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Despite increasing interest in coagulase-negative staphylococci (CoNS), little information is available about their bacterio-
phages. We isolated and sequenced three novel temperate Siphoviridae phages (StB12, StB27, and StB20) from the CoNS Staphy-
lococcus hominis and S. capitis species. The genome sizes are around 40 kb, and open reading frames (ORFs) are arranged in
functional modules encoding lysogeny, DNA metabolism, morphology, and cell lysis. Bioinformatics analysis allowed us to as-
sign a potential function to half of the predicted proteins. Structural elements were further identified by proteomic analysis of
phage particles, and DNA-packaging mechanisms were determined. Interestingly, the three phages show identical integration
sites within their host genomes. In addition to this experimental characterization, we propose a novel classification based on the
analysis of 85 phage and prophage genomes, including 15 originating from CoNS. Our analysis established 9 distinct clusters and
revealed close relationships between S. aureus and CoNS phages. Genes involved in DNA metabolism and lysis and potentially in
phage-host interaction appear to be widespread, while structural genes tend to be cluster specific. Our findings support the no-
tion of a possible reciprocal exchange of genes between phages originating from S. aureus and CoNS, which may be of crucial
importance for pathogenesis in staphylococci.

Staphylococcus species are common colonizers of the skin and
mucous membranes in humans (9, 19, 48, 63). The most

prominent pathogen of the genus is the coagulase-positive Staph-
ylococcus aureus, which is the causative agent of a broad range of
diseases and is responsible for numerous hospital- and commu-
nity-acquired infections (9, 19). While primarily considered in-
nocuous commensal microorganisms, coagulase-negative staph-
ylococcus (CoNS) species represent an increasingly severe threat
to public health. S. epidermidis is a major cause of nosocomial
infections due to its ability to develop biofilms on medical devices
and implants (48). In addition, other species, such as S. haemolyti-
cus, S. lugdunensis, and S. hominis, are associated with various
infections with possible fatal outcomes in newborns or immuno-
compromised patients (48, 63).

Given the public health relevance of staphylococcal infections,
the genomes of numerous S. aureus strains have been sequenced
(19). As with other human pathogens, phages play pivotal roles in
S. aureus pathogenesis (9, 19). They encode major virulence fac-
tors, such as staphylokinases, superantigens, Panton-Valentine
leukocidin (PVL), and other innate immune modulators, but are
also responsible for the mobilization of pathogenicity islands (Sa-
PIs) (9, 19). Hence, phages are considered to be major vehicles for
horizontal transfer of virulence genes among S. aureus strains. In
addition, their movement within bacterial genomes contributes to
genome plasticity and allows rapid adaptation of pathogens to
various host conditions, such as escaping host immunity (19,
25–27).

Numerous S. aureus phages have been isolated and character-
ized at the molecular level (2, 6, 22, 32, 33, 36, 37, 39, 42, 44, 46,
47). They all belong to the order Caudovirales, with the most

abundant being Siphoviridae phages, typically composed of a long
noncontractile tail and an icosahedral head filled with double-
stranded DNA. Genome studies revealed extensive mosaicism
among phages, with genes organized into functional modules that
are frequently exchanged between elements (10, 37). Virulence
genes in general are located far from the integrase gene, between
the lysis module and the right attachment site (9, 10, 37).

The mosaic organization renders the analysis of phage evolu-
tion challenging. Accordingly, several classification systems were
proposed for staphylococcal phages based on morphology and
serology (10, 49) or on comparative genomics (14, 37) or using
specific marker genes representative of functional modules (e.g.,
integrase genes) (26, 34). A recent classification proposed by
Kwan et al. (37) groups 27 S. aureus phages into three classes
depending on their genome sizes (class I, Podoviridae; class II,
Siphoviridae; and class III, Myoviridae). Using comparative
genomics, class II was further divided into three clades. A new
clade was added later in class II by Daniel et al. after including
additional Siphoviridae phage sequences, including S. epidermidis
phages (14).
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So far, only six phages from CoNS have been sequenced and
characterized, and little information regarding the evolution of
coagulase-negative Staphylococcus phages is available in the liter-
ature (14, 28, 43, 56a). In the present work, we sequenced and
characterized two phages from S. hominis and one from S. capitis.
Evolutionary relationships within Staphylococcus phages were re-
assessed by bioinformatics analysis, including 56 additional S. au-
reus Siphoviridae phage genomes and 15 sequences of phages and
prophages from coagulase-negative species. We found that within
class II, staphylococcal phages differentiate into distinct clusters
on the basis of their structural genes, while other functional mod-
ules are more conserved in the different clusters. Therefore, struc-
tural features may be considered cluster-specific characteristics of
staphylococcal Siphoviridae phages, even though they share simi-
lar morphologies. In addition, our analysis refines the subgroups
in class II, notably by generating a novel cluster grouping StB20
with other non-aureus phages and by grouping StB12, StB27, and
other CoNS prophages with S. aureus phages in the large cluster 1.
This suggests that gene exchange might have occurred or might
still occur between CoNS strains and pathogenic S. aureus strains.

MATERIALS AND METHODS
Bacterial strains, phages, and growth conditions. StB12, StB27, and
StB20 phages were isolated from S. hominis T0C2HA1, S. hominis
T0C6HA2, and S. capitis R104, respectively. The strains were identified by
the Vitek 2 (Bio Mérieux SA) and the Api Id 32 Staph (Bio Mérieux SA)
methods. Strains were grown in LB or BHI medium at 37°C with agitation.
For the induction of StB12, StB27, and StB20 prophages, mitomycin C
(0.5 �g/ml) was added to exponentially growing cultures (400 ml; optical
density at 600 nm [OD600], �0.2) of S. hominis T0C2HA1, S. hominis
T0C6HA2, and S. capitis R104, respectively. After 4 h of incubation at
37°C with agitation, culture lysates were centrifuged at 3,250 � g for 15
min at 4°C. The phages were then purified from supernatants by CsCl
gradient centrifugation as described elsewhere (57).

Electron microscopy (EM). For transmission electron microscopy
(TEM) analysis, phage particles purified by CsCl gradient centrifugation
were dialyzed against SM buffer (57) and negatively stained with 2% ura-
nyl acetate on carbon-coated copper grids by standard procedures. Ob-
servations were done on a Tecnai 10 (FEI) microscope coupled to a Veleta
charge-coupled device (CCD) camera (Olympus iTEM), and images were
captured and analyzed using SIS Olympus iTEM software. Phage dimen-
sions are the means of at least four measurements.

Genome sequencing and annotation and genome comparison at the
nucleotide level. StB12, StB27, and StB20 genomes were sequenced and
assembled by GATC Biotech AG (Germany). The annotation was per-
formed using ORF Finder (56), Genemark (7), BLAST (3, 4), Pfam (51),
and ACLAME searches (40). Mauve software (14a) and the “align se-
quences nucleotide” BLAST tool at the NCBI (http://blast.ncbi.nlm.nih
.gov/Blast) were used for sequence comparison at the nucleotide level.

Proteomic analysis. Purified phage particles were either resuspended
in SDS loading buffer and boiled for 20 min or treated with 0.1% trichlo-
roacetic acid (TCA). The extracted phage proteins were then separated on
10% SDS-polyacrylamide gel electrophoresis. The Coomassie-stained
protein bands were reduced, alkylated, and trypsin digested according to
the method of Shevchenko et al. (58). The tryptic peptides were separated
on a nano-HPLC Easy-nLCII (Thermo Fisher Scientific, Odense, Den-
mark) coupled to a quadrupole time-of-flight (Q-TOF) mass spectrome-
ter (Waters, Milford, MA). The peptides were loaded on a 10-cm column
with a 75-�m inner diameter packed with 3-�m C18 particles. Reverse
chromatography was performed with a binary buffer system consisting of
0.1% formic acid (FA) (buffer A) and 95% acetonitrile in 0.1% FA (buffer
B) for a 1-hour gradient run with a flow rate of 300 nl/min. The QTOF was
operated in the data-dependent mode, and the three most abundant iso-
tope patterns with �2 and �3 charges were selected. The raw files were

processed using the Mascot daemon platform. The fragmentation spectra
were searched against annotated open reading frame (ORF) sequences of
the appropriate phages with the parent and fragment ions mass tolerances
set to 100 ppm and 0.8 Da, respectively, and with 1 miscleavage. Carbam-
idomethylation of cysteine was set as a fixed modification and methionine
oxidation and pyroglutamic acid as variable modifications for database
searching.

Restriction profile analysis. Phage DNA was extracted from purified
phage particles of StB12, StB27, and StB20, as previously described (59).
Genomic DNA (1 �g) was used for digestion with the EcoRI endonuclease
(Roche), and the digestion products were visualized on electrophoresis
gels stained with ethidium bromide. For the heating/cooling experiment
performed on StB20 DNA, EcoRI-digested DNA was heated at 75°C for 10
min; one half of the digested DNA was then cooled on ice (“fast cooling”),
and one half was cooled at 37°C for 10 min (“slow cooling”). Heating/
cooling had no effect on restriction profiles obtained for StB12 and StB27
(data not shown).

Integration site determination. Determination of the integration
sites of StB12, StB27, and StB20 phages in their host genomes were deter-
mined by direct sequencing of bacterial genomic DNA, which was per-
formed by Base Clear, Netherlands. Primers were designed to sequence
genomic DNA from both ends of the prophages (see Results and Discus-
sion). Primer sequences are given in Table S1 in the supplemental mate-
rial.

Integrase phylogeny. The integrases of the serine recombinase family
were detected by HMM search using HMMER 3.0 (16) among all the
staphylococcal phages and the 110 Staphylococcus genomes. A protein was
considered a serine recombinase when both the N-terminal �� resolvase
domain (Pfam ID PF00239) and the catalytic recombinase domain (Pfam
ID PF07508) were detected (reviewed in reference 60). Serine recombi-
nases detected in the Staphylococcus genomes were considered putatively
of phage origin when they displayed at least 40% similarity in amino acid
sequence and less than 20% difference in protein length with a serine
recombinase detected in a Staphylococcus phage. The positions of these
hits in the genome were then checked for phage-related proteins nearby.
Thus, 19 serine recombinases of phage origin were detected within the
Staphylococcus genomes, and 13 were found among the staphylococcal
phages.

The molecular phylogeny of all integrase proteins homologous to the
integrases of StB12, StB20, and StB27 has been explored by the construc-
tion of multiple-sequence alignments with MUSCLE v3.6 (17). After
alignment, ambiguous regions (i.e., those containing gaps and/or poorly
aligned) were removed with Gblocks (v0.91b) (12). The phylogenetic tree
was reconstructed using the maximum-likelihood method implemented
in the PhyML program (v3.0 aLRT) with the WAG matrix and a gamma
correction for variable evolutionary rates (5). Statistical support for inter-
nal branches was assessed using the aLRT test (5). The tree was rooted
using the midpoint rooting method.

Prophage detection in Staphylococcus genomes. BLASTN was used
for similarity searches between the ORFs of the three phages (StB12,
StB20, and StB27) and all the Staphylococcus genomes available on
PATRIC (24). Only matches showing an E value of �1 � 10�3 were
retained. In order to detect prophages closely related to StB12, StB20, and
StB27 phages, only the regions containing at least 15 consecutive colocal-
ized matches were retained; these phages shared on average 15 homolo-
gous ORFs with all the other phages of the data set. Two matches were
considered colocalized when they were separated by less than 10 kb on the
chromosome. To precisely determine the ends of the prophage and to
correlate predictions and annotations of ORFs, these regions were ex-
tended to about 50 kb and were submitted to PHAST (64). Thus, 23
prophages were detected (13 in S. aureus and 10 in other Staphylococcus
genomes) among 22 Staphylococcus genomes. These 23 prophages have
sizes ranging from 38 to 63 kb, suggesting that they have not endured
extensive pseudogenization and that they are still functional.
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Phage and prophage relationships. We analyzed 62 complete ge-
nomes of Staphylococcus phages and prophages downloaded from
GenBank (http://www.ncbi.nlm.nih.gov/GenBank/) and EMBL (http:
//www.ebi.ac.uk/) and 23 prophages detected in the 110 Staphylococcus
complete or draft genomes available on the PATRIC server (http://www
.patricbrc.org) (24). Among the 85 genomes of the data set, 69 sequences
originate from phages and prophages of S. aureus, 7 from phages and
prophages of S. epidermidis, and 1 each from phages and prophages of S.
capitis, S. caprae, S. haemolyticus, S. lugdunensis, and S. pseudintermedius.
A detailed list of these phages and prophages and their main characteris-
tics is given in Data Set S1 in the supplemental material.

To compare the protein contents of all phage and prophage genomes,
the protein repertoire relatedness was measured for all possible pairwise
combinations of genomes as the fraction of shared homologous proteins
in the smallest genomes (61). When considering two genomes, A and B,
the value of relatedness between A and B corresponds to the division of the
number of homologous proteins common to genomes A and B by the
minimum number of proteins in A or B. The homologous proteins were
defined by identifying unique pairwise reciprocal best hits, which exhib-
ited at least 40% similarity in amino acid sequence and less than 20%
difference in protein length.

Protein repertoire relatedness was used to compute a distance matrix
of all pairwise combinations of genomes. This matrix was then used to
calculate a phylogenetic tree using the BIONJ algorithm (23). The Markov
clustering algorithm (18) was used to cluster and organize the genomes
into distinct groups from this distance matrix. Using default parameters
(i.e., inflation parameter 	 3), we defined nine phage groups (called clus-
ters), all of which contain at least four phages. A network representation of
protein repertoire relatedness was built using BioLayout Express 3D (21).
For clarity, the links between two phages having a protein repertoire re-
latedness below 0.3 were not represented.

Modular evolution. To investigate the modularity of the three se-
quenced phages, we built the families of homologous proteins from the 85
phages of Staphylococcus. Protein sequences were defined as homologous
if they showed at least 40% similarity in amino acid sequence and less than
20% difference in protein length. Homologous proteins were then ex-
panded to homologous protein families by transitivity. Each family of
homologous proteins was described by its relative representation among
the different groups of phages (i.e., clusters previously defined).

Nucleotide sequence accession numbers. The StB12, StB27, and
StB20 sequences are available in GenBank under accession numbers
JN700520, JN700519, and JN700521, respectively.

RESULTS AND DISCUSSION
Three novel Siphoviridae phages isolated from coagulase-nega-
tive staphylococci. To date, only four phages and two prophages

of CoNS have been sequenced and characterized (14, 28, 43, 56a).
To isolate additional temperate phages from coagulase-negative
staphylococci, such strains were tested for the presence of pro-
phages by mitomycin C treatment (data not shown; see Materials
and Methods). This allowed the isolation of two phages from S.
hominis strains (StB12 and StB27) and one phage from an S. capitis
strain (StB20). Electron microscopy analysis of StB12, StB27, and
StB20 showed similar icosahedral heads (60 nm on average) and long,
flexible, noncontractile tails (206 nm for StB12, 213 nm for StB27,
and 250 nm for StB20) (Fig. 1). The tails end in multiple-disc base-
plate structures reminiscent of those observed for the PH15 and
CNPH82 phages previously isolated from the coagulase-negative S.
epidermidis species (14). Hence, the three phages belong to the family
Siphoviridae within the order Caudovirales (1).

Complete genome sequences and their comparison. The ge-
nome sequences of StB12, StB20, and StB27 were determined and
annotated (Table 1; see Tables S2, S3, and S4 in the supplemental
material). Among the 193 proteins predicted for the three ge-
nomes, we could assign a function to 99 proteins (51%). A total of
81 (42%) are conserved proteins with unknown functions, and 13
proteins (7%) did not match any sequences in the current data-
bases (Table 1; see Tables S2, S3, and S4 in the supplemental ma-
terial). As observed in general, the ORFs of the StB12, StB27, and
StB20 genomes are tightly packed and organized in functional
modules. They are arranged in the following order: lysogeny;
DNA metabolism; DNA packaging; and head, tail, and host cell
lysis (Fig. 2).

FIG 1 Morphology of StB20, StB12, and StB27 phages. Transmission electron micrographs show StB12 (A), StB27 (B), and StB20 (C) phage particles. The three
phages are characterized by an icosahedral head and a long noncontractile tail. The arrowheads indicate baseplate structures found at the ends of the tails. (A) The
arrow indicates the collar structure visible on the virion head of StB12 detached from its tail. Bars, 100 nm.

TABLE 1 General features of StB12, StB27, and StB20 phage genomes

Feature

Value for phage:

StB12 StB27 StB20

Bacterial host S. hominis S. hominis S. capitis
Genome size (bp) 44,714 40,071 40,917
GC content (%) 34.17 33.22 34.07
Predicted no. of genes 74 53 66
Gene density (no. of genes/kb) 1.65 1.32 1.61
% Coding 93.8 93.7 94.5
Putative functions [no. (%)] 33 (44.5) 34 (64) 32 (48.5)
Unknown functions [no. (%)] 33 (44.5) 16 (30) 32 (48.5)
No database match [no. (%)] 8 (11) 3 (6) 2 (3)
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Comparison of the three sequences at the DNA level using
Mauve showed that the tail morphogenesis module constitutes the
most conserved region between the StB12 and StB27 genomes,
while the StB12 DNA replication and metabolism module is more
closely related to StB20 than to StB27. This was further confirmed
by DNA sequence alignments (using the BLAST alignment tool at
NCBI [http://blast.ncbi.nlm.nih.gov/Blast]): identity reached 91
to 93% over �9 kb between StB12 and StB27 in the tail region and
70 to 74% over an �2.4-kb region between StB12 and StB20 in the
DNA metabolism module (Fig. 2). Interestingly, four small re-
gions are conserved within the three genomes. These regions en-
code the integrase, the transcriptional regulator RinB, and two
small regions of the tail morphogenesis module (a Zn carboxypep-
tidase described below and a putative tail fiber) (Fig. 2, numbers 1
to 4). Thus, conservation at the nucleotide level between the three
genomes is confined to regions encoding important determinants
of the phage life cycle (lysogeny and host specificity).

Identification of structural proteins. In addition to bioinfor-
matics analysis and predictions of functional assignments, struc-
tural proteins were validated by SDS-PAGE and proteins were
identified by liquid chromatography-mass spectrometry (LC-MS)
analysis (Fig. 3). In most cases, the isolated bands were composed
of several proteins, including degradation products (not shown in
Fig. 3). These protein fragments may reflect specific proteolytic
cleavages, as observed for the StB20 major head protein (see be-
low). In particular, carboxy-terminal degradation was observed

for StB27 and StB20 tail tape measure proteins (TMP) (Fig. 3B,
band 1, and C, bands 1 and 2), as previously reported in staphy-
lococcal phages (62). A structural function could be assigned to 32
proteins, including 11 proteins listed as hypothetical proteins in
GenBank (see Tables S2, S3, and S4 in the supplemental material).
In addition, three recombination proteins (encoded by StB12
ORF13, StB27 ORF13, and StB27 ORF14) and a putative protein
of unknown function belonging to the lysogeny module (encoded
by StB27 ORF3) were also detected (Fig. 3A and B). The presence
of nonstructural proteins in phage particles was previously re-
ported for the S. aureus phage 80
 (50), suggesting that some
proteins involved in DNA metabolism might be associated with
structural components.

Head modules and DNA-packaging strategies. Besides pro-
teins required for head morphogenesis, the DNA-packaging and
head module encodes a specific molecular machine involved in
DNA head filling (10, 11, 52) (Fig. 2; see Tables S2, S3, and S4 in
the supplemental material). This machine is composed of a portal
protein forming a channel for DNA entry and a terminase consti-
tuted from the TerS and TerL subunits. The terminase is required
for concatemeric DNA resolution into genome lengths and for
subsequent translocation of DNA into phage heads (11, 52).

In the cases of StB12 and StB27, the composition and organi-
zation of the DNA-packaging and head module indicate that these
phages use the headful packaging mechanism, which relies on the
recognition of a pac site by the terminase protein (Fig. 2; see Tables

FIG 2 StB12, StB27, and StB20 genome comparison at the nucleotide level. Functional modules, as defined following genome annotation, are represented in
different colors: red, lysogeny; yellow, DNA metabolism; green, DNA packaging and head; blue, tail; dark pink, tail-associated holin and peptidoglycan
hydrolases belonging to tail modules; light pink, lysis. The three genomes were compared by using Mauve software, and similarity profiles are shown. The levels
of similarity calculated by BLAST alignments are also indicated for specific regions. The four regions conserved within the three phages are indicated by the circled
numbers. Int, integrase; TerS, terminase small subunit; TerL, terminase large subunit; Port, portal protein; Prohead prot, prohead protease; MHP, major head
protein; MTP, major tail protein; TMP, tail measure protein; H, holin; PG hydrolase, peptidoglycan hydrolase.
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FIG 3 Structural proteins of STB12, STB27, and STB20 phages. On the left are shown SDS-PAGE gels of proteins extracted from StB12 (A), StB27 (B), and StB20
(C) purified phage particles. The numbers on the left of the gels indicate the sizes of the broad-range mass standard (M). (Right) Identification by LC-MS analysis
of proteins extracted from the corresponding SDS-PAGE. For each band, only proteins identified with a Mascot score of �120 are considered. Discrepancies
between observed and calculated molecular weights (Mw) (in thousands) may be due to specific proteolytic cleavage (see the text) or protein degradation or may
be gel migration artifacts.
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S2 and S3 in the supplemental material) (10). In particular, the
StB12 ORF44 and StB27 ORF31 proteins that have been identified
by the proteomics approach (Fig. 3A, band 3, and B, band 4, re-
spectively) belong to the portal protein family of SPPI, a phage
using the headful packaging strategy (52). Enzymatic digestion of
the StB12 and StB27 genomes led to the production of a single
submolar restriction fragment corresponding to a pac fragment
(Fig. 4A and B, arrowheads), confirming the use of this packaging
mechanism. In contrast, the StB20 ORF38-encoded portal protein
(Fig. 3C, band 6) is related to the HK97 portal family, typical of
�-like phages with cohesive ends. Enzymatic digestion of the
StB20 genome produced two submolar fragments typical of the
cos-type strategy (Fig. 4C, line 1, asterisks). This was further con-
firmed by heating/cooling DNA after enzymatic digestion. Slow
cooling promoted end-to-end hybridization of the terminal frag-
ments, while fast cooling prevented annealing (Fig. 4C, lines 2 and
3). In addition, the actual molecular mass of the major head pro-
tein (StB20 ORF40, migrating at the 37-kDa level) (Fig. 3C, band
8) was lower than the 50.4 kDa predicted on the basis of the se-
quence. This might indicate that the major head protein is cleaved
by a specific protease, as is usually observed in cos-type phages
(10). In agreement with this hypothesis, StB20 ORF39 encodes a
putative prohead protease.

Tail modules: identification of three putative tail proteins
with host cell wall lytic activity. The proteomics approach also
allowed the identification of tail proteins (7 in StB12, 8 in StB27,
and 5 in StB20) (Fig. 3; see Tables S2, S3, and S4 in the supplemen-
tal material). As expected for long-tail phages, major tail proteins

are among the most abundant (38). Interestingly, tail proteins
predicted to be involved in cell wall degradation were also identi-
fied (Fig. 3; see Tables S2, S3, and S4 in the supplemental mate-
rial). The minor tail proteins encoded by StB12 ORF61, StB27
ORF45, and StB20 ORF55 are characterized by the presence of a
Zn-carboxypeptidase domain (PF00246). This domain is charac-
teristic of a metallopeptidase family commonly found in eu-
karyotes, where it is known to catalyze peptide bond cleavage in a
large number of cellular functions (35). In addition, three other
ORFs are also related to proteases, StB12 ORF60, StB27 ORF44,
and StB20 ORF53, which contain an endopeptidase domain
(PF06605). Although conserved among phage tail proteins, the
function of this domain is still unclear. In addition to these func-
tions, the StB27 and StB12 protein profiles revealed the presence
of a peptidoglycan hydrolase corresponding to StB27 ORF48 and
StB12 ORF64 to -66, respectively (Fig. 3A and B). These proteins
are related to the well-characterized and highly conserved tail-
associated GP61 protein of the staphylococcal phage phiMR11.
GP61 is thought to be involved in cell host lysis during phage
adsorption (13, 14, 53, 62). The GP61 homolog in StB12 is en-
coded by the three successive ORF64, ORF65, and ORF66 that are
interrupted by two putative group I introns at positions 37063 to
37307 and 37542 to 37918. It is likely that these introns are spliced
in vivo to generate a functional 70-kDa protein (Fig. 3A, band 1).
Group I introns are frequently found in phages, including staph-
ylococcal phages (14, 37). Interestingly, putative tail fiber proteins
were also identified in the 3 protein profiles (corresponding to
StB12 ORF62 and ORF67, StB27 ORF46 and ORF49, and StB20
ORF56) (Fig. 3; see Tables S2, S3, and S4 in the supplemental
material), although fibers were not visible on EM images (Fig. 1).

Integrases and integration site specificity. The insertion sites
of StB12, StB20, and StB27 phages in their host genomes were
mapped by direct sequencing on genomic DNA, using primers
complementary to the prophage ends (i.e., the integrase and lysine
genes for StB20 and StB27 and the integrase gene and ORF74 for
StB12). Interestingly, the three phages are integrated within a con-
served locus encoding a putative mercuric resistance system. The
StB12, STB20, and StB27 integrases are related to each other and
to the experimentally described serine recombinase of the S. au-
reus phage phiMR11 (54). Serine recombinases appear to be rarely
detected in staphylococcal phages (26). To complement this anal-
ysis, we detected serine recombinase sequences of phage and pro-
phage origin in staphylococci and inferred the corresponding
phylogenetic tree (see Materials and Methods). Staphylococcus
serine recombinases are classified into three clades (Fig. 5), two of
them including only S. aureus phages and the other including
mostly non-S. aureus phages. The analysis of the integration sites
revealed that the three groups have specific and distinct integra-
tion loci. Clade 1 S. aureus phages integrate in the ribosomal pro-
tein L32p locus, clade 2 phages in a putative mercuric resistance
system, and clade 3 S. aureus phages in the signal recognition
particle locus.

Evolutionary relationships among Staphylococcus phages.
So far, studies on the diversity and evolution of Staphylococcus
phages have mainly focused on S. aureus phages (37). At the time
we started this work, 59 staphylococcal phage sequences were
available in GenBank, with only 2 from coagulase-negative staph-
ylococci (14). Recently, two additional S. epidermidis phages have
been isolated and sequenced (28). However, little is known about
phages from coagulase-negative species and their relationships

FIG 4 Determination of the DNA-packaging strategy used by StB12, StB20,
and StB27 phages. Phage DNA of StB12 (A), StB27 (B), and StB20 (C) was
digested by EcoRI, and DNA fragments were visualized on electrophoresis gels
stained with ethidium bromide. (A and B) Submolar fragments corresponding
to pac fragments observed in the StB12 and StB27 restriction profiles are indi-
cated by arrowheads. (C) (Lane 1) Asterisks indicate the two terminal frag-
ments observed in the StB20 restriction profile. The arrow indicates the two
terminal fragments annealed together. (Lanes 2 and 3) Terminal fragments are
more visible on the restriction profile obtained after heating and fast cooling of
digested DNA (lane 2) than after slow cooling (lane 3), improving the anneal-
ing of terminal fragments. Lanes L, size ladders.
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with other staphylococcal phages. The increasing number of ge-
nome sequences of CoNS represent a useful reservoir for extract-
ing prophage sequences. To gather non-S. aureus phage se-
quences, prophages related to StB12, StB27, and StB20 were
searched in Staphylococcus genomes (see Materials and Methods).
Twenty-six prophages were detected, 13 of which were found in
non-S. aureus species, including the StB12, StB20, and StB27 se-
quences (see Data Set S1 in the supplemental material).

Classification based on the similarity of gene repertoires be-
tween phages can be done using tree-like approaches (55) or net-
work-like approaches (41). Using both approaches, we classified
the 85 phages and prophages into 9 distinct clusters (see Materials
and Methods) (Fig. 6; see Fig. S1 in the supplemental material).
Each cluster contains at least four phages/prophages. Seven of
these clusters (1 to 6 and 9) are composed of Siphoviridae and
constitute class II according to the Kwan et al. classification (37).
Clusters 7 and 8 are unrelated to these, since they are composed of
Myoviridae and Podoviridae, respectively, and constitute classes III
and I.

Compared to the Kwan classification, a more precise resolu-
tion was obtained in class II in the present analysis (14, 37). Within
class II, our analysis generates seven related clusters instead of the
four clades previously proposed. Most importantly, one cluster
(cluster 9) is composed exclusively of non-S. aureus phages and
constitutes an entirely new clade compared to the earlier classifi-
cation. It includes StB20 and its closest relative, a prophage of S.
caprae C87 (31 ORFs out of 66 [47%]). Four of the seven clusters
are composed exclusively of S. aureus phages (clusters 2, 4, 5, and

6), and the last two clusters (clusters 1 and 3) are composed of S.
aureus and non-S. aureus phages. Cluster 1 contains StB12 and
StB27 with a majority of S. aureus phages (25/32), and cluster 3
contains a majority of non-S. aureus phages (6/8). Interestingly,
the most closely related phages of StB12 and StB27 are the S. au-
reus A8117 (23 ORFs out of 74 [31%]) and phiMR25 (18 ORFs out
of 53 [34%]) phages, respectively. Such close relationships with S.
aureus phages were also observed for S. epidermidis phages within
cluster 3 (14). Thus, Siphoviridae phages from S. aureus and CoNS
are closely related. This raises the question of gene exchange
between phages isolated from different Staphylococcus species.
One possibility is that they have coexisted in a common host
where gene exchange has occurred, either before the last com-
mon ancestor of these species or after. In the latter case, it raises
the hypothesis that they could occasionally cross species barri-
ers. We were not able to find any Staphylococcus strain in our
laboratory collection, including S. aureus, sensitive to StB12,
StB27, or StB20 phages under our experimental conditions
(data not shown). However, we cannot exclude the possibility
that it may occur.

Intriguingly, the pathogenicity of CoNS such as S. epidermidis
does not rely on the production of phage-associated virulence
factors, such as toxins found in S. aureus. Instead, these species are
well provided with mechanisms that allow them to escape host
defenses and to persist in unfavorable environments (48). Never-
theless, a pathogenicity island encoding toxins has been recently
described (43).

We then reassessed the classification of the serine recombi-

FIG 5 Phylogenetic tree of phage integrases of the serine recombinase family detected in Staphylococcus genomes and Staphylococcus phages. Three major
clades are defined, which correspond to 3 different integration loci. Clade 1, ribosomal protein L32p locus; clade 2, mercuric ion reductase locus; clade
3, signal recognition particle locus, subunit Ffh SRP54. LRT values are indicated for each node. The tree was rooted following the midpoint root method.
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nases in the context of the phage classification. Phages with serine
recombinase are found in 5 of the 9 clusters (1, 2, 3, 6, and 7), and
these groups do not reflect the phylogeny of the protein (Fig. 5).
This means that the classification of phages based on the sequence
of the integrase gene previously reported (26) is strongly at odds
with the classification based on the gene repertoire. Interestingly,
clusters including phages encoding serine recombinases always
include phages encoding tyrosine recombinases, This suggests
that recombination processes often exchange the integrase gene,
including radically different recombinase types.

The modular evolution of staphylococcal phage genomes de-
termines the cluster specificity. The mosaic structure of phage
genomes reflects module exchange via horizontal transfer and re-
combination (10, 31, 37). In order to study the modular evolution
of StB12, StB27, and StB20, their ORF contents were compared to
the data set described above. For each predicted ORF, a family of
homologous proteins was defined, and the relative proportions of
homologs in the nine clusters were calculated (see Materials and
Methods) (Fig. 7).

StB12, StB27, and StB20 ORFs fall into two categories. ORFs
belonging to the modules of lysogeny, DNA metabolism, and lysis
are conserved among the different clusters (except for clusters 7
and 8). On the other hand, a large proportion of ORFs from the
structural modules, i.e., DNA-packaging and head, as well as tail,
modules, appear to be cluster specific (Fig. 7, purple boxes). No-

table exceptions are the ORFs at the ends of the tail modules,
which are conserved among the different clusters (Fig. 7, light-
blue boxes). Interestingly, some tail end ORFs of StB12 and StB27
that are likely involved in host-phage interaction (e.g., putative
tail-associated Zn carboxypeptidase) are not conserved within
cluster 1 but are shared by non-S. aureus phages (phages in cluster
9 and the S. capitis phage in cluster 1). Acquisition of such ORFs
might modify host specificity independently of any other struc-
tural components. Consistently, horizontal transfer of tail fiber
genes among unrelated phages infecting a given host could be used
by phages to alter their host specificity under selective pressure
(29).

Thus, the differentiation of a Siphoviridae phage relies mainly
on structural features. This indicates that within the overall simi-
larities of virion structure, there are subtle variations that differ-
entiate Staphylococcus Siphoviridae phages in distinct clusters.
This is in accordance with a modular mechanism of evolution in
which differentiation processes mainly rely on the exchange of a
restricted number of genes or parts of genes within the structural
module (8).

Concluding remarks. At the time of the present work, repre-
sentation of Staphylococcus phages was mainly restricted to phages
infecting the pathogen S. aureus. We report here the identification
and molecular characterization of three novel Siphoviridae phages
isolated from CoNS. In addition, we propose a refined Staphylo-

FIG 6 Network representation of phage relationships based on the protein content (see Materials and Methods). Each node represents a phage or a prophage.
Links between two phages are represented when they share at least 30% of homologs. The circles delimit the different clusters defined with the Markov cluster
algorithm (MCL). The different colors represent the host species (red, S. aureus; gray, S. pseudintermedius; yellow, S. hominis; blue, S. capitis; brown, S.
lugdunensis; green, S. epidermidis; mauve,: S. caprae; pink, S. haemolyticus). The letter “S” tags phages and prophages containing an integrase of the serine
recombinase family. The classification is in agreement with the classes and clades previously defined, while a more precise distinction was obtained among
Siphoviridae phages (14, 37). Cluster 8 corresponds to the class I (Podoviridae; genome � 20 kb), clusters 1 to 6 and 9 to class II (Siphoviridae; genome �40 kb),
and cluster 7 to class III (Myoviridae; genome � 125 kb). Cluster 1 corresponds to clade A, cluster 4 to clade B, and clades C and D were split into two subclades
(clusters 2 and 3 and clusters 5 and 6, respectively). Cluster 9 constitutes a new clade. In addition, the previously unclassified phages 187 and 2638A are attached
to clusters 1 and 6, respectively. In cluster 7, the phage K is able to infect both S. aureus and coagulase-negative staphylococci (47). A list of (pro)phages is provided
in Data Set S1 in the supplemental material.

Deghorain et al.

5836 jb.asm.org Journal of Bacteriology

http://jb.asm.org


coccus phage classification (Fig. 6). This classification highlights
the close evolutionary relationships between CoNS and S. aureus
species and confirms the modular nature of phage genome evolu-
tion. It also raises important questions regarding lysogenic con-
version of commensal strains to pathogenic strains at the level of
virulence genes, as well as host specificity genes shuffling between
“nonpathogenic” and “pathogenic” phages. Consistently, several

studies have reported host range shifts in phages, a process that is
efficiently improved by phage-bacterium coevolution (15, 20, 29,
30, 45). As S. aureus and CoNS share the same niche, we cannot
exclude the possibility that such shifts might occur, resulting from
the interplay between genetic alteration and environmental con-
ditions. In a larger context, our data also show that classification of
staphylococcal phages should favor grouping methods based on

FIG 7 Modular evolution of StB12, StB27, and StB20. The schematic representations of the genomes of StB12, StB27, and StB20 show the frequencies of
homologs detected among the 9 clusters of phages. Functional modules are represented in different colors: red, lysogeny; yellow, DNA metabolism; green, DNA
packaging and head; blue, tail; light pink, lysis. Purple boxes, structural components considered specific to a cluster; light-blue boxes, non-cluster-specific
structural components.
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common protein repertoires and take into account phage modu-
lar architecture (55) instead of single-locus information, such as
integrase sequences (26, 34).
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