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FIG. 1. Prophage content of four human bacterial pathogens. The prophages are indicated as shaded boxes on the bacterial genome maps. The
lengths of the boxes correspond to the relative sizes of the prophage DNA with respect to the bacterial chromosome. Note that the circumference
of the bacterial genomes does not correspond to their relative length. Prophages with extensive DNA sequence identity are linked by dotted lines.
(A) S. pyogenes genomes of the sequenced M1, M18, and M3 strains (from center to periphery). (B) S. aureus genomes of the sequenced Mu50
(center), N315, MW2, and 8325 strains. (C) E. coli genomes from the O157:H7 Sakai (center) and O157:H7 EDL933 strains, the laboratory strain
K-12, and the uropathogenic strain CFT073. (D) S. enterica serovar Typhimurium LT2 (center) and serovar Typhi CT18.

INTRODUCTION

Many bacterial genomes deposited in the public database
contain phage DNA integrated into the bacterial chromosome.
It is not rare for bacteria to contain multiple prophages in their
chromosomes, which then constitute a sizable part of the total
bacterial DNA (Fig. 1). The most extreme case is currently

represented by the food pathogen Escherichia coli O157:H7
strain Sakai. It contains 18 prophage genome elements, which
amount to 16% of its total genome content (Fig. 1C). Less
extreme but still impressive cases are represented by Strepto-
coccus pyogenes, with four to six prophages, amounting to 12%
of the bacterial DNA content (Fig. 1A). These prophages do
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not represent exotic phage types: the E. coli O157 prophages
resemble the well-known temperate E. coli phages \, P2 (and
its satellite phage P4), and Mu (160). The S. pyogenes pro-
phages belong to the proposed Sfill-, Sfi21-, and r1t-like Sipho-
viridae, which are also found in lactic acid bacteria (LAB) used
in industrial milk fermentation. The taxonomy we use in this
review for phages from low-G+C gram-positive bacteria is our
own system based on comparative phage genomics (28, 171).
Other authors have proposed partially overlapping and par-
tially distinct phage taxonomy systems based on a phage pro-
teomics tree (in these systems the Sfill-like phages are called
TP901-like phages after another type of phage from the same
group) or a differentiation of phage genomes into a set of modi
(modules) (114, 176).

Prophages are not only quantitatively important genetic el-
ements of the bacterial chromosome. As mobile DNA ele-
ments, phage DNA is a vector for lateral gene transfer between
bacteria (35). Indeed, numerous virulence factors from bacte-
rial pathogens are phage encoded (22, 216, 215). It was pos-
tulated that this role of prophages is not limited to pathogenic
bacteria but that some adaptations of nonpathogenic bacterial
strains to their ecological niche might also be mediated by
prophage genomes (30). Furthermore, prophages account for
a substantial amount of interstrain genetic variability in several
bacterial species (e.g., Staphylococcus aureus [7] and S. pyo-
genes [189]). When genomes from closely related bacteria were
compared in a dot plot analysis, prophage sequences frequent-
ly accounted for a substantial, if not the major, proportion of
the differences between the genomes (e.g., Listeria monocyto-
genes and L. innocua [79], Salmonella enterica serovars Typhi
and Typhimurium [139, 164], and E. coli O157 and K-12 [166]).
Microarray analysis (169) and PCR scanning (161) allowed
researchers to explore the presence of specific prophages over
a much larger set of related bacterial strains, and again pro-
phages contributed a large part of strain-specific DNA, irre-
spective of whether pathogenic or nonpathogenic bacteria
were investigated. Finally, when mRNA expression patterns
were studied with microarrays in lysogenic bacteria that un-
derwent physiologically relevant changes in growth conditions,
prophage genes figured prominently in the mRNA species
changing their expression pattern (190, 220). These data dem-
onstrate that prophages are not a passive genetic cargo of the
bacterial chromosome but are likely to be active players in cell
physiology. Subtractive mRNA hybridization analysis demon-
strated that prophage genes also make up prominent share of
the E. coli genes upregulated when the bacteria invaded the
lungs of infected birds (60). Apparently, prophage genomes
are an important target for selection working on bacterial
genomes. Indeed, in medical microbiology there are good in-
dications that prophage acquisition actually shaped the epide-
miology of some important bacterial pathogens (8). We sum-
marize here some recently formulated ideas (22, 53, 115) on
the coevolution of bacteria and phages, and we have screened
the published bacterial genome sequences for prophage se-
quences. Specifically, we looked for the possible role of phage-
encoded genes in the adaptation of the lysogenic bacterium
to its specific environment, whether the bacterial host is an
animal or plant pathogen or a commensal or a free-living
bacterium. In addition, we asked where candidate lysogenic
conversion genes (genes that could change the phenotype of
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the lysogenic bacterial host) are integrated into the prophage
genomes.

Technical Difficulties

A review of prophage sequences in sequenced bacterial
genomes has technical difficulties. On a very practical side,
prophage sequences are currently not compiled in the Na-
tional Center for Biotechnology Information (NCBI) phage
database. Therefore, the interested scientist has to turn to the
original publication and the annotations of the GenBank entry
for the bacterial genomes to locate prophage sequences or has
to reanalyze the genome sequence. However, no uniform cri-
teria have been established for the diagnosis of prophages in
bacterial genome sequences. Prophages can be present in
many different forms ranging from inducible prophages to pro-
phages showing deletions, insertions, and rearrangements to
prophage remnants that have lost most of the phage genome.
In addition, computer programs have difficulties in detecting
prophage sequences. Only a few, if any, phage genes are suf-
ficiently conserved and distinct from bacterial genes to serve as
markers for prophage sequences. Computer programs effi-
ciently detect integrase genes. However, it is not clear what
qualifies an integrase as phage related. Several conjugative
transposon-like elements contain lambda family integrases, as
do integrons and pathogenicity islands. There are also chro-
mosome-encoded integrases such as XerC/D. Given the pres-
ence of this gene family in several kinds of elements, it be-
comes problematic to use integrase as a prophage signature. In
our own experience with one specific class of temperate phages
(Siphoviridae), reasonably conserved phage proteins are the
integrase (32), the portal protein, the terminase (52), and the
tail tape measure protein. A further complication is that the
current NCBI phage database is small (at the time of writing,
it contained 136 complete phage genomes) and is dominated
by a single phage group, Siphoviridae (1, 136) (contributing 53
complete genomes, followed by 18 Inoviridae, 17 Podoviridae,
and 13 Myoviridae genomes). However, phages that are less
well documented with respect to genome sequences can also
integrate their DNA into the bacterial chromosome, e.g., P2-
and Mu-like Myoviridae (147, 151), Inoviridae in Vibrio (217),
Xanthomonas (48), Xylella, and Pseudomonas (194), and Plas-
maviridae in Acholeplasma (137). In addition, psiM1-like Sipho-
viridae, lipothrixviruses, and fuselloviruses (167, 232) integrate
their genomes into the chromosomes of Archaea. Still other
forms of lysogeny exist that do not lead to the integration of
phage DNA into the bacterial chromosome; e.g., prophages P1
and N15 are maintained as circular or linear plasmids (87,
174), respectively, and Borrelia prophages have a peculiar re-
lationship to plasmids (65). We therefore anticipate an under-
reporting of prophage sequences in the published bacterial
genomes.

On the other hand, Bacillus subtilis was reported to contain
at least 10 prophage sequences (108). Two prophages cor-
responded to biologically well-defined incomplete prophages
(197), and a third prophage was represented by the inducible
prophage SPBc2. The diagnosis of the other prophage se-
quences was based on codon usage analysis (148). However,
this analysis cannot easily differentiate prophages from other
horizontally acquired DNA elements. For example, in B. sub-
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tilis prophage 2 (numbered in order of appearance of the
prophage in the genome) a typical lysogeny module was detect-
ed but no other phage links were detected. Prophage 6 showed
only few isolated links to SPBc2, while the annotated prophage
7 lacked phage links altogether, casting doubt on their pro-
phage nature. Overreporting of prophage-like elements might
thus also be a problem.

THEORETICAL FRAMEWORK
The Phage Side

Before going into the analysis of prophage-containing bac-
terial genomes, it is appropriate to summarize the current
ideas about phage-bacterial genome interaction from an
evolutionary perspective. The peculiar life-style of temper-
ate phages makes them model systems to address a number of
fundamental questions in evolutionary biology. The viral DNA
undergoes different selective pressures when replicated during
lytic infection cycles compared to prophage DNA maintained
in the bacterial genome during lysogeny. Darwinian consider-
ations, along with the selfish-gene concept, lead to interesting
conjectures (22, 30, 53, 115). One could anticipate that the
prophage decreases the fitness of its lysogenic host by at least
two processes: the metabolic burden to replicate extra DNA
(Fig. 1) and the lysis of the host after prophage induction. To
compensate for these disadvantages, one has to invoke the
notion that temperate phages encode functions that increase
the fitness of the lysogen. According to the selective value of
these postulated phage genes, the lysogenic cell will be main-
tained or even be overrepresented in the bacterial population.
An obvious selective advantage for the lysogenic host is the
immunity (phage repressor) and superinfection exclusion
genes of the prophage that protect the lysogen against phage
infection. These genes also provide a direct advantage to the
prophage since they exclude superinfecting phage DNA from
competing with the resident prophage DNA for the same host.
Where phages from the environment do not provide a suffi-
ciently strong selection pressure, other phage genes have to
increase the fitness of the lysogenic host, frequently in rather
unanticipated ways (lysogenic conversion genes). Classic exam-
ples of such phage-located genes that increase host fitness
include the nonessential phage N genes bor and lom, which
confer serum resistance and better survival in macrophages,
respectively, to the Escherichia coli lysogen (9). In these cases,
the reproductive success of the lysogenic bacterium carrying
these new genes translates directly into an evolutionary success
for the resident prophage. However, host-parasite relation-
ships also constitute an arms race and therefore represent a
highly dynamic genetic equilibrium. Gains from prophages car-
rying genes that increase host fitness are short-lived from a
bacterial standpoint if the resident prophage ultimately de-
stroys the bacterial lineage. In this way, prophages can be
considered dangerous molecular time bombs that can kill the
lysogenic cell on their eventual induction (115). One would
therefore expect evolution to select lysogenic bacteria with
mutations in the prophage DNA. Mutations that inactivate the
prophage induction process avoid the loss of the lysogenic
clone from the bacterial population. One would also expect
that selection would lead to large-scale deletion of prophage
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DNA in order to decrease the metabolic burden of extra DNA
synthesis and a littering of the bacterial genomes by selfish
DNA elements. One would predict, furthermore, that useful
prophage genes (e.g., lysogenic conversion genes) are prefer-
entially spared from this deletion process, since their loss
would actually decrease the fitness of the cell (116). It was
proposed that a high genomic deletion rate is instrumental in
removing dangerous genetic parasites from the bacterial ge-
nome (115). These deletion processes could explain why the
bacterial genomes (in general) have not increased in size de-
spite a constant bombardment with parasitic DNA over evo-
lutionary time. The streamlined bacterial chromosome con-
taining few pseudogenes might be the consequence of this
deletion process of parasitic DNA.

The Bacterial Side

New data from comparative bacterial genomics highlight the
importance of lateral DNA transfer in microbial evolution
(35). Based on a variety of criteria such as sequence matches
with other organisms, G+C -content, codon usage, association
with mobile DNA elements, and proximity to tRNA genes, it
has been estimated that some bacteria capture and fix DNA
at a rate of at least 16 kb per 10° years (116). An interesting
case is provided by E. coli. Genomic comparison between the
pathogenic E. coli 0157 EDL933 strain and the laboratory
E. coli strain K-12 revealed 4.1 Mb of common chromosome
backbone sequence, 1.3 Mb of O157-specific DNA, and 0.5 Mb
of K-12-specific DNA (160). Approximately half of the O157-
specific DNA was clear-cut mobile DNA, mostly prophage
DNA (166). These observations led to the distinction of a
conserved core genome sequence, which is shaped by the
mechanisms of vertical evolution, and a variable part of the
genome, which is dominated by processes of horizontal evolu-
tion. The replacement of tree-like with web-like phylogenies is
the visual expression in our current understanding of evolution
in the microbial world (58). Phage transduction and prophage
integration are major mechanisms of lateral DNA transfer in
prokaryotes. Bacteria are therefore confronted with a dilem-
ma: phages are a threat to their survival, against which they
must mount defensive countermeasures (surface changes, re-
striction modification, and a variety of abortive phage infection
mechanisms), and at the same time phages are an important
tool for the acquisition of genes which could help them to
defend their ecological place or gain new ones. Apparently
even closely related bacteria addressed this dilemma differ-
ently. For example, virulent phages against yogurt strains of
Lactobacillus delbrueckii (subsp. bulgaricus) are a rarity in the
food industry, and at the same time it is very hard to transform
this organism with foreign DNA. Possibly this bacterium has
opted for a strong barrier against intrusion of foreign DNA. In
contrast, Lactococcus lactis and Streptococcus thermophilus
phages are readily isolated from the dairy factory or raw milk,
and many strains can be transformed in the laboratory, sug-
gesting a greater permissiveness to DNA transfer. However,
L. lactis has developed numerous antiphage strategies, and an
intensive arms race exist between phage and host (44). In
contrast, in S. thermophilus very few phage defense mecha-
nisms have been identified so far. We even found molecular
evidence for cooperation between the host and its phages; e.g.,
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the bacterial a#tB site complements the 3’ end of the phage
integrase gene, which would otherwise lose its C terminus on
integration (33). This observation suggests that the phage in-
tegrase is of selective value for this bacterial host.

PROPHAGES FROM LOW-G+C
GRAM-POSITIVE BACTERIA

Streptococcus pyogenes

In 1927, long before lysogeny was described, it was demon-
strated that a filterable agent from scarlet fever isolates could
convert nonscarlatinal S. pyogenes to toxigenic strains (22). We
know now that this conversion is mediated by bacteriophages
and that 90% of S. pyogenes isolates are lysogenic (Fig. 1A).
For several reasons, S. pyogenes provides a neat test case for
the role of prophages. Transformation and conjugation appear
to play no or only minor roles in lateral DNA transfer in this
species, giving phages a special role in this process (68, 189).
S. pyogenes belongs to the lactic acid bacteria (LAB) branch of
low-G+C gram-positive bacteria, and its phages are good ex-
amples of phages from LAB of medical and economical im-
portance and will therefore be discussed in more detail. Phy-
logenetic relatives are used in the dairy industry as starter
organisms, and their viruses have become a focus for compar-
ative phage genomics studies (28). The only known habitat of
S. pyogenes is the human; it is normally found on the skin and
in the oral cavity in humans. S. pyogenes comes in many M
serotypes and causes an astonishing range of diseases including
pharyngitis, scarlet fever, pyodermitis, fasciitis, rheumatic fe-
ver, and toxic shock syndrome. With respect to the three se-
quenced strains, M1 strains were associated with wound infec-
tions, M3 strains were identified in patients with severe
invasive infections, and M18 strains caused rheumatic fever
outbreaks (8). Despite the protean character of this pathogen,
the sequenced S. pyogenes isolates are genetically closely re-
lated. For example, the M18 strain shared 1,532 of 1,696 open
reading frames (ORFs) identified in the M1 strain, and se-
quence identity ranged from 83 to 100% at the base par level.
In fact, a dot plot analysis revealed essentially a straight line
between the two serotypes, with 1.7 of the 1.9 Mb of chromo-
somal DNA shared. There were only five larger regions of
difference; all were prophage sequences (189). This observa-
tion leads to an interesting question: is the specific pathogenic
potential of a given S. pyogenes strain influenced by its pro-
phage content? Microarray analysis of 36 M18 strains demon-
strated that prophages are not only a significant source of
genomic divergence between strains of M1, M3, and M18 se-
rotypes but also the predominant source of difference between
M18 strains. The M18 strains differed by a maximum of 3% of
the genes, and prophages were responsible for virtually all the
variation in gene content. Variation in the prophages ranged
from entire absence of the prophages from the test strain to
small differences in the gene content of the prophages (189).

When the DNA sequences from the 15 available S. pyogenes
prophages were compared against each other in a dot plot
matrix, five clusters of phages consisting of two to four mem-
bers could be distinguished, while two phages had only limited
DNA sequence similarity to the rest of the phages (Fig. 2,
green boxes). Next to E. coli prophages, this is the largest set
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of prophage sequences from a single species for comparative
analysis. Recently, a proposal was made to base the taxonomy
of Siphoviridae on the genetic organization of the structural
gene cluster (excluding the tail fiber genes) (171). All currently
known LAB prophages showed a conserved overall gene order:
left attachment site (a#fL)-lysogeny-DNA replication-tran-
scriptional regulation-DNA packaging-head-joining-tail-tail fi-
ber-lysis modules-right attachment site (a#tR) (Fig. 3 to 5).
Particularly well conserved is the order of the structural
genes, allowing the distinction of three major forms of head
gene clusters exemplified by the cos-site Streptococcus ther-
mophilus phage Sfi21, the pac-site S. thermophilus phage Sfill,
and the cos-site Lactococcus lactis phage r1t as prototypes. The
corresponding phages were also observed in S. pyogenes.

The first group of S. pyogenes prophages are the rlt-like
Siphoviridae (Fig. 2). The second group resembles Sfill-like
Siphoviridae. Sequence alignments allowed the distinction of
two Sfill subgroups with S. pneumoniae phage MMI1 and S.
thermophilus phage 01205, respectively, as reference strains
(Fig. 2). The third group of prophages are members of the
Sfi21-like Siphoviridae. Database matches again permitted the
differentiation of two subgroups: one had sequence similarity
to Lactobacillus gasseri phage A2 (171), and the other had
sequence similarity to staphylococcal phages (Fig. 2). Except
for the tail fiber and lysis genes and part of the lysogeny genes,
S. pyogenes prophage 315.5 lacks DNA sequence similarity to
the other S. pyogenes prophages, while it has some protein
sequence similarity to a Bacillus halodurans prophage (see
below). Phage tail fibers and lysins have to interact with the cell
surface and the cell wall of their bacterial host cell and should
therefore be subjected to a strong adaptive selection pressure.
Not surprisingly, all but one of the sequenced S. pyogenes
prophages had a highly related tail fiber module (Fig. 2, red
box). Central to this module is the phage hyaluronidase, an
enzyme that splits the hyaluronic acid-containing capsule sur-
rounding the bacterial cell. This lytic enzyme allows the phage
to reach the cell surface, where it injects its DNA into the
bacterial cell. Only prophage 315.6 lacks this tail fiber module
typical for S. pyogenes prophages. Over these genes, prophage
315.6 had about 40% sequence identity at the amino acid level
to S. agalactiae prophage SA1 (see below), suggesting a possi-
ble cross-species infection. In fact, these two phages had some
DNA sequence similarity across their entire genomes.

One would expect competition and exclusion between pro-
phages during the establishment of a polylysogenic cell.
Exclusion could be mediated by three proteins encoded in
the lysogeny module, namely, the phage integrase, the super-
infection exclusion gene sie (140), and the phage repressor
(immunity function). It is therefore not surprising that a sub-
stantial diversification was observed over this region between
the S. pyogenes prophages (Fig. 2, yellow box; the largest group
of phages sharing early genes is marked by blue circles). Eleven
distinct prophage integration sites were identified in the three
sequenced S. pyogenes strains. Three sites were occupied in
more than one strain; in all cases, the corresponding phage
integrases had at least 92% sequence identity at the amino acid
level. Seven prophages used unique integration sites; however,
not all possessed unique integrases. Prophages 8232.1 and
315.1 showed distinct chromosomal integration sites while
sharing identical integrases. Seven- and 14-bp core sequences
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FIG. 2. Dot plot matrix for the currently available 15 S. pyogenes prophages identified by their prophage names on the x and y axes. According
to their structural genes, the prophages were classified into distinct groups (green triangles) and annotated on the left ordinate. The prophage
genomes were aligned with their integrase gene to the left (top). The extent of the conservation of the tail fiber and lysis genes is highlighted by
the red box. The lack of conservation of the lysogeny and DNA replication genes is demonstrated by the yellow box. The largest group of prophages

sharing early genes is indicated by the blue circles.

were deduced for the two integration sites, showing a 6-bp
overlap. A similar observation was made for prophages 8232.5
and 315.5. Such low specificity of the phage integrase with
respect to conserved nucleotides in the core sequence was also
observed in other phages from LAB (S. thermophilus phage
Sfi21 [33] and Lactobacillus phage mv4 [5]). It is therefore
unlikely that the competition for integration sites is a limiting
factor in the establishment of polylysogenic cells.

For the DNA-packaging, head, and tail genes, S. pyogenes
prophage 370.3 had sequence similarity to L. lactis phage rlt
(Fig. 3A). Differences between rlt-like S. pyogenes prophage
were seen in a group of three nonstructural genes preceding
the terminase gene (Fig. 3B, box C). An endonuclease gene
and a point mutation interrupt and truncate the tail tape gene
from prophage 8232.4 (boxes A and B, respectively). Prophage
315.3 showed distinct lysis and lysogenic conversion genes (box
E). All three prophages demonstrated variations in the early
genes (boxes D) and a disrupted replisome organizer gene
(e.g., orf7a and orf7b in 370.3 [Fig. 3A]). S. pyogenes prophage
370.2 could be aligned with S. thermophilus phage O1205 in the
DNA-packaging, head, and tail genes (Fig. 4A). Differences

between the two O1205-like S. pyogenes prophages 370.2 and
8232.3 were seen in the early-gene cluster and the lysis/lyso-
genic conversion genes. Prophage 8232.3 showed ORF-dis-
rupting point mutations in the tail tape and a tail fiber gene,
and a lysis gene is interrupted by an endonuclease, while pro-
phage 370.2 contained a stop codon within the portal gene
(Fig. 4A).

The four MMl-like S. pyogenes prophages had extensive
DNA sequence similarity throughout the entire structural
genes. Except for the tail fiber and two head genes, extensive
protein sequence similarity to S. pneumoniae prophage MM1
was also detected (Fig. 4B). In the structural genes, differences
between the MM1-like S. pyogenes prophages amounted for a
few gene replacements (Fig. 4B and C, boxes B and C), the
transfer of a holin gene to the opposite strand (box H), and a
point mutation leading to an inactivating frameshift in a tail
fiber gene (box A). In contrast, quite extensive differences were
detected over the early and the lysogenic conversion genes.

The A2-related subgroup of Sfi21-like S. pyogenes prophages
differed over the nonstructural early genes and the putative
lysogenic conversion genes but showed closely related struc-
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Fig. 3.

tural genes (Fig. 5B); those of the Staphylococcus-related sub-
group differed only for the genes near the a#R site (Fig. 5C).

A clear trend for prophage DNA loss was seen in the M1
S. pyogenes strain (Fig. 1A). A 13-kb prophage remnant,
370.4, encoded only lysogeny and DNA replication genes. A

closely related prophage remnant was identified at a corre-
sponding position in the Manfredo strain. The prophages
shared both flanking a#t sites but differed by internal inser-
tions and deletions and gene replacements (37). In addition,
three prophage remnants of only 2 kb were identified; they
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consisted of the phage integrase accompanied by the phage
repressor and a potential lysogenic conversion gene in the
R-1092 remnant (37).

All prophages but one (315.1) encoded potential viru-
lence factors between the lysin gene and the a#fR site (mi-
togenic factors, toxins/superantigens, enzymes) (8, 53, 68)
(Fig. 3 to 5). The lysogenic conversion genes in the three
prophages of the M1 strain differ in their G+C content from
the surrounding prophage and bacterial DNA (68), suggest-

ing a faulty phage excision process in an unusual bacterial
host with a lower G+C content as the origin of this DNA
(230). The horizontal spread of these genes is also suggested
by the presence of sequence-identical genes in the horse
pathogen Streptococcus equi (37). Notably, there is a short
stretch of sequence conservation adjacent to the right at-
tachment site between different S. pyogenes prophages (Fig.
3B and 4C, arrows). This conserved segment and the highly
conserved region around the hyaluronidase gene in the tail
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fiber might allow an exchange of lysogenic conversion genes
between different S. pyogenes prophages by homologous re-
combination.

The prophage-encoded hyaluronidase and DNase have been
suspected of promoting bacterial spread through host tissue by
their ability to hydrolyze glucosaminic bonds in hyaluronic
acid, a major component of the extracellular matrix in the
connective tissue, and the liquefaction of pus when degrading
the DNA from decaying lymphocytes, respectively. Notably,
antibodies against both phage enzymes are found in some post-
streptococcal diseases (82). The virulence properties of the
DNases are not entirely clear since they were also described in
the literature as mitogenic factors (or streptodornases) (191).
The prophage 315.4-encoded Sla protein showed phospho-
lipase A, activity. Sla has sequence homology to a potent snake
venom toxin and might contribute to inflammation and coagu-
lopathy seen in streptococcal toxic shock syndrome (13).

Many S. pyogenes prophages encoded streptococcal pyro-
genic exotoxins (Spe) in the lysogenic conversion region (8).
However, the specific combination of toxins differed between
the sequenced S. pyogenes strains: the M1 strain showed speC,
speH, and spel genes; the M3 strain demonstrated ssa, spek,
and speA3, genes; while the sequenced M18 contained the
speAl, speC, speL, and speM genes (8). These are all distinct
members of a large family of superantigens, and they include
the scarlet fever toxin. These proteins bind the T-cell receptor
and the major histocompatibility complex protein outside of
the usual peptide binding site and lead to a pathological acti-
vation of the immune system, possibly allowing the escape of .
pyogenes from immune surveillance (170). It is conceivable that
the variable combination of superantigens and mitogenic fac-
tors (sda, sdn, mf2, mf3, and mf4) provided by multiple pro-
phages influences the pathogenic potential of the polylysogenic
host. This is a theoretically interesting possibility to explain the
strikingly distinct symptoms associated with pathogens whose
bacterial genome sequences are so similar.

For example, prophage NIH1.1 was identified in an M3
S. pyogenes strain from a toxic shock syndrome patient. It re-
sembled prophage SF370.1 over the entire structural gene clus-
ter but encoded a distinct superantigen (SpeL instead of SpeC)
(96) (Fig. 4B). Notably, possession of prophage NIH1.1 was a
genetic marker for newly emerging M3 S. pyogenes strains in
Japan (97), which had replaced an otherwise genetically iden-
tical strain that just lacked the prophage NIH1.1 (96). Pro-
phage acquisition might thus be a major mechanism of short-
term evolution in this epidemiologically highly dynamic and
clinically variable bacterial species (8, 13). In an appealing
model, the emergence of new, unusually virulent subclones of
M3 strains is explained by the sequential acquisition of pro-
phages 315.5, 315.2, and 315.4 in approximately 1920, 1940,
and 1985 (13), suggesting bacterial pathogenicity evolution by
prophage-mediated lateral gene transfer in the fast lane.

The possession of phage-located toxin genes does not auto-
matically lead to the expression of these genes. Clinical isolates
containing toxin genes showed a variable pattern of toxin ex-
pression when grown in broth culture (105). However, growth
of these strains in mice or coculture with human pharyngeal
cells led to the production of the toxins (30, 105). A small
heat-stable factor released from the pharyngeal cells was iden-
tified as an inducer of the prophages (26). This is a fascinating

PROPHAGE GENOMICS 247

observation, since it means that streptococcal prophages re-
spond via bacterial regulation systems to signals emitted from
the eukaryotic host. Mobile DNA and prophages were also the
most prominent group of genes that showed expression
changes when mRNA from S. pyogenes cells grown at 29 or
37°C was assayed on an M1 strain-based microarray (190).

Streptococcus agalactiae and Streptococcus mitis

S. agalactiae is a commensal organism that colonizes the
gastrointestinal or genital tract of up to 40% of healthy women.
However, it has substantial residual pathogenic potential for
neonates and adults with underlying chronic illnesses. Two
strains have been sequenced (80, 198). One strain contained
two prophages, while the other showed only a large number of
isolated prophage-related genes. Prophage SA1 showed a com-
posite structure. Over the DNA-packaging, head, and tail genes,
SA1 is closely related to L. lactis prophage rlt (differences are
one indel and one gene replacement), while the tail fiber gene
cluster show links to S. pyogenes prophage 315.6 and S. ther-
mophilus prophage O1205. Near attL, SAl has genes which
match genes found at corresponding position in several pro-
phages from gram-positive bacteria. Next to a#tR, a gene re-
lated to a candidate lysogenic conversion gene from a Listeria
prophage is flanked by a mobile S. thermophilus DNA element.

A similar hybrid character was observed with S. agalactiae
prophage SA2. The closest relative to the DNA-packaging,
head, and tail genes from SA2 is L. lactis phage bIL170. This
is a surprising affinity for a prophage since bIL170 belongs to
the most frequently isolated group of obligate virulent lacto-
coccal phages from the dairy environment (skl-like or 936
species [47]) (Fig. 6), which is not known to contain temperate
phages. The putative tail tape measure protein from SA1 and
the putative phage adsorption protein from SA2 have low-level
sequence similarity to two surface proteins, PblB and PblA,
expressed from the S. mitis prophage SM1. Platelet binding is
thought to be essential for the pathogenesis of infective endo-
carditis and was mediated in part by these prophage proteins
(11). In prophage SA2, the structural genes from a virulent
siphovirus apparently cooperated with nonstructural genes
found only in temperate Siphoviridae. Interestingly, in the tran-
sition zone from nonstructural to structural SA2 genes, a
XerC-like recombinase gene which might have mediated this
remarkable modular exchange reaction was located.

Streptococcus pneumoniae

S. pneumoniae is the major cause of acute bacterial pneu-
moniae and otitis media. At the same time, it is also a transient
commensal colonizing the throat and upper respiratory tract of
40% of humans. The great majority of clinical isolates carry
prophages identified by hybridization experiments with phage
lysin-specific probes or induction experiments (173, 181). Two
types of prophages were induced: Siphoviridae, with a protein
covalently linked to the 5’ end of the 40-kb DNA genome
represented by prophages HB-3 (177) and MM1 (78), and
Myoviridae, with a 42-kb genome (55). Ground-laying work was
performed with the lysins of S. pneumoniae phages and defined
a two-domain structure consisting of a lytic domain and a
binding domain to the choline part of the pneumococcal cell
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FIG. 6. Alignment of the gene maps from bacteriophages belonging to a postulated lambda-supergroup of Siphoviridae. The viruses represent prophages from Archaea (Methanobacterium

virus psiM2), y-proteobacteria (E. coli phages HK97 and lambda), low-G+C gram-positive bacteria (S. thermophilus phages Sfi21 and Sfill; L. lactis phages TP901-1 and sk1) and high-G+C

gram-positive bacteria (Streptomyces phage phiC31; Mycobacterium phages L5 and TM4). Virulent phages are underlined. To better visualize the similarity between the structural gene clusters
from this diverse group of phages, the phage genome maps are aligned starting with the terminase genes at the left. Structural genes are identified by a color code, as indicated at the top. Selected

OREFs are numbered to facilitate the orientation with the GenBank entry.
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wall (74, 183). Prophage MM1 from the multiple-antibiotic-
resistant epidemic S. pneumoniae strain Spain 23F is currently
the only completely sequenced temperate phage of this species
(accession number AJ302074). Its head and tail genes are
closely related to those of S. pyogenes prophage 370.1 (Fig.
4B), while the tail fiber genes resemble S. agalactiae pro-
phage SAl. MM1 is one of the few prophages from LAB
lacking genes between the lysin gene and the a#fR site. A
candidate lysogenic conversion region consists of two overlap-
ping ORFs in the replication module of MM1, which encode
the two subunits of a cytosine methyltransferase of a mobile
DNA element. However, this DNA element is not specific to
MML1, since similar genes were also found in S. agalactiae
prophage SA2.

Streptococcus thermophilus

S. thermophilus is naturally found in raw milk and represents
a major starter bacterium in the dairy industry. Lysogeny is not
widespread in this species (29). According to the mode of
DNA packaging, two groups of temperate S. thermophilus
phages have been characterized (122), represented by the
pac-site Siphovirus 01205 (192) (Fig. 4A) and the cos-site
Siphovirus Sfi21 (129) (Fig. 5A). Temperate and virulent S.
thermophilus phages showed a peculiarly close genetic relation-
ship. Virulent phages which are the predominant ecological
isolates from both the factory and raw milk (31) are essentially
the result of deletion, gene replacement and rearrangement
events in the lysogeny module of temperate phages (127). In
silico analysis demonstrated that prophages related to the two
basic types of S. thermophilus prophages are found in many
low-G+C gram-positive bacteria (Fig. 4A and 5A). Compara-
tive genomics revealed distant relationships to lambdoid
phages from gram-negative bacteria and even prophages from
Archaea (51) (Fig. 6). In fact, over the structural gene cluster, the
Sfi21-like phages shared a gene map with E. coli phage HK097.
Sfill phage even showed protein sequence similarity to phage
lambda, suggesting distant phylogenetic relationships between
these phages (28). No protein sequence similarity linked
HKO097 and Sfi21 prophages. However, some features character-
istic for this group of phages were identified in both: the major
head protein was proteolytically cleaved at amino acid 104 and
105, respectively, releasing an N-terminal protein fragment
with strong coiled-coil structure (51). In both prophages, a
protease gene precedes the major head gene. In phage Sfi21,
this protease belongs to the ClpP protein family, as in many
other Sfi2l-like phages from LAB and even prophages from
y-proteobacteria (54). This specific gene constellation is a di-
agnostic criterion for Sfi21-like phages. Sfill-like phages
showed a distinct head gene constellation consisting of three
phage head genes and one scaffold gene.

Sfi21 belongs to the few temperate phages from LAB for
which a transcription map was established both in the lytic
mode of infection (210) and in the prophage state (209) (Fig.
5A). In the lytic mode, essentially the entire Sfi21 genome was
transcribed, allowing a distinction of early (transcription reg-
ulation module), middle (DNA replication), and late (struc-
tural and lysis genes) transcripts. In the lysogenic state, only
two Sfi21 genome regions were transcribed from the otherwise
transcriptionally silent prophage (209). One transcript com-
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prised the DNA segment from the cl-like repressor (34) to the
superinfection exclusion (sie) genes located directly upstream
of the phage integrase (32). The cloned cI repressor protected
a cell against superinfection with temperate phages (34), while
the cloned sie gene conferred protection against many virulent
phages (32). Another transcript covered four genes located
between the lysin gene and the a#tR site (209). These genes
lacked database matches, preventing speculations about their
possible functions. S. thermophilus prophage O1205 carries a
different set of genes near a#fR, and they also belong to the few
genes transcribed from the prophage (209) (Fig. 4A). A lyso-
genic conversion phenotype was observed for a S. thermophilus
strain lysogenic with the prophage TP-J34: it showed distinct
growth properties (planktonic versus aggregated growth) when
lysogenic or when prophage cured (H. Neve, personal commu-
nication). TP-J34 displayed a distinct set of genes between the
lysin gene and the atP site (158). A database search revealed
that many temperate phages from low-G+C gram-positive
bacteria showed extra genes between the phage lysin and attR
(209). With the exception of a Bacillus halodurans prophage
(see below), these prophage genes from free-living bacteria
showed an informative database match, precluding any specu-
lation with respect to their function (209). In accordance with
theoretical predictions, a prophage remnant consisting of the
phage integrase and a few transcribed phage genes was de-
scribed for S. thermophilus (209).

Lactococcus lactis

L. lactis is the closest phylogenetic relative of the genus
Streptococcus and is the major starter used in the cheese in-
dustry. Due to the economical impact of phage infections,
lactococci and their phages became a focus of research in dairy
microbiology. The completely sequenced L. lactis strain 111403
contained six prophage elements (42). Two inducible and one
noninducible prophages showed the genome organization of
cos-site temperate Siphoviridae closely related to S. thermophi-
lus phages Sfi21. Three 15-kb prophage remnants had main-
tained only lysogeny genes (integrase and repressor) and, in
variable amounts, DNA replication and a few structural genes
(42). In contrast to our interpretation, these authors viewed
them as P4-like satellite phages.

The Sfi21-like lactococcal prophages are represented by
prophage BKS-T (Fig. 5A). Over the structural gene cluster,
BKS5-T showed an interesting gradient of sequence similarity
covering high and low DNA identity to prophages bIL286
(Lactococcus) and Sfi21 (Streptococcus) or moderate or low
protein sequence identity to phages adh (Lactobacillus) and
PVL (Staphylococcus). Since this gradient of prophage relat-
edness reflects the phylogenetic relationship of their host bac-
teria, a coevolution of prophages with their bacterial hosts was
initially discussed (52). However, further analysis also demon-
strated substantial sequence diversification within prophages
from a single bacterial species (L. lactis), including DNA se-
quence (bIL286), protein sequence (bIL309), or only genome
organization similarity to BKS-T (bIL285), creating a problem
for phage taxonomy and models of phage evolution (171).
Transcription in the BKS-T prophage was limited to two
regions: three transcripts covered the phage integrase, the
sie homologue and the cI repressor, and another transcript
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was derived from an anonymous large gene located between
the phage lysin and the a#fR site (21) (Fig. SA).

The best-characterized Sfill-like prophage in L. lactis is
prophage TP901-1 (24, 25) (Fig. 6). The structural proteins
from TP901-1 have been characterized by protein sequencing
(100), immunoelectron microscopy (100), and mutational anal-
ysis (165). The results confirmed that the prediction of gene
functions by comparative genomics, and specifically the align-
ment of the structural gene map with phage lambda, is quite
reliable (28). For example, as in lambda, the length of the tail
structure is determined in TP901-1 by the length of the tail
tape measure protein (165). Also, the prediction of a transcrip-
tional regulation module between the DNA replication mod-
ule and the structural gene module in prophages from LAB
was confirmed experimentally (24). In fact, many of the in
silico predictions of gene assignments in phages from LAB
were confirmed by experiments with one or the other phage
from LAB, instilling some confidence in the power of compar-
ative phage genomics. Indeed, in some cases the experiments
were actually guided by comparative genomics. The genome
analysis of S. thermophilus phages differing in host range pro-
vided keys to the location of the phage antireceptor on the
genome map and suggested a mechanism of diversification by
the exchange of highly variable gene segments flanked by con-
served gene segments encoding collagen-like peptides (127,
200). The model was subsequently confirmed by the construc-
tion of chimeric phages with S. thermophilus phage DT1 (61).
However, two genes occupied different genome positions in
dairy phages from their positions in phage lambda. In pro-
phages from low-G+C gram-positive bacteria, the lysis cas-
sette is invariably located downstream of the tail fiber genes, in
contrast to lambda, where they are found upstream of the
DNA packaging genes. Second, the excisionase from TP901-1
was identified (23) within the early genes downstream of the
cro-like repressor gene (131). In lambda, the xis gene is found
directly upstream of the phage integrase gene. This position is
occupied in lactococcal and streptococcal prophages by the sie
gene (140).

The third class of lactococcal prophages is represented by
phage rlt (206). Not only did its genetic switch region show a
comparable structure to that of phage lambda (155), but also
molecular modeling of its repressor on the basis of the lambda
cl-repressor allowed the design of a thermolabile repressor
mutant as a genetic tool (154). The functions of two predicted
DNA replication genes were confirmed by biochemical exper-
iments, including a replisome organizer (235) and a RusA
protein. The latter is an endonuclease that resolves Holliday
junction intermediates formed during DNA replication, re-
combination, and repair (182). Interestingly, the RusA protein
of E. coli is also encoded by the defective prophage DLP12 and
rusA-like sequences are associated with prophage sequences in
several bacteria. Since phages from LAB dedicate more genes
from their genome to DNA replication functions than the
similarly organized phage lambda does, one might ask to what
extent some of these genes are of potential use to the bacterial
host. Such dual functions could also explain why prophage
remnants in LAB demonstrated a trend to maintain genes
from the lysogeny and DNA replication modules. As in S.
thermophilus phages, closely related virulent derivatives of
temperate rlt-like phages were described. Their lysogeny mod-
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ule consisted only of the genetic switch structure, while the
phage integrase has been eliminated (133).

Many lactococcal phages, including rlt, contain introns at
various genome positions, demonstrating that selfish DNA el-
ements such as prophages can also become the target for
parasitic DNA elements. Intron homing is the process by which
introns spread through a population of intronless alleles and is
initiated by intron-encoded endonucleases. In dairy phages,
these endonucleases are found relatively frequently (47, 71).
The process of intron homing can be very efficient: an ecolog-
ical survey in S. thermophilus phages revealed that all phage
lysin genes possessing a 14-bp consensus sequence contained
an intron. As with the prophage DNA, one would expect a
selection pressure to remove the intron or to prevent its further
spread. Indeed, large deletions within the homing endonucle-
ase were detected in S. thermophilus phages (71).

Lactobacillus

The use of Lactobacillus, another LAB, in various food fer-
mentation processes and as probiotic (health-promoting bac-
teria) has motivated research into their phages and prophages.
L. delbrueckii prophage mv4, for which closely related virulent
phages were also described (142, 208), became the focus for
research into the site specificity of the integration system (4, 5).
Lactobacillus gasseri phage A2, in comparison, is the best-
characterized LAB phage with respect to its DNA-packaging
mechanism (75). Also, the genetic switch structure of A2 was
studied in more detail than in any other phage from LAB:
three operators located between divergently transcribed re-
pressor genes were bound with different affinities by the two
repressors, resulting in a repositioning of the RNA polymerase
(76, 110, 111).

When corresponding genome segments were studied in dif-
ferent phages from LAB, substantial biological variability was
frequently observed. The genetic switch region can serve as an
example. Lactobacillus casei phage A2 still follows the phage
lambda paradigm relatively closely. Substantial deviations
from this theme were found in other phages from LAB; e.g.,
Lactobacillus plantarum phage phigle showed seven 15-bp op-
erators with dyad symmetry in this region, which were bound
differentially by the repressors encoded by the flanking genes
(102); in the Lactococcus phage BKS-T, the divergently tran-
scribed repressor genes are separated by one ORF which is
normally found further downstream of the early lytic transcript
(134); and in the lactococcal phage TP901-1 and the strepto-
coccal phage Sfi2l, the lytic (Cro) repressor lacked binding
activity for the DNA of the genetic switch region and inhibited
the lysogeny (cI) repressor binding to the genetic switch region
possibly by protein-protein interaction between the two repres-
sors (34, 132).

The holin-lysin system provides another example. The sim-
ilarity with the phage lambda holin S and lysin R gene con-
stellation was demonstrated in experiments where Lactobacil-
lus phage holin (162) and lysin (19) could complement lambda
prophages containing mutations in both genes. However, S.
thermophilus phages showed two holin genes with distinct bi-
ological properties, suggesting a holin-antiholin system in the
control of the lytic process (184). Apparently, there are many
different solutions to a given problem for phages with a com-
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mon overall genome organization. This is not a peculiar situ-
ation in phages from LAB; similar observations were made
with lambdoid phages (218).

Most sequenced Lactobacillus species contain prophage se-
quences. The 2-Mb chromosome of the gut commensal Lacto-
bacillus johnsonii NCC 533 (Nestlé) contained two prophages
showing the genome organization of Sfill-like pac-site Sipho-
viridae (54). The lysogeny module of these prophages con-
tained more genes than are commonly found in temperate
phages of LAB (128). In one prophage, two of these extra
genes showed links to a genomic island from S. aureus. North-
ern blot analysis revealed that these genes are transcribed in
the lysogen. Microarray analysis demonstrated that the two
prophages 1j928 and Lj965 represented quantitatively the ma-
jority of the strain-specific DNA of the sequenced L. johnsonii
strain. Another L. johnsonii prophage, Lj771, had extensive
DNA sequence identity to a prophage in the sequenced L.
gasseri strain (Joint Genome Institute). Differences over the
late genes were limited to few genome regions (lysin and anti-
receptor) but were more extensive over the early genes.

The sequenced L. plantarum strain WCFS1 (106) contained
two closely related Sfill-like prophages that had a nearly iden-
tical structural gene cluster. One prophage contained a dis-
ruptive mutation in the terminase gene. Candidate lysogenic
conversion genes were identified by database searches and
transcription analysis near both the atfL and attR sites. The
extra genes shared similarity to a mitogenic factor encoded
by an S. pyogenes prophage. This observation is notable
since the sequenced L. plantarum strain was isolated from
the oral cavity of a human, which is also the habitat of S.
pyogenes. A prophage remnant consisted of truncated lysog-
eny, DNA replication, and a few structural genes typical for an
Sfi21-like phage. It abutted directly one of the Sfill-like pro-
phages.

Listeria

Although most if not all Listeria strains carry functional or
cryptic prophages, the potential influence of lysogeny on the
host phenotype is unknown. Only one Listeria prophage has
been investigated in some molecular detail: A118 belongs to
Sfill-like Siphoviridae, but lacks a pac-site (125). The pro-
phage integrates into comK, a putative transcriptional activator
for various factors involved in competence for DNA uptake.
However, Listeria is not easily transformable, and so a negative
lysogenic conversion phenotype is not immediately obvious. A
closely related prophage, EGDe, was identified in the se-
quenced Listeria monocytogenes strain (79). Over the structural
gene cluster, differences from A118 were limited to the major
head gene. In view of the intricate protein-protein interactions
which occur during phage morphogenesis, it is surprising that
a single protein can be exchanged without upsetting the other
phage proteins participating in the head-building process.
More substantial differences were detected over the nonstruc-
tural genes including the lysogeny module, which might explain
why A118 can be propagated on a strain containing the EGDe
prophage. From the Listeria strain ScottA, isolated during a
large listeriosis epidemic in the United States, an Sfi21-like
prophage, PSA, was induced and sequenced (accession num-
ber AJ312240). Like all sequenced Listeria prophages, PSA
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contained a cluster of genes without database matches near the
attR site. Parts of these genes were shared between different
Listeria prophages.

Listeria is ubiquitous in nature; it can be found in soil and
the gut, and it represents an opportunistic pathogen in animals
and to a lesser extent in humans. L. monocytogenes, the etio-
logical agent of listeriosis, a severe food-borne disease, and the
nonpathogenic species L. innocua shared a closely related ge-
nome and an unexpected synteny with B. subtilis and S. aureus
(79). Remarkably, all major gaps in the alignment of the two
bacterial genomes were represented by the prophages inte-
grated into L. innocua. Except for prophage genes, less than 10
and 5% of the genes were L. monocytogenes and L. innocua
specific, respectively. L. innocua contains five prophages; only
A118-like prophage 1 is shared with L. monocytogenes, but the
two prophages are integrated into two different chromosome
locations. Over the structural genes, prophages 2, 3, and 5
resembled B. subtilis prophage PBSX, Xylella prophage X{P3,
and Lactococcus prophage bIL285 (171), respectively. The
closest relative of prophage 4 was the L. monocytogenes pro-
phage EGD, with which it had low to moderate sequence
similarity in a patchwise fashion.

Staphylococcus aureus

Staphylococcal enterotoxins cause an acute food-poisoning
syndrome that is the second most frequent food-borne disease
in the United States. Like botulism, the illness results from
ingesting preformed bacterial toxins. The gene for enterotoxin
A is carried by several staphylococcal prophages near their
attachment sites (14). In addition, S. aureus causes a range of
diseases from skin infections to life-threatening conditions
such as sepsis. The organism produces many toxins and is
highly efficient at overcoming antibiotics. A number of pro-
phages have been found in clinical isolates. Their sequencing
revealed the carriage of several toxin genes. Prophage PVL, a
typical Sfi21-like siphovirus (Fig. 5A), encoded the clinically
important bicomponent cytotoxin leukocidin S and F between
the phage lysin and the a#R site (103). Leukocidin is an estab-
lished staphylococcal virulence factor, which causes leukocy-
tolysis and tissue necrosis. The same toxin was found on pro-
phage SLT, showing a distinct morphology (an elongated
instead of icosahedral head as in PVL), suggesting horizontal
transmission of toxin genes between temperate phages (153)
(Fig. 7). Despite its distinct head morphology, SLT also showed
the genome organization of an Sfi21-like siphovirus, with the
characteristic gene constellation portal protein-ClpP protease-
major head gene (identical to the prophage phil2 head pro-
tein, see below). The noninducible prophage PV83 shared with
PVL the entire structural gene cluster (>86% amino acid
identity) but showed a variant leukocidin (LukM/ LukF pore-
forming complex) next to a distinct lysis cassette. The defective
nature of this prophage might be linked to the incorporation of
a transposase-containing insertion sequence into a head-to-tail
joining gene of PV83. A second insertion element is found
near the attR site of PV83 (234).

Exfoliative toxin is one of the extracellular staphylococcal
proteins causing blistering skin disease. The exfoliative toxin A
is encoded downstream of the lysin gene in prophage ETA
(225) (Fig. 7). This prophage showed the genome structure of
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an Sfill-like siphovirus, with many protein sequence links to
the phages described in the preceding sections. Comparison
with prophage SLT identified a possibly inserted group of genes
between the tail fiber and lysis genes (Fig. 7). These genes
encode a cell hydrolase and a protein related to a collagen-like
surface protein, a virulence factor in S. pyogenes, thus repre-
senting further candidate lysogenic conversion genes.

The genome sequence from the methicillin-resistant strain
N315 and the vancomycin-resistant strain Mu50, isolated 15
years apart from Japanese patients, were closely related (99%
at the nucleotide level); most of the differences were due to the
insertion of Mu50-specific DNA elements (109). Both strains
had related prophages phiN315 and phiMu50A integrated at
the same chromosomal locus (beta-hemolysin) next to the
pathogenicity island SaPInl (Fig. 1B). The two prophages be-
longed to the Sfi2l-like Siphoviridae and had sequence simi-
larity to prophage PVL over large parts of the genome (Fig. 7).
However, the DNA-packaging, head, and tail genes belonged
to different modules, showing some sequence similarity to
Listeria prophage PSA. Differences between phiN315 and
phiMu50A included several gene replacements in the lysogeny
module (e.g., a sugar transferase), a larger replacement in the
putative transcription regulation module, and a single-gene
indel near the attR site, providing an additional truncated lysin
gene in phiN315. Both prophages contained several candidate
lysogenic conversion genes (encoding enterotoxin P, staphy-
lokinase, and the M-like protein fragment) near but not in the
direct vicinity of the a#fR site. The vancomycin-resistant strain
contains an additional prophage phiMuS0B that shares with
prophage ETA the integrase and integration site and sequence
similarity over part of the early, tail fiber, and lysis genes (Fig.
7). PhiMu50B is a close relative of prophage phill from S.
aureus strain 8325, with which it could be aligned at the DNA
level over nearly the entire genome length including the head
gene cluster, defining a second allele of structural genes in
Sfill-like S. aureus prophages (Fig. 8). PhiMu50B contained
candidate lysogenic conversion genes in the vicinity of the
genetic switch region (two genes with links to the pathogenicity
island SaPInl) and genes downstream of the phage lysin (one
showed a match with a S. pyogenes prophage gene located next
to a superantigen or toxin) (Fig. 7).

In contrast to N315, which was isolated from a hospital
infection, MW2 is a community-acquired methicillin-resistant
S. aureus strain which is otherwise susceptible to many antibi-
otic classes. This strain had 95% identity to N315 and Mu50 at
the nucleotide level. MW?2 contains two prophages: phiSa3 and
phiSa2. The first is found at a position occupied by prophages
in four of the five currently sequenced S. aureus strains (Fig.
1B). Comparison of the corresponding prophage maps re-
vealed patchwise relatedness. This mosaic structure was inter-
preted as evidence for multiple crossovers between the phages
(7). PhiSa3 encodes two new enterotoxins in the vicinity of attL
(enterotoxin G and K homologues, nearly identical to the
corresponding genes in the SaPIn3 pathogenicity island [226])
and the sea toxin gene located between the tail fiber and lysis
module. PhiSa3 differed from the prophage PVL essentially
only in the associated virulence factors (Fig. 8). PhiSa2 has
DNA sequence similarity to prophage phil2 essentially over
the entire genome (Fig. 8). Differences included a few indels
and some gene replacements. Notable was the possession of
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the lukF and IukS genes between the lysin gene and a#fR in
phiSa2, where phil2 lacked ORFs.

Strain 8325 was used for the construction of the first physical
maps of S. aureus. It harbors three prophages, phill, phil2,
and phil3 (95) (Fig. 1B). phill and phil3 have been studied in
some detail. phill DNA is 5% terminally redundant and 40%
circularly permutated (126). phill is one of the few prophages
from low-G+C gram-positive bacteria that showed the attP-
int-xis gene constellation familiar from phage lambda (227,
228). This is, however, not the common situation even in staph-
ylococcal phages (38). phil3 was the first staphylococcal phage
associated with positive (staphylokinase) and negative (beta-
toxin) phage conversion (222). The negative phage conversion
occurred because phil3 integrated into the beta-toxin, leading
to gene inactivation (46). This is not an isolated case. S. aureus
phage L54a integration confers a lipase-negative phenotype due
to insertional inactivation of a lipase gene (119). The positive
phage conversion is conferred by the staphylokinase gene lo-
cated between the phil3 lysin gene and a#tR.

A dot plot matrix of the available S. aureus prophages dem-
onstrated five distinct groups of structural modules (Fig. 8).
Three distinct groups of Sfi21-like cos-site Siphoviridae were
identified: PVL-PV83-phil3-phiSa3 comprise the first group,
the second is represented by SLT-phiSa2-phil2, while the third
group is provided by phiMuS50A-phiN315. In addition, two

different Sfill-like pac-site Siphoviridae were revealed by the
dot plot: prophages phiMu50B-phill on one side and phiETA
on the other side. With respect to the early genes, the distinc-
tion of DNA homology groups was less obvious. Two loosely
defined groups could be distinguished (Mu50B-PVL-Sa3 vs all
the others), but an extensive mosaicism prevented a sharper
distinction of modules (Fig. 8).

In contrast to the prophage-containing S. aureus strains, the
sequenced Staphylococcus epidermidis strain ATCC 12228 (ac-
cession number AE015929) lacked prophage sequences.

Bacillus

Comprehensive research was conducted on two virulent
phages of the soil bacterium Bacillus subtilis: phi29, a podovi-
rus, and SPP1, despite its life-style a typical Sfill-like siphovi-
rus (54) and by far the best-characterized phage of this pro-
posed phage genus (see references 6 and 130 for recent
examples and references therein). Much less is known about
temperate B. subtilis phages, which have been classified into
five groups (231). Only three groups are represented by se-
quenced prophages. The group I phage phil05 shows the ge-
nome organization of a typical Sfi21-like siphovirus (52) and
was investigated mainly for repressor binding to the genetic
switch region (205). The group III phage SPBc2 represents a
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134-kb siphovirus consisting of 187 predicted ORFs, 70% of
which lacked matches to the database (118). A mere 14 ORFs
shared links with other phages. In contrast, about 30 ORFs had
links with bacterial genes, mostly from B. subtilis. According to
the orientation of the ORFs, three clusters could be distin-
guished. Cluster I contains the integrase/recombinase. Cluster
II starts with the lysis cassette and continues with the structural
gene module. The tail fiber genes had up to 50% amino acid
sequence similarity to proteins from defective B. subtilis pro-
phages. Cluster III contained genes involved in transcriptional
regulation, DNA replication, and nucleotide metabolism.

Group V prophages are represented in the sequenced
B. subtilis strain by the defective prophages PBSX and skin.
Upon UV or mitomycin C induction, the cell releases phage-
like particles consisting of small heads and large, complex tails
that adsorb to and kill related bacilli acting like bacteriocins.
The head contains randomly selected 13-kb fragments of the
bacterial chromosome. In that respect, PBSX resembles a
small bacteriophage-like particle discovered in the purple non-
sulfur bacterium Rhodobacter capsulatus, which transfers ran-
dom 4.5-kb segments of the genome of the producing cell to
recipient cells, where allelic replacements occur. This particle
was called a gene transfer agent, resulting in a genetic ex-
change process controlled by the bacterial cell (113). However,
the DNA packaged into the PBSX head is not injected into the
cell (223). The widespread occurrence of the PBSX-like defec-
tive phages throughout the Bacillus species and the failure to
isolate strains cured of PBSX nevertheless suggested that their
continued maintenance is advantageous, if not essential, for
the host strain (223). The 28-kb PBSX prophage remnant
consists of a shortened lysogeny and DNA replication module
and a structural gene cluster whose organization resembles
that of the Sfill-like pac-site Siphoviridae (Fig. 9). In compar-
ison with the standard genome map of Sfill-like phages, PBSX
lacks a large head protein gene normally located between the
portal gene and the scaffold gene. In addition, there are fewer
head-to-tail joining genes than usual, possibly explaining the
small head morphology. The siphovirus-like tail fiber genes are
followed by sequence links to putative tail genes from the
myovirus prophage SPBc2 and end in a lysis cassette consisting
of a holin and an amidase-type lysin gene (Fig. 9). During
sporulation, the ca. 50-kb skin prophage element is excised
from the B. subtilis chromosome by a DNA rearrangement
event (197). The prophage remnant contains a seemingly com-
plete set of structural genes characteristic of Sfill-like pac-site
Siphoviridae. Over these genes, it had sequence similarity to
many structural genes from the PBSX prophage and Listeria
innocua prophage 2 (79). The structural gene cluster is pre-
ceded by a DNA replication module. The lysogeny region is
reduced to the genetic switch structure, while an integrase was
not detected. An integrase was found downstream of the pro-
phage lysis cassette, separated by a group of bacterial genes
including an arsenic resistance operon. In contrast to PBSX,
the skin element contains no genes essential for B. subtilis
viability.

The sequencing of B. halodurans, an industrial source of
enzymes used under alkaline pH, revealed 112 ORFs encoding
transposases or recombinases, suggesting an important role
of these enzymes in horizontal gene transfer in this species;
however, no prophage was reported (196). A reanalysis of the
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sequence revealed a complete prophage, showing the typical
genome organization of an Sfill-like siphovirus with sequence
matches over the head and tail genes to S. pyogenes prophage
315.5. As in a number of other prophages, an isolated adenine
methyltransferase gene was detected between the DNA repli-
cation module and the DNA-packaging module. More inter-
estingly, however, was the presence of a type Il restriction
endonuclease and an associated cytosine-specific methyltrans-
ferase located between the phage lysin and the a#R site. Pos-
session of the prophage thus confers a potentially new restric-
tion modification system to the lysogenic cell.

Clostridium

The spore-forming clostridia are widely disseminated in soil
and lakes but are also found in the intestinal flora. Clostridium
botulinum is defined as any clostridial isolate that produces
botulinum toxin, which causes an often fatal form of food
poisoning. Biological experiments conducted 30 years ago es-
tablished that lysogenization by some bacteriophages with con-
tractile tails converted nontoxigenic into toxigenic isolates.
Curing of the prophage leads to concomitant loss of the toxi-
genicity (66, 67). However, the first temperate Clostridium
phage was sequenced only recently (233). Despite its relatively
small genome size of 33.5 kb, the Clostridium perfringens phage
phi3626 showed the typical genome organization of Sfi21-like
Siphoviridae (Fig. 9). The presence of two genes related to
sporulation-dependent transcription factors in the early-gene
cluster suggests that this prophage also has a potential involve-
ment with sporulation. C. perfringens is present in different
pathotypes; strains producing the enterotoxin CPE are an im-
portant cause of food poisoning and recently also antibiotic
associated diarrhea, while the histotoxic clostridia produce
exotoxins that are implicated in gas gangrene. The histotoxic
C. perfringens strain (185) contains a prophage with a variable
extent of protein sequence identity, ranging from 25 to 80% to
phi3626, essentially over the entire structural gene cluster. The
structural module was flanked on one side by a lysis cassette.
On the other side, the similarity to the genome organization of
typical prophages from low-G+C gram-positive bacteria was
less obvious: only a XerD/C-like recombinase and three poten-
tial transcriptional regulators could be identified. No phage-
encoded candidate virulence factors could be identified by
in silico analysis. The sequenced Clostridium acetobutylicum
strain used in industrial fermentation (159) contained two pro-
phages. Prophage 1 showed the structural gene cluster of an
Sfi21-like phage. Sequence similarity to phi3626 was weak and
was limited to five structural genes, while similarity to S. aureus
prophages was more prominent. The structural gene cluster
was preceded by 50 mostly very small ORFs that lacked links to
phage genes except for three DNA replication and two repres-
sor genes. This region ends with two closely spaced resolvase
genes. The diagnosis of prophage 2 is less well backed by
database matches. In fact, it showed an ORF organization
reminiscent of the structural gene cluster from temperate dairy
phages, but sequence similarities were limited to the tail tape
measure protein and three ORFs sharing weak amino acid
identity to B. subtilis phage SPBc2. Upstream of these genes,
60 ORFs were localized which lacked database matches except
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for two DNA helicases, a phage lysin, and, again, three weak
links to SPBc2.

Clostridium tetani strain E88 contains three prophages:
phiCT3 is a hybrid combining PBSX-like tail and tail fiber
genes with phage 3626-like DNA-packaging and Sfi2l-like
head genes (Fig. 9). The closest relatives of the DNA replica-
tion genes were found in Listeria phage A118.

PhiCT1 showed a gene map typical of Sfill-like Siphoviri-
dae, and some database matches backed this attribution. The
structural genes were flanked by genes whose closest relatives
were found in insect viruses (up to 39% amino acid identity
with Chilo iridescent virus). Similar close relationships between
phage and insect virus proteins were also reported for several
dairy phages (128). SPBc2-like and A118-like integrase genes
were detected upstream of the structural genes from phiCT2,
suggesting that the putative early genes containing a ferritin-
like gene resulted from a recombination event. Also, phiCT2
demonstrated a relatively typical structural gene cluster backed
by numerous, but diverse phage links. The structural module is
preceded by gene fragments of a resolvase and a transposase
followed further upstream by another integrase gene. An in-
tervening gene showed sequence relatedness to toxin A from
Clostridium difficile.

PROPHAGES FROM HIGH-G+C
GRAM-POSITIVE BACTERIA

The high-G+C gram-positive bacterial group, also called
Actinomycetales, is characterized by having G+C contents
above 60% and has traditionally been considered a sister group
of the low-G+C gram-positive bacteria. It contains soil bacte-
ria of substantial industrial interest (Streptomyces), gut com-
mensals (Bifidobacterium), and important human pathogens
(Mycobacterium), to name only the completely sequenced rep-
resentatives.

Corynebacterium

The interest in prophages of corynebacteria stems from early
work demonstrating that the diphtheria toxin is encoded by
corynephage beta, morphologically a siphovirus with a 35-kb
genome containing cohesive ends (17). Physical maps of the
phage genome demonstrated that the toxin is encoded near the
attachment site of the phage. The immunity genes of the phage
are located on the opposite side of the attachment site (112).
The two sequenced corynebacteria, namely, Corynebacterium
efficiens and Corynebacterium glutamicum, lack prophages. Ge-
nomic information on corynephages must therefore await the
completion of Corynebacterium diphtheriae genome sequenc-
ing.

Streptomyces

The sequenced Streptomyces coelicolor genome contains nu-
merous mobile genetic elements; six of them share genes with
the integrative plasmid pSAM2, while others contain trans-
posases but no clear-cut prophage (12). However, tools for
genetic engineering of Streptomyces have been developed from
the temperate phage phiC31. This 41-kb siphovirus closely
resembles Sfi2l-like prophages with respect to the organiza-
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tion of the structural genes (188). In contrast, the early genes,
especially the lysogeny genes, showed a definitively distinct
organization (221) (Fig. 6).

Bifidobacterium

The Bifidobacterium longum genome (180) contains a single
approximately 15-kb prophage remnant identified by several
phage structural (terminase, portal, head protease, minor tail,
but no head gene), lysis, and integration genes. Another se-
quenced B. longum strain (Joint Genome Institute) showed a
different prophage remnant of about 15 kb, consisting of a
relatively complete structural module.

Mycobacterium

The two sequenced Mycobacterium tuberculosis strains, but
not Mycobacterium leprae, contain two prophage remnants,
phiRv1 and phiRV2 (89). Rvl is a repetitive element which
occurs in seven copies in the genome, but only one copy con-
tains the prophage (the location differs between the two se-
quenced strains). The 10-kb Rv1 consists of three head genes
(terminase, prohead protease, and capsid), a primase, and an
integrase. A similarly organized second prophage remnant,
phiRv2, which differs from phiRvl mainly by the additional
insertion of an IS element, was integrated into a tRNA gene.
The phiRv1 element encodes an active-site-specific recombi-
nation system where an integrase of the serine recombinase
family catalyzes integration and excision and an adjacent small
OREF controls the directionality of recombination. Therefore,
phiRvl1 is probably a mobile DNA element (16). The avirulent
strains of Mycobacterium bovis BCG have no prophage ele-
ments, while all clinical isolates of M. tuberculosis have at least
one copy of either phiRvl or phiRv2, suggesting that it could
play a role in the physiology of M. tuberculosis, e.g., by confer-
ring the ability to form virus-like particles capable of general-
ized transduction (113).

Much more is known about inducible prophages from non-
sequenced mycobacteria strains. The molecular biology of
these temperate phages has been developed to obtain ge-
netic tools for the manipulation of pathogenic mycobacteria,
e.g., integration-proficient vectors (120). The best-character-
ized Mycobacterium prophage is L5: the left arm of its 52-kb
genome contains the structural gene cluster that shares its gene
organization with many dairy and lambdoid coliphages (84)
(Fig. 6). The right arm starts with the integrase gene and
carries all the early genes on the opposite strand. Lysogeny is
established by a phage repressor, which is encoded about 40
ORFs downstream of the integrase gene. The repressor needs
to be stabilized by a protein encoded in an adjacent nones-
sential phage region to escape degradation (157). As in
dairy phages, closely related virulent phages were described
for phage LS. One of these isolates is mycobacteriophage D29:
in theory it can be derived from L5 by a number of insertion
and deletion events and the substitution of genes. Most notable
is the deletion starting in the phage repressor gene and extend-
ing over the next 10 ORFs in the immunity region (72). The L5
repressor regulates transcription at an early lytic promoter, but
it also affects gene expression throughout the prophage ge-
nome by binding to numerous “stoperator” sites located within
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short intergenic spaces in both the early and the late lytic
operons (27).

The temperate mycobacteriophage Bxbl is heteroimmune
with L5 and shows a distinct host range. The overall genome
organization of both prophages is quite similar, but sequence
similarity to L5 or D29 proteins is patchwise and in general
does not exceed 60% amino acid identity. Bxbl encodes sev-
eral enzymes that could degrade or modify the mycobacterial
cell wall (141).

Further mycobacteriophages have been described, including
TM4 with a 53-kb genome encoding proteins with similarity to
haloperoxidase and glutaredoxins (73). In the structural genes,
mycobacteriophages L5 and TM4 had some sequence related-
ness to Lactococcus phage rlt (52). Still other sequenced my-
cobacteriophages showed very distinct morphology (G. Hat-
full, personal communication).

v-PROTEOBACTERIA

Basic Phage Types

Together with low-G+C gram-positive bacteria, the y-pro-
teobacteria represent the best-documented eubacteria with re-
spect to complete genome sequences. The sequenced ~y-pro-
teobacteria comprise human- and plant-pathogenic bacteria,
free-living bacteria, and intracellular symbionts. The symbionts
lack any prophages, while some of the pathogens contain mul-
tiple prophages that confer important virulent factors to the
lysogenic host. As shown above, in low-G+C gram-positive
bacteria, a rather limited set of basic phage types represented
the majority of prophages. This is also the case for y-proteo-
bacteria. The analysis of the prophages is facilitated by the fact
that all basic prophage types have carefully characterized rep-
resentatives in E. coli. Five types of prophages dominate in
y-proteobacteria.

The first group is represented by lambda-like Siphoviridae.
Some of the lambda-like prophages have sequence similarity to
phage lambda over one or more modules, as illustrated by the
Salmonella phages Gifsy-1 and Gifsy-2 (Fig. 10A). However,
many prophages from y-proteobacteria maintain only the over-
all lambda-like genome map without demonstrating sequence
similarity to lambda. It is not yet clear whether this represents
gradients of relatedness or the existence of different lineages
for the structural gene cluster in lambda-like phages from ~y-
proteobacteria.

The second group consists of prophages of the P2-like genus
of Myoviridae. Not only is the basic genome organization of P2
conserved, but also many P2-like prophages from diverse
y-proteobacteria have substantial sequence identity to P2 (Fig.
10B).

The third group is composed of Mu-like prophages (Fig.
10C). This group of prophages is being found in a growing
number of bacteria: the y-proteobacterium Shewanella (86) the
B-proteobacterium Neisseria, and the Thermus bacterium Dei-
nococcus (147). There was a gradient of relatedness: E. coli
phage Mu and the Haemophilus influenzae prophage FluMu
had up to 50% amino acid identity over most late genes, while
the sequence relatedness to the Mu-like prophage from Neis-
seria was restricted to a smaller number of late genes. The
prophage from Deinococcus shared an overall genome organi-
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zation with Mu but had only a few sequence relationships. The
available Mu-like prophages from +y-proteobacteria are noted
for their marked mosaicism in their genetic relationships (86).

The fourth group consists of filamentous phages that are
related in their genome organization, but not in their se-
quence, to the single-stranded DNA phage M13 (Fig. 11). This
affinity is somewhat surprising since M13 does not integrate its
DNA into the E. coli chromosome. An infrequent observation
is that of P4-like prophages, as demonstrated by the E. coli
0157 prophage Sp2 (Fig. 10D). P4 is a satellite phage that
depends for its propagation on the presence of the helper
phage P2; this may explain its rare observation in sequenced
genomes. Another rare finding is that of the P22-like Podoviri-
dae. The Salmonella phage P22 is one of the model phages of
molecular biology and is also notable for its O-antigen conver-
sion mediated by two glycosyltransferases and a translocase
encoded downstream of the phage integrase. The taxonomic
status of P22-like phages is disputed, since P22 shows a chi-
meric genome with links to Podoviridae, Siphoviridae, Myoviri-
dae, and even Inoviridae (202). Finally, Pseudomonas putida
showed a T7-like prophage known so far only from obligate
virulent phages (Fig. 12).

Several members of the major classes of prophages from
y-proteobacteria carry lysogenic conversion genes or virulence
factors. The best-known example is that of the Vibrio cholerae
prophage CTXphi, which encodes the cholera toxin responsi-
ble for the dramatic form of watery diarrhea associated with
that bacterial infection (217).

Chimeric Prophages

Prophage genomics showed that recombinant phages com-
bining structural genes from distinct phage families, as seen in
Salmonella phage P22, are not rare. Another example is Shi-
gella flexneri prophage SfV (3). Like P22, it is an O-serotype-
converting phage, which encodes enzymes involved in glyco-
sylation of the O antigen, and as in P22, these genes are located
between the integrase gene and attL. Phage SfV combines
a lambda-like DNA-packaging/head morphogenesis module
(with many sequence links to Sfi21-like phages from gram-
positive bacteria) with a Mu-like tail gene module (3). Mor-
phologically, this results in a replication-competent Mu-like
myovirus and another dilemma for phage taxonomy. A similar
siphovirus-myovirus recombinant was found in E. coli phage
P27 (175). Also, Xylella fastidiosa prophages XfP1 and XfP2
combine DNA-packaging genes from lambdoid phages with
tail genes from P2-like Myoviridae (187) (Fig. 13). Salmonella
prophage CT18-02 is a Mu- and P2-like recombinant myovirus.

An even greater genome rearrangement occurred with a
phage-like DNA element in Pseudomonas aeruginosa. It con-
sists of a P2-like tail gene cluster separated by a lysis cassette
from a lambda-like tail gene cassette (Fig. 11A). Here the
prophage remnants have taken up new functions and have
became bacteriocins (pyocin R2 and F2) (152) that present
morphologically as phage tail structures. Superinfecting Pseu-
domonas phage PS17 showed phenotypic mixing with pyocin
R2, resulting in an extended host range for PS17, but genetic
recombination was not observed (186), unlike the situation for
dairy phages confronted with natural or engineered phage re-
sistance mechanisms. Some lactococcal phages escaped from
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control by replacing part of their genome with DNA from
prophages or prophage remnants which they encountered in
the infected cell (62, 145). These observations demonstrate
clearly that prophage DNA is the raw material for both phage
and bacterial evolution.

Escherichia coli and Shigella flexneri

E. coli O157. The Shiga-toxin producing E. coli (STEC)
strains represent serious emerging food-borne pathogens with
an exceptional prophage content (Fig. 1C). The two sequenced
0157 strains, EDL 933 and Sakai, are very similar with respect
to their bacterial DNA but differ more in their prophage con-
tent (160, 166). Strain EDL.933 lacks a Mu-like phage (Sp18)
found in Sakai (Fig. 10C) and contains less lambda-like pro-
phages (Fig. 1C). In EDL933, 12 prophage sequences were
identified. Only the Shiga- toxin-converting phage 933W can
produce infectious phage particles (168). There are nine de-
fective lambda-like prophages which have large regions of high
DNA sequence identity to phage lambda, to each other, and to
prophages from the Sakai strain.

Among the 18 prophages of the Sakai chromosome, 13 are
lambda-like phages (Fig. 1C). Prophage Spl8 closely resem-
bled myovirus Mu (147); they had 43 to 74% amino acid iden-
tity over the structural genes. Differences were the replace-
ment of Mu genes involved in host cell killing by similarly
organized but sequence-unrelated genes (Fig. 10C). Mu showed
extra genes involved in transcriptional regulation, while Sp18
showed extra genes adjacent to the tail fiber genes. Predicted
proteins from prophages Sp13 and Sp2 had sequence similarity
to myovirus P2 and its satellite phage P4, respectively. How-
ever, their genome map is rearranged with respect to P2 and
P4 (Fig. 10D). All lambda-like Sakai prophages contained
frameshift mutations and various types of deletions and inser-
tions of IS elements, and none yielded an infectious phage
(135, 229). A dot plot matrix demonstrated large regions of
high DNA sequence identity between the different lambda-like
prophages (22). It is not clear whether this intriguing similarity
is the result of infection by closely related phages or propaga-
tion by a copy-and-paste mechanism within this cell lineage
followed by some diversification via modular exchanges. For
example, the Shiga toxin 2-producing prophages from the two
STEC strains are integrated into the same locus, wbr4, and
their DNA sequences are nearly identical over 85% of the
prophage genome (135, 168). They differ, however, over the
genetic switch and the DNA replication region. Numerous
potential virulence factors are encoded by the prophages from
both O157 strains (for gene maps of these prophages, see
references 135, 160, 168, and 229). These factors also refer to
toxins including Shiga-toxin 1 (168) or a necrotizing cytotoxin;
the bor gene, implicated in serum resistance (9); the lom gene,
encoding an outer membrane protein conferring the ability to
survive in macrophages (172); an intestinal colonization factor;
a type III secretion protein; extracellular enzymes like super-
oxide dismutase; tellurite resistance genes; a toxin-antitoxin
system (hok genes) used by plasmids to assure their mainte-
nance (77); and an avirulence-like gene from a bacterial plant
pathogen. However, besides Shiga toxins, which are the prin-
cipal virulence factors of STEC, there are no experimental
data implicating other phage-encoded factors in STEC patho-
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genicity. Unlike disease caused by Streptococcus pyogenes, the
clinical manifestations of STEC (diarrhea, colitis, and hemo-
lytic-uremia syndrome) are not very variable and are attribut-
able exclusively to Shiga toxin.

E. coli K-12. The sequenced laboratory E. coli strain also
contained numerous prophage elements in addition to the
inducible phage lambda (which was cured from the K-12 strain
used for sequencing) (18). Several elements are clearly defec-
tive lambda-like prophage remnants (DLP-12, el4, Rac, and
Qin), while the prophage nature of other elements is doubtful.
No virulence genes were identified in the K-12 prophages
DLP12, Rac, and el4; however, they encode proteins which
might cooperate in the host physiology (36). K12 prophage qst’
contains the bor region, while lambda has bor and lom genes.

The bor gene product is an outer membrane lipoprotein that
is constitutively expressed in the lysogen (10). This protein was
detected in various E. coli lysogens including many clinical
isolates, demonstrating its wide conservation and potential se-
lective value. Expression of bor significantly and specifically
increased the survival of E. coli in animal sera (9).

Uropathogenic E. coli. The extraintestinal E. coli strains dif-
fer from the diarrheal pathogens because they behave as either
harmless human intestinal inhabitants or serious pathogens
when they enter the urinary tract, bloodstream, or cerebrospi-
nal fluid. The availability of the sequence of the uropathogenic
E. coli strain CFT073 (219) allows comparisons with the labo-
ratory E. coli strain and the enterohemorrhagic strains. Amaz-
ingly, the two pathogenic E. coli genomes are as different from
each other as each is from the benign E. coli strain. The dif-
ference in disease potential is reflected in the absence of genes
for the type III secretion system and of phage- and plasmid-
encoded toxins found in diarrheagenic E. coli. CFT073 con-
tains five prophages. Prophage 1 is a seemingly complete P2-
like phage. Potential lysogenic conversion genes were detected
upstream of the integrase, downstream of the replication
genes, and at the position of the extra P2 genes orf 30 and the
fun gene. However, none showed links to known virulence
factors. Only a few bacterial genes separate prophages 2, 3, and
4 from each other. Prophage 2 shows the structural gene clus-
ter of a lambda-like siphovirus with a methyltransferase and
the lom gene integrated into the tail fiber genes. Integration,
recombination, transcriptional regulation, and lysis genes are
present in the order characteristic for lambdoid phages. Pro-
phage 3 is a short remnant consisting of an integrase gene, a
few DNA replication genes, and three head genes. Prophage 4
demonstrates phage P21-like DNA packaging and head genes
combined with lambda-like tail and tail fiber genes. The non-
structural genes show a constellation reminiscent of lambdoid
phages. Extra genes include fonB and bor downstream of the
lysis genes, an outer membrane protein-encoding gene next to
the Q gene, and six genes from O157 prophages flanked by
two transposase genes between the integrase and exonuclease
genes. Prophage 5 is a lambda-like phage containing cold shock
genes downstream of the antiterminator and lysis genes. Be-
tween the tail fiber genes and attR, a DNA damage-inducible
gene and gene resembling an abortive phage infection function
from lactococcal phages were identified.

S. flexneri. The sequencing of Shigella flexneri revealed its
close genetic relationship to E. coli. In fact, S. flexneri serotype
2a is more closely related to E. coli strain K-12 than is the
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pathogenic O157 strain (99), suggesting that Shigella evolved
from E. coli with the appearance of early humans and does not
merit its current genus taxonomic status. Important virulence
factors include the seven ipa genes (invasion plasmid antigens).
Five are located on Shigella-specific islands next to a gene with
links to E. coli phage P27. Several genes of the islands have
homologies to O157 prophages. The sci island carries genes
related to phages P22 and HK620, suggesting another phage-
transmitted pathogenicity island. The SfII island has been
demonstrated to be a prophage in which two genes (bgt encod-
ing a bactoprenol glycosyl transferase and gfrll encoding a
glycosyltransferase) are required for expression of the type II
O antigen (138). As in S. flexneri phage StV and Salmonella
phage P22, these genes are encoded adjacent to the phage
integrase gene. Thus, phage-mediated horizontal DNA trans-
fer appears to be one of the major routes by which S. flexneri
gains virulence determinants.

Location of virulence factors. The potential virulence genes
are located at a few preferred lambdoid prophage genome
positions (Fig. 10A). These sites were less frequent down-
stream of the Q antiterminator, the tail fiber genes, the lysis
cassette, and the N antiterminator (22, 215). Plugging genes
downstream of the Q antiterminator gene puts them under a
sophisticated prophage transcriptional control circuit (156).
The location of virulence genes downstream of the tail fiber
genes probably ensures their mobility. The tail fiber genes
encode the phage antireceptor protein. This phage adhesin is
often a multidomain protein with internal repeats and thus is
the target of homologous recombination within the species,
which allows the exchange of this and probably adjacent genes
between morphologically distinct phage systems (81).

Expression of prophage genes. In E. coli H-19B lysogen,
Shiga toxin 1 expression is low in uninduced lysogens but is
induced via the iron-dependent Fur transcriptional repressor
under low-iron conditions. It is also induced by phage induc-
tion from a promoter activated by the Q antiterminator (213).
These coding regions plus transcription control sequences have
been termed morons (more DNA). Moron accretion plays an
essential role in the phage evolution model of the Pittsburgh
phage group (88). Prophage release and toxin production are
correlated. A physiological signal for prophage induction could
be hydrogen peroxide released from human neutrophils at-
tacking the lysogenic bacterium (212). Deletion of the antiter-
minator Q control region had no effect on the intestinal sur-
vival of the E. coli lysogen but prevented toxin production.
Thus, toxin production is derived largely from the small frac-
tion of bacteria lysing after prophage induction (214). It is not
clear how toxin production helps the bacterial host; what is
harmful to the human is not necessarily good for the bacteria.
Isogenic lysogens of diverse stx-encoding phages produced
markedly different amounts of Shiga toxin, pointing to distinct
regulation mechanisms (211). In fact, genomic analysis re-
vealed some heterogeneity around the stx genes in coliphages
(149, 201).

Salmonella

S. enterica serovar Typhimurium. Biological experiments
demonstrated that prophage-located virulence genes have played
a decisive role in the emergence of Salmonella enterica serovar
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Typhimurium, another important food-borne pathogen. The
attenuated Salmonella L T2 strain contains four prophages and
three prophage remnants (139). Gifsy-1 is a lambdoid phage
with extensive sequence similarity to phage lambda over the
structural genes (Fig. 10A). ORFs with links to putative viru-
lence factors were demonstrated in three genome regions. One
region is between the tail fiber genes and a#R site (70). The
pagl gene is part of the PhoP-PhoQ-regulated transcripts that
are activated after phagocytosis of Salmonella to increase bac-
terial survival within the phagosome environment. Adjacent
genes have links to proteins involved in DNA transposition and
rearrangement, suggesting that this region may have been or
is a mobile element. The region also contains a gene with sim-
ilarity to the type Ill-secreted protein of Salmonella (gogB)
(Fig. 10A). Next to the lysis genes, Gifsy-1 carries the pipA
gene, which is transcriptionally induced specifically when the
lysogenic bacterium colonizes the small intestine of mice. In-
activation of pipA decreases the survival of Salmonella in Pey-
er’s patches (193). In the vicinity of the integrase gene, pro-
phage Gifsy-1 carries an enterohemolysin 1-associated gene
(ehly-1) (Fig. 10A) that is also found in a corresponding region
of prophage 933W from E. coli O157 (168).

Gifsy-2 is a more distant relative of lambda with rearranged
capsid genes (a truncated portal protein followed by a ClpP
proteinase fused to an unidentified/major capsid protein) (Fig.
10A). The genome position of the first head-to-tail connector
gene is occupied by the “antivirulence” gene grvA: both its
deletion and overexpression increase the virulence of the lyso-
gen in an animal model (91). In the virulent Salmonella strain
14028, a Gifsy-2-like prophage is inducible, but it has a distinct
genetic map around the grvA gene compared to Gifsy-2 (91). In
the tail fiber region, two virulence factors are inserted: one is
a homolog of the lambda lom gene, the other is a superoxide
dismutase that protects the lysogen from phagocyte-derived
reactive oxygen species (69). Between tail fiber genes and the
attR site, a type III secretion protein (ssel) and a stress re-
sponse gene (dinl) were identified as possible virulence factors
(69) (Fig. 10A). The Fels-1 prophage is yet another lambdoid
prophage in Salmonella strain LT2: a distinct sodCIII super-
oxid dismutase and a neuraminidase flank the tail fiber genes
(70).

Prophage Fels-2 closely resembles the temperate myovirus
P2, demonstrating a one-to-one gene correspondence over
most of the gene map (Fig. 10B). Differences were observed at
two regions where P2 contains lysogenic conversion genes. At
the P2 fun gene position, Fels-2 encodes a Mu-like Gin DNA
invertase. Notably, the adjacent tail genes H and G are dupli-
cated and inverted in the Fels-2 prophage (Fig. 10B). At the
position where P2 encodes superinfection exclusion genes (fin
and old), Fels-2 encodes an abiU-like phage resistance protein
known from L. lactis. P2-like prophages are also found in other
Salmonella strains. An interesting case is prophage phiSopE, a
P2-like prophage that encodes the type III effector protein
SopE at the position of the P2 fun gene (143). This observation
is interesting for two reasons. First, it suggests that there might
be preferred places to insert virulence genes into the P2 ge-
nome (between the tail genes G and F1 and next to the cos-
site). Second, a sopE gene was also detected in lambda-like
Salmonella phages. Comparison of the sequences identified
a conserved 1.2-kb cassette, suggesting that these virulence
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genes were horizontally transferred between these two distinct
phage families (143, 144). Gene transfers between phages
could be of use when phages try to establish a polylysogenic
state and are confronted with problems due to immunity sys-
tems, occupation of integration sites, and restriction enzymes.
These observations led to the concept that a variable assort-
ment of prophages provides a transferable repertoire of patho-
genic determinants in Salmonella (70). Complexity is created
not only by the possible permutation of distinct prophages
associated with variable lysogenic conversion regions but also
by recombination between different Salmonella prophages
(144).

S. enterica serovar Typhi. S. enterica includes several closely
related serovars that cause distinct diseases: serovar Typhimu-
rium causes in humans gastroenteritis, while serovar Typhi is
the etiological agent of typhoid fever. Long before the advent
of full genome sequencing, hybridization analysis indicated
that the Salmonella serovars share >90% of their DNA con-
tent. One major source of sequence diversity are prophages
(64, 139, 164). A dot plot analysis revealed substantial DNA
sequence identity between the three lambda-like S. enterica
serovar Typhimurium prophages Gifsy-1, Gifsy-2, and Fels-1
but only limited DNA sequence similarly to serovar Typhi pro-
phages. The structural genes of serovar Typhi prophage CT18-
01 form a typical gene map of lambdoid phages; its closest
relative is Xylella fastidiosa prophage XfP3. A further block of
early CT18-01 genes shows links to phage lambda. Notable is
the sharing of a lipoprotein downstream of the Q antitermina-
tor between CT18-01 and Gifsy-2.

Prophage CT18-02 is a chimeric prophage. In its nonstruc-
tural, DNA-packaging, and head modules, many genes resem-
ble Mu-like phages from diverse bacterial species. The gene
map is, however, rather different from that of Mu: the tran-
scriptional orientation of the leftmost genes and the position of
the transposase have been changed. In addition, two unusual
genes are integrated into the early genome region: these en-
coding an enterohemolysin 2-like protein (56% amino acid
identity to prophage 933W from E. coli O157) and a Vibrio-like
type II secretion protein. The right genome half of CT18-02
consists of P2-like tail and tail fiber genes followed by four
lambda-like side tail fiber genes and an invertase. CT18-03 is
another prophage with a lambda-like genome organization.
The structural gene module has extensive DNA sequence iden-
tity to CT18-01 and is followed by a cluster of recombination
genes (encoding Mu-type invertase, lambda-type integrase,
and RecT recombinase). The early genes show the character-
istic organization of lambda-like phages into which a few can-
didate lysogenic conversion genes are inserted (enterohemoly-
sinl-like gene upstream of the integration cassette, and hok-like
gene with a transposase upstream of the Q anti-terminator).
CT18-04 is a 7-kb prophage remnant corresponding to a con-
tiguous cluster of P2-like tail genes flanked by an invertase and
a reverse transcriptase-like gene. CT18-05 represents another
P2-like prophage with respect to genome organization and 35
to 60% amino acid identity to P2. Where P2 carries the two
lysogenic conversion genes tin and old, CT18-05 has two
genes with links to Xanthomonas. As with many other pro-
phages, it also encodes a DNA modification enzyme (Dam
methylase).
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Yersinia and Haemophilus

Y. pestis, the causative agent of bubonic and pneumonic
plague, has been sequenced for Mediaevalis (KIM) and Ori-
entalis (CO92) biotypes. Phage genes but no complete pro-
phages were detected in the KIM strain. The most complete
are a P4-like prophage and a prophage remnant consisting of
a tail and tail fiber genes with close sequence links to the E. coli
phage N15 and further isolated phage genes (integrase, anti-
repressor, antiterminator, nin, and lysis genes). Both observa-
tions are somewhat surprising: only a vague hint for a P2-like
helper phage necessary for a P4-like prophage was detected in
the KIM strain (50), and prophage N15 is maintained in E. coli
as a linear plasmid but not as an integrated DNA. The CO92
strain contains a number of prophage-like DNA elements but
no complete phage genome. For example, one of those ele-
ments consisted of genes X and V on one side and genes I and
IV on the other side, with links to filamentous phages flanking
the puvA virulence gene from E. coli. Another prophage ele-
ment contains a long stretch of 10 nearly contiguous Mu-like
tail genes interrupted only by a tRNA synthetase gene. With
respect to the sequence, the closest relative is Shigella phage
SfV. Seven genes upstream of the tail gene cluster, a cl-like
repressor, and a Q-like antiterminator gene were identified
bracketed by an msgA-type virulence gene and another tRNA
synthetase gene. The most complete prophage showed a nearly
complete lambda-type genome organization, lacking only the
DNA replication genes. The prophage genome contained five
transposases interrupting the phage integrase and terminase
gene.

The sequenced Haemophilus influenzae genome harbors a
nearly intact prophage with relatively close sequence relation-
ships to E. coli phage Mu (147). In addition to a very small
MiniFluMu prophage remnant, only one further highly deleted
prophage remnant was seen in this bacterium (89).

Vibrio

Vibrio cholerae is the etiological agent of cholera. V. cholerae
as a species includes both pathogenic and nonpathogenic
strains that vary in their virulence gene content. Virulence
genes were acquired by horizontal gene transfer. The sequenc-
ing of the EI T or strain N16961 (85), combined with microar-
ray analysis (63), allows insights into the molecular ecology of
this environmentally widely distributed species. The disease-
causing cholera toxin (CT) is encoded by the filamentous pro-
phage CTXphi, consisting of 10 genes (217). The genes of the
so-called RS repeat encode repression, replication, and inte-
gration function (rstR, rstA, and rstB, respectively). The core
genes cep, orfU, ace, and zot correspond to morphogenesis
genes VIIL, III, VI, and I of the reference E. coli filamentous
phage M13. However, Zot has also been characterized as the
zonula occludens toxin, Cep has been characterized as a core-
encoded pilin, and Ace has been characterized as an accessory
cholera enterotoxin. This gene cluster is followed by the ctx4B
operon encoding CT.

Zot is an enterotoxin elaborated by V. cholerae that increases
intestinal permeability by interacting with a mammalian cell
receptor with subsequent activation of intracellular signaling,
leading to the disassembly of the intercellular tight junctions
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(56). Although there are several papers describing the toxic ac-
tivity of the V. cholerae Zot and Ace proteins, it is very doubtful
that these gene products function as toxins during V. cholerae
infection. Zot and Ace are required for CTXphi phage mor-
phogenesis; deletion of these genes from candidate vaccine
strains did not reduce their virulence (195). When a pl (Zot)
or pVI (Ace) orthologue is seen in a genome sequence, this
should not be an indication of a lysogenic conversion gene.
These are not dispensable genes (like Shiga, cholera, or diph-
theria toxin genes) but essential phage genes.

The sequenced EI Tor strain carries only a single copy of the
CT prophage; other V. cholerae strains carry several copies of
this element, and strains of the classical V. cholerae biotype
have a secondary copy of the prophage that is localized on the
second and smaller V. cholerae chromosome. Thus, prophages
are presumed to be subject to selective pressure, affecting their
copy number and chromosomal location. On the other side of
the CTXphi prophage is a region encoding an RTX toxin and
its activator (RtxC) and transporters (RtxBD). Codon analysis
suggested that the RTX region was horizontally acquired,
along with the adjacent sensor histidine kinase and response
regulator (124). The bacterial agent of epidemic cholera also
carries a VPI element. VPI has many features of a bacterial
pathogenicity island: it is 40 kb and contains genes associated
with virulence, regulation, and mobility; it is inserted adjacent
to a tRNA gene; and it has a different G+C content from the
host chromosome. It was suggested that the VPI element rep-
resents an unusually long filamentous prophage (104). How-
ever, the data supporting this prophage claim have not been
reproduced in several laboratories; the notion of a prophage
link for this element should therefore be toned down. The VPI
element encodes a toxin-corregulated pilus that functions as a
colonization factor for the lysogenic bacterium and at the same
time as a receptor for the CTXphi phage (104). The toxin-
coregulated pilus is a fiber of polymerized pilin protein (TcpA)
which was also reported as a coat protein of the postulated VPI
prophage. The distribution pattern of the CTXphi and VPI
elements can explain why only two of more than 100 V. chol-
erae serotypes, namely, O1 and O139, can cause cholera epi-
demics.

Vibrio vulnificus is an estuarine bacterium responsible for
human gastroenteritis and wound infections. Its sequenced
genome (accession number NC_004459) contained a single
prophage-like element containing a lambda-like lysogeny re-
gion next to a P2-like tail gene region flanked by genes encod-
ing integrases and XerC/D-like recombinases.

Plant Pathogens

It is thought that globally one-fifth of potential crop yields is
lost each year because of disease, and a significant propor-
tion of these diseases are of bacterial origin. The distinct an-
atomical structure and defense system of plants present other
challenges to a would-be pathogenic bacterium than those
encountered by animal pathogens. Only a few of the sequenced
y-proteobacteria are phytopathogens. Two observations are
fascinating. First, Xylella needed just 10 years from its identi-
fication as phytopathogen to become one of the best-investi-
gated bacteria with respect to comparative genomics. Second,
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prophages turned out to play a decisive role in the genome
evolution of this plant pathogen.

X. fastidiosa. The leafthopper-transmitted bacterium X. fas-
tidiosa causes a serious disease of orange trees (187). Symp-
toms include a chlorosis of the leaves and hardening of the
fruit. Anatomically, X. fastidiosa is xylem limited. The 2.7-Mb
bacterial genome of strain 9a5c contains five prophages repre-
senting as much as 7% of the bacterial genome (187) (Fig. 13A)
and several possible prophage remnants. Two of the pro-
phages, XfP1 and XfP2, 41 and 43 kb, respectively, are closely
related at the DNA sequence level and lie in opposite orien-
tations in distinct genome regions (Fig. 13C). Notably, one of
the few differences between these two prophage genomes is in
the integrase genes, explaining the distinct integration sites. A
second region of differences between the two prophages lies
near a putative repressor gene. A third variant region is in the
vicinity of tail genes. XfP1 carries a gene with similarity to
vapD, a purported virulence-associated protein from the sheep
pathogen Dichelobacter (40), but the two genes also showed
similarity to a toxin-antidote maintenance system used by low-
copy-number plasmids and some prophages (hok-like genes
[77]). At exactly this position, XfP2 contains two ORFs from a
transposon resembling a DeoR-family regulatory protein from
Yersinia pestis. The leftmost 10 kb near the integrase gene
consists of likely DNA replication functions with sequence
matches to prophage APSE-1 (203) from an insect symbiont.
In the center of the prophage, the endolysin gene separates
nonstructural from structural genes. The DNA-packaging and
head genes resemble in organization and sequence lambda-like
phages. The tail and tail fiber genes, in contrast, are closely
related to phage P2, suggesting a hybrid phage between a
\-proteobacteria-like siphovirus and a P2-like myovirus. Also,
despite their length difference (21 and 35 kb respectively),
prophages XfP3 and XfP4 are closely related at the DNA level
(Fig. 13B). XfP3 is clearly a defective prophage; it consists
mainly of a complete set of structural genes which recall in
organization and by sequence similarity an Sfill-like siphovi-
rus known from prophage 4 of the gram-positive bacterium
Listeria innocua. X{fP3 is interrupted in the putative head-to-
tail joining genes by a hypothetical gene from the potato plant
(100% amino acid identity). A further interruption was ob-
served in the putative XfP3 tail fiber genes, where a pemK-like
plasmid antidote gene was inserted. The XfP4 prophage also
contains two further tail fiber genes and a lysogeny module but
no DNA replication genes, again suggesting a defective
prophage.

Long regions of high DNA sequence identity between pro-
phages residing in the same lysogen should allow homologous
recombination across the prophages. Genome rearrangements
are thus predicted in strain 9a5c. Indeed, the sequencing of the
X. fastidiosa strain Temecula and its comparison with the 9a5c
strain supports such a prediction (207). The two Xylella strains
share 98% of their genes, and their average amino acid identity
is 96%. Prophage genes figure prominently in the strain-spe-
cific genes of both bacterial isolates. The Temecula strain con-
tains at least six prophages, none of which show sequence
relatedness to prophages of strain 9a5c. For example, the Te-
mecula strain contains a prophage copy from a filamentous
phage; however, its closest relative is the Xanthomonas phage
Lf and not Pf3 (90), as in a 9a5c prophage remnant. In addi-
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tion, the Temecula strain harbors two S. enterica serovar
Typhi-like prophages not detected in the 9a5c strain. An align-
ment of the two genomes revealed three chromosomal regions
that were translocated and inverted. The three large rearrange-
ments were all flanked at one border by a putative phage-
related integrase gene, suggesting that they were phage medi-
ated. The same is true for the few genomic islands identified in
the two genomes.

Xanthomonas. Two different species of the genus Xanthomo-
nas have been sequenced (48). Xanthomonas axonopodis is the
cause of citrus canker, and Xanthomonas campestris induces
black rot disease in cabbage. X. campestris harbors two pro-
phages. Prophage XccP1 is located at about 3.5 Mb and rep-
resents a rearranged P2-like myovirus genome. A major rear-
rangement occurred around the attachment site, resulting in a
displacement of the lysogeny and DNA replication modules
from the left to the right side of the integrated prophage; a
minor rearrangement occurred in the tail gene region, where
the P2-like tail genes J and I and genes V and W exchanged
places (Fig. 13 D). A closely related prophage, XacP1, was
detected at about 3.1 Mb in X. axonopodis; however, it lacked
most of the tail genes and is thus a defective prophage. In the
middle of the remaining four tail genes, a protein is encoded
that resembled a plant protein (49% amino acid identity to
Arabidopsis) induced in citrus blight disease. This protein
belongs to the widely distributed expansin family, a group of
extracellular proteins that directly modify the mechanical
properties of plant cell walls, leading to turgor-driven cell
extension (121). Both prophages contain a methyltransferase
which is not part of the P2 genome map.

X. campestris contains a second prophage at 2.4 Mb (near
the terminus-associated genome inversion between the two
Xanthomonas strains) that belongs to the Inoviridae family.
Inoviridae are filamentous phages, which were extensively char-
acterized as tools in molecular biology (E. coli phages M13 and
fd). Over a major part of the genome, the prophage shows
high-level sequence identity to the replication-competent Xan-
thomonas phage Lf; the exception was the gI gene (123) (Fig.
11C). The prophage showed the typical gene organization of
filamentous phages, with about 10 genes covering DNA repli-
cation, coat, and morphogenesis genes and a putative phage
export gene in the intergenic region (123). Interestingly, the
gene at the position of the morphogenesis gene g/ showed 30%
amino acid identity to the Zot-like protein from Vibrio phage
CTXphi. A further particularity of the Lf-like Xanthomonas
prophage is its perfect side-by-side duplication. However, in
contrast to V. cholerae prophage CTXphi, which shows in some
strains a tandem repeat of the RS element which is necessary
for phage production (49), the Lf-like Xanthomonas prophages
show a symmetrical head-to-head constellation of two com-
plete prophages (Fig. 11C).

Opportunistic Pathogens and Free-Living Bacteria

Pseudomonas. P. aeruginosa grows in soil and coastal water,
as well as on plants and animal tissues, and it represents an
important opportunistic pathogen. With a 6.3-Mb genome, it is
markedly larger than most other bacterial genomes, which
explains its metabolic and ecological versatility. In the se-
quenced PAOL strain, only two prophage elements were iden-
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tified at a genome position of about 0.7 Mb (194). One element
is the prophage tail-derived bacteriocin described above; the
other is a filamentous prophage that shared the genome orga-
nization and high sequence similarity with Pseudomonas phage
Pf1 (90). An interesting feature was the fact that the prophage
was flanked upstream by a putative reverse transcriptase and
directly downstream by an integrase (Fig. 11B). Filamentous
phages normally do not encode an integrase and rely instead
on bacterial enzymes for this process (XerCD in vibriophage
CTXphi [94]).

PhiCTX is a temperate phage isolated from a P. aeruginosa
strain that produces a pore-forming cytotoxin (note the subtle
difference in terminology between phiCTX and vibriophage
CTXphi). Not only does phiCTX share a genome organization
with E. coli myovirus P2; over the structural genes, phiCTX
shows marked homology to P2 genes, with 30 to 66% amino
acid identity (151). Exceptions were only the tail fiber genes,
involved in adsorption to the cellular receptor, and the lysis
genes. In contrast, lysogeny, DNA replication, and lysogenic
conversion genes differed between the two phages. In phiCTX,
the integrase and attachment site were found to the left while
the ctx toxin gene was found to the right of the cos site (cohe-
sive ends). Interestingly, in phiR67 and phiR86, retron ele-
ments exist in the same location as the ctx element (57), sug-
gesting that this position is a hot spot on the P2-like phage
genome, where foreign genes can be picked up without dis-
turbing the functions of other genes. Another interesting pro-
phage of an unsequenced P. aeruginosa strain is prophage D3.
It has been involved in serotype conversion of its lysogenic host
by changing the O-antigenic polysaccharide side chain of the
lipopolysaccharide. An O-acetylase responsible for part of the
seroconversion was located on phage D3 upstream of the lysis
cassette (107). D3 shows a genome organization characteris-
tic of lambda-like coliphages, except that the lysis module has
changed its position. In lambda, the lysis module is found be-
tween the nin region and the DNA-packaging genes, while in
D3, the lysis cassette is located between the tail fiber and
lysogeny genes. In this respect, D3 resembles the genome or-
ganization of Sfi21-like Siphoviridae from low-G+C gram-pos-
itive bacteria. Interestingly, the DNA-packaging and head-pro-
cessing genes of D3 also had protein sequence similarity to
Sfi21-like phages.

Pseudomonas putida is a soil bacterium that is associated in
a nonpathogenic way with plant roots and has attracted the
interest of biotechnologists for its versatile metabolic path-
ways. In fact, the recently sequenced strain KT2440 was shown
to contain 33 putative genes encoding oxygenases (98). It also
harbors four prophages. The first is a hybrid with an Sfi21-like
siphovirus head gene cluster and a Mu-like myovirus-like tail
gene module. The closest match for the head genes was found
in the Burkholderia siphovirus phiE125. This is a surprising
finding since phiE125 was isolated from a B-proteobacterium
(224). Owver its tail genes, the most closely related phage is
Shigella phage SfV. The only difference from SfV was a group
II intron maturase gene, which interrupts the otherwise con-
served gene order after the tail sheath gene. The tail fiber
genes were followed by genes encoding a lysin and an iron-
regulated bacteriocin. Also prophage 2 is a chimeric phage: it
combines an Sfi21-like siphovirus head gene module (again
with sequence relatedness to phage from a B-Proteobacterium)
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with P2-like myovirus tail and tail fiber modules (related to a
pyocin-type Pseudomonas bacteriocin). The lysis genes have a
unique constellation: the holin gene precedes the head gene
cluster, and the lysin gene follows the tail fiber genes. Inter-
estingly, this is an intermediate type of lysis gene constellation
between temperate phages from low-G+C gram-positive bac-
teria and lambda-like phages. Prophage 2 showed repressor
genes in a genetic switch configuration, but no integrase gene.
In the vicinity of the genetic switch, a gene with links to a
virulence-associated vapE gene from the sheep pathogen
Dichelobacter was observed (40). P. putida prophage 3 demon-
strated astonishing affinities. Its genome organization closely
resembled that of T7-like Podoviridae (146) (Fig. 12). Class I
early genes (encoding RNA polymerase and anti-restriction
protein) were found at both ends of the P. putida prophage; in
T7 they are located exclusively at the left side of the genome.
As in phage T7, the class I genes are followed in prophage 3 by
class II genes involved in DNA metabolism (endonuclease,
primase-helicase, DNA polymerase, and exonuclease genes).
In both phages, a lysis gene is placed between the endonucle-
ase and primase genes. The right half of the genome is occu-
pied by morphogenesis genes (portal, scaffold, capsid, tail fiber,
and maturation and DNA-packaging genes). Two important
differences were observed between this prophage and T7. The
location of the T7 internal genes, which encode a hollow struc-
ture in the tail guiding DNA during genome packaging and
ejection, was occupied by collagen-like and transglycosylase
genes. T7 phages are known only as lytic phages; the observa-
tion of an integrase gene at the right end of prophage 3 and the
integration of a T7-like prophage therefore comes as a sur-
prise. T7-like phages are known from several y-proteobacteria:
an instructive case is the appearance of a close relative of T7 in
Y. enterocolitica that could be aligned with T7 at the DNA level
essentially over the entire genome (163). The observation that
prophage 3 had 30 to 40% amino acid identity over numerous
proteins to cyanophage P60 (41) is a further surprise, since a
wide phylogenetic distance separates proteobacteria from cya-
nobacteria (Fig. 12). Interestingly, other cyanophages also had
protein sequence similarity of up to 30% to coliphages, name-
ly, the prototype virulent phage T4 (83). In contrast, neither
T7-nor T4-like virulent phages were ever isolated from gram-
positive bacteria.

P. putida prophage 4 shares the genome organization and up
to 50% protein sequence identity with Pseudomonas phage D3
over the structural genes. The early genes are notable for the
presence of two methyltransferase genes, a tellurite resistance
gene, and a second integrase gene near the antiterminator
gene and the lack of an identified lysis gene.

Shewanella. The biological activities of metal-reducing bac-
teria have considerable implications with regard to environ-
mental pollutants. Shewanella oneidensis can directly reduce
uranium and chromium from the dissolved liquid state to in-
soluble oxides. Its sequenced genome contains one lambda-like
and two Mu-like prophages (86). Prophage lambda So shared
sequence-related head and tail genes with Pseudomonas phage
D3, while the tail fiber genes resemble those of coliphages
HK97, HK22, and N15. The early genes shared a genome
organization with phage lambda but contain a large insertion
of four genes encoding methylating enzymes between the in-
tegrase gene and the genetic switch region. A second integrase
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was found upstream of the lysis module. Prophage MuSo2
shared genome organization and sequence relatedness with
E. coli phage Mu over the structural genes. However, neither
duplication of tail fiber genes nor an invertase gene were found
near the right genome end. Also, the early genes were orga-
nized as in Mu-like phages, but half of the genes lacked data-
base matches. A potential secretion activator and a TraR-like
protein are encoded upstream of the DNA-packaging genes.
Also, prophage MuSol is a Mu-like phage. However, the syn-
teny is punctuated by deletions of tail genes that were replaced
by additional transposase and methylase genes and an inser-
tion of four ORFs in the head gene cluster. Transposase genes
were also inserted near the lysis cassette.

OUTLOOK

We have restricted our analysis to prophages from se-
quenced genomes of three phylogenetic groups of eubacteria:
low- and high-G+C gram-positive bacteria and +y-proteobac-
teria. This choice was motivated by two considerations. First,
the majority of the sequenced phages are from these three
groups, reflecting several decades of academic research with
phages from E. coli and the medical and industrial interest in
gram-positive bacteria. This allows instructive comparisons
between the genomes of prophages and related replication-
competent phages. Second, these three groups of bacteria also
represent nearly half of the finished eubacterial genomes de-
posited in the NCBI database (at the time of the writing, they
make up 44 of 91 genomes). Despite their importance for
microbiological research, it should not be forgotten that these
three groups of bacteria represent only a small spectrum of the
phylogenetic diversity of bacteria. Much remains to be done in
comparative prophage genomics, especially since prophages
from bacteria outside of the surveyed groups will have substan-
tial impact on our understanding of phage evolution.

What are the take-home lessons from a survey of prophage
genomes in the three groups of eubacteria? We will try to
provide some generalizations, which must be regarded as ten-
tative in view of the recent nature of this research field.

Prophage Distribution

Overall 40 (71%) of 56 sequenced genomes reviewed in this
report contain prophage sequences exceeding 10 kb in length.
Containing prophage genomes is thus more the rule than the
exception in bacterial chromosomes. Is possession or nonpos-
session of prophages a significant property of the sequenced
bacterial genome or just a question of statistical chance? There
are some trends that can already be deciphered. One clear
trend is that genomes from bacteria that experienced reductive
evolution lacked prophage sequences. This applies to intracel-
lular parasites in y-proteobacteria (three genomes of Buchnera
[204]), high-G+C gram-positive bacteria (Mycobacterium lep-
rae [45], low-G+C gram-positive bacteria (four genomes of
Mycoplasma [179]) and endocellular symbionts (Wigglesworthia
glossinidia, a y-proteobacterium residing in tsetse flies [2]). All
these genomes experienced a strong selection for genome re-
duction to only about 0.6 Mb, thereby drastically eliminating
many genes and leaving no place for horizontally acquired
DNA. In addition, within the confines of a eukaryotic cell, the
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intracellular bacterium will experience few if any encounters
with bacteriophages. Another trend is the lower prophage con-
tent in high-G+C gram-positive bacteria: four contained pro-
phages, but only in the form of short prophage remnants, while
three lacked prophages altogether (the numbers for prophage-
containing versus prophage-lacking genomes were 17 and 9,
respectively, for low-G+C gram-positive bacteria and 19 and 5,
respectively, for y-proteobacteria). However, the small number
of sequenced high-G+C gram-positive bacteria indicates that
this trend might still be affected by a sampling bias. A lively
illustration of this statistical effect is S. pneumoniae: none of
the three sequenced strains contained prophages or prophage
remnants (59, 93, 199), while epidemiological surveys demon-
strate that the majority of the clinical isolates contain pro-
phages (173, 181).

Apart from endocellular bacteria, the only sequenced y-pro-
teobacterium lacking prophages is Pasteurella. In low-G+C
gram-positive bacteria, the number of prophage-lacking se-
quenced bacterial genomes is greater but still small: one strain
of S. agalactiae, one strain of S. mutans, three strains of S.
pneumoniae, and the sequenced strain of S. epidermidis were
devoid of prophages.

Age of the Prophages

Does comparative prophage genomics allow inferences on
the residence time of prophage genomes? In many evolution-
ary analyses, one assumes tacitely that the very presence of a
gene implies that it must confer a selectable function. That is,
the gene could only have remained in the population if the
encoded function is important. Evolutionary biologists have
addressed the question of how important a function must be to
ensure the maintenance of its gene (117). There is, however, a
caveat to the argument. Genes without selective value might be
encountered when they have just been introduced and have
escaped selection because the process of gene elimination has
not yet run its full course. Prophages seem to belong to this
category. There is not much evidence that specific prophages
are old parts of bacterial genomes. If they were, one would
expect to encounter many examples of prophage remnants to
be shared by most, if not all, strains within a given bacterial
species. This was not observed. For example, S. pyogenes
strains Manfredo and SF370 shared a prophage remnant
(370.4) showing identical flanking sequences resulting from a
common deletion event (they differed internally for indels and
gene replacements) (37). In two other sequenced S. pyogenes
strains, however, this particular prophage remnant was not
detected (Fig. 11). Indeed, epidemiological data on S. pyogenes
phages revealed that some prophage combinations were ac-
quired over recent decades (8). A closer inspection of the
prophages in the different E. coli genomes depicted in Fig. 1C
demonstrated that close sequence relatedness was restricted
mainly to the two closely related O157 strains, which still
differed substantially in prophage content. Comparative pro-
phage analysis in bacterial species that were sequenced in
multiple strains (Streptococcus, Staphylococcus, and Salmonella
strains) or in sister species (Listeria, Xanthomonas, and Xylella)
all provided arguments against the maintenance of a given
prophage profile over longer evolutionary times. Furthermore,
microarray analysis and PCR scanning demonstrated that pro-
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phages were generally strain specific within a given bacterial
species (7, 13, 15, 39, 63, 150, 161, 169). In fact, there are
examples from both pathogenic and commensal bacterial spe-
cies where prophages represented the majority of the strain-
specific DNA. All these observations speak against the antig-
uity of the currently encountered prophages in the sequenced
bacterial genomes.

Ephemeral Nature of Prophages?

The various forms of prophage sequences seen in the survey
(inducible prophages, defective prophages, prophage rem-
nants, and isolated phage genes) argue for a dynamic model of
phage-bacterial genome coexistence that fits some theoretical
hypotheses relatively well (53, 115, 116). This relatively short-
term association (in evolutionary terms) of a given phage DNA
element with the host chromosome does not necessarily argue
for an ephemeral role of prophage DNA for bacterial genome
evolution. Clinical and epidemiological studies with many bac-
terial pathogens revealed the importance of prophage genes
for the pathogenic properties of the given bacterial strain (e.g.,
S. pyogenes, S. aureus, V. cholerae, and E. coli O157). In other
pathogens, the role of prophage genes for bacterial virulence
was demonstrated in animal experiments (e.g., S. enterica se-
rovar Typhimurium [for recent references, see reference 22]).
Prophages apparently play an important part in the evolution
of bacterial pathogenicity. Interestingly, comparative prophage
genomics also showed “extra genes” in prophages from free-
living bacteria or commensals, frequently at genome positions
occupied by lysogenic conversion genes in pathogenic bacteria
(209). However, only in exceptional cases (e.g., the B. halo-
durans prophage) could in silico analysis suggest a selective
value for these extra genes. The majority of these extra genes
in prophages from nonpathogenic bacteria lack database
matches, and further experiments are needed to confirm or
exclude a selective value associated with these extra genes.

Prophage Genome Diversity

Phage genomics confirmed the concepts of the modular the-
ory of phage evolution. According to that theory, phage ge-
nomes are mosaics of modules (groups of functionally related
genes) that are free to recombine in genetic exchanges be-
tween distinct phages infecting the same cell (20). One school
of thought maintains that recombination essentially occurs
everywhere and the apparent modular structure is the result
of selection rejecting all genetic recombinations that do not
lead to viable phage combinations (101). Selection also works
against all recombinations that are less competitive than the
existing phage types. Another group thinks that conserved link-
ers between individual modules are the sites of homologous
recombination (43). Integration of the prophage into the bac-
terial chromosome liberates the phage DNA sequences from
selection pressure on replicating phages. This change in selec-
tion pressure becomes evident from the survey of the prophage
genomes. In silico analysis of the bacterial genomes suggested
that the majority of the prophages are defective and apparently
in a dynamic process of gradual decay. In the bacterial chro-
mosomes, modular recombinations between different phage
types are observed at a frequency not encountered in extracel-
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lular phages. In y-proteobacteria, prophages combining mod-
ules from lambda-, P2-, and Mu-like phages occurred in many
different combinations. Even genomes only known from viru-
lent phages, e.g., phages resembling E. coli phage T7, were
observed in prophages. Similar observations were made for
low-G+C gram-positive bacteria (bIL170-related streptococ-
cal prophages). In addition, other mobile elements like trans-
posons mixed with prophages, as demonstrated by the frequent
observation of transposases in prophages. Apparently, the bac-
terial cell is a melting pot of diverse genetic elements. Genetic
recombination between phages can lead to new chimeric phage
types. In addition, phages can assume new functions and be-
come phage-derived bacteriocins or gene transfer agents. Ap-
parently, pathogenicity islands also have peculiar relationships
with phages (178). These observations can be rationalized by
the fact that the integrated prophage DNA becomes subject to
the selective forces working on the bacterial chromosome. It is
thus not surprising that prophages acquire new functions con-
tributing to the fitness of the bacterial host into which they are
integrated.

Even severely deleted prophage remnants can still provide
interesting genetic material to a superinfecting phage and thus
also contribute to the fitness of extracellular phages. For ex-
ample, a phage integrase could lead the recombinant phage to
new attachment sites, a distinct tail fiber cluster permits an
altered host range to the recombinant phage, and a valuable
lysogenic conversion gene increases the ecological spread of
the recombinant temperate phage via the positive selective
value it provides to its next lysogenic host. It is interesting that
these genetic spare parts still come in small functional gene
clusters, providing, for example, in the case of the Pseudomo-
nas pyocin-prophage remnant, alternative solutions to the
problem of new tail genes.

Detecting Prophages

This genetic fluidity of prophages leads to the nontrivial
practical problem of how to detect prophages in sequenced
bacterial genomes. None of the phage genes is sufficiently
specific or sufficiently highly conserved to serve as a single
marker for prophages. Empirically, when screening a bacterial
genome, we started with the search for integrases, which are
easily detected and thus commonly annotated in the GenBank
files. As a next step, we searched for a sequence approximately
one phage genome distance upstream of the integrase that
exactly matched a sequence directly downstream of the inte-
grase. This process frequently defined the a#tL and attR sites of
the putative prophage. Next, we inspected the predicted gene
map for an unusually long ORF. This procedure often identi-
fied the tail tape measure gene (and sometimes also the anti-
receptor gene). The genes preceding the tape gene showed,
especially in low-G+C gram-positive bacteria, a characteristic
length order, allowing a tentative diagnosis of prophage struc-
tural genes, which was then confirmed by BLAST matches to
known phage or prophage genes. In this context, the large-
subunit terminase and the portal protein turned out to be
reasonably well-conserved phage proteins. Absence of matches
to bacterial genes is a further criterion, but it should be used
cautiously: Hypothetical bacterial genes might be unrecog-
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nized prophages, and definitive bacterial genes might still be
lysogenic conversion genes.

Future Tasks

Prophage genomics has an impact on the field of phage-
bacterium interaction at the genetic level. It can provide data
on the genetic rules that underlie the arms race between the
host bacterium and the infecting parasite and that underlie the
postulated mutualistic interaction of prophages with the lyso-
gen. We need more genome sequences from nonpathogenic
bacteria inhabiting varied but defined environments to deter-
mine whether prophages also contribute factors with survival
value to the lysogenic host. This will allow us to assess whether
virulence factors are just the tip of an iceberg of prophage
genes contributing a fitness increase to bacterial cells of any
ecological affinity. If this is the case, prophage genomics could
lead to important genes for the ecological adaptation of bac-
terial commensals and symbionts. Interestingly, bacteriologists
increasingly see pathogenic, commensal, and symbiotic bacte-
ria as steps in a continuum of bacterial adaptations to its hosts
(92).

Another important area of research influenced by prophage
genomics is the control of prophage gene expression. It is
commonly anticipated that a prophage senses the physiological
state of its host bacterium, which in turn influences its decision
to induce a new replication cycle or to stay silent. Apparently,
the expression of many lysogenic conversion genes from pro-
phages is tightly controlled (214). We have here a mixture of
phage-derived transcription control systems (e.g., Q antitermi-
nation) and systems where prophage genes respond directly or
indirectly to molecular cues emitted by the mammalian host of
the pathogenic bacterium (STEC and S. pyogenes) (for more
references, see those in references 22 and 215). However, there
are also more mundane tasks. One is the extension of the
current phage database to include prophage sequences ex-
tracted from the different bacterial genome sequencing
projects. This extended database will not only substantially
increase the current phage database (probably more than dou-
ble it) but also provide a greater phylogenetic breadth to the
present database (30). Even more importantly, such a database
will be a valuable tool for biologists annotating new phage,
prophage, and bacterial genome sequences. We also need a
terminology for the prophages, for which we might build on the
example of the terminology for pathogenicity islands by com-
bining an abbreviation for the bacterial species followed by PP
for prophage and a number locating the prophage on the
bacterial genome map starting at the origin of replication.
Since the definition of a prophage is not clear-cut, this should
be done by a subcommittee of the International Committee on
Taxonomy of Viruses representing experts on phage genomics
in different bacterial systems.
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