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Integrated phages (prophages) are major contributors to the
diversity of bacterial gene repertoires. Domestication of their
components is thought to have endowed bacteria with molecular
systems involved in secretion, defense, warfare, and gene trans-
fer. However, the rates and mechanisms of domestication remain
unknown. We used comparative genomics to study the evolution
of prophages within the bacterial genome. We identified over 300
vertically inherited prophages within enterobacterial genomes.
Some of these elements are very old and might predate the split
between Escherichia coli and Salmonella enterica. The size distri-
bution of prophage elements is bimodal, suggestive of rapid pro-
phage inactivation followed by much slower genetic degradation.
Accordingly, we observed a pervasive pattern of systematic coun-
terselection of nonsynonymous mutations in prophage genes. Im-
portantly, such patterns of purifying selection are observed not
only on accessory regions but also in core phage genes, such as
those encoding structural and lysis components. This suggests that
bacterial hosts select for phage-associated functions. Several of
these conserved prophages have gene repertoires compatible with
described functions of adaptive prophage-derived elements such
as bacteriocins, killer particles, gene transfer agents, or satellite
prophages. We suggest that bacteria frequently domesticate their
prophages. Most such domesticated elements end up deleted from
the bacterial genome because they are replaced by analogous
functions carried by new prophages. This puts the bacterial ge-
nome in a state of continuous flux of acquisition and loss of
phage-derived adaptive genes.

prokaryotes | viruses

he ubiquity and abundance of bacteriophages (or phages)

makes them key actors in bacterial population dynamics (1).
Although all phages are able to propagate horizontally between
cells, temperate phages also propagate vertically in bacterial
(Iysogenic) lineages, typically by integrating into the bacterial
chromosome as prophages. Very few genes are expressed in the
prophage, which replicates with the bacterial chromosome (2).
The evolutionary interests of integrated phages (prophages) are
partly aligned with those of the host chromosome because rapid
proliferation of the latter effectively increases prophage pop-
ulation. Accordingly, prophages protect the host against further
phage infection (3), from phagocytosis (4), and provide bacterial
pathogens with virulence factors (5). Temperate phages also
encode accessory genes that increase host fitness under certain
conditions, such as increased growth under nutrient limitation
(6), biofilm formation (7), and antibiotic tolerance (8). Some
prophages provide bacteria with regulatory switches (9). Func-
tional prophages might also be used as biological weapons by
lysogens, because their induction can counteract or delay colo-
nization by nonlysogens (10-12). High diversity and high turn-
over of temperate phages result in a constant input of new genes
in the host genome (13, 14). For example, Escherichia coli
prophages contribute to more than 35% of the gene diversity
(pangenome) of the species (15). Most temperate phages in-
tegrate into a few very specific and conserved integration hot
spots in chromosomes and their sequences are adapted to the
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local frequency of DNA motifs, suggesting adaptation of the
phage sequence to the requirements of the prophage state (15).
Independently of occasional contributions to bacterial fitness,
intact prophages are molecular time bombs that kill their hosts
upon activation of the lytic cycle (2). It has been shown that
bacterial pseudogenes are under selection for rapid deletion
from bacterial genomes (16, 17). Prophage inactivation should
be under even stronger selection because these elements can kill
the cell. One might thus expect rapid genetic degradation of
prophages: either they activate the lytic cycle and kill the cell
before accumulating inactivating mutations or they are irre-
versibly degraded and deleted from the host genome. Bacterial
chromosomes have numerous cryptic (defective) prophages and
other prophage-derived elements that might result from this
evolutionary dynamics (13, 14). Accordingly, functional studies
of the full repertoire of prophages of bacterial genomes suggest
that the majority of prophages are defective at some level: ex-
cision, virion formation, lysis, or infective ability (18, 19).
Bacterial genomes encode many molecular systems pre-
sumably derived from defective prophages. These include gene
transfer agents (GTAs) that transfer random pieces of chromo-
somal DNA to other cells (20), and bacteriocins and type 6
secretion systems (T6SSs) that are involved in bacterial an-
tagonistic associations (21, 22). Model phage-derived elements,
like GTAs or T6SSs, are streamlined and genetically very sta-
ble. However, genomes contain a number of elements derived
from prophages that fit less neatly in the above categories and
perform a number of functions with diverse degrees of efficiency:
they parasite other phages, kill other bacteria, or transfer host
DNA (23). Finally, prophage-derived structures are also involved
in complex animal-bacteria associations (24, 25). These different
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elements blur the distinction between stable phage-derived ele-
ments and prophages ongoing genetic degradation, suggesting
that some defective prophages provide adaptive functions to
bacteria.

Temperate phages and their hosts develop complex antago-
nistic and mutualistic interactions: depending on the circum-
stances, prophages can either kill bacteria or increase their
fitness. There are no systematic studies of which trend dominates
the evolutionary dynamics of prophage-bacteria interactions.
Here, we bring to the fore a key related question: how do
prophages evolve within the bacterial genome? To answer it, we
identified the repertoire of vertically inherited prophages of
Escherichia coli and Salmonella enterica. The analysis of these
prophages revealed unexpected evolutionary patterns suggesting
widespread contribution of prophages to bacterial fitness.

Results

Prophages Display Signs of Degradation. In this study, we analyzed
a dataset of phages and prophages of E. coli and S. enterica that
we have previously identified (15), to which we added prophages
from recently published genomes. Prophages were identified
using several tools and their precise limits were determined by
comparative genomics and expert curation (Materials and
Methods). We identified 624 prophages among 58 and 27 fully
assembled genomes of E. coli (474 prophages) and S. enterica
(150 prophages), respectively. Because intact prophages are
likely to kill the cell upon induction of the lytic cycle, there
should be strong selection for mutations leading to prophage
inactivation. We therefore expected to find few large prophages,
corresponding to recent integrations, and then a gradient of
smaller and smaller prophages having endured diverse levels of
genome degradation. Surprisingly, the distribution of the ge-
nome size of prophages is clearly bimodal with a class of small
and another of large elements (Fig. 1). A near complete sepa-
ration between the two classes occurs for prophage genome size
of ~30 kb, the size of the smallest autonomous dsDNA phage
infecting enterobacteria in GenBank (Fig. 1). Many prophages
(37%) are smaller than 30 kb, even though we excluded from the
analysis the very small prophages difficult to distinguish from
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Fig. 1. Probability distributions of the genome size of the 68 dsDNA temperate

caudophages infecting enterobacteria (Upper) and of the Caudovirales proph-
ages (Lower). The taxonomic groups are indicated on the Right of the figure.
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other mobile genetic elements (Materials and Methods). This
suggests either the presence of two different populations of
prophages or rapid degradation of large prophages and then
stabilization of the resulting elements in the genome.

The bimodal distribution of prophages could be due to dif-
ferences in taxonomic groups, e.g., small prophages and large
prophages could derive from different types of phages. To test
this hypothesis, we classified phages and prophages in taxa using
a genome similarity score that includes information on the pat-
terns of gene presence/absence and sequence similarity (follow-
ing refs. 15 and 26). Most of the small prophages (74%) could be
assigned to known taxa. These prophages are systematically
smaller than the phages of the same taxa in GenBank, a clear
indication that they have endured some genetic degradation (P <
0.0001, Wilcoxon test). Moreover, 48% of the small prophages
could be classified as lambdoid or P2-like phages (Fig. 1), for
which all known representatives are larger than 30 kb. Few small
prophages are clearly distinct from autonomous dsDNA phages
(13%): we identified 3 ssDNA Inoviruses and 28 P4-like satellite
prophages. The remaining small prophages lack homologs of the
characteristic proteins of P4-like or SaPI satellite phages (27,
28): Sid, Pif, CpmA, and CpmB (blastp, e value > 0.001) (29, 30).
To study the gene repertoires of small prophages, and their
differences, we built protein families for the whole dataset of
prophages and temperate phages of enterobacteria (Materials
and Methods). Small prophages are significantly enriched in tail
genes compared with temperate caudophages of enterobacteria
(P < 0.0001, y* test) (Fig. S14). Hence, small prophages rarely
encode characteristic satellite phage proteins, they are often
phylogenetically close to large prophages, and they often encode
structural proteins. This shows that most small prophages are not
satellite phages, but prophages resulting from the genetic deg-
radation of larger elements.

The observed bimodality of prophage size could result from
systematic large neutral deletions of genetic material within the
prophage. The deletion spectrum in the chromosome of
Salmonella is not consistent with this pattern, showing a clear
predominance of small deletions (31). Nevertheless, we tested
this hypothesis by simulating genetic deletions of different sizes
within prophages while requiring conservation of the flanking
bacterial core genes. Our results show that a pattern dominated
by large deletions leads to unbalanced deletion of genes in the
prophage: genes encoded in the central part of the element (like
lysis or packaging genes) are much more frequently deleted than
genes at the edges (integrases and cargo genes) (Fig. S2). On the
contrary, small deletions (and the experimental deletion spec-
trum) lead to a much weaker dependency of the probability of
deletion with the position in the prophage. The comparison of
the results of the simulations with the functions encoded in small
lambdoid prophages relative to known lambdoid phages does not
show significant differences in most functional classes (Fig. S1B).
It is thus not compatible with the predominance of large neutral
deletions in prophage evolution.

Many Prophages Are Vertically Inherited. Our dataset includes an
average of 8.2 and 5.6 prophages per genome for E. coli and
S. enterica, respectively. Prophages at similar loci in different
genomes can derive from a single ancestral prophage (ortholo-
gous prophages) or from multiple independent integrations at
the same loci (15). Hence, prophages in a given chromosomal
locus are a mixture of orthologous and nonorthologous proph-
ages. We used a conservative set of four criteria to distinguish
them (SI Materials and Methods and Fig. S3). First, two orthol-
ogous prophages must be integrated into the same chromosomal
locus (flanked by the same bacterial core genes). Second,
orthologous prophages must have a high genomic similarity score
(R > 0.7). Third, orthologous prophages are replicated like any
part of the bacterial chromosome and should thus exhibit similar

Bobay et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405336111/-/DCSupplemental/pnas.201405336SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405336111/-/DCSupplemental/pnas.201405336SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405336111/-/DCSupplemental/pnas.201405336SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405336111/-/DCSupplemental/pnas.201405336SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405336111/-/DCSupplemental/pnas.201405336SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1405336111

L T

/

1\

=y

neutral substitution rates. Synonymous positions are under weak
selection, and we require prophages to have average synonymous
substitution rates similar to the genes of the core genome. In
a few cases, the inferred ancestral prophage genome was much
larger than expected given the distribution of genome lengths of
temperate phages infecting enterobacteria. This suggested that
we needed a fourth criterion: as orthologous families derive from
a single ancestral prophage, the gene diversity (pangenome) of
a given family of orthologous prophages must not be much larger
than the number of genes present in the prophage encoding the
highest number of genes (Materials and Methods). With these
strict filters, our step-by-step method eliminated nonorthologous
prophages and removed or split families into multiple smaller
families. In the end, we identified 100 families of orthologous
prophages (71 in E. coli and 29 in S. enterica). The majority of
the integration events (72%) was observed in one single strain,
presumably because they occurred very recently. Around 28% of
the inferred integration events involved a prophage that has left
remnants in more than one strain, i.e., produced a family of
orthologous prophages. These families include 372 prophages
(60% of the total) and contain from 2 to 15 orthologous ele-
ments (Fig. S4). This suggests that many prophages in a species
are derived from a single ancestral integration event despite
frequent prophage loss. The elements of a given family of
orthologous prophages have remained in the bacterial chromo-
some the same number of years and should exhibit comparable
levels of genetic degradation. Indeed, nearly all families of
orthologous prophages (90%) include elements of either the
large or the small classes of prophage size, but not both.

The groups of prophages with and without orthologous ele-
ments do not have significantly different taxonomic distributions
(P =0.2, ¥* test; Fig. S5), suggesting no particular taxonomic bias
in the prophages that reside in bacterial chromosomes for longer
periods of time (Fig. SS5). As prophages in general, the orthol-
ogous prophages include mostly groups of lambdoids (59%) and
a smaller number of P2-like (13%) elements. As expected,
orthologous prophages are found in more closely related bac-
terial strains compared with nonorthologous prophages in-
tegrated into the same loci (P < 0.0001, Wilcoxon test).
Prophages with orthologous elements are also shorter than
prophages lacking orthologs (30.9 vs. 36.7 kb on average; P <
0.0001, Wilcoxon test), which likely results from their longer
residence time. The number of genes lost in all elements of
a family cannot be precisely quantified because we ignore the
genome of the ancestral phage. However, the comparison of
pairs of orthologous prophages allows the quantification of the
patterns of differential gene loss in the prophage family, i.e.,
losses that did not take place in all elements. Prophages have
endured an average of 7.8 such gene losses per pair (5.6 kb on
average; Materials and Methods). The median deletion is 500 nt
long, and only 40% of pairs of orthologous prophages do not
display any indels.

Spontaneous excision rates of complete prophages are of the
order of 107 per cell division for Lambda under nonstressful
conditions and are otherwise orders of magnitude higher (32).
Therefore, fully functional prophages are unlikely to remain in
the chromosome for a long time. To assess how many of the
prophage families might constitute functional prophages, we
analyzed the only strain in our dataset for which the function of
all prophages has been experimentally studied (O157:H7 Sakai)
(18). We found orthologous elements for 15 of the 16 defective
prophages in this genome. We found no single orthologous
prophage for the only fully functional phage. This restricted
analysis supports the claim that prophages endure rapid genetic
degradation.

Vertically Inherited Prophages Are Under Purifying Selection. To
investigate the action of natural selection on the genes of

Bobay et al.

prophages, we computed the ratio of nonsynonymous over syn-
onymous substitution rates (dN/dS) for the pools of orthologous
genes within bacterial core genes and within orthologous
prophages. As expected, bacterial core genomes display very low
dN/dS values (median dN/dS = 0.06; P < 0.0001, Wilcoxon test).
Prophage genes display higher dN/dS ratios. However, and very
surprisingly, most orthologous prophages display a dN/dS ratio
much lower than 1 (median dN/dS = 0.22; P < 0.0001, Mann—
Whitney test). The preferential purge of nonsynonymous muta-
tions by natural selection suggests selection for maintaining the
function of the genes encoded in prophages (Fig. 2). A similar
dN/dS distribution was observed for a subset of prophages for
which orthology was defined using even more stringent criteria
(Fig. S6; Materials and Methods). Very few pairs of orthologous
prophages (6%) show dN/dS values consistent with neutral,
positive, or diversifying selection (dN/dS > 1). The low dN/dS
values are not an artifact associated with the small number of
genes or the low density of SNPs in the dataset, because dN/dS
values are similar for the most divergent genomes where the
signal is the strongest (Fig. S7). In fact, dN/dS is constant along
the range of dS values, consistent with the rapid imprint of pu-
rifying selection in dN/dS in E. coli (33). Small prophages are as
constrained by purifying selection as the large prophages (median
dN/dS = 0.23 and 0.22, respectively; P = 0.09, Wilcoxon test).
Recombination with incoming phages can imprint a signal
of purifying selection on prophages by introducing an over-
abundance of synonymous polymorphisms resulting from puri-
fying selection on phages. To test whether recombination caused
our unexpected observations, we detected recombinant genes
among orthologous prophages using seven different methods
and a combination of them. In each analysis, we removed the
gene families showing significant evidence of recombination or
phylogenetic incongruence. This led to the rejection of between
8% and 32% of the genes (Table S1). The joint analysis using
pairwise homoplasy index (PHI)/neighbor similarity score (NSS)/
maximum > (MaxChi), Prunier, and MaxChi on concatenates
rejected 16% of the genes (34-36). In all of the eight variants of
the analysis, we observed dN/dS values for the nonrecombining
genes very significantly smaller than 1 (Table S1). These previous
analyses cannot account for the nearly complete replacement of
the prophage by homologous recombination. They also cannot
detect cases of independent integration of very similar phages in
different genomes. Such events should lead to incongruence
between the prophage and the host phylogenetic trees. Our
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Fig. 2. Histogram of the ratio of nonsynonymous to synonymous sub-
stitutions (dN/dS) between orthologous prophages.
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analysis shows that only 1 of the 18 prophage families with five or
more taxa have phylogenetic trees significantly different from the
hosts (P < 0.05, both for Shimodeira—Hasegawa and Approxi-
mately Unbiased tests followed by Bonferroni correction). Re-
moving this family makes no significant difference in the dN/dS
distribution, which remains significantly smaller than 1 (dN/dS =
0.16; P < 0.0001, Mann-Whitney test). Hence, although our
results confirm the existence of recombination between proph-
ages and phages (or other prophages), as previously shown
(37), this effect is not the major cause of the observed low
dN/dS values.

To investigate the patterns of substitution rates and gene loss
in prophages, we analyzed each gene in function of its position in
the prophage genome. Gene positions are highly conserved in
lambdoids and in P2-like phages (38, 39). We restricted our at-
tention to lambdoid and P2-like large prophages (55% of the
dataset) because they can be mapped accurately in this genetic
organization. Overall, there is a nearly constant high degree of
gene conservation in orthologous prophages (Fig. 3). Compari-
son with Fig. S2 confirms our previous observation that prophage
degradation in our dataset does not result from random neutral
large deletions. The high degree of gene conservation might
partly result from the strict rules used to define prophage
orthology. In lambdoids, the region encoding the tail proteins is
slightly more conserved and the cargo region (extreme end after
the tail genes) is less conserved. P2-like prophages are also well
conserved along the genome except for two regions (“morons” 1
and 2), which typically contain fast evolving accessory genes (39).
The regions of the prophages where gene loss is less frequent are
also those where genes have lower dN/dS values (except P2-like
moron region 1, which has low dN/dS values) (Fig. 3). This is
consistent with purifying selection on these genes. Regions
encoding infection-related functions, such as replication or
capsid proteins, are very conserved in prophages. These results
were confirmed independently by the analysis of prophage gene
families in terms of functional categories, which are not limited
to large P2-like and lambdoid prophages (Fig. S8). As a whole,
the data suggest pervasive positive contribution of prophage
genes to bacterial fitness.

Discussion

We found that orthologous prophages are numerous, represen-
tative of the diversity of enterobacterial phages and have en-
dured genetic degradation since the ancestral integration into
the genome. This has presumably rendered them defective.
Surprisingly, most orthologous prophages show strong signs of
purifying selection. Previous studies have shown that many re-
cently acquired genes in bacteria are under purifying selection
(40). We have mentioned above that many prophages carry ac-
cessory genes that are adaptive to bacteria (6-8). Our results
differ from previous works in one essential aspect: in our study,
many of the prophage genes under stronger purifying selection
encode core phage-related functions, like tail and lysis proteins.
This suggests that prophage functions are under selection in the
bacterial chromosome.

We observed a strongly bimodal distribution of prophage ge-
nome size, which is neither caused by phage taxonomic biases
nor by large neutral deletions of genetic material. Bimodality
could result from rapid inactivating gene losses followed by much
slower genetic degradation of the remaining genes (14). The
slowdown of genetic inactivation could result from purifying
selection on certain genes as observed in the dN/dS analysis. This
raises the question of why bacteria are not accumulating even
larger numbers of prophage genes. We suggest that analog/
homolog gene replacements may lead to frequent gene loss.
Genomes of enterobacteria are constantly acquiring prophages
of a relatively small number of taxonomic groups. Extant pro-
phage genes may thus suddenly become under relaxed selection
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Fig. 3. Average gene conservation and nonsynonymous to synonymous
substitution ratios (dN/dS) along prophage genomes. (Left) Lambdoids.
(Right) P2-like prophages. Only large (>30 kb) prophages were considered in
this analysis because small prophages cannot be confidently represented on
the normalized genome map. Schematic representations of lambdoid and
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the 95% confidence intervals of gene conservation and dN/dS ratios. The
horizontal lines indicate median values of gene conservation and dN/dS ratios.

when homologous or analogous genes arrive in the host. This
may lead to the replacement of prophage genes by others per-
forming similar functions.

Our results show that many phage-derived functions are under
purifying selection. We suggest this is because they are adaptive
for their host. Previous studies have shown that prophages un-
able to produce viable virions upon infection can protect from
superinfection, excise, package DNA, and even infect other cells
(8, 18, 19). Therefore, partly degraded prophage elements can
have a number of adaptive functions, as described below (Fig. 4).

Functional prophages allow populations of lysogens to kill
nonlysogen competitors (11). However, this advantage rapidly
disappears by the creation of lysogens in the susceptible populations
(12) and comes at the cost of cell lysis in a fraction of the pop-
ulation. Our results indicating that intact prophages are rapidly lost
suggest that this strategy might be very short-lived or rarely used.

Phage-derived bacteriocins kill cells whose genomes lack their
cognate immunity genes (21, 41). Contrary to fully functional
phages, they do not reinfect other cells nor do they produce
lysogens, preventing the creation of immunity in other pop-
ulations. R-type and F-type bacteriocins are typically composed
of domesticated tail and lysis genes from myophages and
siphophages, respectively. This fits the observed gene repertoires
of some families of small prophages in our dataset. Notably, the
largest orthologous prophage family has a phylogenetic tree that
mirrors that of the bacterial host, lacks integrases, and seems to
have been stabilized in a large number of strains of Salmonella
(Fig. S9). This element is related to P2-like phages (Myoviridae)
and could therefore correspond to a R-type bacteriocin. The
putative domestication of this prophage might even predate the
split between Escherichia and Salmonella, because we identified
a very similar small prophage also missing an integrase at the
same position in two E. coli strains (Fig. S9). Most prophage
families do not fit so well the description of R-type or F-type
bacteriocins but could correspond to phage killer particles.
These elements behave like bacteriocins but are very diverse
genetically, presenting characteristics ranging from streamlined
elements like R-type and F-type bacteriocins to nearly complete
phages (23, 42-44). Defective phages can easily give rise to
phage killer particles. For example, PBSX and other noninfectious
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Fig. 4. Putative functions of orthologous prophages conserved in their
hosts. (7) Functional prophages can be used as molecular weapons to kill
nonlysogens through the production of infective particles. (2) Defective
prophages can produce noninfective particles (phage killer particles and
R/F-type bacteriocins) that kill sensitive cells. (3) Prophages can form transducing
particles and gene transfer agents (GTAs) that promote host DNA exchange
(displayed in green). (4) Degraded prophages might interfere with the as-
sembly of other phages (represented in red) leading to the formation of
defective particles. (5) Prophage structural proteins often display Ig-like domains
that might be used by their hosts for adherence in niche colonization.

defective phage particles were termed phage killer particles or
protophages and act de facto as bacteriocins (42, 44). Some of these
systems are conserved among different isolates and might be
widespread among bacterial species (23, 43, 45). Altered particles
of T-even phages also display a bacteriocin activity (46). It is
possible that many of the orthologous prophages correspond to
R/F-type bacteriocins or phage killer particles.

GTAs are found in diverse prokaryotic clades and are thought
to have originated from domestication of general transducing
phages (47). They typically encode structural genes, lack inte-
grases, and evolve under purifying selection. General trans-
ducing phages P22 and P1 also produce and transfer phage
particles that contain exclusively bacterial DNA (48, 49). An
increased rate of general transduction by these phages can be
obtained by a small number of different mutations altering the
head morphogenesis process (50, 51). Therefore, a defective
phage may lead to a transducing agent in very few mutational
steps. Accordingly, several prophage families in our dataset en-
code a nearly complete set of structural and lysis genes while
lacking many functions associated with regulation, replication,
and integration/excision. Also, the size of GTAs, between 14 and
30 kb (20), is in close agreement with the lower peak of prophage
size distribution observed in our dataset (Fig. 1). GTAs package
unspecific DNA and this can be easily achieved by pac-based
phage terminases but not by cos-based terminases (52). Lamb-
doids use either pac or cos systems (53), and the former might act
as GTAs. However, P2-like phages use cos packaging systems
(54) and are unlikely to become GTAs. Nevertheless, the
mechanism by which GTAs package random fragments of DNA
is not well understood and it remains possible that transencoded
packaging systems fill phage particles with host DNA.

Our results suggest that bacteria select for the conservation of
components of virion particles. Virions of lambdoids are com-
posed of over 500 protein units, and the architecture of the
phage particle depends on their precise interaction (55). If the
assembly of different phage particles in the cell results in protein
interactions between components of the different virions, this
might lead to the production of defective phage particles. If
a phage infects a cell containing prophages, their expression may
interfere with the incoming phage and diminish its viable prog-
eny. This would result in higher fitness for bacterial populations
carrying prophages. This idea is supported by the observation
that double coinfections by lambdoids lead to fewer virions
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compared with single infections (56). A similar type of molecular
interference has been proposed to explain why proteins forming
large complexes are less prone to horizontal gene transfer and
duplication (57, 58). Given the high complexity of phage par-
ticles (providing ample potential for interference) and the
abundance of phage infections in natural environments (pro-
viding strong fitness gains for bacteria avoiding phage infec-
tions), we speculate that selection for the maintenance of
interfering prophages might be advantageous for the host. This
advantage might, however, disappear in the long term due to
rapid phage diversification.

There may be many other uses of phage proteins that for the
moment are purely speculative. For example, about 25% of
caudophages encode proteins with Ig-like domains (59). These
phages are abundant in mucosal surfaces of Metazoans, pro-
tecting them from bacterial infections and allowing phages to
have a constant supply of hosts (60). Conversely, expressing
prophage structural proteins at the surface of bacterial cells
could aid bacterial infection or niche colonization. For example,
prophage tail proteins expressed after treatment with mitomycin
C or UV light mediate Streptococcus mitis and Enterococcus
faecalis platelet binding, favoring infective endocarditis (19, 61).
Prophage structural proteins might thus favor physical inter-
actions of bacteria with their environment.

The functions encoded by some prophages are compatible
with selection for the use of prophages in antagonistic relations
with other bacteria (as biological weapons, phage-derived bac-
teriocins, or Killer particles), for horizontal transfer (GTAs), for
protection against other phages, or for bacterial colonization.
Several cases have been described in the literature of degraded
phages performing such functions. However, no single type of
phage-derived element fits the gene repertoires of all ortholo-
gous prophages that we have identified. This suggests that
prophages provide several different functions. These prophage-
derived functions may be very generic. Because closely related
phages are constantly arriving at the bacterial genome, pro-
phage-derived genes are likely to be frequently superseded by
other incoming prophage-derived genes. As mentioned above,
this should lead to frequent analogous/homologous gene re-
placements. Occasionally prophage-derived elements may evolve
toward a new highly specialized function. This will lead to their
enduring domestication.

Materials and Methods

Data. We downloaded 58 and 27 complete genomes of E. coli and S. enterica,
respectively, from the Bacterial section of National Center for Biotechnology
Information (NCBI) RefSeq (ftp:/ftp.ncbi.nih.gov/genomes/Bacteria/; last accessed
February 2013), and 68 temperate caudophage genomes infecting enter-
obacteria from the Virus section of NCBI RefSeq (ftp:/ftp.ncbi.nih.gov/
genomes/Viruses/; last accessed February 2013).

Prophage Detection and Classification. Prophages were detected as in ref. 15,
except that prophages with no match to core phage genes were discarded. This
resembles the implementation of the stringent option of Phage Finder (62) but it
does not exclude a priori the smallest prophages. Prophages detected at rear-
rangement breakpoints were removed from the analysis because their positions
could not be confidently defined in all genomes. To avoid gene loss over-
prediction due to imprecise delimitation of prophages, we built the families of
homologous proteins found in all genomes between the same two flanking core
genes. Each protein family was then considered as phage-related or host-related
but not both. Information about the 624 prophages is detailed in Dataset S1.

The resulting 624 prophages were classified by comparing their gene
repertoires with those of phages infecting enterobacteria (15). Gene rep-
ertoire relatedness (R) between pairs of (pro)phages was defined as follows:
Z?LS(A,-,B,)/(min(nA,nB)), where S; i) is the similarity score of the pair i of
homologous proteins between (pro)phage A and (pro)phage B (varying
from 0.4 to 1), M is the total number of homologs shared by (pro)phages A
and B, and na and ng are the total number of proteins of (pro)phages A and
B, respectively.
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Other Materials and Methods. Details on the computation of core genomes
and bacterial distances, the definition of orthologous prophages, the functional
assignment of prophage proteins, deletion simulations, estimation of re-
combination, and the computation of synonymous and nonsynonymous
substitution rates are provided in SI Materials and Methods.
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