
D764–D775 Nucleic Acids Research, 2021, Vol. 49, Database issue Published online 2 November 2020
doi: 10.1093/nar/gkaa946

IMG/VR v3: an integrated ecological and evolutionary
framework for interrogating genomes of uncultivated
viruses
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ABSTRACT

Viruses are integral components of all ecosystems
and microbiomes on Earth. Through pervasive infec-
tions of their cellular hosts, viruses can reshape mi-
crobial community structure and drive global nutrient
cycling. Over the past decade, viral sequences iden-
tified from genomes and metagenomes have pro-
vided an unprecedented view of viral genome di-
versity in nature. Since 2016, the IMG/VR database
has provided access to the largest collection of vi-
ral sequences obtained from (meta)genomes. Here,
we present the third version of IMG/VR, composed
of 18 373 cultivated and 2 314 329 uncultivated vi-
ral genomes (UViGs), nearly tripling the total num-
ber of sequences compared to the previous version.
These clustered into 935 362 viral Operational Tax-
onomic Units (vOTUs), including 188 930 with two
or more members. UViGs in IMG/VR are now re-
ported as single viral contigs, integrated proviruses
or genome bins, and are annotated with a new stan-
dardized pipeline including genome quality estima-
tion using CheckV, taxonomic classification reflect-
ing the latest ICTV update, and expanded host tax-
onomy prediction. The new IMG/VR interface enables
users to efficiently browse, search, and select UViGs
based on genome features and/or sequence similar-
ity. IMG/VR v3 is available at https://img.jgi.doe.gov/
vr, and the underlying data are available to download
at https://genome.jgi.doe.gov/portal/IMG VR.

INTRODUCTION

Viruses occupy all of Earth’s biomes, and are known to in-
fect all organisms across the tree of life, including animals,

plants, protists, fungi, bacteria and archaea (1–4).While the
full extent of viral diversity and the in�uence they exert on
their environment is poorly understood, viruses are broadly
recognized as critical agents of health and disease, as well as
key regulators of microbiomes. Viruses have now been de-
scribed, and their impacts evaluated, in a broad range of
ecosystems from the world’s oceans to acidic hot springs,
human gut, and thawing permafrost (2,5–7). Collectively,
these studies have highlighted a substantial in�uence of vi-
ral lysis in reshaping microbial communities and nutrient
cycling, a large potential for viruses to act as lateral gene
transfer agents in�uencing long-term evolution of cellular
organisms, and fundamental alterations of cellular path-
ways during viral infections (8–10).

Viruses lack a conserved single-copy universal marker
gene such as the 16S ribosomal RNA gene which is fre-
quently used to detect, identify and classify bacteria and
archaea, or the mitochondrial cytochrome c oxidase gene
often used to survey eukaryotes. Consequently, unculti-
vated viruses cannot be readily and comprehensively identi-
�ed through amplicon sequencing approaches (11). Instead,
uncultivated viral diversity is primarily explored through
metagenomics, i.e. shotgun sequencing of DNA or RNA
extracted directly from a sample (12,13). In particular, re-
cent advances in sequencing technologies and bioinformat-
ics analyses now enable the recovery of large fragments and
even complete viral genomes from metagenomes (14,15).
Viral sequences can be assembled from metagenomes
speci�cally targeting the viral fraction of environmental
samples (i.e. ‘viromes’), but also from untargeted samples,
even if the latter are often dominated by the cellular com-
ponents of the community (14). Complementarily, viral
genomes residing in the host cell, either integrated in the
host chromosome or extrachromosomal, can also be suc-
cessfully recovered fromwhole genome shotgun sequencing
data (16–19).
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The critical importance of viral sequences obtained with-
out cultivation and isolation of the virus, i.e. Uncultivated
Virus Genomes or UViGs, has now become undeniable
(14,20). UViGs are routinely used for (i) taxonomic classi�-
cation, and exploration of the viral sequence space, (ii) esti-
mation of viral taxa distribution across samples and biomes,
(iii) evaluation of virus:host networks via in silico host pre-
diction and (iv) study of virus functional potential via anal-
ysis of gene content. In turn, comprehensive databases and
analysis frameworks of UViGs, such as IMG/VR, are foun-
dational resources enabling these studies.
The �rst installment of IMG/VR, a database gathering

viral sequences identi�ed from genomes and metagenomes
hosted in the IMG/M database (21), was released in 2016
and included 264 413 sequences (22). A second version fol-
lowed three years later, which included 735 112 sequences,
alongwith improved taxonomic classi�cation, an automatic
identi�cation of high-quality genomes, and new search ca-
pabilities to query the database based on sequence similar-
ity (23). Here we present the third version of the database,
which is currently the largest collection of viral genomes
publicly available, totaling 2 332 702 genomes. This genome
collection is now compiled from multiple sources includ-
ing published studies which described UViGs from spe-
ci�c virus groups (24–26) or types (17) that were under-
represented in databases thus far. IMG/VR UViGs are
functionally annotated using the IMG pipeline (21), and
their quality assessed using the new CheckV tool (27). Viral
taxonomic classi�cation of IMG/VR UViGs now re�ects
the updated ICTV framework (28), and in silico host pre-
dictions are provided based on sequence similarity to iso-
late and metagenome-assembled genomes (29) as well as
matches to predicted CRISPR spacers (30). Finally, a re-
designed interface allows for fast and intuitive browsing and
search of the IMG/VR database using sequence or annota-
tion queries.

MATERIALS AND METHODS

Sequence origin and selection criteria

Sequences in IMG/VR v3 (release #5) were gathered from
6 primary sources (Supplementary Table S1):

(i) 2 028 310 sequences were obtained by mining public
IMG/M (21) metagenomes (up to 15 December 2019)
using the Earth’s Virome protocol (31), which includes
a minimum contig size of 5 kb (hereafter ‘EVP’).

(ii) 30 759 sequences were previously obtained by min-
ing public IMG/M metagenomes (downloaded on 1
April 2019) for circular sequences (≥1 kb) based on
direct terminal repeats (DTR), and viral prediction
with VirFinder v1.1 (32) and custommarker genes (27)
(hereafter ‘CheckV DTR’).

(iii) 9445 sequences originated from a search of public
genomes and metagenomes for inovirus sequences
(≥500 bp), both extrachromosomal genomes and in-
tegrated proviruses, based on speci�c inovirus marker
genes and gene content features analyzed using a cus-
tom random forest classi�er (24) (hereafter ‘Inovirus’).
This search was conducted in 2018, and included 141
sequences not available in IMG.

(iv) 12 498 sequences originated from a search of pub-
lic NCBI RefSeq/WGS genomes for integrated and
extrachromosomal proviruses (≥800 bp) using Vir-
Sorter v1.0 (33), conducted in 2014 (17) (hereafter
‘Prophage’). This study targeted the active prophages
and lytic viruses, so all predictions lacking a viral hall-
mark gene or a viral gene enrichment, and all prophage
detections displaying viral gene enrichment only and
lacking viral hallmark genes, were discarded. Among
these, 5474 were not obtained from IMG/M.

(v) 1475 sequences (≥5 kb) were obtained from a custom
search of public IMG/Mmetagenomes for virophages,
conducted in 2018, and based on virophage marker
genes (26) (hereafter ‘Virophage’).

(vi) 47 356 sequences originated from a custom search of
public IMG/M metagenomes for nucleocytoplasmic
large DNA viruses (NCLDVs), i.e. giant viruses, con-
ducted in 2018 (25) (hereafter ‘Giant Virus’). Because
NCLDV genomes are much larger than other viruses,
the identi�cation and recovery of these sequences used
a different approach including a genome binning step
to identify contig(s) belonging to the same genome.
Overall, these 47 356 sequences corresponded to a total
of 2059 NCLDV genomes.

In addition, a set of 293 759 reference viral sequences,
not currently available in IMG, were included in the
IMG/VR database to enhance taxonomic classi�cation
and host prediction at the viral Operational Taxonomic
Units (vOTU) level (see below). These included 12 182
and 6880 sequences from NCBI Viral RefSeq and Gen-
Bank respectively (34,35), 20 234 reference sequences from
the CheckV database (27), and 254 463 medium-quality,
high-quality and complete genomes from the GOV2, GVD
and MGV (https://github.com/snayfach/MGV catalog)
datasets (36,37). GOV2 includes UViGs obtained from
ocean viromes, while GVD and MGV sequences were de-
rived from human gut viromes (GVD) and metagenomes
(MGV).
The EVP, Inovirus and Prophages datasets were pro-

cessed through CheckV (v0.4.0, May 2020), to identify and
remove any host-derived regions from the viral contigs.
For EVP and prophages, CheckV-cleaned viral sequences
shorter than 5kb and 1kb (respectively) were discarded.
This clean-up step was not used for the Giant Viruses or
Virophages sequences because these were already curated
as part of their original analysis. Sequences detected across
multiple datasets (e.g. proviruses included in both Inovirus
and Prophages datasets) were identi�ed and only a single
copy was retained in the �nal IMG/VR database.
Once cleaned, compiled, and reconciled, the �nal

IMG/VR database (hereafter ‘IMG/VR-db’) consisted of
2 332 702 distinct UViGs, including 2 033 220 sequences
available through the IMG/VR web interface (as of 25 Au-
gust 2020, hereafter ‘IMG/VR-online’, Supplementary Ta-
ble S1). The entire IMG/VR database (i.e. IMG/VR-
db) is available for download at https://genome.jgi.doe.gov/
portal/IMG VR (release #5).
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vOTU clustering

The entire dataset (2 332 702 sequences) was clustered
into vOTUs following the MIUViG guidelines (14) (95%
ANI - Average Nucleotide Identity and 85% AF – Aligned
Fraction). Brie�y, an all-vs-all blastn (v2.5.0+) was com-
puted with the following options: -task megablast, -
max target seqs 25000, and -perc identity 90 (38). Then,
custom python scripts were used to calculate ANI and AF
between all pairs of sequences based on the cumulated blast
hits, and generate viral OTUs (‘vOTUs’) using a greedy
clustering approach with sequences sorted by decreasing
length. This led to the identi�cation of 933,352 vOTUs.
A separate approach was required to cluster the giant

virus genome bins because they are composed of multiple
contigs which may be split across different clusters in an
ANI-based contig clustering. Instead, dRep v2.6.1 (39) was
used to group the 2059 giant virus bins (module dereplicate,
option –ignoreGenomeQuality) into 2010 vOTUs. Then,
these vOTUs de�ned based on genome bins were reconciled
with vOTUs previously de�ned based on individual con-
tigs ANI as follows: for all contigs-based vOTUs contain-
ing one or more sequences from one of the the giant virus
bin, the taxonomic classi�cation of the vOTU members
was observed. If a majority of sequences were taxonomi-
cally classi�ed as NCLDV (i.e. Nucleocytoviricota), all se-
quenceswithin this contig-based vOTUwere included in the
genome bin-based vOTU. Otherwise, only the sequence(s)
from the giant virus genome bin was moved to the genome
bin-based vOTU, while the other formed a separate contig-
based vOTU.
Finally, some of the datasetsmined to build the IMG/VR

database include replicates, either biological or technical
(e.g. multiple assemblies of the same original metagenome),
which could lead to duplicated sequences. To avoid arti�-
cially in�ating the size of vOTUs, pairs of sequences with
≥99.8% ANI and ≥99.9% AF, or ≥99.9% ANI and assem-
bled from the same original sample, were considered as du-
plicates, and only counted once.

Genome quality assessment

CheckV v0.4.0 (27) was used to assess genome quality
through estimation of genome completeness, except for
Giant Virus, Inovirus and Virophage sequences (see be-
low). For each UViG, CheckV AAI-based estimation of
completeness was used if this estimation was quali�ed as
medium or high con�dence, or the HMM-based estimate
was used otherwise if available. For the Giant Virus dataset,
we instead obtained completeness estimates from the orig-
inal publication, where it was calculated based on the de-
tection of single-copy marker genes (25). For the Inovirus
and Virophage datasets, an alternative completeness esti-
mation was calculated based on a maximum length known
for these types of viruses, i.e. 30 kb for inoviruses and 35
kb for virophages. This alternative estimation was used in-
stead of the CheckV value when (i) there was no CheckV
estimated completeness, or (ii) CheckV estimated the com-
pleteness to be <50%, as we found it to be more reliable for
partial genomes.
The genomes were furthered quality-checked by search-

ing for three types of artifacts. First, all contigs with ≥50

ambiguous bases (i.e. ‘N’) were �agged as ‘low quality’ (n
= 21 668 sequences). These could derive from suboptimal
assemblies or scaffolding of multiple contigs with gaps of
unknown length. The completeness of these assemblies typ-
ically cannot be accurately estimated, and was set to ‘un-
known’. Similarly, all contigs with terminal repeats repre-
senting ≥20% of the sequence length or that were identi�ed
as exact palindromes were �agged as ‘concatemers’, which
represent low-quality assemblies (n = 1959 sequences). Fi-
nally, several sequences were further identi�ed as originat-
ing from cellular rather than viral genomes. This is expected,
as many viral sequence detection approaches can misiden-
tify some eukaryotic genome sequences as viral (40). These
sequences were automatically detected from the EVP based
on the CheckV contamination information as contigs with
≥5 host markers and more than twice the number of host
markers than viral markers (n= 6102), as well as contigs en-
coding 16S and/or 23S rRNA genes, often linked to neigh-
boring decayed prophage regions (n= 232). Further, for all
vOTUs whose seed sequence was identi�ed as a putative
contaminant based on this non-viral gene content signal, all
the vOTU members were also removed from the IMG/VR
database (n = 2930 vOTUs).

Genome quality was assigned following the MIUViG
standards (14). Genomes with direct terminal repeats, i.e.
‘circular’ genomes predicted as complete, and genomes esti-
mated to be ≥90% and ≤120% complete based on CheckV,
and not �agged as low-quality or concatemers, were con-
sidered as high-quality genomes. Genomes <90% complete
were considered as ‘Genome fragment’, while the quality of
genomes estimated to be >120% complete was set as ‘Un-
sure (completeness > 120%)’.

Taxonomic classi�cation

Two complementary approaches were used for taxonomic
classi�cation of IMG/VR sequences. First, predicted pro-
teins from IMG/VR sequences were compared to NCBI
Viral RefSeq proteins v200 (34) using diamond v0.9.25 with
options ‘blastp –evalue 1e–5 –query-cover 50 –subject-cover
50 -k 10000’. For IMG/VR sequences with ≥30% of pro-
teins having a signi�cant hit to Viral RefSeq, a consensus
af�liation was obtained based on the best hits of individual
proteins (≥50% majority rule).
Second, a taxonomic classi�cation was determined based

on the detection of 588 marker genes identi�ed in the VOG
database v97 (http://vogdb.org, Supplementary Table S2).
Predicted proteins from IMG/VR sequences were com-
pared to the 588 selected VOG HMM pro�les using hmm-
search v3.2.1 (41) with option ‘-E 1.0e–02’, and a minimum
score of 40 and maximum E-value of 1e–05 for individual
hits. If multiple con�ictingmarkers were detected, a consen-
sus taxonomy was obtained based on the individual mark-
ers detected (simple plurality rule).
For both RefSeq- and VOG-based classi�cation, the ref-

erence taxonomy used was the 2019 ICTV Release, i.e. in-
cluding ranks from domain to genus. In addition, the lowest
common ancestor (LCA) of non-singleton vOTUs was ob-
tained and used as taxonomic classi�cation for any member
of that vOTU not already classi�ed.
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In silico host prediction

All UViGs identi�ed as proviruses in IMG/Mbacteria and
archaea genomes were associated with the corresponding
IMG/M host taxonomy. For other UViGs, two main ap-
proaches were used to link them to a putative host: sequence
similarity to a microbial genome, and matches to IMG/M
CRISPR spacers. For matches to microbial genomes, all
IMG/VR sequences were compared to 95 012 bacterial and
archaeal genomes in IMG/M (release from 4 June 2020)
as well as 52 515 bacterial and archaeal genome bins from
the Genome from Earth’s Microbiomes (GEM) dataset
(29), using blastn (options ‘-task megablast -evalue 0.001 -
max target seqs 25000 -perc identity 90’) (38). For genome
bins (GEM), contigs which were mainly viral (i.e. hit to an
IMG/VR sequence at≥90% identity over≥ 50%of the host
contig) were excluded as these can be incorrectly binned
(29). Similarly, all contigs from IMG/Mgenomes matching
at≥90% identity and≥50%of their length to a viral genome
from RefSeq, a giant virus, or a virophage were also ex-
cluded as these are typically contaminants of whole genome
sequence datasets (e.g. PhiX174 genomes). Host predictions
were then based on matches of ≥90% nucleotide identity
covering ≥2 kb of the virus and (putative) host sequences.
When multiple matches to different hosts were obtained,
an 80% consensus rule at each rank was used to predict
host taxonomy. Applied to the NCBI Viral RefSeq (v200)
genomes, this approach yielded 96.2%, 95.3% and 91.2% of
correct host prediction at the order, family, and genus ranks
respectively, consistent with previous benchmarks (29).
For CRISPR matches, SpacePharer 2.fc5e668 (42) was

used to compare all IMG/VR sequences to the database
of CRISPR spacers derived from IMG/M genomes (21).
Individual viral genomes and CRISPR spacers for which a
hit was obtained with SpacePharer were further realigned
using blastn (v2.5.0+) with options ‘-task blastn-short -
evalue 1 -dust no -word size 7’, as the alignment provided
by SpacePharer did not always extend over the full length
of the spacer (30). For each pair of viral sequence and puta-
tive host genome (i.e. set of CRISPR spacers), a host predic-
tion was made when (i) at least one hit had 0 or 1 mismatch
over the entire spacer length (‘CRISPR (near)identical’) or
(ii) two hits or more had ≥80% identity over the entire
spacer length (‘CRISPRmultiple partial’). For each viral se-
quence, a CRISPR-based predictionwas then derived based
on an 80% consensus of all ‘CRISPR (near)identical’ pre-
dictions, or if no such prediction was available, an 80% con-
sensus of ‘CRISPR multiple partial’ predictions. Applying
this pipeline to NCBI Viral RefSeq (v200) genomes sug-
gested that 97.5%, 94.9% and 88.2% of the predictions were
correct at the order, family, and genus ranks respectively, for
the ‘CRISPR (near)identical’ prediction, and 88.5%, 84.1%
and 70.9%were correct at the order, family, and genus ranks
respectively for the ‘CRISPR multiple partial’ prediction,
consistent with previously published benchmarks (30).
Next, a predicted host taxonomy was obtained for each

vOTU as the LCA of provirus-based predictions (if avail-
able), or CRISPR-based predictions. This LCA was used
as putative host taxonomy for any sequence in these vO-
TUs not already associated with a speci�c host prediction.
Finally, virophage sequences were associated with putative

‘host’ as follows: for virophage UViGs which were also
identi�ed in a Giant Virus genome bin, the correspond-
ing genome bin and taxonomy was used as ‘host predic-
tion’ for the virophage UViG. On the IMG/VR interface,
a summarized host taxonomy is also displayed based on
the following priority: provirus in a known genome or de-
tection in a Giant Virus genome bin for virophage, match
to host genome(s) if available at the genus rank, match to
CRISPR spacer(s) if available at the genus rank, match to
host genome(s) if available above the genus rank, match to
CRISPR spacer(s) if available the genus rank, and host tax-
onomy of the corresponding vOTU otherwise and if avail-
able.

Identi�cation of similar UViGs based on gene content and/or
sequence similarity (IMG/VR-online)

Two methods of sequence comparison are available on
the IMG/VR web interface. First, users can query the
IMG/VR database using nucleotide or protein sequence(s)
as input. The sequence comparison is computed using
blast+ 2.6.0 (38) with default parameters, and users can
select a speci�c E-value cutoff (from 1e–50–10). A sec-
ond method of comparison between IMG/VR UViG is
available through the IMG/VR web interface (tab ‘Similar
UViGs’ in UViG detail page). This comparison is based on
the af�liation of UViG genes to PFAM (43), marker VOGs
(http://vogdb.org, see above) and VPF (Viral Protein Fam-
ilies, (23)) HMM pro�les. PFAM af�liation were obtained
from the IMG/M database, marker VOGs were obtained
from the taxonomic classi�cation pipeline (see above), while
for VPFs, a comparison of all IMG/VR UViGs predicted
proteins to the VPF database was performed using hmm-
search v3.2.1 (41) with option ‘-E 1.0e–02’, and minimum
score of 40 and maximum E-value of 1e–05 for individual
hits. For each pair of UViGs, a gene content similarity score
(as in (44)) is computed by counting the number of pre-
dicted cds from genome A with a corresponding PFAM,
VOG, or VPF hit in genome B, and dividing it by the to-
tal number of predicted cds with a hit to a PFAM, VOG
or VPF domain in genome A. The same score is computed
from genome B to genome A, and the �nal pairwise sim-
ilarity is calculated as the average of the two scores. The
similarity score is set at 0 if there are no genes af�liated to
PFAM, VOG or VPF in anyUViGs. Users can select a min-
imum cutoff (applied to the similarity) from 0.2 to 0.9, and
the pairwise similarities can be visualized as a table or an
interactive network.

RESULTS

Multiple sources of uncultivated virus genomes are used to
build the IMG/VR database

The IMG/VR database contains a large and broad col-
lection of 2 332 702 isolates and uncultivated viral
genomes (UViGs) compiled from 21 075 public genomes,
metagenomes, and published datasets (Figure 1A and B,
Supplementary Table S1, and see Methods). The vast ma-
jority of these UViGs (85%) were identi�ed through a sys-
tematic search of public IMG/M metagenomes (45) us-
ing a standard approach to detect bacteriophages and ar-
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Figure 1. Overview of the origin, number, and annotation of IMG/VR v3 sequences. (A) Origin and annotation of sequences for IMG/VR v3. The three
columns represent three types of data, and individual boxes represent individual searches or reference databases (see Materials andMethods). Datasets are
colored according to their primary type of sequences, i.e. individual viral contigs in green (standard search), yellow (custom search), and gray (additional
references), genome bins in blue, and proviruses in red. The total number of sequences from each search or reference database is indicated in each box.
Published UViGs not in IMG were obtained from the Global Ocean Virome 2 dataset (36), the Gut Virome Database (37), and the Metagenomic Gut
Viruses dataset. (B) Number of sequences in the IMG/VR database compared to the number of viral genomes in NCBI over time. The main plot compares
the total number of sequences in both databases. The total number of viral genomes in NCBI was obtained as in (14), i.e. querying GenBank and excluding
human viruses for which an exceedingly large number of near-identical genomes are available (In�uenza A/B and HIV). The inset shows the number of
non-redundant high-quality sequences (i.e. HQ vOTUs) in IMG/VR compared to the number of viral genomes in NCBI Viral RefSeq. (C) Proportion of
each genome type in IMG/VR v3. (D) Fraction of high-quality genomes (≥90% estimated completeness), and genome fragments of ≥50% and < 50%
estimated completeness, as based on CheckV (27), in IMG/VR v3. (E) Proportion of sequences with and without a host prediction in IMG/VR v3.

chaeovirus sequences (31). This dataset was then comple-
mented with the results of custom searches focused on spe-
ci�c virus or contig types including inoviruses (24), giant
viruses (25), virophages (26), prophages (17), and predicted
complete viral genomes (27) as well as additional viral ref-
erence sequences including 19,062 references from NCBI
Viral RefSeq and GenBank (34,35) and 254 220 previously
published UViGs (36,37). A small subset of these sequences
are not currently available in the IMG/Mdatabase, and are
thus only included in the downloadable IMG/VR �les but
not available on the web interface (see below ‘Data Avail-
ability’). Overall, 2 033 220 UViGs are available to browse,
search, and analyze through the IMG/VR web interface,
and will be designated hereafter as the ‘IMG/VR-online’
subset (Supplementary Table S1).

IMG/VR includes tens of thousands of high-quality genomes

The IMG/VR v3 database is mostly composed of
metagenome contigs predicted as entirely viral (∼95%),
while ∼5% of the sequences were identi�ed as integrated
proviruses, i.e. on a contig including both viral and host
region(s) (Figure 1C). Genome quality was estimated for
all UViGs based on completeness estimation calculated
with CheckV (27) as well as the detection of technical
artifacts such as concatemers (see Methods). Overall,
∼22% of IMG/VR v3 UViGs were predicted as being
≥50% complete, and ∼10% were predicted as ≥90%
complete, i.e. are considered as ‘High-quality’ according
to the MIUViG standards (14) (Figure 1D). Since the
last version of IMG/VR (released on 1 July 2018), the
total number of UViGs has more than doubled, and the
number of non-redundant high-quality UViGs, i.e. number
of viral OTUs (vOTUs) including at least one high-quality
genome (see below), increased by a factor of 5 (Figure 1B).
This growth rate re�ects both the increase in number and

size of public metagenomes as well as the improvement in
metagenome assembly and virus sequence detection tools
(14).

Global clustering of UViGs in vOTUs reveals ubiquitous and
prevalent groups of uncultivated viruses

All IMG/VRUViGs, i.e. IMG/Msequences and non-IMG
references, were clustered into 935,362 viral OTUs (vOTUs)
using established standard cutoffs (95% ANI & 85% AF,
(14), Figure 1B). Overall, 188,930 vOTUs included two or
more members (excluding exact duplicates, see Materials
and Methods), while 746 432 were singletons. This ratio of
32% of singletons is lower than observed for previous ver-
sions of IMG/VR (45.2% and 36.4% for IMG/VR v1 and
v2, respectively), but suggests there is still a large portion of
viral diversity to be explored (Figure 2A).
This vOTU clustering also suggested the existence of

some ubiquitous and highly prevalent viruses. Notably, the
13 largest vOTUs each included >1000 UViGs (range:
1043–3606) and are all associated with human gut and
wastewater samples. Only two of these vOTUs included
a reference genome: vOTU 043225 includes Faecalibac-
terium phage FP Mushu initially identi�ed as a prophage
in Faecalibacterium prausnitzii genomes and putatively as-
sociated with in�ammatory bowel disease patients (46),
while vOTU 002247 includes the ‘Uncultured crAssphage’
reference sequence which was originally obtained from
viral metagenome assembly and identi�ed as a highly-
prevalent member of the human gut virome (47). Mean-
while, all 13 largest vOTUs included >100 high-quality
genomes. This highlights how the most prevalent viruses
in a highly-sampled environment (human gut microbiome)
still lack isolate representatives, and can only be identi�ed
via metagenomics.
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Figure 2. Clustering and annotation results of IMG/VR v3 sequences. (A) Accumulation curve of IMG/VR sequences showing the number of vOTUs
(y-axis) observed for different number of sequences (x-axis). A total of 50 random shuf�ing of the sequences was performed (gray dots), and the average
value is plotted as the orange curve. The number of sequences corresponding to the three versions of IMG/VR are indicated on the plot. (B) Taxonomic
distribution of IMG/VR v3 sequences, displayed separately for each quality tier, at the Kingdom rank. TheHeunggongvirae kingdom includes notably the
Caudovirales family, the Bamforvirae includes theMegaviricetes class encompassing most of the NCLDV, and the Loebvirae includes the Inoviridae family
of �lamentous phages (see Supplementary Table S3). (C) Host taxonomy prediction of IMG/VR v3 sequences, displayed separated for each quality tier.
For panels B and C, the groups noted as ‘unknown completeness’ include UViGs for which no reliable completeness could be estimated with CheckV, e.g.
because of assembly artifacts (see Materials and Methods).

Members of the Caudovirales order dominate the IMG/VR
database

Taxonomic classi�cation for individual UViGs is based on
an af�liation of individual proteins to Viral RefSeq refer-
ences, or on selected marker genes if no closely related ref-
erence exists in Viral RefSeq (see Materials and Methods).
Such direct taxonomic classi�cation was possible for 1 081
998 UViGs. For UViGs that remained unaf�liated, we rea-
soned some of these sequences were likely too short to dis-
play enough (marker) genes for direct classi�cation, butmay
be clustered in vOTUs from which a taxonomic classi�ca-
tion could be derived. We con�rmed that the taxonomic
classi�cation of individual UViGs was consistent for 83.6%
of the quali�ed vOTU at the family level (123 955 of 148
155 vOTUs with > 1 classi�ed member, excluding giant
virus MAGs), and thus af�liated unclassi�ed sequences to
the lowest common ancestor (LCA) of the vOTU classi�ed
members, when available. This approach enabled us to tax-
onomically classify 337,383 additional UViGs.
The vast majority of classi�ed IMG/VR UViGs (91.8%)

were af�liated with the Caudovirales order, followed by
Megaviricetes (4.9%), Microviridae (0.7%) and Tubulavi-
rales (0.7%; Figure 2B). This is consistent with previous re-
ports highlighting Caudovirales as the most prevalent and
frequently detected viral taxon across biomes (1,23). As
could be expected, genomeswith high (≥50%) completeness
tend to be more classi�ed (73.6% with a taxonomic clas-
si�cation) compared with small genome fragments (<50%
complete, 57.2% assigned, Figure 2B). However, 24.1% of
high-quality UViGs with ≥90% predicted completeness re-
main unclassi�ed, and likely include representatives of en-
tirely novel viral taxa.

Multi-feature approaches link IMG/VR sequences to a broad
diversity of putative hosts

Prediction of host taxonomy for IMG/VR UViGs is based
on (i) long (≥2 kb) sequence similarity between a UViG
and a putative host genome, and (ii) sequence similarity

between UViGs and predicted CRISPR spacers (see Ma-
terials and Methods). Similar to viral taxonomic classi�ca-
tion, host predictions were consistent at the genus level for
96.4% of quali�ed vOTUs (32 791 of 34 016 vOTUs with
>1 member with a host prediction). Thus, host prediction
at the genus level was propagated within vOTUs using an
LCA approach. Host prediction was obtained for 15.3% of
all UViGs, however this was strongly driven by UViG com-
pleteness: host taxonomy could be predicted for 38.9% of
UViGs estimated to be 50% complete or more, compared
to 8.1% of UViGs estimated to be <50% complete (Figure
2C). The majority (85.8%) of these host taxonomy predic-
tions could be achieved down to the genus rank.
Overall, IMG/VR UViGs were associated with a broad

diversity of hosts spanning across 1481 putative host gen-
era and 92 putative host phyla, according to the current
IMG/M taxonomy. These were not evenly distributed how-
ever, and 64.1% of the host predictions were restricted to
only �ve families: Clostridiales, Bacteroidales, Enterobac-
terales, Lactobacillales and Pseudomonadales (Figure 2C).
This likely re�ects the combined biases in the type of sam-
ples from which viruses are extracted, the host reference
genome database, and the methods used to link viruses
to hosts. Additional technological developments may be
needed to more comprehensively identify virus:host pairs
across microbial diversity.

IMG/VR UViGs are derived from diverse biomes and geo-
graphic locations

Sequences in the IMG/VR v3 database were obtained from
5582 genomes and 15 493 metagenomes. The latter origi-
nated from a broad range of geographic locations spanning
across all continents and oceans (Figure 3A), and repre-
sented a large diversity of biomes classi�ed in IMG/VR us-
ing the GOLD �ve-level ecosystem framework (48,49) (Fig-
ure 3B).
Overall, IMG/VR UViGs are primarily derived from

three sample types: marine (44.0%), freshwater (20.8%) and
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Figure 3. Geographical and environmental distribution of IMG/VR-online sequences. (A) Overview map of the IMG/VR v3 sequences based on the
location of their original sample in IMG/M (reference sequences not currently in IMG/M are not included on the map). The two insets (bottom) display
zoomed-in views of two regions with a high sample count. Colored samples indicate groups of geographic locations too close to be represented separately
in the current zoom level, colored according to the number of locations, which is also indicated in the circle. Once zoomed in, individual locations are
displayed using blue pins, with the number of UViGs indicated in red. Clicking on the pin brings in a new window including links to the datasets and
UViGs at this location. (B) Proportion of IMG/VR v3 sequences per sample type for four major biomes. The pie charts are based on all UViGs regardless
of quality, i.e. n = 1 592 032 aquatic, n = 122 133 terrestrial, n = 487 433 host-associated and n = 75 228 engineered sequences.

human-associated (15.0%). The same trend was observed
when excluding small genome fragments and redundant
UViGs: counting vOTUs with at least one member esti-
mated to be ≥50% complete, the three main sample types
were marine (29.4%), human-associated (28.8%) and fresh-
water (12.7%). This suggests that the large number of
UViGs in these samples is not an artifact due to fragmented
assemblies and redundant assembly of identical genomes,
but that these environments are the primary source of viral
genome diversity available in the IMG/VR v3 database.

IMG/VR provides intuitive data browsing of millions of
UViGs

The 2 033 220 UViGs available online can be browsed
through the redesigned interface (https://img.jgi.doe.gov/
vr/, Supplementary Figure S1). From the home page, the
‘Browse UViGs’ menu lists the different parameters that
can be used to explore and select subsets of IMG/VR data
(Supplementary Figure S2). Users can browseUViGs based
on ecosystem, taxonomy, or predicted host taxonomy clas-

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
a
r/a

rtic
le

/4
9
/D

1
/D

7
6
4
/5

9
5
2
2
0
8
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2

https://img.jgi.doe.gov/vr/


Nucleic Acids Research, 2021, Vol. 49, Database issue D771

si�cations using new interactive treemaps (Figure 4A). A
summary of the group currently selected including number
and percentage of UViGs in the group is provided above
the treemap, along with a search bar allowing the user to
search the treemap for speci�c (partial) terms. Alternatively,
the same data can be browsed through a table by selecting
a speci�c rank within the hierarchical classi�cation (Sup-
plementary Figure S3). Clicking on a selected group will
provide a table of the corresponding UViGs including basic
characteristics which can be exported as an excel spread-
sheet (Figure 4B). UViG identi�ers in the table link to indi-
vidual UViG pages which include detailed information and
annotation (Figure 4C).

Users can also browse UViGs based on geographical lo-
cation or human body site using an interactive world map
and human body diagram, respectively, as in IMG/VR v2
(Figure 3A). UViGs selected through these maps are then
presented using the same table as for the treemap selection
(Figure 4B). Finally, UViGs can now be browsed based on
features such as the detection of a speci�c pfam domain
(Supplementary Figure S4), or UViG length (Supplemen-
tary Figure S5). For the latter, groups are de�ned on �xed
intervals, which are progressively narrowed as the user se-
lects individual groups until the number of UViGs selected
is reasonable to be displayed in a table (≤5000, Supplemen-
tary Figure S5).

IMG/VR interface includes novel search capabilities

In addition to the new UViG browsing, new search ca-
pabilities have also been implemented in the IMG/VR v3
interface (Supplementary Figure S6). UViGs can �rst be
searched through individual UViG or scaffold identi�er(s)
(Supplementary Figure S7). As with browsing, the search
result is a table listing the basic characteristics of each
UViG, and allowing the user to navigate to each UViG
detail page. Searches by identi�ers also accept comma-
separated lists, allowing users to retrieve a speci�c set of
UViGs.
UViGs can also be searched based on a combination of

attributes (Figure 5). Searchable attributes include any com-
bination of length, number of genes, estimated complete-
ness, vOTU identi�er(s), ecosystem, taxonomy, predicted
host taxonomy, percentage of VPFs, and detection of pfam
domain(s). Search terms are combined using an ‘AND’ logic
operator, i.e. UViGs will be selected only if they ful�ll all
conditions speci�ed in the search form. Search results are
displayed through a downloadable UViG table (Figure 5B),
from which a user can navigate to individual UViG detail
pages (Figure 5C).

Sequence comparison to and within IMG/VR

As with previous versions of IMG/VR, two types of
sequence-based searches are available in IMG/VR v3 (Sup-
plementary Figure S8). First, a user can compare their
own sequence(s) against IMG/VR-online UViGs based on
blastn (for nucleotide sequences) or blastp (for protein se-
quences). Summarized blast results are provided through an
interactive table (Supplementary Figure S8) while complete
result �les are provided for download. User sequences can

also be compared to the IMG/MCRISPR spacer databases
using the same search form.
UViGs can also be compared based on the detection of

common functional domains (Supplementary Figure S9).
This tool is available through the ‘Compare UViGs’ sec-
tion on individual UViG pages, and is meant to provide a
quick way to identify UViGs with similar gene content as
the one currently selected (Supplementary Figure S9). Sim-
ilarity between UViGs is based on gene af�liation to pfam,
VOG and VPF databases, and is measured for each pair of
UViG using a gene content similarity score (see Methods).
The results are displayed through a table or an interactive
network with edge length proportional to similarity value
and node colored by UViG attribute, enabling a user to ex-
plore the viral sequence space in the vicinity of the UViG
initially selected (Supplementary Figure S9).

Bulk download

The entire IMG/VR v3 database is freely available
to download at https://genome.jgi.doe.gov/portal/pages/
dynamicOrganismDownload.jsf ?organism=IMG VR (ac-
cessible through the ‘Download IMG/VR Database’ link
on the main page, Supplementary Figure S10). Download-
able �les include fasta �les for contigs and predicted pro-
teins, a master table listing all UViGs with their main at-
tributes such as ecosystem and taxonomic af�liation, and a
host prediction table listing all connections between UViG
and putative hosts. The fasta �les and tables include both
UViGs available from IMG/M, and external UViGs used
as reference in IMG/VR (see Methods).

The IMG/VRdownload portal includes present and past
versions of the IMG/VR database, identi�ed using the
database release date. Files corresponding to the IMG/VR
v3 (release 5) described in this manuscript are available un-
der the ‘IMG VR 2020-09-10 5’ folder.

DISCUSSION

Since its initial release in 2016, IMG/VR continues to ex-
pand as the largest database of viral genomes assembled
from metagenomes, and has been extensively leveraged by
the research community (50–55). Compared to its initial re-
lease, the new IMG/VR v3 database includes ∼16 times as
many sequences overall, and ∼20 times as many sequences
meeting the MIUViG criteria to be categorized as ‘high
quality’ (i.e. ≥90% complete and non-redundant). Notably,
IMG/VR v3 includes sequences identi�ed from the exten-
sive set of genomes andmetagenomes available in IMG, but
also from other previously published collections of UViGs.
Given the accelerating pace at which new uncultivated viral
genomes are collected, we anticipate the exponential growth
of IMG/VR to continue for the foreseeable future. This will
be enabled particularly by technological improvements such
as long-read sequencing (56) and new bioinformatics ap-
proaches (57), which are expected to yield longer and more
complete viral genomes from metagenomes.
This new version of IMG/VR includes an updated

database, new analyses using recently developed tools such
as CheckV to estimate genome completeness (27), and a
redesigned user interface to accommodate the scale and
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Figuer 4. Browsing and selection of a subset of IMG/VR-online sequences. (A) Example of a treemap representation of IMG/VR-online UViGs based
on predicted host taxonomy. Similar treemaps are available for taxonomic and ecosystem classi�cation. The inset shows how to access this treemap using
the main IMG/VR menu. (B) UViG table result corresponding to the search in panel A. (C) Example of a UViG Detail page, obtained by clicking on a
UViG identi�er in the result table.
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Figure 5. Searching IMG/VR-online sequences based on a combination of UViG attributes. (A) Example of a search of IMG/VR-online UViGs based
on multiple attributes including ecosystem, host taxonomy prediction, taxonomic classi�cation and quality. The inset shows how to access this search
page using the main IMG/VR menu. The selected search parameters are outlined in red, and the host taxon was selected using the built-in search �eld
(dashed red rectangle). (B) UViG table result corresponding to the search in panel A. (C) Example of a UViG Detail page, obtained by clicking on the
corresponding UViG identi�er in the result table.
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diversity of UViG data. In addition to viral contigs, the
IMG/VRdatabase now includes proviruses (i.e. viral region
within a host contig) and genome bins, which are both criti-
cal capabilities for exploring speci�c areas of the virosphere
such as �lamentous phages and giant viruses (24,25). New
browsing and search capabilities were introduced, provid-
ing users with a set of tools to identify sequences of inter-
est within the large IMG/VR database. These new tools are
paired with the functionalities of the broader IMG/Mplat-
form including ‘Scaffold carts’ and ‘Scaffold sets’ enabling
further analyses and easy export of the corresponding data.
While IMG/VR represents a unique and unprecedented

resource for exploration and characterization of the global
virosphere, improvements in key features are expected to
increase its usability and usefulness. First, while a major-
ity of UViGs are taxonomically classi�ed, most of them
are assigned to a large ‘unknown Caudovirales’ group. As
ICTV progressively re�nes the taxonomy within this order
(58) and as classi�cation tools improve, we expect taxon-
omy in future releases of IMG/VR to be more informa-
tive. Second, host prediction remains available only for a
minority of UViGs, limiting the range of analyses possi-
ble and preventing a comprehensive integration of viral di-
versity in microbiome models. We anticipate that improve-
ments to host reference databases, especially through the re-
covery of genomes and CRISPR arrays from metagenomes
(29), pairedwith newmethods to robustly integratemultiple
signals in a single host prediction (e.g. (42,59)) will eventu-
ally enable a broader linkage between UViGs and micro-
bial hosts. Finally, as more tools and infrastructure are de-
veloped for viral ecogenomics (60,61), we plan to further
integrate the IMG/VR database across different platforms
including IMG, iVirus(61) and KBase (62), to broaden the
scope of analyses that can be performed on these data and
to make it easily accessible to the community at large.
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The complete IMG/VR database is available for
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