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Abstract | The COVID-19 pandemic has given the study of virus evolution and ecology new rele-
vance. Although viruses were first identified more than a century ago, we likely know less about
their diversity than that of any other biological entity. Most documented animal viruses have
been sampled from just two phyla— the Chordata and the Arthropoda — with a strong bias
towards viruses that infect humans or animals of economic and social importance, oftenin
association with strong disease phenotypes. Fortunately, the recent development of unbiased
metagenomic next-generation sequencing is providing a richer view of the animal virome and
shedding new light on virus evolution. In this Review, we explore our changing understanding of
the diversity, composition and evolution of the animal virome. We outline the factors that deter-
mine the phylogenetic diversity and genomic structure of animal viruses on evolutionary time-
scales and show how this impacts assessment of the risk of disease emergence in the short term.

We also describe the ongoing challenges in metagenomic analysis and outline key themes for
future research. A central question is how major events in the evolutionary history of animals,

such as the origin of the vertebrates and periodic mass extinction events, have shaped the
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diversity and evolution of the viruses they carry.

Viruses are the most diverse and abundant biological
entity, infecting species from all of life’s domains, reg-
ularly jumping to new hosts, and occasionally causing
serious disease”. Although the diseases that we now
know are caused by viruses have been documented
for millennia, viruses were not formally identified
until the late 1800s’. The first viruses were discov-
ered in the context of strong disease phenotypes, and
for much of its history virology was heavily biased
towards research on viruses associated with overt dis-
ease, particularly from plants and animals of direct
human relevance®. This has changed with advances
in metagenomic next-generation sequencing (mNGS),
which has enabled a broader characterization of virus
diversity’~. Yet despite these technological develop-
ments, our understanding of animal viruses remains
strongly skewed towards those infecting a relatively
small number of taxa (FIGS 1,2). In addition, as metagen-
omic datasets continue to grow in both size and
complexity, so does the challenge of their analysis'’.
The development of increasingly large-scale and
affordable mNGS technologies has ushered in a new age in
our understanding of the diversity of the viral universe —
the so-called virosphere — and the evolutionary and
ecological processes that give rise to it. Paradoxically,
however, the more animal viruses that are sequenced,
the clearer it has become that most of this immense

virosphere remains uncharacterized”''. Few of the more
than 1.5 million species within the kingdom Animalia
have been surveyed for viruses, and most of those char-
acterized come from a single phylum — the Chordata.
Similarly, because mosquitoes and ticks are common
disease vectors, most virological studies of invertebrates
have focused on the Arthropoda, although this is just 1
of 21 invertebrate phyla'*~"* (FIC. 2). In addition, many
metagenomic studies of animal viromes largely involve
cataloguing the viral diversity present in the species in
question. Although an important first step, by designing
appropriate sampling schemes, metagenomic data can
also address specific hypotheses on the evolutionary and
ecological factors that shape the structure of viromes'*'°.

In this Review, we explore our current knowledge
of the structure, diversity and evolution of the animal
virome, particularly since the advent of mNGS. As most
recent data have been generated by total RNA sequenc-
ing (also called ‘metatranscriptomics’), we necessarily
devote the greatest attention to the diversity and evolu-
tion of RNA viruses, although in many cases similar con-
clusions can be drawn for viruses with DNA genomes.
A key message is that profound sampling biases have
restricted our understanding not only of virus biodi-
versity but also of fundamental aspects of virus evo-
lution. We argue that placing those viruses that cause
zoonotic disease in humans in the context of a wider
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< Fig. 1| Phylogenetic diversity of animal viruses. Schematic phylogenies showing each

phylum within the kingdom Animalia (part a) and each animal class within the Chordata
(part b), as well as the major events and traits acquired during chordate evolutionary
history. In both part a and part b, the virus families and clades associated with each
animal group are shown as identified from US National Center for Biotechnology
Information (NCBI) GenBank nucleotide accession numbers. The animal phyla are those
used for virus host taxonomy assignment within GenBank and the phylogeny is based
on REFS'**, The figure is reliant on the host species assigned to a given virus sequence in
the NCBI GenBank sequence database, such that these associations may not have been

experimentally verified.
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sampling of animal viromes provides a more nuanced
view of the frequency of host-jumping and emergence
events, and hence assessments of zoonotic risk. We also
give special emphasis to a central but rarely addressed
question: whether major events in animal evolution —
moments of evolutionary ‘transition” such as the ori-
gin of the vertebrates or of adaptive immunity — also
changed the phylogenetic diversity of the viruses that
infect these species.

Diversity, composition and evolution of the
animal virome

Metagenomics has widened the aperture through which
we can view the diversity of the animal virome. Total
RNA sequencing has enabled the rapid and compre-
hensive identification of viruses without the use of
time-consuming and restrictive steps of cell culture
or microscopy”'’** (BOX 1). These studies have shown
that animals are infected by viruses spanning the full
range of genome types (that is, single-stranded RNA,
in both positive-sense and negative-sense orientations,
double-stranded RNA, retroviruses, single-stranded
DNA and double-stranded DNA) as well as viruses with
both segmented and unsegmented genomes. According
to a recent (July 2021) classification by the International
Committee on Taxonomy of Viruses, animal viruses can
be placed into 5 (of 6) realms, 5 (of 10) kingdoms, 11
(of 17) phyla, 26 (of 39) classes, 36 (of 59) orders and
99 (of 189) families®..

However, despite the broadening of species sam-
pling through mNGS, our knowledge of the animal
virome is still dominated by viruses associated with
humans or human activities. As an illustration, ~75%
of animal virus entries in the US National Center for
Biotechnology Information nucleotide sequence data-
base derive from humans, and most of the animal entries
are from species of anthropogenic significance, either
as disease hosts or vectors, or those of economic or
social importance (FIG. 2). Major sampling biases mean
that there are also marked differences in the extent and
pattern of the diversity of viruses associated with differ-
ent animal groups, such as different phyla or vertebrate
classes (FIG. 1). The greatest diversity of known viruses
resides within the vertebrates, closely followed by arthro-
pods, with the phylum Mollusca a distant third. It is no
coincidence that these phyla contain anthropogenically
significant species, such as vectors of disease in the
case of arthropods and farmed shellfish in the case of
molluscs. Other phyla have evidently been sampled far
less frequently. For example, as viruses are ubiquitous
within the environment, it is unlikely that there is truly
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a lack of viruses infecting phyla such as the Placozoa
(FIG. 1). Similarly, recent explorations of the fish virome
have revealed a multitude of novel DNA and RNA
viruses, with virus families previously only described
in mammals or birds now also found in fish, indica-
tive of their antiquity”~* (FIG. 3). Of the 37 families and
clades of viruses found in mammals, 27 are also found
in ray-finned fish (the Actinopterygii; FIC. 1). That these
virus families and clades are seemingly absent from
phylogenetic ‘intermediate’ taxa (such as Amphibia and
Sarcopterygii) is again likely a signature of inadequate
sampling (FIC. 1).

Our limited knowledge of virus biodiversity has been
put into sharp focus by the emergence of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2),
the causative agent of COVID-19, in late 2019 (REFS***).
Ongoing metagenomic studies are beginning to iden-
tify a wealth of animal coronaviruses. Although these
animals include rodents®’, the most notable hosts are
arguably bats of the genus Rhinolophus (horseshoe
bats), which are commonplace in China and parts of
South-East Asia*** as these sometimes carry viruses
closely related to SARS-CoV-2 (FIC. 3). However, while it
is probable that both bats and rodents harbour the great-
est diversity of coronaviruses, this picture is very likely
distorted by major sampling biases, as these two mam-
malian groups are also popular subjects of metagenomic
studies due to their known role as reservoirs for a range
of human infectious diseases. Indeed, as SARS-CoV-2
can infect and be transmitted among many animal spe-
cies, resulting in large outbreaks in farmed mink” with
transmission back to humans®, and even reports of high
virus prevalence in white-tailed deer in the USAY, it is
unlikely that the natural ecology of viruses closely related
to SARS-CoV-2 involves only bats and pangolins™*.

Recent studies of other coronaviruses (that is, mem-
bers of the family Coronaviridae of positive-sense RNA
viruses) similarly provide informative examples of how
metagenomic sequencing is leading to a new perspec-
tive on the diversity and antiquity of animal viruses.
Historically, most attention has been directed towards
those coronaviruses associated with mammals as these
are most likely to emerge in humans*. However, a com-
bination of mNGS and transcriptome database mining
has led to the identification of divergent coronaviruses in
abroader range of vertebrates, including amphibians and
fish***! (FIC. 3). Perhaps most surprising was the discovery
of coronaviruses in a jawless vertebrate — the pouched
lamprey (Geotria australis) from New Zealand*. Rather
than falling basal to other vertebrate coronaviruses on
a phylogenetic tree, as might be expected if they had
co-diverged with their vertebrate hosts, the pouched
lamprey viruses fell within the diversity of fish corona-
viruses, highlighting the occurrence of host-jumping
in aquatic environments® (FIC. 3). As appears to be true
of many virus families, the evolutionary history of the
coronaviruses reflects a combination of virus-host
co-divergence that likely covers the entire evolutionary
history of vertebrates over hundreds of millions of years
and relatively frequent cross-species virus transmission
among animals that inhabit the same environment and
that can sometimes result in disease emergence.
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Fig. 2 | Virome sequencing by animal phylum. a | Graphical representation of the number of unique virus nucleotide
entries in the US National Center for Biotechnology Information (NCBI) GenBank nucleotide sequence database sorted by
virus species and host species showing that viruses associated with chordates far outnumber those from all other animal
phyla. The proportions of these entries assigned to hosts of note are shown in different colours. Duplicate entries were
excluded. b | Graphical representation of the rapid increase in vertebrate-associated virus entries in the NCBI GenBank
sequence database over the past two decades and the comparatively low numbers of invertebrate-associated viruses

identified over the same period.

An even more dramatic story can be told for hepa-
titis D virus (HDV). Until recently, HDV was described
only in humans and in close association with human
hepatitis B virus (HBV), performing an essential ‘helper’
role in its replication. The intimate relationship between
HDV and HBYV led to theories that HDV evolved in
humans, perhaps as an escaped host gene’”. However,
recent metatranscriptomic studies have revealed that
viruses closely related to HDV infect other vertebrates
(mammals, birds, fish, snakes and amphibians) as well
as a number of invertebrates*~** and in the absence of
HBV-like viruses such that other viruses may act as
helpers*. Similarly, it has traditionally been assumed that
influenza viruses (family Orthomyxoviridae) are largely
restricted to water birds of the orders Anseriformes
and Charadriiformes, which act as reservoirs for their
occasional emergence in mammals**. However, recent
metagenomic studies have identified influenza virus-like
viruses in fish, amphibians and even jawless vertebrates
(that is, hagfish), and these viruses share common ances-
try with a diverse set of invertebrate viruses®’. Hence, as
is true of many virus groups, the influenza viruses have
a far older and more complex evolutionary history than
previously envisaged” (FIC. 4). Indeed, the broader viral
order Articulavirales of negative-sense viruses also con-
tains divergent viruses sampled in fish as well as those
from a variety of invertebrate species’.

One fascinating insight from mNGS studies of ani-
mal viromes has been the recognition that invertebrates
commonly carry a far greater diversity and abundance
of viruses than vertebrates, in accord with their huge
species numbers. In particular, large-scale metagen-
omic studies of invertebrates have uncovered novel
virus families and genera, as well as viral lineages pre-
viously thought to be restricted to vertebrates™'”*"".

These studies have similarly identified a wide diversity
of novel genome structures in invertebrate viruses, in
turn revealing that viral genome evolution is more fluid
and dynamic than previously envisaged™'” (see later).
The first glimpse of the true breadth of the inverte-
brate virome came from a study of negative-sense RNA
viruses in arthropods'”. This was extended to cover other
types of RNA virus in a broader range of invertebrate
taxa’, eventually leading to a myriad of metagenomic
studies™*°. More recently, metagenomic studies have
begun to focus on individual invertebrate species, such
as flies of the genus Drosophila™** and various species
of mosquito™*-°'. Although these studies still reflect a
limited sample of animals from the commonplace, easy
to obtain and sometimes scientifically important arthro-
pods, it is evident that viruses are copious in many inver-
tebrate taxa. Indeed, some invertebrate RNA viruses reach
abundance values as high as 87% of the non-ribosomal
RNA reads in a single sequencing dataset’. That inverte-
brate species can possess such high virus abundance with
no clear signs of disease (although these may be difficult
to identify in such short-lived animals) further suggests
that many of these viruses may be commensal and tol-
erated by their invertebrate hosts. Finally, not only are
invertebrate viruses diverse but they often fall as basal
lineages on phylogenetic trees of animal viruses, imply-
ing that they have ancient associations with animals®>®.
Indeed, it is likely that many virus families will have an
evolutionary ancestry that dates at least to the origin of
vertebrates and perhaps even to the origin of animals.

Genome plasticity of animal viromes

The genome structures of animal viruses are charac-
terized by a remarkable plasticity, reflected in major
differences in genome length, genome organization
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Multicomponent viruses
Also referred to ‘multipartite
viruses' Viruses in which the
genome segments are
contained within separate virus
particles. These are relatively
commonplace in positive-sense
RNA viruses of plants such as
members of the Bromoviridae.

(for example, the number and orientation of genes) and
the number of genome segments present in specific
virus families (FIC. 5). Traditionally, individual families
of RNA viruses were thought to possess characteristic
patterns of segmentation, with those containing multiple
segments (such as members of the Orthomyxoviridae)
generally considered as constituting phylogenetic
groups distinct from those characterized by a single
segment. Metagenomic data have drastically changed
this picture. It is now clear that genome segmentation
has been gained and lost multiple times in evolutionary
history, with the RNA virus orders Nodamurales and
Monjiviricetes providing important examples™'” (FIC. 5).
Similarly, the number of segments in the Articulavirales
ranges from 4 to 10 (FIG. 4).

Of particular importance is that invertebrate viruses
often have more complex genome structures than their
vertebrate counterparts. A good example is presented by
the Flaviviridae, a family of single-stranded, positive-sense
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RNA viruses that includes dengue virus, Zika virus and
hepatitis C virus. All these familiar human pathogens are
characterized by an unsegmented genome encoding a
single polyprotein. Although this simple genome struc-
ture was once considered archetypal, the discovery of
‘flavi-like’ viruses with far more complex genome struc-
tures in a range of invertebrate taxa, such as Jingmenvirus
from ticks, presents a very different picture®** (FIG. 5). The
jingmenviruses comprise four or five segments, two of
which show sequence similarity to the non-structural
proteins NS5 and NS2B-NS3 of the Flaviviridae®’. The
two remaining segments exhibit no sequence similarity to
known virus genes but likely encode structural proteins.
Remarkably, these different segments may sometimes
be associated with different virus particles, such that
these viruses can be considered multicomponent viruses
— a pattern of genome organization commonly seen
in positive-sense RNA viruses of plants®. More dra-
matically, the recently discovered Chuviridae family of

Box 1| Metagenomic next-generation sequencing for virus discovery

‘Metagenomics’ describes the high-throughput sequencing
of the total nucleic acids (DNA or RNA) extracted from a
sample, including water, soil or plant and animal tissues**®.
Whereas metagenomics has traditionally been associated
with DNA sequencing, metatranscriptomics — total RNA
sequencing —is now commonly used in virological studies.
Metatranscriptomics is particularly useful for characterizing
the animal virosphere as it detects all the organisms that are
transcribing RNA in the sample, including the RNA viruses,
which are excluded from DNA sequencing. Although a
metatranscriptome will include host RNA transcripts, it
necessarily excludes the bulk of the host genome, providing
additional power for pathogen detection'**'?’,

The preparation of nucleic acid samples for next-generation
sequencing is termed ‘library preparation’, and involves
fragmentation of input material, ligation of sequencing
adapters and PCR amplification (see the figure; DNA
metagenomics in blue on the left and RNA metagenomics
in red on the right). At this stage, positive (enrichment) or
negative (depletion) selection steps can be taken to target the
sequencing output towards a desired genetic material,
although all currently available techniques have significant
limitations. In metatranscriptomics, depletion or enrichment
is necessary as ‘host’ sequences account for the bulk of
transcripts within any sample and mask the presence
of virus transcripts that are at lower abundance*’. Filtration
is performed before library preparation and is used to
select ‘virus-sized’ particles (see the figure), although this
technique also removes all large virus particles. Similarly,
ultracentrifugation can be used to select virus particles
on the basis of their density, although this technique
has a number of limitations, including cost, contamination
risk and sample size restrictions’. Library preparation
enrichment steps rely on sequence-based selection or
nuclease treatments, such as VirCapSeq, which uses
biotinylated oligonucleotides to capture known (or closely
related) virus sequences’*’. Virion enrichment involves
the depletion of unencapsulated nucleic acids, utilizing the
virus capsid. Importantly, comparative studies have shown
that virus-specific selection steps reduce the diversity
of viruses detected, such that ribosomal RNA (rRNA)
depletion and bioinformatic filtering of virus sequences
remains the most unbiased and hence comprehensive
approach*.

Sampling Sample collection or selection

Homogenlzatlon
‘ POSItlve selectlon
DNA extraction 4/ k} RNA extraction

k_> Quallty control <_J
/_ )

V V

Positive selection technique

ar)®

Sample preparation

.

Y
Reverse transcription
"

ammmn®
"
.

P

Negative selection (rRNA or host depletion)
\—> Fragmentation 4—)

Adapter ligation

Library preparation

Yy Y
PCR amplification

l

Quality control

Sequencing E

Sequencing

Data analysis
Quality control

Bioinformatic virus discovery pipeline

NATURE REVIEWS | MICROBIOLOGY

VOLUME 20 | JUNE 2022 | 325



REVIEWS

IH\ Mammals

w

& Birds

o

2 A

‘g f Reptiles

>
Amphibians

!’ Bony fish

Jawless fish

. Invertebrates

YP_209229 Murine hepatitis virus

NP_073549 Human coronavirus 229E ’ﬁ‘
YP_003766 Human coronavirus NL63

NP_598309 Porcine epidemic diarrhoea virus
YP_001718610 Miniopterus bat coronavirus HKU8
YP_004070193 Feline infectious peritonitis virus _gf

NP_150073 Bovine betacoronavirus -~
— =

YP_173236 Human coronavirus HKUl)’:
[ YP_009724389 Severe acute respiratory syndrome coronavirus 2

NP_828849 Severe acute respiratory syndrome coronavirus
QI189046 Bottlenose dolphin coronavirus -
YP_001876435 Beluga whale gammacoronavirus <
YP_001941164 Turkey gammacoronavirus
AVM87573 Guangdong Chinese water skink coronavirus (&%
YP_002308496.1 Thrush coronavirus §\
YP_005352837 White-eye coronavirus -
YP_005352845 Sparrow coronavirus g
YP_002308505 Munia deltacoronavirus ~a
YP_005352862 Night heron deltacoronavirus '\

Alphacoronavirus

Betacoronavirus

Gammacoronavirus

3DULIIADUO.10D0YLIO)

Deltacoronavirus

QEG08237 Pacific salmon nidovirus <<
Blenny letovirus <<af
Mudhopper letovirus <

Kanakana letovirus ===

Kanakana letovirus ===

Kanakana letovirus ===
QUF61509.1 Murray-Darling carp letovirus >
SRR6788790 Ambystoma mexicanum nidovirus "
ERR3994223 Syngnathus typhle nidovirus —esms—
Broadnosed pipefish letovirus —emms—
SRR1324965 Hippocampus kuda nidovirus 1)
SRR10917299 Takifugu pardalis nidovirus <@t
SRR7507741 Puntigrus tetrazona nidovirus >
Waltoni letovirus =<

aDULIIA0}AT

L]

0.08

:Trout perch letovirus «fle<
SRR8389791 Hypomesus transpacificus nidovirus =sfe<

GECV01031551.1 Microhyla letovirus @

c YP_009513008.1 Betacoronavirus Erinaceus VMC/DEU/2012 @8
QGA70691.1 Erinaceus hedgehog coronavirus HKU31 @8
YP_001039961.1 Pipistrellus bat coronavirus HKU5 e

QHA24677.1 Tylonycteris pachypus bat coronavirus HKU4-related af
BBJ36006.1 Bat coronavirus
ASL68940.1 Hypsugo bat coronavirus HKU25 af
AUM60013.1 Middle East respiratory syndrome-related coronavirus )H\ﬁr
YP_009755832.1 Rodent coronavirus @i
YP_009555238.1 Human coronavirus OC43
ABP87986.1 Equine coronavirus h
YP_005454239.1 Rabbit coronavirus HKU14
QPN00060.1 Apodemus peninsulae coronavirus S8~
YP_209229.2 Murine hepatitis virus strain JHM S8~
AYN64559.1 Human coronavirus HKU1
YP_009824989.2 Bat coronavirus aff
YP_009273004.1 Rousettus bat coronavirus d’
YP_001039970.1 Rousettus bat coronavirus HKU9
ABN10934.1 Bat coronavirus HKU9-4
ADM33565.1 Bat coronavirus HKU9-5-2
YP_009072438.1 Bat Hp-betacoronavirus Zhejiang2013 a4 ,“\

SnijAeuolodelag

BCG66625.1 Severe acute respiratory syndrome-related coronavirus
YP_003858583.1 Bat coronavirus BM48-31 BGR 2008 .«

ASO66808.1 Bat coronavirus

14
o
w

Fig. 3 | Recent phylogenetic and genomic expansion of the
coronaviruses. The figure illustrates how a combination of virus—host
co-divergence and sporadic host-jumping has shaped the evolutionary
history of the family Coronaviridae. The phylogenetic history of the major
host taxa (part a) is broadly reflected in the phylogeny of the subfamilies
Coronavirinae and Letovirinae (part b), with the former largely associated
with mammals and the latter with fish and other aquatic animals. The major
host taxon is indicated in part b by the branch colour corresponding to the
host group shown in part a, and the host species is indicated by the animal
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silhouette at the tree tip. An expanded maximum likelihood phylogeny of
the genus Betacoronavirus containing severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) (part ) with animal silhouettes at the tree tips
showing that most of these viruses are associated with bats, which are
important reservoir hosts for these viruses. The phylogeny was estimated
using ORF1ab protein using IQ-TREE**” and was midpoint rooted for clarity.
The scale bars depict the number of amino acid substitutions per site. Parts
a and b adapted from REF.?, CC BY 4.0 (https://creativecommons.org/
licenses/by/4.0/).
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Fig. 4| The complexity of host associations in virus evolution. Phylogeny of the order Articulavirales (negative-sense
RNA viruses that include the influenza viruses from the family Orthomyxoviridae) showing the diverse set of animal hosts
infected and the complex virus—host associations. As with many virus groups, this phylogenetic pattern is indicative of a
history of cross-species transmission set on a background of ancient virus—host co-divergence. The animal host group is
indicated by the colour of the terminal branch and the host is indicated by an animal silhouette. The maximum likelihood
phylogeny (IQ-TREE"’) was inferred using amino acid sequences of the protein PB1 (or equivalent) and was midpoint
rooted for clarity. The scale bar depicts the number of amino acid substitutions per site. Virus genome structures, with
segment lengths drawn to scale, are indicated where available, illustrating the variation in genome structure and segment

number.

negative-sense RNA viruses contains viruses with unseg-
mented, bisegmented and even circular RNA genomes™
(FIC. 5). To date, this fascinating group of viruses has been
described in arthropods, nematodes and reptiles™ .

To evaluate whether any reduction in genome com-
plexity is associated with the evolution of vertebrates will
require a broader sampling of animals. One attractive,
although untested, theory is that shorter genomes are
selectively advantageous in vertebrates because fewer
potential immune targets would be presented to hosts

with more advanced adaptive immune responses.
Testing this hypothesis will first require more detailed
knowledge of the viromes of animal lineages that
diverged close to the evolution of adaptive immunity.

Has host evolution shaped virus evolution?

As genome sequence data from animal viruses continue
to accumulate, they can be used to address broader evo-
lutionary questions. Viruses, by definition, have obligate
associations with their hosts. Accordingly, changes in the
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<« Fig. 5| The evolutionary flexibility of RNA virus genomes. To illustrate the genome
flexibility in RNA virus evolution in animals, phylogenies of the order Monjiviricetes
and the families Nodavidae and Flaviviridae are labelled with representative genome
structures. Genome structures differ in size, organization and number of segments. Key
genes are indicated by different colours, and the relative length of the coding regions
is indicated by size. Boxes positioned below the centreline of the genome indicate
overlapping open reading frames and black triangles at the ends of a structure
indicate circularization. In the case of genomes within the Flaviviridae, boxes with
rounded corners indicate individual proteins within the single polyprotein that
characterizes many members of this family. Notably, genome segmentation has been
gained and lost multiple times during the evolution of the Monjiviricetes and Nodaviridae,
and has evolved once within the family Flaviviridae, specifically in the jingmenviruses
associated with invertebrates. In each case, maximum likelihood phylogenetic trees
(IQ-TREE*") were estimated using the RNA-dependent RNA polymerase (RARP; NS5 or
NS5-like protein for the Flaviviridae). All trees were midpoint rooted for clarity only.
The scale bars depict the number of amino acid substitutions per site.

Genetic drift

The change in frequency of a
mutation in a population due
to the chance effect of random
sampling. Although genetic
drift occurs in all populations of
finite size, its effect is strongest
in small populations.

number and diversity of host species through time are
also expected to impact the number and diversity of the
viruses they carry, albeit likely in a complex manner.
A central issue is therefore whether and how the struc-
ture and phylogenetic diversity of animal viromes have
been impacted by major events in the evolutionary his-
tory of their animal hosts. Although there has been some
interest in documenting the generation, or ‘birth; of lin-
eages within individual virus species as this is central to
the process of disease emergence>”, aside from a limited
number of phylogenetic studies® and those examining
local populations®, far less is known about the rates and
mechanisms of virus birth and death (that is, lineage
extinction) on evolutionary timescales. We hypothesize
that major events in the evolution of animals — key evo-
lutionarily transitions — are likely to have had a major
impact on the evolution of the viruses they harbour. To
the best of our knowledge, no studies directly addressing
this question have been undertaken to date, although
similar work has been performed on other systems. For
example, the diversification of pathogenic Bartonella
bacteria has been proposed to reflect the expansion of
the mammals”.

The evolution of the Metazoa more than 600 mil-
lion years ago resulted in a huge increase in pheno-
typic diversity, eventually leading to the myriad of
animal phyla that we see today. Similarly, there was a
massive increase in the phenotypic diversity of animals
concurrent with the origin of the Chordata more than
500 million years ago’!, while the evolution of jawed
vertebrates (Gnathostomata) approximately 450 mil-
lion years ago was associated with multiple rounds of
full genome duplications and the evolution of adaptive
immunity” (FIC. 1). It seems inevitable that these major
events in host evolution will have had a profound impact
on the extent, diversity and composition of the viruses
the hosts carry. Major questions in this context include
whether the evolution of new types of host cell led to
a rise in virus diversity, and whether the evolution of
adaptive immunity led to the extinction of many viral
lineages and hence a marked reduction in diversity. It
is tempting to speculate that the apparent reduction in
virus abundance levels in vertebrates compared with
invertebrates’ (see earlier) in part reflects the evolution
of adaptive immunity (FIG. 1). Similarly, the earlier evolu-
tionary transition to multicellularity would have greatly
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increased the number and diversity of hosts cells, and
their receptors, for viruses to infect.

Other events in host evolution may also have led to
major reductions in virus diversity. Probable examples
include mass extinction events”, such as those that
occurred at the Permian-Triassic boundary approxi-
mately 250 million years ago resulting in the loss of more
than 80% of all marine species and ~70% of terrestrial
vertebrate species’’, and the Cretaceous-Paleogene
extinction event approximately 66 million years ago,
which massively reduced the number of tetrapods and
resulted in the extinction of non-avian dinosaurs’.
Similarly, an overall decline in host population size and
density coincident with the evolution of the vertebrates
would have increased the impact of stochastic effects on
virus populations subject to weaker natural selection”:
with fewer potential hosts to infect, viral lineages
would be expected to be lost more frequently leading to
stronger genetic drift.

When sufficient data become available, a detailed
phylogenetic analysis of animal viruses will provide
meaningful insights into how host evolutionary transi-
tions might have influenced the long-term macroevolu-
tion of viruses. The drastic reduction in the number of
animal species associated with mass extinction events
should be visible in the species distribution of viral line-
ages on phylogenetic trees. The first insights may come
from comparisons of vertebrate and invertebrate viruses,
particularly whether some viruses are restricted to either
host type, or whether there is a marked phylogenetic gap
between vertebrate and invertebrate viruses on phyloge-
netic trees of individual virus families that signifies a
major transition in virus diversity. A provisional analysis
of the limited and highly biased data currently available
reveals that 16 of the 66 family or multifamily ‘super-
clades’ of viruses™'” are associated with vertebrates alone,
whereas 17 are found in invertebrates with no vertebrate
counterpart (FIC. 1). Broader investigations of this type
should be a research priority.

Linking virus emergence to virus evolution

The phylogenetic analysis of virus orders, families and
genera sits at the heart of studies of the diversity of
viromes and their evolution”. On the one hand, there
is often a broad congruence between the phylogenies of
viruses and their animal hosts, with, for example, viruses
sampled from fish and jawless vertebrates tending to
fall in more basal phylogenetic positions than those
sampled from mammals and birds (FIGS 3,4). Hence,
these phylogenetic trees generally depict evolutionary
events, particularly virus-host co-divergence, that have
taken place on timescales of millions of years. Conversely,
these phylogenetic analyses also reveal that cross-species
virus transmission to new hosts has been commonplace
throughout animal evolution™. In the short term, this
same process of host-jumping is responsible for the
emergence of novel pathogens such as SARS-CoV-2
(REFS7-*1), with the vast majority of human viruses
appearing in this way’. Indeed, disease emergence events
occur over observable human history, and on timescales
that are far shorter than depicted in most phylogenetic
studies™. Hence, there is necessarily a marked temporal
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Cross-species transmission
Also referred to as ‘host-
jumping’ or ‘host-switching'
The transmission of a virus
from one host species to
another.

Ectoparasites

Parasitic organisms that live on

the skin of the host (rather than
within a host), from which they

derive their energy.

disconnect between evolutionary studies of animal
viromes, such as those described in the preceding sec-
tions, and the timescale of disease emergence'’. This in
part explains why we still know little about the frequency
with which host-jumping occurs in nature, or the rate
at which cross-species transmission events are successful
compared with those that die out™.

Understanding the drivers of disease emergence on
short timescales provides a means to link virus micro-
evolution, as happens within populations, with virus
macroevolution as reflected in broad-scale phyloge-
netic analyses. The historical domestication of animals
and the development of animal husbandry provided
many opportunities for viruses to jump to humans,
with the emergence of measles virus from relatives (that
is, rinderpest virus-like viruses) in cattle a likely case
in point®. More recently, increased interactions with
wildlife, following such factors as climate change, alter-
ations in land use, the flourishing of live animal markets
and the farming and trafficking of wild animals, have
exposed the human population to novel pathogens,
with urbanization, population growth and globalization
allowing these emerging viruses to spread rapidly and
far. Human immunodeficiency virus 1 (HIV-1) spread
across Africa from its zoonotic origin in the Congo River
basin region, and then to other continents, in part
reflecting changes in colonial administration. By mov-
ing humans, animals and cargo great distances, air travel
aided the spread of diseases and disease vectors into new
environments. This includes the translocation of the
Aedes aegypti mosquito from Africa to Asia and South
America, enabling chikungunya virus, yellow fever virus,
Zika virus and West Nile virus to establish animal trans-
mission cycles in immunologically naive localities*,
and fuelling increasingly widespread outbreaks of Ebola
virus infection in mammalian hosts*. Similarly, envi-
ronmental changes such as increasing urbanization and
climate change are leading to an increased prevalence of
existing human pathogens such as yellow fever virus and
dengue virus®*%,

Deforestation forces wildlife into smaller, overlap-
ping habitats, leading to new and greater interactions
between and within species, fuelling disease spread””".
Urbanization alters the way in which animals behave,
changing their diets and interspecies and intraspecies
interactions. Intensive farming creates opportunities for
virus interspecies transmission and provides an envi-
ronment in which a virus can spread rapidly through
a population®>”*, with viruses moving from wildlife to
domestic species as well between domestic animals. This
is of special concern in poultry production, in which
farmed birds regularly interact with wild birds, with virus
transmission between them an occupational hazard.
A powerful example is provided by the emergence of
H5NI1 avian influenza A virus in poultry and its sub-
sequent zoonotic transmission to humans”. Backyard
poultry populations within urban environments are of
increasing concern as poultry-associated viruses such
as Marek disease virus, infectious bursal disease virus
and Newcastle disease virus (Avian orthoavulavirus 1)
are being introduced into wild bird populations’*, and
they also harbour multiple picornaviruses”. The reverse

process is also possible, with viruses jumping from
domestic animals to wildlife. The migration of humans
and wildlife has similarly acted as a driver of disease
emergence’ ', with metagenomic studies revealing
that very closely related animal viruses can be found in
very diverse geographical regions'"'. A telling example is
viruses associated with seabird ticks (Ixodes uriae) sam-
pled as far apart as northern Sweden and the Antarctic
peninsula, demonstrating that migratory birds and their
ectoparasites can facilitate a global movement of viruses
without human assistance'”.

It has often been proposed that RNA viruses have
a higher rate of cross-species transmission and hence
experience less frequent virus-host co-divergence than
their DNA counterparts”. Although this is supported
by large-scale comparative analyses, it is also the case
that both DNA viruses and RNA viruses jump species
boundaries more readily over evolutionary time, as
reflected in phylogenetic comparisons, than might have
been assumed’®. Although most cross-species transmis-
sion events likely occur between animals that are rela-
tively close in taxonomic space, such as among different
species of mammals”*»'*, some jumps may cover wide
phylogenetic distances, including the possible trans-
mission of hepadnaviruses from fish to mammals*'%.
Again, sampling biases and data limitations make it
difficult to draw precise conclusions on the frequency
of cross-species transmission events in nature, although
the more sampling that is done, the more examples are
inevitably documented.

Metagenomics and zoonotic risk assessment

Determining the rate at which cross-species trans-
mission events occur on epidemiological timescales
of decades is of central importance in understanding
disease emergence'”. These data impact how we quan-
tify zoonotic risk; that is, identifying those viruses with
the potential ability to infect humans'*>'*. Before the
metagenomic revolution, virus discovery studies in ani-
mals were focused on outbreaks with visible death and/or
morbidity. As disease outbreaks in wildlife with low
levels of death would generally not have been identified,
a relatively high proportion of viruses appeared to be
pathogenic'”. However, the rebalancing of virome stud-
ies towards the sampling of seemingly healthy animals
has shown that potentially pathogenic viruses may be
more the exception rather than the rule, with studies of
birds and bats important exemplars'””. The broadening
of animal sampling away from overt disease also changes
the proportion of viruses that appear as potentially
zoonotic, altering the denominator of emergence risk.
Metagenomic studies have revealed that bats harbour a
large and complex virome'%***!%-11! 'with considerable
discussion of the reasons why this might be so, particu-
larly whether these animals possess immune systems
that can tolerate a heavy burden of viral infection”''>'"*,
Although bats are implicated in the ultimate evolution-
ary origins of some important human viruses, only a
tiny proportion of the huge number of bat viruses have
ever successfully spread in humans, often entering our
species via ‘intermediate hosts, as appears to be true of
some coronaviruses’ (FIG. 3). The more bat viruses that
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Spillover

The initial and sometimes
transient appearance of a
pathogen in a new species
following a host jump. Can
sometimes lead to a full-blown
epidemic or pandemic.

are identified through metagenomic sequencing, so the
relative frequency of those that are pathogenic and/or
zoonotic declines.

The vast number of animal viruses described by
metagenomics also complicates attempts to assess
which of these will eventually emerge in humans'”'".
There is no simple way to translate the long-term rates
of virus evolution depicted in phylogenetic trees into
short-term zoonotic risk assessments or pandemic pre-
dictions. Although revealing the diversity of the animal
virome places newly emerged viruses into their true
evolutionary context, it is arguably of less value for pre-
dicting whether some viruses have pandemic potential.
There are many thousands of uncharacterized animal
viruses that will differ in their natural propensity to
infect humans. Large-scale metagenomic studies nec-
essarily document virome composition in host species
in a specific place at a particular point in time, often
with little background ecological context. They should
not be interpreted as exact descriptions of complete
virome compositions in a species, particularly for hosts
that occupy large geographical ranges, and do not nec-
essarily inform on which viruses are able to emerge in
humans. The snapshot of virus genetic diversity pro-
vided by metagenomics is also a static one in the face of
the very rapid evolution of RNA viruses, which experi-
ence rates of nucleotide substitution approximately six
orders of magnitude greater than those in their animal
hosts'”. The large-scale metagenomic sequencing of
wildlife species will usually not identify the full spec-
trum of intrahost virus genetic variation, potentially
missing low-frequency mutations that may facilitate
host adaptation.

Most animal viruses sampled will lack some of the
mutations they need to successfully replicate in and be
transmitted among humans, with evolutionary optimi-
zation a necessity in the new host''®. Hence, the vast
majority of the viruses identified by metagenomic
screening alone will have little chance of successfully
spreading through human populations. As a topical case
in point, although bat viruses that are closely related to
SARS-CoV-2 have been identified, at the time of writing
all those characterized lack an intact polybasic (furin)
cleavage site at the S1-S2 junction in the virus spike
protein that enhances human infectivity''”-''*. Similarly,
although broad-scale screens have suggested that one
of the closest relatives of SARS-CoV-2, virus RaTG13
sampled from Rhinolophus affinis bats in Yunnan prov-
ince, China, had ‘high zoonotic potential'®, detailed
virological studies revealed that this virus was unable to
bind to the human ACE2 receptor'”. Hence, although
a potentially informative provisional screen, com-
putational risk assessments of this kind may lack the
precision necessary for actionable risk assessments. In
addition, the identification of a virus sequence through
metagenomics does not provide prima facie evidence
that the virus can replicate in human cells, and evalua-
tion of this key trait will require detailed experimental
data, hugely increasing the associated costs and person
hours.

Despite these limitations, the capacity of mNGS
to detect the full range of microorganisms within a
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sample in a single run signifies a new age in clinical
diagnostics'**'?!. In the same way, if not an exact pre-
diction tool, mNGS will surely become a key compo-
nent of future efforts for the surveillance for zoonotic
pathogens at the human-animal interface. For exam-
ple, to fully understand the emergence of SARS-CoV-2
and help prevent future epidemics, mNGS can be used
to document the full host range of pathogens such as
coronaviruses that seem best able to jump host species,
and simultaneously reveal the barriers to cross-species
virus transmission. As a case in point, a single study of
a 1,100-hectare tropical botanical garden in Yunnan
province, China, identified 24 novel bat coronaviruses,
including close relatives of SARS-CoV-2 and of the
animal pathogen porcine epidemic diarrhoea virus®.
What other mammalian species within this single
botanical garden carry coronaviruses are unknown,
but a broader sampling of all the species in such an
ecosystem will do much to reveal the patterns, rates
and determinants of cross-species virus transmission
at local scales.

The factors currently limiting the use of mNGS in
studies of zoonotic risk assessment and disease emer-
gence are that the technology detects only actively rep-
licating viruses, is relatively expensive and generates a
huge amount of data that require considerable com-
puting power for detailed analysis. The deployment of
metagenomics in resource-poor settings may therefore
be challenging, even though these are the locations
where humans likely interact most with wildlife species
(as well as biting arthropods) and hence where the risk of
virus spillover is perhaps greatest, and where approaches
to reduce the exposure of humans to wildlife would
likely have the greatest impact. In these instances, path-
ogen surveillance approaches based on immunological
techniques, such as VirScan, which can be designed to
detect past and present infection by hundreds of poten-
tial zoonotic pathogens with a single assay, represent a
more practical solution'””. Rather than recognizing only
already known pathogens, approaches such as VirScan
can in theory be extended to recognize peptides from
those groups of viruses that are most likely to emerge
in humans'”. Given their past behaviour, the coronavi-
ruses fall into this ‘high-risk’ category, as do the influ-
enza viruses and the paramxyoviruses (within which the
henipaviruses are an important example of an emerging
threat'”*) and could be incorporated into broad-scale
screening assays. Although such an approach will not
capture all zoonotic viruses, it does provide some ability
to detect potential threats.

Challenges and new research avenues

Although mNGS is transforming our understanding of
animal viromes and their evolution, additional work is
required on several fronts. We suggest that the prior-
ity for future sampling and sequencing should be those
animal taxa that have been only poorly studied to date,
particularly those that occupy key positions on the ani-
mal phylogeny, including those that mark evolutionary
transitions. It will also be important to sample animals
across their full range of habitats to determine whether
virome structures differ substantially within individual
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host species. Similarly, given the rapidity of RNA virus
evolution, a priority should be to determine how virome
structures within individual animal species change over
time, for instance by annually sampling the same species
at the same locations. More broadly, it is essential that
future metagenomic studies of virus populations test
explicit ecological and/or evolutionary hypotheses, such
as exploring the impact of changing land use on virome
structures, rather than simply presenting descriptive lists
of the viruses present.

Host associations cannot always be relied upon in
metagenomic studies, as viruses infecting symbionts,
components of host diet, and contaminant microorgan-
isms and laboratory reagents are also sequenced as part
of the metagenome. For example, RNA virus families
associated with plants, such as the Tombusviridae and
Luteoviridae, are often detected in animal metagen-
omes as they are probably a dietary component, while
the Leviviridae, a family of RNA bacteriophages, are
likely associated with the microbial communities within
animal hosts'**'*. Clearly, erroneous host assignments
may lead to erroneous conclusions on virus ecology and
evolution. Asa consequence, new bioinformatic tools are
required that can accurately assign virus sequences to
the true hosts, perhaps using statistical approaches that
jointly consider levels of virus abundance and phyloge-
netic relationships. Although the analysis of dinucleo-
tide frequencies provides a potential way to distinguish
viruses infecting different host phyla, it is unable to
provide a fine-scale host discrimination'*.

Future virome analyses will similarly be enabled by
the development of methods that can identify highly
divergent viral sequences, as it is clear that a large pro-
portion of the virosphere comprises sequences that
are so divergent from the sequences of known viruses
that they are currently ‘invisible’ to discovery strate-
gies based on sequence similarity alone’. Although this
problem is particularly acute for host taxa that are the
most divergent from the usual animal species usually
considered in virus metagenomics studies, such as
archaea, bacteria and basal eukaryotes, many animal
taxa likely carry RNA viruses that are hidden within the
‘dark matter’ of uncharacterized sequences'”’. Arguably
the simplest way to shed light on this hidden and likely
diverse virosphere is through the detection and char-
acterization of conserved protein structures as these
retain the signal of homology and hence evolutionary
relatedness for longer than primary sequences'**'*. An
informative example is provided by enveloped viruses,
which require a protein capable of inducing the fusion
of viral and cellular membranes for entry. Structural
studies of multiple virus families have revealed that
they fold into only three structural classes'*. The
amino acid sequences of these virus proteins show
no detectable conservation among classes, and their
relatedness is made apparent only through structural
studies'”'. Fortunately, the ‘resolution revolution’ that
has accompanied the development of cryo-electron
microscopy has enabled the determination of more
protein structures that are difficult to crystallize'*.
Hence, an important area for future research will be
to use these structures to guide the identification of

highly diverse viruses in metagenomic data, perhaps
by determining the ‘profiles’ of physicochemical and
structural features that distinguish virus proteins'*.
Detecting highly divergent viruses may also provide
answers to some of the most profound questions in
virus evolution, such as whether the absence of RNA
viruses in archaea and their low frequency in bacteria
is simply because they are too divergent in sequence to
be detected'".

Although the analysis of protein structure provides
a potential means to reveal more of the diversity of the
virosphere, it also presents a fundamental problem: that
any novel viruses identified are so divergent in sequence
that they cannot be incorporated into phylogenetic or
other evolutionary analyses. This is even true in the
case of the canonical RNA-dependent RNA polymer-
ase, which is routinely used to infer multifamily phy-
logenies of RNA viruses (a variety of genes are used as
phylogenetic markers in the DNA viruses). Even with
currently available data, attempts to infer the evolu-
tionary relationships among all extant RNA viruses are
unconvincing, with pairwise identities in amino acid
sequence alignments that are often less than expected by
chance'*. This raises the vexing question of how viable
it is to infer a ‘global’ phylogeny of RNA viruses using
sequence data alone. The most profitable approach may
again involve methods that are able to accurately infer
the distant evolutionary relationships on the basis of
shared features of protein structure. Although these are
not unsurmountable challenges, and the foundations of
this approach have been laid'*, little productive work
has been done in this area.

Conclusions

Metagenomic sequencing has radically changed our
understanding of the diversity, structure and evolution
of the animal virome, particularly in the case of RNA
viruses. Yet it has also made the gaps in our knowledge
more apparent than ever. As stressed throughout this
Review, relatively little is known about the factors that
shape virome structure outside anthropocentrically
important species. Large-scale studies of a wider range
of animal taxa are needed to provide a better under-
standing of the biological and phylogenetic diversity of
viruses and the evolutionary and ecological processes
that have given rise to it. Not only do we need to explain
the large-scale patterns of virus diversity on evolution-
ary timescales, but to understand disease emergence
and zoonotic risk it is essential to determine the fac-
tors that shape the ecology and evolution of viruses on
shorter and more relevant timescales of years or dec-
ades, rather than millennia. Human activity is already
leading to shifts in the diversity of the animal virome,
although we usually see these effects only after they
lead to a novel zoonotic event. Although metagenom-
ics is shedding new light on the diversity of the viro-
sphere, greater emphasis should be given to revealing
the processes that determine cross-species transmission
events among animals and hence that underpin disease
outbreaks.
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