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Abstract 

Plasmids are mobile genetic elements found in many clades of Archaea and Bacteria. They drive horizontal gene transfer, impacting ecological 
and e v olutionary processes within microbial communities, and hold subst antial import ance in human health and biotechnology. To support 
plasmid research and provide scientists with data of an unprecedented diversity of plasmid sequences, we introduce the IMG / PR database, a 
new resource encompassing 699 973 plasmid sequences derived from genomes, metagenomes and metatranscriptomes. IMG / PR is the first 
database to provide data of plasmid that were systematically identified from diverse microbiome samples. IMG / PR plasmids are associated with 
rich met adat a that includes geographical and ecosy stem inf ormation, host tax onom y, similarity to other plasmids, functional annotation, presence 
of genes in v olv ed in conjugation and antibiotic resistance. The database offers diverse methods for exploring its extensive plasmid collection, 
enabling users to navigate plasmids through met adat a-centric queries, plasmid comparisons and BLAS T searches. T he w eb interf ace f or IMG / PR 

is accessible at https:// img.jgi.doe.gov/ pr . Plasmid metadata and sequences can be downloaded from https:// genome.jgi.doe.gov/ portal/ IMG _ PR . 
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Introduction 

Plasmids are ubiquitous mobile genetic elements that are
present in several lineages of Archaea and Bacteria. These el-
ements exhibit remarkable diversity, including varying length,
mechanisms of mobility, strategies of replication, genetic
makeup, copy number and host range ( 1 ). Plasmids hold a
central role in the evolution and ecology of microorganisms
owing to their importance in driving horizontal gene transfer
(HGT). Due to their genetic plasticity and capacity to move
between different cells, plasmids allow cellular organisms to
acquire genes from a communal genetic pool, rather than re-
lying solely on vertical inheritance. This dynamic promotes
the interchange of genetic material among distantly related
lineages, facilitating adaptation to environmental pressures
( 2–5 ). Beyond their critical role in natural biological com-
munities, plasmids also hold significant clinical value ( 6 ), il-
lustrated by their involvement in disseminating antibiotic re-
sistance genes and virulence factors ( 7 ,8 ). Furthermore, plas-
mids find application in biotechnology, serving as indispens-
able tools for genetic manipulation. 

To support plasmid research, scientists often leverage plas-
mid sequences from public databases. The primary sources
of plasmid sequence data are INSDC repositories ( 9 ), such as
NCBI’s GenBank ( 10 ), which encompass the vast majority of
the sequenced Bacteria and Archaea genomes. However, these
are general-purpose sequence databases and lack tools that al-
low targeted queries valuable for plasmid research, such as the
presence of genes involved in conjugation or antibiotic resis-
tance. Moreover, the determination of a sequence as a plas-
mid or not in these databases is based on the submitter’s as-
sessment, resulting in erroneous classification of chromosome
sequences as plasmids. To tackle these issues, plasmid-specific
databases such as pATLAS ( 11 ) PLSDB ( 12 ,13 ) and COM-
PASS ( 14 ) provide data such as replicon and MOB typing,
antibiotic resistance genes and virulence genes. Furthermore,
they offer users with more reliable sets of plasmid sequences,
obtained by curating plasmids from GenBank or RefSeq to re-
move chromosomal sequences and redundant plasmids. How-
ever, because they source plasmids exclusively from RefSeq
( 15 ) or GenBank, these plasmid databases are mostly limited
to single organism assemblies and do not include plasmid se-
quences from natural environments, present in metagenomic
and metatranscriptomic assemblies. This constraint restricts
the representation of plasmid diversity to a relatively small
fraction of microbial diversity, excluding the majority of un-
cultivated microorganisms. 

In recent years, the automated identification of viral
genomes within metagenomic and metatranscriptomic data
has significantly altered our understanding of virosphere di-
versity, enabling the detection of numerous major lineages that
would have otherwise eluded detection ( 16–20 ). Databases
such as IMG / VR ( 21 ) leverage this data, enabling researchers
to explore uncultivated viruses identified across thousands of
samples, thereby supporting virus-related research. In con-
trast, automatic large-scale detection of plasmids from se-
quencing data of natural environments is still limited to a few
studies ( 22–26 ), and no database currently provides automat-
ically identified plasmids from microbiomes. 

To address this issue, we have developed IMG / PR, a com-
prehensive database of plasmid sequences derived from the In-
tegrated Microbial Genomes & Microbiomes (IMG / M) sys-
tem ( 27 ). IMG / PR amasses the most extensive collection of
publicly available plasmids, systematically identified across
several thousand genomes, metagenomes and metatranscrip- 
tomes using the geNomad tool ( 28 ). These plasmids are pre- 
sented within a structured framework encompassing func- 
tional annotation and extensive metadata, which includes 
host taxonomy, completeness, similarity to other plasmids,
geographic coordinates and ecosystem information, allow- 
ing users to investigate plasmid function and ecology thor- 
oughly. Users can explore IMG / PR data by searching through 

the metadata associated with each plasmid or by performing 
sequence-based BLAST searches, making it easy to identify 
relevant plasmids. We anticipate that IMG / PR will become a 
primary resource for plasmid research, allowing researchers to 

systematically assess environmental plasmids on a large scale 
for the first time. 

Materials and methods 

Identification of plasmid sequences in IMG / M 

datasets 

Plasmid sequences were identified through screening of all as- 
sembled datasets fetched from the IMG / M database as of 
2022-04-10. This collection included 28865 metagenomes,
7258 metatranscriptomes, 83 858 isolate genomes of Bacte- 
ria and Archaea, 4342 single amplified genomes (SAGs) and 

10 499 metagenome-assembled genomes (MAGs). A mini- 
mum contig length requirement of 2 kb (for contigs with di- 
rect or inverted terminal repeats) or 4 kb (for the remain- 
ing contigs) was applied for metagenomes, isolate genomes,
SA Gs and MA Gs. For metatranscriptomes, a length cutoff 
of 2 kb was enforced throughout. Identification of plasmid 

sequences was carried out using geNomad (version 1.1.0),
and a composition-based score calibration was used to set 
the false discovery rate to 2% (parameters: ‘–enable-score- 
calibration –max-fdr 0.02’). The identified putative plasmids 
underwent additional filtration, applying criteria that pro- 
vide orthogonal support for the initial classification per- 
formed with geNomad. This step aimed to exclude sequence 
fragments for which the plasmid origin remained ambigu- 
ous, potentially representing segments of genomic islands.
To meet inclusion criteria in IMG / PR, sequences were re- 
quired to score at least five points based on the following 
criteria, each manually weighted according to their preva- 
lence in sequences exhibiting high similarity to reference 
plasmids: 

• Share at least 50% of their genes with a reference plas- 
mid: 1 point . 

• Match at least two CRISPR spacers from a database of 
spacers identified in the genomes of Bacteria and Archaea 
(see the ‘ Assignment to host taxa ’ section): 2 points . 

• Exhibit direct terminal repeats (DTRs): 2 points . 
• Encoding at least one plasmid hallmark gene (excluding 

relaxases), as defined by geNomad: 2 points . 
• Encode a relaxase or an origin of transfer (see the ‘ An- 

notation of plasmid sequences ’ section): 3 points . 

To identify genes shared with reference plasmids, gene pre- 
diction was performed with prodigal-gv (version 2.10.0, avail- 
able at https:// github.com/ apcamargo/ prodigal-gv ) ( 29 ) for 
both IMG and reference sequences and DIAMOND (ver- 
sion 2.1.1) ( 30 ) was then used to perform protein alignment.
Then, for each pair of sequences, shared genes were identi- 
fied as reciprocal best hits with alignment coverage ≥50% 

for both the query and target proteins (code available 

https://github.com/apcamargo/prodigal-gv
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t https:// github.com/ apcamargo/ bioinformatics-snakemake- 
ipelines/ tree/ main/ contig- aai- pipeline ). The reference plas-
ids used for this comparison were obtained from PLSDB (v.
021_06_23_v2) for bacterial plasmids and RefSeq (retrieved
n 2022-06-16, query: ‘archaea[filter] AND refseq[filter]
ND plasmid[filter]’) for archaeal plasmids. We identified
TRs by finding sequences with exact matches of at least
1 bp at both ends. To prevent DTRs from being called in
epetitive regions, we detected low complexity sequence seg-
ents using dustmasker (version 1.0.0, parameters: ‘-level
0 

′ ). DTRs were disregarded if the low complexity region con-
tituted 50% or more of their length. 

Putative genomic islands were excluded from the dataset by
dentifying sequences that aligned to chromosomes of Bacte-
ia and Archaea across ≥90% of their length. Chromosome
equences were sourced from RefSeq (on 2023-04-24) by re-
rieving all nucleotide sequences from bacterial and archaeal
enomes with at least 500 kb and without the word ‘plas-
id’ in their headers. Alignments were performed using blastn

parameters: ‘-task megablast -evalue 1e-5 -max_target_seqs
0000’) ( 31 ). 

nnotation of plasmid sequences 

n addition to the functional information provided by the
MG / M annotation pipeline ( 32 ), plasmids in IMG / PR were
urther annotated via the identification of protein compo-
ents of conjugation systems, origins of transfer and antibi-
tic resistance genes. Proteins that are part of conjugation
ystems (relaxases, VirB4 T4SS ATPases, T4CPs and other
4SS components) were detected by using hmmsearch (ver-
ion 3.3.2, parameters: ‘-E 1e-3’) ( 33 ) to search the CONJscan
 34 ) HMM models against the sequences of the proteins en-
oded by IMG / PR plasmids, with a minimum HMM coverage
f 50% required. The determination of complete conjugative
ystems was based on the presence of the minimum set of com-
onents outlined in the CONJscan model definitions. Origins
f transfer ( oriT ) were identified by searching the IMG / PR
lasmid sequences against a database of 91 previously de-
cribed oriT sequences ( 35 ) using blastn (parameters: ‘-task
lastn-short -outfmt ‘6 std qlen slen qseq sseq’ -num_threads
4 -dust no’), with a minimum target coverage of 20% re-
uired. Antibiotic resistance genes (ARGs) were annotated us-
ng hmmsearch (parameters: ‘–cut_ga’) to search Resfams ( 36 )

MMs against IMG / PR proteins. 

ssignment to host taxa 

he host taxa of plasmids identified within isolate assem-
lies or SAGs were determined through guilt-by-association,
hereby these plasmids were assigned to the taxon of the

enome in which they were identified. Plasmids originating
rom MAGs, metagenomes and metatranscriptomes were as-
igned to host taxa by indirect association, leveraging matches
o a database of 4.8 million unique CRISPR spacers ( 21 )
available at https:// portal.nersc.gov/ cfs/ m342/ crisprDB ), ob-
ained from a collection of 1.6 million bacterial and archaeal
enomes retrieved from NCBI GenBank (release 242) and
ultiple MAG datasets ( 37–40 ). Plasmids were aligned to the

pacer database using blastn (version 2.13.0+, parameters: ‘-
ax_target_seqs = 1000 -word_size = 8 -dust = no’) ( 41 ),
ith only alignments covering at least 25 base pairs, allow-

ng for a maximum of 1 mismatch and spanning ≥95% of the
pacer length being considered. Plasmids that matched at least
two CRISPR spacers were then assigned to a host taxa using
a majority vote rule, where the most specific taxon that rep-
resented > 70% of the CRISPR spacer hits was selected as the
host. To ensure uniformity throughout the entire database, all
isolate genome assemblies and SAGs from IMG / M, as well as
genomes within the CRISPR spacer database, were assigned to
taxonomic lineages as defined in the GTDB database (release
207) ( 42–44 ) using GTDB-Tk (version 2.1.0) ( 45 ). 

Clustering of plasmids into PTUs 

Plasmid sequences were clustered into plasmid taxonomic
units (PTUs), which group sequences sharing a common ge-
nomic backbone with elevated average nucleotide identity
(ANI) ( 46–48 ). Due to sequence fragmentation, which pre-
cludes the identification of complete backbone sequences,
PTUs were delimited in three steps: (i) clustering of com-
plete plasmids, (ii) recruitment of fragments to clusters of
complete plasmids, (iii) clustering of the remaining frag-
ments. Putatively complete plasmids were identified either by
the presence of DTRs, or by alignment to complete refer-
ence plasmids (see the ‘ Identification of plasmid sequences in
IMG / M datasets ’ section) across the entirety of the length
of both the query sequence and the reference with high
ANI (query and reference coverage ≥99%, ANI ≥ 95%).
These complete plasmids were used to construct a graph
connecting sequences meeting the aligned fraction (AF) and
ANI criteria (AF of the shorter plasmid in the pair ≥ 50%,
ANI ≥ 70%) ( 46 ). The graph was then subjected to clustering
using the Leiden algorithm ( 49 ). In the second clustering step,
plasmid fragments were recruited to the initial clusters if
they aligned with a complete plasmid across ≥85% of their
length ANI ≥ 70%. Each fragment was assigned to a single
cluster. The remaining fragments were used to build a new
graph with stricter connection criteria (AF of the shorter se-
quence ≥ 85%, ANI ≥ 70%), which underwent clustering
using the Leiden algorithm. Throughout the process, blastn
(parameters: ‘-task megablast -evalue 1e-5 -max_target_seqs
20000 

′ ) was used for alignments, ANI and AF were calculated
by aggregating high-scoring segment pairs between pairs of
plasmids (code available at https:// bitbucket.org/ berkeleylab/
checkv/ src/ master/ scripts/ anicalc.py ), and pyLeiden (available
at https:// github.com/ apcamargo/ pyleiden , parameters: ‘-n 5 -
r 1.2 

′ ) was employed for clustering. During clustering, graph
edges were weighted by pairwise ANI and AF ( weight = AF ×
ANI). 

Results 

IMG / PR is a public database for the exploration and analy-
sis of plasmid sequences identified in datasets integrated into
the IMG / M system. IMG / PR provides additional metadata in
addition to those offered by IMG / M, allowing users to inves-
tigate plasmid sequences in regards to their geographical dis-
tribution, ecosystem attributes, host taxonomy and functions
such as conjugation and antibiotic resistance genes. 

IMG / PR database composition 

IMG / PR contains a total of 699 973 plasmid sequences,
which were automatically identified across thousands of
metagenomes, isolate genomes, MAGs, SAGs, and metatran-
scriptomes (Figure 1 A). Among those, 154 680 (22.1%) were
determined to be complete, either by the presence of direct

https://github.com/apcamargo/bioinformatics-snakemake-pipelines/tree/main/contig-aai-pipeline
https://portal.nersc.gov/cfs/m342/crisprDB
https://bitbucket.org/berkeleylab/checkv/src/master/scripts/anicalc.py
https://github.com/apcamargo/pyleiden
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Figure 1. (A) IMG / PR composition in terms of data source (isolate genome, metagenome, metatranscriptome, MAG or SAG), plasmid completeness, 
similarity to reference plasmids and a v ailability of host data. Each square represents 1% of the plasmids in IMG / PR. MAG: metagenome-assembled 
genome; SAG: single-amplified genome; DTRs: direct terminal repeats; ITRs: inverted terminal repeats. (B) Distribution of plasmid lengths (in kilobases) 
f or putativ ely complete plasmids detected in isolate genomes and metagenomes. T he v ertical axis is presented in logarithmic scale. (C) Distribution of 
PTU sizes (number of plasmids within a PTU) in the IMG / PR PTUs with at least 10 members ( n = 8844). Individual data points are shown on the right of 
the boxplot. The vertical axis is presented in logarithmic scale. (D) UpSet plot illustrating the distribution of ecosystem occurrences for PTUs containing 
members identified in metagenomes or metatranscriptomes. Only PTUs with a minimum of 10 members found in metagenomes or 
metatranscriptomes with geographic coordinate information are displayed ( n = 6490). To determine the presence of a PTU within a specific ecosystem, 
at least two associated plasmids assigned to that PTU needed to be detected in the respective ecosystem. Box plots show the median values (middle 
line), interquartile range (box boundaries) and 1.5 times the interquartile range (whiskers). 
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terminal repeats or by complete bidirectional alignment with
complete reference plasmids (Figure 1 A). Notably, complete
plasmids identified within metagenomes tend to be shorter
than those of isolate genomes (median lengths of 5.2 and 18.7
kb, respectively; Figure 1 B). This difference can be attributed
to the challenges associated with assembling long contigs from
short-read metagenomic data and possible selection biases
in cultivated microorganisms. Comparison with reference se-
quences was also used to determine that 287 783 (41.1%) of
the IMG / PR sequences display high similarity to references
(defined as having at least 50% of their length aligned with a
reference plasmid), underscoring the large amount of novel
plasmids in the database (Figure 1 A). Among the plasmids
that do not exhibit high similarity to any reference, 77 756
(18.9%) are considered complete, representing a notable ex-
pansion of the existing catalogue of complete plasmids. 

The plasmids within IMG / PR are organised in 214 950
PTUs, which represent clusters of interconnected plasmids
sharing genetic backbones. Most PTUs contain a single se-
quence (137 282, or 63.9%) and only 8844 PTUs (4.1%)
comprise ten plasmids or more (Figure 1 C). As plasmids of-
ten evolve by the gain and loss of accessory genes while
maintaining a conserved genetic backbone, the clustering
of plasmids into PTUs organises plasmid diversity and al-
lows researchers to assess, for example, the evolution, host
range and environmental distribution of specific groups of 
plasmids. By evaluating in which ecosystems the plasmids 
within PTUs with at least ten members were detected, we 
found that, although most of these PTUs (66.6%) are spe- 
cific to a single ecosystem, a substantial fraction contain 

members found in multiple ecosystems (Figure 1 D). Among 
those, the most common combinations encompassed PTUs 
present in human-associated and animal-associated sam- 
ples, as well as PTUs found in human-associated samples 
and metagenomes from engineered environments, such as 
wastewater. 

IMG / PR includes plasmids from di ver se 

ecosystems and geographic regions 

One distinctive feature of IMG / PR is its incorporation of not 
only plasmids from isolates but also plasmid sequences auto- 
matically identified within metagenomes and metatranscrip- 
tomes. This inclusion markedly augments the sequence diver- 
sity within IMG / PR (Figure 2 A, left), emphasising the poten- 
tial of plasmids existing in natural ecosystems for the advance- 
ment of plasmid research. 

IMG / PR sources metadata from the Genomes OnLine 
Database (GOLD) ( 50 ) to provide geographical and ecosys- 
tem context for plasmids identified within metagenomes and 
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Figure 2. (A) PTU rarefaction curves and their corresponding growth tendencies for specific subsets of IMG / PR. The left panel shows the rarefaction of 
PTUs as a function of the number of plasmids detected in isolates (blue) and metagenomes (green). The centre panel shows PTU rarefaction curves for 
different types of ecosystems, considering only plasmids identified in metagenomes or metatranscriptomes. The table in the right panel displa y s the 
growth tendencies (gamma) of the rarefaction curves from the left and middle panels. The gamma values were derived by fitting the Heaps’ law function 
to each curve, and indicate whether a given curve is under rapid growth (gamma close to 1) or nearing saturation (gamma close to 0). Each rarefaction 
curv e w as constructed b y a v eraging 100 sampling processes perf ormed on random permut ations of the dat a. (B) Geographical distribution of IMG / PR 

sequences at the PTU le v el ( n = 104 065) based on IMG / M metagenomes and metatranscriptomes with geographic coordinate information ( n = 11644). 
The area of the circles on the map is proportional to the number of PTUs in each specific region, while their colours represent the number of 
metagenome and metatranscriptome samples in which the sequences were detected (in logarithmic scale). Samples were grouped within defined 
intervals along the longitude and latitude. The map is presented using the Mollweide projection. 
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etatranscriptomes. Geographic coordinate information re-
eals that IMG / PR spans plasmids identified worldwide, with
he majority originating from samples in North America and
urope (Figure 2 B). In terms of the ecosystems where these en-
ironmental plasmids were identified, sequences from human-
ssociated communities, such as the human gut microbiome,
utnumber those from other ecosystems. However, the num-
er of PTUs detected in human-associated samples is lower
ompared to other ecosystems (Figure 2 A, centre), such as soil,
nd displays a lower growth tendency (Figure 2 A, right). This
nderscores the value of IMG / PR in providing a comprehen-
ive resource of plasmids from less explored ecosystems. 

MG / PR plasmids are assigned to varied host taxa 

 set of 279 412 IMG / PR plasmids (39.9% of the total) were
ssigned to host taxa within Archaea (4 phyla; 7 classes) and
acteria (45 phyla; 94 classes), providing additional biolog-

cal context for these sequences (Figures 1 A, 3 A). Host as-
signment was performed using two distinct approaches (as de-
tailed in ‘Methods’): plasmids identified in genomes of isolates
or in SAGs were assigned using a guilt-by-association strat-
egy to the taxa of the corresponding genome (49.5% of the
assigned plasmids), while the remaining plasmids linked to
predicted host taxa based on matches to CRISPR spacer se-
quences (50.5% of the assigned plasmids). 

The vast majority of the plasmids with host informa-
tion were assigned to Bacteria (99.6%), particularly to the
Proteobacteria , Firmicutes , Bacteroidota , and Actinobacte-
riota phyla. The large number of Bacteroidota plasmids
( n = 41 318, grouped into 4004 PTUs) in IMG / PR is note-
worthy, as this phylum, highly prevalent in the human gut, is
relatively scarce in other databases (319 sequences in PLSDB
v. 2021_06_23_v2) ( 46 ). Analysis of the proportion of plas-
mid sequences showing similarity to reference sequences re-
veals considerable variation across distinct host taxa (Figure
3 B) and highlights that even prevalent taxa encompass sub-
stantial novelty. 
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Figure 3. (A) Plasmid sequences assigned to bacterial (top cladogram) and archaeal (bottom cladogram) putative hosts. Leaves in the cladograms on the 
left show bacterial and archaeal classes. The bars in the centre represent the number of plasmids assigned to each class (shown in logarithmic scale) 
and the bars on the right show the relative frequencies for each of the host assignment methods within each class. Only classes with a minimum of five 
assigned plasmid sequences are shown in the tree. The remaining classes are grouped in ‘Other Bacteria’ and ‘Other Archaea’. The topology of the 
cladograms were derived from phylogenetic trees retrieved from GTDB (release 207). (B) Percentage of plasmid sequences exhibiting high similarity to 
reference plasmids across different host taxa. The top five most prevalent host classes are presented individually, while the remaining are grouped 
under the ‘Other’ category. (C) Taxonomic composition of the hosts of plasmids identified in metagenomes and metatranscriptomes of the six 
ecosystem categories with the most plasmids. Only the five most common classes within each ecosystem category are shown, the remaining are 
grouped under ‘Other’. The area of the pie charts is proportional to the number of plasmid sequences in the ecosystem. 
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IMG / PR facilitates the integration of host information with
diverse metadata for comprehensive plasmid assessment. This
enables, for instance, the investigation of the ecosystem dis-
tribution of major taxa (Figure 3 C), which reveals that while
plasmids of Gammaproteobacteria are found across various
environments, plasmids assigned to taxa such as Bacteroidota
and Cyanobacteria are primarily limited to specific niches
(human / animal-associated and freshwater environments,
respectively). 

IMG / PR allows in vestig ation of plasmid function, 
conjugative potential and antibiotic resistance 

All plasmid sequences in IMG / PR are linked to an IMG / M
scaffold and have been annotated through the IMG Anno-
tation Pipeline. As a result, IMG / PR provides the genomic
coordinates and sequences of all genes encoded by the plas-
mids, along with associated Pfam ( 51 ), COG ( 52 ), TIGRFAM
( 53 ) and KEGG ( 54 ) Orthology accessions (Figure 4 A). This
enables users to readily interrogate plasmid functions using
established classification systems. 

Beyond standard annotation, IMG / PR plasmids underwent
additional analysis using domain-specific databases. As a re-
sult, IMG / PR incorporates information regarding the pres-
ence of elements constituting the conjugation machinery and 

of antibiotic resistance genes, both of which hold significant 
importance in plasmid research. 

Across the database, hundreds of thousands of plasmids 
harbour components of the conjugation system (Figure 4 B),
including the relaxase (MOB), VirB4 type IV secretion sys- 
tem (T4SS) ATPase, type 4 coupling protein (T4CP), other 
T4SS proteins and the origin of transfer ( oriT ). Conjugative 
T4SSs enable mating pair formation (MPF) and, by exten- 
sion, plasmid transfer via conjugation ( 55 ). Thus, plasmids 
encoding the complete set of genes required for MPF for- 
mation, a relaxase and a T4CP are inferred to be capable 
of autonomous conjugation. IMG / PR encompasses 57 247 

such plasmids (grouped into 19 994 PTUs), spanning eight 
distinct MPF types with unique taxonomic compositions 
(Figure 4 C). 

In the context of antibiotic resistance, IMG / PR includes 
33815 plasmids (9440 PTUs) encoding at least one predicted 

antibiotic resistance gene (ARG, Figure 4 D). Among these,
20 033 plasmids (59.2%) encode a relaxase and 4851 (14.3%) 
possess all genes essential for autonomous conjugation, under- 
scoring IMG / PR’s utility in assessing potential antibiotic resis- 
tance gene dissemination via conjugation. To further analyse 
the distribution of ARGs, IMG / PR enables cross-referencing 
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Figure 4. (A) Most pre v alent functional annotations found in IMG / PR plasmids. The length of each bar corresponds to the number of sequences 
encoding at least one gene annotated with the respective accession. The five most common Pfam, TIGRFAM, COG and KEGG Ortholog accessions are 
presented. (B) Number of distinct plasmids (dark bars) and PTUs (light bars) encoding different components of the conjugation machinery. MOB: 
relaxase; T4SS: type IV secretion system; T4CP: type IV coupling protein; oriT : origin of transfer. (C) Taxonomic profile of sequences encoding various 
types of MPFs (mating pair formation) systems. Only sequences encoding all proteins required for autonomous conjugation, as defined by CONJscan, 
and taxonomically assigned to host taxa at the class le v el, are depicted. Host classes with fe w er than 50 sequences encoding a particular MPF type are 
grouped under the ‘Other’ category. The numbers above the bars indicate the total count of plasmid sequences within each MPF type. (D) Number of 
distinct plasmids (dark bars) and PTUs (light bars) encoding antibiotic resistance genes. Genes were grouped based on their resistance mechanisms, as 
classified in the R esf ams database. (E) Alluvial plot depicting the relationship between host phyla (rectangles on the left), antibiotic resistance 
mechanism (rectangles in the middle) and ecosystem (rectangles on the right) of antibiotic resistance genes encoded by plasmids identified in 
metagenomes or metatranscriptomes. The height of each rectangle reflects the number of antibiotic resistance in the respective category. 
R elationships betw een host ph yla, antibiotic resistance mechanisms and ecosy stems are indicated b y curv ed lines, their width corresponding to the 
number of antibiotic resistance genes. Curves are colour-coded based on the antibiotic resistance mechanism. 
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f ARGs, host taxonomy, and ecosystem data to evaluate the
echanisms of plasmid-encoded antibiotic resistance across
iverse taxa and environments (Figure 4 E). 

unctionalities for exploration and analysis of 
lasmids in IMG / PR 

s illustrated in the preceding sections, IMG / PR offers an ex-
ensive collection of plasmids within a comprehensive frame-
ork that supplies abundant metadata and tools that enable

xploration of plasmid diversity. All plasmids in IMG / PR are
systematically organized in PTUs, that group related plas-
mids, and are linked to an IMG / M scaffold from an isolate
genome, SA G, MA G, metagenome, or metatranscriptome. In
addition, each plasmid has a series of attributes (Figure 5 ,
left), derived either from the IMG / M system—encompassing
sequence length, gene count, Pfam domains, ecosystem and ge-
ographical location—or specific to IMG / PR—including plas-
mid completeness, sequence topology (whether the sequence
contains DTRs, ITRs, or concatemers), similarity to a refer-
ence plasmid, geNomad score (indicating the confidence level
of geNomad’s plasmid prediction), host taxonomy, presence
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Figure 5. The plasmids in IMG / PR are organised into PTUs, which are clusters of related plasmid sequences. Each plasmid is linked to an IMG / M 

scaffold, its nucleotide sequence, predicted protein sequences and a series of attributes describing sequence characteristics, functions, hosts and 
en vironmental conte xt. Users can identify plasmids of interest through attribute-based queries, comparison of plasmids within IMG / PR, or BLAS T 
searches using user-supplied sequences. 
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of conjugation genes, presence of an origin of transfer and
presence of ARGs. 

To facilitate user interaction with the data for address-
ing their research questions, IMG / PR offers multiple tools
that enable distinct approaches to data interrogation (Fig-
ure 5 , right). First, users can search the database by querying
plasmids based on their attributes, allowing the identification
of plasmids that match user-defined criteria. This attribute-
centric search approach allows cross-referencing of distinct at-
tribute types, making it possible to perform complex searches
to answer their biological questions. Second, users can com-
pare plasmids within IMG / PR using the ‘find similar plas-
mids’ tool, which leverages geNomad markers to compare
plasmids based on their gene content, making it possible to
identify even distantly related plasmids that share selected
genes. Lastly, the BLAST functionality enables users to search
IMG / PR using their own protein and nucleotide sequences,
in order to identify plasmids that exhibit similarity to theirs
within the database. 

Conclusions 

The investigation of plasmids is pivotal for understanding
the evolution, ecology and molecular biology of microorgan-
isms. Nevertheless, the vast majority of plasmid sequences
found in databases come from a small a fraction of micro-
bial diversity, hindering comprehensive explorations of plas-
mid diversity and function. To address this issue, we present
IMG / PR, a novel database of plasmid sequences that are
sourced not only from genomes of Bacteria and Archaea but
also from metagenomes and metatranscriptomes of natural
environments, thus encompassing a broader spectrum of plas-
mid diversity. IMG / PR provides plasmid sequences alongside
functional, taxonomic and ecological metadata, as well as
tools that empower users to discover plasmids based on their
attributes or sequences. We anticipate that IMG / PR will serve
as a crucial resource for plasmid research, enabling scientists
to explore plasmids from previously uncultivated microorgan-
isms across a wide and diverse range of natural ecosystems.
Specifically, IMG / PR will prove invaluable in supporting re-
search on the dynamics of HGT through conjugation under
diverse conditions, identifying potential hotspots for the dis-
semination of antibiotic resistance genes in epidemiological
studies, and aiding in the development of novel treatments tar-
geting antibiotic resistance genes and virulence factors. As a
result, we believe that IMG / PR holds the potential to have 
far-reaching implications in multiple scenarios, including sci- 
entific research, epidemiology, and healthcare. 

Data availability 

The IMG / PR web interface is accessible through: https://img. 
jgi.doe.gov/ pr/ . Metadata, nucleotide and protein sequences 
associated with IMG / PR plasmids can be downloaded from: 
https:// genome.jgi.doe.gov/ portal/ IMG _ PR . 
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