencing
reduces the required depth for detection (Concei¢do-Neto et al., 2015; de Vries et al., 2011),
and may be desirable when processing tens to hundreds of samples.

VIDISCA is a virus discovery NGS library preparation method that enriches viral nucleic
acids in samples before low depth lon Torrent sequencing, allowing processing of 140
samples per week. The wet-lab procedure, described in detail elsewhere (de Vries et al.,
2011; Edridge et al., 2018), is summarised here in order to highlight advantages for
bioinformatic analysis. First, cells and debris are pelleted, and virus-containing supernatant
is DNase treated to reduce residual cellular DNA. Virion proteins are linearised to release
nucleic acid, which is extracted using the Boom method (Boom et al., 1990). RNA viruses
are reverse transcribed using non-ribosomal RNA (rRNA) hexamer primers (Endoh et al.,
2005), which reduce the proportion of rRNA transcribed into DNA. After second-strand
synthesis, double-stranded DNA products are digested using the frequent cutting Msel
restriction enzyme, an important feature unique to VIDISCA library preparation.
Sequencing primers are ligated onto the two sticky ends of a restriction fragment, before
size selection against both long and short fragments, amplification with PCR, and
sequencing with the lon Torrent PGM platform (Thermo Fisher Scientific, Waltham, MA,
USA).

The inclusion of Msel digestion during library preparation has advantageous implications
for virus discovery bioinformatics. Viral genomes are short compared to their host, and can
be at high copy number during infection. Since Msel reproducibly cuts homologous
restriction fragments from genomes of the same type, high numbers of viral biological
replicates with identical start and end sites are expected in library inserts prior to PCR. This
is in contrast with a randomly fragmented library in which identical start and end sites are
relatively rare. The VIDISCA insert redundancy is not expected from background or host
nucleic acid, except that with ‘virus-like’ characteristics, i.e. high copy number, such as
mitochondrial DNA. The virus replicates should result in characteristic redundancy in
sequencing data, which can be identified via read clustering. Additionally, since Msel cuts
TTAA sites, it cuts more rarely in GC rich rRNA (de Vries et al., 2011). Viable rRNA
VIDISCA fragments are generally longer as a result, and can be disproportionately reduced
during size selection, contributing to a high sensitivity that enables lower sequencing depth
and analysis time. Recently VIDISCA was used to discover the suspected human pathogen
Ntwetwe virus with 2 reads from 6,947, whereas an in-house Illumina workflow optimised
for virus detection found only 8 reads among the 2,741,915 obtained (Edridge et al., 2018).

Here we present a new bioinformatic workflow designed to process VIDISCA data. The
core task is sensitive virus detection including false positive reduction. The workflow
includes metagenomic analysis for identification of host background and non-viral
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organisms including parasites, and collects descriptive metrics in order to flag unusual
properties of samples, such as high rRNA content. It outputs text and interactive HTML
results for detailed investigation of samples, and includes a new cluster-profiling analysis
used to flag the presence of sequences at high copy number (e.g. virus infections). This
analysis also provides an informative profile of sample content in different classification
bins, including known and novel viruses, mitochondrial DNA, and background sequence.
Notably, the flagging of highly repetitive reads does not rely on identity searches, ensuring
that abundant unknown sequences can be identified. The utility of the workflow is
presented with examples.

Materials and methods
2.1. Bioinformatic workflow for VIDISCA next-generation sequencing data

The new bioinformatic workflow for VIDISCA NGS data is summarised graphically (Fig.
1) and described in detail below. As input, the workflow takes FASTA formatted
sequences. Eukaryotic and prokaryotic virus protein databases used by the workflow were
constructed in advance from respective NCBI Identical Protein Groups datasets, followed
by clustering at 95% identity using CD-HIT v4.7 (Fu et al., 2012). First, metagenomic
analysis of raw reads is carried out using Centrifuge v1.0.3 (Kim et al., 2016) against the
pre-built NCBI non-redundant nucleotide Centrifuge index including known viruses,
eukaryotes, and prokaryotes (February 2018). Centrifuge classification tables are visualised
as interactive HTML charts using Recentrifuge (Marti, 2018).

lonTorrent PGM

reads (vendor QC) [ Total metagenomic analysis ]

( Separate rRNA reads )

[ Cluster non-rRNA reads ]

- - - HTML chart
[ Visualisation of J [ Align clusters to viral proteins ] visualisation

read clustering by
classification bin

[ Reduce false positives ]

I Classification tables |

Fig. 1. Schematic overview of the bioinformatic workflow for VIDISCA data, showing the
main virus detection and discovery steps (orange), the metagenomic analysis (green), and
visualisation processes (blue).
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Next, the main virus detection steps are run. Reads from rRNA are separated from raw
reads using SortMeRNA v2.1 (Kopylova et al., 2012). Non-rRNA reads are sorted by
length and clustered at 100% identity using CD-HIT v4.7, and “clstr’ files are retained for
later processing. Clustered non-rRNA reads are queried against the eukaryotic virus protein
database using the UBLAST algorithm provided as part of the USEARCH v10 software
package, with -mincodons set to 15, -accel to 0.8, and -evalue to 1e-4 (Edgar, 2010).
Unmatched reads from this step are queried against the prokaryotic virus protein database,
and those remaining unclassified are mapped to human, pig, and chicken mitochondrial
DNA sequences using the BWA-MEM algorithm of BWA v0.7.17 (Li, 2013). Reads
matching the eukaryaotic virus protein database are treated as putatively viral, and are next
queried against the NCBI nt. database (April 2018) using BLASTn v2.4.0 (Camacho et al.,
2009). Those classified by BLASTn as viral are regarded as confident viral reads (classified
as viral twice), those classified as non-viral are regarded as false positives, and those that
remain unclassified are regarded as possible unknown viruses (classified as viral once).
This information is used to split the UBLAST protein classification tables into the three
categories, each of which are visualised separately as interactive HTML charts using
KronaTools v2.7 (Ondov et al., 2011). The BLASTNn classification of false positives is also
visualised for inspection and comparison to the original viral classification.

Cluster-profiling outputs are produced using the CD-HIT “clstr’ files, which are converted
into a table reporting the representative sequences, the number of reads clustered per
representative, and the proportion of the original non-rRNA that each represents in a
sample. The classification bin (such as ‘confident virus’, or ‘mitochondrial DNA”) of each
representative read is then added to the table, including a bin for unclassified sequences.
This output is plotted as a bar chart using ggplot2, with separate bars for classification bins,
and representative reads stacked according to proportional amount of clustering (Wickham,
2016). The classification bins are “Virus (aa +nt)’ including reads classified as viral twice,
‘Virus (aa)’ including reads classified as viral once, ‘False pos. (nt)’ including reads
removed as probable false positives, ‘Phage (aa)’ including reads aligning to our
prokaryotic virus database, ‘MitoDNA” including reads mapped to mitochondrial DNA
references, ‘Centrifuge’ including reads identified by the metagenomic tool Centrifuge, and
‘No hit” including reads with no assigned classification. The bar chart output provides a
visual overview of the proportion of reads from a sample that were classified in a particular
bin. Furthermore, reads that represent many other reads are visually identifiable due to their
higher relative proportion. This allows the presence of clustering to be identified in each bin
separately. Most repetitive non-viral sequences are accounted for via removal of rRNA and
binning of mitochondrial DNA, however unclassified sequences putatively from viruses
require manual inspection or full-length sequencing in order to establish their likely
provenance.

For each classification bin, the 10 representative sequences accounting for the largest
proportion of reads are automatically extracted as FASTA files for inspection, for example
with BLASTXx. All text tables and sample-specific files produced by the analysis are
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packaged into sample folders, and descriptive metrics about the run time and classification
performance for each sample are reported to a log file for later examination.

2.2. Data selection and workflow testing

Three VIDISCA datasets were selected and analysed using the new bioinformatic
workflow, in order to assess specific aspects of workflow performance and utility. First,
VIDISCA reads from 194 serum samples collected in 1994-1995 from HIV-1 infected
adults were run. The aim was to determine whether the bioinformatic workflow outputs
could be used to troubleshoot the likely causes of pathogen detection failure. This was done
by comparison of HIV-1 detection by VIDISCA with pre-existing HIV-1 load data obtained
using nucleic acid sequence based amplification (NASBA). Outputs from samples in which
HIV-1 was unexpectedly not detected were manually inspected to determine the cause of
failure.

Second, VIDISCA reads from 194 faecal samples from the above mentioned cohort were
run (Oude Munnink et al., 2014). The aim was to test the prediction that cluster-profiling
could be used to flag virus-like characteristics in unclassified reads, and therefore identify
novel viruses at high load missed by classification algorithms. Cluster-profiling outputs
were examined for evidence of clustering among unclassified reads and a single sample
(F115) was selected for follow up. Illumina reads from a randomly fragmented library of
the sample were downloaded from the European Nucleotide Archive (accession
ERR233419), cleaned of adapters, quality trimmed (minimum 50bp, sliding window

trim < Q20) with Trimmomatic v0.38 (Bolger et al., 2014), and assembled using SPAdes
v3.12 (Bankevich et al., 2012). The 10 unclassified VIDISCA representative sequences
accounting for the most clustering were BLAST queried against the contigs, and the most
common target sequence was extracted and manually curated.

Third, VIDISCA reads from 13 serum samples taken from sows experimentally infected
with atypical porcine pestivirus (APPV) and 16 serum samples taken from the
transplacentally-infected piglets of the sows were run (de Groof et al., 2016). In this case,
sequencing was carried out on an lon Proton instrument (Thermo Fisher Scientific,
Waltham, MA, USA). The aims were to statistically test support for the assumption that a
higher viral load would result in higher clustering among viral reads, and to explore
whether such an association was strongly influenced by PCR bias toward abundant
templates. Since the dataset included individuals infected with the same virus strain at a
large range of viral loads, this was carried out as a reliability test of the main assumption
underlying cluster-profiling analysis, that VIDISCA library preparation selects for
biological replicates from identical genomes, resulting in read clustering associated with the
biological load of a sequence.
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3. Results and discussion
3.1. Bioinformatic workflow design

The new VIDISCA bioinformatic workflow has been designed to prioritise sensitivity to
viruses, however non-virus metagenomics and the efficiency of analysis have also been
considered. K-mer based metagenomic tools such as Kraken (Wood and Salzberg, 2014)
are commonly used for pathogen detection, since they provide very rapid classification of
reads via exact matches of length k between reads and reference indexes. Metagenomic
samples often contain species with variable nucleotide identity to their most related
reference sequence. Since k must be set in advance, high k decreases classification
sensitivity for distantly related species, and low k decreases precision to well represented
taxa. To circumvent this, the metagenomic software tool Centrifuge was selected for the
workflow since it uses FM-indexed reference sequences, allowing k to be optimal for each
individual read in a metagenomic sample, maximising both sensitivity and precision while
simultaneously minimising index size and memory requirements (Kim et al., 2016).

Detection of novel viruses is normally achieved via local alignment of reads to viral
proteins, a computationally intensive operation. High speed algorithms are available to
decrease analysis time, for example UBLAST (Edgar, 2010), DIAMOND (Buchfink et al.,
2015), or Kaiju (Menzel et al., 2016). Minimisation of query reads and database size can
provide additional gains. The VIDISCA workflow incorporates several of these speed-ups,
including rRNA removal to reduce query reads, and redundancy removal in non-rRNA
using clustering. Clustering information is retained for retrospective classification of
redundant reads and cluster-profiling analysis. These steps reduced average protein query
counts by 31% and 45% in the 194 faecal and 194 serum datasets respectively. A virus-only
protein database was constructed and clustered for a size reduction of 81%. Alignment of
reads to a taxonomically restricted database raises the likelihood of spurious hits due to
chance similarity, therefore false positive removal via BLAST analysis against the NCBI
nucleotide database is required. Due to the prior selection steps mentioned above, a
minority of reads require this querying, for example an average of 1.5% and 2.4% of reads
from the above faecal and serum datasets were queried.

3.2. Assessment of the bioinformatic workflow performance

The VIDISCA bioinformatic workflow was used to identify the causes of HIV-1 detection
failure in data generated from archival serum samples collected from HIV-1 positive adults.
Bioinformatic analysis detected the pathogen in 128 of 194 samples (66%) with an average
of 42,124 total reads per sample. Of the VIDISCA negative samples, 23 (35%) had
undetectable HIV-1 loads when specifically tested with NASBA, while 9 (7%) VIDISCA
positive samples did. There was a median value of 84 HIV-1 copies/ul in VIDISCA
positive samples and 14 in negative (Fig. 2A), suggesting detection failure was mostly
attributable to viral load. Viral load was positively associated with the proportion of HIV-1
reads (Spearman’s rho=0.61, p <.001), however the variance was poorly described by a
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linear regression model (Fig. 2B), showing that sample dependent factors crucially impact
the metagenomic profile. Notably, rRNA proportion was weakly but positively associated
with HIV-1 proportion (Spearman’s rho = 0.34, p <.001), while the proportion of non-
rRNA identified as human (including residual genomic DNA and cellular RNA) was found
to have a weak negative association with the HIV-1 proportion (Spearman’s rho = -0.17,
p=.017). Together these observations imply sample-specific biases against integrity or
representation of the RNA fraction. Contributing factors could include higher degradation
susceptibility during freeze-thaw cycles, high host DNA content with only partial
degradation during DNase treatment, high intrinsic RNase activity in certain samples, or
sample-specific inhibition of reverse transcription. An additional explanation could be that
rRNA acts as a carrier for low concentrations of viral RNA.
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Fig. 2. A: HIV-1 viral RNA load in serum and VIDISCA outcome. HIV-1 detection in
sequence reads is indicated with HIV-1 (+), and lack of detection is indication with
HIV-1 (-). On the x-axis the HIV-1 RNA load per ul of serum is plotted. B: Linear
regression model fitted to HIV-1 viral load against HIV-1 reads as a percentage of total
reads, F(1,192) =56.68, p<.001, R>=0.228. A low 23% of variance in proportion is
explained by viral load when assuming a linear relationship.

HIV-1 was not detected in 11 outlier samples with over 50 HIV-1 copies/ul and an average
read count of 40,290. In 3 of these, cluster-profiling showed that 78-90% of processed
(non-rRNA) reads belonged to Hepatitis B virus, which commonly dominates VIDISCA
metagenomic profiles if present. One sample also showed possible competition with Torque
Teno virus which represented 30% of processed reads. A further 6 samples had
approximately 80-95% of processed reads classified by Centrifuge as host or bacterial
sequence with very low read clustering, suggesting a highly diverse library insert
distribution probably derived from cell lysis. In the final sample an unusually high 75% of
processed reads were not classified by any analysis. Manual BLAST analysis on some of
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these unclassified reads gave bacterial hits or weak alignment scores suspected to originate
from unknown bacteriophages, suggesting bacterial growth in the stored material.

3.3. Cluster-profiling for virus discovery

A cluster-profiling analysis was incorporated in the workflow based on the prediction that
short viral genomes at high load would result in distinctive read clustering characteristics,
since VIDISCA library preparation produces homologous library inserts from each genome
based on its Msel restriction sites. The analysis uses read clustering and classification
information generated as part of the workflow to generate a visual output, and therefore
does not require significant additional computational time. Importantly, the clustering
signal generated by high copy number sequences does not require identity-based
classification. This could potentially allow detection of highly divergent viruses with low
protein identity to relatives represented in databases.

Cluster-profiling images generated using VIDISCA data from 194 faecal samples were
analysed and sample F115 was selected for follow-up due to a high degree of clustering
among unclassified reads — 12% of the 16,160 processed reads were clustered into only 100
unclassified representative sequences (Fig. 3), suggesting an unknown entity at high copy
number. Available lllumina data from a randomly fragmented library of this sample were
assembled into 9157 contigs. Ten unclassified representative VIDISCA sequences
accounting for the most reads, which were automatically extracted by the workflow, were
aligned to the contigs using BLAST. Of the 10, 8 aligned to a single contig, suggesting that
they were part of a genome of a novel virus present at high copy number. Manual curation
of this 5 kb sequence showed that it is a novel gokushovirus (circular SSDNA
bacteriophage, NCBI accession number MK263179) with 72% nucleotide identity to its
closest relative. The sequences of this virus were not identified by the classification
components of the workflow since the related viral proteins were not part of the reference
set. Mapping of complete read-sets revealed that 6.83% of Illumina read-pairs from the
sample were derived from the virus and 17.27% of VIDISCA reads were. The result
confirms the expectation that viruses at high load produce characteristic clusters in
VIDISCA data, ensuring that those missed by identity searches can still be detected.
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Fig. 3. Cluster-profiling bar chart from sample F115. Representative sequences produced
by read clustering are plotted according to their final classification bin (x-axis) and stacked
in order of their relative abundance with respect to the original non-rRNA read set (i.e. the
proportion of identical reads, y-axis). Coloured bars therefore signify those sequences
representing many identical reads, while many singleton reads make up black regions.
Classification bins on the x-axis are those described in section 2.1. Read clustering can be
seen in the phage (‘Phage’, red), metagenomically identified (‘Centrifuge’, blue), and
unclassified (‘No hit’, yellow) read bins.

3.4. Association between viral read clustering and viral load

Cluster-profiling analysis for discovery of viruses, as shown in Fig. 3, relies on a high level
of sequence redundancy in order to generate a visible signal that can be investigated. A
strong association between viral load and the level of clustering observed in viral reads is
expected, an effect that would underlie application of the analysis to the discovery of novel

28



Enhanced bioinformatic profiling of VIDISCA libraries

viruses. To test this assumption VIDISCA reads from 29 serum samples taken from pigs
infected with APPV were analysed. The workflow detected APPV reads in 27 of these, and
a strong linear association between viral load and the proportion of APPV reads was
observed after removal of a single outlier (linear regression, F(1,26) =70.57, p<.001, R?=
0.73). As expected, there was a strong association between viral load and the average
number of reads clustered per APPV representative sequence (Spearman’s rho =0.81,

p <.001). To account for the possibility that this effect was due to stochastic PCR bias
disproportionately amplifying abundant templates (Kebschull and Zador, 2015), an
association between viral load and the proportion of all APPV reads that were represented
by the top APPV sequence cluster was tested for. Since viral load should correspond to the
abundance of replicate templates prior to PCR, PCR bias would be expected to occur in
samples with the highest loads. No such relationship existed (Spearman’s rho =0.17,
p=0.41).

Together the observations show that the degree of clustering among viral reads corresponds
well with true biological load, and does not suffer from significant PCR bias toward
abundant templates. While the analysis therefore can be applied to detection of novel
viruses in unclassified reads, it is important to note that only infections with a high load and
a high proportional amount of reads are likely to be observed. For example, it is unlikely
that the analysis would have successfully flagged the presence of HIV-1 reads in the human
serum samples analysed above, had they not been successfully classified using alignment
tools. Nonetheless, it does provide an additional approach to both virus detection and the
graphical representation of sample content, which are useful supplements to the more
sensitive approaches utilised by the bioinformatic workflow.

3.5. Conclusions

A new bioinformatic workflow for sensitive virus detection and discovery in VIDISCA
sequence data has been presented, which includes false positive removal and total
metagenomic analysis. The workflow has been validated for virus detection in samples
derived from individuals infected with known pathogens. The new cluster-profiling
analysis, based on the VIDISCA library preparation molecular biology, has been used to
flag a novel virus in unclassified reads, serving as a proof of concept for discovery of more
divergent viruses.

Data availability

Code is available upon request. For example outputs from the pipeline, see the GitHub
repository at: https://github.com/CormacKinsella/VVIDISCA-e.g.-output.
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Abstract

Metagenomic techniques have enabled genome sequencing of unknown viruses without
isolation in cell culture, but information on the virus host is often lacking, preventing viral
characterisation. High-throughput methods capable of identifying virus hosts based on
genomic data alone would aid evaluation of their medical or biological relevance. Here, we
address this by linking metagenomic discovery of three virus families in human stool
samples with determination of probable hosts. Recombination between viruses provides
evidence of a shared host, in which genetic exchange occurs. We utilise networks of viral
recombination to delimit virus-host clusters, which are then anchored to specific hosts using
(1) statistical association to a host organism in clinical samples, (2) endogenous viral
elements in host genomes, and (3) evidence of host small RNA responses to these elements.
This analysis suggests two CRESS virus families (Naryaviridae and Nenyaviridae) infect
Entamoeba parasites, while a third (Vilyaviridae) infects Giardia duodenalis. The trio
supplements five CRESS virus families already known to infect eukaryotes, extending the
CRESS virus host range to protozoa. Phylogenetic analysis implies CRESS viruses
infecting multicellular life have evolved independently on at least three occasions.

Introduction

Determining hosts of viruses is integral to understanding their medical or ecological impact.
This is particularly challenging for virus species discovered using metagenomic
sequencing, since samples such as stool or environmental matrices contain diverse potential
hosts'2. A decade of metagenomic studies have shown that viruses with circular Rep-
encoding single-stranded DNA genomes (CRESS viruses) are highly diverse and
pervasively distributed®#, yet currently, the majority of known CRESS virus genetic
diversity falls outside established families with characterised hosts®. Five CRESS virus
families have experimentally confirmed eukaryotic hosts: Bacilladnaviridae, Circoviridae,
Geminiviridae, Genomoviridae, and Nanoviridae®, respectively infecting diatoms’,
vertebrates®®, plants'?, fungi'! and plants'?. Unclassified lineages of metagenomically
identified CRESS diversity exist in at least six further clusters labelled CRESSV1 through
CRESSVS, and a multitude of chimeric species difficult to place phylogenetically?2.

Unclassified CRESS viruses are frequently found in human and non-human primate stool
samples, generating interest into their host specificity and potential impact on
health!415167 Classically, virus—host relationships are determined via recognition of host
disease, followed by virus isolation in cell culture. Since this is impractical for
metagenomically identified viruses, case-control studies are used to reveal associations
between viruses and disease. Importantly though, this does not confirm the host; for
example, the CRESS virus family Redondoviridae is associated with human periodontal
disease and critical illness®8, but it remains unknown whether the viruses infect humans or a
separate host, itself associated with or causing the observed clinical outcomes.
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Genomic evidence of virus—host interactions can directly establish links between species.
For instance, the Smacoviridae, a CRESS virus family previously assumed to infect
eukaryotes, were recently suggested to infect archaea®® on the basis of CRISPR spacer
sequences matching a smacovirus inside the genome of an archaeon. Similarly, virus
genomes can integrate into host genomes, leaving endogenous viral elements, identification
of which reveals historical infections?®?*, Searches for endogenous viral elements related to
CRESS viruses have revealed integrations into the genomes of eukaryotes, for instance,
sequences related to the replication-associated protein (Rep) of Geminiviridae, major global
crop pathogens, are integrated in the tobacco genome?2.

Rep-like sequences are found in the genomes of the protozoan gut parasites Entamoeba
histolytica and Giardia duodenalis?, important human pathogens belonging to distantly
related genera?. The Rep-like elements could imply that the parasites host CRESS viruses,
however, the sequences do not belong to a known family3. One proposed alternative
hypothesis is that that they were gained from bacterial plasmids directly?®, which are
thought to be the ancestors of CRESS virus Rep genes®. Compatible with this, no sequence
related to a capsid protein (Cap) has been found integrated in Entamoeba or Giardia
genomes. While several studies have discussed or attempted to identify an association
between CRESS viruses and gut parasites®?¢2-2__none has been found to date—and
indeed no CRESS virus is known to infect any protozoan. Here we provide evidence that
the parasite genera Entamoeba and Giardia are hosts of CRESS viruses, introducing a
framework for host determination of metagenomically sequenced viruses that can be widely
applied.

Results
Unclassified CRESS viruses are associated to parasites in human stool

Stool samples from 374 individuals (belonging to two independent cohorts, see "Methods")
were enriched for viruses using the VIDISCA method, metagenomically sequenced, and
bioinformatically analysed to identify unknown CRESS viruses. We used sequence
assembly of short reads in combination with inverse PCR and Sanger sequencing to
determine 20 full-length CRESS virus coding sequences (accessions MT293410.1—
MT293429.1). The 20 sequences included 18 complete genomes covering all untranslated
regions, and these had a genome organisation akin to known CRESS viruses, with a
conserved nonanucleotide motif at an apparent replication origin, and open reading frames
that aligned to viral Rep and Cap genes (Supplementary Table 1). Using PCR or mapping
of sequencing reads to the assembled genomes, we determined that 21 of 374 samples were
positive for the viruses.

All 374 samples were also analysed for the presence of Entamoeba and Giardia parasites
using either microscopy, sequencing-based approaches, PCR targeting the 18S ribosomal

35



Chapter 3

RNA, or a combination thereof (see “Methods”). We observed that all 21 of the samples
containing one of the CRESS viruses were also positive for either Entamoeba or Giardia
(Table 1 and Supplementary Table 2). Across the 374 samples, presence of any of the 20
viruses was significantly associated with Entamoeba or Giardia infection using Pearson’s
chi-squared test (y>=36.77, p <0.001), therefore we hypothesised that the viruses infected
one or both of the parasites. To test the possible host role of other gut protozoa (including
Blastocystis, Dientamoeba, Cryptosporidium and Endolimax among others), we carried out
further parasitological typing on the 21 virus-positive samples (see “Methods”). We found
these taxa were absent from all, or a majority of the 21 samples—implying they are not
hosts of the viruses (Supplementary Table 2).

Table 1: Entamoeba and Giardia status of human samples positive for any of the
CRESS viruses identified in this study.

. Number of samples  Positive for CRESS viruses
Parasite status

(N =374) identified in this study
Entamoeba positive only 130 18
Giardia positive only 3 0
Entamoeba_apd Giardia 8 3
positive
Entamoeba and Giardia 233 0

negative

Whole CRESS virus genomes are integrated into parasite genomes

In order to identify endogenous viral elements related to the identified CRESS viruses, we
aligned all 20 coding sequences to GenBank databases, namely the non-redundant
nucleotide (BLASTN, Supplementary Table 3), protein (BLASTX, Supplementary Table 4),
and whole-genome shotgun contigs of Entamoeba and Giardia (BLASTn, Supplementary
Table 5). Viral queries aligned with high identity and coverage to nucleotides and predicted
proteins from parasite genomes, suggesting the presence of CRESS virus-derived
endogenous viral elements. The 20 viruses were not uniform in their database hits, showing
genetic variation among them; each virus strongly aligned to sequences from either
Entamoeba or Giardia, but not both, suggesting the presence of distinct viral lineages with
independent virus-host relationships. Among viruses aligning to sequences from the
Entamoeba genus, variability was also observed in the parasite species—queries either hit
E. histolytica, E. dispar, E. nuttalli, or E. invadens. Among viruses aligning to sequences
from Giardia duodenalis, alignments were found against major genotypes infecting
humans, specifically A2 and B. Importantly, alignment to parasite genomes revealed
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evidence of whole virus genome integrations. For example, one virus genome (accession
MT293413.1) aligned inside an 11.6 kilobase (kb) contig from E. dispar
(AANV02000527.1) with 100% query coverage and 84% nucleotide identity (Fig. 1a),
while another (accession MT293421.1) aligned inside a 15.2 kb contig from G. duodenalis
(AHGT01000120.1) with 99% query coverage and 73% nucleotide identity. As the only
known examples of parasite endogenous viral elements containing both the Rep and Cap
viral genes, they cast doubt on the hypothesis that Rep-like elements in protozoal genomes
were derived from bacteria?. Since CRESS virus integration is likely mediated by the Rep
protein during viral genome replication in the host nucleus?, the elements directly
implicate Entamoeba and Giardia as hosts.
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]

Virus genome [ | H
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Fig. 1: Whole CRESS virus genomes are integrated in Entamoeba genomes. a Cropped
nucleotide alignment between Entamoeba dispar contig (AANV02000527.1) containing a
complete virus integration and the genome of Entamoeba-associated CRESS DNA virus 1,
isolate 84-AMS-03 (accession MT293413.1); also see Supplementary Fig. 2. Coloured
vertical bars denote single nucleotide variations between the sequences (adenine = green,
guanine = red, thymine = blue, cytosine = orange), with conservation across the alignment
displayed below. b Dotplot of BLAT generated nucleotide alignment between endogenous
viral elements and flanking sequence from two closely related Entamoeba species (x-axis
sequence reverse complemented). ¢ Example of the circular genome organisation of
identified CRESS viruses. d Exogenous virus DNA is protected by a viral capsid, as it can
be PCR-amplified after filtration and treatment with DNase (one independent experiment).

We next considered and eliminated potential sources of error, firstly, that parasite genomes
did not truly contain CRESS endogenous viral elements, but rather that the assemblies were
contaminated with virus genome sequences found in the original sample or reagents. To
eliminate this possibility, we compared independently generated genome assemblies of E.
histolytica and G. duodenalis, which were derived from parasite stocks in different
laboratories or biobanks, and included strains isolated from patients across multiple
countries and years. We could identify the same endogenous viral elements in several of the
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assemblies, for example an element (EMD43492.1) from E. histolytica strain KU27,
isolated in Japan in 2001, was also found in strain HM-3:1MSS, isolated in Mexico in 1972
(100% coverage, 100% sequence identity), and three independent assemblies of strain HM-
1:IMSS, isolated in Mexico in 1967 (100% coverage, 99.9% sequence identity,
Supplementary Tables 6 and 7). Furthermore, in one case an element and its flanking
sequence could be aligned between the closely related species E. histolytica and E. nuttalli
(Fig. 1b). This provides evidence of a shared viral integration that must have originated
prior to host speciation, although the date of this divergence is currently unknown.
Interestingly, G. duodenalis elements displayed a lineage-specific distribution, found
universally in assemblies of lineages A2 and B, but absent from lineage Al assemblies and
the lone assembly of lineage E (Supplementary Table 7). The results suggest population-
level fixation of elements in specific parasite lineages, rather than contamination leading to
a misassembly. To rule this out however, for E. histolytica HM-1:1MSS we closely
examined raw sequencing coverage across a selected endogenous viral element and its
flanking sequence, showing that Sanger sequence reads span the element with no coverage
aberrations (Supplementary Fig. 1A). We secondarily confirmed this by analysing the raw
reads of strain KU27, isolated over thirty years later, with consistent results (Supplementary
Fig. 1B). For G. duodenalis we examined the elements present in a recent reference quality
assembly (GCA _011634595.1, isolate GS, lineage B), since this was generated using a
combination of conventional short-reads and nanopore long-reads®. The latter technology
vastly improves the scaffolding and repeat-resolution of assemblies, and confirmed the
presence of endogenous viral elements within host sequence, even resolving a 10 kb-long
tandemly repeated element not previously detectable in assemblies relying on short-read
technology alone (Supplementary Fig. 1C). For further evidence that the endogenous viral
elements were a true genomic feature, we looked for a small RNA response against them in
E. histolytica, since the parasite silences its own genes post-transcriptionally via the RNA
interference pathway3!. We utilised public data comprising small RNAs
immunoprecipitated in association with AGO2-2%, which is the component of the RNA
interference pathway responsible for binding RNA guide strands and target mMRNA
cleavage, mapping the small RNAs to E. histolytica contigs containing endogenous viral
elements (Supplementary Fig. 2). We found small RNA coverage peaks coinciding with
several endogenous viral elements, including one known to be transcriptionally active3?,
suggesting host silencing of the elements. A notable but untested implication is that
mRNAs from exogenous CRESS viruses infecting E. histolytica may also be silenced by
such a response, which may therefore function in antiviral defence, since some small RNA
sequences also had exact matches to the CRESS virus sequences of our study
(Supplementary Fig. 2).

We secondly confirmed that viral genomes identified in human clinical samples were
derived from exogenous viruses, since an alternative possibility is that they represented
endogenous viral elements sequenced from parasite chromosomal DNA. The likelihood of
this occurrence was minimised by the VIDISCA sequencing library preparation, which
included removal of cell debris and degradation of residual chromosomal DNA via DNase
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treatment, however, for confirmation, we visually inspected viral reads to verify sequence
overlap at the beginning and end of contigs. In this way, we could establish that the
majority of viral coding sequences found in human samples were circular whole genomes
(n=18, Fig. 1¢), and therefore were not from a larger sequence context such as a parasite
chromosome. Finally, since exogenous viruses are small in comparison to eukaryotic cells,
and their genomes are encapsidated in a protein shell, we experimentally confirmed these
features. We filtered supernatant from virus-positive faecal suspension through 1200 and
200 nm pores, and treated the filtrate with DNase to remove unprotected DNA, finding that
viral DNA could still be amplified by PCR (Fig. 1d). This shows that the genetic material
was protected by a structure, most likely a capsid.

Protozoa-infecting viruses are from previously unknown families

Virus alignments to endogenous viral elements in parasite genomes already suggested that
distinct viral lineages with independent virus—host relationships were present among the
sequences. We, therefore, resolved the relationships of the exogenous viruses by building a
maximume-likelihood phylogenetic tree of the Rep protein. Sequences extracted from Rep-
like endogenous viral elements in Entamoeba spp. and G. duodenalis were included to
identify their closest relatives and reveal which virus lineages were the original donors.
Known CRESS virus diversity was incorporated by modifying a previously published
chimaera-free Rep protein database of CRESS virus families and clusters®®. We included
the Redondoviridae in the dataset in addition to our own sequences and the closest viral
relatives of our 20 sequences identified by BLAST searches. The viruses belonged to three
strongly supported monophyletic Rep lineages, all phylogenetically positioned outside
known families (Fig. 2a). Protein sequences from parasite endogenous viral elements
clustered within each of the three lineages, and never outside, a firm indication that the
exogenous virus lineages were the original donors of the endogenous viral elements.
Notably, Entamoeba endogenous viral elements clustered exclusively within two of the
three lineages, while Giardia endogenous viral elements only clustered with the third,
indicating their different host specificity. Since the lineages do not belong to a known
CRESS virus family, we propose the establishment of three virus families to house them.
Following the practice of naming CRESS virus taxa with reference to their circular
genomes, we suggest naming the families after three rings from Tolkien’s canon:
Naryaviridae and Nenyaviridae for the two Entamoeba-infecting virus families and
Vilyaviridae for the Giardia infecting family. The three families are phylogenetically
distributed among known CRESS virus diversity, and imply that lineages infecting
multicellular life evolved on at least three independent occasions, namely (1) the lineage
including Geminiviridae and Genomoviridae, (2) the Circoviridae, and (3) the Nanoviridae.
The Nenyaviridae are nested within the CRESSV?2 cluster, suggesting these viruses may
also infect protozoa.
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Fig. 2: Parasite-infecting CRESS virus genomes are distinct from known CRESS
diversity. a Phylogenetic maximum-likelihood tree of the Rep protein, scale bar refers to
amino acid substitutions per site, numerical values represent bootstrap support of major
nodes. The Naryaviridae, Nenyaviridae, and Vilyaviridae contain endogenous viral element
sequences extracted from host genomes, respective pictograms of Entamoeba (tetranucleate
cyst stage) and Giardia (flagellated trophozoite stage) are shown to indicate this. Five
public viral genomes were also found to cluster within these families (MG571899.1,
KU043415.1, MH617639.1, KY487991.1 and LC406405.1). b Virus GC-content positively
correlates with host GC-content (linear regression, n =79 biologically independent viral

genome sequences, r>=0.58, p=0.01).

We delimited CRESS virus genera using a cutoff of 50% Rep protein identity, following a
recent literature example®®. Genera infecting the same host genus were assigned a Greek
number and named with reference to the host (ent for Entamoeba and gia for Giardia)
(Supplementary Table 8). The Naryaviridae were thus divided into two genera
(Protoentvirus and Deuteroentvirus), Nenyaviridae into two (Tritoentvirus and
Tetartoentvirus), and Vilyaviridae into three (Protogiavirus, Deuterogiavirus, and
Tritogiavirus). Although the viruses display large intra-family sequence diversity, the
families do share distinctive features: Naryaviridae and Nenyaviridae genomes have sense
open reading frames, while Vilyaviridae genomes have either ambisense or antisense open
reading frames. Nucleotide usage measured by GC-content varies within each of the three
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families, but Naryaviridae and Nenyaviridae have on average 37% and 42% respectively,
while the Vilyaviridae have a high 59%. The GC-contents of Naryaviridae and Vilyaviridae
respectively represent low and high extremes among eukaryotic CRESS viruses. Since a
positive association between host nucleotide usage and virus nucleotide usage has
previously been observed among single-stranded DNA bacteriophages®, we hypothesised
that this also underlay the observed distribution. To test this, we modelled the GC-content
of CRESS virus lineages against those of known or proposed hosts using linear regression
(Fig. 2b and Supplementary Table 9). For Entamoeba and Giardia we used the GC-content
of E. histolytica (25.2%, assembly GCA_000365475.1) and G. duodenalis (48.2%,
assembly GCA_000498735.1), respectively. A positive association was found between
virus and host nucleotide usage (r>=0.58, p=10.01), consistent with the proposed virus—
host relationships. The association may be due to codon usage bias, wherein virus codon
usage is constrained by host transfer RNA availability®. Despite the positive association,
exogenous viruses from the three families did have a higher GC-content than their hosts by
an average of 12.6%, suggesting the existence of additional selection pressure on GC-
content counter to that of transfer RNA mediated protein translation efficiency. In contrast
with exogenous viruses, endogenous representatives of each family had a reduced GC-
content, in some cases closely resembling that of the host (Supplementary Fig. 3). We
hypothesise that this is due to genetic drift resulting from relaxed selection on elements
after integration, wherein the oldest elements may have the lowest GC-content.

Viral recombination networks identify virus—host clusters

During genomic analysis of the CRESS viruses we observed a striking bimodal genome
length distribution in both Naryaviridae and Nenyaviridae, but not in Vilyaviridae (Fig. 3a).
BLAT alignment between two Naryaviridae genomes from the ends of the length
distribution showed that the irregularity was caused by Cap genes of different lengths
(averaging 179 and 439 amino acid residues respectively) with no detectable nucleotide
sequence similarity, while the Rep genes were closely related (Fig. 3b). The two Cap
proteins also had no detectable protein sequence identity upon pairwise BLASTp analysis,
suggesting that the smaller of the two is not simply a partial protein, but a protein of
different ancestry. To ensure that this was not a result of genome misassembly, we
confirmed that Sanger sequencing reads overlapped both the Rep and Cap genes. Different
ancestry of Cap genes found in combination with a Rep gene strongly suggested
recombination of complete genetic modules (i.e. replicative and structural genes).
Recombination between viruses occurs during genome replication within the host, and
evidently the host range of a virus dictates its potential recombination partners*. Detection
of recombination between viruses can therefore be used to group together viruses into
virus-host clusters.
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Fig. 3: Cap genes of different ancestry in Naryaviridae and Nenyaviridae. a Genome
length variation in Naryaviridae, Nenyaviridae, and Vilyaviridae. Eighteen complete
CRESS virus genomes identified in this study were plotted alongside five complete
publicly available genomes. b Dotplot of BLAT generated nucleotide alignment between a
short and a long genome from the Naryaviridae, showing no detectable alignment between
the Cap genes.

To investigate recombination among the identified CRESS viruses, we constructed
maximume-likelihood phylogenetic trees of Rep and Cap protein sequences from the three
viral families, also including endogenous viral elements if Rep and Cap genes were found
in close proximity in the protozoal genome (Fig. 4). Since Cap genes could not be globally
aligned together, we first separated them into similar protein clusters which were then
aligned and analysed individually. The Rep proteins were resolved into the three groups
previously observed, corresponding with the three viral families. The Cap proteins were
also divisible into three clusters, and we subsequently refer to these as CRESS virus Cap
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assemblages (CCAs). We visualised gene swapping between lineages by linking proteins
extracted from the same genome across the two phylogenies, and this uncovered clear
evidence of recombination of genetic modules between the Naryaviridae and Nenyaviridae.
Members of these Rep families possessed either CCAL (averaging 467 amino acid residues)
or CCA2 (averaging 180 amino acid residues), with all four possible Rep and Cap gene
combinations represented. Importantly, while evidence of recombination was also visible
within the Vilyaviridae, they always possessed CCA3, therefore no evidence for
recombination between Vilyaviridae and members of either the Naryaviridae or
Nenyaviridae was found. The data strongly support the proposed host-range of the viruses,
specifically Naryaviridae and Nenyaviridae sharing the same host, with Vilyaviridae
infecting a separate one. Further, they provide a practical framework to identify virus—host
clusters in an unbiased way with no a priori knowledge of the potential host required.
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Fig. 4: Recombination of genetic modules between virus families infecting the same
host. Phylogenetic maximum-likelihood trees of viral Rep and Cap proteins, scale bars
refer to amino acid substitutions per site, numerical values represent bootstrap support.
Lines connect genes from the same virus or physically close endogenous viral genes.
Pictograms of Entamoeba (tetranucleate cyst stage) and Giardia (flagellated trophozoite
stage) are shown to indicate virus host. CCA = CRESS virus Cap assemblage.

Virus families occur alongside specific host genera in human stool

At the outset of investigation, we focused on the association between CRESS viruses and
both Entamoeba and Giardia parasites collectively; however, evidence from endogenous
viral elements and patterns of recombination among discovered viruses suggested that
Naryaviridae and Nenyaviridae infect Entamoeba, while Vilyaviridae infect Giardia. We,
therefore, tested the statistical associations of the families to their specific proposed host in
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human samples using Pearson’s chi-squared test, grouping Naryaviridae and Nenyaviridae
together because of recombination between their genomes. Across all 374 study subjects,
Naryaviridae and Nenyaviridae were strongly associated with Entamoeba parasites
(¥*=32.34, p<0.001), but not with Giardia (= 0.57, p = 0.45), while Vilyaviridae were
strongly associated with Giardia (y?=99.8, p <0.001). Vilyaviridae were also positively
associated to Entamoeba, however at a greatly reduced significance compared to Giardia
(*=5.17, p=0.02). This result is likely explained by Entamoeba coinfections in all 3
Vilyaviridae positive samples; indeed, Entamoeba coinfection was found in 73% of all
Giardia positive samples (Table 1 and Supplementary Table 2). Although the cohorts
examined here may not be representative of wider parasite populations, the prevalence of
Nenyaviridae or Naryaviridae virus infections was 13% among Entamoeba cases (18 of
138), while Vilyaviridae had a prevalence of 27% among Giardia cases (3 of 11). The
observed association between the viruses and their hosts in stool enabled a preliminary
investigation into the biogeographic distribution of the three families. We mapped reads
from public metagenome datasets derived from faecally polluted wastewater or primate
stool to our viral genomes. We found reads from Naryaviridae, Nenyaviridae, and
Vilyaviridae were detectable in the datasets examined, sourced from localities across North
and South America, Europe, Africa, and Asia (Supplementary Fig. 4). This suggests the
virus distributions are large, mirroring those of the hosts.

Discussion

Here we report three CRESS virus families, Naryaviridae and Nenyaviridae infecting
Entamoeba, and Vilyaviridae infecting Giardia duodenalis. Our study expands the number
of CRESS families known to infect eukaryotes from five to eight, including the only groups
recognised to infect protozoa. The investigation provides the only genome sequences of
viruses infecting Entamoeba, nearly 50 years after the first of a series of papers studying
infectious agents causing cell lysis in axenic E. histolytica culture®’. For Giardia, one RNA
virus species in the Totiviridae (Giardia lamblia virus) was discovered in 1986%, and the
Vilyaviridae represent the second group of viruses. The discovery of viruses infecting
Entamoeba and Giardia—collectively responsible for 300 million human disease cases
annually®**—should precipitate investigation of their potential impact on the clinical
outcome of parasite infection. It is understood that only a subset of Entamoeba and Giardia
infections result in symptomatic disease*>*!, however, not all the factors underlying case
variation are resolved. For example, E. histolytica interactions with gut bacteria are thought
to play a role in pathogenesis*, but the effects of viruses are unexplored. As viruses can
modulate parasite pathogenicity directly or indirectly via interaction with human immunity,
they may result in parasite hypovirulence!! or hypervirulence®.

A large proportion of recognised virus genomes are divorced from their biological hosts.
Targeted virus discovery from potential host taxa has a vital role to play in resolving this*,
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however, in instances of hosts intractable to culture, high-throughput methods must rely on
viral genome sequences alone. Machine-learning algorithms trained on viral sequences with
known hosts offer one possible approach?®; however, due to their reliance on conserved
sequence signals between training and test data, they will suffer from increasingly coarse
prediction for divergent viruses. As we show, construction of viral recombination networks
provides direct and unbiased biological evidence of shared hosts among virus genomes,
even when individual genes are highly divergent or non-homologous. Given the highly
consequential roles protozoa play in global health and ecosystem processes, deciphering
additional unknown virus—host relationships among them is imperative.

Methods
Clinical samples

The 374 human subjects analysed here were from two cohorts. Cohort 1: stool samples of
194 HIV-1 infected individuals not on active antiretroviral therapy, who visited the out-
patient clinic at the Amsterdam Medical Center in 1994 and 1995, as part of a study on
unexplained diarrhoea*®*’. Criteria for inclusion in the study were proven HIV-1 infection
and being aged 18 years or older. Cohort 2: Stool samples of 85 HIV-1 positive and 95
HIV-1 negative men having sex with men (MSM) as part of the ACS, a prospective cohort
study among HIV-positive and HIV-negative MSM, initiated in 1984¢. Studies were
approved by the Medical Ethics Committee of the Amsterdam University Medical Center,
the Netherlands (MEC 07/182). Written informed consent of each participant was obtained
at enrolment of both cohorts.

VIDISCA library preparation and sequencing of human faecal samples

At collection, faecal samples were suspended 1:3 in broth containing penicillin,
streptomycin, and amphotericin B, and stored at —80 °C until processing. Sample
suspension (150 ul) was transferred to a reaction tube and centrifuged (10 min at 5000 g) to
pellet solid matter and cellular debris. Supernatant was treated with 20 ul TURBO DNase
(Thermo Fisher Scientific, Waltham, MA, USA) for 30 min at 37 °C (to remove naked
DNA). Nucleic acids were extracted using the Boom method*° and reverse transcription
was done using non-ribosomal hexamer primers designed to avoid mammal rRNA
sequences®. This was followed by second strand synthesis and a cleanup via
phenol/chloroform extraction and ethanol precipitation. Library preparation for the two
cohorts varied from this point, since two different sequencing technologies were used. For
cohort 1 standard VIDISCA library preparation was carried out>’. Briefly, double-stranded
DNA was digested with Msel restriction enzyme, and sequencing adapters were ligated to
sticky ends. Libraries were amplified before size selection of fragments between 200 and
600 bp, quantification, and pooling. Sequencing was then done on an lonTorrent PGM
instrument. For cohort 2, double-stranded DNA was fragmented to an average length of
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400-500 bp, sequencing adapters were ligated, and libraries were amplified before
sequencing with Illumina MiSeq instruments (150 bp paired end)®2. Sequence reads
associated with this study have been deposited in the European Nucleotide Archive (ENA)
under study accession PRJEB35571.

CRESS virus identification and characterisation

Sequence reads from cohort 1 were analysed to discover viruses®. Briefly, non-rRNA reads
were identified using SortMeRNA v2.15 and made non-redundant using CD-HIT v4.7%,
Non-redundant reads were then aligned to viral proteins using UBLAST®®, and false
positives were reduced via BLASTn® alignment of putative viral matches to the GenBank
non-redundant nucleotides. Outputs were visualised with KronaTools v2.7% and inspected
to identify candidate CRESS virus reads. Two genomes were amplified via inverse PCR,
the sequences of which were determined using Sanger sequencing (accessions MT293412.1
and MT293415.1). All primers are reported in Supplementary Table 10. An iterative search
procedure was then carried out to identify additional samples containing related CRESS
viruses. Predicted protein sequences were extracted from the two genomes and used as
queries against reads from cohort 1 using UBLAST. This was also carried out against
contigs assembled from cohort 2 sequencing data using SPAdes v3.5.0%. Further putative
CRESS virus hits were manually curated or completed with Sanger sequencing, and were
then used in subsequent searches. The process resulted in a final count of 20 CRESS virus
coding sequences, 18 of which were complete genomes.

To determine a final list of samples regarded as virus positive, sequence reads from each
cohort were mapped to the 20 virus coding sequences using BWA-MEM v0.7.17%. Reads
mapping to multiple references were reassigned to their single most-likely reference using
the PatholD module of PathoScope v2.0.75%. High-depth Illumina sequencing is prone to
barcode swapping within flow cells, which may result in false positives; therefore, for
cohort 2 a cutoff was imposed for a sample to be regarded as positive. Specifically, virus
reads from Entamoeba-infecting or Giardia-infecting families had to make up at least
0.05% of sample reads (in instances where samples had received repeat sequencing, only
the run receiving the highest number of sequences was analysed). In addition to the
sequencing-based approach described, any PCR positive samples were also included.

Virus protein sequences extracted from open reading frames were queried against the
Reference Proteome database with pHMMER®? and best hits were recorded. DNA
secondary structure surrounding the putative nonanucleotide origin motif was assessed
using MFOLD® to confirm it was situated on a predicted stem loop. Circularity of viruses
was confirmed by visual inspection of genomes and mapped reads, specifically reads that
overlapped with both the beginning and end of genome sequences. To confirm that viral
DNA was protected by a capsid, supernatant was first passed through a filter with 1200 nm
pores, then 200 nm (GE Healthcare Life Sciences, Chicago, USA), followed by treatment
with TURBO DNase (Thermo Fisher Scientific, Waltham, MA, USA). Subsequently viral

46



Entamoeba and Giardia parasites implicated as hosts of CRESS viruses

nucleic acid was extracted with the Boom method, and PCR was carried out. To compare
CRESS virus GC-content with that of their hosts, the Virus—Host DB® was used in
conjunction with the GenBank genomes resource to compile this information for virus—host
pairs.

Parasitological typing

Faecal samples from cohort 1 were examined by light microscopy for the presence of
intestinal parasites (with both direct smears and concentrations using the Ridley technique).
From both cohorts, sequence reads were mapped using BWA-MEM to parasite ribosomal
RNA reference sequences, with aligning sequences then queried against the GenBank non-
redundant nucleotide database. Reads with the best hit to a parasite ribosomal RNA
reference, and a minimum alignment of 50 nt at over 95% nucleotide identity was retained
as hits. Hits were aligned to diagnostic parasite reference sequences to type the parasite
species where possible. Sequence reads were also mapped using BWA-MEM to predicted
MRNA sequences from parasite genomes, specifically E. histolytica (GCF_000208925.1)
and G. duodenalis (GCF_000002435.1). Predicted mRNA databases were first curated
using identity searches to remove sequences derived from endogenous viral elements and
ribosomal RNA. Hits were also filtered to allow only those with a minimum alignment of
50 nt at over 95% nucleotide identity to their respective subject sequence. The possibility of
barcode swapping in cohort 2 Illumina data led us to impose a cutoff for a sample to be
called as positive; specifically, the parasite sequence reads as a percentage of the total reads
had to be greater than the lower quartile value. For a selection of samples from cohort 1,
confirmatory testing was done with E. histolytica and E. dispar diagnostic qPCRs, in
addition to Entamoeba generic PCR combined with Sanger sequencing of amplicons. Due
to generally low read counts observed for Giardia, all 21 virus-positive samples were
subjected to a confirmatory Giardia diagnostic gPCR. The prevalence of Giardia infection
among our cohort participants was 2.94% (11 of 374), and the prevalence of Entamoeba
infection was 36.90% (138 of 374). Our participants were 93% MSM, and these Giardia
and Entamoeba frequencies are concordant with previously reported data from this
demographic (from 1% to 18% for Giardia with a median of 5% infection, and from 3% to
33% for Entamoeba with a median of 22% infection®®). To confirm that other protozoa
were not the viral hosts, the 21 virus-positive samples were tested for additional parasites:
Dientamoeba, Cryptosporidium, and Blastocystis were tested by diagnostic gPCR, while
Endolimax, Chilomastix, Pentatrichomonas, and Retortamonas 18S rRNA sequences were
analysed in the same manner described above.

Endogenous viral element analysis

CRESS virus genomes were aligned to GenBank databases: the non-redundant nucleotide
using BLASTN, the non-redundant protein using BLASTX, and the whole-genome shotgun
contigs of Entamoeba and Giardia using BLASTn. Nucleotide and protein sequences of
hits were extracted and manually curated to use in subsequent analyses. Comparison
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between independent assemblies of E. histolytica and G. duodenalis (to confirm
consistency of endogenous viral element presence) was done using BLASTn of endogenous
Rep gene elements from each genus against each assembly, recording the best aligning hit.
Pairwise comparisons between sequences were all performed using BLAT via the MAFFT
online server®. Available genome assemblies from relatives of Entamoeba and G.
duodenalis were also analysed for the presence of elements, specifically Mastigamoeba
balamuthi (GCA_902651635.1), Spironucleus salmonicida (GCA_000497125.1),
Trichomonas vaginalis (GCA_000002825.1), and G. muris (GCA_006247105.1); however,
none of these assemblies contained elements belonging to the Naryaviridae, Nenyaviridae,
or Vilyaviridae. To assess read coverage across E. histolytica contig NW_001915013.1, raw
sequencing reads were downloaded from the TraceDB (isolate HM1:1MSS,
https://ftp.ncbi.nlm.nih.gov/pub/TraceDB/entamoeba_histolytica/) and ENA (isolate KU27,
accessions SRR071802 and SRR072203). BWA-MEM was used to map reads to the
complete reference contig, followed by visualisation of coverage using CodonCode Aligner
v9.0.1. Easyfig v2.2.5%7 was used to visualise pairwise identity between G. duodenalis
contigs VSRU01000012.1 and AHHH01000265.1. To identify evidence of an RNA
interference response against endogenous viral elements, BWA-backtrack® was used to
map E. histolytica AGO2-2 associated small RNAs from ENA project PRINA187070%
against contigs containing elements from the E. histolytica RefSeq genome assembly
(GCA_000208925.2). Prior to mapping, sequencing adapters were trimmed using BBDuk
(http://jgi.doe.gov/data-and-tools/bb-tools/), and sequences over 40 nt and under 15 nt were
discarded. Reads mapping with zero sequence mismatches were retained, and coverage of
contigs was calculated using the SAMtools mpileup utility®. Positions of endogenous viral
elements and small RNA coverages were visualised for a selection of contigs using Circos
v0.69-8%°.

Phylogenetic analysis and pairwise protein comparison

Phylogenetic analysis of the Rep protein utilised a previously compiled chimaera-free
dataset!®, with the addition of the Redondoviridae®®, five viral sequences found during
BLASTN searches of the GenBank non-redundant nucleotide database, and our CRESS
virus sequences (both exogenous and endogenous viruses). Rep proteins were aligned using
MAFFT v7% with the L-INS-i option leaving gappy regions unaligned. The resulting
alignment was trimmed using trimAl v1.47° set to gappyout. Maximum-likelihood
phylogenetic analysis was performed using RaxML v8.2.9"* with the PROTCATGTR
substitution model and automatic bootstopping, which stopped rapid bootstrap searching
after 350 replicates. Treefiles were visualised using Figtree v1.4.4
(https://github.com/rambaut/figtree/releases). The same methods were applied for
phylogenetic analysis of the three Rep protein families in isolation, as well as their
corresponding Cap proteins. For delimitation of Rep genera, pairwise comparison was
carried out using the online tool SIAS (available at:
http://imed.med.ucm.es/Tools/sias.html), with the denominator set to mean length of
sequences.

48



Entamoeba and Giardia parasites implicated as hosts of CRESS viruses

Public metagenome data

Data to estimate the global distribution of parasite-infecting CRESS viruses was obtained
from a number of public metagenomes and mapped using BWA-MEM to virus genomes.
Wastewater samples from ENA project PRINA1690107% were from Maiduguri (Nigeria),
Kathmandu (Nepal), Bangkok (Thailand), and San Francisco (USA); project
PRINAT70623"7 samples were from Addis Ababa (Ethiopia), Barcelona (Spain), and
Pittsburgh (USA); project PRINA322301 was from Tallahassee (USA); project
PRINA4347447 was from Cincinnati (USA); and project PRINA3858317¢ was from
Sheboygan (USA). Macaque stool from project PRINA2993324 was from the California
National Primate Research Center (USA). Human stool from project PRINA4180442% was
from Caracas (Venezuela) and remote villages in South-East Venezuela; and project
PRJEB952477 was from Uganda. A further site was annotated based on a public virus
genome (LC406405.1) which clustered within the Vilyaviridae, sampled from a cat in
Japan’®.

Data availability

Viral genomes and coding sequences are available under NCBI accessions MT293410.1—
MT293429.1. Raw sequencing reads are available under European Nucleotide Archive
study accession PRIEB35571. Protein alignments and tree files are available from Figshare
(https://figshare.com/projects/Entamoeba_and_Giardia_parasites_implicated_as_hosts_of
CRESS viruses/84065). GenBank databases are available via NCBI
(https://www.ncbi.nlm.nih.gov/), and the Reference Proteome database was integrated with
the pHMMER web service (https://www.ebi.ac.uk/Tools/hmmer/search/phmmer).
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Supplementary Figure 1. The presence of endogenous viral elements is supported by
raw-read coverage or long-reads. (A) Sanger sequencing reads from Entamoeba
histolytica isolate HM1:IMSS (isolated in Mexico, 1967) aligned to genomic contig
NW_001915013.1, revealing coverage spanning both the endogenous virus element
junctions and flanking host sequence. Maximum coverage depth is shown to the right of the
coverage plot. (B) Combined 454 and Illumina sequencing reads from E. histolytica isolate
KU27 (isolated in Japan, 2001) aligned to contig NW_001915013.1, confirming the
element is shared among independent isolates. (C) Long-read technology assists in
resolution of repetitive genomic features, as shown by Giardia duodenalis genomic contig
VSRUO01000012.1, which contains a 10 kb region of tandemly repeated integrated viral
genomes belonging to the Vilyaviridae. This contig belongs to a hybrid assembly built from
nanopore long-reads and conventional short-reads® (GCA_011634595.1). Host hypothetical
proteins are annotated as ‘HP’. BLASTn alignment with the short-read based contig
AHHHO01000265.1 reveals that the two share both the viral integration and neighbouring
host sequences; however the latter contig has a shorter endogenous viral region. This is
likely a result of assembly software being unable to distinguish between tandem repeat
units, leading to assembly collapse. Regions of BLASTn alignment are shown by the grey
blocks, with shade corresponding to % identity.
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Supplementary Figure 2. Virus genome integrations within Entamoeba genomes, and
subsequent small RNA control. Alignments were generated using BLASTn (grey bands)
and tBLASTN (coloured bands) between three viral genomes (top right, EACDV1-
84AMS03 = MT293413, EACDV1-94AMS01 = MT293412, and EACDV4-84AMS03 =
MT293420) and contigs from three species of Entamoeba. Regions of alignment were
visualised with Circos?. Open reading frames on parasite contigs were coloured white,
while those of exogenous viruses were coloured according to the legend. Alignments reveal
a whole viral genome integration (between nucleotides 2,600 and 5,300 of E. dispar contig
NW_001854549.1), and also multiple unrelated integrations by Naryaviridae and
Nenyaviridae in close physical proximity to each other. Notably, this latter observation
suggests CRESS integration is sometimes site-specific, and this is most likely mediated by
Rep recognition of previously integrated nonanucleotide origin motifs within the host
genome, a model discussed elsewhere®. To add support that endogenous viral elements are
real features of parasite genomes, rather than artefacts in genome assemblies, E. histolytica
contigs are annotated with AGO2-2 associated small RNA coverage®*. Data from other
Entamoeba species was not available. Coverage peaks (inner ring) often occur across open
reading frames derived from virus integrations, suggesting these are real genomic features.
Some small RNAs also exactly match exogenous viral genomes, implying a possible
indirect role in antiviral defence. CCA = CRESS virus Cap assemblage.
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Supplementary Figure 3. GC-content of exogenous and endogenous viruses. Points
denote GC-content of a viral Rep gene sequence, either from the genome of an exogenous
virus (Exo.) or extracted from an endogenous viral element within a host genome (Endo.).
For each viral family, Mann-Whitney U tests were performed to evaluate whether
exogenous and endogenous sequences had significantly different GC-content than expected
by chance (Naryaviridae n=9, Nenyaviridae n=10, Vilyaviridae n=19). In each case GC-
content was found to be different; exogenous virus genomes have a significantly higher
GC-content than related endogenous viral elements.
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Supplementary Figure 4. Geographical origin of public viral genomes or metagenome
samples containing parasite-infecting CRESS viruses. Shape of symbols denotes the
sample source type, while colour denotes whether the identified viruses were Entamoeba-
infecting (Naryaviridae and Nenyaviridae), Giardia-infecting (Vilyaviridae), or both
(bicolour symbols). The map was adapted from world border templates available from
http://thematicmapping.org/downloads/world_borders.php, provided by Bjegrn Sandvik
under a Creative Commons Attribution-ShareAlike 3.0 license
(https://creativecommons.org/licenses/by-sa/3.0/legalcode).
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Chapter 4

Abstract

Metagenomic techniques have facilitated the discovery of thousands of viruses, yet because
samples are often highly biodiverse, fundamental data on the specific cellular hosts are
usually missing. Numerous gastrointestinal viruses linked to human or animal diseases are
affected by this, preventing research into their medical or veterinary importance. Here, we
developed a computational workflow for the prediction of viral hosts from complex
metagenomic datasets. We applied it to seven lineages of gastrointestinal cressdnaviruses
using 1,124 metagenomic datasets, predicting hosts of four lineages. The Redondoviridae,
strongly associated to human gum disease (periodontitis), were predicted to infect
Entamoeba gingivalis, an oral pathogen itself involved in periodontitis. The Kirkoviridae,
originally linked to fatal equine disease, were predicted to infect a variety of parabasalid
protists, including Dientamoeba fragilis in humans. Two viral lineages observed in human
diarrhoeal disease (CRESSV1 and CRESSV19, i.e. pecoviruses and hudisaviruses) were
predicted to infect Blastocystis spp. and Endolimax nana respectively, protists responsible
for millions of annual human infections. Our prediction approach is adaptable to any virus
lineage and requires neither training datasets nor host genome assemblies. Two host
predictions (for the Kirkoviridae and CRESSV1 lineages) could be independently
confirmed as virus—host relationships using endogenous viral elements identified inside
host genomes, while a further prediction (for the Redondoviridae) was strongly supported
as a virus—host relationship using a case—control screening experiment of human oral
plaques.

Introduction

A defining feature of viruses is their obligate relationship with hosts, yet surprisingly hosts
of most newly identified viruses remain unknown (Simmonds et al. 2017; Dolja and
Koonin 2018; Greninger 2018). This circumstance is driven by widespread use of high-
throughput sequencing for the discovery of viral genomes (Shi et al. 2016; Tisza et al.
2020; Edgar et al. 2022) versus traditional techniques, such as viral isolation in cell culture.
In particular, metagenomic sequencing of taxonomically diverse samples obscures virus—
host relationships, because of the many potential pairings. Exemplifying this are the
cressdnaviruses, a group with small circular ssSDNA genomes encoding a replication-
associated protein. Now classified under the phylum Cressdnaviricota (Krupovic et al.
2020), the vast majority have unknown hosts (Simmonds et al. 2017; Tisza et al. 2020).
This even applies to notable disease-associated lineages identified frequently in the
gastrointestinal tracts of humans and other animals, referred to hereafter as gastrointestinal
cressdnaviruses (Li et al. 2015; Phan et al. 2016; Abbas et al. 2019; Ramos et al. 2021).
Among these are the family Redondoviridae, residents of the human mouth and lung linked
to both periodontitis and critical illness (Abbas et al. 2019; Zhang et al. 2021), and the
Kirkoviridae, found variously in dead and diseased horses, cows, and pigs, and also in
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human stool (Shan et al. 2011; Li et al. 2015; Zhao et al. 2017; Guo et al. 2018; Xie et al.
2020). Because infectious gastrointestinal disease is a leading cause of global mortality and
morbidity in humans and livestock (Tam et al. 2012; Kirk et al. 2015; Thumbi et al. 2015),
there is a clear need to determine the hosts of gastrointestinal cressdnaviruses, data that will
underpin their medical or veterinary relevance.

Historically, no host inference methodology was required for cressdnaviruses, since
observation of host disease preceded discovery of the responsible virus. For example,
banana bunchy top disease was recognised from approximately 1880 and classified as viral
in the 1920s (Magee 1927), before the responsible cressdnavirus of family Nanoviridae was
characterised later in the 20th century (Harding et al. 1993). Similarly, plant diseases have
been linked to the Geminiviridae (Varma and Malathi 2003), avian and porcine diseases to
the Circoviridae (Ritchie et al. 1989; Ellis et al. 1998), fungal debilitation to the
Genomoviridae (Yu et al. 2010), and diatom lysis to the Bacilladnaviridae (Nagasaki et al.
2005). The challenge of the metagenomic age will be the identification of hosts when only
the viral genome is known. While promising wet-lab methods, such as single-cell
sequencing (Yoon et al. 2011) or proximity ligation (Bickhart et al. 2019; Ignacio-Espinoza
et al. 2020) will enable simultaneous virus discovery and linkage to host sequences in
future, these techniques are still emerging in the viral metagenomics field, and offer no
solution for the thousands of conventionally sequenced viruses. Here, high-throughput
computational approaches are required. Indirect solutions such as genome compositional
analyses (Kapoor et al. 2010) or machine learning have been suggested; however, the
former requires host genome assemblies or validated training datasets and suffers from
relatively low accuracy (Ahlgren et al. 2017; Liu et al. 2019), while the latter generally
requires validated training datasets, making it most appropriate for host prediction within
otherwise well-characterised lineages (Eng, Tong, and Tan 2014; Babayan, Orton, and
Streicker 2018).

Viral fossils inside host genomes, such as CRISPR spacers or endogenous viral elements
(EVEs), provide direct evidence of virus—host relationships (Liu et al. 2011; Dion et al.
2021; Zhao, Lavington, and Duffy 2021). Among cressdnaviruses, the Smacoviridae have
been proposed to infect archaea on the basis of matched CRISPR spacers (Diez-Villasefior
and Rodriguez-Valera 2019), while three families (Naryaviridae, Nenyaviridae, and
Vilyaviridae) were linked to gut parasites using EVE evidence (Kinsella et al. 2020). Again,
however, availability of host genome assemblies limits the range of this approach, and
many virus—host relationships are likely unrepresented in the genomic fossil record. To
date, no EVEs have been found belonging to the aforementioned redondoviruses or
kirkoviruses. For such groups, high-throughput host prediction approaches that do not rely
on host assemblies are needed. Here, we developed an analysis workflow for host
prediction from metagenomic sequencing datasets, aiming to identify over-represented
eukaryotes among virus positive samples for subsequent investigation. Through the analysis
of 1,124 gastrointestinal tract samples, we could identify multiple cressdnavirus—eukaryote
associations. Host predictions included redondoviruses with the human oral
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parasite Entamoeba gingivalis, kirkoviruses with parabasalid protists

including Dientamoeba fragilis in humans, the CRESSV1 lineage (i.e. pecoviruses)

with Blastocystis spp., and the CRESSV19 lineage (i.e. hudisaviruses) with Endolimax
nana. Subsequent independent analysis confirmed several of these predictions as virus—host
relationships.

Results
Census of gastrointestinal cressdnavirus lineages

Here, we aimed to predict the host of any cressdnavirus lineage displaying an apparently
obligate association to the gastrointestinal tracts of vertebrates. Because no study has so far
focused collectively on gastrointestinal cressdnaviruses, we first comprehensively censused
published cressdnavirus sequences to determine the lineages meeting that definition.
Iterative searches of the GenBank protein database collected 15,815 unique cressdnavirus
Rep sequences, 2,461 of which remained after clustering. Each taxonomic class
(Arfiviricetes and Repensiviricetes) was phylogenetically analysed separately (1,850 and
611 sequences, respectively). To work with unclassified lineages, clusters of related
sequences were assigned a temporary name according to their branch support. We followed
the format introduced by Kazlauskas, Varsani, and Krupovic (2018) who named the
unclassified lineages CRESSV1 to CRESSV6. We added CRESSV7 to CRESSV33 in the
Arfiviricetes (Fig. 1) and CRESSV34 to CRESSV39 in

the Repensiviricetes (Supplementary Fig. S1). All previously named families and lineages
were supported by our analysis, with the exception of CRESSV2, whose members
remained adjacent but with poor branch support (Supplementary Fig. S2). We suggest that
CRESSV2 may be most accurately characterised as multiple distinct lineages, here denoted
as CRESSV2.1 to CRESSV2.6. Supporting this, the resulting sublineages showed unique
isolation source patterns; for example, most members of CRESSV2.2 came from marine
animal tissues and seawater, CRESSV2.3 were found predominately in human or livestock
stool and tissue, and CRESSV2.4 members were identified in spiders, insects, and bird anal
swabs (Supplementary Table S1).
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Figure 1. Maximum likelihood phylogenetic tree of the Arfiviricetes, rooted at the
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Of fifty-six named lineages across the Cressdnaviricota, we categorised thirteen as
putatively gastrointestinal due to their isolation source patterns (see Materials and
methods). All were in the Arfiviricetes (Fig. 1, Supplementary Table S1). Four of these
were excluded immediately because host inferences were already published; these were
the Smacoviridae, Naryaviridae, Nenyaviridae, and Vilyaviridae (Diez-Villasefior and
Rodriguez-Valera 2019; Kinsella et al. 2020). Seven of the nine remaining lineages were
found mainly in oral, gastrointestinal, or stool samples of various vertebrates, and some
wastewater samples. These were the Redondoviridae, Kirkoviridae, CRESSV1 (i.e.
pecoviruses), CRESSV2.3, CRESSV2.6, CRESSV9, and CRESSV19 (i.e. hudisaviruses).
The others (CRESSV16 and CRESSV20) were detected predominately in wastewater, and
were included since this source is often stool contaminated. The retained lineages were
widely distributed phylogenetically, although notably some neighboured each other. For
example, the lineage CRESSV9 was a close relative of the Redondoviridae, and together
they were related to the Naryaviridae, viruses of Entamoeba parasites. Meanwhile,
CRESSV19 and CRESSV20 clustered together, CRESSV1 was related to the Giardia-
infecting Vilyaviridae and Kirkoviridae was related to both the lineage CRESSV2.3 and
the Nenyaviridae, the latter also infecting Entamoeba.

Recombination events and viral distributions reveal host biases

We identified nine gastrointestinal cressdnavirus lineages with unknown hosts. Some
lineages were found in multiple vertebrate taxa, for example, CRESSV1 was known from
stools of humans, pigs, and a camel, amongst others. This raised the possibility of different
host preferences within a given lineage. Because this scenario would affect downstream
analysis, we looked for viral recombination within lineages, which serves as evidence of
shared host ranges since recombination must occur in the same host cell (Duffy, Burch, and
Turner 2007; Kinsella et al. 2020). We first explored the genomic patterns of cressdnavirus
recombination, analysing phylogenetic compatibility between nucleotide alignment
windows along all available redondovirus genomes. This showed that highest
incompatibility is found between genes, not within them (Fig. 2A), suggesting modular
recombination of complete genes with different evolutionary histories. This pattern was
corroborated by analysing the distribution of breakpoint pair coordinates, showing relative
enrichment in two coordinate regions, those linking the start and end of the Rep gene, and
those linking the start and end of the Cap gene (Fig. 2A). This propensity to swap genes as
complete units is likely due to a reduced risk of protein structure disruption when compared
with intra-gene recombination (Lefeuvre et al. 2007, 2009). We built on the observation by
constructing tanglegrams between Rep and Cap protein phylogenies for each

lineage (Fig. 2B—F, Supplementary Fig. S3). These provided some insight, for example, the
extensive modular recombination among human-associated redondoviruses strongly
suggests they share one host (Fig. 2B).
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Figure 2. Recombination within gastrointestinal cressdnavirus lineages. (A) Upper right:
phylogenetic compatibility matrix (Robinson-Foulds distance) computed on an alignment
of redondovirus genomes, lower left: LARD breakpoint matrix computed on the same
alignment. (B—F) Rep and Cap protein tanglegrams for five cressdnavirus lineages. Dotted
lines connect proteins encoded by the same genome. Branch colour denotes isolation source
as listed in the key. Grey blocks denote groups linked by RDP4 detected recombination
events, and different shades represent different recombination groups (Panel D only). Scale
bars on individual phylograms are in amino acid substitutions per site. NHP: hon-human
primate.

We annotated tanglegrams with reported isolation sources, finding that related viruses
(sublineages) often shared sources. For example, pig-associated sublineages were observed
in the Redondoviridae (Fig. 2B), the Kirkoviridae (Fig. 2C), CRESSV1 (Fig. 2D), and
CRESSV9 (Fig. 2E). We hypothesised that such source biases might reflect varying host
tropism, and to clarify this we used RDP4 to identify further recombination events within
lineages. Interestingly, while most detected events occurred within sublineages, some gene
flow was found between them (Fig. 2B—F). Overall, this suggested that members of each
lineage overlapped in host range, yet displayed some specialisation at the sublineage level,
perhaps to different host subtypes or species. An exception was a ‘reproductively isolated’
CRESSV1 sublineage found in birds (Fig. 2D), that displayed no evidence of
recombination outside itself. To explicitly visualise source biases between human and
porcine samples, we mapped the distribution of gastrointestinal cressdnaviruses across
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seven cohorts comprising 1,124 metagenomic sequencing datasets (Supplementary Tables
S2 and S3). These were generated from human stool (N =374), pig stool (N=1512), and
human oral samples (N =238). The analysis confirmed strongly biased distributions for
some viruses, for example, members of CRESSV9 and Kirkoviridae were either strictly
pig-associated or strictly human-associated across cohorts (Fig. 3). It also showed more
flexible viruses, for example, some members of CRESSV1. Consistent with previous
literature, we found that human-associated redondoviruses were the only lineage prevalent
in the human oral environment, with more sporadic detection in stool (Abbas et al. 2019).
Strikingly, previously unrecognised pig-associated redondoviruses (MT135242.1,
KJ433989.1, and NC_035476.1) were entirely absent from human oral samples, but highly
prevalent in porcine stool. The analysis also revealed that CRESSV16 (previously included
for its occurrence in wastewater) was not found in any sample, leading to its exclusion from
further analyses. From these analyses, we concluded that members of a viral lineage found
in one isolation source (e.g. pig stool) likely shared the same host.

Kirkoviridae Redondoviridae

Cohort | CRESSVI CRESSVI19

Faccal

|crESSV2.3

R T

]

log2(reads per million)

'
i

Oral L

Figure 3. Distribution of gastrointestinal cressdnaviruses across seven sample cohorts.
Colour represents normalised read count. Empty columns (viruses not found in any sample)
and rows (samples containing no viruses) were removed prior to plotting. Members of the
CRESSV16 lineage were not detected. Taxon silhouettes are from phylopic.org (Homo
sapiens by T. Michael Keesey, Sus scrofa by Steven Traver). Sample cohorts and viral
reference genomes used are reported in Supplementary Tables S2 and S3.

Viral host prediction

To identify potential hosts of gastrointestinal cressdnaviruses, eukaryotic rRNA content of
all 1,124 samples was classified, resulting in taxon lists at the genus level. Individually, for
the six cohorts using Illumina deep sequencing, samples highly positive for each virus
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lineage were identified and compared to pinpoint prevalent eukaryotic taxa. Thus, shortlists
of theoretically possible host candidates were generated for each virus lineage/cohort
intersection (Supplementary Table S4). The low number of samples positive for lineage
CRESSV2.6 in any cohort excluded it from the analysis at this point, leaving seven lineages
(although human-associated and pig-associated redondoviruses were analysed separately).
Next, host predictions were made by assessing the statistical associations between viruses
and respective host candidates across all samples of all seven cohorts. Human oral cohorts
contained only one cressdnavirus lineage, human-associated redondoviruses, and the

genus Entamoeba was the only host candidate identified. Upon statistical evaluation with
Pearson’s chi-squared tests, we found that the presence of Entamoeba was highly positively
associated with the presence of redondoviruses in all three oral cohorts (Supplementary
Table S5). Specifically, redondovirus prevalence in subsets of samples positive for
Entamoeba were 73 per cent, 91 per cent, and 91 per cent, versus 0 per cent, 20 per cent,
and 22 per cent in subsets where Entamoeba was undetected. In these latter samples, we
suspect that if virus was found, non-detection of Entamoeba most likely constitutes a false
negative. We also found that normalised redondovirus loads were strongly positively
correlated with Entamoeba loads in the three cohorts, with Spearman’s rho values between
0.72 and 0.85 (P <0.001, Supplementary Table S6). At this stage, we therefore predicted
Entamoeba was the host of redondoviruses. E. gingivalis is the only known member of this
genus residing in the oral cavity, and examination of BLASTn tables confirmed it was the
species identified.

In the two cohorts of human stool samples, presence of the gut protist Blastocystis was
associated positively with the presence of the CRESSV1 lineage (Supplementary Table S5),
with 24 per cent and 9 per cent prevalence in protist positive samples, versus 0 per cent and
1 per cent in negative. Further, CRESSV1 virus loads were positively correlated with
Blastocystis loads (Supplementary Table S6). The same pattern was observed in both pig
stool cohorts; however, in these cases, Entamoeba was also associated. While this
introduced some uncertainty for host prediction, we noted that prevalences of both protists
were extremely high in porcine cohorts, with Blastocystis at 76 per cent and 100 per cent
prevalence, and Entamoeba at 61 per cent and >99 per cent. Normalised loads of both
protists were also tightly correlated with each other (cohort 1: rho=0.72, P <0.001, cohort
2:tho=0.54, P <0.001), probably due to the shared faecal-oral route of infection, and host
factors such as age and health. We suspected the association between CRESSV1 and
Entamoeba could be driven by this underlying correlation, and we therefore predicted
Blastocystis (Blastocystis spp.) was the likeliest host of CRESSV1, since it was identified
and found to be associated in all four stool cohorts, human, and porcine.

Presence of the CRESSV19 lineage was highly positively associated with the presence

of Endolimax in both human cohorts, and likewise their normalised loads were significantly
positively correlated (Supplementary Tables S5 and S6). Importantly, this result was
mirrored in both porcine cohorts. Additional associations were found in one of the porcine
cohorts, but not both, leading us to predict E. nana was the most likely host of CRESSV19.
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The result for the kirkoviruses was complex. In both human stool cohorts, presence of
kirkoviruses was highly positively associated with the presence of Dientamoeba, and
likewise their normalised loads were strongly positively correlated. We were therefore
surprised when no parabasalid taxa were identified as kirkovirus host candidates in either
porcine cohort. Instead, both porcine cohorts showed positive associations to the non-
parabasalid genus lodamoeba, in both presence and normalised load. Because evidence
from recombination had suggested kirkoviruses at least partly overlapped in host range, we
surmised one of the relationships might be incidental. To explore this, we first tested the
statistical association between kirkoviruses and lodamoeba in human cohorts, but found
none. In the opposite direction, while Dientamoeba has been reported in pigs (Caccio et al.
2012), we found no Dientamoeba reads in either porcine cohort. We therefore looked for
the presence of other parabasalid taxa. Interestingly, porcine samples highly positive for
kirkoviruses did contain a diverse community of parabasalids at high prevalence, including
Trichomitus, Tetratrichomonas, Hypotrichomonas, Trichomonas, and Tritrichomonas.
Taken together, at least one parabasalid genus was detected in 10 of 11 samples highly
positive for kirkoviruses in cohort 1 and 61 of 62 samples in cohort 2. Since we had
previously assumed viruses infected a single genus per cohort type, our host candidate
discovery approach would have missed a broader host range. Upon statistical testing, we
found significant positive associations between several of the parabasalid genera and
kirkoviruses (Supplementary Tables S5 and S6). Despite the lack of clarity in porcine
cohorts, due to the strong signal from Dientamoeba in human cohorts, we tentatively
predicted parabasalids serve as the hosts of kirkoviruses, specifically D. fragilis in humans.

Our analyses of CRESSV2.3, CRESSV9, CRESSV20, and pig-associated redondoviruses
did not result in host prediction. In the first case, no candidate host taxon was linked to
virus presence in human cohorts, although lodamoeba was associated in both porcine
cohorts. Testing this genus in human cohorts found no association. Given the high
prevalence of parasite infection in porcine cohorts we regarded this as insufficient evidence
to predict a host. For both CRESSV9 and CRESSV20, no taxon was identified to be
consistently associated with viruses across human and porcine cohorts. In the case of pig-
associated redondoviruses, a large set of genera were associated to virus presence in pig
stool cohort 1, two of which were also associated in cohort 2

(Balantioides and Balantidium). Due to the previously mentioned complication of high
protist prevalence in porcine samples, we did not make a host prediction.

Confirmation of host—virus relationships

Our computational workflow predicted protist hosts for four viral lineages: E. gingivalis for
human-associated redondoviruses, Blastocystis spp. for CRESSV1, E. nana for
CRESSV19, and diverse parabasalid genera for kirkoviruses (specifically D. fragilis in
humans, and a range of genera in pigs). To independently assess the inferred host—virus
relationships, we looked for related EVESs in available protist genome assemblies. No
assembly was available for E. gingivalis, E. nana, or D. fragilis, but we included close
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relatives, and ten Blastocystis spp. assemblies (Supplementary Table S7). Notably, four
Rep-like EVEs were previously identified in Blastocystis spp. (Liu et al. 2011). Our
analysis identified thirty-eight cressdnavirus-like EVES in Blastocystis spp., including
redetection of the original four. EVEs were distributed across six assemblies

from Blastocystis spp. subtypes 1, 2, 6, 7, 8, and 9. To confirm their presence in the genome
as opposed to assembly contamination, we carried out PCR targeting a subset of six EVEs,
using DNA extracted from axenic Blastocystis spp. cultures of subtypes 1, 2, 7, and 8. In
each case, we could amplify products of the correct size, and two were confirmed by
Sanger sequencing. Of the four assemblies in which no EVE was identified, two belonged
to subtype 3 and two to subtype 4. Among the thirty-eight EVEs, thirty-seven were Rep-
like and one was Cap-like. Clustering of the Rep-like sequences alongside the four of Liu
et al. (2011) revealed two distinct clusters and one singleton (Fig. 4A). Cluster 1 included
twenty-seven EVEs plus the four previously identified, while cluster 2 contained only
newly identified sequences. Phylogenetic analysis confirmed that cluster 2 EVEs belonged
to the CRESSV1 virus lineage, validating the prediction that CRESSV1 members

infect Blastocystis spp. (Fig. 4B, Supplementary Fig. S4A).
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Figure 4. EVEs in protist genomes support host inferences. (A) Clustered Rep-like EVEs
from Blastocystis spp. assemblies. Connections represent significant BLASTp alignments
between EVEs, with shade corresponding to level of significance (maximum/worst e-
value = le-10). Four EVEs identified by Liu et al. (2011) were clustered alongside all
thirty-seven Rep-like EVEs detected here. (B) Regions of interest from a phylogeny of
Rep-like EVESs and representatives of cressdnavirus lineages (see also Supplementary Fig.
S4). Scale bar represents amino acid substitutions per site. (C) Nucmer alignment dotplot
between EVE-containing scaffolds from two Histomonas meleagridis genome assemblies.
Colour denotes alignment percentage similarity. For the list of aligned scaffolds,

see Supplementary Table S8.
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Among parabasalids, 145 EVESs were identified in genome assemblies of Histomonas
meleagridis and 172 were identified in one Tritrichomonas foetus assembly. Of the H.
meleagridis EVEs 104 were Rep-like and forty-one were Cap-like, while T. foetus EVES
were all Rep-like. Phylogenetic analysis of Rep-like EVEs revealed 102 H. meleagridis
sequences and three T. foetus sequences belonged to the Kirkoviridae (Fig. 4B,
Supplementary Fig. S4B). This confirms the prediction that kirkoviruses infect
parabasalids, although specific validation for D. fragilis is still desirable. Notably, the
two H. meleagridis assemblies were generated from the same strain, one from a virulent
form and the other from an attenuated form. Both were originally cultured from a single
micro-manipulated cell, with separate passaging for ten or 290 generations, respectively
(Palmieri et al. 2021). We thus predicted that scaffolds containing true EVESs would be
homologous between such closely related assemblies. Contrastingly, if the sequences
actually derived from assembly contamination and were not shared, we would expect
dispersal throughout each assembly, and scaffolds would appear mostly non-homologous.
We carried out all-vs.-all alignment between EVE-containing scaffolds from the
assemblies, twenty-five for GCA_020184695.1 and twenty-nine for GCA_020186115.1
(Supplementary Table S8). The vast majority of scaffolds were clearly homologous, in line
with the expectation for true EVEs (Fig. 4C). Notably, these assemblies were built using
Oxford Nanopore Technologies long reads in combination with high accuracy lllumina
reads, an approach recognised to result in low misassembly rates and high accuracy
assemblies (Wick et al. 2017).

Finally, we assessed our prediction that redondoviruses infect E. gingivalis. With no host
genome assembly available, we ran a case—control screening experiment on DNA extracted
from oral plaques of human subjects with periodontitis (N = 48), thirty-one with known E.
gingivalis infection and seventeen tested negative. Samples were screened using qPCR
assays for redondoviruses, E. gingivalis, and Trichomonas tenax. T. tenax was included
because like E. gingivalis, it is a protist associated with human periodontitis (Marty et al.
2017; Benabdelkader et al. 2019), and thus represents an appropriate negative control that
should have no association to redondoviruses. We found that gPCR detections of
redondoviruses and E. gingivalis were highly positively associated with each other
(Pearson’s chi-squared test: y>=36.71, P <0.001), while results of redondoviruses and T.
tenax had no association (y?>=0.08, P =0.771). Using linear regression of Ct values, we
additionally found that redondovirus loads were positively correlated with E.

gingivalis loads (R?=0.24, P =0.013, Supplementary Fig. S5), but not with T. tenax loads
(R?=0.01, P=0.762). These results lead us to infer that redondoviruses infect E. gingivalis,
since they are strongly, consistently, and specifically associated.
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Discussion

Metagenomics has massively expanded known viral diversity. In recognition of the
insurmountable task of characterising ‘metagenomic species’ using traditional laboratory
techniques, official taxonomy can now be applied to virus sequence data, rather than
characterised isolates alone (Simmonds et al. 2017). In the metagenomic age, host
determination is a comparably large and complex task using traditional techniques, with
swathes of eukaryotic and prokaryotic taxa intractable to isolation in culture, which also
complicates genome sequencing. Here, we developed a metagenomic analysis approach for
host prediction that does not rely on a culture system nor a host genome assembly,
improving on our previous method (Kinsella et al. 2020). We applied it to metagenomic
sequencing datasets containing seven lineages of gastrointestinal cressdnaviruses, several of
which have been linked to human and animal diseases. Host predictions were made for four
lineages: human-associated redondoviruses with E. gingivalis, kirkoviruses with diverse
parabasalid taxa including D. fragilis in humans, the CRESSV1 lineage (i.e. pecoviruses)
with Blastocystis spp., and the CRESSV19 lineage (i.e. hudisaviruses) with E. nana. Two
of the four predictions (kirkoviruses and lineage CRESSV1) were independently confirmed
using EVE evidence, as host genome assemblies were available. For a third prediction
(redondoviruses), a case—control experiment was used instead. Our study therefore
represents a powerful approach to host identification in the metagenomic age, applicable to
any poorly understood virus group found in metagenomic datasets.

Analysis of host presence at the genus level mostly resulted in identification of a single
species shared across virus positive samples, yet for kirkovirus hosts in pig stool this
resolution was too specific, and was resolved by expanding the taxonomic rank to the
Parabasalia. This highlights a complication with utilising taxonomy; equivalent ranks may
capture different levels of genetic diversity, and higher ranks may capture the same
diversity as lower ones. Illustrating this, the gut-resident amoeba E. dispar and E.
histolytica are closer relatives by rRNA identity than many Blastocystis spp. subtypes, and
while the former are considered different species, the latter are not (Stensvold et al. 2007).
A possible solution for our purpose would be approaching host identity analogously to
prokaryotic operational taxonomic units, which apply precise divergence rules to determine
taxonomic clusters. Furthermore, while it is broadly true that more closely related viruses
are more likely to share hosts, there is no arbitrary genetic divergence cutoff in nature
where host switches occur. Purely unsupervised approaches cannot easily address this, and
we suggest that the best current solution involves both automated prediction, and expert
assessment.

Our findings resolve the possible roles gastrointestinal cressdnaviruses play in human and
animal health. Discovered in 2019, the family Redondoviridae was found to be strongly
associated with human periodontitis and had an observational link to critical illness, but
infection of humans has not been demonstrated (Abbas et al. 2019; Zhang et al. 2021). Our
finding that the human oral protist E. gingivalis is the host of redondoviruses explains their
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statistical association to periodontitis, since E. gingivalis is also strongly linked to gum
disease, possibly causally (Bao et al. 2020, 2021; Badri et al. 2021). It implies that
redondoviruses do not cause periodontal disease themselves, although it is unknown if they
are commensals, or actively modulate host virulence. Some viruses can cause reduced
virulence in their hosts, for example, the genomovirus Sclerotinia sclerotiorum
hypovirulence-associated DNA virus 1 (SSHADV-1), which severely impacts its
phytopathogenic fungal host Sclerotinia sclerotiorum, and may represent a potential
biocontrol agent (Yu et al. 2010). Whether redondoviruses represent beneficial (or even
potentially therapeutic) viruses remains to be explored. Detection of redondoviruses in
respiratory samples (from critically ill patients and others) can be explained either by
contamination of samples with oral secretions containing shed virus, or by displacement of
oral microbiota and secretions to the lung, a particular problem in critical illness and
intubation (Scannapieco 1999; Munro and Grap 2004; Blot, Vandijck, and Labeau 2008).
Further, we suggest that the relatively rare gut detections of human-associated
redondoviruses must represent swallowed virions rather than a site of viral replication.
Notably, the Redondoviridae are related to the Naryaviridae, a family previously found to
infect gut-resident species of Entamoeba (Kinsella et al. 2020), adding phylogenetic
support to the host inference.

We found that lineages CRESSV1 and CRESSV19 also infected protists (Blastocystis spp.
and E. nana, respectively). Both viral lineages have been observed in cases of human
diarrhoeal disease (Phan et al. 2016; Altan et al. 2017; Ramos et al. 2021); however, their
role was previously ambiguous. We suggest the viruses do not directly influence human
disease, but instead indicate underlying protist infection. Both protists have been linked to
diarrhoeal disease previously, yet despite millions of annual infections their pathogenicity
remains controversial (Scanlan et al. 2014; Poulsen and Stensvold 2016). Similarly, the
finding that kirkoviruses infect parabasalid genera has relevance to both human and
veterinary health. Kirkoviruses have been identified in dead and diseased livestock on
multiple occasions (Li et al. 2015; Guo et al. 2018; Xie et al. 2020), and have also been
found in stools of both humans and pigs (Shan et al. 2011; Zhao et al. 2017). While their
impact on health remains unmeasured, any such influence must be via biological
modulation of their parasite hosts, and our findings provide the basis for answering this.
While intriguing, the role of parabasalid infection in previously reported cases of equine
disease and death cannot be determined here.

Our study improves the understanding of cressdnavirus ecology. Five cressdnavirus
families were already known to infect eukaryotes including plants, vertebrates, algae, and
fungi, and three were found to infect protists (Kinsella et al. 2020). Our findings

add Redondoviridae, CRESSV1, CRESSV19, and Kirkoviridae to the latter group, meaning
the majority of known cressdnavirus—eukaryote relationships now involve protists. We
expect this reflects a broader pattern for the many undetermined relationships remaining.
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Materials and methods
Cressdnavirus lineage inclusion

A database of cressdnavirus Rep sequences was compiled, containing classified and
unclassified lineages. This was aligned to the GenBank nr database (April 2021) using
BLASTp (Camacho et al. 2009), and non-redundant cressdnavirus hits were incorporated
into the query. This process was iterated two further times, achieving a comprehensive set
of 15,815 unique cressdnavirus Reps. Of these, 2,461 remained after clustering with CD-
HIT v4.7 (Fu et al. 2012) at 70 per cent global amino acid identity. Reps belonging to

the Arfiviricetes and Repensiviricetes classes were separately aligned using the MUSCLE
v5.0.1278 super5 algorithm (Edgar 2021), with -perturb set from 0 to 4 to generate five
versions. Best-fit amino acid substitution models were assessed to be VT + G4 +F for all
alignments using ModelTest-NG v0.1.6 (Darriba et al. 2020). Maximum likelihood
phylogenetic analysis was performed using 1Q-TREE v2.1.4-beta (Minh et al. 2020), with
settings --ninit 200 -bnni --allnni -B 1000 -alrt 1000. Trees were examined for consistency,
and one was annotated per class (that with the highest likelihood score). Unclassified
lineages were annotated if the cluster had an UFBoot score >85 and at least nine sequences
(mean 31 and median 16). Isolation source and host records of annotated sequences were
downloaded using Entrez Direct tools (Kans 2013), and used to determine which lineages
would be included as ‘gastrointestinal cressdnaviruses’ (Supplementary Table S1). Strict
criteria were not applied, but in practice inclusion required >70 per cent of source
annotations to be gastrointestinal tract, stool, or wastewater. In the case of human-
associated redondoviruses, found predominately in the human oral cavity, respiratory
sources were accepted because we considered it plausible they were seeded or
contaminated by oral secretions.

Viral recombination analyses

All available complete genome assemblies from gastrointestinal cressdnavirus lineages
were rotated with MARS (Ayad and Pissis 2017) to ensure concordant start positions.
Rotated sequences were aligned using MAFFT v7.487 (Katoh, Rozewicki, and Yamada
2017) with automatic settings, and recombination events were analysed using RDP4 v4.101
(Martin et al. 2015). RDP4 was also used to display phylogenetic compatibility and
breakpoint pair distribution for the Redondoviridae. To construct tanglegrams for each
lineage, Rep and Cap proteins were separately aligned using MAFFT v7.487 with
automatic settings, and phylogenetic analysis was done using IQ-TREE v1.6.11. Treefiles
were loaded into Dendroscope v.3.7.2 (Huson and Scornavacca 2012), rooted at the
midpoint, and analysed with the tanglegram algorithm.

Cressdnavirus distribution across gastrointestinal tract samples

Publically available metagenomic datasets from 1,124 gastrointestinal tract samples
belonging to seven cohorts were downloaded (Supplementary Table S2). BWA MEM
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v0.7.17-r1188 (Li 2013) was used to map reads to 241 gastrointestinal cressdnavirus
genomes (Supplementary Table S3). SAM files were processed using the PatholD module
of PathoScope v2.0.7 (Hong et al. 2014). False positive mappings were removed by
realigning filtered reads to the same genome database using BLASTn with settings -
word_size 11 -gapopen 5 -gapextend 2 -penalty -3 -reward 2 -dust yes, and then removing
unaligned reads and any with alignment length <40 from the original SAM file. Where
original samples were accessible (human stool cohort 1), samples suspected of being false
positive due to proximity to a highly positive sample were also curated with PCR
(Supplementary Table S9). A matrix of viral distribution covering all cohorts was
generated, with empty rows and columns removed. Counts were normalised to reads per
million, log2 transformed, and visualised as a heatmap in GraphPad Prism v9.0 (GraphPad
Software, San Diego, CA, USA, www.graphpad.com).

Classification of eukaryotic content in gastrointestinal tract samples

Reads from all 1,124 gastrointestinal samples were mapped to the combined SILVA 138.1
SSU and LSU NR99 databases (Quast et al. 2013). SAM files were processed with
PathoScope as above before being filtered to remove bacterial and archaeal hits. Eukaryotic
reads were realigned to the GenBank v5 nucleotide database (February 2021) using
BLASTnN and alignments were filtered with quality cutoffs according to the library
preparation method and read length. Specifically, [llumina reads of 100 bp required 100 per
cent identity for >50 bp, while those >150 bp read length required 100 per cent identity for
>100 bp. VIDISCA IonTorrent reads (Kinsella, Deijs, and van der Hoek 2019) required
>98 per cent identity for >100 bp to allow for possible homopolymer errors. Filtered
outputs were processed using Linux command line tools to count occurrences of any
specific taxon. Clinically validated gPCRs for Blastocystis spp. and D. fragilis were run on
any sample previously tested for viruses by PCR (Supplementary Table S9), and count
tables were updated accordingly.

Host prediction

Initial host prediction was done on the six of seven cohorts with Illumina deep sequencing
data available (Supplementary Table S2). For each viral lineage, samples considered
‘highly positive’ were selected per cohort. To accommodate variation between different
biological lineages and cohorts, we did not apply identical cutoffs, instead treating samples
with normalised viral read counts (reads per million) above the inclusive lower quartile
value as highly positive. Eukaryotic NCBI taxonomy ID numbers were extracted from the
BLASTN tables of these samples, and converted into non-redundant lists of genera using
Linux and Entrez Direct tools. Prevalent eukaryotes in highly virus positive samples were
then identified using Linux command line tools. Genera normally resident in the
gastrointestinal tract were retained, while transient taxa or otherwise implausible
identifications were not. We did not apply strict percentage prevalence cutoffs for inclusion
as a host candidate, although the lowest was 87.5 per cent (a genus detected in 7 of 8 highly
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virus positive samples). Next, we tested statistical associations between viruses and
respective host candidates across all samples in each separate cohort. Two tests were used;
Pearson’s chi-squared tests were used to determine if an association existed between
presence of a host candidate and a respective cressdnavirus lineage (presence scored 1 and
absence scored 0), while Spearman’s rank correlation tests were used to determine any
correlation between normalised loads of a host candidate and a cressdnavirus lineage.
Genera with significant associations to a viral lineage were tested across all cohorts of the
same sample type to assess reproducibility. For the main workflow code,

see: https://github.com/CormacKinsella/Metagenomic-virus-host-prediction.

Endogenous viral element analysis

Selected eukaryotic genome assemblies (Supplementary Table S7) were downloaded and
searched for Rep and Cap EVEs using tBLASTn (e-value threshold of 1e-5) and a query
including 2,923 Rep and 2,122 Cap sequences. Alignment regions were converted to BED
format with ascending coordinate ranges, and overlapping features were merged using
BEDTools v2.27.1 (Quinlan and Hall 2010). Features were extracted as FASTA sequences,
and open reading frames (ORFs) were predicted and translated using EMBOSS v6.3.1
getorf (Rice, Longden, and Bleasby 2000), with settings -minsize 120 -find 0. Virus-like
sequences were separated from others using UBLAST v10 (Edgar 2010) and the same
query database as above. Filtered candidate EVESs were then aligned to the GenBank nr
database with BLASTp, and outputs were inspected to remove false positives. Sequences
were clustered using CLANS (Frickey and Lupas 2004). To assess the phylogenetic
affiliations of Rep-like EVE sequences, they were aligned alongside five representatives of
each cressdnavirus lineage using MAFFT v7.487 E-INS-i, and analysed with 1Q-TREE
v1.6.11. Based on the results, alignment and phylogenetic analysis was done including all
exogenous and endogenous members of the Kirkoviridae, using nenyaviruses as an
outgroup, and the same for CRESSV1, using vilyaviruses as an outgroup. To

confirm Blastocystis spp. EVEs were truly found inside genomes and were not assembly
contaminants, we extracted genomic DNA from Blastocystis spp. axenic cultures belonging
to subtypes 1, 2, 7, and 8 using the Boom method (Boom et al. 1990). We then designed
and ran PCR assays on extracted DNA to amplify six selected EVES, and attempted Sanger
sequencing of products. To confirm H. meleagridis EVES were genuine, we instead used a
computational approach. We carried out all-vs.-all alignment of EVE-containing scaffolds
from the two source genome assemblies (built from combined long and short read
technologies) using nucmer --maxmatch --nosimplify, within MUMmer v4.0.0rc1 (Marcais
et al. 2018). The delta file was then processed using mummerplot.

Human oral plaque gPCR

Subgingival plaques were collected with curettes from inflamed periodontal pockets of
patients with clinically diagnosed periodontitis, at the Department of Periodontology, Oral
Medicine and Oral Surgery, Charité—Universitdtsmedizin Berlin. Plaque was directly
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transferred into lysis buffer and DNA was extracted by the phenol/chloroform method.
Samples were PCR screened using E. gingivalis specific primers (Bonner et al. 2014), and
the human gene ACTB (beta-actin) was also amplified as a DNA isolation control
(Supplementary Table S9). For this study, forty-eight DNA extractions with sufficient
residual material were selected, comprising thirty-one E. gingivalis positive and seventeen
negative samples. Three TAMRA gPCR assays targeting Redondoviridae, E. gingivalis,
and T. tenax were designed (Supplementary Table S9), and tenfold dilutions of each target
were used to construct standard curves and determine cycle threshold limits (Ct values >37
were considered negative). All forty-eight samples were screened once for the three targets
alongside standards and negative controls. Association between test outcomes (positive
scored 1 and negative scored 0) was assessed using Pearson’s chi-squared test, and
correlation between Ct values was explored using linear regression.

Ethical approval

Work with clinical samples from human subjects was approved by a vote of the local ethics
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Data availability

All sequence datasets and genome assemblies utilised here are available in public
databases; see Supplementary Tables S2, S3 and S7. For workflow code,
see: https://github.com/CormacKinsella/Metagenomic-virus-host-prediction.
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Figure S1. Maximum likelihood phylogenetic tree of the Repensiviricetes, rooted at the
midpoint. Scale bar denotes amino acid substitutions per site. Branch supports are given for
each named lineage, with SH-aLRT scores on the left and ultrafast bootstrap scores on the
right. All sequences found outside of collapsed nodes did not meet criteria for naming a
lineage.
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Figure S2. Part of a maximum likelihood phylogenetic tree of the Arfiviricetes, focused on
the CRESSV2-like sublineages. Scale bar denotes amino acid substitutions per site. Branch
supports have SH-aLRT scores on the left and ultrafast bootstrap scores on the right. All
sequences found outside of collapsed nodes were CRESSV2-like, but did not meet criteria
for naming a lineage.
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CRESSV2.3 CRESSV2.6
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Figure S3. Recombination within gastrointestinal cressdnavirus lineages. Rep and Cap
protein tanglegrams for four cressdnavirus lineages. Dotted lines connect proteins encoded
by the same genome. Branch colour denotes isolation source as listed in the key. Grey
blocks denote groups linked by RDP4 detected recombination events. Scale bars on
individual phylograms are in amino acid substitutions per site. NHP: non-human primate.
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