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ABSTRACT
Plasmids and temperate phages are mobile genetic elements driving bacterial evolution. They
are usually regarded as very distinct. However, some elements, termed phage-plasmids, are
known to be both plasmids and phages, e.g. P1, N15 or SSU5. The number, distribution,
relatedness and characteristics of these phage-plasmids are poorly known. Here, we screened
for these elements among ca. 14000 phages and plasmids and identified 780 phage-plasmids
across very diverse bacterial phyla. We grouped 92% of them by similarity of gene repertoires
to define 8 families and 18 other broader communities of elements. The existence of these
large groups suggests that phage-plasmids are ancient. Their gene repertoires are large, the
average element is larger than an average phage or plasmid, and they include slightly more
homologs to phages than to plasmids. We analyzed the pangenomes and the genetic
organization of each group of phage-plasmids and found the key phage genes to be conserved
and co-localized within families, whereas genes with homologs in plasmids are much more
variable and include most accessory genes. Phage-plasmids are a sizeable fraction of all
phages and plasmids and could have key roles in bridging the genetic divide between phages
and other mobile genetic elements.
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INTRODUCTION
The evolution of Bacteria to novel challenges is facilitated by their ability to acquire genes by
horizontal gene transfer, a process typically mediated by self-mobilizable genetic elements.
These elements can be distinguished based on the mechanism of horizontal transmission
between cells and of vertical transmission within cellular lineages. Horizontal transmission
usually takes place either by conjugation or within virions (1). The latter may follow diverse
mechanisms: either the temperate phage integrates the novel genome as a prophage or it
transduces bacterial DNA following one of several distinct mechanisms (2, 3). Most genes in
prophages are silent, but some may be expressed and confer novel phenotypes to the lysogen
(lysogenic conversion). Vertical transmission of mobile genetic elements (MGEs) takes place
by autonomous replication of plasmids or by their integration in the chromosome. The
textbook view is that conjugative elements tend to be plasmids (4), whereas temperate
phages, such as lambda, tend to integrate the chromosome as prophages (5). Yet, it is now
known that the majority of conjugative MGEs integrates the chromosome as ICEs (6).
It has also been known for decades that some functional temperate phages integrate the
genome as extra-chromosomal plasmids that replicate in line with the cell cycle (7–9). These
prophages are thus also plasmids. Here, we shall follow Ravin et al., (10) and call them phageplasmids (P-P). P-Ps have functions that are typically associated with plasmids to replicate and
segregate at each cell division. For this, they require an initiator of replication (11) (such as a
replicase). Some small high-copy number plasmids rely only on passive diffusion for
segregation between daughter cells, but model P-Ps are large replicons and are therefore
expected to encode partition systems (12). Because P-Ps are temperate phages, they can
infect bacteria, produce virions, lyse the host and infect other host cells. Hence, they need to
encode many of the typical functions of temperate phages: regulation of lysogeny, lysis, DNA
packaging, and virion structure. Contrary to chromosomal prophages, P-Ps do not need to
encode recombinases for site-specific recombination with the chromosome (typically
integrases). However, they may encode recombinases to resolve dimers, as many plasmids
(13), or to alternate between an integrative and a plasmid state (8). Finally, known P-Ps
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encode accessory functions often identified in large MGEs, such as defense (7) or toxinantitoxin systems (7, 14). Some elements strongly resembling experimentally demonstrated
P-Ps have genes encoding for virulence factors (15), antibiotic resistance (16), or the capsule
(15).
The first reported P-Ps - P1 and N15 - were isolated over fifty years ago (14, 17) and became
established model systems in the field of molecular biology. P1 is widely used as a strong
general transducer (18), because its headful packaging system (Pacase) occasionally
incorporates host DNA into the virion (19). P1 also encodes the site-specific Cre-recombinase
to resolve head-to-tail multimers (7), which has become a versatile tool in genetic engineering
(20, 21). N15 has a linear dsDNA genome with covalently closed ends produced by a
protelomerase (TelN) (22), and is a model system to study the formation, resolution and
diversity of linear replicons in Bacteria (23). A few P-Ps closely related to P1 and N15 have
been reported (9, 24), but their numbers and diversity are poorly known. Other P-Ps have
been described in enterobacteria, mycobacteria, Vibrio, Bacillus and Clostridiales (9, 25–28).
A noteworthy case is the phage SSU5, that was isolated from a Salmonella enterica strain (29)
and is a promising auxiliary component of phage cocktails (30). A comparative analysis based
on a few strains revealed that this phage is related to plasmids encoding proteins homologous
to phage sequences that are found in distantly related hosts such as Escherichia, Klebsiella
and Yersinia (31). P1, N15 and SSU5 represent only a few examples of potential P-Ps. Several
plasmids were reported to have genes homologous to phages and some phages to have genes
homologs to plasmids (e.g. pHCM2, pECOH89, RHEph10 and SJ46 (32–35)). Whether these
correspond to P-Ps is usually unknown.
The abundance of P-Ps, their relatedness, and their gene contents are poorly known. Two
studies have identified elements with nucleotide sequence similarity to P1, SSU5 (9) and N15
(36). Here, we aim at identifying and characterizing P-Ps using more sensitive analyses of
protein homology to assess their distribution across Bacteria. The identification of distant
homologs allowed to search systematically for phage functions in known plasmids and for
plasmid functions in known phages, resulting in the identification of a large number of
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putative P-Ps. This finding spurred three questions. Can these elements be grouped in
meaningful families? Are P-Ps more like phages or more like plasmids? How do gene
repertoires vary across different groups? To answer these questions, we clustered P-Ps by
similarity of gene repertoires, defined P-P families, characterized their functions, and used
them to study the frequency of phage-like functions relative to plasmid-like functions in P-Ps.
Our results show that P-Ps are very diverse in terms of the size, function and organization of
gene repertoires.
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MATERIAL AND METHODS
Data and data processing
The complete genomes of 11827 plasmids (with accompanying bacterial genomes) and 2502
phages

were

retrieved

from

NCBI

non-redundant

RefSeq

database

(37)

(ftp://ftp.ncbi.nlm.nih.gov/genomes/refseq/, last accessed in May 2019). The information on
the virus family for the phages was taken from the GenBank file under the ORGANISM
description (50 phages were unassigned in the file). The replicons were assigned to a bacterial
host species using the GenBank file (under ORGANISM) for plasmids and the virus-host
database (https://www.genome.jp/virushostdb/) for phages. Additionally, we downloaded
12230 phage genomes from the main section of GenBank that passed a quality filter and were
absent from RefSeq. This database has many highly similar phages and was only used to search
for homologs of representative P-Ps. It was retrieved from the Virus database of NCBI
(https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/) (38) (last accessed in August 2020). All
analysis and visualization were conducted in the R environment (39), if not otherwise stated.

Annotation of protein sequences
The functional annotation of protein sequences was done using HMMER v3.b2 (40) searches
with

default

parameters

https://pfam.xfam.org/),

to

the

PFAM

TIGRFAM

(42)

(41)

(version

(version

32.0,

15.0,

September
September

2018,
2014,

http://tigrfams.jcvi.org/cgi-bin/index.cgi), eggNOG (43) (bactNOG and Viruses only) (version
5.0 November 2018, http://eggnog5.embl.de/#/app/home) and pVOG (44) (version 1, first
May 2017, http://dmk-brain.ecn.uiowa.edu/pVOGs/home.html#) databases (downloaded in
May 2019). We used the ‘--cut_ga’ option when searching for homology to profiles of the
PFAM and TIGFRAM databases to restrict the hits to those with reliable scores. If not
otherwise stated positive hits were assigned using the same criteria as used by MacSyFinder
(45) (profile coverage >= 50%, idomain_evalue <= 10-3).
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Database of phage-specific HMM profiles
The phage-specific profiles were carefully chosen from pVOG, PFAM and TIGRFAM databases.
The pVOG database has phage-specific HMMs with information on their viral quotient (VQ)
(44). The VQ ranges from 0 to 1 and indicates the specificity of the pVOG to viruses. A value
of VQ close to 1 means that the profile matches almost only virus genomes, whereas a value
close to 0 means most matches are from cellular genomes (44). To complement the pVOG
database with profiles that are curated manually, we combined it with the PFAM and
TIGRFAM databases. First, a reciprocal profile-profile comparison was conducted between all
9518 pVOGs and phage specific PFAMs (n=366) and TIGRFAMs (n=71) (phage-specific PFAM
and TIGRFAM profiles were taken from Phage_Finder (46)) using HHsearch (47) (included in
HHsuite 2.0.9) with a significance p-value threshold of 10-5. Only bidirectional hits were
considered. The 437 PFAM/TIGRFAM profiles clustered with 711 pVOGs into 260 groups
(based on Louvain community detection (48), singletons excluded). These profiles are
designated as group 1 profiles in the training of the random forest model (suppl. table 1) (see
below). Second, pVOG profiles built from alignments with at least 15 sequences and with a
VQ higher than 0.75 (n=1435). These profiles are designated as group 2 profiles in the training
of the random forest model (suppl. table 2) (see below). The 2583 group 1 and 2 phage-specific
profiles were classed in six categories a) structure, b) lysis, c) packaging, maturation/assembly
and DNA injection, d) recombination, regulation and DNA metabolism e) unknown and f)
others.

Identification of phage-plasmids (P-P)
To identify P-Ps we screened known phages for plasmid-associated functions and known
plasmids for phage-associated functions. We excluded ssDNA phages (Ino- and Microviridae),
elements smaller than 10 kb (smallest dsDNA phage in RefSeq) and larger than 300 kb (to
avoid megaplasmids that might have been integrated by temperate phages).
7
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We searched phages for plasmid-associated genes using HMMs specific for plasmid replication
(38 profiles from (49)) and plasmid partition systems (9 profiles from (49) and 48 from
databases, suppl. table 3). Genes associated with conjugation, i.e. the mating pair formation
apparatus and the relaxase, were searched using CONJscan (50). This resulted in the
identification of 122 phages that contained plasmid features (suppl. table 4).
The plasmid database was screened by random forest prediction models to identify P-Ps.
Ideally, one would have learned the models on P-Ps as positives and other plasmids as
negatives. However, the number of elements experimentally demonstrated to be P-Ps is too
small. Hence, we made an approximation and built models that were trained to distinguish
plasmids predicted to lack phage functions (negatives) and known phages (positives). The
training datasets included 2000 randomly chosen phages (positives) and 2000 randomly
chosen plasmids lacking prophage fragments (negatives). The latter are those were PHASTER
(51) (ran with default parameters) could not identify intact, questionable or incomplete
prophages.
The plasmids were searched for hits to the categorized phage-specific profiles (described in
“database of phage-specific HMM profiles”, suppl. table 1 and 2). We computed 16 different
fractions (per replicon: the number of hits in a category was divided by the overall number of
proteins) from these results: six functional categories of phage-specific group 1 (n=6), same
for group 2 HMM profiles (n=6), pVOG HMMs, phage- PFAM and phage-specific TIGRFAM
profiles and fractions of proteins lacking hits. In addition, the number of proteins per replicon
was considered (as a control). These 17 features were used for training and evaluation, which
was conducted using the ranger (52) package in R. The parameters used to train the models
were set to: 10 000 trees, “mtry” = √(feature number) = 4 (number of variables to possibly
split at each node was set to default), “splitrule” to “extratrees” and the computation of the
variable “importance” mode is based on “permutation” (Fig S1). The type of forest
(“treetype”) was chosen to be “regression” to assign a probability - phage probability score
(PSC) - that ranges between 0 and 1. A score close to “0” indicates a plasmid lacking phage
genes and a score close to “1” indicates that the plasmid has a high probability of also being a
phage. To achieve a higher accuracy, we repeated this approach 10 times to build 10 models.
8
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In each round, we kept a test dataset (independent from the train dataset), consisting of 4950
plasmids (lacking prophage fragments as predicted by PHASTER) and 497 phages. The out of
the box error (O.O.B.) was about 1.3 % ± 0.1 % (Fig. S1A). Subsequently, the 10 test datasets
were used to validate the 10 models with the pROC package (53) in R. In this evaluation, each
model was applied on a test dataset independent from its own training dataset. The area
under the curve (AUC) based on the receiver operating characteristics - true positive rate
(sensitivity) vs false positive rate (specificity) - was ~0.99 (Fig S1B).
The 10 models were used to class plasmids that were predicted by PHASTER to contain
fragments of prophages. Each plasmid was analyzed in the light of each of the 10 models,
leading to 10 PSCs values that were averaged per plasmid. We found 566 potential P-Ps with
a mean PSC > 0.5 (suppl. table 4). This list was complemented with putative P-Ps from the
literature (see main text).

Sequence similarity network of phage-plasmids: Construction, clustering, curation
We searched for significant similarity (e-value <10-4, identity ≥ 35%, coverage ≥ 50%) among
all pairs of P-P proteins using MMseqs2 (version 9-d36de) (54). The best bi-directional hits
(BBH) between pairs of elements were used to calculate the weighted gene repertoire
relatedness (wGRR) (49, 55):

𝑤𝐺𝑅𝑅 (𝐴, 𝐵) =

∑𝑃𝑖 𝑖𝑑(𝐴𝑖 , 𝐵𝑖 )
min(𝐴, 𝐵)

Where Ai and Bi are the ith BBH pair of P total pairs, the number of genes from the smaller PP is min(A,B), and the identity between the BBH pair is id(Ai,Bi). The wGRR varies between 0
(no BBH) and 1 (all genes in an element have an identical BBH in the other).
The wGRR scores were used to compute a sequence similarity network of the putative P-Ps
(suppl. table 5). Genome pairs with a wGRR <= 0.05 were discarded to reduce the signal’s
9

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.09.375378; this version posted November 9, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

noise. The communities of P-Ps in the network were detected using the Louvain algorithm (48)
with the NetworkToolbox (56) (R package). The default gamma parameter (γ=1) was increased
to γ=1.9 to split some large communities (for a study on the variation on this parameter see
Fig S2). The clustering resulted in 26 communities with three or more P-Ps (Fig. 3), 7
doubletons and 47 singletons (Fig. S3). Communities, that are made of members found only
in the plasmid database, were screened for related phages from the non-redundant GenBank
phage database to identify cases of high wGRR similarity. Phages with a wGRR score of at least
0.1 to a P-P were considered as related (suppl. table 6). We then defined families (and
eventually subfamilies) of P-Ps within communities with more than two members. Of note,
the communities are assigned by the Louvain algorithm, whereas families are subsets of
communities where were weakly related P-Ps were removed. Communities that were too
small or too diverse (e.g. PiSa, Actinophage A) or lacking key functions (e.g. cp32) were not
curated (Fig. S4). The separation of P-Ps within a community into different subfamilies (or their
exclusion from the family) is based on the analysis of the persistent genome: members of a
family have at least 10% of persistent genes (see pangenome detection below, Fig S8-S13).
Overall, this process of curation led to the identification of one P-P superfamily, 10 families
and 4 subfamilies (suppl. tables 7 and 8).

Typing phage-plasmids in terms of plasmid incompatibility and virus taxonomy
We used PlasmidFinder 2.0.1 (57) with default parameters to class the incompatibility types
of P-Ps (suppl. table 4). The virus taxonomies of P-Ps identified from the phage database were
retrieved from the GenBank file under the ORGANISM entry. P-Ps identified from the plasmid
database were classed using the hits to pVOG profiles (n=9518) as features in a random forest
model using the ranger (52) package in R. We used. Training and evaluation were done as for
the prediction of phage-like features in plasmids (see “Identification of P-Ps” and text S1). We
trained 10 models using 2000 randomly chosen phages (positives, known taxonomy) and 2000
randomly chosen plasmids with a mean PSC < 0.1 (negatives, taxonomy was set to plasmid10
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like). Each model gave probability scores for all possible taxonomies and only the one with the
highest probability was considered. The computed out of the box (O.O.B.) prediction error
was 3.0% ± 0.1 %. The evaluation of the 10 models was done by 10 data sets, each with 500
randomly chosen phages and 1000 randomly chosen plasmids (not in the training dataset).
The correct assignment rate was 98.4% (Fig. S5A). For the elements tested by at least three
out of ten models, the probability average was 98.8% with a standard deviation of 0.2% (Fig.
S5B). We classed P-Ps when the average values of the probability minus the standard deviation
were higher than 0.5 (suppl. table 4). In a few cases the class of the highest probability
assignment differed among the 10 models. In these cases, we chose the taxonomy with the
highest frequency. If the P-P was classed “plasmid-like”, the virus taxonomy was left
unassigned (Fig. S5C).

Calculation of the phage-plasmid quotient (PPQ)
MMseqs2 (version 9-d36de) (54) was used to calculate the similarity between all proteins of
phages, plasmids and P-Ps (e-value <10-4, identity >= 35%, coverage ≥ 50%). The BBHs were
extracted and used to compute the phage-plasmid quotient (PPQ) per protein sequence. BBHs
with plasmids with PSC > 0.1 were removed to avoid searching for similarity to degenerated
P-Ps (or potential P-Ps lacking many known phage genes). Genes lacking homologs in phages
or plasmids were excluded. The PPQ scores were computed according to the following
equation (see text S2):

𝑃𝑃𝑄(𝑝𝑟𝑜𝑡𝑒𝑖𝑛) = 

𝐻(𝑝ℎ𝑎𝑔𝑒𝑠)

𝐻(𝑝ℎ𝑎𝑔𝑒𝑠) + 𝐻(𝑝𝑙𝑎𝑠𝑚𝑖𝑑𝑠)

Where H(phages) is the number of BBH between P-Ps and phages normalized to the size of
the phage database and H(plasmids) is the same quantity relative to the plasmid database.
The PPQ represents the preponderance of phage hits (relative to plasmids). It is calculated per
protein sequence and varies between 0 (mostly plasmid hits) and 1 (mostly phage hits). We
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computed a PPQ per P-P (gPPQ) by making the average of the PPQs for the P-P (elements with
less than 10 protein sequences with a PPQ score were excluded, Fig. S7, suppl. tables 4). The
gPPQ varies between 0 (mostly like a plasmid) and 1 (mostly like a phage).

Computation and visualization of pangenomes
Pangenomes were calculated using PPanGGOLiN (58) version 1.0.1 with default parameters
except for the AB subfamily g2 where the parameter for the max degree smoothing was set
to 2 (default = 10) because this group contains only five members. This program uses
MMseqs2 (54) to cluster proteins with more than 80% amino acid identity and 80% coverage.
PPanGGOLiN then calculates the presence/absence (P/A) matrix of the gene families and
performs a partitioning of the families into persistent (present in most P-Ps of a family), shell
(present in an intermediate number of P-Ps), and cloud genomes (present in few P-Ps). These
matrices were used to curate the P-P communities into families or subfamilies (Fig S8-S13).
Indexed pangenomes graphs (Figures S15-S19) were visualized and inspected using Gephi (59)
(as recommended by (58)) and the igraph (60) package in R. Additional information on the
gene families of the pangenomes are given in supplemental tables 9 to 19.
The pangenome graphs were colored using the average sequence similarity of the BBH across
the P-P (sub) family to produce similarity pangenome graphs (self-hits excluded) (e.g. Fig. S9C)
or colored using the average PPQ values of each gene family to produce PPQ pangenome
graphs (e.g. Fig 5A). This allows to identify the variability of gene repertoires in the light of the
function, relatedness within P-P family and frequency of the gene family in the pangenomes.

12

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.09.375378; this version posted November 9, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

RESULTS AND DISCUSSION
Many phage-plasmids in databases
We screened the RefSeq database (14 329 phages and plasmids) for putative P-Ps, excluding
ssDNA phages, plasmids smaller than 10 kb (the smallest tailed dsDNA phage is 11 kb;
NC_002515) and larger than 300 kb (may be megaplasmids or chromids with prophages). This
resulted in a set of 11 284 phages and plasmids. In the absence of published methods to
identify P-Ps, we developed an approach to identify phage core functions in known plasmids
and another approach to identify plasmid core functions in known phages. We assumed that
such elements are good P-P candidates. We searched 2383 known phages for genes involved
in plasmid replication, partition and conjugation. We detected 122 putative P-Ps (Fig. 1A),
including most of the already reported elements (e.g. P1, N15 and SSU5, suppl. table 4). Some
known elements that are absent from RefSeq such as P7, D6 and pMCR-1-P3 (9, 61) were also
correctly identified by our methods in a complementary analysis of GenBank replicons absent
from RefSeq. Yet, for consistence and to avoid redundancy, we only present the data
concerning RefSeq.
We used a machine learning approach to identify phage-associated traits in 8901 known
plasmids. For this, we made a database of 2583 phage-associated protein profiles and used
them to find such genes in plasmids (Fig. 1B). We then trained random forest models to
distinguish phages from plasmids lacking any kind of prophage regions (see Methods). These
models revealed high sensitivity, high specificity and a low error rate (1.3%±0.01%, Figure
S1AB). Replicons with phage probability score (PSC) > 0.5 were regarded as putative P-Ps. We
found 566 such putative P-Ps among known plasmids (Figure S1E).
We searched the literature for P-Ps missed in our screen. These rare cases could be classed in
three groups (Fig1 C, sup Text 1): (i) The three linear dsDNA Betatectiviruses GIL16c, Bam35c
and AP50 (27, 62), lack recognizable plasmid functions. Yet, the linear plasmids (pBClin15 from
B. cereus or pBMBLin15 from B. thuringiensis (27, 62)) are closely related and have identifiable
phage-related functions. Hence, P-Ps in this group could be identified when scanning known
13
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plasmids, but not when scanning known phages. (ii) Two distinct phages with known extrachromosomal replicative states - F116 from Pseudomonas and phiBU01from Staphyloccocus
(8, 63) - lack recognizable plasmid related functions. Closely related elements were absent
from the plasmid database. (iii) The cp32-like Borellia/Borreliella plasmids have been
proposed to be P-Ps (64). These 87 elements lack recognizable key phage-related functions:
head, tail or capsid proteins (PSC ranging from 0 to 0.38). A phage, phi-BB-1, found among cp32 like elements is capable of forming virions and transduce DNA of a different cp32 (65). We
thus assumed that these three groups of elements are known or putative P-Ps. Together with
the P-Ps from the two screening approaches this resulted in a set of 780 P-Ps (suppl. table 4).
Although we may have missed P-Ps, especially in poorly studied phyla, we can already
conclude that P-Ps are numerous. They are 7.3% of the plasmids and 5.6% of the phages of
RefSeq.
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Figure 1: Methods to screen databases for P-Ps.
A. 2383 phages were annotated using protein profiles specific of plasmids (conjugation, replication and
partition), resulting in 122 putative P-Ps (suppl. table 4). B. Carefully selected phage protein profiles were
classified into distinct phage-specific functions such as structure components, packaging/maturation, lysis, etc.
Their hits were used as features to train a machine learning method to distinguish plasmids lacking any kind of
prophage from phages. We then used 10 random forest models to screen a plasmid database of 8901 plasmids
yielding in 566 putative P-Ps (phage probability score (PSC) > 0.5) (suppl. table 4). C. The screen for P-Ps was
complemented by searching the literature for other potential P-Ps.

Phage-plasmids are prevalent and have a bimodal size distribution
P-Ps occur in many bacterial species scattered across 81 host genera (suppl. table 4). They can
be found in Firmicutes such as Bacillus and Clostridium, in Actinobacteria such as in
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Mycobacterium, and in alpha, beta and gamma Proteobacteria like enterobacteria, Vibrio,
Acinetobacter, Zymomonas, and Burkholderia (Fig. 2A). More than 200 of the P-Ps are found
in Escherichia and Klebsiella species, where they represent 7.3% of their ~2900 phages and
plasmids. This is consistent with a report where ~7% of the E. coli strains had P1-like P-Ps (16).
A large number of P-Ps was also found in mycobacterial phages. Although no P-P was detected
among the few available mycobacterial plasmids (n=72), we found plasmid functions, mostly
partition systems, in 6.5% of the 365 mycophages. These P-Ps belong to the huge cluster A of
temperate actinophages (25), of which 20% lack an integration module (25, 66). The frequency
of P-Ps among phages and plasmids is even higher in other less sampled clades. For example,
P-Ps are a large fraction (up to 50%) of phages or plasmids of Arsenophonus, Bacillus, Clostridia
and Piscirickettsia. Two of these genera, Bacillus and Clostridia, have many sequenced
genomes, which means that high frequency of P-P is not an artifact due to small samples. We
found more than one P-P element in 75 bacterial genomes of which most are in Klebsiella,
Piscirickettsia and Bacillus (suppl. table 4).
The distribution of P-P genome sizes shows two interesting patterns (Fig. 2B). First, its bimodal
with a broad peak around 50 kb and a sharper one around 100 kb. Their average size (medianPPs=

67.8 kb) is larger than those of both plasmids (medianPlasmids= 59.1 kb) and phages

(medianPhages= 48.5 kb). Presumably this is because P-Ps have to encode the key functions of
both types of elements. Second, the quantiles of this distribution are intermediate from the
ones of plasmids and phages. On average, the interquartile distance of P-P genome sizes
(ΔQ1,Q3= 68.8 kb) is almost half that of plasmids (ΔQ1,Q3= 112.6 kb) and double that of phages
(ΔQ1,Q3= 35.8 kb). It's likely that contrary to plasmids, sudden changes in P-P size are restricted
by the need to accommodate its genome in the virion.
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Figure 2: Host and size distribution of P-Ps.
A. The frequency in bacterial genera of phages and plasmids (left) and P-Ps (center), for genera with at least
three P-Ps (for the complete host distribution see suppl. table 4). The right panel shows the frequency of P-Ps
per host genus normalized to the sizes of the databases of phages and plasmids. B. Density plots (mean
normalized counts) of replicon sizes from P-Ps (grey), phages (blue) and plasmids (orange). The shaded boxes
indicate the ranges of the first (Q1, 25%) and the third (Q3, 75%) quantiles representing 50% of the replicons.
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Composition and diversity of P-P families
We searched for homology across the gene repertoires of the 780 P-Ps by computing the
weighted gene repertoire relatedness (wGRR), which integrates information on the presence
of homologs and their sequence identity (see Methods, suppl table 5). It varies between zero
(no homologs) and one (all genes from one element have an identical homolog in the other).
Among pairs with moderate to high wGRR values (>0.05), many include comparisons of P-Ps
from the phage and the plasmid databases (meanwGRR= 0.32 to be compared with an average
of 0.38 for comparisons between P-Ps from the phage database), showing that the two
sources of P-Ps have many homologous elements.
We clustered the wGRR matrix using the Louvain algorithm (48) and detected 26 communities
with at least three P-Ps. The communities were named after representative members (e.g. P1,
N15, SSU5) or the clade of the most frequent host (e.g. AB for Acinetobacter baumannii, PiSa
for Piscirickettsia salmonis) (Fig. 3). Five communities showed high wGRR values within and
between the communities and were classed into one supercommunity (named after SSU5).
From the remaining 21 communities, three large (cp32, PiSa and pLP39) and five small ones
(less than 10 members) are made of members that were identified only in the plasmid
database (suppl. table 4). These putative P-Ps contained key phage functions (in agreement
with their classification as phages by our random forest model). To search for known phages
related to those ‘plasmid-only’ communities, we screened phages from GenBank (absent in
RefSeq) and found a few with wGRR higher than 0.15 for four of them (pLP39, pBS32, phiCmus,
pSAM1) (suppl. table 6)). No similar phages were found for members of PiSa, cp32 and the
two small communities, pp_phaeo and pp_Blicheniformis that were isolated from bacterial
species with no or only a very few known phages (Borellia, Piscirickettsia and Phaeobacter
species, and Bacillus licheniformis). In four communities P-Ps were only identified from the
phage database (two large and two small communities), typically from bacterial clades where
partition and replication functions are poorly known. Only 59 of the 780 P-Ps were outside
communities, most being singletons (n=47) with very low wGRR to other P-Ps (Fig. S3). One
prominent singleton is the crAssphage, where we could identify significant matches to HMM
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profiles specific for plasmid-like replication genes (previously reported in (67)). So far, no
lysogenic module or integrase genes were reported for Crass-like Bacteroides phages, but coreplication with the host was previously described for at least one member of the crass-like
phages (68), fitting the definition of P-P.

Figure 3: Sequence similarity network and detected communities. The communities are separated
by gaps for better visibility. They were extracted, ordered in the figure by hierarchical clustering, and named
after a representative P-P or a bacterial clade (in red). In the one-sided heatmap (below main diagonal), each
row represents a P-P (n = 721). The 59 P-Ps not in communities were excluded (see Fig. S3). The range of the
wGRR is given by the grey scale bar (from white to black). The first column on the left of the heatmap shows the
phage score (PSC, given by the random forest models) and the second column indicates the database where the
P-P was identified. The graph of the wGRR matrix is displayed on the right side of the heatmap. Communities
that were curated into families are shown above.
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We used the wGRR values and the pangenomes of the communities to curate the large
communities with high average wGRR values into homogenous groups, that we call families
(see Methods, Fig. 3, Fig. S4AB). The curation process yielded eight P-P families of which two,
the P1 and AB, were further split into subfamilies (P1-g1, P1-g2 and AB-g1, AB-g2). Most of
the members of a family are hosted by closely related bacteria, e.g. those of the AB family are
from Acinetobacter, of the pMT1 family are from Yersinia pestis and those of the pKpn family
are from Klebsiella (suppl. table 8). Overall, 42% of the P-Ps can be classed in a small number
of families. The remaining elements are in communities of very diverse P-Ps and will require
further data to be curated.

Are P-Ps more like phages or more like plasmids?
It is usual to class phages according to their virion structure and plasmids in groups of
replication incompatibility (Inc types). P-Ps can be classed relatively to phage taxonomy and
plasmid incompatibility groups, because they encode virions and plasmid replicases.
We used the virus taxonomic information from the NCBI to class the P-Ps identified in the
phage database. Those identified in the plasmid database lack such information and we
predicted their virus taxonomy using random forest models (Fig. S5C, see Methods and Text
S1 for details). The vast majority (97%) of the assigned P-Ps are Siphoviridae (SSU5 superfamily
and N15 family) and Myoviridae (P1, Fig. 4A). We could not predict a reliable virus taxonomic
classification for 25.9% of the P-Ps identified in the plasmid database (suppl. table 4). Overall,
the assignment of a defined P-P family to a virus taxonomical group was consistent, i.e. P-Ps
from the same family usually had similar classifications. But in some highly diverse
communities, those that we could not curate into families, there are sometimes different virus
taxonomic groups (suppl. table 8). This confirms the need to acquire further information on
these communities before proceeding to their classification into families.
The Inc types of P-Ps were predicted using PlasmidFinder (57). Note that most P-Ps could not
be typed. This is somewhat expected, since the PlasmidFinder database is much more detailed
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for Enterobacteriaceae than for other clades (57) and even in the remaining well-studied
Proteobacteria most plasmids cannot be typed (69). When families could be systematically
typed, they tended to reveal only one or two types. Notably, most P-Ps (130/193) were from
the IncFIB group mainly represented by members of the SSU5 super community (Fig. 4B).

Figure 4: Classification of P-Ps relative to phages and plasmids.
A and B. Distribution of P-Ps in terms of virus taxonomy and of incompatibility types. NA: non-curated
communities. C. Boxplots of the genomic phage-plasmid quotients (gPPQs) for P-Ps (n=677, grey) (suppl. table
4), phages (n=458, blue) and plasmids (n=1121, orange). A few P-Ps contained only a few genes homologous to
phage or plasmid genomes. To increase the accuracy of the analysis, only elements with more than 10 genes
with a PPQ were considered (see Methods). D. Same as C for the P-P families (AB to N15) or communities (the
rest) with at least 10 elements.
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P-Ps are both phages and plasmids. Yet, from a functional and evolutionary point of view, it is
interesting to address the question whether they are more like phages or more like plasmids.
To answer this question, we quantified how many of their genes are homologous to those of
plasmids or phages using a score that we termed the phage-plasmid quotient (PPQ). This is
the number of homologs to phages divided by the number of homologs to phages and
plasmids (see Methods). Its average across the P-P, termed gPPQ, ranges from 0 (only plasmid
homologs) to 1 (only phage homologs). We compared the gPPQ scores of P-Ps (suppl. table 4)
with those of a control group consisting of 458 phages and 1121 plasmids with similar size and
host distribution as the P-Ps (Fig. S6A). Expectedly, the values for plasmids are systematically
close to zero whereas those of phages are always close to one. In contrast, P-Ps have
intermediate values dispersed between 0 and 1 (Fig. 4C). When these values are analyzed
within each family, their dispersion decreases, showing that within-family variation is smaller
than between-family variation. These values also tend to be slightly higher than 0.5, indicating
the presence of more homologs to phages than to plasmids (Fig 4D). The analysis of noncurated communities shows a more diverse picture, where some P-Ps are systematically more
like phages, such as the BigBertha and Actinophage A clusters and others tend to be more like
plasmids (e.g. PiSa or the cp32) (Fig. 4D). The latter finding is consistent with the inability of
our model to predict phage functions in the cp32 elements. The non-curated communities
with most heterogeneous values of gPPQ (suppl. table 4) tend to correspond to those with
low meanwGRR values within the community (Fig 3, suppl. table 7). This is consistent with
existence of heterogeneous types of P-Ps in these communities and explains why they could
not be curated into homogeneous families.
Overall, these results show that P-Ps have many traits of phages and plasmids, and most
curated families have slightly more phage-associated than plasmid-associated genes. This is
not wholly unexpected, since the number of genes minimally required for a dsDNA phage is
much higher than the one required for a non-conjugative plasmid. These results raise the
question of the type and level of conservation of non-essential phage and plasmid genes in
the families or communities of P-Ps. To answer this question, we computed the pangenome
of each group of P-Ps and identified the genes present in most elements (persistent genes),
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present in very few (cloud genes) and the others (shell genes, see Methods). These analyses
are addressed in the next sections.

The P1 family has two distinct subfamilies
The P1 community was curated by removing seven P-Ps with few persistent genes and low
wGRRs with the other members. It was then split using the wGRR and the family pangenome
data into two subfamilies (Fig. S9A), where the larger one includes P1 (P1-g1) and the smaller
subfamily (P1-g2) contains members that are closely related to D6, a known P1-related but
GenBank-based P-P (9). The separation between the two subfamilies is clear, since the average
within-subfamilies wGRRs is ~0.75 and the one between subfamilies is only 0.23 (Fig 5B, Fig.
S9C). In addition, the distinction between some of the elements of the two groups was
previously described (9). The persistent genomes of the subfamilies are comparable in size
(P1-g1:77 vs P1-g2:61) and split into six conserved regions separated by clusters of shell and
cloud genes (Fig. S9B). In spite of the conservation of the genetic organization between the
subfamilies, the one including P1 has 2.1x more shell genes and 3.6x more cloud genes than
the other subfamily, suggesting that it is more plastic (or more ancient).
The gPPQ of the P1 community tends to be smaller than 0.5 (Fig 4D), because there are more
persistent gene families associated to plasmid sequences than to phages (Fig. 5A). Among
these, one finds the typical plasmid core functions, but also a well-known toxin-antitoxin
system (doc, phd) and the Cre recombinase. In terms of genetic organization, the partition and
replication systems are co-localized in subfamily 1 and separated by 14 persistent genes in the
other. Interestingly, subfamily 1 elements encode either a repA or a repB replicase, but never
both. These genes are very different, but they are found at the same position (Fig. 5A),
between two co-linear blocks that are in inverted orientation in each subfamily (Fig. 5B). These
differences fit the Inc type classification, since P-Ps with repA are IncY and those with repB are
p0111 (Fig. 4B, Fig. 5A). This suggests that P-Ps from both families can be maintained in a
single host as plasmids, because they are compatible in terms of replication.
Even if genes homologous to phages tend to be less abundant than those homologous to
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plasmids, we found many persistent genes involved in the phage lytic cycle (holins,
terminases, tails, baseplate proteins). Counterintuitively, some genes that are usually
associated to phage functions (tails, phage head, tube proteins), have more often homologs
in plasmids than in phages, resulting in a gene family with a PPQ lower than 0.5 (Fig. 5A). We
assume that the causative plasmids are either defective (unrecognizable) P-Ps or plasmids that
acquired structural phage genes by recombination. We also found that the pacAB genes,
encoding the two subunits of the P1 terminase, are conserved only in the P1-g1 subfamily.
The second subfamily only has pacB (Fig. 5A). This suggests that general transducers like P1
are more likely to be found within the P1-group. In contrast, the phd/doc TA system is highly
conserved between the two subfamilies (Fig. S9C).
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Figure 5: Comparative genome analysis of the P1 and N15 family.
A. Pangenome graphs of the N15 and P1 families (the latter is split into two sub-families). The nodes represent
genes of the persistent or shell genomes (see Figure S8C and Figure S9B for the entire pangenomes). The node
colors indicate the phage-plasmid quotient (PPQ) scores (red for phage- and green for plasmid-association) that
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are computed from the average number of matches of the gene family with phage and plasmid genomes. The
edges indicate contiguity between two genes in the P-P and their thickness indicates the frequency of this
contiguity. For clarity, we removed the edges when the neighborhood was very rare: for N15<25%, for P1<15%.
B. Comparisons between selected replicons plotted using genoplotR (70). Similarity between co-oriented bidirectional best hits (BBH) is shown in red and between anti-oriented ones in blue. Color intensity reflects the
degree of gene similarity. The values of wGRR are shown between the pairs of elements.

N15 family is widely spread in Enterobacteria and characterized by the presence of the
telomerase
The N15 family (n=44) was built from the N15 community by removing P-Ps (n=7) with small
wGRRs between them and with the other elements ((Fig. 5A, Fig S8A-B). Most P-Ps are found
in Klebsiella genomes (n=41), two in E. coli and one in Citrobacter freundii (suppl. table 2).
Linear Vibrio phages from the VP882 community (such as VP882, VHML and phiHAP-1) were
reported to genome organizations similar to N15 (24). This is confirmed by our analysis (Fig.
5B). However, the wGRR values between these two communities are very low (wGRR<0.01,
Fig S8D) and this led us to class them apart. The genome size of the N15 family is comprised
between 46.4 kb and 82.0 kb (medianN15 = 55.3 kb). Its pangenome graph reveals the existence
of three syntenic arrays separated by three small variable clusters of shell genes (Fig S8C). The
telN gene family encoding the protelomerase is needed to maintain a linear genome. It is
present in all P-Ps of the family. This strongly suggests that all these elements have linear
replicons. One should note that many of the GenBank files identify these replicons as circular,
but we did not find published evidence of this. Given the ubiquity of the protelomerase in the
family, these are probably erroneous annotations. The partition systems, the telomerase and
the repA gene families are present and co-localized in most of the genomes, confirming that
they are defining traits of the family.
The phage-associated functions in the N15 P-Ps are more numerous than those of plasmids
and also tend to be co-localized in the replicon. Some of these genes seem specific of the
family (minor tails, tail tubes) whereas others have homologs in other phages (encoding head,
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capsid and tail proteins) (Fig. 5A, suppl. table 8). The majority of the latter are from phages
infecting Enterobacteria, e.g. phage HK225 and phi80, but there are some homologs among
Burkholderia or Pseudomonas phages (suppl. table 9). Two gene families, one in the persistent
and the other in the shell genome, encode alternative SOS-dependent phage anti-repressors
homologous to those of some lambdoid phages. They are located in the same genomic region,
but they are never present in the same genome, and are very similar (79% identity covering
~99% of the sequence) suggesting that they are fast-evolving orthologs (Fig. 5A).

The AB family is specific to Acinetobacter
The curation of this community led to the exclusion of two distantly related members,
resulting in the AB-family that contains only P-Ps from Acinetobacter spp. It is noteworthy,
that one of the excluded members is the phage RhEph10 of Rhizobium that is homologous to
the known P-P pLM21S1 of Sinorhizobium Rhizobium (71). The AB family is the only
family/superfamily lacking (to the best of our knowledge) a known phage. A screening of the
GenBank phage database revealed two phages, the Klebsiella phage ST13-OXA48phi12.3 and
the Pesudomonas phage Nickie, that are distantly related to the family (highest wGRR: 0.18
and 0.15) (supp. table 5). The family was further split into two subfamilies AB-g1 (n=19) and
AB-g2 (n=5) with similar replicon sizes (~110 kb) (Fig S10A), but showing low overall similarity
(wGRR = 0.25, Fig. 6A, Fig S10C). We found 54 persistent genes conserved across the two
subfamilies showing that even if the percent similarity of proteins is low, both subfamilies
share a large number of homologs (Fig. 6B, Fig S10C). They include many phage-related
functions such as terminases, tail, assembly, head, but not lysozymes. It is noteworthy that
some of these are homologous to tail proteins of phages from Enterobacteria and
Burkholderia (suppl. table 12 and 13). Key functions involved in homologous recombination
(recA and recF), and in partition are homologous in the two subfamilies. The latter includes
ParB encoding genes (involved in DNA segregation) that occur in two copies in most of the
elements (Fig. 6A). In spite of these commonalities, the pangenome of subfamily 1 is larger
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than the one of subfamily 2, especially in what concerns the shell and cloud genomes (Fig.
S10B). Also, the plasmid-related functions - replication and parA partition gene - are highly
divergent (Fig. 6AB, Fig S10C). In summary, the AB subfamilies are relatively small and found
mostly in A. baumannii strains (only 2 P-P are found in other species). Like for the N15 and P1
families, the genes homologous to phages tend to be in the persistent genome, whereas the
plasmid-associated genes are more diverse and variable. As described below, the AB family
also shares similarities with the SSU5 super-community.
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Figure 6: Pangenome analysis of the AB family.
A. Pangenome graphs of the two subfamilies of the AB family. B. Comparisons between selected replicons. For
details, see legend of Figure 5.

The SSU5 supercommunity is the largest group of P-Ps
The SSU5 supercommunity includes the five communities SSU5_pHCM2 (n=41), pKpn (n=42),
pSLy3 (n=32), pMT1 (n=39), pCAV (n=9) and two other P-Ps (Fig. 3). All these elements are
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related to SSU5 and to each other (average wGRR between communities in the range 0.23 to
0.59) (Fig. S10C). They were isolated from different enterobacterial hosts, including E. coli, K.
pneumonia, S. enterica and Y. pestis. The curation process of the supercommunity led to the
exclusion of three elements among the pMT1 and pSLy3 communities and the entire pCAV
community resulting in the SSU5 superfamily. The pCAV family was excluded because it has
only a few persistent genes in common with the rest (Fig. S11A). Hence, the SSU5 superfamily
consists of four families of P-Ps (SSU5_pHCM2, pKpn, pSLy3, pMT1) (Fig. S11, S12). The SSU5
superfamily has a complex and large pangenome consisting of 35 persistent, 281 shell and 815
cloud gene families (Fig. S11B). In addition, in the shell genome (genes present at intermediate
frequencies in the superfamily) some genes are present in multiple, but not all, P-P families
(Fig. S11A). This suggests the existence of genetic flux across these families of P-Ps.
We detected more phage-like genes (n=16) than plasmid-like ones (n=3) in the persistent
genome of the superfamily. Interestingly, most of the former are clustered in one region,
denominated the phage-array, with many homologs in the pCAV family (Fig. 7A). These genes
encode phage tails, capsids and terminases. As found in the N15 and AB families, the tail genes
are related to genes found in lambdoid Siphoviridae from Enterobacteria (suppl. table 18).
Most of the persistent gene families that are not in the phage-array are involved in DNA
recombination e.g. resolvases, tyrosine-recombinases and RecA-like proteins (Fig. 7A). In
contrast, the plasmid-like genes are much more abundant in the shell and especially in the
cloud genomes where they are more than 4.3 times more frequent than phage homologs (Fig.
S7A, suppl. table. 18). Although the function of most gene families of the shell genome is not
known, they also include Toxin-Antitoxin and restriction modification systems, anti-restriction
mechanism (such as ArdA-like proteins) and putative virulence factors like pili assembling
proteins (PapC and PapD) (72). The cloud genome of the supercommunity is very large (>2500
gene families), reflecting the diversity of these P-Ps (suppl. table 18).
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Figure 7: Conserved patterns in genomes of the SSU5 superfamily.
A. Pangenome graph of the SSU5 superfamily. B. Comparisons between selected replicons. For details, see legend
of Figure 5. The family pCAV was excluded from the analysis of the pangenome because it's not included in the
superfamily (see main text).
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The comparison of the superfamily’s pangenome with those of each family revealed
conserved regions beyond the abovementioned arrays of genes for phage structural proteins
and recombination functions (Fig. 8). Some of these regions are specific to a particular family
(blue nodes in Fig. 8) whereas others are conserved across different families or even at the
level of the whole superfamily (orange/yellow nodes in Fig. 8). Most notably, many of the PPs from the pMT1 family share a specific set of co-localized plasmid-like gene (Fig 8, blue nodes
in pMT1). These genes are not found in the other three P-P families (pSLy3, pKpn and
SSU5_pHCM2) which pangenomes, however, show a more similar organization, more
intersections in the graphs and more common frequent genes (Fig. 8). Nevertheless, this does
not translate into larger differences in terms of genetic plasticity, since the pangenome and
wGRR matrices of the pKpn and pSLy3 families show higher diversity of gene repertoires than
those of pMT1 and SSU5_pHCM2 families (Fig S12BC, Fig S13BC). Interestingly, the SSU5
superfamily shows also some similarity to the AB-family (wGRRmean = 0.08) (Fig. S14A). Most
of these homologous genes are found in the persistent genome of the SSU5 superfamily,
especially in the arrays of genes encoding the phage structural genes and the recombinases
(Fig. S14B). Hence, the SSU5 superfamily, the pCAV and the AB family are evolutionarily
related, especially concerning phage and recombination functions. As most families, the SSU5
superfamily has a core of conserved and co-localized phage-like genes that accounts for a large
fraction of the persistent genes of pangenomes and a larger number of plasmid-like genes
that differ more widely both within and between the families.
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Figure 8: Analysis of the SSU5 superfamily and the pCAV family.
Pangenome graphs of the SSU5_pHCM2, pKpn, pMT1, pSLy3 and pCAV families and the SSU5 superfamily were
colored in function of the values of PPQ (larger graphs) and similarity to the pangenome of the SSU5 superfamily
(smaller graphs next to the arrows). Nodes and edges are as in Fig 5. The average number of homologs of a gene
family with phage and/ or plasmid genomes is given in the PPQ graphs. Genes that are specific to one family are
shown in blue in the SSU5 similarity graphs. Otherwise, genes and their orthologues (BBH) found in at least two
families are indicated in orange/yellow/light yellow nodes (depending on their average identity) (see Methods).
An example: The pMT1 pangenome (top left) is highly related to the SSU5 superfamily (center), since the two
similarity pangenome graphs next to the arrows show many similarities (colored in light yellow, orange to
yellow). However, some co-localized gene families are only found in the pMT1 family (they are indicated in blue).

Non-curated P-P communities
IEBH. This large community includes the known P-Ps IEBH (73), and was mostly isolated from
Bacilli and Clostridia. The replicons are very diverse (mean wGRR = 0.06) and their level of
similarity is extremely variable (coefficient of variation (cv) =267%) (suppl. table 7). Their
average genome size is 49 kb, but the range of sizes is very large (from 16 kb to 160 kb) (suppl.
table 4).
phiGIL16c. This small community from Bacillus includes phiGIL16c, which was shown to form
phage particles and be maintained as a linear plasmid (27). All community members are
assigned to the Betatectiviruses, showing that P-Ps can be found in dsDNA phages outside
Caudovirales. Five of the nine replicons are annotated in RefSeq as linear including phiGIL16c,
Bam35c and pBClin15 (27, 62). The genomes range between 13 kb and 15 kb in size (suppl.
table 4) and are closely related (mean wGRR = 0.59) (suppl. table 7). Our screening failed to
identify partition or replication systems in these P-P, suggesting that plasmid maintenance
uses so far unknown mechanisms. As a result, all these elements were identified in the phage
database.
VP882. The P-Ps of this community are too diverse to be put in large families (mean wGRR =
0.1) (suppl. table 7) and their sizes are extremely variable (from 16.6 kb to 241.8 kb (suppl.
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table 4), average = 40.9 kb). They are found across Proteobacteria, including Vibrio (VP882)
(26), Arsenophonus, Cupriavidus, Halomonas, Burkholderia (KS-14) (74), Klebsiella or
Escherichia (P88) (supplemental table 4). It is noteworthy that P88 was isolated from a
lysogenic E. coli strain after induction (75). Our screening identifies partition and plasmid-like
replication genes, but P88 was previously found to be integrated (75) suggesting that it may
have episomal and integrative states. Several of the Vibrio and Halomonas P-Ps have been
reported to have linear replicons (26). However, the protelomerase is present in only five PPs, suggesting that most of the elements have circular replicons.
BigBertha. This heterogeneous community of P-Ps from Bacillus has large replicons (average
size 159.7 kb) (suppl. table 8). They were all identified in the phage database, and many were
previously described as strictly virulent and belonging to the SPO1-like phages (76–78) (suppl.
table 4). However, all of them had homologs of the partition systems of the IEBH group, which
contains a bona fide P-P. Since no clear plasmid state was reported and it was suggested that
the partition genes might be involved in host sporulation (79), we are not very confident that
this community is constituted of P-Ps.
cp32. These plasmids from Borellia/Borreliella are around 30 kb in size and are quite similar
(mean wGRR = 0.72, cv = 17%) (Fig. S4). They were previously proposed to be P-Ps (64), and
one related member (phiBB-1) was experimentally proven to form virions (65). Although
phiBB-1 was not sequenced, its genome hybridizes with cp32 DNA (80) and it was
demonstrated that it can transduce cp32s (65). However, cp32 elements score poorly in our
random forest models (PSC between 0.003 and 0.375) and we found very few proteins with
phage homologs (PPQ between 0 and 0.012) (suppl. table. 4). Moreover, our search in the
GenBank database revealed no phage homolog (with at least wGRR >= 0.1). Since the plasmids
of Borrelia have been described as recombining very frequently (81), many cp32 may be
defective P-Ps.
pLP39. In this diverse community with 17 members, 14 of them were isolated from
Lactobacilli. Members of the community are poorly related (wGRR < 0.11, suppl. table 7). Their
sizes vary between 19.7 kb and 108.3 kb with an average of 40.0 kb (suppl. table 4 and 8). So
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far, none of them were experimentally reported to be P-Ps. However, our models predict a
high PSC >0.9 for nine P-Ps (suppl. table 4) and we could find homologous phages, such as
phage Sha1 and PM411 (wGRR 0.39 and 0.76) (suppl. table 6), suggesting the pLP39
community contains true P-Ps.
Actinophage_A. These P-Ps were identified from the actinophages of the cluster A. They were
known to encode partition systems, lack integration cassettes and remain extrachromosomal
(25, 82). Some elements infect Gordonia terrae, but the majority infects Mycobacterium
smegmatis. Their sizes are quite similar (average of 52.9 kb) (suppl. table 8), even if their gene
repertoires are only moderately related (mean wGRR = 0.42) (suppl. table 7).
PiSa. This heterogeneous community was identified exclusively from plasmids of
Piscirickettsia salmonis. Their sizes vary widely from 31.9 kb to 188.3 kb and their gene
repertoires are moderately related (mean wGRR = 0.42). There is no experimental evidence
that any of its members forms phage particles and, we could not find relatives in the GenBank
phage database. In addition, since the phage scores for 37% of the members were relatively
low (PSC < 0.7) (suppl. table 4), it is possible that some of these elements have lost part of the
phage genes. This is consistent with previous observations that Piscirickettsia plasmids are
highly mosaic due to a suspected high activity of transposases (83).
F116. This highly diverse community includes the known F116 P-P of Pseudomonas aeruginosa
(63). The replicons are poorly related (average wGRR = 0.11) (suppl. table 7), their sizes range
widely from 21.6 to 243.8 kb (suppl. table 4), and their taxonomic classification is inconsistent
within the community (suppl. table 8). We could not detect a partition or plasmid replication
system in F116, whereas most other elements of the community encoded at least a ParA
(including Phages SE1, ST160 and phi297). In two of the other members of the community, D3
and phiSG1 (suspected but not proven to be P-Ps (84, 85)), we found homologs to plasmid
replicases. The Pseudomonas phage YMC11/02/R656 also encodes a plasmid replicase. Eleven
P-Ps were identified among plasmids of Klebsiella and Shigella. Although no experiments
proved them to be P-P, some show very high phage score (PSC>0.9) (suppl. table 4).
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Conclusion
The 780 putative P-Ps identified in this work represent 5.6% of the phage and 7.3% of the
plasmid database. This shows that P-Ps are a significant fraction of elements classed as phages
or plasmids. But these precise numbers should be taken with care, since they vary widely
across clades and depend on several factors. First, we assume that we can identify phage and
plasmid associated functions. This is probably true for most key phage functions in the best
studied bacterial clades, but may not be true for phage and plasmid functions in Spirochaetes,
Bacteroides and other clades. This will result in an underestimate of the number of P-Ps,
especially when searching for plasmid functions in phages, because replicases evolve fast and
many known plasmids lack recognizable replicases (6, 57). Second, we cannot ascertain if
these P-Ps are functional. Bacterial chromosomes contain many defective prophages (86, 87),
and this may also be the case of some P-Ps. Similarly, elements identified from the phage
database may have lost plasmid functions (although loss of both replicase and partition
systems will make them undetectable in our screen). Third, some elements may oscillate
between integrated and extra-chromosomal states (8), blurring the distinction between
chromosomal prophages and P-Ps. Fourth, some putative P-Ps may be prophages integrated
in plasmids. We expect prophage integration in plasmids to be rare, since phages are thought
to select for highly conserved integration sites in chromosomes (plasmids tend to be present
in few strains of a species). To minimize this problem, we excluded megaplasmids and
secondary chromosomes from the analyses. Finally, one cannot exclude the possibility that
some putative P-Ps are actually caught in a relation of pseudolysogeny with the bacterial host
(88) (although that would leave unexplained the presence of plasmid-like functions). In spite
of these caveats, the observation that the best-studied clades in the database (enterobacteria
and Bacillus) have more P-Ps than the average Bacteria and that these have clear similarities
to known P-Ps, suggests that we have underestimated the number of P-Ps.
By clustering P-Ps in terms of similarity of gene repertoires, we showed that P-Ps can be
classed in distinct groups (communities or homogenous families). While the persistent genes
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between different communities were usually very divergent, we could systematically identify
homologs in key phage functions across them. For example, the AB, pCAV and SSU5 families
have homologous persistent genes, suggesting a distant evolutionary association between
these families. Hence, P-Ps are probably ancient, i.e. they are not just transient chimeric
mobile elements recently created from recombination between phages and plasmids. Further
work on the very heterogeneous communities of P-Ps that remained non-curated may reveal
yet novel families of these elements and will facilitate future studies on the evolutionary
associations between families.
Intriguingly, most tailed P-Ps in our dataset are Siphoviridae or Myoviridae, and few are
Podoviridae. The reasons for this are unclear, but the database does over-represent the first
two classes of tailed phages (89). P-Ps can also be found in Tectiviridae opening the possibility
of their presence in other types of poorly characterized phages. Inoviridae are known to
replicate actively without inducing the lytic cycle, in which they resemble plasmids and P-Ps
(90, 91). However, these ssDNA phages replicate while actively producing and exporting
virions, explaining why we chose to exclude them from this analysis. Hybrids between viruses
and plasmids have also been reported in archaea (92, 93), suggesting that some archaeal
viruses are also P-Ps. Metagenomics based studies are uncovering many novel phage genomes
and it will be interesting to assess how many of these are P-Ps.
P-Ps are phages and plasmids. Hence, one expects them to carry accessory traits from both.
Indeed, some P-P families have many homologs to phage genes, whereas others tend to have
more homologs in plasmids. The study of the pangenomes revealed that phage homologs tend
to be more conserved than plasmid homologs. In contrast, the latter tend to be more frequent
in variable regions. As a result, even if there are on average more phage than plasmid
homologs in P-Ps, the latter are more variable and may thus account for a large fraction of the
genes providing adaptive phenotypes to bacterial hosts.
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TABLE LEGENGS
Supplemental table 1
Phage specific HMM profiles group1. HMM profiles associated with phages from the pVOG,
PFAM and TIGRFAM databases (DB) annotated and classed into functional categories. The
column Phage_profile_cluster indicates the cluster composed of multiple homologous HMM
profiles identified by profile-profile alignment.

Supplemental table 2
Phage specific HMM profiles group2: pVOG profiles with a VQ >0.75 and based on more than
15 protein sequences. The table indicates the number of proteins identified (and the number
of different genomes), the annotation and functional categories and the viral quotient data.

Supplemental table 3
Plasmid specific HMM profiles
Partition systems protein profiles from PFAM, TIGFRAM, pVOG and eggNOG databases to
detect plasmid-related functions in phages (the others were retrieved from (94)).

Supplemental table 4
List of phage-plasmids identified in this study. P-Ps are listed with their general features:
source of the P-P (plasmid or phage database), NCBI accession name and id, number of genes
and genome size, host genus, PSC mean and standard deviation, assignment to (super)
community/ (super-/, sub-) family, (predicted) virus taxonomy, incompatibility type, gPPQ
score and number of considered genes. The last column indicates references to works showing
that the elements are P-Ps or have traits typical of P-Ps (like plasmid partition genes in phages).
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Supplemental table 5
wGRR similarity table of phage-plasmids (based on the single NCBI accession IDs).

Supplemental table 6
List of phages from the virus NCBI database that have a homology (wGRR > 0.1) to P-Ps which
are in communities where all elements were identified in the plasmid database (no element
from the Virus database in RefSeq). NCBI accessions of the P-P and the phage, as well as
information on the size, the wGRR, the number of BBHs, the P-P community and the host of
the phage are indicated.

Supplemental table 7
wGRR similarity table of P-P groups. Group sizes of P-P groups, mean, standard deviation and
coefficient of variation of the wGRR similarity between different P-P groups.

Supplemental table 8
Summary of the characteristics of P-P (super)communities and (sub)families: group type,
group name, group size, average genome size, average number of genes per genome, average
PSC and PPQ scores, assigned virus and host taxonomy (numbers in brackets indicate the
counts).

Supplemental table 9 to 19 (organized in the same way)
Overview on the gene families of the P-P (sub-/ super-) families.
Category of the gene family (persistent, shell and cloud). The names of the gene families are
based on the NCBI accession IDs of the first genes. The NCBI IDs of all genes that were used
for a gene family are indicated in the NCBI_Member column. Database used to annotate the
genes (PFAM, TIGFRAM, pVOG and eggNOG (Viruses and bactNOG profiles only)). The IDs
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represent the indexes that are found in the indexed pangenome graphs (Figure S15 to S19).
Characterization of the gene families in terms of numbers, origin, number of hits to plasmids
and phages and average PPQ. The numbers in square brackets (next to the name) show how
many gene families have BBHs to genes of the affected phage/ plasmid. Since the PPQ may
differ from gene to gene within a gene family, the average PPQ was used. Moreover, the
average number of hits to phages and plasmids were used and the NCBI names and NCBI
accessions of the first 500 phages and plasmids are listed.
Explanatory example: Gene family phiKO2p16 (ID=76), a gene family within the N15
pangenome, is annotated to encode minor tail genes and is based on 42 genes. On average 31
phages and plasmids have BBHs with genes from phiKO2p16. The average PPQ is 0.99 and is
considered as phage-like. The highest number of BBHs to plasmids is two that have the NCBI
accession NC_013856 and NC_015062. The number 41 (in squared brackets) behind
NC_015062, show that this plasmid (from Rahnella sp. Y9602) has overall 41 BBHs with the
pangenome of the N15 family. In addition, the highest number of BBHs to phage genomes is
39.
Supplemental table 9: Gene families of the N15 family.
Supplemental table 10: Gene families of the P1 subfamily1.
Supplemental table 11: Gene families of the P1 subfamily2.
Supplemental table 12: Gene families of the AB subfamily1.
Supplemental table 13: Gene families of the AB subfamily2.
Supplemental table 14: Gene families of the SSU5_pHCM2 family.
Supplemental table 15: Gene families of the pKpn family.
Supplemental table 16: Gene families of the pSLy3 family.
Supplemental table 17: Gene families of the pMT1 family.
Supplemental table 18: Gene families of the SSU5 superfamily.
Supplemental table 19: Gene families of the pCAV family.
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