UC Merced
UC Merced Previously Published Works

Title
IMG/VR v4: an expanded database of uncultivated virus genomes within a framework of
extensive functional, taxonomic, and ecological metadata

Permalink
https://escholarship.org/uc/item/6n06r0hg

Journal
Nucleic Acids Research, 51(D1)

ISSN
0305-1048

Authors

Camargo, Antonio Pedro
Nayfach, Stephen

Chen, I-Min A
Publication Date
2023-01-06

DOI

10.1093/nar/gkacl1037

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6n06r0hp
https://escholarship.org/uc/item/6n06r0hp#author
https://escholarship.org
http://www.cdlib.org/

Published online 18 November 2022

Nucleic Acids Research, 2023, Vol. 51, Database issue D733-D743

https:Ildoi.orgl10.1093/narlgkacl037

IMG/VR v4: an expanded database of uncultivated
virus genomes within a framework of extensive
functional, taxonomic, and ecological metadata

Antonio Pedro Camargo “’, Stephen Nayfach, I-Min A. Chen “, Krishnaveni Palaniappan,
Anna Ratner, Ken Chu, Stephan J. Ritter, T.B.K. Reddy ', Supratim Mukherjee ",
Frederik Schulz, Lee Call, Russell Y. Neches, Tanja Woyke, Natalia N. lvanova,

Emiley A. Eloe-Fadrosh “, Nikos C. Kyrpides™ and Simon Roux

DOE Joint Genome Institute, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

Received September 21, 2022; Revised October 15, 2022; Editorial Decision October 17, 2022; Accepted October 25, 2022

ABSTRACT

Viruses are widely recognized as critical members of
all microbiomes. Metagenomics enables large-scale
exploration of the global virosphere, progressively
revealing the extensive genomic diversity of viruses
on Earth and highlighting the myriad of ways by
which viruses impact biological processes. IMG/VR
provides access to the largest collection of viral se-
quences obtained from (meta)genomes, along with
functional annotation and rich metadata. A web inter-
face enables users to efficiently browse and search
viruses based on genome features and/or sequence
similarity. Here, we present the fourth version of
IMG/VR, composed of >15 million virus genomes
and genome fragments, a ~6-fold increase in size
compared to the previous version. These clustered
into 8.7 million viral operational taxonomic units, in-
cluding 231 408 with at least one high-quality repre-
sentative. Viral sequences in IMG/VR are now sys-
tematically identified from genomes, metagenomes,
and metatranscriptomes using a new detection ap-
proach (geNomad), and IMG standard annotation are
complemented with genome quality estimation us-
ing CheckV, taxonomic classification reflecting the
latest taxonomic standards, and microbial host tax-
onomy prediction. IMG/VR v4 is available at https:
/limg.jgi.doe.gov/vr, and the underlying data are
available to download at https://genome.jgi.doe.gov/
portal/IMG_VR.

INTRODUCTION

All life on Earth is seemingly infected by virus(es) (1,2). The
virosphere, i.e. the entire diversity of viruses on Earth, likely
rivals or surpasses the diversity of all cellular life forms
(3). This knowledge of extant viral diversity is based on
genomes from all types of nucleic acids from single-stranded
RNA to double-stranded DNA, with differences in size and
complexity spanning several orders of magnitudes. Over
the last decade, metagenomics has become the primary
approach by which this extended virosphere is being ex-
plored (4,5). While metagenomics does not provide mech-
anistic biological insights that might be enabled through
viral cultivation in a laboratory setting, it facilitates high-
throughput exploration of the viral genomic diversity across
Earth’s biomes. The growing importance of metagenome-
derived viral genomes, a.k.a. ‘Uncultivated virus genomes’
or ‘UViGs’, led to the development of standard protocols
and QC criteria to better identify, analyze, and share these
genomes in 2019 (6).

Several studies have gathered large collections of UViGs,
typically either focusing on a single environment (e.g. ‘hu-
man gut’), or type of virus (e.g. ‘RNA viruses’). In the hu-
man gut microbiome, for instance, 3 UViG datasets were re-
cently released each including between ~30 000 and ~200
000 distinct viral genomes (7-9), while for soil ecosystems,
the PIGEON database recently compiled 266 125 distinct
virus genomes (10). Meanwhile, RNA viruses were a recent
focus of multiple studies either across ecosystems (11,12) or
centered on a single environment, e.g. the 7ara Oceans RNA
virus dataset (13). Most of these resources are released as
flat files and not associated with a dedicated user interface
to explore, browse and search these viral genomes.

IMG/VR was first released in 2016 as a separate
resource dedicated to viral genomes within the IMG
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platform (14,15). It initially provided access to the ‘Earth
Virome’ dataset (16), which included DNA virus genomes
identified in metagenomes from a broad range of ecosys-
tems. IMG/VR was subsequently updated with new
UViGs from additional IMG datasets and new dedi-
cated search and analysis tools, making it the largest
database of UViGs currently available (17,18). Here,
we present the 4th version of the IMG/VR database,
which leverages a new and improved virus detection ap-
proach to gather a catalog of >15 millions UViGs now
including both DNA and RNA viruses, either identified
as viral contigs or integrated proviruses in genomes,
metagenomes, or metatranscriptomes, all systematically
annotated and available through the IMG/VR user inter-
face (UI) (https://img.jgi.doe.gov/vr/) and for download
(https://genome.jgi.doe.gov/porta/ IMG_VR/IMG_VR.
home.html), along with updated online search and analysis
tools.

MATERIALS AND METHODS
Automatic virus identification from IMG datasets

Uncultivated viral genomes (UViGs) were mined from
public assemblies retrieved from IMG/M on 2022-04-
10 using geNomad (version 1.1.0) (19). A total of 28
865 metagenomes, 7258 metatranscriptomes, 83 858 iso-
late genomes of Bacteria and Archaea, 4342 single ampli-
fied genomes (SAGs), and 10 499 metagenome-assembled
genomes (MAGs) were processed. A minimum length of
2 kb (for sequences with direct or inverted terminal re-
peats) or 4 kb (for the remaining sequences) was required
for metagenomes, isolate genomes, SAGs and MAGs.
For metatranscriptomes, a length cutoft of 2 kb was re-
quired throughout. geNomad’s score calibration function-
ality, which infers sample composition to estimate proba-
bilities for each classification, was employed to determine a
cutoff that resulted in an estimated false discovery rate of
2%.

UYViG completeness/contamination estimation and provirus
quality control

Completeness and contamination of single-scaffold vi-
ral genomes was estimated with CheckV (version 1.0.1,
database version 1.3) (20). CheckV’s AAl-based estimation
of completeness was used if the confidence of the estima-
tion was qualified as medium or high; the HMM-based es-
timate was used otherwise. For multi-scaffold giant virus
MAGs (GVMAGsSs), completeness and contamination esti-
mates, based on the presence and copy number of marker
genes, were retrieved from the original study (21).

As proviruses are found integrated in host genomes and
because automatic boundary determination is error-prone,
CheckV was used to trim host regions from the edges
of geNomad-identified proviruses to reduce the amount
of contamination by host genes. Contamination by non-
protein-coding genes was removed by trimming regions that
encoded ribosomal rRNAs, obtained from IMG/M anno-
tation.

UViG clustering into vOTUs

Single-scaffold UViGs were clustered into viral operational
taxonomic units (vOTUs) following MIUViIG guidelines
(95% ANI—average nucleotide identity; 85% AF—aligned
fraction) (6). To that end, sequences were first aligned
in an all-versus-all BLAST (version 2.13.0+) (22) search
that was executed with the following parameters: ‘-task
megablast -evalue le-5 -max_target_seqs 20000’. Next, ANI
and AF were computed by aggregating all the high-scoring
segment pairs between each pair of UViGs (code available
at https://bitbucket.org/berkeleylab/checkv/src/master/
scripts/anicalc.py) and a graph was built by connecting
the pairs that fulfilled the minimum ANI and AF require-
ments. Finally, the Leiden algorithm (23) (as implemented
in the igraph Python library, version 0.9.10) was used to
cluster sequences into vOTUs by identifying communities
of highly interconnected nodes (resolution parame-
ter = 1.0, code available at https://github.com/apcamargo/
bioinformatics-snakemake-pipelines/tree/main/genome-
ani-leiden-clustering-pipeline). Multi-scaffold GVMAGs
were clustered separately and their vOTUs were directly
imported from IMG/VR v3 (18).

Virus prediction confidence and UViG quality assessment

UViGs were separated into ‘high-confidence virus’ and ‘pu-
tative virus’ based on the amount of evidence supporting
their viral origin. Briefly, points were allocated for each
UViG that fulfilled certain criteria (listed below) and the
genomes that were awarded at least three points were moved
to the high-confidence tier.

e 3 points: Clustered with a RefSeq r213 virus genome in a
vOTU; three or more geNomad virus hallmark markers.

e 2 points: High-confidence CheckV AAI completeness es-
timate; two geNomad virus hallmark markers.

e 1 point: Medium-confidence CheckV AAI completeness
estimate; one geNomad virus hallmark marker; direct
or inverted terminal repeats; two or more matches to
CRISPR spacers.

Sequences with low coding density (open reading frame
coverage < 60%), high number of ambiguous nucleotides
(number of N > 50, n = 105 469), or containing concate-
mers (>1 kb repeat of the 5’ end of the sequence or >10 kb
repeat within the sequence, n = 7079) were never assigned to
the high-confidence tier, regardless of the number of points
they received. UViGs that were obtained from RefSeq (24)
or that were identified in external projects such as Inoviruses
(25), GVMAGSs (21), and RNA Viruses in Metatranscrip-
tomes (RVMT) (12), were automatically assigned to the
high-confidence tier.

Genomes within the high-confidence tier were further
categorized into four different groups based on their
completeness, estimated using CheckV (database version
1.3): high-quality (>=90%), medium quality (50-90%), low-
quality (<50%), and unsure (>120% or no completeness es-
timate). For GVMAGs, completeness estimates are based
on the presence of Nucleocytoviricota marker genes and
were retrieved from the original study (21).
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Taxonomic assignment

Sequences that were imported from RefSeq were assigned to
their NCBI taxonomy. UViGs derived from the RVMT and
the GVMAG projects were designated to taxonomic lin-
eages listed in their original studies. The remaining UViGs
were tentatively assigned to viral taxa as defined in the In-
ternational Committee on Taxonomy of Viruses’ (ICTV)
Release #37 (26). The following taxonomic classification
methods were used in order of priority: (i) clustering with
RefSeq virus genomes; (ii) geNomad’s marker-based taxo-
nomic assignment; (iii) similarity to viral proteins in NCBI
NR; (iv) vOTU consensus. UViGs that clustered together
with RefSeq references in vOTUs received the taxonomy
of the reference genome. For the marker-based assign-
ment, geNomad (version 1.1.0) was employed to classify
sequences using taxonomically informative protein profiles.
To assign taxonomy based on similarity to viral proteins
from NCBI’s NR (retrieved in 2022-05-19), we used MM-
seqs2’s (version 13.45111) (27) taxonomy module with the
‘--start-sens 4 -s 6 --sens-steps 2’ parameters. Finally,
UViGs that were not designated to any taxon using
the previously described methods were assigned to the
consensus taxon within their vOTU, obtained using the
‘find_majority_vote’ function in taxopy (version 0.10.2)
(28). The ICTV taxdump used for all the taxonomic as-
signment methods was generated using TaxonKit (version
0.11.1) (29).

Host assignment

UViGs identified within isolate whole-genome sequencing
assemblies or SAGs were assigned a host taxonomy predic-
tion based on the taxonomy of the source genome. The re-
maining viruses were assigned to hosts by indirect associa-
tion through matches to a database of CRISPR spacers or
exact k-mer matches to bacterial and archaeal genomes de-
rived from NCBI GenBank (release 242; 15 February 2021)
and recent large-scale MAG studies (30-33). We annotated
all host genomes using GTDB-Tk (version 2.1.0) (34) and
the GTDB database r207 (35) to ensure consistency.

CRISPR spacers were identified from the 1.6 million
genomes from NCBI and MAG studies (see above) us-
ing a combination of CRT (version 1.1) (36) and PILER-
CR (version 1.06) (37). Our database contained 28.6
million spacers after filtering potentially spurious (38)
CRISPR arrays and problematic spacers, and 4.8 mil-
lion unique CRISPR spacers after dereplication with
MMseqs2 (version 13.45111, parameters: ‘easy-cluster
--min-seq-id 1.0 -¢c 1.0°). Viruses were matched to the
spacer database using blastn (version 2.9.0+, parameters: ‘-
max_target_seqs = 1000 -word _size = 8 -dust = no’) and we
only considered alignments with at least 25 bp, a maximum
of 1 mismatch, and that covers >95% of the spacer length.
After these filtering criteria, a total of 1 017 950 (21.2%)
CRISPR spacers matched 1 003 550 UViGs.

PHIST (version 1.0.0) (39) was used to perform k-
mer matching between viruses and bacterial and archaeal
genomes from NCBI and MAG studies. To improve compu-
tational throughput and reduce skew by highly represented
pathogens, we included a maximum of 10 randomly selected
genomes per host lineage, resulting in a database of 230 600
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prokaryotic genomes. To reduce spurious matches, we only
considered virus-host connections where at least 20% of vi-
ral k-mers were found in a prokaryotic genome.

Each virus was then assigned to the host taxon, at the
lowest taxonomic rank, having at least two connections
and representing >70% of all connections. In cases where
a virus had an assigned host via CRISPR spacer and k-
mer approaches, we chose the method that was supported
by a greater number of host connections. The full, filtered,
and clustered datasets of CRISPR spacers can be found at:
https://portal.nersc.gov/cfs/m342/crisprDB.

RESULTS
Overview of IMG/VR v4 novel features

Compared to its previous release, IMG/VR v4 has a num-
ber of major changes which include:

e A new de novo virus discovery using a virus identification
pipeline based on geNomad allowing for improved detec-
tion of viruses and more quantitative metrics for predic-
tion confidence.

e An expanded selection of reference viral genomes.

e Estimates of genome quality with an updated version
of CheckV, which now includes a 27% larger reference
database of complete viral genomes.

e An updated taxonomic assignment schema that follows
the taxa described in ICTV’s Taxonomy Release #37.

e A larger set of host predictions, using information from
isolate genomes, an expanded database of CRISPR spac-
ers, and k-mer matches to a large database of prokaryotic
genomes.

e Updated online tools to search for viral sequences
through gene composition, nucleotide similarity, or
amino acid similarity.

e Tighter integration into the IMG database ecosystem in-
cluding, e.g. the possibility to connect IMG/VR data to
individual genome, scaffold, and gene carts.

Below we provide a more detailed description of each of
these new features.

Improved detection of viral sequences and database composi-
tion

To perform automatic identification of viral genomes within
all IMG sequencing data for IMG/VR v4, we devel-
oped geNomad (available at https://github.com/apcamargo/
genomad), which replaced the IMG Virus Detection
Pipeline (40) used in previous versions of the database.
geNomad is a hybrid virus detection tool that uses both
gene content and a neural network that takes in nucleotide
sequences to estimate the ‘viralness’ of each input sequence.
For IMG/VR v4, geNomad presents several advantages
compared to the previous IMG/VR prediction pipeline and
other existing tools: (i) high-throughput and speed—which
allowed us to process billions of scaffolds in IMG/M within
a week using the NERSC’s Cori computer cluster; (ii) broad
taxonomic coverage—which allowed the identification of
multiple viral groups that were underrepresented in the
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Table 1. Data sources used to build the v4 release of IMG/VR, as well as the number of UViGs and vOTUs within each. Numbers for high-confidence
viruses and vOTUs containing high-confidence viruses in the geNomad-identified UViGs are shown within parenthesis. For additional statistics: https:

/Iportal.nersc.gov/cfs/m342/imgvr_stats/

Source Reference Description No. of UViGs No. of vOTUs
IMG/M mining with (19) Mining IMG/M’s public sequencing data using 15303 607 8452288
geNomad geNomad (5202 181) (2 744 855)
RefSeq 1213 (24) Viral genomes imported from NCBI 13971 12410
Inoviruses (25) Custom search of extrachromosomal and integrated 228 5281
Inoviridae genomes using marker genes and gene
content features
Giant virus MAGs 21) Custom search for Nucleocytoviricota MAGs in IMG/M 2055 2005
(GVMAGS)
RVMT (12) Identification of Orthornavirae in IMG/M 348 762 163 939
metatranscriptomes using a custom set of
RNA-dependent RNA polymerase models.
previous version—such as RNA viruses, retroviruses, ss- origin To pology

DNA viruses, Megaviricetes, and Tokiviricetes; (iil) auto-
matic identification of proviruses; (iv) increased identifica-
tion of short viral sequences, achieved through increased
marker coverage and the nucleotide-based neural network
classifier and (v) better distinction from plasmids, since
those are explicitly identified and treated as a separate cat-
egory by geNomad.

In addition to virus identification, geNomad automated
annotation results were leveraged to provide: (i) automatic
identification of viruses that likely employ alternative ge-
netic codes (translation tables 4 and 15); (ii) gene-level an-
notation using a total of 227 897 marker protein profiles
(41) that are used to find viruses that have a similar gene
composition (now used in the ‘Find similar UViGs’ tool,
see ‘Search and browse interface’ section); (iii) taxonomic
assignment using a set of taxonomically-informative pro-
files (see “Taxonomic, host, and ecological distribution’ sec-
tion); (iv) detection of virus hallmarks, which are used for
identifying the sequences that were assigned to the ‘high-
confidence virus’ tier (see IMG/VR v4 UViGs are stratified
using quality metrics and represent a large expansion over
the previous release’ section).

Expanded Reference virus genome database

IMG/VR v4 also contains sequences imported from RefSeq
(release 213) and viruses identified in independent projects
that focused on specific viral groups: Inoviruses (Inoviri-
dae family), giant viruses (Nucleocytoviricota phylum), and
RNA viruses (Orthornavirae kingdom) (Table 1). In to-
tal, IMG/VR now includes 13 971 references from RefSeq
(genomes and segments) and 15 663 652 UViGs identified
across 25 603 metagenomes, 6755 metatranscriptomes, 62
342 genomes of isolated prokaryotes, 854 SAGs, and 3514
MAGs (Figure 1)—a 6.7-fold increase over the previous
IMG/VR release. The majority of these UViGs are linear
sequences, could be assigned a taxonomy using the geNo-
mad taxonomically-informative profiles, but still lack host
prediction (Figure 1, and see below).

IMG/VR v4 UViGs are stratified using quality metrics and
represent a large expansion over the previous release.

The automatic identification of viral sequences in sequenc-
ing data resulted in an explosion of the known diver-

Metagenomes (90.6%)
Metatranscriptomes (7.3%)
Isolate genomes (1.9%)

MAGs, SAGs, and RefSeq (0.2%)

Provirus (2.5%)

Direct terminal repeats (1.2%)
Inverted terminal repeats
and GVMAGs (0.1%)

Taxonomy Assigned host

|

Available (96.7%)

Available (7.2%)

Figure 1. IMG/VR v4 composition regarding UViG origin, scaffold
topology, taxonomic assignment and availability of host data. Each pie
chart displays the number of UViGs from different types of datasets (‘Ori-
gin’), with different sequence topologies (“Topology’), classified into an ex-
isting virus taxon at any rank (‘Taxonomy’), and with at least one host
prediction available (‘Assigned host’).

sity of the virosphere over the last few years. Yet, com-
putational methods for virus genome detection can some-
times retrieve sequences for which the viral origin is un-
certain (42). Two notable examples are: (i) sequences for
which there is little functional information, but are classi-
fied as viruses either because of the presence of hypothet-
ical genes that have been previously observed in viruses
or because of nucleotide signatures captured by methods
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such as neural networks and (i) short sequences that are
enriched in functions associated with viruses (e.g. addic-
tion modules and mobility genes) but encode no virus hall-
mark(s). These putative viral sequences can be very useful
if the intent is to identify novel viruses, but can also hin-
der studies that require clean data, such as the identifica-
tion of viral-encoded auxiliary metabolic genes, as these
putative viral sequences can easily include non-viral se-
quences such as plasmids and microbial genomic islands
(20).

To help users identify the well-supported viral sequences,
while also providing the larger set of viral predictions
for users interested in these putative viral sequences, the
IMG/VR v4 database is stratified into two main confi-
dence tiers: ‘high-confidence virus’ and ‘putative virus’. The
former, which represents about 35% of the database (or
5 576 197 UViGs clustered into 2 917 516 vOTUs, Table
1), contains UViGs for which additional evidence of vi-
ral origin (Figure 2A) could be gathered, and is enriched
with bona fide viral genomes at the cost of reduced sensitiv-
ity, i.e. missing some novel viruses and short sequences for
which gene signal is scarce. The latter includes sequences
that were flagged as viruses by geNomad, but do not fulfill
the criteria for inclusion in the ‘high-confidence’ tier (see
Methods).

Compared to the previous release, an additional 4
164 835 (74.7%) high-confidence UViGs were added to
IMG/VR v4. Within those, 65.4% were from new prokary-
otic genomes, metagenomes, metatranscriptomes, and ex-
ternal datasets. The remaining new sequences were de-
tected due to the lower minimum sequence length threshold
(12.9%), or increased detection sensitivity from the geNo-
mad pipeline (21.7%).

Commonly needed information for the downstream anal-
ysis of viral sequences is the completeness estimate of the
genomes. Assembly of high-throughput sequencing data
often results in fragmented chromosomes, which preclude
analyses that require complete or near complete genomes,
such as delimitation of novel taxa. In IMG/VR v4 UViGs
were evaluated for completeness using an updated version
of CheckV’s database, which includes an expanded database
of complete genomes (a 27% increase) compared to the ver-
sion used in IMG/VR v3, that provides more accurate es-
timates for a number of underrepresented viral lineages in-
cluding Lavidaviridae, Inoviridae, Nucleocytoviricota, Tec-
tiviridae and RNA phages.

Within the high-confidence tier, UViGs were stratified
based on their completeness into high-quality (complete-
ness > 90%; 495 576 UViGs), medium quality (complete-
ness between 50% and 90%; 570 984 UViGs), low-quality
(completeness < 50%; 4 427 996 UViGs), or unsure (com-
pleteness > 120% or no completeness estimate; 81 641
UViGs; Figure 2B). Most of the high-quality UViGs (314
758, or 62.51%) are newly available in IMG/VR v4 com-
pared to v3. In addition, 78 137 high-quality UViGs (15.8%)
from the MGV dataset (9), that were only available for
download in IMG/VR v3, are now also available for inter-
active analysis in the IMG/VR v4 web interface. This ver-
sion 4 thus represents a substantial expansion in the num-
ber of complete and near-complete genomes available in
IMG/VR.
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IMG/VR v4 UViGs were clustered at the standard 95%
ANI 85% AF thresholds into 8 606 551 vOTUs (5 846 590
of which are singletons)—a 9.2-fold increase over the pre-
vious version (Figure 2C). Accumulation curves based on
the vOTU clustering show no sign of reaching a plateau, ei-
ther when taken globally, restricted to only high-quality se-
quence, or evaluated for individual ecosystems. This seem-
ingly exponential growth of viral genome data in IMG/VR
is consistent with previous observations (18), and suggests
that many more viruses remain to be discovered.

Taxonomic, host, and ecological distribution

In the v4 release, IMG/VR taxonomy is based on the taxa
described in ICTV Taxonomy Release #37. Notably, this
release introduced binomial naming for viral species and
extinguished the Myoviridae, Siphoviridae, and Podoviri-
dae families of tailed phages (43). Additionally, a new au-
tomatic taxonomy assignment method, based on a set of
85 158 taxonomically informative geNomad marker pro-
files, was introduced to improve the taxonomic coverage of
the database.

In total, 15 161 577 UViGs—or 96.7% —were assigned
to viral taxa at different ranks (Figure 3A), up from
61.4% in IMG/VR v3. Among the high-confidence viruses
the proportion is higher, as 5 557 099 sequences—or
99.7%—are taxonomically annotated. Across the entire
dataset, the majority of the sequences (86.1%) were as-
signed to the Caudoviricetes class (Figure 3A), which en-
compasses tailed phages that are highly abundant across
ecosystems (16). Of note, IMG/VR v4 includes 404 245
high-confidence UViGs (7.3% of the high-confidence set)
assigned to the Riboviria realm, which includes all the
RNA viruses. This represents a substantial increase over
IMG/VR v3 (8622 UViGs) and it is due to the inclusion of
scaffolds identified in the RVMT project and the usage of
geNomad. Other important taxa, such as the Monodnaviria
(47 146 high-confidence UViGs, 0.85%), Nucleocytoviricota
(104,220 high-confidence UViGs, 1.9%), and other Varid-
naviria (14 063 high-confidence UViGs, 0.25%) comprise
the majority of the taxonomically-assigned UViGs (Figure
3A).

UViGs in IMG/VR v4 were tentatively assigned to bac-
terial and archaeal hosts using three different approaches.
Connections between viral genomes and hosts were made
directly, via guilt-by-association of viruses identified within
host genomes, or indirectly, by performing CRISPR spacer
and k-mer matches in a large database of prokaryotic
genomes. Host taxa were harmonized to reflect GTDB
r207 taxonomy. Across the entire dataset, 1 125 839 UViGs
(7.2%) were assigned to a host lineage. The fraction was
higher for the high-confidence UViGs, where 764 426
genomes (13.8%) were linked to putative hosts. Within
this set, 40.4% of the virus-host connections were made
using CRISPR spacer matches, 30.9% by direct detec-
tion in the host genome, and 28.7% using k-mer matches.
High confidence UViGs were mostly assigned to Bacteria
(99.4%), especially to the Proteobacteria (34.2%), ‘Firmi-
cutes_A’ (25.7%), Bacteroidota (17.7%), Firmicutes (10.4%),
and Actinobacteriota (4.3%) phyla. Within Archaea, most
UViGs were assigned to Halobacteriota (35.9%), Thermo-
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proteota (25.8%), Nanoarchaeota (13.6%) and Methanobac-
teriota (13%) (Figure 3B).

IMG/VR v4 leverages metadata from the Genomes On-
Line Database (GOLD) (44) to provide geographical (Fig-
ure 4A) and ecosystem (Figure 4B) data to all the UViGs
identified in IMG/M metagenomes and metatranscrip-
tomes. Geographical coordinates of the samples show that
IMG/VR v4 encompasses UViGs identified across all con-
tinents and oceans, and that most of these viral genomes
come from North America and Europe. Regarding ecosys-

tem distribution, high-confidence UViGs were mostly de-
tected in samples classified as marine (2 006 477 UViGs,
37.6%), freshwater (1 565 841 UViGs, 29.3%), and animal-
associated (609 925 UViGs, 11.4%) (Figure 2C). Taxon-
omy data revealed that there is strong association between
some taxa and ecosystems, as Nucleocytoviricota and other
Varidnaviria are more common in aquatic environments
and rarely found in animal-associated samples, and Ri-
boviria are relatively much more common in soils than other
taxa.
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classes.

Search and browse interface

The search and browse interfaces from IMG/VR v3 were
enhanced to provide optimal display of the new met-
rics and features now associated with IMG/VR v4 se-
quences. The browse menu allows users to explore UViGs
based on categorical features through treemaps, numer-
ical features through interactive bar charts, Pfam an-
notations through a searchable table, and sample lo-
cation via an interactive map (Figure 5A). In par-
ticular, browsable numerical features now include the
geNomad confidence score, a new metric in IMG/VR
v4 reflecting the confidence in the viral nature of the
sequence.

As far as UViG searches, in addition to the features al-
ready available in IMG/VR v3, UViGs can now be selected
based on their geNomad classification score, their type of
source dataset, e.g. metagenome or metatranscriptome, or
their confidence category (Figure 5B). This enables users to
select a subset of the > 15 million IMG/VR v4 UViGs based
on multiple criteria, and obtain an UViG list that can be

further filtered interactively and/or downloaded for offline
analysis.

Finally, the ‘Similar UViGs’ functionality, which is avail-
able on a UViG detail page and enables searching of the en-
tire UViG database based on gene content using the current
UVIiG as ‘hook’, was also modified in IMG/VR v4. This
search now uses geNomad’s markers (see below), instead
of the Pfam domain annotation in IMG/VR v3, to iden-
tify similar UViGs. This means that this search now also
leverages conserved hypothetical proteins lacking a Pfam
domain match but detected across enough viral genomes to
be included in geNomad protein clusters. As in IMG/VR
v3, the UViGs detected as similar to the ‘hook’ can be dis-
played in a table or through an interactive network (Figure
5C).

Complementary download and user sequence analysis

Next to the browse and search interfaces, IMG/VR also
provides online analysis tools for users to apply to their
own UViGs and download bundles. In terms of analy-
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sis, IMG/VR v4 still provides online blastn to the UViG
database, blastp to the predicted cds from these UViGs,
along with blastn to the IMG CRISPR spacer database.
All these are available through the “Viral/Spacer Blast’ but-
ton on the home page and provide a straightforward way
for users to compare individual UViGs to the IMG/VR
database. In addition, a dedicated tool for giant virus taxo-
nomic assignment of user MAGs and contigs, named ‘GV-
Class’ (https://github.com/NeLLi-team/gvclass), is avail-
able through IMG/VR v4 home page.

For larger scale analyses, we recommend users download
the IMG/VR v4 database and perform sequence similarity
offline. To facilitate this, we provide file bundles to down-

load, available through the ‘Download IMG/VR database’
link on the home page. Specifically, two folders are pro-
vided for IMG/VR v4, each containing a FASTA file of
genomes, FASTA file of predicted proteins, a single table of
UViG metadata, a table summarizing UViG host predic-
tions, and a readme file. The first folder includes data from
the entire IMG/VR v4 database, i.e. >15 million UViGs,
while the other, identified with an ‘-hc’ suffix, provides
the same file for the 5 576 197 UViGs identified as high-
confidence. Lastly, the geNomad markers used for virus se-
quence identification and taxonomic classification are pro-
vided for download through a link on the IMG/VR home

page.
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CONCLUSION

Genomes from uncultivated viruses (‘UViGs’), obtained
without cultivation of the corresponding virus in the
laboratory but instead identified in shotgun sequencing
datasets, are reshaping our understanding of the global
virosphere. However, because the vast majority of this
data derived solely from computational prediction, some
specific cautions and challenges are important to note.
First and foremost, while the performance and accuracy
of virus sequence prediction tools greatly improved over
the last few years, these predictions remain imperfect, es-
pecially for short sequences and for viruses closely re-
lated to other types of mobile genetic elements, such as
plasmids. Since different types of UViGs analyses can ac-
commodate different levels of non-viral sequences, and
to enable users to apply their own preferred stringency
level, IMG/VR v4 now features the most confident pre-
dictions in a ‘high-confidence’ category, and provides the
raw geNomad score associated with each UViG for further
refinement.

The other major limitation of UViGs compared to virus
isolates is the lack of host association. Computational host
prediction methods are still under very active development,
with new and improved approaches published seemingly
every year. Meanwhile, current prediction methods typi-
cally suffer from either low recall or low accuracy. For
IMG/VR v4, a conservative set of methods and cutoffs
was selected, which should yield accurate predictions but
only for a minority of UViGs. Nevertheless, these host
predictions should be interpreted carefully and not con-
sidered as definitive virus-host associations. Moving for-
ward, we expect host prediction methods will keep improv-
ing in the years to come and will be complemented by a
broader application of novel experimental assays for virus-
host association including proximity ligation sequencing
(45).

Since 2016, IMG/VR has been a flagship database in
the field of viral ecology by providing a large collection of
virus genomes from a broad range of environments and
virus types. The new IMG/VR v4 version presented here
holds the largest UViGs collection yet, and will undoubt-
edly yield many novel insights into the ecological parame-
ters driving viral diversity, virus evolutionary history, and
viral-encoded functional diversity. A number of the ap-
proaches and data used to build IMG/VR are also relevant
for other types of mobile genetic elements, such as plasmids.
In particular, geNomad automatically identifies both virus-
like and plasmid-like elements separately. Given the po-
tential importance of plasmids in microbiomes, a separate
IMG system based on a similar architecture as IMG/VR
but dedicated to plasmid-like sequences, is currently be-
ing developed to enable large-scale exploration of plasmid
diversity.
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