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Abstract

Abstract

Viruses of the class Caudoviricetes are the most abundant and diverse biological
entities on Earth, infecting bacteria and archaea across all known ecosystems.
These tailed double-stranded DNA viruses exhibit extraordinary genetic and
morphological diversity, occupy broad host ranges, and play central roles in shaping
microbial community structure, nutrient cycling, and ecosystem function in envi-
ronments ranging from the human gut and oceans to terrestrial soils. Historically,
viral diversity has been investigated largely within ecosystem-specific contexts,
with independent research efforts focusing on dominant phage groups in particular
environments, leaving the evolutionary relatedness between these lineages—and the
true extent of global Caudoviricetes diversity—unresolved. Despite their ubiquity
and ecological importance, the taxonomy of Caudoviricetes has remained difficult
to establish due to extensive genome mosaicism, frequent horizontal gene transfer,
and the rapid evolution of nucleotide and amino acid sequences, which together
obscure evolutionary relationships and limit the resolution of sequence-based
classification approaches. As a result, bacteriophage genomes are best viewed
as networks of modular genetic elements whose evolutionary histories cannot
be reliably captured by single-gene phylogenies, but instead require large-scale,
genome-wide comparative analyses.

This thesis addresses these challenges by developing and applying a structure-
informed, whole-proteome framework for viral classification. The work begins
with an in-depth examination of Crassvirales, a highly prevalent yet taxonomically
narrow order within the class of Caudoviricetes, using it as a case study to illustrate
the biological complexity and depth that can arise from a single viral order
within the class. This review highlights how even a relatively small lineage can
motivate extensive computational and experimental investigation, while providing
a reference for contextualising dominant viral groups within the broader dsDNA
tailed virosphere. Building on these insights, we introduce a scalable taxonomic
framework based on a comparative analysis of genome-wide structural protein
content. By integrating large-scale protein structure prediction, structural cluster-
ing, and supervised machine learning, this approach learns patterns of structural
protein content associated with distinct viral clades, enabling robust taxonomic
classification as well as the detection of novel viral sequences.

Finally, these concepts are leveraged to enable viral discovery in Irish soil
metagenomes, providing the first insights into the Irish soil virome. In line with
observations from other environmental studies, Caudoviricetes emerged as the
dominant viral group in Irish soil. Although many detected viruses were spatially
restricted, a subset of viral lineages was consistently recovered across all samples,
irrespective of site location or soil type, indicating the presence of widespread and
ecologically persistent soil phages. Comparative analyses further positioned these
viruses within globally connected viral lineages, demonstrating how large-scale
approaches can link local viral diversity to the broader virosphere. To support
this, Irish soil viruses were placed within a taxonomic framework and compared
against global reference databases, including GSVA and VIRE, revealing homology
with viruses recovered from geographically and ecologically diverse environments.

il



Abstract

Whole-proteome structural analyses of isolated Irish soil viral contigs revealed low
levels of shared protein structures, highlighting the extensive diversity of the soil
virosphere.

In addition, we characterised the ecology of Irish soil viruses, including their pre-
dicted hosts, persistence strategies, and auxiliary metabolic gene (AMG) repertoires,
and investigated the influence of soil physicochemical variables on their abundance
and distribution. Collectively, this thesis advances viral taxonomy by establishing a
structure-based, machine-learning—driven framework for classifying Caudoviricetes
and provides the first high-resolution characterization of the Irish soil virome.
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1.1 Abstract

The order Crassvirales comprises dsDNA bacteriophages infecting bacteria in the
phylum Bacteroidetes that are found in a variety of environments but are especially
prevalent in the mammalian gut. This review summarises available information
on the genomics, diversity, taxonomy, and ecology of this largely uncultured viral
taxon. With experimental data available from a handful of cultured representatives,
the review highlights key properties of virion morphology, infection, gene expression
and replication processes, and phage-host dynamics.

1.2 Introduction

The crAss-like phages are currently thought to be the most abundant double-
stranded DNA bacteriophages in the human gut. Yet, despite a wealth of
metagenomic data available from the human gut, this highly abundant viral group
escaped discovery until 2014". The near accidental discovery of crAssphage (later
dubbed p-crAssphage, or prototypical crAssphage), a bacterial DNA virus (phage)
that shared no DNA and very little protein homology with any of the known viruses,
highlighted the very limited capacity that existed at the time to discover completely
novel viruses, including very prominent ones. The discovery of p-crAssphage has
invigorated microbiome researchers to examine the virome portion of the human
gut and other environments more closely ",

Once advanced tools for detection of putative viral genomes became available, a
more rigorous examination of previously untraceable “viral dark matter” in metage-
nomic data revealed a whole plethora of novel viral clades, including Flandersviridae,
Quimbyviridae, " Gubaphage”, and giant Lak phages®” """, The p-crAssphage itself
turned out to be not an orphan but rather a member of an expansive and highly
abundant clade of intestinal and environmental phages, initially known as crAss-like
phages, now forming the order Crassvirales. While p-crAssphage and related
phage strains (members of the recently created new species Carjivirus communis
in the family Intestiviridae, subfamily Crudevirinae) are the most prominent
members in the gut microbiomes of westernised populations”'”, other genera,
subfamilies, and families of Crassvirales appear to be dominant in human pop-
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ulations adhering to a pre-industrial lifestyle and diet and in non-human primates’'.

Current analyses estimate crAss-like phages to be present in 73% of global
human gut metagenomes, where they can comprise up to 99% of the viral metage-
nomic reads”'?. Found even in remote populations, it is a ubiquitous global virus
clade. Established crAssphage populations are highly stable in the human gut
with the same viral strain having been demonstrated to persist up to 4 years after
original sampling'®'?. As no detrimental associations between human health and
the presence of crAssphage have yet been found, it has been deemed a benign
entity in the gut microbiome'”''. A beneficial role in the human gut has been
suggested by observations of depleted crAss-like phage populations in patients
with inflammatory bowel disease, and a destabilisation of p-crAssphage is linked to
obesity and metabolic syndrome'*"”.

Since their detection, the crAss-like phages have drawn great interest, yet their
role in the gut microbial ecology remains obscure. Their known bacterial hosts,
members of the phylum Bacteroidota, mainly family Bacteroidaceae, are essential
mutualistic bacteria of the human gut, present at high densities, and are well
documented to perform various functions beneficial to the human host, such as
immunomodulation, colonisation resistance against invading pathogens, biosynthe-
sis of vitamins, and cooperation with other commensal and mutualistic microbes
through cross-feeding networks'®:'71%19:20.2L.22 = Phages can manipulate bacterial
populations and communities through a variety of mechanisms: by lysing their bac-
terial targets (lytic infection) and affecting community structure and cross-feeding
networks”’, by integrating prophages into the host genome (lysogeny) and altering
host metabolism and fitness”', and by transferring genes (phage transduction),
which can confer advantages to the host (e.g., antibiotic resistance””*%). CrAss-like
phages seem to be strictly lytic and incapable of lysogeny”’. At the same time,
longitudinal observations of the human gut microbiome, phage-host colonisation
trials in germ-free animals, and in vitro phage-host co-cultures demonstrated that
crAss-like phages can efficiently co-exist with their host bacteria without inflicting
excessive damage at the population level '#!%:20:21:2%,

What is the ecological role of this highly abundant virus infecting the family
Bacteroidaceae, and what is the secret of their ecological success? Are they
crucial for maintaining the stability, diversity, and functional versatility of their
host populations, or are they just selfish parasites whose presence their bacterial
partners have no choice but to tolerate?” A macro view of the gut virome at
the population and community levels would suggest there is either an ongoing
active arms race between crAss-like phages and their hosts or an “uneasy truce”
between the two in which some form of mutualistic interaction or collaboration
between these entities has been established”’. What aspects of their biology have
enabled them to become extremely successful colonisers of the human gut? Several
crAss-like representatives have been isolated in culture and have been the subjects
of experiments designed to address these questions™.

The discovery of crAss-like phages is exemplary in proving we have only
begun to scratch the surface in uncovering the global viral diversity. Unique
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in the sense that it was discovered as an orphan genome before its isolation in
the lab, crAssphage set a trend for virus discovery in silico, whereas historically
phages would be isolated in the lab before their characterisation®'. The ongoing
metagenomics and metatranscriptomic revolution®”, facilitated by access to scalable
computing resources and growing databases, is fuelling the pace of viral discovery
in global human and mammalian gut samples as well as in any possible sampled
environment %%,

In this review, we attempt to briefly summarise available data on the diversity,
taxonomy, and ecology of cultured and uncultured Crassvirales species, as well as to
briefly review the history of their discovery. We will also highlight recent progress
in understanding their virion molecular structure, infection mechanisms, and phage-
host dynamics, achieved with the help of a limited number of cultured species of
Crassuvirales.

1.3 Metagenomics, Diversity, and Ecology of
Crassvirales

p-crAssphage (Carjivirus commaunis) was discovered from metagenomic assem-
blies of pooled, short sequencing reads sourced from faecal samples of four pairs of
monozygotic twins and their mothers'. Named in homage to the cross-assembly
(crAss) algorithm used to generate its apparently circular, complete genome of 97
kb, p-crAssphage represents an “average” of perhaps several closely related strains
present in the gut of those subjects. This was the first report of a supposed unique
orphan phage with unusually high prevalence in the human gut microbiome—the
majority of people from Western cultures tested positive, with levels sometimes
reaching > 90% of the total virome and > 20% of the total faecal DNA. Although
the functions of most of its genes, its potential morphology, and its bacterial host
remained unknown, nucleotide similarities to CRISPR spacers in bacterial genomes
pointed to a possible host in the genus Bacteroides™.

A global phylogeographic study by Edwards et al. employed targeted sequencing
of three PCR-amplified p-crAssphage genomic regions from wastewater treatment
facilities around the world, as well as mining of 95,552 metagenomic datasets®.
This effort resulted in 32,273 different p-crAssphage sequences from 67 countries
across six continents and proved the ubiquitous presence of this phage in the human
gut around the world. Analysis of the metadata in the Life-Lines-DEEP cohort did
not reveal any significant association between any disease and health parameters
and the p-crAssphage levels'’. However, weak correlations with dietary factors
(protein, carbohydrates, and calorie intake) were observed. Another biogeographic
study of p-crAssphage observed that industrialisation plays a role in the dominance
of p-crAssphage in the human gut''. Samples from Hadza individuals in Tanzania
were crAssphage-negative (n = 67), while only 2/25 samples acquired from Matses
Peruvians were crAssphage-positive. These populations are known to subsist on
a primarily plant-based hunter—gatherer lifestyle. Similarly, p-crAssphage was
found in low abundance in remote populations in rural Malawi and the Amazonas
of Venezuela'". In contrast to these rural populations, prevalence among urban
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individuals was high—35.7% of U.S. residents and 14% of Chinese residents''.
These findings agree with Bacteroides also being associated with industrialised

36

human populations and diets”".

A study of longitudinal virome colonisation following FMT from healthy donors
to patients with recurring Clostridium difficile infection (rCDI) showed crAssphage
can effectively populate and persist long-term in the recipient gut. Given that
rCDI patients began with a significantly lower crAssphage population than healthy
donors, they quickly scaled up to an equivalent level to that of the healthy donors
and remained stable for over 1 year. The crAssphages are likely an essential
component of a healthy gut ecosystem and provide an important dimension in
community maintenance and stabilisation®’. Indeed, whole-virome analysis of
inflammatory bowel disease (IBD) and ulcerative colitis (UC) datasets shows
IBD-specific alterations in the gut virome, specifically a loss of crAss-like phages
and Microviridae, identifying crAss-like phages as critical components of the core
virome in healthy individuals'”. Another study reporting loss of phageome stability
in disease found reduced abundance and diversity in children with obesity and
obesity-related metabolic syndrome'*. The fact that a virulent crAssphage core
represents a healthy microbiome at equilibrium and that virome dysbiosis can be
overcome by FMT highlights the importance of considering the viral portion of a
patient’s metagenome when considering FMT therapy .

Further work made it apparent that p-crAssphage was not an orphan species
but rather represented a whole family of cryptic bacteriophages termed “crAss-like
phages”. In 2018, Yutin et al. pioneered the detection of crAss-like phages in
diverse environments by applying advanced approaches to detect distant protein
homologies and genome synteny on candidate sequences extracted from expanded
NCBI nucleotide and whole-genome sequence (WGS) databases®. Multiple clades
of phages with highly divergent but clearly colinear and evolutionary related to
p-crAssphage genomes were detected populating such diverse environments as the
human microbiome (IAS virus), marine sediment ( Cellulophaga phage phil4:2), the
Populus rhizosphere (Chitinophaga sp. YR573), the termite gut (Azobacteroides
phage ProJPt-Bp), and a fish pathogen (Flavobacterium phage Fpv3).

The extent of crAss-like diversity in the human gut was further explored by
Guerin et al., who clustered 249 unique crAss-like phage genomes, assembled
from 702 human faecal virome samples, based on sharing of orthologous genes,
and identified ten candidate genera (subfamilies in the present classification) and
four candidate subfamilies (families at present)”. The frequency of detection
of different crAss-like phage genera was significantly associated with country of
residence, health status, and the age of the donor, with the lowest counts seen
in Irish and Malawian infants, as well as IBD patients in the U.S. As well as
having a lower relative abundance, the genera of crAss-like phages detected in rural
Malawi separated from the Western healthy and diseased cohorts, showing genus I
(subfamily Crudevirinae, family Intestiviridae) as the most prevalent in Western
populations regardless of age. By contrast, Malawian infants primarily carried
candidate genera VI, VIII, and IX (Steigviridae, Obtuvirinae, and Oafivirinae).
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CrAss-like phages are not only restricted to the human gut but have also been
found in other mammalian faeces, such as those of rhesus macaque, pig and cat***".
Edwards et al. demonstrated the presence of candidate genera I, III, and I in apes
and Old-World and New-World monkeys'’. Given the narrow focus of many studies
on a single species (p-crAssphage), much less is known about the global phylogeogra-
phy of the other clades of crAss-like phages. If shotgun metagenomics/metaviromics
data from each of these sources were to be extensively analysed, a more granular and
comprehensive picture of the distribution of crAss-like phages and the biogeographic
mapping of more distantly related members of this viral group would likely emerge.

1.4 Co-Evolution with Bacterial Hosts

Antagonistic interactions between phages and their hosts drive their co-
evolution, encouraging both parties to develop novel strategies to increase their
fitness and overcome any defence mechanisms developed by the opposite party?”*".
Gene duplication is one such strategy found in crAss-like sequences that is
speculated to bestow replicative advantages. For instance, p-crAssphage has two
copies of repL, required for the initiation of DNA replication, which arose from
an ancient gene duplication event’'. CrAss-like phages assigned to candidate
genus 1 (Crudevirinae subfamily of Intestiviridae) have been found to encode
diversity-generating retroelements associated with tail protein genes (DGR)".
DGRs employ reverse transcriptase to selectively mutate a stretch of DNA coding
sequence, giving rise to the creation of original hypervariable tail proteins®’.
This built-in DNA mutator cassette is a versatile protection mechanism that
potentially enables phages to counteract bacterial defences (resistance) or exploit
alternative bacterial hosts by altering their tail proteins involved in host recognition.

An analysis of nucleotide polymorphisms and the rate of non-synonymous to
synonymous changes (dN/dS) in crAssphage genomes from a mother-child cohort
with low interpersonal viral diversity showed rapid evolution and strong positive
selection for mutations in genes coding for RNAP and tail proteins®*. Considering
the crucial role tail proteins have in bacterial host recognition and the overcoming
of acquired phage resistance, it is fitting that their genes would be targets of active
selection. One specific target of elevated variation is the BACON domain-containing
protein, which is located proximal to the tail protein complex and is thought to have
a role in binding to the cell surface of Bacteroides®”. The rapid evolution of these
genes could reflect crAss-like phage’s response to a Red Queen scenario where they
are adapting to the host bacteria continuously cycling their cell-surface receptors.

1.5 Proposed Taxonomy of Crassvirales

A 2021 taxonomic proposal to the International Committee for Taxonomy of
Viruses called for the creation of a new order, Crassvirales, encompassing four new
families (Intestiviridae, Crevaviridae, Suoliviridae, and Steigviridae), ten new sub-

families, 42 new genera, and a total of 73 new species ™.
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Figure 1.1: Bioinformatic approaches to discovering and classifying crAss-
like phages. (A), Multiple sequence alignments (MSA) of the evolutionary con-
served phage proteins such as major capsid protein (MCP), portal protein, and
terminase large subunit (Terll) contain signatures specific to the order Crassvirales.
MSAs are converted to profile HMMs (Hidden Markov Models). (B), Discovery and
classification of new Crassvirales. Candidate genomes are collected from varied envi-
ronments such as stool, soil, or aquatic biomes (a); shotgun sequencing and assembly
of total or VLP-enriched DNA (b,c) yields large assembly databases (d); translated
proteins are compared to MSAs of conserved Crassvirales proteins through sensitive
position-specific homology detection algorithms (PSI-BLAST, HMM, and HHM).
(C), Using MCP as a taxonomic marker protein, a maximum likelihood phyloge-
netic tree can be constructed to infer relatedness between families (main first-order

branch names) of crAss-like phages .

The percentage of shared orthologous genes (proteins), as well as single gene
phylogenies reconstructed based on amino acid sequences of the large terminase
subunit (TerL), the major capsid protein (MCP), and DNA primase, were used to
demarcate families, subfamilies, and genera (Figure 1.1).

A phylogenetic comparison of both MCP and TerL: proteins places each of the
four families on separate branches, with branch members sharing a minimum of
17% of orthologs. Monophyletic groups clearly emerging from the four family clades
were deemed sub-family taxa. Clustering of subfamily genomes based on gene shar-
ing showed 27-79% of proteins within each subfamily. A total of ten subfamilies
were proposed, which roughly correspond with formerly proposed candidate genera
(I-X), with the exception of former candidate genus VI, which was reformed into a
single family, Steigviridae, with no clearly definable subfamilies in it. Species are
defined as sharing 95% sequence identity over 85% of the complete genome length,
in accordance with the advised MIUViG standard®’. Only four species listed in
the latest taxonomic proposal have been cultured'”'%'"* with the remaining ma-
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jority originating from metagenomic assemblies (circular contigs). Synonyms of
the word “crass” were affixed to create sub-family names, while the names of the
four main families are language derivatives of the word “intestines”: Intestiviridae
(Latin), Crevaviridae (creva, Bosnian), Suoliviridae (suolet, Finnish), and Steigviri-
dae (stéig, Irish).

1.6 Hallmark Genetic Features

An analysis of 596 diverse circular crAss-like phage genomes uncovered some
unusual aspects of crAss-like phage architecture and biology . In line with previous
host assignments, CRISPR spacer searches of the prokaryotic genome database
assigned the majority of crAss-like sequences to hosts in the phylum Bacteroidetes.
Lower frequencies of spacer matches aligned to other bacterial phyla such as gut
Firmicutes and Proteobacteria, and a minority proportion aligned to Archaeal
genomes. The study also consolidated the genomic trademark of crAss-like phages
as a syntenous block of eight highly conserved genes encoding the structural
proteins MCP, TerL, portal protein, integration host factor (IHF), tail stabilization
protein, tail tubular protein, and two uncharacterised proteins. Yutin et al. (2021)
also identified two groups of environmental and gut phages appearing related to
the core crAss-like phage phylogenetic assemblage, which were named as groups
Zeta and Epsilon (continuing the original system of naming Crassvirales families
as Alpha, Beta, Gamma, and Delta). These groups were characterised by larger
genome sizes, ranging from 145 to 192 kb, almost twice as large as p-crAssphage’s
97 kb.

An interesting observation was the alternative choice of family A or B DNA
polymerases by different clades. Families Intestiviridae, Crevaviridae, and Suo-
liviridae (Alpha, Gamma, and Delta groups) exclusively encode PolB, while
Zeta and Beta groups (the latter being family Steigviridae) have no preference
and can either carry PolA or PolB. When co-occurring within groups, PolA and
PolB occupy the same position in the genome and are thought to be swapped
in situ by homologous recombination. It is hypothesised that this phenomenon
has arisen due to the selective pressure presented by an undefined Bacteroides
defence mechanism. In addition to DNA polymerase switching, another notable
finding was the use of alternative genetic codes, specifically in 243 crAss-like phages
in the Beta, Delta (Steigviridae, Suoliviridae), and Zeta groups that reassign
TAG stop codons as glutamine or TGA stop codons as tryptophan. Phages in
the Zeta groups can switch genetic code at short phylogenetic distances, with
closely related branches interspersed with phages reassigning TAG or TGA or
using the standard code. An established method of phage codon reassignment is
through the use of suppressor tRNAs, which encode an anticodon complementary
to the standard stop codons charged with an amino acid. Some crAss-like phages,
especially in the Beta (Steigviridae) and Zeta groups, encode a plethora of tRNAs
(1-34), with one Zeta phage (NCBI accession OJOH01000017) encoding 34 tRNAs.
The encoding of suppressor tRNAs is not completely congruent with stop codon
reassignment »*®.  For example, in some Zeta clades, despite encoding suppressor
tRNAs, no reassignment occurs, and in other cases where reassignment occurs,
no suppressor tRNAs are present. This leaves the mechanism and motive behind
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genetic code switching in crAss-like phages ambiguous.

Another distinct feature of crAss-like phages that has not been observed in
other phages is the presence of at least one nuclease of the PDDEXK family, with
many encoding two or three of these. The exact function of these nucleases is
unclear, but they are presumed to have a role in reproduction, with some phages
having one variety located in the structural block (PDDEXK_ a), another in the
replication block (PDDEXK_b), or yet another inside a large protein associated
with transcription. The blocks of short, unknown genes common in many crAss-like
genomes that share no homologs outside the crAss-like cohort are probably the
most intriguing. Postulated to be genes in their defence armoury, specifically
anti-CRISPR proteins (Acr), their purpose is still up for debate as a machine
learning Acr model failed to confirm their function.

Introns, a group of mobile genetic elements that act as self-splicing ribozymes (an
RNA with enzymatic activity)'’, and inteins, proteinaceous parasites that perform
self-splicing by cleaving peptide bonds”, are typical of the genomic landscape in
many bacteriophages*””'. The crAss-like phages of the Delta (Suoliviridae) and
especially Zeta groups have a remarkable density of introns and inteins. In Delta
phages, group I introns are inserted in the core phage genes—MCP, PolB, and
primase—with TerL containing an intein. A stark example of this intron infestation
is found in a Zeta phage’s (NCBI accession number: OHFV01000001) MCP gene,
which contains three Group I self-splicing introns within its ORF fragments. In the
Zeta group, their predicted RNAP ORFs are drastically fragmented by numerous
stop codons and frame shifts, some occurring within the highly conserved DxDxD
motif of RNAPB’. The disrupted nature of the genes highlights the complexity and
nuance of annotating crAss-like phage genomes. Taking all of this into consideration,
crAss-like phages likely employ unconventional encoding and expression mechanisms
that have yet to be understood.

1.7 Alternative Genetic Coding Strategy: Exper-
imentally Confirmed

LC-MS/MS metaproteomics of two metagenomic samples containing two
different crAss-like phage genomes (one Suoliviridae and one Zeta group) iden-
tified phage peptides from MS/MS spectra. When mapped to the optimal gene
predictions using both the standard genetic code (translation table 11) and table
15 (suppression of TAG stop codon with glutamine), around half of the peptides
were found to only map to structural proteins (capsid, portal, and tail-associated)
predicted using table 15. MS/MS peptide spectra supported the reassignment of
the TAG codon to code for glutamine (Q). The contrast in mapping efficiency and
correctness of annotation between the standard and non-standard genetic codes
is stark and shows that consideration should be taken when predicting crAss-like
phage genes™.

Stop-codon recoding is widespread among different phage clades in the human
gut microbiome, with crAss-like phages and Lak phages being found to recode the
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TAG or TGA stop codon (genetic codes 15 and 4)""*. CrAss-like phages using
an alternate code infect standard-code hosts (genetic code 11). It is uncertain
why some phages have evolved genetic codes incompatible with host translation
systems. Interestingly, only 35%/40% of TGA/TAG-recoded genomes contain a
corresponding tRNA suppressor. Do the other 60% rely on non-standard code
used by the host, or do they use an unknown mechanism to accommodate their
alternate code? Importantly, CrAss-like phages, for the most part, use alternative
coding for their “late” structural and lysis genes (which constitute a single cohesive
transcriptional unit). Therefore, the use of recoded stop codons might be required
for regulating the precise timing of structural protein expression and cell lysis.
Specific gene families seem to be enriched with recoded stop codons: lysozyme-type
amidase and spanin/holin (both proteins involved in the lysis-lysis cassette). In
such scenarios, regulated genetic code switching might be helping to prevent
premature lysis (abortive infection activated by some anti-phage defence systems).
Recoding has also been suggested to enable phages to sense co-resident phages and
coordinate their lysis timing. Temperate gut phages (non-crAss-like) also employ
genetic code switching to control lysis-lysogeny decisions. Given that crAss-like
phages are not thought to be lysogenic, it is still possible that recoding contributes
to the regulation of lysis (productive vs. abortive infection) in order to fine-tune
the steady state in phage-host pairs and ensure long-term persistence **.

Given p-crAssphage’s ubiquity in human faecal samples, an industrial application
of its prevalence has been its utilization as a microbial source tracker (MST) marker
of human faecal contamination and pollution in environmental water, surfaces, and
wastewater treatment”>°”. One interest in using crAssphage as a marker for faecal
pollution in environmental waters was borne out of the ability to distinguish human
faecal waste from other animal faecal pollution®. That withstanding, crAss-like
variants of animal gut origin are being researched to reliably assess animal faecal
pollution of wastewater, with only 61% of wastewater confirmed positive for animal

56

faecal matter showing positive for crAssphage .

1.8 Identification of Bacterial Hosts for crAss-like
Phages

The classic approach to the isolation and identification of bacteriophages in
environmental samples and linking them to their bacterial hosts is based on plaque
assays. Subsequently, this bacteriophage can be further propagated from the plaque
and studied. The success of the plaque assay approach in searching for phage-host
pairs depends on several factors: the choice of the right bacterial host strain, the
ability of the bacteriophage to form visible plaques, the suitability of the medium
and other growth conditions for the bacterial growth and plaque formation, and
the amount of infective phage particles in a lysate obtained from a sample. A
successful combination of all these factors that would yield a plaque is not always
possible, especially for such complex communities as the gut microbiota, which
contains predominantly temperate phages®°®"? and phages infecting bacteria
that remain mostly uncultured under laboratory conditions’. Despite all its
weaknesses, the traditional plaque/spot assay approach was used for the isolation
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of several crAss-like phages, such as phil4:2, crAss001, DAC15, and DAC17. The
first member of the now-extant Crassvirales to be successfully isolated by this
traditional method was in fact the Cellulophaga phage phil4:2. This marine virus
was isolated and classified as a member of the family Podoviridae the year before
the discovery of p-crAssphage and the sudden rise of interest in crAss-like phages as
a novel taxonomic entity Y. Phage enrichment in a liquid culture is a culture-based
technique that does not rely on plaque formation. This technique, in combination
with next-generation sequencing of the enriched virus-like particle (VLP)-associated
DNA fraction, has been used for human gut phageome studies and resulted in
the discovery of a significant amount of novel phage-host pairs, including those
for crAss-like phages®?. This plaque-independent, culture-assisted metagenomics
approach was used for the identification and characterisation of crAss-like phages
PcrAss001"' and PcrAss002'”. Additionally, the first crAss-like phages replicating
in Bacteroides uniformis cells were detected with similar methods?.

The paucity of cultured crAss-like phages has prompted the development of
alternative approaches for identification of the phage-host pairs. The proximity
ligation approach is based on chemically cross-linking DNA fragments that are
in close proximity to each other in three-dimensional space. Cross-linking of the
fragments results in them belonging to the same contigs after sequencing and
data processing. This method allowed the assignment of several members of the
crAss-like family to their bacterial hosts. A range of different hosts, all belonging
to the Bacteroidetes phylum, was identified for 17 crAss-like phages using meta-HiC.

Microbe-seq, a new complex method of single-cell sequencing, is one of such ap-
proaches that uses single amplified genomes (SAG)®. This is a culture-independent
method that allows for genomic data with strain resolution and is also capable
of detecting host-phage interactions within complex populations. As phages
associated with bacteria are encapsulated in the same single-cell droplets, the
bacterial and viral genomes are linked in the output data by droplet-specific tags.
It is thus possible to search for these phages in the resulting genomic data and track
their connection with a specific bacterial strain. Using this approach, Bacteroides
vulgatus from human gut samples was found to be significantly associated with
the p-crAssphage and was therefore predicted to be its host. This result is
consistent with other studies that propose the host of the crAssphage to be from
the Bacteroides genus®",

CRISPR spacers analysis resolved the crAss-like phage hosts at the order
level (Bacteroidales), while more precise host identification by this method is
problematic due to horizontal gene transfer leading to distant bacterial species
sharing the same CRISPR direct repeats, which hinders taxonomic assignment
of CRISPR regions themselves’?. The correlation between bacterial and viral
relative abundance pointed towards Bacteroides vulgatus and Ruminococcus spp.
as possible hosts for crAss-like phages”. P-crAssphage was found to strongly
co-occur and correlate quantitatively with Bacteroides dorei®*. The credibil-
ity of this prediction remains questionable, as the results of the microbe-seq
laboratory approach do not support it°’. Other approaches that can potentially

be applied to identify hosts for diverse uncultured crAss-like phages are listed below.
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Many of the viruses discovered with metagenomics approaches have never been
isolated in culture. The only methods that allow to link these uncultured phages
to the bacterial hosts are bioinformatic predictions. The coevolution of phages
and their hosts leaves specific signatures in the genomes of both. The signals
for host-phage identification could be abundance profiles, codon usage similarity,
genetic similarity, and CRISPR spacer matches®”"?. Examples of the tools are
HoPhage, HostFinder, PHIAF, and VirHostMatcher. Existing bioinformatics tools
for in silico predictions of phage-host interactions were reviewed elsewhere®.

One of the most widespread experimental, culture-independent methods of
identifying and describing phage-host interactions is proximity ligation“%:¢70%69,
Recently, an improved protocol based on proximity ligation, called meta3C,
was developed. Another recent modification of the proximity ligation method
is the cross-linking of specifically bacterial ribosomal RNAs to the transcripts.
rRNA-mRNA chimeras where mRNA belongs to a virus allow to identify the host
of this virus—the organism that translates its transcripts.

Approaches that utilise single amplified genomes (SAG) are another powerful
culture-independent tool for linking phages to hosts. In these approaches, DNA
from individual cells is isolated and sequenced. The first step is separating
individual cells from each other, which can be conducted with microfluidics or with
flow-cytometry techniques. In the next step, the cells are lysed, their genomes
are amplified, and they are subjected to next-generation sequencing. Applied to
phage-bacteria interactions studies, SAG approaches reveal associations between
viral DNA and bacterial DNA of different species and strains. These associations
serve as the basis for predictions about which bacterial species serve as hosts for
specific phages 7177574

A virus adsorption-based approach to link bacteriophages from environmental
samples to their bacterial hosts is adsorption sequencing (AdsorpSeq). It is based on
the interactions between bacteriophages and receptors on the surface of their hosts.
The phages that were able to bind to the cell envelopes isolated from a putative
host are separated from free (unbound) phages with agarose electrophoresis and
then identified by sequencing. This method was verified for several distinct species
of Gram-negative bacteria, while its suitability for Gram-positive bacteria remains
to be investigated”. One of the main drawbacks of all host identification methods
that are based on the adsorption of phages to their bacterial hosts is the fact that
not all phages that are able to bind to a bacterial surface are able to infect this
specific bacterium. Therefore, the range of phages identified for a set of hosts with
one of these methods is likely to be wider than the range of phages that successfully
infect these hosts.

Viral tagging is another method based on phage adsorption. In this approach,
viruses from environmental samples are labelled with fluorescent dye and mixed
with supposed bacterial hosts®"". Then the cells are separated by flow cytometry
and activated by fluorescence. Infected cells are collected for viral DNA extraction
and amplification that yields viral-tagged metagenomes. The single-cell viral
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tagging was implemented to understand the network of phages and their hosts in
the human gut; the study yielded hundreds of predicted phage-host pairs.

Droplet digital PCR (ddPCR) ™™ allows for the identification of the co-
localisation of viruses and bacterial cells. Cells from an environmental sample
are diluted and directly embedded in droplets or in microfluidic PCR chambers
in such a manner that most droplets or chambers contain just one cell. qPCR is
performed using two pairs of primers—to a viral marker gene and to a cell marker
gene (the rRNA gene). Then the DNA from the droplets or chambers is retrieved
and sequenced. The co-amplification of both viral and bacterial marker genes in
one droplet or chamber indicates phage-bacteria association. Statistical analysis of
these associations reveals the relations between phages and bacterial species inside
the community. The method was verified on a microbial population of termite
hindgut.

Emulsion-paired isolation-concatenation PCR. (epicPCR)®', initially used for
profiling bacterial communities®, was subsequently modified for linking uncultured
phages to bacteria. In this approach, single cells from environmental samples are
encapsulated in polyacrylamide beads in emulsion oil. Phusion PCR is performed
inside each bead. One of the primers to the target gene (viral) carries an over-
hang matching the 16SrTRNA bacterial gene. Co-localisation of the target gene
with the host TRNA gene results in fused products that are later detected with
next-generation sequencing. The applicability of the techniques above to crAss-like
phages is yet to be tested.

1.9 Morphology and Molecular Structure of
crAss-like Phages

An early in-depth analysis (combining sensitive PSI-BLAST and HHPred
searches for protein homologies) of two representative Crassvirales phages, p-
crAssphage (now Carjivirus communis, family Intestiviridae) and IAS virus (now
Paundivirus hollandii, family Steigviridae), managed to assign functions to many
of the hypothetical proteins encoded by both genomes®. Both viruses appear to
have genes grouped into distinct functional modules: the replication module, the
transcription module, and the structural protein module (the latter of which can
be further split into capsid and tail protein sub-modules). This functional divi-
sion agrees with other features of their global genome organisation. An inversion
of GC-skew likely separates the genomes into two oppositely oriented replichores
(one containing the replication module and the other containing the structural and
transcription modules)*®. These functional modules coincide with transcriptional
modules of early (regulatory), middle (replication + optional transcription), and late
genes (transcription + structural virion proteins), as discussed below (Figure 1.2).

12



CHAPTER 1. BACTERIOPHAGES OF THE ORDER CRASSVIRALES:
WHAT DO WE CURRENTLY KNOW ABOUT THIS KEYSTONE
COMPONENT OF THE HUMAN GUT VIROME?

Possible structure of
p-crAssphage and crAss002

crAss001 and DACL5

--Head fibres
MCP
AUX
~DNA

- RNAP subunits
- Portal

THA/THB "tail fibre hub"
Tail fibres/spikes

Tail barrel rings
Muzzle

(c) "Replichore" 2 "Replichore" 1
’nu,;umuwnmwm it o, i il bt

(d) H(}
9

Izo%;*_..j H - T )N»WW 4

(e) Early Late Middle

_« p-crAssphage
Intestiviridae

o crAss002

SMEUR Intestiviridae
II ~Jit i sterguiriase
‘ o DACLS

“?{'3 Steigviridae

& H Ste/glvlrlr‘/dzae

\CON: 3 }im ’ ’7 :
' }\#an//'///// 7% k//r

H#»*: '—/HI I A=A e

Figure 1.2: Virion and genome structure of the typical representatives
of the order Crassvirales. A schematic structure of Intestiviridae virions (a) is
extrapolated from the cryoEM structural data available for Steigviridae (b). Colours
of the protein subunits (a,b) are consistent with ORF colouring (d). GC-skew graph
of the p-crAssphage genomes shows clear separation into two possible replichores (c).
Despite significant divergence in the amino acid sequence of the encoded proteins,
all families show clear genome collinearity (d). Three transcriptional modules can
be identified: early (regulatory), middle (DNA replication), and late (structural
proteins and other virion components), as exemplified by a Suoliviridae genome (e).

While the podovirus-like morphology of Crassvirales virions had been predicted
based on genome analysis, it was not until the isolation of first-cultured Crassvirales
that this morphology could be confirmed. Bacteroides phages crAss001'", DAC15,
DAC17", and Cellulophaga baltica phage phil4:2°" (all Steigviridae) all share a
very similar morphology with isometric icosahedral capsids 77-88 nm in diameter
(depending on the microscopy method) and short non-contractile tails of 36-44
nm decorated with appendages of different sizes. The Bacteroides xylanisolvens
phage crAss002 (Jahgtovirus secundus, family Intestiviridae) has a capsid of 77 nm
and a shorter tail of 18 nm'’. A crude faecal filtrate rich in Crassvirales (mainly
Intestiviridae and Crevaviridae) contained two types of virions with isometric
heads ( 76.5 nm) and shorter or longer tails”. Members of the family Suoliviridae,
as well as additional proposed epsilon- and delta-groups of Crassvirales, have never
been isolated in culture or observed microscopically.

A major advancement in understanding the virion structure and functions of
individual structural proteins in Crassvirales came from a cryo-EM-based recon-
struction of crAss001 virions, allowing for atomic-level modelling of many of the
capsid and tail proteins®. This analysis revealed a T = 9 icosahedral capsid with
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an outer diameter of 88 nm. The capsid is mainly composed of the HK97-type fold
major capsid protein (MCP) and an auxiliary capsid protein (AUX). The structure
of the AUX protein is unique to the Crassvirales. In addition to these main
subunit types, two types of head fibres, trimeric and dimeric, with recognisably
Ig-like domains, are inserted into the central pockets formed by the MCP-AUX
hexons. These fibres seem to be narrowly specific to particular taxa within
Crassvirales, with only a fraction of viral diversity in this order having detectable
homologues. At the same time, unrelated proteins may have analogous functions
in other species of Crassvirales. Both types of fibres can potentially be involved
in either host recognition, or perhaps binding to the intestinal mucus, increasing
the persistence of phage in the gut and preventing its washout (BAM-model of
gut phage persistence)®'. Such a phenomenon has previously been reported, with
hoc+T4 coliphage being capable of binding to the gut mucin.

A dodecameric portal assembly is inserted in one of the five-fold symmetrical
capsid vertices, providing an entry point for DNA packaging and an interface
for docking the tail barrel assembly. Together with the large terminase gene,
primase, and the MCP gene, the portal protein gene forms a set of genes universally
conserved across the order Crassvirales. Zones around the portal crown domains
extending into the capsid matrix contain a lower density of packaged DNA and are
believed to be occupied by cargo proteins, which eject from the capsid together
with, or ahead of, the phage genome in the early stages of infection. These cargo
proteins may include 1-3 large subunits of the VRNAP as well as the large proteins
C1 and C2, however only the presence of C1 protein can be confirmed from cryo-EM
reconstruction. All cargo proteins are likely to be present in a partially unfolded
state, facilitating their passage through the portal and the tail barrel. Protein C1
appears to be stretched out, with parts of its sequence visible inside the capsid
(around the portal crown) and the tail barrel. Such partially unfolded C1, as well
as parts of other cargo proteins and the leading DNA end, may constitute the
central body visible inside the portal channel and the tail barrel.

The tail barrel is composed of five stacked dodecameric rings. Rings 1-3 are
composed of dedicated subunit types, whereas rings four and five use identical
subunits. Interestingly, different clades of Crassvirales contain variable numbers of
tail-barrel ring protein genes, implying a different number of rings and therefore tail
length in different species. This agrees with EM observations of diverse Crassvirales.
A hexameric tail muzzle protein forms the tail barrel assembly and represents a
structural element highly conserved across the Crassvirales. This multi-domain
protein contains some elements shared with tail tip proteins from other phages,
e.g., a ring-joining domain and a (-propeller domain containing the gate loop are
similar to the coliphage T7 nozzle protein. At the same time, two Ig-like domains
and, most notably, a domain with a novel type of fold, termed crAss fold, located
at the very tip of the muzzle structure, are highly unique to the Crassvirales. It is
believed that the crAss domain, together with Ig-like domains, might be responsible
for the docking of phage particles on the cell surface. Conformational changes
evoked by this docking event can trigger the opening of the gate located above, in
the proximal part of the muzzle, ejecting the capsid contents.
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Two types of protein subunits (THA and THB) are responsible for forming a
collar structure around the tail neck. This structure forms a docking hub for the
attachment of tail fibre/spike assemblies—flexible structures forming the outer and
inner “cages” around the tail barrel. While five different proteins are likely to be
involved in this assembly in crAss001, the exact structure could not be resolved
using cryo-EM. Tail spike subunits in different Crassvirales have been annotated as
containing carbohydrate binding/lectin-type domains (e.g., the BACON domain in
p-crAssphage and related phages) as well as possible glycosyl-hydrolase domains,
phosphatase domains, and CHAP domains'"'%" Tail spike proteins with CPS-,
EPS-, and LPS-depolymerising activity are a typical feature in phages with
podovirus-like morphology®”. It is therefore likely that the tail fibres/spikes of
Crassvirales act as receptor binding proteins (RBPs) and are responsible for both
the recognition of polysaccharide structures covering host cells, and the digestion
of CPS/EPS/LPS polysaccharides in order to gain access to the outer membrane
for docking. The genomic region occupied by the tail spike genes is characterised
by a striking level of diversity, with different lineages of Crassvirales containing
completely different numbers and types of genes, often with no detectable homology
to their counterparts in crAssO01 or p-crAssphage. Even within narrower groups
in Crassvirales (just p-crAssphage—Carjivirus communis), tail spike proteins are
subjects to rapid evolution, e.g., DGR-dependent diversification’* and evolution
through duplication and HGT of BACON repeats®’. Longitudinal analysis of
p-crAssphage genomes persisting in the human gut revealed rapid evolution of tail
spike proteins with evidence of positive selective pressure*”".

Overall, the genome and virion structure of Crassvirales resemble those of
coliphage N4 (the latter being slightly smaller at 72 kb genome and 70 nm capsid).
Interestingly, coliphage N4 also includes the rare feature of a high-molecular-weight
(360 kDa) vVRNAP®"*%,

1.10 Crassvirales Life Cycles and Phage-Host
Dynamics In Vivo and In Vitro

In addition to their high abundance in many individuals, another characteristic
feature of the ecology of the Crassvirales is the long-term persistence of the same
strains at constant levels in individual human gut phageomes. Human individuals
followed for periods of months to a year demonstrated stable carriage of individual-
specific viral assemblages, including one or several strains of Crassvirales®™. This is
paralleled by the observed long-term stability and individual specificity of bacterial
microbiota, including members of the order Bacteroidales®™ ", which serve as a
substrate for crAss-like phage persistence. The adapted co-existence of Crassvirales
and their hosts manifests in their ability to co-transmit vertically from mothers to

infants®" and co-engraft during faecal microbiota transplantation (FMT)”".

The long-term persistence of crAss-like phages has been replicated in both
in vitro and in vivo models. Phages crAss001 and crAss002 have both been
demonstrated to persist at high levels without noticeable effects on bacterial
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host culture density in serial daily liquid cultures, chemostat cultures, and, in
the case of crAss001, in a gnotobiotic model of mice mono colonised with their
bacterial host B. intestinalis''".  Moreover, the uncultured crAss-like phage
phiHSCO05, introduced as a part of the human faecal virome, was able to stably
engraft in a gnotobiotic mouse model colonised with an artificial community of
human gut bacteria®®. This long-term co-existence may not necessarily be unique
to Crassvirales, as many tailed and non-tailed phages demonstrate very similar
behaviour of relatively “benign” co-existence with their hosts for many generations
in the mammalian gut”’"”?.  Theoretical explanatory models of phage-host
co-existence are listed in Box 2; however, further experimental evidence is needed to
resolve which mechanism or combination thereof best describes Crassvirales ecology.

Current evidence for various elements in the Crassvirales phage life cycle and
their interactions with bacterial hosts is available for a small subset of phages,
either isolated in pure culture (crAss001, DACI15, crAss002, phil4:2, and the
C4-group of phages infecting B. uniformis)’, or transiently enriched/maintained
in host cultures in vivo or in vitro (phiHSCO05 in oligo community in mice®, a
104.9 kb crAss-like phage genome associated with Prevotella stercorea in an in vitro
culture??).

Phages crAss001, DAC15, and DAC17 display a narrow host range, being
only able to infect phase variants displaying a particular capsular polysaccharide
(CPS) and outer membrane protein (OMP) within a single strain of B. intestinalis
APC919/174 and B. thetaiotaomicron VPI-5482, respectively. In the case of
crAss001, only the expression of PVR9, one out of five phase-variable CPS loci
available in the host strain, is associated with phage sensitivity?'. PVR9 expression
in B. intestinalis was associated with strong phage adsorption, suggesting its role
as a phage receptor for crAssO01. In a similar manner, phages DAC15 and DAC17
were narrowly specific to a single phase-variable CPS (CPS3), out of eight encoded
by B. thetaiotaomicron VPI-5482, although some marginal infectivity was also
observed for CPS7 and CPSS8, as well as for an acapsular mutant . Mixed cultures
expressing several different CPS types supported phage replication in vitro and in
vivo (i.e., mono-colonised mice), but were unable to show lysis in traditional plaque
and spot assays, most likely due to masking of plaques by resistant subpopulations.

In long-term co-cultures of crAss001 and B. intestinalis APC919/17/, seques-
tration of part of the population in the resistant phase, and constant reversal to
sensitivity might be sufficient for phage persistence. In complex community sce-
narios, concurrent selective pressures may be responsible for driving this backward
switch to sensitivity: the metabolic cost of protective CPS expression, concomitant
sensitivity to other phage conferred by a CPS protective against one phage ", and
complex pressures and trade-offs associated with the role of CPSs as gut colonisation
factors in vivo”'. A summary of CPSs-phage interactions is presented in Figure 1.3.
crAss002 and phages of the C4 group also demonstrate narrow host specificity (B.
zylanisolvens APCS1/XY and a group of closely related B. uniformis isolates, re-
spectively)?’. Unlike crAss001, DAC15, and DAC17, these phages are unable to
form plaques, likely due to the prevalence of resistant phase variants in populations
of their hosts. Indeed, long read sequencing of the B. zylanisolvens APCS1/XY
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(a)

Figure 1.3: Some known elements of the Crassvirales life cycle. Adsorption
and infection of Bacteroides cells by crAss-like phages are regulated by the expres-
sion of alternating phase-variable capsular polysaccharide (CPS) types. Expression
of non-permissive CPS prevents phage infection (a). while switching to permissive
CPS allows phage attachment, hydrolysis of CPS by tail-associated depolymerase
enzymes, and ejection of phage contents (b). Phage DNA is co-injected with cargo
proteins, among which are virion RNA polymerase (VRNAP) subunits responsi-
ble for transcription of early (regulatory) and middle (DNA replication) genes (d).
Formation of DNA polymerase (DNAP) as well as other enzymes, allows for DNA
replication through an unknown mechanism, followed by expression of the late genes
(large terminase, structural proteins, virion cargo proteins), carried out by the cellu-
lar bacterial RNA polymerase complex (cCRNAP), (e). This results in the formation
of new virions and the packaging of phage DNA (f).

genome revealed several phase-variable CPS and OMP loci, which can potentially
be implicated in driving reversible phage resistance'’.

As mentioned above, Crassvirales tail fibres/spikes are most likely required for
adsorption to the CPS target and local depolymerisation of the polysaccharide
capsule to gain access to the outer membrane. While the exact mechanisms of
virion docking and ejection are still unknown, some insights into this process were
provided by a recent structural study of crAss001%’. Cargo proteins C1 and C2
are likely to be ejected, forming a tunnel through the cell envelope (C1 has an
identifiable transmembrane helix), in a manner analogous to phage T7 protein
gpl4””. This is likely followed by the ejection of the phage-associated VRNAP
subunits in a partially unfolded state to allow passage of these through a relatively
narrow (< 50 A) channel inside the tail barrel. Ejection of cargo proteins is
likely to be closely followed by ejection of the phage genome, both driven by high
pressure achieved through tight packaging of DNA and proteins in the phage capsid.
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A study of transcription in phage crAss001°' identified three main phases: (1)
transcription of early genes, starting in less than 10 min after infection, including
a transcriptional regulator, two conserved domain proteins with unknown function,
and a TROVE domain protein; (2) transcription of middle genes, initiating between
10 and 30 min after infection, including replication, recombination, and nucleotide
metabolism functions; and (3) transcription of late genes, initiating between 30
and 60 min after infection, including a large terminase, all structural proteins,
and most cargo proteins. A study of transcription in phil4:2, a crAss-like phage
with a longer latent period”®, reported early genes (expressed between 40 and 90
min), corresponding to both early and middle genes in the crAss001 study. At
the same time, middle and late genes (structural and cargo proteins), reported by
Drobysheva et al. as being expressed between 90 and 190 min, corresponded to
the late genes in the crAss001 study. Importantly, the latter study also confirmed
the RNA polymerase activity of one of the predicted phil4:2 vRNAP in vitro
and demonstrated its role in rifampicin-resistant transcription of early genes (i.e.,
regulatory and replication modules) in vivo.

Despite some discrepancies between the two studies, it appears that the
transcription program of Crassvirales phages is broadly similar to that of coliphage
N4%". Upon ejection of virion contents into the cytosol, vVRNAP drives expression
of early and middle genes independently of host transcription machinery. The
synthesis of vDNAP and other enzymes encoded by the middle genes allows phage
genome replication to begin. Exact mode of replication is unknown and likely to
differ between different clades of Crassvirales. The crAss001 genome (Steigviridae)
was shown to have long terminal repeats (DTR), whereas the crAss002 genome
(Intestiviridae) is predicted to replicate, forming terminally redundant, circularly
permuted genome copies. Based on the analysis of the phage-to-host genome copy
ratio, genome replication of crAss001 begins between 30 and 60 min post infection,
following expression of the middle genes with simultaneous expression of the late
genes”!. Transcription of late genes is likely to be carried out by the host RNAP
and is therefore expected to be sensitive to repression with rifampicin”®. Phage
packaging is mediated by large terminases and again may vary between different
clades depending on genome structure. Precise mechanisms of capsid assembly
and packaging are yet to be established. However, early morphological changes
(formation of electron-light spots) in the infected cells of B. intestinalis indicate
the existence of some scaffolding. Cell lysis appears to be mediated by spanins
and lysins encoded among the late genes, which can be subjected to translational
regulation by suppression of in-frame stop codons”®. Determination of the exact
burst size of Crassvirales has proven difficult”’, with reports ranging from 20
(observed for crAss001 at MOI = 1) to 160 (DAC15, MOI = 10) virions per cell.

The ability of bacteriophages to persist long-term (months and years) in
complex microbial communities such as the human gut microbiota alongside the
populations of their bacterial hosts is a well-documented phenomenon'**". At least
three groups of mechanisms can be invoked to explain this persistence.

(i) Spatial segregation of phages and their hosts in the gut and the “source-sink”
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model: macro- and micro-anatomy of the gut (villi, glands, mucin layer), as well as
self-organised bacterial refuges (biofilms), can create areas of bacterial proliferation
(“source”) inaccessible to phages. Release of bacterial cells into the gut lumen or
liquid phase provides gut phages with a constant supply of bacterial prey (“sink”).
This mechanism can enable phage-host co-existence with minimal co-evolution’""".

(ii) Ecological population dynamics of strictly lytic phage and its host under
conditions of resource limitation/variability: Lotka-Volterra equations and the
“kill-the-winner” model predict that predator and prey can co-exist in a planktonic
environment at the point of equilibrium or with cyclic fluctuations of their densi-
ties. Under the “kill-the-winner” hypothesis, phage-mediated population control
together with the competition for a limited resource favours the maintenance of
high diversity in a complex community (even in the absence of co-evolution)“’'"".

(iii) Antagonistic co-evolution and the cost of resistance: a number of theoret-
ical frameworks are often employed to describe phage-bacteria co-evolution, such
as the “arms race” dynamics (resistance mutations in the host followed by host
range counter-mutations in the phage) and “fluctuating selection” dynamics (Red
Queen evolution), the latter leading to diversification of bacterial and phage pop-
ulations”” 1192 Longitudinal observations show evidence that selective pressure
driving evolution of crAss-like phage genes is particularly strong for tail components
(including RBPs), indicating an arms race/Red Queen type of dynamics between
phages and their hosts?!*40,

1.11 Conclusions

The accidental discovery of p-crAssphage, the most abundant human gut
bacteriophage, by cross-assembly of metagenomic reads in 2014 revealed how little
we knew about the diversity and the role of bacterial viruses in the human gut
microbiome and other complex microbial communities. The known viral diversity
of dsDNA-tailed phages has bloomed in recent years due to the increasing avail-
ability of shotgun metagenomic and metaviromic data, improved virome analysis
pipelines, sensitive protein homology search tools, and expanding collections of
reference genomes”®'"?. The range of known crAss-like phages has expanded from
a few “orphan” species into the expansive and highly diverse new viral order of
Crassvirales »**. Still, the phylogeny of the Crassvirales and their evolutionary
relationships with other dsDNA viruses remain largely unexplored.

Metagenomics and metaviromics have proven themselves powerful technologies
for virus discovery, host prediction, taxonomy, and abundance and distribution
analysis”’. However, in silico methods can be limited in their tangible revelations
on the molecular biology, host range, and ecological impacts of crAss-like phages.
Emerging engineering advances in single-cell sequencing techniques, viral tagging,
and proximity ligation are set to provide new insights into the biology of diverse
crAss-like phages.

The first in-depth characterisation of a crAss-like phage, crAss001, while provid-
ing a complete genome and data on virion structure and certain aspects of its life

19



CHAPTER 1. BACTERIOPHAGES OF THE ORDER CRASSVIRALES:
WHAT DO WE CURRENTLY KNOW ABOUT THIS KEYSTONE
COMPONENT OF THE HUMAN GUT VIROME?

17,21,82

cycle , posed numerous new questions about the biology of this phage taxon.
Being apparently a strictly lytic phage, crAss001 is capable of long-term persistence
in the culture of its host Bacteroides intestinalis, which was shown to be associated
with dynamic phase variation of capsular polysaccharide types. However, is that
the only mechanism responsible? Could alternative mechanisms of persistence
(lysogeny, pseudo-lysogeny, the carrier state, or chronic infection “hibernation”
inside infected cells) also be part of it? Available evidence does not support the abil-
ity for true lysogeny in crAss-like phages, but other mechanisms cannot be ruled out.

Phage crAss002 infects its host Bacteroides wzylanisolvens without forming
plaques, despite being apparently a lytic phage'”. Is that a result of phase variation
greatly shifting towards the insensitive phase? Such phage-host interactions may
be puzzling to the observer, but is it uniquely specific to the Bacteroides/crAss-like
phage systems, or is it a widespread type of dynamic between phages and their
bacterial hosts in natural settings, a better winning strategy for the phage? Perhaps
the “classical” lytic process, favoured by many studies of phage biology, is a very
artificial scenario that can only be achieved in perfect conditions (exactly the right
growth phase, MOI, etc.).

As discussed in our other recent review”’, bacteriophages can be seen as an in-
tegral component of complex microbial communities, evolutionary partners rather
than antagonists of bacteria, responsible for maintenance of taxonomic and func-
tional diversity, stimulating resilience and adaptability of the microbiota. The tan-
dem of Bacteroides bacteria and crAss-like phages in the gut might be an epitome
of such relationships.

1.12 Author Contributions

L.S.: writing and original draft preparation; E.G.: writing and original draft
preparation; B.G.: review and editing; A.N.S.: writing, original draft prepara-
tion, and review. All authors have read and agreed to the published version of
the manuscript.

20



2. A novel approach to Caudoviricetes taxonomy
utilising whole proteome structure-structure
comparison

Linda Smith!?, Thomas S.B. Schmidt!?, Igor Tolstoy®, Timofey
Skvortsov*, Colin Hill"?, Andrey N. Shkoporov!??°

1 APC Microbiome Ireland, University College Cork, Ireland, 2 School of Microbiology,
University College Cork, Ireland, 3 Sequencing.com, Pasadena, CA, USA, 4 School of
Pharmacy, Queen’s University Belfast, UK, ® Department of Medicine, University
College Cork, Ireland

2.1 Abstract

Viral proteins often evolve so rapidly that sequence similarity is lost even among
conserved functional genes, complicating phylogenetic analysis and classification.
This challenge is acute for Caudoviricetes, a highly diverse class of dsDNA tailed
bacteriophages recently redefined by the International Committee on Taxonomy of
Viruses (ICTV). To address the limitations of sequence-based taxonomy, we present
a structure-based classification framework using whole-proteome structural cluster-
ing. From 4,082 exemplar genomes, we predicted 445,151 protein structures with
ESMFold and clustered them using Foldseek. Genomes were encoded as binary
profiles of structural fold presence, and phylogenetic distances were inferred and
normalised using Relative Evolutionary Divergence (RED). This yielded a revised
structural taxonomy comprising 159 orders, 267 families, 502 subfamilies, and 1,189
genera. We also introduce PhagePleats, a Python tool for classifying novel phage
genomes based on structural similarity. Our approach highlights the utility of pro-
tein structure for resolving distant viral relationships.

2.2 Introduction

Viral taxonomy remains one of the most challenging frontiers in biology. Unlike
cellular organisms, which share universally conserved genes, no single genetic
marker is conserved across all viruses'"'"”. They are believed to have evolved
independently at least six times'’’: a concept reflected in their classification
into six distinct viral realms. These polyphyletic origins make it fundamentally
impossible to construct a single, unified phylogeny—or ”megataxonomy”—that
encompasses all known viruses'". Viral genomes—especially those of dsDNA tailed
bacteriophages and archaeal viruses belonging to Caudoviricetes—are mosaics
composed of exchangeable modular gene cassettes acquired through horizontal
gene transfer V719199 This genomic patchwork obscures clear evolutionary signals,
complicating phylogenetic inference even among closely related phages''’. Although
mosaicism is a characteristic and pervasive feature of tailed viral genomes, its extent
is nuanced: some lineages maintain re-markably stable nucleotide and protein
content, whereas others exhibit localised hotspots of rapid genetic flux'''. Even
individual viral proteins—such as tail fibers—can be chimeric in origin, further
confounding homology detection''”. Consequently, a large proportion of predicted
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viral ORFs remain unannotated, contributing to the vast “viral dark matter” %%,

This annotation gap is exacerbated by limited experimental work characterising
phage protein functions and assessing how gene gain, loss, or modular rearrange-
ments shape phage biology and evolution. Taken together, rampant mosaicism,
rapid evolutionary turnover, and the large fraction of unannotated viral sequences
make sequence-based approaches poorly suited for resolving deep viral relationships.

This is exemplified by Caudoviricetes viruses, the most abundant and diverse
biological entities on Earth''*''%'7 with major ecological importance across differ-
ent ecosystems ' 11%120 - A metagenomic efforts continue to collect an ever-growing
catalogue of viral genomes, the challenge of assigning higher-order taxonomic
labels remains largely unresolved. In 2022, tailed bacteriophage taxonomy was
overhauled with the establishment of the class Caudoviricetes and the dissolution of
the morphology-based order Caudovirales and its families Myoviridae, Podoviridae,
and Siphoviridae'?'. This revision enabled the creation of new orders based on
genomic similarity, beginning with Crassvirales*®'??, followed by others including
Autographivirales and Pantevenvirales. Despite this progress, the current ICTV
taxonomy remains incomplete—only 24.5% (1,429 of 5,822) of Caudoviricetes
species in the ICTV VMRA40 (Virus Metadata Resource, release 40) have been
assigned to an order and 58.2% (3,393 of 5,822) a family.

We posit that structure-based approaches to viral classification can mitigate
issues faced by sequence-based viral phylogenies. Protein secondary and tertiary
structures, constrained by function, tend to evolve more slowly than primary
structure i.e. amino acid sequences'”', making them not only stable molecular
markers of deep evolutionary or functional relation-ships, but phylogenetic relics
encoding a historical record of divergence. Tools such as AlphaFold and ESMFold
now enable high-throughput prediction of protein structures with near-experimental
accuracy 25?4129 The ESM-2 model, for example, has been used to generate
over 600 million predicted structures, constituting the first large-scale structural
metagenomic protein database. Concurrently, tools like Foldseek'?® allow for
ultrafast structural comparisons by encoding protein geometry into a 3Di alphabet,
making it computationally feasible to search for conserved folds across millions of
proteins using sequence comparison algorithms.

The growing availability of tools for large-scale structural prediction and
comparison marks a timely inflection point for virology and phylogenetics. While
the concept of structure-based viral taxonomy is not new'”"'”*  recent advances
now make it feasible to apply these approaches systematically across the whole
structurome of entire viral clades. In cases where sequence-based methods reach
their limits, structural conservation offers a robust alternative, suggesting that
structure-guided approaches may increasingly complement—and in some contexts,
surpass—sequence-based strategies as a standard approach to viral classification.
While prior efforts have used structural comparisons of single hallmark proteins to
infer viral phylogeny '/, our approach extends this principle to the entire structural
proteome. This offers a more holistic and evolutionarily relevant framework for tax-
onomic classification. To illustrate this, one could consider a hypothetical scenario:
if a viral genome were entirely recoded to use different codons or alternative amino
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acid sequences, yet all resulting proteins retained their tertiary and quaternary
structures, the virus would likely retain its original morphology, infectivity, and
ecological role. From a functional and ecological perspective, it would still belong
to the same lineage—despite being unrecognisable to sequence-based approaches.

Here we present a unified, whole-structurome—based taxonomic approach to
resolve higher-order classifications within Caudoviricetes. We re-organise Cau-
doviricetes diversity along genome-wide structural similarity partitions that align
remarkably well with established sequence-based ICTV taxonomic groups, while
adding further resolution and establishing novel groups relative to existing classifi-
cations. normalising derived structural “phylogenies” by the relative evolutionary
divergence (RED) among viral genomes, we delineate robust and reproducible clus-
ters at different taxonomic depths. Finally, we introduce PhagePleats, a machine
learning-based tool that accurately classifies novel genomes against the resulting
taxonomies based on folded viral proteins.

2.3 Results

2.3.1 Structural Conservation within Caudoviricetes

To capture the full known diversity of Caudoviricetes, 4,082 genomes were se-
lected from the ICTV VMR40 dataset, representing all established viral orders
(Figure 2.1a). The class currently comprises 11 recognised orders, though seven
of these include fewer than ten genomes (Supplementary Figure 2.6a). Among the
selected genomes, 3,291 of 4,082 species (80.6%) lacked an order-level assignment,
and across the entire Caudoviricetes dataset, 4,392 species remain unassigned at
this rank. A similar trend is evident at the family level, where 2,257 of the selected
genomes (55.3%) and 2,427 genomes overall lack a family designation (Supplemen-
tary Figure 2.6b). Together, these observations highlight the limited resolution of
current higher-order taxonomic groupings and emphasise the need for a consistent,
scalable framework capable of improving classification accuracy at both the order
and family levels.
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Figure 2.1: Structural cluster quality assessment and conserved protein
identification (a) A total of 4,082 Caudoviricetes genomes and one Herpesviricetes
outgroup, comprising 455,151 proteins, were folded using ESMFold and clustered us-
ing Foldseek to generate a structural presence—absence matrix (b) containing 20,289
unique clusters. Among these, Terminase Large Subunit (TerL), Major Capsid Pro-
tein (MCP), and Portal Protein were identified as the most conserved structural
clusters across genomes. (c) Structural superimpositions illustrate high structural
homology among TerL proteins from phylogenetically diverse bacterial and archaeal
viruses (i), and among MCPs (ii), despite variation in per-residue confidence profiles.
(d) Quality assessment of the structural clusters: (i) distribution of intra-cluster
TM-scores (median = 0.76), (ii) intra-cluster RMSD values (median = 1.83 A), (iii)
intra-cluster structural alignment coverage (alignment length =+ target length; me-
dian = 0.89), demonstrating strong structural similarity within clusters; (iv) pLDDT
distribution for all folded proteins (median = 68.73), (v) TM-score versus RMSD
relationship, and (vi) pLDDT versus protein length.

Given that tailed dsDNA bacteriophages and archaeal viruses (Caudoviricetes)
share a conserved set of core structural proteins involved in capsid morphogenesis
and DNA packaging, including the HK97-like major capsid protein (MCP), the
portal protein superfamily (e.g., SPP1 GP6-like), and the terminase large subunit
(TerL) superfamily, structural clustering was performed with the expectation that
a sufficiently sensitive approach would recover coherent superfamilies for each of
these hallmark proteins, ideally with a representative present in the majority of
genomes. Foldseek easy-cluster identified 20,289 distinct structural clusters under
the optimal parameter set (Figure 2.1b). Among these, TerL and MCP were the
most universally conserved. TerLL homologs from 3,938 genomes fell into a single
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dominant cluster (represented by YP_009620569.1), with another 124 genomes in
a closely related cluster. MCP showed a similarly cohesive pattern, with 3,933
genomes assigned to the cluster represented by YP_010082820.1 and 147 to a
secondary MCP cluster. In contrast, portal proteins displayed greater structural
diversity, forming three major clusters and several smaller subfamilies.

To visualise the extent of structural conservation, representative TerLL and MCP
structures from diverse viral families and ecological niches were superimposed
(Fig. 1c). Of these include Proteus phage PM135 (family Demereciviridae), which
infects Proteus mirabilis, a common clinical and environmental bacterium'*;
Carjivirus communis (family Intestiviridae), a gut-associated phage first identified
in human fecal metagenomes'”'; Halorubrum tailed phage 8 (HRTV-8) (family
Hafunaviridae), isolated from halophilic Halorubrum archaea inhabiting solar
salterns in Thailand'*?; Thorarchaeia virus VerdaV2 (family Verdandiviridae),
identified from deep-sea sediment Asgardarchaeota metagenomes recovered off
the Shimokita Peninsula, Japan'®’; and Mycobacterium phage Bromden (family
Vilmaviridae), an actinobacteriophage infecting Mycobacterium smegmatis isolated
from soil in Michigan, USA'**. These overlays highlight the strongly conserved
modular architecture of TerLL across both bacterial and archaeal tailed viruses
despite variation in local model per-residue confidence (pLDDT). MCP overlays are
shown in Fig. 1c(ii), with the cluster representative derived from Fusobacterium
phage Fnul, a lytic phage of the pathogen Fusobacterium nucleatum'*. MCPs
display the canonical HK97-fold architecture'’®, with other MCP representatives
broadly mirroring the host ecologies of the TerLi examples (Figure 2.1¢(i).

Foldseek alignments across the 20,289 clusters were consistently high quality,
with a median TM-score of 0.76, RMSD of 1.83 A, and alignment coverage of 0.89
(Fig. 1d). Intra-cluster protein length distributions were similarly homogeneous,
with a median length range of 4 aa, an interquartile range of 0-28 aa, and ~90% of
clusters differing by <100 aa between their shortest and longest proteins. Although
predicted pLDDT values varied widely (median 68.7), many proteins with modest or
low global pLDDT still produced accurate, high-confidence structural alignments.
This reflects the single-pass, MSA-free nature of ESMFold, which prioritises speed
over global confidence but reliably captures overall fold geometry. The consistently
high structural congruence across clusters indicates that variation in either per-
residue or global predicted ESMFold confidence does not undermine the integrity
of the Foldseek-based clustering. Taking this, and the novelty and diversity of the
viral proteins examined, into consideration, we retained all structural predictions
to maximise proteome coverage and avoid losing genuine evolutionary signal.

To evaluate how lower-confidence models influenced tree topology, we compared
the full structural phylogeny with a version reconstructed using only proteins
with pLDDT > 50 (347,958 models). The two trees showed moderate topological
agreement (global RF similarity = 0.44; RF distance = 0.56). Family-level stability
exhibited a strong sampling effect: very small families (1-5 genomes) appeared arti-
ficially stable due to the limited number of possible bipartitions, whereas mid-sized
families (~10-40 genomes) showed the steepest decline in stability, indicating that
much of their internal branching structure depends on lower-confidence protein

25



CHAPTER 2. A NOVEL APPROACH TO CAUDOVIRICETES TAXONOMY
UTILISING WHOLE PROTEOME STRUCTURE-STRUCTURE COMPARISON

models. Stability increased again for large families (>100 genomes), plateauing
around RF similarity ~0.65-0.75, with deep, well-supported clades retained
even as shallower relationships shifted. Together, these results demonstrate that
low-pLDDT ESMFold models carry substantial fine-scale phylogenetic signal, and
that intermediate-sized families are particularly sensitive to reductions in proteome
sampling.

To contextualise our structural proteome-based taxonomy within existing viral
taxonomy frameworks, we reconstructed single-gene phylogenies from the three
hallmark proteins most commonly used in Caudoviricetes taxonomy: major capsid
protein (MCP), terminase large subunit (TerL), and the portal protein. Confidently
identified hallmark proteins were recovered from the genome dataset, including
4,021 MCPs, 3,989 TerLs, and 3,487 portal proteins. The resulting protein
sequences were aligned using MAFFT and used to reconstruct maximum-likelihood
phylogenies with FastTree ((Supplementary Figure 2.7-Figure 2.9)).

To quantify similarity between phylogenies, Robinson-Foulds (RF) distances
were calculated between the structural phylogeny and each hallmark-gene tree. RF
measures the number of internal bipartitions (splits) that differ between two trees,
with lower values indicating greater agreement. All three hallmark-gene phylogenies
exhibited moderate similarity to the structural tree, with normalized RF distances
of 0.76 (MCP), 0.73 (TerL), and 0.69 (portal), corresponding to approximately 24%,
27%, and 31% shared internal bipartitions, respectively. Because RF is a stringent
metric that penalizes every discordant internal bipartition, we additionally assessed
ICTV family-level monophyly as a measure of taxonomic coherence. The structural
proteome tree recovered 57.4% of families as monophyletic, compared with 48.1%
for MCP, 57.7% for TerL, and 63.8% for portal. Although the portal tree exhibited
the lowest normalized RF distance and the highest family-level monophyly score,
these results should be interpreted cautiously, as the comparison was based on a
smaller subset of confidently identified portal proteins (n = 3,487) than the MCP
and TerL analyses, limiting direct comparison among marker genes. Notably, TerL
recovered ICTV family-level groupings at a level comparable to the structural tree
while maintaining near-complete taxonomic coverage, suggesting that it is one of
the most informative single markers for reconstructing Caudouviricetes evolutionary
history.

Together, these analyses indicate that individual hallmark genes capture a
considerable fraction of the evolutionary signal present within the structural
proteome tree, with TerL emerging as the most informative single marker for
reconstructing Caudoviricetes taxonomy. Although TerL recovered family-level
monophyly comparable to that of the structural proteome phylogeny, no individual
marker reproduced the full topology of the genome-wide structural tree. These
findings suggest that whole-proteome structural approaches capture additional phy-
logenetic information distributed across numerous proteins, providing evolutionary
resolution beyond that obtainable from any single hallmark gene.

Pfam domain prediction was used to complement RefSeq/GenBank annota-
tions, providing functional context for hypothetical sequences and enabling the
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identification of common folds across Caudoviricetes’ proteomes. The two most
abundant domains were uncharacterised families: PF06569 (DUF1128; 6,300
occurrences), which corresponds to a family of short, hypothetical bacterial proteins
of unknown function, and PF06174 (DUF987; 4,106 occurrences), another poorly
characterised bacterial protein family related to the hypothetical protein YeeT.
Their prevalence highlights how some of the most frequently encoded viral proteins
remain completely functionally unexplored.

Among annotated domains, PF03206 (NifW; 4,055 occurrences) was unexpect-
edly wide-spread. Functioning as an accessory protein in diazotroph nitrogen fixa-
tion'*", its prevalence in bacteriophages suggests repeated acquisition as an auxiliary
metabolic gene. PF07126 (ZapC; 3,863 occurrences) was also strikingly common.
ZapC is an FtsZ-binding factor that stabilises the bacterial Z-ring'*®, and its pres-
ence in phage genomes points to potential re-current capture of host cytokinesis reg-
ulators. Such domains may enable phages to manipulate host cell division—either
delaying cytokinesis to extend the replication window or perturbing Z-ring dynamics
to coordinate lysis with a specific cell-cycle stage. Finally, PF13392 (HNH endonu-
clease; 3,164 occurrences) was frequently detected, often positioned near terminase
genes'?| consistent with roles in nicking, recombination, genome packaging, and,
in some cases, mobility through homing activity "*’. Together, these findings reveal
a functionally rich and largely uncharacterised genetic armoury of phage-encoded
domains, highlighting both the extent of viral novelty and the diverse mechanisms
by which Caudoviricetes interact with their bacterial hosts (Supplementary Fig-
ure 2.10).
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2.3.2 Structure-based taxonomy aligns with ICTV classifi-
cations and exposes gaps in higher taxonomic ranks

Tree scale: 1 +

a Genome Length
[] 0-40kb
[ 40-80kb
[] 80-120 kb
Il 120-160 kb
Il 160200 kb

B >200 kb QQ PRV
Q; 2 °

<V

, ™ ¢

2 o S i, | "

\»0‘?\ \‘\‘%"%/////////////////////////m L / %4
>l il

S

,‘a\\"q‘ﬂ

o
.amﬂ°“°'“v
-oyduosony
Aurotransc,—ima

S 3
3 k4
<& 595% E33ad s F o
%% 9238 T @ U
D L BT DY N & )3 \
ORZOCI R C x
RN WL LS 2t & ),
2) %% Al Q

¢
, o2
5
5

eepujroueiy

b Host Phylum ) —— C Order (ICTV VMR40)
[l Actinomycetota
[ Asgardarchaeota
Il Bacilota
[] Bacteroidota
[ Cyanobacteriota

[l Methanobavirales
[l Juravirales

[[] Crassvirales

[ Autographivirales
B Thumleimavirales

[l Deinococcota [ Nakonvirales

[ Euryarchaeota \\ [[] Grandevirales
[ ] Fusobacteriia \ [] Pantevenvirales
[] Pseudomonadota [] Magrovirales
[l Spirochaetota [ Adrikavirales
|:| Thermoproteota D Kirjokansivirales
[ ] Unknown [ ] Unclassified

Figure 2.2: Structure-informed phylogeny of 4,082 Caudoviricetes
genomes.
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Individual leaves are coloured by ICTV family, enabling direct visual comparison
between structure-based clustering and established taxonomy; leaves and branches
shown in black correspond to genomes without an assigned ICTV VMRA40 family.
Cryo-EM-resolved virion models are mapped to their corresponding leaves, providing
morphological reference points across characterised viral lineages. The three outer
annotation rings show: (a) genome length, represented by six size classes from <
40 kb to > 200 kb; (b) predicted host phylum, spanning major bacterial and archaeal
groups; and (c) ICTV VMRA40 order-level taxonomy.

To evaluate how structural similarity reflects existing ICTV taxonomy, we
constructed a neighbour-joining phylogram from a presence-absence matrix of
structural protein clusters. Each genome was encoded as a binary profile of its
structural proteome, pairwise Dice distances were computed, and the resulting
tree was rooted using Herpes simplex virus 1 (HSV-1), a distant but appropriate
outgroup from the realm Duplodnaviria, which encompasses both Caudoviricetes
and Herpesuviricetes. The global topology preserves the major ICTV-defined families
and orders (Figure 2.2, leaf colours designate family, annotation ring C), supporting
the use of structure-based clustering for resolving evolutionary relationships and
guiding the placement of unclassified genomes.

To quantify taxonomic concordance, we assessed monophyly using precision
scores based on the last common ancestor (LCA) of each ICTV-assigned group
(minimum n > 2 genomes). Of the 80 ICTV families present, 55 met this criterion.
Among these 55 families, 30 (54.5%) were perfectly monophyletic (precision =
1.0), and 38 (69.1%) showed precision > 0.85, reflecting strong congruence between
structure-based clustering and ICTV family boundaries. Nine well-sampled families
(> 10 members)— Herelleviridae (115 members), Drexlerviridae (113), Peduoviridae
(101), Autosignataviridae (36), Zierdtviridae (26), Chaseviridae (15), Orlajensen-
viridae (11), Pootjesviridae (11), and Hafunaviridae (10)—were recovered as fully
monophyletic in the structural phylogeny, with no extraneous taxa within their
last common ancestors (LCAs) and precision scores of 1.0. Near-perfect families
included Ackermannviridae (precision = 0.984) and Straboviridae (0.981), where
minor deviations stemmed from the integration of previously unclassified genomes
that were recruited to the structural clade.

Several smaller families (n < 4), including Druskaviridae, Ekchuahviridae,
Fredfastierviridae, Graaviviridae, Haloferuviridae, Kleczkowskaviridae, Lakviridae,
Madridviridae, Saffermanviridae, Saparoviridae, and Vertoviridae, were also recov-
ered as monophyletic. However, their limited sampling provides weaker statistical
support and precludes robust conclusions regarding their long-term evolutionary
stability.

Inconsistencies were apparent for several families. Rountreeviridae, Salas-
maviridae, and Guelinviridae were fragmented across neighbouring clades, with
Guelinviridae embedded between two branches of Salasmaviridae, resulting in low
precision scores (0.521, 0.352, and 0.172, respectively). These families all have small
genomes (16-20 kb; Figure 2.2a), podovirus-like morphology and infect Bacillota
hosts. Their interspersed placement suggests that sequence-based analyses either
lacked the sensitivity to detect their relatedness or that these lineages were never
systematically compared. The structural analysis therefore reveals an underlying
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evolutionary connection that was previously obscured.

A closer examination of families within the order Autographivirales (podovirus-
like phages mainly infecting Pseudomonadota) revealed that Autosignataviridae
formed a clean, fully monophyletic clade (precision = 1.00), while Autotranscrip-
taviridae also displayed a largely monophyletic structure (precision = 0.91) with
the incorporation of additional genomes. In contrast, Autonotataviridae showed
low precision (0.28) as its members were split between two neighbouring clades of
Autoscriptoviridae, suggesting that these two families actually represent a single
evolutionary lineage rather than distinct groups. Notably, a set of unassigned
ge-nomes positioned between Autoscriptoviridae and Autotranscriptaviridae formed
a coherent, well-supported cluster in the RED-normalised tree discussed below.
Based on this stability—and consistent with the naming theme of Autographivirales
(self-transcribing viruses that encode their own RNA polymerase)—we designate
this lineage as a new candidate family, “Autocodicoviridae”, representing a distinct
and previously unresolved clade.

At the order level, several taxa exhibited strong structural concordance.
Nakonvirales and Grandevirales were fully monophyletic (precision = 1.0), while
Crassvirales (0.973), Pantevenvirales (0.949), and Autographivirales (0.918) showed
high precision scores, indicating substantial agreement between structure-based
clustering and existing order assignments (Figure 2.2c). Minor departures from
perfect precision in these groups were driven by the incorporation of previously un-
classified genomes that clustered naturally within these orders. In contrast, orders
of archaeal viruses such as Methanobavirales, Thumleimauvirales, Kirjokansivirales,
Magrovirales, and Juravirales were highly fragmented, with precision scores ranging
from 0.001 to 0.031 (Figure 2.2c).

Subfamily- and genus-level classifications showed the highest consistency with
structural clustering. Of the 121 subfamilies present, 85 (70.2%) were perfectly
monophyletic, and among 584 genera, 503 (86.1%) showed complete monophyly
(precision = 1.0) (Supplementary Figure 2.11).
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2.3.3 Taxonomic Expansion Through Relative Evolutionary

Divergence (RED) Scores and the definition of new
candidate taxa
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Figure 2.3: RED-scaled phylogenetic atlas of Caudoviricetes.
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The RED-scaled phylogram displays the diversity and organization of Caudoviricetes
genomes as resolved by our expanded phylogenomic and taxonomic framework.

(a) Genome length distribution across the tree, grouped into six size classes.

(b) Host phylum annotations for each virus, highlighting broad host range and
phylum-specific clustering.

(c) Order-level structure, with coloured blocks marking taxonomic boundaries.

(d) Order definition: comparison of ICTV VMRA40 orders with newly defined orders
identified in this study. Together, these layers form the first comprehensive, uni-
fied taxonomic framework for Caudoviricetes, expanding higher-order classifications
across the class and contextualising their immense diversity in terms of genome size,
host associations, and order- and family-level boundaries.

To resolve polyphyletic ICTV taxa, standardise ambiguous classifications, and
enable consistent taxonomic assignment across the structural phylogeny, we applied
a topology-aware, rank-normalised framework based on Relative Evolutionary
Divergence (RED). RED quantifies the relative position of each node along a
rooted tree (0 = root, 1 = tips), with internal nodes interpolated linearly from
parent to descendants, following the approach used by the Genome Taxonomy
Database (GTDB) for bacterial and archaeal phylogenomics'''. Unlike absolute
branch-length thresholds, RED provides relative, rank-scaled cut-offs that enable a
reproducible and scalable classification system.

RED values were computed on the structural phylogeny using PhyloRank.
Optimal RED thresholds for each taxonomic rank were identified by scanning RED
cut-offs from 0 to 1 and maximizing agreement with ICTV taxonomy, measured
using Adjusted Mutual Information (AMI). Peaks in AMI identified rank-specific
RED intervals: Order (0.46-0.54), Family (0.54-0.63), Subfamily (0.63-0.77), Genus
(0.77-0.92), and Species (0.92-1.00) (Supplementary Figure 2.12, Supplementary
Figure 2.13). These thresholds were applied to resolve polyphyletic taxa and assign
ranks to previously unclassified clades.

RED-defined clades showed strong concordance with ICTV taxonomy. At opti-
mal thresholds, 55% of orders (6/11), 82.3% of families (65/79), 82.3% of subfamilies
(102/124), and 95.2% of genera (1,302/1,367) were recovered as monophyletic. For
polyphyletic taxa, the largest co-herent clade retained the ICTV name, and smaller
discordant clades were assigned place-holder names (e.g., Herelleviridae_1, Herelle-
viridae-2). Novel orders were named after their dominant family; novel families after
classical weaponry; and novel subfamilies after Solar System moons (Supplementary
File 2). At the order level, 146 novel orders were created, with an average of 20.7
genomes per order (median = 8, range = 1-244), including 3 singleton clades. At
the family level, 200 new families were defined, with a mean size of 10.6 genomes
(median = 4, range = 1-118), including 23 singletons. Subfamily-level definitions
showed even greater granularity, with 356 novel subfamilies averaging 5.6 genomes
each (median = 3, range = 1-95), including 96 singletons. In total, this approach
yielded 159 orders, 269 families, 503 subfamilies, and 1,189 genera, establishing a
systematic, phylogeny-informed expansion of Caudoviricetes taxonomy.
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Figure 2.4: Structural protein similarity across Caudoviricetes genomes,
visualised as clusters grouped by Order. The lower panel compares the newly
defined RED-based order assignments with those reported in ICTV VMRA40, mark-
ing a majority of newly created orders. Only orders with at least 20 genomes are
shown (39 included; 120 excluded).

2.3.4 Structural Relatedness Across Caudoviricetes

To quantify relatedness within and between taxonomic ranks, pairwise percentages
of shared structural protein clusters for each group (intra-rank) and between groups
(inter-rank) were calculated. Intra-rank similarity followed the expected hierarchi-
cal trend, increasing toward lower ranks: genus-level groups shared an average of
55.7 £ 3.5%, followed by subfamily (44.9 + 8.4%), family (37.5 + 10.6%), and order
(32.8 £ 12.1%; Fig. 4). In contrast, inter-rank similarity was uniformly low across
all levels, with mean values of 4.8-5.2% and very low variability (e.g., standard de-
viation = 0.5% at genus, 1.5% at order). These consistently low similarities reflect
strong, clade-specific proteomic signatures and the resulting well-defined boundaries
between taxonomic groups (Supplementary Figure 2.14).
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2.3.5 Machine Learning-Based Taxonomic Classification

To extend this analysis into a predictive framework for assigning taxonomy to novel
phage genomes, binary Random Forest classifiers were trained across the four hi-
erarchical taxonomic ranks: order, family, subfamily, and genus. Each genome
was encoded as a binary vector indicating the presence or absence of 20,289 non-
redundant structural protein clusters, providing a representation of its structural
proteome. Classifier training was supervised using labels derived from revised and
extended taxonomic assignments based on Relative Evolutionary Divergence (RED)
cut-offs.

Random Forest Classifier: Top Predictive Features
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Figure 2.5: Top Predictive Protein Features Used by the Random Forest
Classifier Across Viral Taxonomic Ranks.
(a) Feature-weight heatmap showing the proteins most informative for distinguishing
taxonomic ranks. High-weight features are dominated by structural proteins (e.g.,
tail, portal) and replication enzymes (e.g., DNA polymerases, primase/helicase).

34



CHAPTER 2. A NOVEL APPROACH TO CAUDOVIRICETES TAXONOMY
UTILISING WHOLE PROTEOME STRUCTURE-STRUCTURE COMPARISON

(b) Distribution of feature weights highlighting the top-ranked proteins by median
importance.

(¢) Functional annotations for each protein, colour-coded by category. (d) Contri-
bution of the top features to total model weight, showing a strong enrichment for
structural and replication-associated functions.

(e) Hierarchically clustered z-scored presence/absence profiles of the top predictive
proteins across viral orders, illustrating clear order-specific usage patterns.

Across all ranks, the most predictive features for distinguishing taxonomic
groups were a minor tail protein (YP_010055968.1), two DNA polymerases (Family
B, YP_009855449.1, and Family A, YP_010062267.1), a DNA primase/helicase
(YP_009824164.1), and a portal protein (YP_009802963.1) (Figure 2.5). Among
the top 30 features, 22 corresponded to structural or replicative proteins, reflect-
ing both their central roles in Caudoviricetes biology and their lineage-specific
diversification. Collectively, these 30 proteins accounted for 15% of total model
weight, demonstrating that a relatively small subset of features disproportionately
contributes to classification accuracy and confirming that the model is capturing
meaningful biological signal. Interestingly, despite the well-documented horizontal
mobility of Caudoviricetes polymerases'?”, the Random Forest model still exploits
subtle lineage-specific variation in these genes—highlighting its ability to iden-
tify discriminative patterns even in proteins with limited deep evolutionary stability.

Classifier performance was evaluated using controlled downsampling, with
each taxon subsampled to fixed training sizes. At the order and family levels,
performance rapidly plateaued, with AUROC, accuracy, precision, recall, and F1
scores exceeding 0.95 once > 10 genomes per taxon were available (Supplementary
Figure 2.15, Supplementary Figure 2.16). Subfamily-level classification showed
similarly strong performance, peaking at moderate training sizes and highlighting
this rank as a balance between phylogenetic resolution and robustness (Sup-
plementary Figure 2.17). At the genus level, AUROC, AUPRC, and accuracy
remained high across all training sizes, while precision and F'1 were more sensitive
to training set composition, showing increased variability at small training sizes
and modest declines at larger sizes. Despite this, strong separation between genera
was achieved with moderate training sizes, with AUROC, AUPRC, and accuracy
exceeding 0.95 at approximately 10 genomes per genus (Supplementary Figure 2.18).

The final production classifier was trained on all available taxa without down-
sampling, maximizing its exposure to the full diversity of known Caudoviricetes.
To evaluate performance on unseen data, the production models were tested on
an independent set of 1,746 ICTV-classified Caudoviricetes genomes (131,003
proteins) that were excluded from training. Of the 603 genomes with order-level
labels matching those in the training set, 602 (99.8%) were correctly classified,
suggesting that the single misclassified genome may have been incorrectly labeled
in the reference dataset rather than mispredicted by the model. At the family
level, 785 out of 854 genomes (91.9%) were correctly predicted; 941 of 1,019
subfamily labels (92.4%) were accurate, and 998 out of 1,141 genus-level predic-
tions (87.4%) matched their ground truth assignments (Supplementary Figure 2.19).
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To more closely investigate the biological basis of model predictions and assess
whether classification performance was driven by meaningful taxonomic signal
rather than noise, we examined Random Forest feature importance profiles across
multiple taxonomic ranks (Supplementary Figure 2.20-Figure 2.25). Distinct
lineage-specific signatures were observed at both order and family levels, including
informative tail proteins, baseplate proteins, DNA polymerases, and tail assembly
chaperones, while many of the highest-ranking features corresponded to proteins of
unknown function. Together, these results indicate that classification is driven by
structured combinations of taxon-specific protein features rather than reliance on a
small number of conserved marker genes.

Analysis of feature importance distributions revealed a strongly right-skewed
pattern, with predictive signal distributed across thousands of protein features
rather than concentrated within a small number of markers (Supplementary
Figure 2.26). Although a relatively small subset of highly informative proteins
contributed disproportionately to classification performance, approximately 4,608
and 7,090 features were required to explain 90% and 95% of total model impor-
tance, respectively. These results suggest that future versions of the classifier could
be substantially accelerated through feature-selection approaches that restrict
training to the highest-ranking structural protein features, potentially reducing
computational cost while retaining the majority of predictive signal.

Given the rapid expansion of viral metagenomic sequencing, we anticipate sub-
stantial performance gains in future iterations of the classifier. Each newly validated
Caudoviricetes genome enriches the training space, reduces ambiguity at deeper
phylogenetic splits—particularly within genera and subfamilies that are currently
under-represented—and increases the model’s ability to discriminate among closely
related taxa. Consequently, classifier performance is expected to scale upward as
taxonomic coverage grows, further strengthening robustness, resolution, and confi-
dence in predictions for novel genomes.

2.3.6 PhagePleats: A Tool for Taxonomic Classification of
Phages

This study culminated in the development of PhagePleats https://github.com/
lindabmith/PhagePleats, a scalable Python tool for taxonomic classification
of Caudoviricetes genomes using structural rather than sequence-based features.
PhagePleats uses a reference database of 20,289 structural protein clusters—the
Foldseek-derived representatives from the optimal clustering run, collectively
capturing the structural diversity of 445,151 phage protein models. For each query
genome, its pre-folded proteins (ESMFold PDB format) are searched against this
structural database using Foldseek. Matched cluster representatives are encoded
into a binary structural presence-absence vector, which is passed to a suite of
one-vs-rest Random Forest classifiers to generate taxonomic predictions at the
order, family, subfamily, and genus levels. To ensure robustness in the face of
the vast uncharacterised diversity of the virosphere, PhagePleats incorporates a
novelty-aware quality control layer. Each query genome is compared to the training
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set using FAISS-based nearest-neighbour search'’® on Jaccard similarity (percent-
age of shared structural clusters). This serves both as a secondary validation of
classifier predictions, and a safeguard for detecting highly divergent or genuinely
novel genomes. Genomes sharing near-zero structural similarity with the reference
set are automatically flagged as novel.

To quantify divergence more formally, intra-clade statistics were computed for all
training clades, including the mean and variance of pairwise shared-protein percent-
ages. Query genomes receive z-scores relative to the distribution of their predicted
clade, enabling graduated novelty calls (e.g., “likely member”, “possible new sub-
family”, “potentially novel genus”, “novel taxa”). This provides an interpretable
framework for distinguishing well-supported assignments from outliers that may
represent new evolutionary lineages. Because the system is built on structural fea-
tures that scale with available data, PhagePleats is intrinsically extensible. As
new Caudoviricetes genomes are discovered and incorporated, the structural cluster
reference database and training matrices can be seamlessly expanded, improving
taxonomic resolution and enabling increasingly accurate and sensitive classification
of the rapidly growing global virome.

2.3.7 Conclusion

We present PhagePleats, a Python-based framework for scalable, objective, and
reproducible taxonomic classification of Caudoviricetes viruses based on structural
proteome content. By integrating whole-structurome similarity, RED-based phylo-
genetic normalisation, and machine learning, our approach achieves high congru-
ency with existing ICTV taxonomy. Additionally, it expands the current classifica-
tion system by assigning higher-level taxonomic ranks and delineating novel clades
and lineages across the dataset. Importantly, this framework lays the foundation
for a universal, structure-informed viral classification system capable of extending
across the virosphere. As genomic databases continue to expand and the efforts of
Viral Study Groups refine and formalise viral groupings, the integration of newly
characterised genomes will further strengthen model performance and taxonomic
resolution. With the ongoing growth of curated viral data, this approach holds
the potential to assign taxonomy to all known and future viral genomes, bridging
current classification gaps and supporting a unified, data-driven taxonomy for viral
diversity.

2.4 Methods

2.4.1 Folding and Selection of Sample Genomes

A total of 4,082 representative Caudoviricetes genomes were selected
from ICTV VMR40 to maximise phylogenetic and taxonomic breadth
(4083_ICTV_metadata.csv), and their corresponding protein sequences were
directly obtained from the RefSeq/GenBank annotations associated with their
accessions.  Herpes simplex virus 1 (HSV-1; NC_001806.2) was added as an
outgroup, yielding 4,083 total genomes. All 445,151 phage proteins (plus 53 HSV-1
proteins) were folded using the esmfold v1() model from ESMFold'*. Folding was
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performed in an environment derived from the project-provided environment.yml,
with updates for A100 GPU compatibility (PyTorch 1.9.0+culll). Structures were
generated using: python fold.py —chunk-size 128.

2.4.2 Structural Clustering and Annotation

All folded proteins were clustered using Foldseek (v7.04e0ec8) easy-cluster “°) run
across a broad grid of sensitivity/specificity parameters (run_foldseek batches.sh).
Result files were imported into Notebook 1 for benchmarking https:
//github.com/lindabmith/Structural_Taxonomy_Caudoviricetes/. Protein
metadata—including RefSeq descriptions, accessions, and ICTV taxa—were merged
into cluster assign-ments using in-house Python scripts. 249 truncated TerL proteins
were identified (visually in PyMOL and via length filtering j50% of median length)

and removed prior to downstream analysis.

2.4.3 Cluster Benchmarking Framework

We evaluated cluster quality using four complementary criteria:

1. Marker-protein cluster size. Three canonical Caudoviricetes structural
markers were used as internal controls:

e Major capsid protein (MCP)
e Terminase large subunit (TerL)

e Portal protein

Parameter sets were retained when the median cluster size was > 3,000 across
these markers.

2. Functional specificity. Functional homogeneity was assessed using
Pfam predictions generated with protein-vec (https://github.com/tymor22/
protein-vec) and quantified using the inverse Shannon entropy of domain
composition. Cluster parameters yielding a median specificity score > 0.7
across the three canonical markers were retained.

3. Structural coherence (PyMOL RMSD validation). For ecach parame-
ter set, the five largest clusters were structurally validated using all-versus-

representative RMSD calculations performed in PyMOL v3.0.0 (open-source
build ¢7e389c0)'** through the pymol2 API. We computed:

e median per-cluster RMSD,
e summary RMSD (median of per-cluster medians), and

e RMSD dispersion (standard deviation).

4. Global fold-quality validation (US-align). To independently validate the
structural consistency of the Foldseek-derived clusters, all members of each
cluster (20,289 clusters total) were structurally aligned to their corresponding
representative using US-align'’’. For each member-representative compar-
ison, TM-score, RMSD, and aligned-length values were extracted, enabling
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quantitative assessment of intra-cluster structural coherence across the entire
dataset. For each cluster, we extracted:

e median TM-score,
e median RMSD,
e TM-score interquartile range, and

e protein length distribution statistics, including mean, median, mini-
mum, maximum, standard deviation, absolute range, and fold-range
(max_len/min_len).

Across all metrics, the best-performing Foldseek easy-cluster configuration
was: coverage = 40%, TM-score = 0.30, E-value = 1 x 1072, and cluster-reassign
= 1. This run produced the largest median cluster size (3,367) and the lowest median
RMSD (4.03 A) (Supplementary Figure 2.28).

2.4.4 Pfam Domain Annotation

To augment existing RefSeq annotations, Pfam predictions were generated us-
ing protein-vec (https://github.com/tymor22/protein-vec). The software en-
vironment was adapted for CUDA 11.4 with PyTorch 1.12.1. Predicted Pfam
accessions were linked to domain definitions from the Pfam-A seed database
(https://www.ebi.ac.uk/interpro/download/Pfam/Pfam-A.seed.gz) using cus-
tom Python scripts (data/scripts/protein-vec/).

2.4.5 Host Annotation and Inference

Host metadata were retrieved from GenBank using the NCBI Entrez API. Of the
4,082 Caudoviricetes genomes, 1,625 (39.8%) included an explicit host qualifier,
which was extracted directly. For genomes lacking submitted host information, host
identity was inferred by parsing host-bearing substrings from virus names (e.g., Gor-
donia phage, Pseudomonas virus, E. coli phage T7). From these host species names,
phylum-level assignments were inferred by mapping each species to its correspond-
ing NCBI Taxonomy lineage using esearch/efetch, yielding biologically consistent
assignments (e.g., Gordonia phage — Gordonia sp. — Actinomycetota). Names
that could not be resolved to an NCBI taxon were labeled Unknown and excluded
from phylum-level analyses. All host-extraction and taxonomy-mapping scripts are
provided in Notebook 8.

2.4.6 Structural Presence—Absence Matrix

The optimal Foldseek clustering output was merged with protein metadata to assign
each genome a set of structural protein clusters. A binary presence—absence matrix
was constructed where:

e rows represent structural clusters,
e columns represent genomes, and

e values indicate presence (1) or absence (0).
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Singleton clusters (present in fewer than two genomes) were excluded. Pairwise
genome similarity was computed using the Sgrensen—Dice coefficient. The result-
ing distance matrix was converted to PHYLIP format and passed to DecentTree
(Neighbour-Joining) for tree construction. The tree was rooted on HSV-1 for down-
stream RED scaling. All code supporting this workflow is provided in Notebook 2.

2.4.7 Single-Hallmark Protein Phylogenies

Representative MCP, portal, and TerLL proteins were identified from each genome
and aligned using MAFFT v7.525 with the --—auto strategy. Maximum-likelihood
phylogenies were inferred using FastTree v2.1.11 under the LG amino acid sub-
stitution model (-1g) with CAT rate heterogeneity. Trees were rooted using the
corresponding MCP, TerL, or portal proteins from HSV-1 and compared with the
structural proteome phylogeny using Robinson-Foulds distances and ICTV family-
level monophyly.

2.4.8 Assessment of ICTV VMR40 Taxonomic Monophyly

Agreement between ICTV VMRA40 taxonomic assignments and the structure-based
phylogenetic tree was assessed using an LCA-based monophyly test (Notebook 3).
A Dice-distance-derived tree was analysed together with metadata linking each leaf
to its ICTV taxonomic label. For each taxonomic group containing at least two
genomes, the lowest common ancestor (LCA) of all member leaves was identified,
and the set of descendant leaves was compared to group membership. Groups were
classified as monophyletic if the LCA contained exactly the genomes assigned to that
taxon. Deviations from strict monophyly were quantified using a precision metric,
defined as the proportion of LCA-descendant leaves belonging to the focal taxon.
Groups with fewer than two members were excluded from analysis.

2.4.9 RED-Based Phylogenetic Scaling and Taxonomic
Boundary Inference

The rooted tree was processed using PhyloRank with the -—-fixed_root option to
compute relative evolutionary divergence (RED) scores for all nodes. RED distri-
butions were compared with ICTV-defined taxa to identify optimal boundaries at
the order, family, and subfamily levels by maximizing Adjusted Mutual Information
(AMI). Rank-specific RED windows (e.g., order: 0.46-0.54) were defined with a
+0.03 tolerance for borderline clades. A greedy MRCA-selection algorithm identi-
fied a non-redundant set of representative clades per rank (Notebook 4). All rank
assignments were manually verified in iTOL where necessary.

2.4.10 Random Forest Classifier Training

Random Forest classifier training, benchmarking, and evaluation were implemented
in Notebook 5. Binary one-versus-rest Random Forest models were trained at the
order, family, subfamily, and genus levels using:

e features: binary structural presence—absence vectors, and
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e labels: RED-informed rank-level clades.

Class balance was enforced by downsampling each taxon to fixed training sizes (5,
10, 20, 50, and 100 genomes). Taxa with fewer than five representatives were ex-
cluded from cross-validation. Performance was evaluated using AUROC, AUPRC,
precision, recall, F1 score, and cross-validation accuracy (Supplementary Figs. 7—
10). After benchmarking, final production models were trained on the full dataset
without downsampling.

2.4.11 Independent Test Set

To evaluate model generalization, 1,746 ICTV-curated Caudoviricetes genomes not
used during training were folded and classified, yielding the following accuracies:

e Order: 602/603 correct (99.8%),

o Family: 785/854 (91.9%),

e Subfamily: 941/1,019 (92.4%), and
o Genus: 998/1,141 (87.4%).

Genomes belonging to taxa absent from the training set were excluded from evalu-
ation.

2.4.12 Statistical Analysis and Visualization

All statistical analyses were performed using Python v3.8.19''° in Jupyter Note-

books'" and R v4.1.1'**. In Python, data processing, statistical analyses, and visu-
alization were conducted using pandas v2.0.3'") NumPy v1.24.4"°  scikit-learn
v1.3.2"!) seaborn v0.13.2'%? matplotlib v3.7.5'°% and Entrezpy'"’. In R, data
manipulation and visualization relied on ComplexHeatmap '™, ggplot2'"® dplyr'"’,
tidyr'°®, and RColorBrewer '”’. Protein structure visualizations were generated us-
ing PyMOL %Y, comparative protein structure analyses were performed using Bio3D
in R'°', and phylogenetic trees were visualised and annotated using iTOL'%%.

2.4.13 Code Availability

All code and output data supporting this study are available in the
GitHub repository at https://github.com/lindabmith/Structural_Taxonomy_
Caudoviricetes/.
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Supplementary Figure 2.6: Taxonomic representation of Caudoviricetes
genomes in the training set versus the ICTV VMR40 dataset.
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(A) Bar plot showing genome counts by order for both the training set (blue) and the
complete ICTV VMR40 dataset (orange). While orders such as Autographivirales,
Crassvirales, and Pantevenvirales are well represented, the majority of genomes
remain unclassified at the order level in ICTV VMRA40.

(B) Bar plot showing genome counts by family, highlighting the uneven representa-
tion of families within Caudoviricetes. Several families are highly studied—such as
Autotranscriptaviridae, Autoscriptoviridae, Demerecviridae, Drexlerviridae, Herelle-
wvirtdae, Schitoviridae, and Straboviridae—each with over 100 members, while many
others are sparsely represented or remain entirely unassigned. This highlights the
absence of higher-level taxonomic definition within the current ICTV VMRA40 clas-
sification scheme and underscores the need for an expanded framework to capture
the diversity of tailed dsDNA viruses. Several families newly introduced in ICTV
VMRA40, including Alisviridae, Andersonviridae, and Umezonoviridae, were not cap-
tured in this analysis, underscoring the rapid pace at which diversity within this viral
class is being uncovered and the need for ongoing model updates.

44



CHAPTER 2. A NOVEL APPROACH TO CAUDOVIRICETES TAXONOMY
UTILISING WHOLE PROTEOME STRUCTURE-STRUCTURE COMPARISON

Tree scale: 10 +

Chimalliviridae

Autographivirales Unassign d
a e
. .
SlErRansvisidee

Intestiviridae

Suolaviridae
. iridag
Sta“w‘““)a\r;‘r‘\g“ll“"‘%ae
e Iice
o 7 eva"s'/'
2 5
N\esxja“ h’a”i"iri e
o, %ae
> .
o
VAN e “
L Y e,
SRS @ - ' %
S S e “,
S . e
Y S o, e
oy ST 558 mmaos %
S& ST 558 RS
% P 95 Soah3
kY @ @' & q,’,”’g S
F S 5 ol =S
B 558 SEEma
o' £95 HEFZHS
N Lovug N
S20 %
<85 95
5T 3
= x
g
g
>
L
3
<

b Order (ICTV VMR40) |:] Kirjokansivirales

l Family B Adrikavirales [] Magrovirales
. Autographivirales . Methanobavirales
. Nakonvirales

I:] Pantevenvirales

. Thumleimavirales

Q Family (ICTV VMRA40)

D Crassvirales
D Grandevirales
. Juravirales

Supplementary Figure 2.7: Single-gene phylogeny inferred from Major

Capsid Protein (MCP) sequences.
Maximum-likelihood phylogeny reconstructed from 4,021 confidently identified
Protein sequences were

MCPs recoveredf rom unique Caudoviricetes genomes.
aligned using MAFFT and the phylogeny inferred using FastTree. Branches are

annotated according to ICTV VMRA40 family and order classifications. Compar-
ison with the whole-proteome structural phylogeny revealed moderate topological
similarity (normalised Robinson-Foulds distance = 0.76), corresponding to approx-
imately 24% shared internal bipartitions. Family-level monophyly was 48.1%, com-

pared with 57.4% recovered by the structural proteome phylogeny.
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Supplementary Figure 2.8: Single-gene phylogeny inferred from Termi-
nase large subunit (TerL) sequences.

Maximum-likelihood phylogeny reconstructed from 3,989 confidently identified
TerLs recovered from unique Caudoviricetes genomes. Protein sequences were
aligned using MAFFT and the phylogeny inferred using FastTree.
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Branches are annotated according to ICTV VMRA40 family and order classifications.
Comparison with the whole-proteome structural phylogeny revealed moderate topo-
logical similarity (normalised Robinson—Foulds distance = 0.73), corresponding to
approximately 27% shared internal bipartitions. Family-level monophyly (defined by
ICTV VMRA40) was 57.7%, closely matching the 57.4% recovered by the structural
proteome phylogeny.
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Supplementary Figure 2.9: Single-gene phylogeny inferred from portal

protein sequences.
Maximum-likelihood phylogeny reconstructed from 3,487 confidently identified por-

tal proteins recovered from unique Caudoviricetes genomes. Protein sequences were
aligned using MAFFT and the phylogeny inferred using FastTree.
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Branches are annotated according to ICTV VMRA40 family and order classifications.
Comparison with the whole-proteome structural phylogeny revealed the greatest
topological similarity among the three hallmark proteins (normalised Robinson-
Foulds distance = 0.69), corresponding to approximately 31% shared internal bi-
partitions. Family-level monophyly was 63.8%; however, this result should be inter-
preted cautiously as the phylogeny was reconstructed from a substantially smaller
subset of genomes than the MCP and TerLL analyses.
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Supplementary Figure 2.10: Most abundant predicted Pfam domains
across Caudoviricetes.

To expand functional annotation beyond RefSeq/GenBank labels, Pfam domains
were predicted for all proteins in the dataset and ranked by abundance. The
two most prevalent domains were uncharacterised families - PF06569 (DUF1128;
6,300 occurrences) and PF06174 (DUF987; 4,106 occurrences) - illustrating that
some of the most common Caudoviricetes’ proteins lack any experimentally vali-
dated or known function. Among annotated domains, several host-interaction and
DNA-processing elements were prominent, including PF03206 (NifW), PF07126
(ZapC), and PF13392 (HNH endonuclease), reflecting recurrent acquisition of bac-
terial metabolic, cell-division, and genome-modifying factors by phages. Overall,
these results highlight the coexistence of abundant, deeply conserved phage protein
families with extensive functional novelty across Caudoviricetes.

49



CHAPTER 2. A NOVEL APPROACH TO CAUDOVIRICETES TAXONOMY
UTILISING WHOLE PROTEOME STRUCTURE-STRUCTURE COMPARISON

Monophyly Precision of Structural LCAs Relative to ICTV VMR40 Taxonomic Assignments
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Supplementary Figure 2.11: LCA-Based Monophyly Precision Across
Taxonomic Ranks.

(A) Histograms showing the distribution of monophyly precision scores for viral
orders, families, subfamilies, and genera. Precision is defined as the proportion of
genomes within the inferred last common ancestor (LCA) that belong to the same
ICTV-assigned taxon. High precision indicates a structurally consistent and mono-
phyletic grouping.

(B) Boxplots summarizing the range of precision scores across taxonomic ranks, with
overlaid scatter points showing individual taxa. Overall, genus- and subfamily-level
classifications show strong agreement with structure-based clustering, with the ma-
jority achieving perfect monophyly (precision = 1.0). In contrast, family- and order-
level taxa exhibit greater variability, reflecting broader diversity and occasional poly-
phyletic placements. These scores informed subsequent RED-based reassignment of
discordant clades.
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RED vs AMI Across ICTV Taxa
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Supplementary Figure 2.12: RED vs. Adjusted Mutual Information
(AMI) Across ICTV Taxonomic Ranks.

Relationship between Relative Evolutionary Divergence (RED) and Adjusted Mu-
tual Information (AMI) across ICTV-defined taxonomic ranks within the Cau-
doviricetes dataset. Each panel represents a taxonomic level - (A) Order, (B) Family,
(C) Subfamily, (D) Genus, and (E) Species - and shows how well structural cluster-
ing (based on the presence-absence of structural clusters per genome) aligns with
ICTV taxonomy as a function of RED score. Points are coloured by the maximum
number of unique taxa assigned at each RED value for the corresponding rank.

51



CHAPTER 2. A NOVEL APPROACH TO CAUDOVIRICETES TAXONOMY
UTILISING WHOLE PROTEOME STRUCTURE-STRUCTURE COMPARISON

Tree scale: 0.1 ———

RED Taxonomic Ranks

. Order
. Family
[ subfamily
. Genus
. Species

Supplementary Figure 2.13: Circular phylogeny of 4,082 Caudoviricetes
genomes, rooted on the Duplodnaviria outgroup HSV-1 and scaled by
Relative Evolutionary Divergence (RED) using PhyloRank.

The phylogram provided to PhyloRank was built from a Dice-distance structural
presence-absence matrix. Taxonomic boundaries were inferred from RED intervals
optimised using Adjusted Mutual Information (AMI) scores (see Supplementary
Figure 2.12).
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Distribution of Shared Proteins by Taxonomic Rank (Inter vs Intra)
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Supplementary Figure 2.14:

between taxonomic ranks.

Distribution of shared proteins within and

(A) Pairwise percentage of shared structural proteins between clades (inter-clade)
is low across all taxonomic ranks, with narrow distributions centered around 5%.
(B) In contrast, intra-clade shared protein percentages are markedly higher and
more variable, with distributions shifting upward at lower ranks, consistent with
higher relatedness.

(C) Summary table showing the average, median, and standard deviation of intra-
and inter-clade shared protein percentages for each rank. Intra-clade similarity
increases and variance decreases toward the genus level, while inter-clade similarity
remains uniformly low across ranks (~5%).
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Supplementary Figure 2.15: Effect of training set size on order-level tax-
onomic classification performance.

(A) Proportional representation of viral orders in the training sets used for bi-
nary one-vs-all classification at increasing training sizes (5, 10, 25, 50, 75, and 100
genomes per order). To increase classification difficulty and ensure fair comparisons
across orders, training data were downsampled to fixed sizes within each iteration,
thereby standardizing the number of genomes per order and preventing models from
exploiting imbalanced class representation. Orders represented by fewer than five
genomes were excluded due to the requirement for 5-fold cross-validation.

(B) Mean model performance across all one-vs-all order-level classifiers as a func-
tion of training set size. Model performance improved rapidly with increasing
training data, with substantial gains observed between 5 and 25 genomes per
order. From 50 genomes onward, all evaluated metrics—including AUROC, av-
erage precision (AUPRC), F1 score, precision, recall, and cross-validation accu-
racy—consistently exceeded 95%, indicating stable and near-saturated classification
performance. While training data were downsampled to enforce balanced class rep-
resentation, test sets were left unstratified to reflect the natural distribution of viral
orders.
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Supplementary Figure 2.16: Effect of training set size on family-level
taxonomic classification performance.
(A) Proportional representation of training genomes per viral family across varying
training sizes (5-100 genomes per family).
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To standardise training conditions and impose a more stringent learning setting,
taxa were randomly downsampled to equal training sizes in each round, ensuring
fair comparisons across families.

(B) Mean model performance metrics across all family-level classifiers at each train-
ing size. Most metrics remained consistently high; however, precision and F'1 score
declined at the largest training size (100), likely due to increased class imbalance in
the test set and reduced generalization capacity.
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Supplementary Figure 2.17: Effect of training set size on subfamily-level
taxonomic classification performance.
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(A) Proportional representation of training genomes per viral subfamily across vary-
ing training sizes (5-30 genomes per subfamily).

(B) Mean performance metrics for all subfamily-level classifiers at each training
size. Performance remained consistently high for training sizes >10, with AUROC,
AUPRC, and cross-validation accuracy all exceeding 90%. Notably, models trained
with 15 genomes per subfamily achieved the highest overall accuracy, with all met-
rics surpassing 95%, indicating that subfamily-level classifiers are both robust and
highly effective even at moderate training sizes.
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Supplementary Figure 2.18: Effect of training set size on genus-level
taxonomic classification performance.
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(A) Proportional representation of viral genera in the training sets used for binary
one-vs-all classification across increasing training sizes (5, 7, 10, 15, 20, and 30
genomes per genus). To standardise training conditions and ensure fair compar-
isons across taxa, training data were randomly downsampled to fixed sizes within
each iteration, thereby equalizing class representation and imposing a more strin-
gent learning setting. Genera represented by fewer than five genomes were excluded
to permit five-fold cross-validation.

(B) Mean performance metrics across all genus-level one-vs-all classifiers as a func-
tion of training set size. AUROC, average precision (AUPRC), and cross-validation
accuracy remained consistently high across all training sizes, indicating strong rank-
ing performance. In contrast, threshold-dependent metrics—particularly precision
and F1 score—declined progressively at training sizes >15 genomes per genus. This
trend likely reflects changes in test set composition as an increasing proportion of
available genomes is allocated to training, resulting in fewer unseen positive exam-
ples and an elevated false positive rate. Despite this effect, models trained with
smaller to moderate training sizes (7-10 genomes per genus) achieved balanced per-
formance across all metrics, with values consistently exceeding 90%.

Prediction Accuracy and Probability Distributions by Taxonomic Rank
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Supplementary Figure 2.19: Prediction accuracy and probability dis-
tributions of the random forest classifier across four taxonomic ranks
(Order, Family, Subfamily, Genus) on held-out ICTV- classified Cau-
doviricetes genomes.

(A) Bar plots showing the number of correctly (blue) and incorrectly (green) clas-
sified genomes at each taxonomic rank. Classification accuracy was highest at the
order level (602/603, 99.8followed by the family level (785/854, 91.9%), subfamily
level (941/1019, 92.4%), and genus level (998/1141, 87.4%).

(B) Histograms of classifier probability scores for correct (green) and incorrect (red)
predictions across taxonomic ranks. Correct predictions consistently exhibit higher
confidence (right-skewed distributions), particularly at the order, family, and sub-
family levels. In contrast, genus-level probability scores are more symmetric and
broadly distributed, reflecting reduced model confidence at this rank—Ilikely due to
the limited number of training genomes per genus.
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Supplementary Figure 2.20: Feature importance profiles for a represen-
tative subset of Caudoviricetes orders.

To illustrate how the Random Forest classifier discriminates between taxa, we ex-
amined the top 10 most informative protein features for a subset of 10 orders
(out of 159 total): Aliceevansvirales, Amentumuvirales, Autographivirales, Crassvi-
rales, Drexlervirales, Dunevirales, Pantevenvirales, Rountreevirales, Winouvirales,
and Zierdtvirales. This analysis reveals that classification is driven by distinct,
order-specific feature signatures, with clear separation in the most informative pro-
tein clusters across taxa.
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For each order, highly predictive features included tail proteins (Autographivi-
rales), baseplate wedge subunits (Pantevenvirales), DNA polymerases (Drezlervi-
rales, Rountreevirales), and tail assembly chaperones (Zierdtvirales). Notably, in
5 out of 10 orders, the single most informative feature corresponds to proteins
annotated as hypothetical e.g., OJM14_gp68 (Crassvirales), PP211_gp48 (Alicee-
vansvirales), B617_gp03 (Dunevirales), HWC86_gp04 ( Winovirales), and SP15_048
(Amentumuirales), highlighting the model’s ability to capture taxon-specific signal
independent of prior functional annotation. Together, these results demonstrate
that taxonomic discrimination arises from structured, lineage- specific combinations
of protein features rather than reliance on a single conserved marker.
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Protein Features

Supplementary Figure 2.21:

Top 10 Feature Importance per Family
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Feature importance

within Pantevenvirales.
To further illustrate how the Random Forest model selects descriptive features
at finer taxonomic resolution, we visualised the top 10 most informative protein
features for all families within Pantevenvirales (KauSinKeviridae, Arquusviridae,
Daneazeviridae, Mortarviridae, Nightshadeviridae, Ranseurviridae, Ackermannuviri-
dae, Arenberguiridae, Demerecviridae, Kyanoviridae, Molycolviridae, Pootjesviridae,
Straboviridae, Wangshuviridae, Victoriapeakviridae, Kukriviridae, and Lakviridae).
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Consistent with order-level patterns (Supplementary Figure 2.20), classification
is driven by distinct, family-specific combinations of protein features, with clear
separation of informative clusters across taxa. A subset of protein features is
consistently informative across multiple families, including core structural and
replication-associated proteins such as YP_009618958.1:baseplate wedge subunit,
YP_009824164.1:DNA primase/helicase, and YP_0049570061:DNA polymerase pro-
cessivity factor. These shared features likely reflect conserved functional modules
within Pantevenuvirales. However, distinct combinations of additional proteins are
differentially enriched across families, enabling fine-scale discrimination between
taxa. Together, these results indicate that classification is driven by a combina-
tion of conserved core features and family-specific accessory signals.
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Supplementary Figure 2.22: Feature importance profiles for families
within Crassvirales.

To illustrate how the Random Forest model selects discriminative features at finer
taxonomic resolution, we visualised the top 10 most informative protein features
for each family within Crassvirales (Intestiviridae, Fipunaviridae, Steigviridae, and
Suoliviridae). Consistent with patterns observed at the order level (Supplementary
Figure 2.20) and within Pantevenvirales families (Supplementary Figure 2.21), clas-
sification is driven by distinct combinations of protein features, resulting in clearly
separated clusters of high importance across families.
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While some features show broadly elevated importance across multiple fam-
ilies—most notably YP_010510072.1 (hypothetical protein OJM14_gp68) and
YP_010113002.1 (regulatory protein)— each family is characterised by unique,
highly weighted features. For example, Intestiviridae is strongly associated with
YP_008240652.1 (virion structural protein), Fipunaviridae with YP_009845823.1
(co-chaperone GroES), Steigviridae with a combination of regulatory and structural
proteins including YP_010113002.1 (regulatory protein), YP_010111484.1 (VpsT-
like transcriptional regulator), and YP_010111875.1 (major head protein), and Suo-
liviridae with YP_010510072.1 (hypothetical protein OJM14 _gp68). These patterns
highlight that family-level classification within Crassvirales is driven by distinct, yet
partially overlapping, sets of structural and functional protein features.
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Supplementary Figure 2.23: Feature importance profiles for families
within Autographivirales.

We visualised the top 10 most informative protein features for each family within
Autographivirales (Autographiviridae, Autoscriptoviridae, Autosignataviridae, Au-
totranscriptaviridae, Grimontviridae, Smithwessonviridae, and Zobellviridae sub-
groups 1-3).
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Consistent with patterns observed at the order level (Supplementary Figure 2.20)
and across family-level analyses (Supplementary Figure 2.21 and Figure 2.22), clas-
sification is driven by distinct combinations of protein features, resulting in clearly
separated clusters of high importance across families. A subset of features shows
consistently high importance across multiple families, most notably YP_009594313.1
(hypothetical protein FDG92_gp24) and YP_009098374.1 (tail protein). Despite this
shared signal, each family is characterised by unique combinations of highly weighted
features, reflecting both conserved and lineage-specific functional signatures under-
lying classification within Autographivirales.
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Supplementary Figure 2.24: Feature importance profiles for hallmark
proteins across all orders.

To assess the discriminatory power of canonical viral hallmark proteins, we visu-
alised Random Forest feature importance scores for hallmark-associated proteins
across all orders (n = 159). In contrast to the clear, order- and family-specific
clustering observed when using the full structural feature set (Supplementary Fig-
ures 15-18), hallmark proteins alone do not produce strongly separated or cohesive
clusters at the order level. Instead, feature importance is broadly diffuse, with
many hallmark proteins contributing weakly across multiple orders. However, cer-
tain hallmark-associated features—particularly structural proteins such as portal
proteins, terminase large subunit, and major capsid proteins—show elevated impor-
tance within specific lineages. This suggests that while hallmark proteins contribute
to classification, they lack sufficient discriminatory resolution on their own and are
most informative when considered alongside the broader structural proteome.
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Supplementary Figure 2.25: Feature importance profiles for DNA poly-
merase proteins across all orders.

To evaluate the discriminatory power of DNA polymerase—associated proteins, we
visualised Random Forest feature importance scores for all annotated DNA poly-
merase and related replication proteins across all orders (n = 159). Similar to
hallmark proteins (Supplementary Figure 2.24), DNA polymerase features alone do
not produce well-defined or cohesive clustering patterns at the order level. Feature
importance is broadly sparse and dispersed, with most DNA polymerase—associated
proteins contributing weakly across multiple orders. However, certain polymerase
variants and associated factors (e.g. clamp loaders and processivity factors) exhibit
elevated importance within specific lineages. This indicates that while DNA poly-
merase—related proteins can contribute to classification in a lineage-specific manner,
they lack sufficient variability and discriminatory resolution on their own and are
most informative when integrated with the broader structural protein repertoire.
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Supplementary Figure 2.26: Distribution and cumulative contribution of
Random Forest feature importance scores across all protein features.

(A) Distribution of mean feature importance values, calculated by averaging feature
importance scores across all taxonomic ranks (order, family, subfamily, and genus)
and visualised on a log;, scale to improve resolution of low-magnitude values. A
threshold corresponding to the top 5% most informative features (95th percentile)
is indicated by the dashed vertical line, with the shaded region representing features
above this cut-off. The distribution is strongly right-skewed, with the majority of
features exhibiting small but measurable importance values. The distribution peaks
at approximately log,, &~ —5 (~ 1 x 107°), indicating that most features contribute
only minor individual effects.

(B) Cumulative contribution of features to total model importance, calculated by
ranking features in descending order of mean importance and computing the cu-
mulative sum of normalised feature importance values. Horizontal dashed lines
indicate 90% and 95% of total model importance, while vertical dashed lines denote
the number of features required to reach these thresholds (4,608 and 7,090 features,
respectively). Together, these results demonstrate that predictive signal is broadly
distributed across the structural proteome, with approximately 7,000 of the 21,289
non-redundant structural protein features accounting for 95% of the total model
importance.
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Foldseek Easy-Cluster Summary Metrics
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Supplementary Figure 2.27: Foldseek easy-cluster summary metrics.

(A) Variation in median cluster size (blue, left y-axis) and median cluster specificity
(green, right y-axis) for the largest clusters whose representatives were the major
capsid protein (MCP), terminase large subunit (TerL), or portal protein, across
multiple Foldseek easy-cluster parameter sets. Cluster specificity was quantified as
the Shannon entropy of Pfam annotations within each cluster, with higher values
indicating greater functional coherence.

(B) Cluster sizes across three conserved Caudoviricetes proteins (MCP, portal pro-
tein, and TerL). As expected, higher functional specificity is typically associated
with smaller cluster sizes, reflecting a trade-off between sensitivity and specificity.
Parameter sets yielding a median cluster size (averaged across MCP, portal, and
TerL clusters) > 3,000 and a functional specificity > 0.7 were selected as candidate
clustering runs for downstream analyses.
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Foldseek Easy-Cluster Candidate Run Assessment
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Supplementary Figure 2.28: Structural coherence of Foldseek clustering
parameter sets.

(A) Variation in median cluster size (blue, left y-axis) and median cluster specificity
(green, right y-axis) for the largest clusters whose representatives were the major
capsid protein (MCP), terminase large subunit (TerL), or portal protein, across
multiple Foldseek easy-cluster parameter sets. Cluster specificity was quantified as
the Shannon entropy of Pfam annotations within each cluster, with higher values
indicating greater functional coherence.

(B) Cluster sizes across three conserved Caudoviricetes proteins (MCP, portal pro-
tein, and TerL). As expected, higher functional specificity is typically associated
with smaller cluster sizes, reflecting a trade-off between sensitivity and specificity.
Parameter sets yielding a median cluster size (averaged across MCP, portal, and
TerL clusters) > 3,000 and a functional specificity > 0.7 were selected as candidate
clustering runs for downstream analyses.

70



3. Unearthing the Irish Soil Virome: Taxonomy,
Diversity and the Challenges of Metagenomic
Viral Discovery

Linda Smith!?, Niranjana Edwin?, Aoife Duff*, Fiona Brennan*,
Orla O’Sullivan®, Colin Hill'?, Andrey N. Shkoporov!*°

1 APC Microbiome Ireland, University College Cork, Ireland, 2 School of Microbiology,

University College Cork, Ireland,  Teagasc Food Research Centre, Moorepark, Fermoy,

Co. Cork, Ireland, * Teagasc Food Research Centre, Johnstown, Co. Wexford, Ireland, °
Department of Medicine, University College Cork, Ireland

3.1 Abstract

Soil harbours one of the most diverse microbiomes on Earth, but thus far its
viral component remains poorly characterised. Here, we analysed 165 soil samples
from 32 agricultural sites across the island of Ireland, including 32 deeply sequenced
metagenomes, to examine soil viral diversity and evaluate the extent to which viral
signal can be recovered from shotgun metagenomic data. Using computational
viral discovery, protein annotation, and host-linking strategies, we constructed a
catalogue of high-confidence viral genomes, their predicted bacterial hosts, and
their associated auxiliary metabolic genes.

Consistent with the global dominance of tailed bacteriophages in other envi-
ronments, viruses of the class Caudoviricetes comprised the majority of recovered
genomes. Several viral populations were detected across the majority of samples,
indicating the presence of highly prevalent and persistent soil viruses despite diverse
genomic architectures and inferred life strategies. Auxiliary metabolic genes were
enriched in defence and competition functions, suggesting complex virus—host and
virus—virus interactions. Predicted hosts spanned 20 bacterial and archaeal phyla,
with Proteobacteria (31.4%), Firmicutes (15.7%), and Actinobacteriota (8.9%)
most represented.

The viral signal constituted < 0.01% of reads, with genome recovery limited by
short-read assembly constraints and the extensive diversity of the soil microbiome.
Automated tools and reference databases frequently misclassified host-derived se-
quences as viral, highlighting substantial challenges in distinguishing bona fide vi-
ral genomes. Despite these limitations, attempts to contextualise Irish soil viruses
within a global virosphere identified a 120 kb bacteriophage from Michigan Mis-
canthus rhizosphere soil with high nucleotide similarity and conserved synteny to
a prevalent Irish phage, suggesting the existence of a globally conserved soil viral
clade. This study represents the first attempt to investigate the Irish soil virome
and highlights the complexity of accurately resolving viral signal in soil metagenomes
and underscores the need for improved frameworks for viral discovery in complex
environments.
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3.2 Introduction

Soil harbours one of the most diverse microbiomes on Earth, encompassing
an extraordinary diversity of bacteria, archaea, fungi, protists, and viruses'®*'%*,
A single gram of soil can contain more than 0.5 mg of microbial biomass carbon
and over 50,000 microbial species, highlighting the remarkable complexity of
terrestrial microbial ecosystems'%!%197  This diversity underpins key ecosys-
tem processes, including carbon and nitrogen fixation and cycling, turnover of
other nutrients, and plant productivity %%V Despite this central role in
terrestrial ecosystems, the viral communities that shape soil microbial dynamics
and biogeochemical processes (the soil virome) remain poorly characterised ' ™7,

Although viral ecology has been an active field of research for only a few
decades, viruses are now recognised as major ecological and evolutionary drivers
of microbial communities'™'™'" In marine and human-associated ecosystems,
bacteriophages regulate host population dynamics, mediate horizontal gene transfer,
and influence ecosystem functioning through cell lysis and the carriage of auxiliary
metabolic genes (AMGs)'™ ", By contrast, our understanding of viral roles in
soil ecosystems remains rudimentary. Soil environments are heterogeneous at fine
spatial scales, harbour extreme microbial and viral diversity, and contain high levels
of extracellular DNA | all of which complicate viral discovery, genome assembly, and

downstream ecological interpretation 0! 717

Large-scale efforts to characterise soil viral diversity have recently emerged.
The Global Soil Viral Atlas (GSVA), which analysed approximately 2,500 soil
metagenomes worldwide, represents a major advance by compiling tens of thou-
sands of putative viral sequences'®’. However, the comparatively modest yield of
recoverable viral genomes relative to the scale of sampling (approximately 50,000
non-redundant contigs) highlights the substantial challenges associated with detect-
ing and assembling viral sequences from complex soil communities. These findings
suggest that a considerable proportion of soil viral diversity remains inaccessible
using conventional approaches. More recently, the VIRE database expanded the
cataloguing of viral sequences across multiple ecosystems, including soils, with a
collection of nearly two million viral sequences'®'. Yet, despite this expansion, the
majority of soil viruses remain uncultivated, taxonomically unresolved, and only
weakly connected to established viral lineages'®.

Previous studies have demonstrated that soil viral communities are influ-
enced by environmental variables such as land use, vegetation, and nutrient
availability, and that viruses can impact on microbial succession and soil carbon
turnover %185 18L1E  While these studies highlight the ecological relevance of
soil viruses, few have attempted to place soil viral populations within a broader
evolutionary or taxonomic framework. In particular, it remains unclear whether
soil viromes harbour dominant viral lineages analogous to Crassvirales in the
human gut or pelagiphages in the oceans, and to what extent soil viruses share
evolutionary relationships with known Caudouviricetes diversity across environments.

Addressing these questions is complicated by both biological and computational
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constraints. Viral genome assembly from short-read metagenomes is challenged
by terminal repeats, uneven sequencing coverage, and high levels of strain micro-
diversity, all of which introduce ambiguities into de Bruijn assembly graphs and
can result in fragmented or misassembled genomes. For example, linear dsDNA
viruses containing direct terminal repeats'®®'®" generate branching structures
within assembly graphs rather than simple linear paths, complicating complete
genome reconstruction %,

Comparisons of short-read and long-read assemblies of natural soil metagenomes
have shown that, although short-read sequencing generally provides higher nu-
cleotide accuracy, short-read assemblies can fail to resolve complex genomic regions
such as repeats and structurally variable loci that are more readily recovered using
long-read sequencing'®’. Assembly quality is further influenced by the choice of
assembler, which can substantially affect the recovery, completeness, and character-
isation of viral genomes'”’. These technical challenges are particularly pronounced
in soil viromes, where high viral diversity and strain heterogeneity frequently
produce fragmented or incomplete assemblies. These limitations can subsequently
hinder downstream taxonomic assignment, phylogenetic reconstruction, and the

examination of strain-level viral diversity "%,

Virus-aware assemblers such as metaSPAdes attempt to mitigate these algo-
rithmic hurdles by incorporating specialised heuristics designed to better resolve
repeats and uneven coverage typical of viral metagenomes'®®. More fundamentally,
sequence-based viral discovery is limited to identifying genomes and proteins that
resemble those already present in reference databases. Highly divergent viral
proteins—particularly those lacking close homologues in reference databases—may
therefore evade detection''*'%*'%*  This limitation is especially pronounced for soil
viruses, which are underrepresented in existing databases. As a result, sequence-
based approaches alone are insufficient to fully capture soil viral diversity.

Viral sequences typically constitute a small and uneven fraction of reads in
shotgun soil metagenomes, reflecting both the low abundance of viral genomes and
their heterogeneous distribution across samples'?>'?°. Despite this, comprehensive
metagenomic sequencing remains essential for many study designs, as it preserves
ecological context, enables host- and function-aware analyses, and facilitates inte-
grated comparisons across microbial and viral community components. Therefore,
the central challenge lies not in data generation but in the reliable extraction of
viral signal from a complex, predominantly cellular background.

Here, we present a curated catalogue of 118 viral genomes recovered from agri-
cultural soils across Ireland and place these viruses within a taxonomic and ecolog-
ical context. Using viral discovery approaches, host prediction via CRISPR spacer
matches, and gene-content-based analyses, we (i) evaluate the technical and biolog-
ical constraints shaping viral recovery from shotgun soil metagenomes, (ii) identify
highly prevalent and recurrent viral populations across Irish soils, (iii) characterise
their auxiliary metabolic gene repertoires and inferred ecological strategies, (iv)
predict host associations across diverse bacterial and archaeal taxa, (v) assess en-
vironmental drivers of viral diversity, (vi) evaluate the limitations of current viral
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identification tools and global reference databases, including CheckV, GSVA, and
VIRE, /710158 and (vii) investigate global homology patterns to determine whether
Irish soil phages are part of conserved, widespread viral lineages. Together, these
analyses reveal a highly diverse Irish soil virome, with viral populations exhibit-
ing distinct persistence strategies yet achieving comparable ecological success, while
highlighting the challenges of accurately resolving viral genomes in complex metage-
nomic datasets.

3.3 Results

3.3.1 Assembly Complexity and Viral Abundance in Irish
Soil Metagenomes
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Figure 3.1: Geographic distribution, environmental context, and viral
community structure of soil samples included in this study.

(A) Sampling locations across Ireland, coloured by province (Connacht, Leinster,
Munster, and Ulster).

(B) Distributions of core soil physicochemical properties across all samples, shown as
histograms, including moisture, temperature, pH, texture (sand, silt, and clay con-
tent), nutrient availability, cation exchange capacity (CEC), loss on ignition (LOI),
inorganic nitrogen species, and bulk density, illustrating substantial environmental
heterogeneity across sites.
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(C) Number of shallowly and deeply sequenced samples per province, highlighting
differences in sequencing depth across the sampling design.

(D) NMDS ordinations of viral community composition at the order and family
levels, based on Bray-Curtis dissimilarities of read abundance profiles stratified by
sequencing depth and soil type.

To capture both broad and deep metagenomic signal, soil samples were collected
from 32 agricultural sites across Ireland (Figure 3.1a; Supplementary Figure 3.8).
In total, 136 samples were sequenced at shallow depth (approximately 10 million
reads per sample), and one replicate per site was sequenced at high depth (> 100
million reads per sample) (Figure 3.1c), yielding 165 samples in total. USDA soil
texture classification indicated that sampled Irish soils were predominantly loam
(41.51%), followed by sandy loam (21.3%) and clay loam (17.1%). Sandy clay loam
(7.9%) and silty clay loam (6.7%) were less common, while clay (2.4%), silt loam
(1.8%), and silty clay (1.2%) comprised only a minority of samples (Supplementary
Figure 3.9.

Assembly of 165 soil metagenomes produced 2,548,051 non-redundant contigs
(>1 kb, clustered at 95% identity), totalling 4.04 Gb of assembled sequence from
1.4 Tb of raw data. Assemblies were dominated by short fragments (median
1,261 bp; mean 1,586 bp), reflecting the extreme diversity and uneven abundance
structure characteristic of soil microbial communities. Long contigs were rare:
although the maximum contig length reached 546 kb, only 7,558 contigs (0.30%)
exceeded 10 kb.

Recovery of longer contigs was strongly influenced by sequencing depth.
Deeply sequenced samples accounted for 76.2% of contigs >10 kb and recovered
substantially longer contigs than shallowly sequenced samples (546 kb vs. 183 kb;
Supplementary Figure 3.10). However, extended contiguous assemblies remained
uncommon overall, reflecting the intrinsic assembly challenges posed by highly
complex soil communities.

Read-based taxonomic classification using Kraken2 suggested that viral reads
comprised only ~ 0.0008% of classified microbial reads. Given the sparse repre-
sentation of soil viruses in reference databases and high levels of viral sequence
divergence at the nucleotide level, this likely represents a substantial underestimate
of true viral abundance. In contrast, a contig-based approach detected 19,368
contigs (0.76%) containing at least one viral gene without detectable contamination
(CheckV), revealing a substantially stronger viral signal. The discrepancy between
read- and contig-based estimates highlights the limitations of reference-dependent
classifiers in complex soil metagenomes. Although recovery of complete viral
genomes remained low, this pattern is consistent with assembly constraints in
highly diverse soil systems. Collectively, these results indicate that viruses comprise
a rare (<0.1% of total reads), yet detectable component of Irish soil metagenomes.
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Figure 3.2: Viral genome recovery and diversity patterns across Irish
agricultural soils.

(A) Viral contig length plotted against read recruitment normalised per kilobase
(RPKB), with point shape indicating CheckV quality tier (complete, high-, or
medium-quality) and colour denoting viral realm.

(B) Contig prevalence across samples (number of samples in which reads mapping
to each contig were detected) plotted against total recruited read counts.

(C) ) Rarefaction analysis of viral contig discovery across samples.

(D) Viral richness and Shannon diversity stratified by soil type.

3.3.2 Irish Viral Contig Catalogue

A total of 19,368 putative viral contigs were initially detected (defined as contigs
containing > 1 viral gene and no detectable contamination); yet only 118 medium-
to high-quality viral genomes passed stringent inspection and were confidently
confirmed as viral (Figure 3.2a,b). This discrepancy highlights the challenges of
recovering complete viral genomes from complex shotgun soil metagenomes and
the need to distinguish bona fide viral sequences from false positives arising from
non-viral DNA. Upon closer inspection, several sequences classified as viral by
CheckV showed high similarity to host-derived genomes, including plant chloro-
plast and bacterial chromosomal sequences, indicating misclassification driven by
transposon-associated elements and shared functional domains that can mimic viral
signatures .

Rarefaction analysis demonstrated a rapid initial accumulation of viral contigs
followed by a gradual plateau (Figure 3.2¢), indicating that within the limits of re-
coverable and assemblable genomes, sampling across the 165 soil samples approached
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saturation. Thus, although overall recovery of medium-to-high quality genomes was
limited relative to the total number of putative viral fragments, the dominant as-
semblable viral populations detectable under current assembly and classification
constraints appear to be well captured in this dataset. Viral Shannon diversity
varied modestly across soil texture classes (Kruskal-Wallis x? = 14.30, p = 0.046),
whereas richness did not differ significantly among soil types (x* = 13.09, p = 0.070;
Figure 3.2d). However, no pairwise comparisons remained significant after correc-
tion for multiple testing, suggesting that soil texture contributes only modestly to
variation in viral community evenness rather than generating distinct differences
among individual soil classes.

3.3.3 Taxonomy of viral sequences

All 118 viral sequences confidently identified from the dataset represent unique
species, as the original sequences were dereplicated at > 95% nucleotide identity
across > 85% genome coverage. 41 sequences showed no detectable nucleotide
similarity to any other genome in the dataset. Among the remaining genomes,
only a small number of pairwise comparisons exhibited substantial similarity: 2
pairs shared > 40% genome coverage, 8 pairs > 30%, 14 pairs > 20%, 23 pairs
> 10%, and 28 pairs > 5%. Consistent with these findings, structural comparisons
also revealed high levels of diversity. The median percentage of shared protein
structures across the dataset was 2.63%, with a mean of 3.10%, further emphasizing
the substantial divergence among the isolated viruses.

The majority of sequences belonged to the class Caudoviricetes, which accounted
for 112 genomes (95%), consistent with the dominance of bacteriophages in other
environmental viromes''”. A small number of sequences were assigned to other vi-
ral classes spanning both double-stranded DNA (dsDNA) and single-stranded DNA
(ssDNA) viruses. Specifically, one genome belonged to the class Arfiviricetes, three
genomes to Repensiviricetes, one genome to Tectiliviricetes, and one genome to
Megauviricetes.

3.3.3.1 Caudoviricetes

Tailed dsDNA bacteriophages are widely considered the most abundant biological
entities on Earth'!”, and accordingly they dominated the recoverable viral genomes
in this dataset. Genome sizes ranged from 9.3 kb to 186.5 kb, and the median sample
prevalence was 109.5 samples (range: 11-165), indicating that many of these phages
are widely distributed across Irish soils (Figure 3.2b,Figure 3.3a). The proportion
of predicted genes belonging to specific functional categories was assessed across all
112 viral genomes (Supplementary Figure 3.11). Structural genes were highly preva-
lent, with capsid proteins detected in 92.9% of genomes, followed by tail-associated
proteins (89.3%) and movement proteins (88.4%), indicating that the majority of
contigs encode key virion structural components. Genes involved in genome pack-
aging were also widespread, with terminase subunits identified in 75.9% of genomes
and portal proteins in 68.8%, supporting the presence of canonical Caudoviricetes
assembly machinery in a large fraction of the dataset.
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Figure 3.3: Whole structurome phylogeny of Irish soil viruses. We con-
structed a cladogram of Irish soil viral genomes alongside related NCBI references,
rooted using Arfiviricetes (Figure 3). Most genomes ranged between 0-80 kb (A),
and predicted hosts, inferred from CRISPR spacer matches, were dominated by
Proteobacteria and Firmicutes (B). Structurally homologous viral sequences from
NCBI are coloured in blue (D). Viruses detected in > 98% of samples - denoted by
stars - represent a core, ubiquitous soil virome.
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3.3.3.2 Arfiviricetes

A single contig (BL2_S3_NODE_98_length_4072_cov_14.248942; genome map shown
in Supplementary Figure 3.12) was assigned to the class Arfiviricetes, representing
the only RNA virus detected in the dataset. This circular contig was 4,072 bp
in length, with the closest reference hit to Crucivirus sp. (accession MT478515).
The virus was detected in five samples, with a total of 853 mapped reads across
samples—a low prevalence compared to the dominant bacteriophages.

Gene annotation predicted several proteins consistent with viral replication and
structural functions, including an RNA helicase, a putative viral replication pro-
tein, a transcription regulator, a viral coat protein (S-domain), and a deltaretrovirus
Tax-like protein. This gene complement is characteristic of crucivirus-like genomes,
which typically encode a small set of replication-associated and capsid proteins
and are frequently detected in environmental metagenomes'”’. Cruciviruses have
been proposed to represent chimeric viruses, combining replication genes related to
CRESS-DNA viruses with capsid proteins derived from RNA viruses, and have been
reported from diverse environmental samples®’.

3.3.3.3 Tectiliviricetes

Another contig (RE-HI3_S18 k711864721 flag=1_multi=66.2661_len=12080;
genome map shown in Supplementary Figure 3.13) was identified within the class
Tectiliviricetes. This genome fragment was 12,080 bp in length and classified as
medium quality by CheckV. The closest reference sequence was Deltatectivirus
wheeheim (accession MK305890), a member of the family Tectiviridae. The virus
was detected in 99 samples, with 18,592 total mapped reads, indicating a relatively
widespread distribution across the dataset.

Tectiviruses (PRD1-like bacteriophages) are unique among viruses in that they
possess an internal lipid membrane enclosed within an icosahedral capsid and de-
liver their genomes into host cells through a specialised membrane-associated DNA
delivery system”’!. Consistent with this classification, the contig contained several
hallmark tectivirus genes, including a DNA polymerase type B (a core replication
enzyme common in tectiviruses), an adenovirus [Va2-like packaging ATPase involved
in viral genome packaging, a P3 major capsid protein (a key structural component
of PRD1-like viruses), and a PRD1 phage membrane DNA delivery protein associ-
ated with genome injection into host cells. Additional predicted proteins included
transcriptional regulators, metabolic genes, and several hypothetical proteins of un-
known function.

3.3.3.4 Repensiviricetes

Three contigs were identified as Repensiviricetes, family
Genomouviridae: CG4_S11_.NODE_2263_length_1482_cov_4.448493,
AH3.S4 NODE_701 length 1614 _cov_7.663887,

and CG2_.S9_ NODE _317_length_2106_cov_5.268162 (genome maps shown in Supple-
mentary Figure 3.14), panels a—c). Members of Repensiviricetes belong to the realm
Monodnaviria and are commonly referred to as CRESS-DNA viruses (circular

79



CHAPTER 3. UNEARTHING THE IRISH SOIL VIROME: TAXONOMY,
DIVERSITY AND THE CHALLENGES OF METAGENOMIC VIRAL
DISCOVERY

)2

Rep-encoding single-stranded DNA viruses)”””. These viruses typically have very
small circular genomes (~2-2.4 kb) encoding only a few open reading frames,
most notably a replication-associated protein (Rep) and a capsid protein. The
Rep protein contains conserved rolling-circle replication endonuclease and helicase
domains that are essential for genome replication .

The three contigs recovered here ranged from 1,482-2,106 bp in length
and contained three to four predicted genes, consistent with the compact
genome architecture typical of CRESS-DNA viruses. The longest contig,
CG2_S9_ NODE 317 length 2106 _cov_5.268162 (2,106 bp; Supplementary Fig-
ure 3.14a), contained clear Rep-associated domains, including a geminivirus Rep
catalytic domain and Rep helicase domain, together with a geminivirus-like capsid
protein, strongly supporting its classification as a genomovirus-like CRESS virus.
This contig showed highest similarity to Gemycircularvirus sp. (KY302866.1) and
was detected in nine samples, with 229 mapped reads.

Two additional fragments, CG4_.S11_NODE_2263 length 1482 _cov_4.448493
(Supplementary Figure 3.14b) and AH3_S4 NODE_701 _length_1614_cov_7.663887
(Supplementary Figure 3.14c), were shorter but contained partial Rep- or capsid-
associated domains, including helicase motifs and geminivirus-like coat protein
domains. These contigs showed closest similarity to known genomoviruses, including
Sierra dome spider associated circular virus 1 (MH545510.1) and Gemycircularvirus
minti6 (MH617534), respectively. Each was detected in three samples, with 261
and 243 mapped reads.

Although detected at very low abundances compared with the dominant Cau-
doviricetes populations, the recovery of these sequences highlights the ability of
metagenomic sequencing to capture small circular ssDNA viruses that are frequently
overlooked by conventional virological approaches, due to their small genome size,
high sequence divergence, and biases in standard extraction and library prepara-
tion methods. Their presence suggests that CRESS-DNA viruses may represent an
underappreciated component of soil viromes.

3.3.3.5 Megaviricetes

One contig (LY84_S9_NODE_7_length_29064_cov_18.060430; genome map shown in
Supplementary Figure 3.15) contained multiple hallmark genes characteristic of
NCLDV genomes and was therefore considered a likely member of Megaviricetes.
Megauviricetes belong to the realm Varidnaviria and include the nucleocytoplasmic
large DNA viruses (NCLDVs), which infect eukaryotic hosts and are characterised
by large genomes encoding complex transcription and replication machinery’*.
This contig was 29,064 bp in length and classified as high quality (estimated 90%
completeness), with the closest reference sequence corresponding to Ostreococcus
tauri virus OtV5 (EU304328), a member of the family Phycodnaviridae. The
virus was detected in 33 samples, with 7,161 mapped reads, suggesting moderate
prevalence within the dataset.

Gene annotation revealed several hallmark proteins associated with NCLDV
replication and transcription, including DNA polymerase type B, a core replication
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enzyme conserved across NCLDVs, together with poxvirus late transcription factor
VLTF3, a DNA-directed RNA polymerase subunit, and a poxvirus rifampicin resis-
tance protein. These genes form part of the poxvirus-like transcription machinery
characteristic of NCLDV genomes”””. Additional structural and virion-associated
proteins were also detected, including adenovirus-like capsid and fibre proteins, fur-

ther supporting the classification of this contig within the class Megaviricetes.

3.3.4 Alpha Diversity
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Figure 3.4: Environmental drivers of viral alpha diversity and viral preva-
lence with predicted hosts. (A) Effect sizes (£ SE) from univariate linear mod-
els assessing associations between environmental variables and viral alpha diversity
metrics (richness and Shannon diversity). Viral richness was positively associated
with the abundance of clade I nitrous oxide reducers (nosZI) and negatively as-
sociated with total inorganic carbon (TICperc), whereas no predictors remained
significant for Shannon diversity after FDR correction.

(B) Relationship between viral prevalence and total abundance across 118 high-
quality viral genomes. Each point represents a viral genome, coloured by predicted
host phylum based on CRISPR spacer matches and shaped according to ecological
prevalence category (ubiquitous, core, intermediate, or satellite).

To assess environmental drivers of viral alpha diversity, we constructed a series of
univariate linear models testing continuous predictors against Shannon diversity and
viral richness, with p-values adjusted using the Benjamini—-Hochberg false discovery
rate (FDR). For Shannon diversity, several predictors showed nominal associations
prior to correction, including Fe_Mehlich (p = 0.050), internal transcribed spacer
(ITS) abundance (p = 0.014), and clade I nitrous oxide reducers (nosZI) abun-
dance (p = 0.026) (Figure 3.4a). However, none remained significant after FDR
correction (all FDR > 0.47), indicating no robust associations between measured
environmental or microbial variables and viral Shannon diversity (Figure 3.4a,
Supplementary Figure 3.16).
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In contrast, viral richness exhibited stronger associations with specific predictors.
After FDR correction, two variables remained statistically significant: nosZI abun-
dance (FDR = 0.043) and total inorganic carbon (TICperc; FDR = 0.046). Viral
richness was positively associated with nosZI abundance (8 = 0.36) and negatively
associated with inorganic carbon content (§ = —1135.6). Several additional predic-
tors, including NirK, NO3_mgl, and Mg_Morgans, showed nominal significance prior
to correction but did not remain significant following FDR adjustment (Figure 3.4a).

Multivariate model selection retained soil pH as the only significant predictor of
Shannon diversity (8 = —0.232+0.115 SE, p = 0.044); however, explanatory power
was low (R? = 0.036; adjusted R* = 0.024), indicating that pH accounted for only
a small fraction of the observed variation in viral evenness. For viral richness, a
negative binomial generalised linear model retained pH as a predictor, though the
association was not statistically significant (8 = —0.103 4+ 0.061 SE, p = 0.091).

Collectively, these findings indicate that soil physicochemical properties exert
only weak influence on viral alpha diversity across Irish agricultural soils, with viral
richness showing associations with nitrogen cycling potential and inorganic carbon
content.

3.3.5 Beta Diversity

Bray—Curtis dissimilarities were visualised using non-metric multidimensional
scaling (NMDS), yielding two-dimensional solutions at both the Family (stress
= 0.040) and Order (stress = 0.027) levels (Figure 3.1d). PERMANOVA with
marginal effects indicated that sequencing depth explained a minute but statistically
significant proportion of viral community variation at both the Family (R? = (0.024,
p = 0.001) and Order (R?* = 0.019, p = 0.001) levels. In contrast, soil texture
accounted for a comparable proportion of variance (Family: R? = 0.030; Order:
R? = 0.030) but did not reach statistical significance (Family: p = 0.075; Order:
p = 0.092).

Viral community composition was further evaluated across Irish provinces to
assess potential large-scale geographic structuring. NMDS ordination showed sub-
stantial overlap among provinces at both taxonomic resolutions (Supplementary
(Figure 3.17). PERMANOVA indicated that province explained only a small pro-
portion of the variation (Family: R? = 0.009, p = 0.008; Order: R? = 0.007,
p = 0.007). Across both Family- and Order-level analyses, more than 95% of varia-
tion remained unexplained by sequencing depth, soil texture, or province, indicating
high within-site heterogeneity and suggesting that viral community composition is
only weakly structured by broad geographic or edaphic gradients at this spatial
scale.

3.3.6 Viral Sequence Core-Satellite Distribution

To examine the distribution of viral populations across samples, we quantified the
prevalence of 118 high-quality viral genomes. Prevalence varied markedly, revealing
a strongly uneven distribution across sites. Of the 118 genomes, 35 (30%) were
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detected in more than 80% of samples, representing a highly ubiquitous subset of
soil viruses. An additional 50 genomes (42%) were present in 50-80% of samples,
collectively forming a recurrent virome core. In contrast, only 5 genomes (4%)
were detected in fewer than 4% of samples, representing rare satellite populations.
The remaining 28 genomes (24%) exhibited intermediate prevalence, occurring in
10-50% of samples (Figure 3.4b).

Prevalence and total abundance were positively correlated (Spearman p = 0.48,
p < 0.001), indicating that viral populations detected across a greater number of
samples also tended to recruit higher read counts. This abundance-occupancy re-
lationship is consistent with ecological theory, in which a subset of dominant viral
populations forms a stable core while a larger number of rare viruses comprise a long
tail of spatially restricted populations. However, this pattern may also be influenced
by technical factors, as larger genomes and higher coverage contigs are more read-
ily assembled and detected in short-read metagenomic data, potentially biasing the
observed distribution toward more easily recoverable viral genomes.

3.3.7 Predicted Hosts of High-Quality Viral Genomes

CRISPR spacer matches enabled host assignment for 89 of 118 (75.4%) high-quality
viral genomes. Predicted hosts spanned 20 bacterial and archaeal phyla, but were
dominated by Proteobacteria (28 viruses; 31.4%), followed by Firmicutes (15.7%)
and Actinobacteriota (8.9%). Additional host assignments included Myzococcota,
Bacteroidota, Chloroflerota, and several less abundant phyla, each representing
fewer than 6% of host-linked viruses. The predominance of Proteobacteria and
Firmicutes—two major components of soil microbiomes?’*?’"—suggests that,
consistent with ecological expectations, widespread viral populations preferentially
infect abundant bacterial taxa.

We tested whether host phylum distributions differed across ecological preva-
lence categories using a y? test. Host composition varied significantly among cat-
egories (p = 0.031). Ubiquitous and core viral genomes were primarily associated
with dominant soil bacterial phyla, particularly Proteobacteria (28-32%) and Firmi-
cutes (6-22%). In contrast, intermediate and satellite viruses were more frequently
linked to less common host lineages, with satellite viruses exclusively associated
with non-dominant (“Other”) phyla. These patterns reinforce that widespread viral
populations tend to infect abundant bacterial taxa.

3.3.8 Contrasting persistence strategies among the most
prevalent soil viruses

Comparative analysis of the most prevalent viral genomes revealed distinct—yet
equally successful—strategies for persistence across Irish agricultural soils. Despite
substantial differences in genome size, gene content, and inferred host associations
(Figure 3.3), seven viral genomes were detected in > 98% of sampled soils,
consistent with widespread persistence across diverse environments. Of these, we
highlight three case studies based on highest read recruitment.
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The most abundant virus, RE-BA1.S3 k712419271 (a circular 186 kb contig
detected in all 165 samples, recruiting > 322,000 total reads; Supplementary
(Figure 3.18-Figure 3.20), encodes a large and highly mosaic genome. The
closest reference genome was Pseudomonas phage Zuri (MK863032.2; family
Schitoviridae), sharing homology with 18 proteins at the amino acid level. The
genome contains a complete suite of hallmark Caudoviricetes structural and
packaging modules, including major capsid protein, portal protein, and terminase
large subunit, alongside tail sheath, baseplate, and receptor-binding proteins. In
addition, it encodes an extensive replication apparatus comprising DNA polymerase
family A, ribonucleotide reductase, exonucleases, dUTPase, DNA repair enzymes,
and nucleotide metabolism functions.

Beyond canonical viral modules, the genome carries an unusually extensive
repertoire of auxiliary metabolic genes (AMGs) and host-associated functions
(Supplementary Figure 3.20). These include multiple nitrogen-associated proteins
(e.g., repeated nifW, nifT/fizU, and cowN), redox enzymes, glycosyl hydrolases,
hydrogenase-related components, and cell division-associated proteins (ZapC),
alongside stress-response and sporulation-related factors. The recurrent presence
and multi-copy representation of several predicted AMG families is consistent
with repeated acquisition and retention during the evolutionary history of this
genome, although the selective forces underlying their maintenance remain un-
known. This virus also encodes a diverse defence and counter-defence repertoire,
including multiple copies of the anti-restriction protein Ral, plasmid SOS inhibitor
PsiB, toxin—antitoxin systems, CRISPR-associated proteins, DNA methyltrans-
ferases, and regulatory domains, suggesting ongoing host—virus evolutionary conflict.

In  contrast, a second highly abundant circular  virus, RE-
HN6_S19-100M_NODE_3_length_17507_cov_499.935079 (17.5 kb; Supplementary
Figure 3.21), exhibited a compact and streamlined genome architecture. Despite
its small size, this virus was detected in 133 samples and accumulated nearly
300,000 reads, indicating sustained ecological success across the surveyed soils. The
closest reference genome match was Streptomyces phage Immanuel3 (MG518520.1),
supporting an Actinobacteriota host range.

The genome encodes a coherent set of structural, packaging, replication, and
lysis-associated functions, including replication gene A (GPA), transglycosylase
SLT, amidase/NIpC-P60 domains, and multiple spike and coat proteins, consistent
with an autonomous lytic lifestyle. In addition to core viral functions, the genome
carries a limited but notable set of auxiliary metabolic genes (AMGs), including
the nitrogen fixation-associated protein NifWW and several photosystem-related
subunits (e.g., PsaJ, PsaG/K, PsbY), alongside stress-associated domains such
as CsbD-like proteins. The retention of these elements within a compact genome
suggests is suggestive of host-interaction modules that may enhance replication
efficiency under specific environmental conditions.

Several defence- and regulatory-associated domains were also present, including
colicin immunity protein, helix—turn—helix transcriptional regulators, and RNA-
binding domains, corresponding with potential roles in host interaction and immune

84



CHAPTER 3. UNEARTHING THE IRISH SOIL VIROME: TAXONOMY,
DIVERSITY AND THE CHALLENGES OF METAGENOMIC VIRAL
DISCOVERY

evasion. CRISPR spacer matches linked this virus primarily to Actinobacteriota,
particularly Streptomyces, a dominant and environmentally resilient soil lineage.
The recurrence of matching spacers across multiple samples supports Streptomyces
as a likely host lineage and indicates previous interactions between this viral lineage
and its host.

A third prevalent virus, RE-JC42_S521_100M_NODE_1 _length 57441 _cov_90.548775
(57.4 kb), was detected in 162 samples and accumulated over 214,000 reads (Sup-
plementary Figure 3.22)). The closest reference genome was Streptococcus phage
23TH (MT900487). The genome encodes a complete complement of Caudoviricetes
structural and packaging modules, including portal protein, terminase large sub-
unit, capsid, tail accessory, and spike proteins, alongside core replication functions
such as helicase, single-stranded DNA-binding protein, recombination-associated
NinB, and nucleotide metabolism enzymes. The presence of predicted P22 coat,
portal, and tail accessory factor proteins suggests that this phage may exhibit a
podovirus-like morphology. No integrase or canonical lysogeny-associated modules
were identified, consistent with a predominantly lytic lifestyle.

This virus carries an expanded repertoire of host-interaction and defence-related
elements, including antirestriction protein Ral, DNA adenine methyltransferase
(Dam), multiple toxin-antitoxin-associated domains, CRISPR-associated exonu-
clease Csal, and colicin immunity proteins. The genome also encodes several
auxiliary metabolic genes (AMGs), including multiple copies of the nitrogen
fixation-associated protein NifW, as well as enzymes linked to cofactor biosynthesis
and redox metabolism. Numerous predicted domains show similarity to proteins
from diverse viral and cellular lineages; given the domain-based nature of these
similarities, they likely reflect conserved folds and extensive horizontal gene
exchange rather than direct functional equivalence or cross-domain infectivity.

A confident CRISPR spacer match linked this virus to a host within the phylum
Planctomycetota. Overall, this highly mosaic Caudoviricetes genome encodes a full
complement of structural, packaging, and replication genes consistent with a lytic
lifestyle, although the presence of transcriptional regulators and host-interaction
genes suggests potential regulatory complexity.

While many prevalent viruses recovered from Irish soil could serve as case studies,
comparative analysis of these top three genomes—selected based on prevalence and
cumulative read counts across samples—illustrates that highly prevalent soil bac-
teriophages can exhibit markedly different genome architectures, gene repertoires,
and predicted host associations while nevertheless being widely distributed across
Irish agricultural soils.
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3.3.9 Soil Virus Auxiliary Metabolic Gene Categorization

3.3.9.1 Soil viral auxiliary metabolic genes are dominated by host-
control functions

Auxiliary metabolic genes (AMGs) are viral genes that augment or redirect host
metabolism to enhance viral fitness during infection”””. They are generally thought
to originate through horizontal acquisition from host genomes and represent
an important aspect of virus—host co-evolution. Historically, the term AMG
referred to host-derived metabolic genes that supplement host metabolic pathways
during infection; however, its use has broadened to include viral genes encoding
host-like functions that are advantageous, but not essential, for viral replication”"”
Although viral homologues are often assumed to retain functions similar to their
cellular counterparts, this may not always be the case. Through evolutionary
processes such as exaptation, viral proteins may acquire novel biochemical or bi-
ological functions that differ substantially from those of their ancestral host genes?"”
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Figure 3.5: Functional and ecological characterization of high-quality
Irish soil viral genomes.

(A) Heatmap of auxiliary metabolic gene (AMG) content across 118 medium- to
high-quality viral genomes from Irish soil metagenomes. Genomes are clustered by
AMG profiles and annotated with predicted host phylum based on CRISPR spacer
matches. Additional genome features shown include lysogeny gene counts, genome
completeness (CheckV estimates), and sample prevalence (proportion of samples in
which each genome was detected). Rows represent broad AMG functional cate-
gories, with colour intensity showing log,,-transformed gene counts.
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(B) Bar plot of viral contigs encoding AMGs, grouped by functional category. Bars
show the number of contigs containing at least one AMG per category and are
annotated with the most common (modal) Pfam domain.

(C) Spearman correlations between AMG functional categories, viral genome
traits (abundance and prevalence), and selected soil physicochemical properties.
Colour indicates the strength and direction of correlations. Statistically significant
associations (Benjamini-Hochberg adjusted p < 0.05) are outlined.

Consequently, functional annotations based on sequence homology should be
regarded as predictions rather than definitive evidence of biological function.
Establishing the physiological role of a predicted AMG requires experimental
validation through approaches such as transcriptomics, proteomics, biochemical
characterisation, or infection assays. Therefore, while care should be taken not
to overinterpret the ecological significance of predicted AMGs, characterising
their diversity nevertheless provides valuable insight into the potential metabolic
interactions between viruses and their hosts. Accordingly, the AMGs identified
within Irish soil viral genomes are presented here as putative functional annotations
that generate hypotheses regarding virus—host interactions rather than confirmed
metabolic functions.

Analysis of auxiliary metabolic genes across the 118 Irish soil viral genomes
revealed that defence- and host interaction-associated functions were the most
abundant category, comprising 177 genes detected across 73 genomes (Figure 3.5).
This was followed by nitrogen cycling (n = 164; 66 genomes) and energy metabolism
(n = 152; 71 genomes). Other functional categories, including carbon cycling
(n = 46; 35 genomes), sulfur and redox metabolism (n = 37; 30 genomes), stress-
related functions (n = 32; 24 genomes), and eukaryotic-like signalling (n = 29; 26
genomes), were less prevalent, while genes associated with cofactor and vitamin
biosynthesis were rare (n = 4; 4 genomes).

A defining feature of the predicted soil viral AMG repertoire was the widespread
presence of toxin—antitoxin systems and other defence-associated genes. Defence-
and competition-associated AMGs were dominated by toxin—antitoxin (TA)
systems, including MazF-, RelE-, HigB-, ParE-, and YafQ-like toxins together
with their cognate antitoxins, alongside restriction—modification systems and
CRISPR-associated proteins (e.g. Cas2, Csal, Cmr5, and Cas9-associated do-
mains). Beyond maintaining phage persistence, TA systems are known to induce
growth arrest, dormancy, and enhanced stress tolerance in bacterial hosts—traits
that may be advantageous in nutrient-limited and spatially heterogeneous soil
environments”!'’?!!. Their recurrent presence is consistent with the hypothesis that
some soil viruses promote host persistence and long-term coexistence rather than
relying exclusively on rapid lytic replication.

The presence of CRISPR-associated genes within viral genomes further high-
lights the complexity of host—virus interactions in soil. Phage-encoded CRISPR/Cas

systems can counteract phage inhibitory chromosomal islands in bacterial hosts?'?,

function as antiviral defence systems, and, in some cases, encode streamlined
enzymes such as Cas\, which has genome-editing capabilities in both plants and

humans®?. In soil viruses, these predicted CRISPR-associated proteins may
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contribute to counter-defence, interference with competing phages, or modulation
of host immune responses, consistent with the view of soil as a hotspot of microbial
co-evolution and competition.

Nitrogen-associated AMGs showed remarkably low functional diversity, consist-
ing almost exclusively of predicted NifW and FizU/NifT proteins, which stabilise
nitrogenase complexes under stress rather than directly catalysing nitrogen fixa-
tion”'?1°, In contrast, energy metabolism AMGs were dominated by components of
electron transport and photosynthetic machinery, including NDH-1 subunits (O and
M), photosystem proteins (e.g. PsaM, PsbY, PsbX, and PsaJ), and cytochrome b6f
complex components. These proteins play established roles in electron transport,
cyclic electron flow, and redox balancing”'®?'"?'® and are consistent with the
hypothesis that phage-encoded homologues contribute to maintaining host energy
metabolism during infection. Similar functions have been described in cyanophages,
where energy metabolism genes are thought to supplement host pathways and
prevent metabolic collapse during infection, thereby enhancing viral replication®'".

Overall, the predicted AMG repertoire of Irish soil viral genomes suggests that
functions related to host stress tolerance, metabolic modulation, and competitive
interactions may represent important components of virus—host interactions in het-
erogeneous soil environments, although these proposed roles remain to be experi-
mentally validated.

3.3.9.2 Predicted defence- and nitrogen-associated AMGs are positively
associated with viral abundance and prevalence

Spearman correlation analysis showed that viral abundance and prevalence were
most strongly associated with predicted host-modulatory AMG categories. Nitrogen
cycling AMGs exhibited the strongest positive correlations with both abundance
and prevalence (p =~ 0.42), while defence- and competition-associated AMGs were
positively associated with prevalence (p ~ 0.38) (Figure 3.5¢). Other functional
categories, including energy metabolism and sulfur/redox processes, showed weaker
associations, whereas carbon cycling AMGs were not significantly correlated with
viral abundance or prevalence. Among the measured soil properties, only silt
content was significantly associated with AMG composition, correlating positively
with carbon cycling genes (p ~ 0.46).

3.3.10 Anchoring Irish soil viral communities within a
global context

In this study, we hypothesised that globally distributed viral populations could
be detected in Irish soils through conserved nucleotide signatures. However,
initial conservative read recruitment (75% breadth of coverage) against the GSVA
and VIRE databases revealed a substantial number of non-viral sequences. For
example, the GSVA-derived contig 3300035173.a:Ga0373463_0174927 (1,231 bp),
detected across 127 samples at this threshold, showed partial similarity (42% query
coverage, 73% nucleotide identity) to the bacterial chromosome of Bradyrhizobium
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sp. PMVTL-01 (CP193982.1). Similarly, contig 3300009994.a:Ga0105126_1000567
(3,108 bp), detected in 93 samples, exhibited 100% query coverage and 100%
nucleotide identity to the Panicum virgatum chloroplast genome (OQ873399.1).

More notably, longer contigs initially classified as vi-
ral, including  3300026121.a:Ga0207683_10000262 (47,039  bp) and
3300026121.a:Ga0207683-10000371 (41,225 bp), were detected across multiple
samples (33 and 17, respectively), but functional annotation revealed them to
represent fragmented bacterial genomes. These contigs encoded a broad repertoire
of core cellular functions, including amino acid metabolism, energy production,
transcriptional machinery, and membrane transport systems, all of which are
inconsistent with viral genome architecture. The only genes with potential viral
associations were limited to HNH endonucleases and dUTPases, which are insuffi-
cient indicators of viral origin in isolation.

Another key finding was that retroelement-derived sequences represent a ma-
jor and previously underappreciated source of false-positive viral signal in soil
metagenomes. Several contigs showing widespread detection and high coverage
lacked canonical viral hallmark genes and instead encoded features characteristic of
retrotransposons, including integrase domains and Ty3 capsid-like proteins®'”. For
example, the VIRE-derived contig k141947964 (6.7 kb), originally recovered from
Populus trichocarpa-associated microbial communities, was detected across multi-
ple Irish soil samples at high coverage despite encoding only four predicted genes,
all consistent with retroelement function, including integrase and Ty3 capsid-like
domains. Notably, this contig lacked structural and packaging modules required
for virion formation, indicating that it represents a mobile genetic element embed-
ded within host genomes rather than an infectious virus, despite producing strong
nucleotide-level signals.

3.3.11 Evidence of shared viral populations across geo-
graphically distant soils

To explore whether a more inclusive approach would recover globally distributed
viral signals, the sequence coverage threshold was reduced from 75% to 10%. This
resulted in a substantial increase in detections, yielding 24,212 hits from GSVA and
241 from VIRE. To reduce noise and retain only high-confidence viral sequences,
contigs were subsequently filtered using CheckV, keeping only those classified as
high-quality or complete genomes. This step retained 146 of 241 VIRE contigs,
whereas only 16 of 24,212 GSVA-derived contigs passed filtering. Of these, 39
contigs exhibited detectable nucleotide-level genome coverage in more than two
samples (Figure 3.6).
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Global Viral Nucleotide Signatures Detected in Irish Soil

Genome (kb)
Completeness (%)

Source
Habitat
Country
CheckV

Eoomn | | ] [ | 1 | I | 1 1 | 48547-k141_3084687
[ 0 9134 309012~~k141_23168
() [o0 1 14473~~k141_1491658 Database SeqDepth
] 100 | | 1 56571~~k141_ 3068003 W GSVA M Deep
= f0 I I 48547~~k141_3984710 M VIRE Shallow
= la9 3300014969.a:Ga0157376_10000247
0] s402 1 1 56611~~k141_59753 Habitat
() o857 1 1 54150~k141_1122068 I Animal gut
(] 100 I 109169~~k141_2712907 Freshwater
0 100 ] I I 96892~~K141_1090534 B Freshwater sediment
0 oo 96880~~k141_392921 Groundwater sediment
0 et 56611~~k141_558975 B Human gut
{ | 100 | 1 14312~~k141_1674884 B soil
= fo0 | 56486~~k141_508226
» () o] 56450~-k141_1040513 Country
k=) | w67 3300087071.:Ga0373485_000096 [l Canada
€ (] 100 | 74187~K141_20818 [ China
Q (| 100 | 48735~~k141_4856415 B New Zealand
9 = 100 ] 51092~-k141_1013638 Reunion
[ = U 1 80045~-k141 8122 Sweden
> (] [0 | 1 14537~~k141_1268302 B UK
ol = f0 48575~~k141_7344749 USA
-8 m s 200007475.3C0400313_ 000105 G me coverage
L_') [ 100 48553~~k141_4466577 (breadth)
m #oa 3300037202.2:Ga0395664_000875 506
(] 100 48692~~k141_2765834
| 5] oo 68481~~k141_4259366 0.4
(] 100 22729~~k141_197896 0.2
m 2089 48675~~k141_2579821 :
| [ [ 2H 3300037119.2:Ga0373486_0000211 0
m 0.7 3300005294.2:Ga0065705_10104328
(] fo0 48553~~k141_3827994
m 100 56571~~k141_2253826
(] 2001 6107~k141_4875513
[} 100 48553~~k141_2208919
(] [100 48617~~k141_1857784
[ 93.03 105597~~k141_2963268
[ 100 14511~~k141_711831
[ 48700~~k141_4265728
—
° 3 IR, S-cDepth

Irish Soil Samples

Figure 3.6: Global viral nucleotide signatures detected in Irish soil
metagenomes. Reference viral sequences from the VIRE (> 1 million sequences)
and GSVA (~50,000 sequences) databases were mapped against Irish soil metage-
nomic reads using Bowtie2. Genome coverage (breadth) was calculated for each
reference, with a minimum threshold of 10% coverage required to retain candidate
hits. All retained sequences were subsequently filtered using CheckV to identify
high-quality viral contigs. The heatmap displays genome coverage across Irish soil
samples for each reference viral contig, with rows representing global viral sequences
and columns representing individual samples. Metadata annotations indicate source
habitat, country of origin, genome length, and CheckV completeness. Despite the
inherent limitations of nucleotide-based homology searches for highly diverse viral
populations, detectable signal was observed for multiple bacteriophages, with some
contigs exhibiting > 60% genome coverage, suggesting the presence of conserved or
closely related viral lineages in Irish soils.

The genome of contig 48547 k1413984687 (57,901 bp; 84 predicted genes),
originally recovered from soil in Washington, USA (BioSample: SAMN10864404),
is shown in Figure 3.6 and Supplementary Figure 3.23. This Caudoviricetes genome
exhibited a median nucleotide coverage of 0.56 across the 14 Irish soil samples
in which it was detected. Despite its widespread presence and high coverage, no
nucleotide-level homology was observed between this genome and any curated
Irish soil viral sequences. Further analysis at the protein level will be required to
determine whether this virus is related to Irish soil viruses and to identify which
genomic regions are responsible for the observed nucleotide-level signal in Irish
metagenomic reads.

Among the retained contigs, a number of globally sourced viral genomes showed
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evidence of homology to viruses detected in Irish soil. Notably, two complete double-
stranded DNA viral genomes, each approximately 120 kb in length and encoding
over 200 predicted proteins, exhibited substantial nucleotide similarity (80-100%
pairwise identity across ~58.8% of the genome; ~72.800 bp) (Figure 3.7a). The
genome recovered from Irish soil (AT10B_S2_NODE_1 _length 122247 _cov_15.292769)
was highly prevalent (detected in 122 samples) and displayed strong similarity
to a complete viral genome previously recovered from a Miscanthus rhizosphere
soil sample in Kellogg Biological Station, Michigan, USA (48700~ "k141.4255728;
BioSample: SAMNO06268385).
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Figure 3.7: Genome synteny between Irish soil-derived bacte-

riophage and a geographically distinct soil phage. Compara-
tive genome analysis reveals extensive synteny between the Irish phage
AT10B_S2_NODE_1 length_ 122247 _cov_15.292769 and a phage recovered from a
Miscanthus rhizosphere soil sample in Kellogg Biological Station, Michigan, USA
(487007 "k141.4255728), despite their geographic separation (a). These genomes
align at the nucleotide level across ~58.8% of the query genome (~72,788 bp),
demonstrating substantial sequence conservation alongside preserved gene order.
Conserved nucleotide-level alignments (b—c) highlight shared genes, particularly
within structural, replication, and transcriptional modules, indicating strong evolu-
tionary constraint on core viral functions.

Comparative genomic analysis revealed extensive conservation between the two
genomes. Pairwise alignment demonstrated strong synteny across large portions
of the genomes, with numerous homologous genes exhibiting moderate to high
amino acid identity (typically 60-95%) (Figure 3.7a). This conservation extended
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across key functional modules, including replication, structural, and packaging
genes, suggesting a shared genomic architecture and common evolutionary origin.
Functional annotation further supported this relationship, with both genomes
encoding a similar repertoire of predicted proteins, including tail capsid proteins,
and transcription-associated factors (Figure 3.7b,c). Database comparisons of
AT10B_S2_NODE_1 length_ 122247 _cov_15.292769 identified the closest reference
genome as Streptomyces phage Bmoc (family Stanwilliamsviridae), although the
total aligned region between the query genome and this reference was limited
(~4 kb), representing a small fraction of the genome. This suggests that while
the recovered genomes are related to known members of this family, they are not
well represented in current reference databases. CRISPR spacer matches linked
AT10B_S2_NODE_1 length_122247_cov_15.292769 to members of the Thiolinea
genus (family Thiotrichaceae, order Thiotrichales, class Gammaproteobacteria,
phylum Proteobacteria), although this association was supported at moderate
confidence, with spacer hits to this taxon accounting for > 50% of all matches.

This result indicates that the identified genomes likely represent members of
an under-sampled viral lineage within Caudoviricetes, potentially corresponding
to a novel species or genus within an existing order. The recovery of two highly
similar viral genomes from geographically distinct soil samples suggests that this
lineage is not an isolated occurrence, but may instead represent a persistent
and ecologically relevant component of soil viral communities. Given the known
challenges associated with viral genome recovery from soil environments—including
high diversity, uneven coverage, and assembly fragmentation—as well as the typi-
cally high nucleotide diversity among bacteriophages, the detection of conserved,
complete genomes is notable.

It is possible that additional members of this lineage remain undetected in
existing datasets, particularly due to limitations in current search strategies. Fully
characterising the diversity and distribution of this potential clade will require
approaches that extend beyond nucleotide similarity, including protein-level and
structure-informed methods. Systematic mining of large-scale soil metagenomic
repositories using such approaches may reveal whether this lineage is more broadly
distributed across soil environments and help clarify its taxonomic placement
within the broader viral phylogeny.

A secondary comparison identified limited genomic similarity (~13.8% genome
coverage; ~6.4 kb) between two similarly sized (~45 kb) viral genomes from
soil (HI2_S5_.NODEL_1_length 45436_cov_28.320200) and human gut environments
(809457 "k141.8122, China; BioProject SAMN13252589; Supplementary Fig-
ure 3.24). The shared regions were restricted to a subset of inverted genes arranged in
opposite orientations, consistent with the conservation of discrete functional mod-
ules and the mosaic architecture of bacteriophage genomes. The complete Irish
contig (HI2_S5_NODE_1_length_45436_cov_28.320200) showed its closest alignment
to Streptomyces phage FlowerPower (MH155868.1), with 3,367 amino acids aligned
across the reference genome. In addition, a high-confidence CRISPR spacer match
linked this contig to soil-associated ammonia-oxidising bacteria of the RAAP-2 fam-
ily within the order Acidimicrobiales'””. This observation highlights the potential
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for detecting cross-environmental bacteriophage conservation at the nucleotide level,
although more comprehensive analyses are required to assess its extent.

3.3.12 Metagenomic viral discovery — trade-offs and chal-
lenges

While this viral discovery analysis employed nucleotide-level screening followed by
stringent filtering, such approaches differ from more sensitive methods based on
hidden Markov models (HMMs), which are often considered the gold standard for
viral detection'””. As a result, the strategy used here may bias against the recovery
of highly novel viral sequences. It is therefore likely that additional, previously
uncharacterised viral diversity exists within soil environments - including within
this dataset - but remains undetected due to limited similarity to currently available
reference genomes.

The identification of such novel viruses would require the interrogation of se-
quences that are not recognised as viral by existing tools, followed by rigorous
exclusion of cellular origin and detailed functional annotation. Current viral dis-
covery relies on the infallibility of tools such as CheckV'’". In this analysis, we
discovered false positives arisen from transposons in plant mitochondrial DNA for
example, showing how viral discovery is extremely nuanced and inherently difficult,
analogous to looking for a “needle-in-a-haystack”. Consequently, sequences repre-
senting genuinely novel viral lineages may have been excluded during this study, as
they may lack canonical viral hallmark genes and instead consist predominantly of
hypothetical proteins or proteins of unknown function. This highlights an inherent
trade-off between confidence and discovery, where increasing stringency reduces false
positives but may also remove biologically meaningful, yet currently unrecognisable,
viral sequences.

3.3.13 Discussion and future direction

A limitation of this study is that viral abundance was estimated from the total num-
ber of sequencing reads recruited to each viral contig, rather than using genome-wide
coverage metrics and length-normalised abundance estimates. Consequently, abun-
dance estimates may be influenced by differences in contig length, uneven sequencing
depth, or localised regions of high read recruitment, potentially biasing quantita-
tive comparisons among viral genomes. In addition, viruses represented by only a
small number of reads mapping to conserved genomic regions may have been incor-
rectly classified as present, leading to an overestimation of viral prevalence. While
this approach provides a useful approximation of the relative representation of viral
sequences within each metagenome, the reported abundances and occupancy esti-
mates should therefore be interpreted with caution. Future work will incorporate
genome-wide coverage metrics, including average depth of coverage, breadth of cov-
erage, and length-normalised abundance measures (e.g. RPKM or TPM), together
with minimum breadth-of-coverage thresholds to provide more robust estimates of
viral abundance and prevalence.
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3.3.14 Conclusion

Soil harbours an extraordinarily diverse and largely unexplored virosphere, yet
recovering viral signal from shotgun metagenomic data remains inherently challeng-
ing. In this study, viral sequences comprised only a minute fraction of total reads,
and genome recovery was constrained by the combined effects of extreme microbial
diversity, uneven coverage, and limitations of short-read assembly. These factors
render viral discovery in soil a fundamentally difficult task, analogous to searching
for a “needle in a haystack”.

Despite these constraints, we identified a set of high-confidence viral genomes
dominated by members of the class Caudoviricetes, confirming that tailed bac-
teriophages represent the most abundant and widespread viruses in Irish soils.
Notably, several viral populations were consistently detected across geographically
and environmentally distinct samples, indicating that a subset of soil viruses can
persist across heterogeneous environments despite substantial differences in genome
size, host range, and inferred ecological strategy. Their auxiliary metabolic gene
repertoires were dominated by defence and nitrogen-associated functions, pointing
toward a strategy centred on host interaction, stress tolerance, and long-term
persistence.

Attempts to detect a globally conserved viral soil signature revealed that
nucleotide-level conservation is limited and readily confounded. A substantial
proportion of sequences identified through reference-based approaches corresponded
not to bona fide viruses, but to host-derived fragments or mobile genetic elements,
particularly retrotransposons. These elements, which encode virus-like proteins yet
remain non-infectious, generated strong and reproducible signals across samples,
highlighting a critical limitation in current viral discovery frameworks and con-
tributing to false-positive viral assignments in large-scale databases.

Notwithstanding the generally limited nucleotide conservation observed across
soil viral populations, we identified isolated instances of highly conserved genomes
recovered from geographically distant environments. In particular, a complete
viral genome recovered from Irish soil exhibited extensive nucleotide similarity and
conserved gene synteny with a phage isolated from North American soil. While
this observation does not indicate widespread global conservation, it suggests that
certain viral lineages may exhibit broader geographic persistence than is typically
assumed. Determining the extent to which such lineages are distributed across
soil environments will require more comprehensive and protein sensitive approaches.

Collectively, these findings demonstrate that soil viral diversity is vast but
highly fragmented, locally structured, and only weakly conserved at the nucleotide
level. They further emphasise that reliance on reference-dependent and gene-
centric methods can lead to substantial misclassification, particularly in complex
environments where viral, cellular, and mobile genetic elements share overlapping
functional features.

Future approaches to soil viromics must therefore move beyond strict depen-
dence on existing reference databases and canonical hallmark genes. Integrative
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strategies that incorporate genome-wide context, structural and functional coher-
ence, and reference-independent signals will be essential to resolve the true extent
of viral diversity and to capture the substantial fraction of “viral dark matter” that
remains undetected. Advancing these frameworks will be critical for accurately
characterising viral communities and understanding their roles in soil ecosystem
function.

3.3.15 Methods
3.3.15.1 DNA extraction and sequencing

DNA was extracted from 0.25 g soil using the QITAGEN DNeasy® PowerSoil® Kit
following the manufacturer’s instructions. The yield and quality of DNA extracts
were verified using a NanoDrop 2000 spectrophotometer and by electrophoresis on
a 1% agarose gel. Library preparation was performed using the Nextera XT Library
Preparation Kit, and pooled samples were sequenced at the Teagasc Moorepark
sequencing facility. Pooled libraries of all DNA extracts were sequenced across four
lanes of an Illumina HiSeq 4000 platform, generating a median of 16,586,860 paired-
end reads (5.85 Gb) of data per extract.

3.3.15.2 Quality control and assembly

Sequencing quality was assessed for all raw reads using FastQC (v0.12.1). Adapter
trimming and quality filtering were performed using Trim Galore (v0.6.10; Cutadapt
v4.8) with a minimum Phred quality threshold of 20 (—quality 20). Three comple-
mentary assembly strategies were applied depending on sequencing depth. Shallowly
sequenced samples were assembled using metaSPAdes (SPAdes v3.15.5). Deeply
sequenced samples were assembled using MEGAHIT (v1.2.9), followed by an addi-
tional assembly of the first 100 million reads from each deeply sequenced sample
using metaSPAdes (SPAdes v3.15.5). All resulting contigs were pooled and derepli-
cated using MMseqs2 easy-cluster with a minimum sequence identity threshold
of 95% (--min-seq-id 0.95). Representative sequences from each cluster were
retained and used as the non-redundant (nr) contig set.

3.3.15.3 Viral sequence identification

To identify putative viral sequences from the assembled metagenomic contigs,
we applied a combination of VIBRANT (v1.2.0) and geNomad (v1.9.3) for virus
detection, followed by CheckV for quality assessment and genome completeness
estimation.

All assembled contigs >1 kb in length were processed with VIBRANT, which
predicts viral genomes based on gene annotation and genomic context. Contigs
containing at least four predicted open reading frames (ORFs) were retained,
yielding 10,600 putative viral contigs. These were dereplicated using MMseqs2
(easy-cluster module) with a minimum sequence identity threshold of 95% and a
minimum coverage of 85%.
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In parallel, geNomad was run on all assembled contigs >1 kb. The resulting
virus_summary.tsv file was filtered to retain contigs containing at least one viral
hallmark gene (npanmarks > 1) and a virus score > 0.75, resulting in 21,701 putative
viral contigs.

The non-redundant viral contigs from both tools were merged, producing a
combined dataset of 29,231 unique putative viral contigs. This combined set was
subsequently evaluated using CheckV (v1.0.3; database checkv-db-v1.5) to assess
genome completeness and contamination. Only contigs that were not classified as
proviruses, contained at least one viral gene, and had 0% estimated contamination
were retained, yielding a total of 19,368 putative viral contigs. Final high-quality
viral genomes were defined as those classified by CheckV into the Complete,
High-quality, or Medium-quality categories.

These contigs were searched against the NCBI nt database to remove false pos-
itives arising from plant-derived DNA. Following filtering and manual curation, a
total of 118 high-confidence viral contigs were retained for downstream analyses,
representing a subset of the 19,368 sequences comprising the complete Irish viral
contig catalogue.

3.3.15.4 Viral gene prediction and annotation

Protein-coding genes were predicted from viral contigs using Prodigal (v2.6.3) in
metagenomic mode. Functional annotation of predicted proteins was performed
using protein-vec (https://github.com/tymor22/protein-vec) to infer Pfam do-
mains based on learned protein embeddings. To support this analysis, the soft-
ware environment was configured for CUDA 11.4 with PyTorch 1.12.1. Predicted
Pfam accessions were linked to domain definitions from the Pfam-A seed database
(https://www.ebi.ac.uk/interpro/download/Pfam/Pfam-A.seed.gz) using cus-
tom Python scripts.

3.3.15.5 Viral taxonomic classification

Viral sequence taxonomic classification was undertaken at the amino acid sequence
level https://github.com/lindabmith/crassify and through whole-proteome
structural comparison via PhagePleats https://github.com/lindabmith/
PhagePleats”’’. Protein folding was undertaken using esmfold v1() model from
ESMFold'*’. Folding was performed in an environment derived from the project-
provided environment.yml, with updates for A100 GPU compatibility (PyTorch
1.9.04culll). Structures were generated using: python fold.py —chunk-size 128.

3.3.15.6 Host prediction

80

Bacterial host prediction was carried out as described in methodology of GSVA'
whereby viral sequences were aligned against a database of CRISPR spacers of 1.6
million bacterial and archaeal genomes”’'.
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3.3.15.7 Global virus prevalence and abundance detection

To identify globally distributed viral genomes detectable in Irish soil metagenomes,
viral reference sequences from the Global Soil Virus Atlas (GSVA) and the Viral Ref-
erence database (VIRE) were screened against Irish soil sequencing reads. Quality-
filtered paired-end reads were aligned to viral reference genomes using Bowtie2
(v2.4.2) with default parameters. Resulting alignments were processed using SAM-
tools to generate sorted BAM files.

Genome coverage was calculated from BAM alignments, and viral genomes were
initially retained if they achieved >70% breadth of coverage across their length in
at least one sample. This stringent threshold was applied to ensure high-confidence
detection and to minimise spurious alignments. However, gene content analysis of
retained contigs revealed many false positives including plant-derived sequences and
fragmented bacterial genomes. To address this, the coverage threshold was relaxed
to >10%, allowing the inclusion of more permissive viral homologues. These were
subsequently filtered using CheckV to retain high-confidence viral sequences for
downstream analyses.

3.3.15.8 Statistical Analysis and visualisation

Multivariate ecological analyses were performed using the vegan package”””. All
statistical analyses were performed using Python v3.8.19'% in Jupyter Notebooks "
and R v4.1.1'**, In Python, data processing, statistical analyses, and visualisation
were conducted using pandas v2.0.3'", NumPy v1.24.4'"", scikit-learn v1.3.2'%",
seaborn v0.13.2'%?, matplotlib v3.7.5'% and Entrezpy'’’. In R, data manip-
ulation and visualisation relied on ComplexHeatmap'®’, ggplot2'"’ bor

, dplyr ',
tidyr'°®, and RColorBrewer'"’. Structural phylogram was made in iTOL'®* and
genome synteny maps in Clinker

223

All code and analyses supporting this study provided at https://github.com/
lindabmith/Irish_Soil_Virome
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3.3.16 Supplementary Material

A. Distributions of Soil and Environmental Variables
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Supplementary Figure 3.8: Overview of soil sample metadata.

(A) Summary of all chemical and physical soil properties measured across samples.
(B) Geographic distribution of the 32 sampling sites across Ireland, coloured by
province. All samples from each site were collected during a single sampling visit,
with collection dates spanning 15 November 2019 to 1 March 2020, representing a
winter-season metagenomic snapshot.

(C) Sequencing depth across samples, grouped by province. The majority of samples
from each site were shallowly sequenced (< 10 million reads), while one sample per
site was randomly selected for deep sequencing (> 100 million reads).
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Distribution of Soil Texture Classes
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Supplementary Figure 3.9: Distribution of USDA soil texture classes
across sampled Irish soils.

USDA soil texture classification based on measured sand, silt, and clay percentages
indicated that sampled soils were predominantly loam (41.5%), followed by sandy
loam (21.3%) and clay loam (17.1%). Sandy clay loam (7.9%) and silty clay loam
(6.7%) were less frequently represented, while clay (2.4%), silt loam (1.8%), and silty
clay (1.2%) comprised only a small proportion of samples. Overall, the dataset was
dominated by moderately textured mineral soils characterised by balanced sand-silt-
clay composition.
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Supplementary Figure 3.10: Assembly contig length and coverage pro-
files across sequencing depths.

(A) Distribution of assembled contig lengths for deeply sequenced (blue) and shal-
lowly sequenced (red) samples, shown on a logarithmic count scale. Deep sequencing
yields a broader contig length distribution and recovers substantially longer contigs,
whereas shallow sequencing predominantly produces shorter contigs.

(B) Relationship between contig length and mean sequencing coverage (log scale).
Deeply sequenced samples exhibit higher coverage across a wide range of contig
lengths, including long contigs exceeding 100 kb, while shallowly sequenced samples
are largely constrained to shorter, lower-coverage contigs. Together, these patterns
illustrate the impact of sequencing depth on assembly continuity and support the
selection of deeply sequenced samples for high-resolution downstream viral analyses.
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Supplementary Figure 3.11: Caudoviricetes soil contigs gene presence
proportion.

The proportion of predicted genes assigned to functional categories was assessed
across 112 viral genomes. Structural genes were highly prevalent, with capsid
(92.9%), tail (89.3%), and movement proteins (88.4%) detected in most contigs.
Packaging components were also widespread, with terminases (75.9%) and portal
proteins (68.8%) present in a majority of genomes, consistent with established Cau-
doviricetes virion architecture.

N Structure N Replication Transcription

Viral Genome Map: BL2_S3_NODE_98_length_4072_cov_14.248942

Transcription Regulator

[ Putstve Vil Fepleatn proten > Detaretrovirus Tax protein
[ > Viral coat protein (S domain) >
. \ \ \ ) \ : ] ]
0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000

Supplementary Figure 3.12: Genome organisation of a crucivirus-like con-
tig detected in Irish soil metagenomes.

Genome map of contig BL2_S3_NODE_98 length_4072_cov_14.248942 (4,072 bp),
classified within the class Arfiviricetes. Predicted open reading frames include an
RNA helicase, putative viral replication protein, transcription regulator, viral coat
protein (S-domain), and a deltaretrovirus Tax-like protein. Functional categories are
colour-coded as Replication (green), Structure (blue), and Transcription (yellow).
The gene content and compact genome architecture are consistent with crucivirus-
like viruses, which are commonly detected in environmental metagenomes.
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Supplementary Figure 3.13: Genome organisation of a Tectiliviricetes

contig recovered from Irish soil metagenomes.

Genome map of contig RE-HI3_S18_ k711864721 _flag=1_multi=66.2661_len=12080
(12080 bp) assigned to the class Tectiliviricetes. Predicted open reading frames
include several hallmark tectivirus proteins, including DNA polymerase type B,
Adenovirus IVa2-like packaging ATPase, P3 major capsid protein, and a PRD1
phage membrane DNA delivery protein, which together represent core components
of the replication, virion assembly, and genome delivery machinery characteristic of
PRD1-like bacteriophages. Additional genes include transcription-associated pro-
teins, auxiliary metabolic genes such as nitrogen fixation protein NifW, and several

proteins of unknown function.
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Supplementary Figure 3.14: Genome maps of Repensiviricetes
(Genomoviridae) contigs recovered from Irish soil metagenomes.
Predicted gene organisation of three circular CRESS-DNA virus contigs
identified in the dataset: (a) CG2.S9_.NODE_317 length 2106_cov_5.268162,
(b) CG4_S11_NODE_2263 length_1482 _cov_4.448493, and (c)
AH3_S4_ NODE_701_length_1614_cov_7.663887. The longest contig (a) con-
tains canonical CRESS-DNA virus features including a replication-associated
protein (Rep) with conserved catalytic and helicase domains and a geminivirus-like
capsid protein, consistent with genomovirus genome architecture. The shorter
contigs (b-c) contain partial replication or structural protein domains alongside
hypothetical proteins of unknown function, reflecting the compact and variable
gene content typical of small circular ssDNA viruses.
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Supplementary Figure 3.15: Genome map of a putative Megaviricetes
(NCLDYV) contig recovered from Irish soil metagenomes.

Predicted gene organisation of contig LY84_S9_ NODE_7_length 29064 _cov_18.060430
(29,064 bp). Functional annotations were assigned based on Pfam domain pre-
dictions and grouped into structural, replication, transcription, packaging, de-
fense, auxiliary metabolic, and unknown functional categories. The contig con-
tains several hallmark genes associated with nucleocytoplasmic large DNA viruses
(NCLDVs), including DNA polymerase type B, poxvirus late transcription factor
VLTF3, and a DNA-directed RNA polymerase-associated protein, which together
form part of the conserved poxvirus-like transcription machinery characteristic of
NCLDV genomes. Additional virion-associated structural proteins were also de-
tected, including adenovirus-like fibre and penton base proteins, consistent with
capsid and host attachment functions observed in members of the realm Varid-
naviria. Other predicted proteins include enzymatic and host-interaction domains
such as subtilase family proteases, zinc-ribbon transcription-associated domains, and
2-oxoglutarate-Fe(II) oxygenases, alongside several proteins of unknown function.
The presence of these conserved replication and structural genes supports the as-
signment of this contig to the class Megaviricetes.
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Supplementary Figure 3.16: Environmental predictors of viral alpha di-
versity.

Univariate linear models were used to test associations between environmental or
microbial predictors and viral Shannon diversity and richness. p-values were ad-
justed using the Benjamini—-Hochberg false discovery rate (FDR). Several predic-
tors showed nominal associations with Shannon diversity prior to correction (e.g.
Fe_Mehlich, ITS abundance, nosZI abundance), but none remained significant af-
ter FDR correction, indicating no robust environmental predictors of viral Shannon
diversity. In contrast, viral richness showed significant associations with

nosZI abundance (positive; § = 0.36, FDR = 0.043) and total inorganic carbon
(TICperc; negative; § = —1135.6, FDR = 0.046). Additional predictors (e.g. NirK,
NO3_mgL, Mg _Morgans) showed nominal significance prior to correction but were
not significant after FDR adjustment.
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Supplementary Figure 3.17: Viral community composition across Irish

provinces.

Non-metric multidimensional scaling (NMDS) ordination of viral communities at the
Order (left) and Family (right) levels based on Bray—Curtis dissimilarities. Points
are coloured by province and ellipsed by sequencing depth (deep vs. shallow). Viral
communities showed substantial overlap across provinces at both taxonomic resolu-
tions, indicating limited large-scale geographic structuring. PERMANOVA revealed
that province explained only a small proportion of the variation (Order: R? = 0.007,
p = 0.0072; Family: R? = 0.009, p = 0.0086), whereas sequencing depth accounted
for a slightly larger but still modest fraction of variation (Order: R? = 0.019; Fam-

ily: R? =0.024).
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Supplementary Figure 3.18: Genome map (1/3) of the most abundant

bacteriophage in Irish soil samples.

The most prevalent virus, RE-BA1.53 k71 2419271 (186 kb circular contig), encodes
a complete suite of hallmark Caudoviricetes genes, including the terminase large
subunit, major capsid protein, and portal protein. In addition to core structural
components, the genome contains numerous tail-associated and accessory proteins,
as well as genes involved in replication, transcription, and recombination, reflecting

a large, functionally diverse and modular Caudoviricetes genome.
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Supplementary Figure 3.19: Genome map (2/3) of the most abundant
bacteriophage in Irish soil samples.

This region of RE-BA1.S3 k712419271 highlights genes associated with transcrip-
tion, lysogeny, lysis, defense, and recombination. The genome encodes multiple
transcriptional regulators (including sigma factors and RNA polymerase-associated
domains), alongside recombination and integration-related proteins, indicating ca-
pacity for genome rearrangement and potential lysogenic lifestyle. A diverse array of
host interaction and defense-associated genes is also present, including antirestric-
tion proteins, toxin-antitoxin systems, and CRISPR-associated elements, suggesting
mechanisms for host manipulation and evasion of bacterial immunity.
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Supplementary Figure 3.20: Genome map (3/3) of the most abundant
bacteriophage in Irish soil samples.

This region of RE-BA1.S3 k712419271 highlights auxiliary metabolic genes
(AMGs) and a large proportion of uncharacterised proteins. Several genes asso-
ciated with host metabolic processes are present, including those linked to nitrogen
metabolism (e.g., Nif proteins), redox functions, and cellular processes, suggesting
potential roles in modulating host physiology during infection. Notably, a substan-
tial fraction of the genome encodes proteins of unknown function (unlabelled), un-
derscoring the extensive functional novelty and unexplored genetic diversity within
soil Caudouviricetes.
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Supplementary Figure 3.21: Genome map of a highly abundant and
prevalent bacteriophage in Irish soil samples.

The genome of RE-HN6_S19_100M_NODE _3 length 17507 _cov_499.935079 (17.5 kb
circular contig) exhibits a compact and streamlined architecture, encoding core
structural, packaging, replication, and lysis-associated genes. Key features include
replication gene A (GPA), major spike and coat proteins, and cell wall degradation
enzymes (amidase/NIpC-P60 and transglycosylase domains), consistent with a lytic
lifestyle. In addition to these core functions, the genome contains a limited set of
auxiliary metabolic and host-associated genes, including nitrogen- and photosystem-
related proteins, alongside regulatory and defense-associated domains.
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Supplementary Figure 3.22: Genome map of a highly abundant and
prevalent viral MAG in Irish soil samples.

The genome of RE-JC42_521_100M_NODE_1 length 57441 _cov_90.548775 (57.4 kb)
exhibits a modular and mosaic architecture typical of Caudoviricetes, encoding core
structural and packaging proteins (capsid, portal, terminase, tail-associated and
spike proteins) alongside replication and recombination functions. The genome also
contains an expanded repertoire of host-interaction and defense-related genes, in-
cluding anti-restriction proteins, DNA methyltransferases, toxin—antitoxin systems,
and regulatory domains. Several auxiliary metabolic genes are present, including
nitrogen-associated and redox-related proteins, although some predicted functions
likely reflect conserved domains rather than direct metabolic roles. A substantial
proportion of genes remain uncharacterised, highlighting the functional novelty of
soil viral genomes.
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Supplementary Figure 3.23: Genome map of a VIRE-derived bacterio-
phage detected at high nucleotide coverage across multiple Irish soil sam-
ples.

The genome of contig 485477 "k141.3984687 (57,901 bp; 84 predicted genes), orig-
inally recovered from soil in Washington, USA (BioSample: SAMN10864404), is
shown. This Caudoviricetes genome exhibited a median nucleotide coverage of 0.56%
across the 14 Irish soil samples in which it was detected. Despite its widespread
presence and high coverage, no nucleotide-level homology was observed between
this genome and any curated Irish soil viral sequences.
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Supplementary Figure 3.24: Partial genomic similarity between Irish soil-
and human gut-associated bacteriophages reflects conservation of discrete
functional modules.

A nucleotide comparison identified limited genomic similarity (~13.8% genome
coverage; ~6.4 kb) between two similarly sized (~45 kb) viral genomes originat-
ing from soil and human gut environments (80945~ "k141_8122, China; BioProject
SAMN13252589). The conserved regions are arranged in opposite orientations be-
tween the two genomes, indicating inversion of shared genomic modules. Two large
genes of unknown function, located at approximately 10 kb and 22 kb, respectively,
are conserved, as well as phage tail fibre repeats around the ~42 kb region of the
genome. The complete Irish contig (HI2_S5_-NODE_1_length_45436_cov_28.320200)
showed its closest alignment to Streptomyces phage FlowerPower (MH155868.1),
with 3,367 amino acids aligned across the reference genome. In addition, a high-
confidence CRISPR spacer match linked this contig to soil-associated ammonia-
oxidising bacteria of the RAAP-2 family within the order Acidimicrobiales.

113



4. Conclusions

4.1 Overview

Bacteriophages are the most abundant biological entities in the biosphere,
outnumbering their cellular hosts by at least an order of magnitude and exerting
profound influence on microbial evolution, ecosystem function, and global bio-
geochemical cycles. This thesis begins with a review of Crassvirales, an order of
dsDNA bacteriophages that represents a striking example of ecological dominance
and global prevalence. Despite their extraordinary abundance in human gut
microbiomes, prototypical crAssphage (p-crAssphage) remained undetected until
2013, largely due to limitations in available bioinformatic tools and reference
databases. Its discovery through cross-assembly of metagenomic data catalysed a
new wave of research into gut viral ecology, including investigations into phage—host
interactions, population stability, and potential links to human health.

Within the broader landscape of global bacteriophage—and viral—diversity,
Crassvirales constitute only a small clade. Placing such dominant lineages into
a coherent evolutionary and taxonomic context remains inherently challenging.
Viral taxonomy is complicated by the fundamental properties of viral genomes:
extreme mosaicism, chimeric gene architectures, rapid evolutionary rates, pervasive
horizontal gene transfer, and frequent homologous recombination. Together, these
processes obscure phylogenetic signal and blur taxonomic boundaries between
viral lineages. Historically, viral relatedness has been inferred using single marker
genes such as the major capsid protein, terminase large subunit, or portal protein.
While informative, these approaches are limited in resolution and poorly suited to
resolving deep evolutionary relationships.

Recent advances in machine learning and structural biology have transformed
this research space. Large language models such as ESMFold now enable high-
throughput protein structure prediction for hundreds of thousands of proteins, while
tools such as Foldseek convert atomic structural coordinates into linear alphabets
that allow ultrafast structural comparison and clustering. As a result, analyses that
once required computationally intensive all-versus-all protein sequence searches can
now be performed rapidly at the highest biologically meaningful resolution—the
level of protein structure.

We capitalised on this rapidly evolving bioinformatic landscape by integrating
state-of-the-art structure prediction and comparison tools to construct a revised
taxonomy of Caudoviricetes. Notably, the resulting structure-based classifications
showed strong concordance with existing official ICTV taxonomy, with substantial
agreement at multiple taxonomic ranks. From the outset, it was evident that
higher-order classifications were urgently needed: only a small fraction of known
Caudoviricetes genomes currently possess order- or family-level assignments, leaving
much of their diversity taxonomically unresolved.

A striking outcome of this analysis was the identification of deeply conserved
structural features across bacteriophages isolated from diverse environments world-
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wide. Nearly all genomes shared a conserved virion assembly core, centred on the
terminase large subunit and, to a lesser extent, the major capsid protein, underscor-
ing the evolutionary stability of fundamental packaging and capsid architectures
despite extensive genomic divergence elsewhere. At the same time, analysis of a
global dataset of 4,082 Claudoviricetes genomes encompassing 451,151 predicted
proteins revealed that the most prevalent protein folds correspond to domains
of unknown function, including DUF1128 (PF06569) and DUF9867 (PF06174).
The dominance of these uncharacterised folds highlights the extent of functional
novelty within dsDNA bacteriophages and suggests the existence of yet-unknown
mechanisms governing phage-host interactions. These findings emphasise the need
for targeted experimental characterisation of structurally conserved but functionally
enigmatic viral proteins.

This structure-based framework resulted in the delineation of 159 orders, 267
families, 502 subfamilies, and 1,189 genera within Caudoviricetes, highlighting
the remarkable breadth of tailed phage diversity captured by whole-structurome
comparison. Quantitative analysis of proteomic relatedness revealed that inter-
order similarity is extremely low, with genomes from different orders sharing on
average ~5% of their structural protein clusters. Despite this deep divergence,
the conserved virion assembly core is retained across lineages, with the terminase
large subunit (TerL) functioning as a universal molecular motor from which diverse
capsid and accessory structural proteins are assembled.

These results emphasise the extraordinary combinatorial diversity of phage
proteomes: while the core packaging machinery remains conserved, the surrounding
structural components vary extensively, effectively forming a modular repertoire
of interchangeable “building blocks” that can be recombined to generate distinct
virion architectures. This architectural flexibility provides a mechanistic basis for
the vast structural and functional diversity observed across Caudoviricetes despite
minimal shared proteomic content at higher taxonomic ranks.

Despite the inherent challenges of studying viruses, interest in uncovering new
viral species, elucidating their ecological roles, and assembling large collections of
viral sequences from diverse environments is accelerating rapidly. This momentum
is exemplified by recent large-scale resources such as VIRE (~1.7 million sequences)
and the Global Soil Viral Atlas (GSVA; ~50,000 sequences), released in 2025.
Together, these efforts highlight both the scale of viral diversity being uncovered
and the urgency of developing robust frameworks for organising it.

We consider this an especially exciting time for viral taxonomy. Without
diminishing the substantial experimental, computational, and conceptual chal-
lenges involved in viral discovery and classification—mnor the considerable efforts
of the research communities undertaking this work—we believe that the taxon-
omy landscape will naturally shift to incorporate high resolution bioinformatic
methods. Increasing access to high-performance computing infrastructure, GPUs,
and advanced protein folding models is enabling analytical approaches that were
previously infeasible. In this context, whole-structurome comparative strategies
are poised to become a foundational component not only of viral taxonomy, but
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also of comparative genomics more broadly, offering a scalable means of bridging
taxonomic gaps between highly divergent viral genomes where sequence-based
approaches alone often fail.

To demonstrate the broader applicability of these concepts, they were extended
to the analysis of the Irish soil virome using high-quality shotgun metagenomic
data. Despite the inherent challenges of soil viromics, including extreme community
complexity and low viral signal-to-noise ratios, this approach recovered a small but
quantifiable fraction of viral genomes. Analysis of these genomes revealed recurring
and prevalent viral populations across diverse soils, the majority of which belonged
to Caudouviricetes, consistent with their well-established global dominance, enabling
inferences about phage architecture, genome size variation, and auxiliary metabolic
gene content.

Notably, Irish soil phages exhibited substantial diversity in genome organisation
and metabolic potential while maintaining consistent ecological prevalence and
abundance across samples. The prominence of defence- and persistence-associated
auxiliary metabolic genes suggests that soil phages may favour long-term coexis-
tence and host survival over aggressive lytic replication, reflecting adaptation to
spatially structured and resource-variable environments. Comparative analyses
further revealed that these soil viruses are related to viral genomes identified in
soils from Michigan, USA, as well as human gut viromes from China, indicating
the presence of globally distributed viral lineages and suggesting that conserved
genomic features may reflect functionally important and ecologically advantageous
traits. Collectively, these findings reinforce a model of viral evolution in which
genomes are not fixed entities but dynamic, mosaic assemblies of modular genetic
elements that are exchanged, recombined, and reshaped across environments. The
recurrence of related viral lineages across geographically and ecologically distinct
systems further suggests that these modular components form part of a globally
interconnected virosphere, rather than isolated, environment-specific populations.

Taken together, this thesis supports a unifying view of viral diversity in which
deeply conserved structural features provide a stable backbone for viral classifi-
cation, ecological inference, and evolutionary interpretation. Whole-structurome
comparison offers a powerful means of resolving viral relationships across ecosys-
tems, identifying the closest known relatives of novel viruses, and bridging the gap
between environmental sequences and experimentally characterised phages. As such
approaches mature, they hold promise not only for streamlining viral taxonomy, but
for revealing the true connectedness of the global viral protein network and, ulti-
mately, ultimately, uncovering viral dark matter and advancing our understanding
of viral diversity.

4.2 Future perspectives

Viral taxonomy is entering a transformative phase. Despite the enormous
diversity of the virosphere, only ~18,000 viral species have been formally classified
by the International Committee on Taxonomy of Viruses (ICTV; VMR_MLS40),
highlighting the vast scale of uncharacterized viral diversity. Structural proteome-
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based approaches, such as those implemented in PhagePleats, offer one of the
highest-resolution frameworks currently available for viral classification, enabling
comparisons that extend beyond sequence similarity into conserved structural
features.

The performance and scope of the PhagePleats framework are expected to
improve substantially as more curated viral genomes become available through
the ICTV and associated study groups. FExpanding structural coverage across
underrepresented families, and incorporating newly discovered and classified taxa,
will enhance both classification accuracy and predictive power. In future iterations,
integrating alternative machine learning approaches—such as gradient boosting
methods or neural networks—may further refine classification performance and
enable more nuanced taxonomic predictions.

Beyond bacteriophages, this framework has the potential to scale across the
entire virosphere, encompassing all viral realms and ultimately contributing to a
unified, structure-informed system for viral classification. The same principles may
also prove applicable to other mobile genetic elements, including plasmids and
viroids. At present, widespread adoption is likely hindered by the computational
demands of large-scale protein structure prediction, which requires significant GPU
resources and specialised computational environments.

In parallel, the broader field of viral discovery continues to face fundamental
challenges. Existing databases, including large environmental viral catalogues,
likely contain substantial numbers of false-positive and misclassified sequences.
Although tools such as CheckV are invaluable for assessing viral genome quality
and completeness, they are inherently limited by reliance on known viral signatures
and therefore cannot fully capture the extent of viral ”dark matter”. Likewise,
state-of-the-art classifiers such as geNomad and VirSorter have transformed viral
discovery from metagenomic data, yet they ultimately assign sequences to prede-
fined categories of viral, chromosomal, or plasmid origin. A substantial fraction
of environmental contigs remain unclassified or are assigned with low confidence,
raising the possibility that they represent previously unrecognised viruses or
entirely novel classes of mobile genetic elements. Systematically investigating
this unexplored sequence space will be essential for achieving a more complete
understanding of the virosphere.

The continued expansion of global viral datasets presents an opportunity to
explore large-scale ecological and evolutionary patterns, particularly in understudied
environments such as soils. Realizing this potential will require coordinated efforts
to curate high-confidence viral sequence databases, predict and cluster their proteins
into orthologous groups, and develop both sequence- and structure-based reference
databases. Such efforts would enable deeper insights into viral biogeography, cross-
environmental diversity, and the evolutionary relationships that shape the global
virosphere. Ultimately, advancing toward a unified, high-resolution viral taxonomy
will depend on the integration of improved data quality, scalable computational
methods, and increasingly sophisticated predictive models. These efforts will reveal
previously hidden dimensions of viral diversity and ecology.
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