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In this study, we describe the genetic organizations of six and five apparent prophage-like elements present
in the genomes of the Lactococcus lactis subsp. cremoris strains MG1363 and SK11, respectively. Phylogenetic
investigation as well bioinformatic analyses indicates that all 11 prophages belong to subdivisions of the
lactococcal P335 group of temperate bacteriophages.

Prophages are temperate bacteriophages that are inserted
into the chromosome of their bacterial host. Whole-genome
sequencing projects have revealed that prophage sequences
are widespread among bacterial genomes (2, 3, 4, 8, 29,
41–45). Prophages are not only important genetic elements
that impart bacterial genome variability. They may confer a
diverse array of phenotypic traits to their hosts (sometimes
referred to as lysogenic conversion factors), including those
that govern the course and pathobiology of bacterial infec-
tions (4, 6, 8). Interest in lactococcal phages originally arose
from the economic impact of their attacks on Lactococcus
lactis cultures that are used for the manufacture of fer-
mented dairy products. The L. lactis species is classified into
two subspecies, i.e., Lactococcus lactis subsp. lactis (e.g., L.
lactis subsp. lactis IL-1403) and Lactococcus lactis subsp.
cremoris (e.g., L. lactis subsp. cremoris MG1363 and L. lactis
subsp. cremoris SK11) (34).

Many lactococcal phages have been isolated and have been
divided into a distinct number of species (12, 17, 21), as well as
subspecies (e.g., P335 [5, 31], c2, and 936 [14, 28]), that all
belong to the Caudovirales order (1). Lactococcal phages thus
represent a valid model to study genetic organization, popula-
tion genetics, and mode of evolution. Sequencing of L. lactis
subsp. cremoris MG1363 and L. lactis subsp. cremoris SK11
allowed the identification and subsequent analysis of prophage
sequences with respect to gene content, transcription profile
(in the case of the MG1363 prophages), and comparative ge-
nome organization.

Prophage contents of the L. lactis subsp. cremoris MG1363
and SK11 genomes. As described in previous reports (8, 43),
integrases and/or cI repressors are useful markers for the iden-
tification of mobile DNA elements such as prophages in bac-
terial genomes. Recently, the entire sequence of the L. lactis
subsp. cremoris MG1363 genome was determined (47), making
it possible to characterize the prophages it may contain. Sur-
prisingly, despite the fact that, during its construction, L. lactis
strain MG1363 was subject to a prophage-curing scheme (19),
six prophage sequences were identified on the basis of signif-
icant homology between identified open reading frames
(ORFs) and known phage genes. These presumed prophages
appear to have integrated into noncoding regions and encom-
pass DNA regions with lengths of 19,053 bp (MG-1), 6,019 bp
(MG-2), 42,085 bp (t712), 44,200 bp (MG-3), 18,029 bp (MG-
4), and 10,598 bp (MG-5) (names for the putative phages are
given in parentheses).

Based on genome length only prophages t712 and MG-3
appear to represent complete phages, whereas MG-1, MG-2,
MG-4, and MG-5 are presumed to be incomplete phage ele-
ments. In the case of prophage t712 it has been demonstrated
that the in silico restriction pattern is identical to that of DNA
isolated from active phage obtained from a derivative MG1363
strain lysogenized with the 712 phage, suggesting that this is
indeed a complete phage (data not shown). However, it must
be noted that the prophage does not equip the host with
superinfection immunity against t712, as demonstrated by the
sensitivity of MG1363 to t712 phage infection using plaque
assays, and there is no apparent lytic response to induction
with either mitomycin C or UV light (data not shown). Non-
inducible, but apparently complete prophages have been iden-
tified in the genome sequences of other species, e.g., Lactoba-
cillus johnsonii NCC533 (42). Screening for integrase genes
and cI repressors in the sequenced L. lactis subsp. cremoris
SK11 strain revealed the presence of five apparently complete
or partial prophages, represented by prophage-like sequences
of 11,208 bp (SK11-1), 36,971 bp (SK11-2), 32,198 bp (SK11-
3), 39,595 bp (SK11-4), and 12,712 bp (SK11-5).
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The prophage sequences occupy various positions in the
genomes of L. lactis subsp. cremoris MG1363 and SK11; these
positions are different in the two strains and also different from
those of the previously described prophages of L. lactis IL-1403
(see Fig. S1 in the supplemental material). These differences
represent a large portion of the observed genomic differences
between L. lactis MG1363, L. lactis SK11, and L. lactis IL-1403
(see Fig. S1 in the supplemental material). When the genomic
inversion in L. lactis MG1363 is taken into account (46), the
prophages t712, MG3, and MG4 are integrated in the same
positions on the genome as the prophages SK3, SK4, and SK5
in the genome of L. lactis SK11. Notably, the putative attach-
ment sites of prophages t712 and SK11-3 are identical, as are
those of MG-3 and SK11-4 (see Table S1 in the supplemental
material). However, based on similarities they still represent
different prophages (see below).

Genome analysis of prophage t712. Prophage t712 in L.
lactis subsp. cremoris MG1363 extends from ORF 790 (inte-

grase gene) to ORF 852 (abortive infection system-encoding
gene) (Fig. 1). These ORFs are flanked by a 13-bp repeat (see
Table S1 in the supplemental material), indicative of attL and
attR sites. Database matches allowed a subdivision of the t712
prophage genome into functional modules (Fig. 1). The lysog-
eny module extends from ORF 790 to ORF 797. It includes the
integrase gene (ORF 790; 35% identity to an integrase gene of
Streptococcus pneumoniae phage MM1), a metalloproteinase
gene (ORF 792; 39% identity to a metalloproteinase-encod-
ing gene of Streptococcus pyogenes phage 315.5), a cI-like
repressor gene (ORF 793), a cro-like gene (ORF 795), and
the putative antirepressor gene ant (ORF 797). Remarkably,
the cI- and cro-like genes are not located directly next to
each other, as described for many lactococcal phage switch
regions (22, 23, 27). Several small ORFs were identified
downstream of the lysogeny module, one of which resembles
a putative transcriptional regulator-encoding gene (ORF 803).

The DNA region following the lysogeny module (and ex-

FIG. 1. Comparative genome maps of the L. lactis MG1363 prophages MG-1, MG-2, MG-3, MG-4, MG-5, and t712. Similar genes are linked
by shading, with the amino acid identities given in percentages. Predicted functions of encoded proteins identified are indicated. The modular
structures of the genomes are indicated by different patterns, which indicate their predicted functions: diagonal stripes, lysogeny; large checker-
board, DNA replication; white, transcriptional regulation; horizontal stripes, DNA packaging and head, small checkerboard, tail; narrow vertical
stripes, tail fiber; diamonds, lysis modules; grey, similar to bacterial protein; black, hypothetical protein; and wide vertical stripes, tRNA genes. The
presumptive lysogenic-conversion genes are highlighted in gray.
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tending from ORF 805 to ORF 811) is predicted to encompass
the replication module, as it specifies proteins similar to DNA
replication proteins from lactococcal and streptococcal phages.
Database matches include a gene predicted to encode a nucle-
oside triphosphate (NTP) binding protein (ORF 805; 62%
identity with the NTP binding protein of S. thermophilus Sfi19
phage), a gene that encodes a putative single-stranded-DNA
binding protein (ORF 806), a replisome organizer-encoding
gene (ORF 808; product has 98% identity with the DNA rep-
lication protein of L. lactis bIL 309 phage), and a gene (ORF
811) whose product contains a RusA motif, which has been
implicated in DNA replication (35).

A region, containing several anonymous ORFs and several
ORFs with a predicted function (ORF 816, ORF 818, ORF
822, and ORF 823) is located between the DNA replication
module and the structural protein module of t712. Of note, the
ORF 816 product is similar to a deoxyuridine 5�-triphosphate
nucleotidohydrolase (dUTPase), encoded by a wide variety of
viral bacterial and eukaryotic genomes. Putative dUTPase
genes are without exception found in the genomes of P335-
type lactococcal phages (at least the ones that appear to be
complete). The dUTPase enzyme catalyzes the cleavage of
dUTP into dUMP and pyrophosphate, thereby preventing ura-
cil incorporation into DNA by efficiently decreasing the dUTP/
dTTP ratio during phage genome replication (9). The ORF
818-encoded protein is similar to the methyltransferase subunit
of a predicted type I restriction modification system found in L.
lactis SK11. Finally, the proteins encoded by ORF 822 and
ORF 823 resemble an IS21 family of transposase and trans-
posase helper proteins of Enterococcus faecium, respectively.
Across the DNA packaging and structural modules, prophage
t712 exhibits sequence similarity to sections of corresponding
modules found in phages that infect Lactobacillus species.
Based on synteny and database matches we identified likely
DNA packaging and head morphogenesis genes, possible
head-to-tail-joining genes (related to those identified on the L.
johnsonii prophage Lj965 genome (39), and putative tail and
tail fiber genes. Deduced products of the adjacent lysis cassette
genes (ORF 850 and ORF 851) display sequence identity with
the putative holin and lysin from L. lactis phage ul36 (23). An
ORF (ORF 852) encoding a putative phage resistance-confer-
ring abortive-infection (Abi) protein is located between the
lysin gene and the attR site. The ORF 852 protein product
contains a typical AbiF motif (COG4823) and displays strong
similarity (42% identity) to an abi gene product of S. pyogenes
MGAS 10394 (3). The original AbiF-encoding gene is located
on lactococcal plasmid pNP40 and has been shown to delay the
DNA replication of 936 lactococcal phages (18). Thus, this may
represent the first description of a gene encoding an Abi phage
resistance system carried by a phage.

Genome analysis of the MG-3 prophage. The predicted
prophage MG-3 of L. lactis MG1363 extends from ORF 2142
(integrase gene) to ORF 2082 (lysin gene) (Fig. 2). These
ORFs are flanked by a 23-bp repeat (see Table S1 in the
supplemental material), indicating the existence of attL and
attR sites. On the basis of identified similarities to other bac-
teriophages the MG-3 prophage genome can be subdivided
into functional modules (Fig. 1). The lysogenic module in this
prophage-like element is limited to a region spanning ORF
2142 to ORF 2134. Proteins specified by this region show

significant BLAST matches to a phage integrase (the product
of ORF 2142; 47% identity to an integrase protein of the L.
lactis biL310 phage), a cI-like repressor (encoded by ORF
2139), a Cro-like gene product (ORF 2135), and an antirepres-
sor protein (ORF 2134). Similar to their counterparts in the
t712 prophage the cI- and cro-like genes of MG-3 are not
arranged in a typical genetic switch region. The ensuing ORFs
(extending from ORF 2128 to ORF 2124) constitute the pre-
sumed DNA replication module. This region includes ORFs
that encode proteins with significant identity to proteins in-
volved in DNA phage replication (16), i.e., a single strand
binding protein and a replisome organizer protein. All of these
displayed identity scores above 98% with regards to homolo-
gous proteins of L. lactis prophage ul36 (23). Many anonymous
ORFs (ORF 2123 to 2104) are located downstream of the
putative DNA replication module. Interestingly, located
among these ORFs is a gene (ORF 2114) whose product has
98% identity with a putative dUTPase of L. lactis ul36 proph-
age. This gene is very similar to ORF 816 of the t712 prophage.
Moreover, comparison of the MG-3 and t712 prophage ge-
nome sequences showed significant sequence similarity (above
99%) at the DNA level in the region encompassing ORF 2110
and ORF 2109 of MG-3 and ORF 822 and ORF 823 of t712,
resembling a transposase gene and a transposase helper gene,
respectively, of E. faecium. Furthermore, a tRNA gene carry-
ing an anticodon (TTT) specific for a Lys residue was found in
MG-3 (Fig. 2). Interestingly, tRNA genes are not commonly
found in lactococcal phage sequences, and the presence of this
tRNA gene in the MG-3 prophage gene may increase the
translational efficiency of certain proteins specified by the
MG-3 phage or its bacterial host. ORF 2103 is located imme-
diately downstream of the tRNA gene and is predicted to
encode an HNH endonuclease (PF01844), homologs of which
have been associated with introns in phages (15).

Identification of putative structural modules, such as the
head morphogenesis genes (from ORF 2102 to ORF 2096) and
the tail morphogenesis genes (from ORF 2085 to ORF 2090),
was possible on the basis of the observed homology of gene
products to those in other lactococcal phages, i.e., L. lactis
biL286 or 4268, and streptococcal phages, i.e., S. thermophilus
Sfi19 phage (25, 26). A pseudogene (ORF pseudo66) that is
identical to a transposase gene of L. lactis IL-1403 is located
between the putative terS and terL genes. The right part of
prophage MG-3 (from ORF 2099 to ORF 2082) displays the
highest overall similarity (at the amino acid level of the en-
coded proteins) to the regions of the L. lactis prophage 4268
carrying head morphogenesis and tail morphogenesis gene
clusters (37). The general organization of this MG-3 genome
region shows a one-to-one correspondence to similarly sized,
homologous genes in the 4268 prophage (Fig. 2). The ORF
2089 product contains some conserved elements of a transgly-
cosylase family, which consists of cell wall-hydrolyzing en-
zymes, including the phage T4 lysozymes and phage-encoded
transglycosylases. As ORF 2089 is part of the gene cluster that
is predicted to specify tail proteins, the ORF 2089 product may
be involved in hydrolyzing the cell wall as part of the initial
stages of the phage infection process. The deduced protein of
ORF 2086 contains seven collagen-like repeats (Gly-X-Y) and
displays similarity to putative host specificity proteins of lacto-
coccal prophage 4268. Collagen-like repeats are motifs with a
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glycine recurring every third residue that forms a triple helical
structure (13). As these motifs were identified in structural
proteins that encode the phage host specificity of some phages,
we propose that the protein encoded by ORF 2086 encodes the
host specificity protein of MG-3.

Immediately downstream of the tail morphogenesis module,
a classical host lysis cassette, which includes the presumed
holin gene (ORF 2083) and the lysin gene (ORF 2082), was
identified, the products of which are similar to those of L. lactis
phage 4268 (Fig. 2). Finally, a small set of ORFs (ORF 2082a,
ORF 2082b, and ORF 2082c) encoding proteins with similarity
to anonymous proteins specified by the L. lactis prophage
biL286 and Lc3 are located between the lysin gene and the attR
sites.

Genome analysis of the MG-1, MG-2, MG-4, and MG-5
prophage remnants. The four MG1363 prophages MG-1,
MG-2, MG-4, and MG-5 differ from t712 and MG-2, as well as

from other complete bacteriophages infecting lactic acid
bacteria, by their short genomes and the conspicuous absence
of genes required for phage morphogenesis and lysis of the
bacterial host. Such genetic functions are also absent in the
Escherichia coli satellite phage P4, which depends on helper
bacteriophages for the provision of morphogenetic and lytic
functions in order to successfully accomplish lytic development
(24). Possibly, the four small MG1363 prophages represent
satellite phages that rely on “complete” or so-called helper
phages for multiplication. This situation may be similar to that
suggested for L. lactis IL-1403, in which three small phage
remnants, i.e., biL310, biL311, and biL312, whose propagation
was proposed to rely on helper phages, are present (10). These
small phages may therefore represent cryptic remnants of an as
yet uncharacterized phage group.

MG-1 possesses the largest genome (19,053 bp) of this group of
presumed prophage remnants, displaying considerable homology

FIG. 2. Alignment of the L. lactis MG1363 prophages MG-1, MG-2, MG-3, MG-4, MG-5, and t712 prophages with other lactococcal phages.
Representation is as in Fig. 1.
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and synteny to the L. lactis prophage biL310 genome sequence
(Fig. 2). The MG-1 prophage is inserted between a gene encoding
a putative mannitol-1-phosphate 5-dehydrogenase and a gene
encoding a protein of unknown function. Both ORFs are flanked
by a 25-bp repeat (Table 1) that is a likely candidate for the attL
and attR sites. The MG-1 prophage genome contains an ORF
(ORF 55) which is nearly identical to the integrase gene of L.
lactis bil310 prophage. Many anonymous ORFs are present up-
stream of the integrase gene, in addition to a set of genes (ORF
50 and ORF 49) whose deduced protein products are nearly
identical to the predicted transposase helper and transposase
encoded by MG-3 and t712. Furthermore, ORF 45 encodes a
product that exhibits a 39% amino acid identity (e value of 10�29)
to a streptococcal DNase, also called streptodornase, of S. pyo-
genes MGAS10394 (4).

ORF 41 and 40 of MG-1 show significant database matches
with the genes constituting the genetic switch region of the
lactococcal phage r1t, while the protein product of ORF 38 is
40% identical to the transcriptional regulator of Streptococcus
pneumoniae phage EJ-1. Moreover, ORF 30 and ORF 31 rep-
resent elements of the DNA replication module, encoding
proteins which display significant similarities to the DNA rep-
lication protein and the DNA primase of Enterococcus faecium
prophage Lp4 and the lactococcal prophage biL310, respec-
tively.

MG-2 has the shortest sequence of all lactococcal phages
analyzed so far. It consists of five phage-related genes, includ-
ing the integrase gene (ORF 594) and a gene for a cI repressor
(ORF 598). Their predicted protein products show 30% and
62% identity, respectively, to the homologous proteins in the
L. lactis subsp. lactis IL-1403 prophage biL286. This prophage
remnant is flanked by a 46-bp repeat (see Table S1 in the
supplemental material) presumed to represent the attL and
attR sites. Phage integration complements the 3� end of a
tRNAArg gene carrying a CCG anticodon. When the deduced
protein products of the genome of MG-2 were compared to
those encoded by other L. lactis phages, the highest similarities
were observed with proteins encoded by L. lactis prophage
biL286 (see above and data not shown).

The MG-4 prophage remnant is inserted between a putative
S-adenosylmethionine-dependent RNA methyltransferase gene
and a gene that is homologous to a gene regulating the produc-
tion of exoamylase and other exoenzymes (46). The prophage
sequence is flanked on each side by two 16-bp repeats, indicating
the existence of putative attL and attR sites. The predicted inte-
grase gene (ORF 2268) of MG-4 is preceded by five anonymous
genes, a gene (ORF 2262) whose product contains a helix-turn-
helix motif, and by a gene (ORF 2261) that is similar to a cro-like
gene of the L. plantarum prophage Lp4 (42). The last two genes
are likely to constitute the genetic switch region of MG-4. Down-
stream of this presumptive lysogeny module are two genes (ORF
2253 and ORF 2252), whose predicted protein products are sim-
ilar to a DNA replication protein and to a primase, respectively,
of E. faecium prophage Lp4. The MG-4 prophage structural mod-
ule appears to be limited to ORF 2250, whose protein product is
similar to the small terminase protein of L. lactis subsp. lactis
prophage biL310. The MG-4 prophage contains a gene (ORF
2248) whose protein product is similar to a protein (AbiLi) that
forms part of a two-component abortive-infection system found in
L. lactis and Staphylococcus epidermidis ATCC 12228. Although

the precise mechanism of AbiLi is unknown, it was shown to
prevent 936 phage replication (12).

The MG-5 prophage remnant is located between a gene
(ORF 2524) encoding an uncharacterized protein containing a
Zn ribbon domain, possibly involved in phosphonate metabo-
lism, and a gene (ORF 2539) encoding a glyceraldehyde-3-
phosphate dehydrogenase, while being flanked on either side
by a 14-bp repeat (see Table S1 in the supplemental material),
thus representing candidates for the attL and attR sites. The
presumed MG-5 prophage lysogeny module contains four
genes, whose deduced protein products display a high level of
protein similarity to integrases (ORF 2525), a cI repressor
(ORF 2526), a Cro repressor (ORF 2526a), and an antirepres-
sor protein (ORF 2527). The putative cI- and cro-like genes
are divergently oriented, and their products share 43% and
31% identity with a transcriptional regulator of the Cro/cI
family of S. pyogenes MGAS10394. Upstream of the lysogeny
module, ORF 2533 and ORF 2534 were identified as repre-
senting part of the DNA replication module. Their predicted
protein products match a DNA replication protein (ORF
2533) of E. faecium phage Lp4 and a primase protein of the L.
lactis subsp. lactis prophage biL310 (ORF 2534). The putative
DNA replication genes are followed by a number of short
anonymous genes and ORF 2537, whose predicted protein
shows 54% identity with the experimentally determined acti-
vator protein of late transcription of L. lactis subsp. lactis
phage TP901-1 (7).

Genome analysis of the L. lactis subsp. cremoris SK11-1,
SK11-2, SK11-3, SK11-4, and SK11-5 prophages. Based on the
presumptive prophage genome length and encoded functions
only prophages SK11-2, SK11-3, and SK11-4 appear to be
complete, while SK11-1 and SK11-5 are more likely to repre-
sent prophage remnants. The lengths of all L. lactis subsp.
cremoris SK11 prophages was determined indirectly, based on
the finding that SK11-1, SK11-2, SK11-3, SK11-4, and SK11-5
prophage sequences are flanked by 24-bp, 13-bp, 14-bp, 23-bp,
and 24-bp repeats (see Table S1 in the supplemental material),
respectively, in each case suggestive of attL and attR sites.

Genome analysis of the SK11-2 prophage. Database
matches allowed a subdivision of the SK11-2 genome into
functional modules typical of lambdoid phages (Fig. 3). The
likely extent of the lysogeny module is from ORF 1096 to ORF
1101. This diagnosis was based on clear database matches with
integrase and repressor genes constituting the genetic switch
region. As in many other temperate phages, the genetic switch
region was followed by an antirepressor gene (ORF 1101).
Downstream of the lysogeny module, several ORFs (ORFs
1108 to 1112) were predicted to encode proteins with homol-
ogy to DNA replication proteins, thus defining this genome
segment as the likely DNA replication module. A large DNA
segment encoding hypothetical proteins with homology to sev-
eral proteins from P335-type lactococcal phages is located be-
tween the DNA replication module and the morphogenesis
module. Within this DNA region a gene encoding a putative
protein similar to dUTPase of lactococcal Tuc2009 phage was
identified. Notably, the following region showed a long non-
protein-encoding DNA segment that contained a tRNA gene
that recognizes the TTT (Lys) anticodon. Identification of pos-
sible structural modules such as head morphogenesis genes
(ORF 1132 to ORF 1137), DNA packaging genes (ORF 1138
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to ORF 1142), and tail morphogenesis genes (ORF 1143 to
ORF 1148) was possible on the basis of observed homology to
genes in lactococcal phages (e.g., Tuc2009 and TP901-1 [7,
30]). Separated from the structural modules by two anonymous
ORFs, a lysis cassette formed by holin and lysin genes was also
identified. Furthermore, two genes, ORF 1154 and ORF 1155,
encoding a hypothetical protein and a putative transcriptional
regulator protein carrying a helix-turn-helix motif, respectively,
were found between the lysis cassette and the putative attR.
Notably the putative protein encoded by ORF 1155 shares
56% sequence similarity with a protein encoded by a gene of
the biL311 prophage located in a similar genetic constellation.

Genome analysis of the SK11-3 prophage. The modular
organization of the SK11-3 prophage is atypical for temperate
phages with low GC content of gram-positive bacteria (Fig. 3).
Interestingly, the lysogeny module is limited only to the inte-
grase gene (ORF 1797). It therefore seems that a deletion
which removed the genetic switch and flanking regions has
occurred in this phage genome. The following ORFs (ORF
1795 to ORF 1793) constitute the putative DNA replication
module. Notably, a gene (ORF 1797) which resembles a trans-
posase of Streptococcus thermophilus is located between the
lysogeny and the DNA replication modules. Furthermore a

gene (ORF 1785) resembling the aforementioned dUTPase
gene is present in a genetic constellation typical of P335-type
lactococcal phages. Across the DNA-packaging head and tail
fiber modules, prophage SK-3 shares sequence similarity with
the L. lactis TP901-1 and Tuc2009 phages. A lysis cassette was
identified downstream of the tail fiber module, which is con-
stituted by the classical genetic constellation of holin and lysin
genes.

Genome analysis of the SK11-4 prophage. The lysogeny
module was predicted to extend from ORF 2145 to ORF 2085
and includes the integrase gene, the genetic switch region, and
the antirepressor encoding gene. Notably, the putative cI-and
cro-like genes were not located adjacent to each other, as is
commonly found for other phages. Downstream of the lysogeny
module, many ORFs (from ORF 2134 to ORF 2130) encoded
proteins similar to hypothetical proteins of bacteriophage ul36.
The downstream ORFs (ORF 2129 to ORF 2127) constitute the
likely DNA replication module, which comprises genes encoding
a predicted initiation protein, a single-stranded-DNA binding
protein, and a replication protein, as based on their displayed
similarities to the lactococcal bacteriophage ul36. Several
anonymous ORFs (ORFs 2126 to 2111) are placed down-
stream of the putative DNA replication module. Interestingly,

FIG. 3. Comparative genome maps of the L. lactis SK11 prophages SK11-1, SK11-2, SK11-3, SK11-4, and SK11-5. Genes sharing similarity are
linked by shading. Probable functions of encoded proteins identified by bioinformatics analysis are noted. The degree of amino acid identity is
indicated by shading, as described in the legend to Fig. 1.
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located among these ORFs is a gene (ORF 2118) whose prod-
uct has 97% identity with the putative dUTPase of the lacto-
coccal ul36 prophage. This gene is very similar to ORF 2114 of
the MG-3 prophage. Identification of likely structural modules
such as head morphogenesis genes (from ORF 2110 to ORF
2108), DNA packaging genes (from ORF 2104 to ORF 2103),
tail morphogenesis genes (ORF 2097 to ORF 2093), and a tail
fiber gene (ORF 2090) was possible on the basis of observed
homology to genes in Lactobacillus phages. Furthermore, a
lysis cassette including the holin- and lysin genes is followed by
two ORFs (ORF 2086 and ORF 2087), which encode two
putative proteins similar to lactococcal glycosyltransferases. It
is possible to speculate that these genes might improve the
ecological fitness of the lysogens, thus providing a specific
lysogenic-conversion phenotype. One of the possible functions
of such glycosyltransferase activity is that they change the sugar
composition of a phage receptor (18), which would make this
strain insensitive to certain phages.

Genome analysis of the SK11-1 and SK11-5 prophages. As
shown in Fig. 3 the genetic structures of SK11-1 and SK11-5
appear to have been shaped by multiple DNA deletion and re-
arrangement events. Database matches allowed a functional an-
notation of only a few ORFs of the SK11-1 prophage genome,
comprising the integrase gene (ORF 301) and the genetic switch
region divergently transcribed cI- and cro-like repressor genes
(ORF 302 and 303). The identical genetic constellation is found
in the genome sequences of L. lactis subsp. cremoris MG1363
MG-5 prophage. Notably, another gene (ORF 309), which is
similar to a gene encoding a putative bacteriophage resistance
protein from S. pyogenes MGAS10270 as well as the L. lactis
NCK202.50 strain (20), was identified in the SK11-1 prophage
genome.

The prophage-like element SK11-5 consists of a lysogeny
module, which includes a possible genetic switch region (ORFs
2268 and 2269), an antirepressor (ORF 2267), and an integrase
gene (ORF 2275). Interestingly, the SK11-5 lysogeny module
contains an alien gene whose product shows a 90% amino acid
identity (E value of 10�177) to the putative streptodornase
encoded by the MG-1 prophage (see above). Furthermore,
database matches allowed the distinction of a DNA replication
module and a DNA-packaging module, which are limited to
ORF 2258 and 2255, respectively. The apparently short sizes of
these DNA modules could be the consequence of DNA dele-
tion events that have been started at one end of the prophage
DNA and ended within the SK11-5 genome. Such findings
have already been described for streptococcal prophage se-
quences, i.e., the prophage remnant Sfi16 of S. thermophilus
(40). Large DNA regions of SK11-5 prophage display sequence
similarity to the L. lactis subsp. lactis prophage bIL310.

Phylogenetic analysis of the L. lactis subsp. cremoris MG1363
and L. lactis subsp. cremoris SK11 prophages. Recently, a se-
quence-based taxonomic system has been established for in-
ferring phylogeny among phages and prophages through the
generation of a proteomic tree (33). We performed such a
proteomic tree analysis using the database of phage and pro-
phage sequences with inclusion of the MG-1, MG-2, MG-3,
MG-4, MG-5, t712, SK11-1, SK11-2, SK11-3, SK11-4, and
SK11-5 sequences. These L. lactis MG1363 and L. lactis SK11
prophage sequences were shown to group with other phage

sequences belonging to the lactococcal phage group P335
(Fig. 4).

The proteomic tree produced by this analysis also separates
the Lactococcus P335 phage group into four distinct subgroups
(Fig. 4). Interestingly, such an analysis showed a clear separa-
tion of the cluster formed by r1t and LC3 phages from the
other three P335 subgroups (Fig. 4). The proteomic tree pro-
duced by the analysis agrees with the classification proposed by
Trotter et al. (38) and by Proux et al. (32), who highlighted the
close phylogenetic relationship between the Lactococcus and
Streptococcus phages.

Comparative lactococcal phage genome analysis. A compar-
ative genome analysis of the 11 L. lactis prophages described
here and the currently available lactococcal phage sequences
revealed that they have a very similar genetic organizations,
albeit that the genomes are only homologous across less than
30% of their total lengths. The prophage genomes thus appear
to be a mosaic of conserved sequences interspersed by nonho-
mologous regions. Such a genetic arrangement is common
among lambdoid phages and reflects combinations of different
functional modules, each of which exists in the population as a
variable number of disparate versions. Among all P335 phages,
the highest resemblance (amino acid sequence and gene order)
between the structural proteins of prophage SK11-2 and
SK11-3 and the temperate phages Tuc2009 and TP901-1,
which form subgroup 2 within the P335 group (Fig. 4). These
comparative analyses corroborate the observations on the con-
servation of the gene order in the morphogenesis/packaging
module compared to the variable organization of the early
modules (23). These alignments also confirm the extensively
discussed high heterogeneity among phages of P335 species
genome (7, 10, 23).

Transcriptome analysis of MG-1, MG-2, MG-3, MG-4,
MG-5, and t712 prophages. We assayed L. lactis MG1363
phage gene expression using DNA microarray technology (see
the supplemental data). From these results it is obvious that
large regions of these prophage genomes are transcriptionally
silent during early logarithmic growth of L. lactis MG1363.
Regions encoding immunity functions, as well as those encod-
ing lysogenic conversion functions, i.e., putative abi determi-
nants and putative mitogenic factors, were shown to be ex-
pressed during logarithmic growth (see the supplemental
material).

Conclusions. The genome sequences of t712, SK11-2,
SK11-3, and SK11-4 prophages, with respect to the overall
genome organization, were shown to belong to the group of
Sfi11-like pac site Siphoviridae (32), whereas the MG-3 pro-
phage belonged to the Sfi21-like cos site Siphoviridae (37).
Phylogenetic analysis based on a proteomic tree as well as
comparative genome analyses revealed that the MG-1, MG-2,
MG-3, MG-4, MG-5, t712, SK11-1, SK11-2, SK11-3, SK11-4,
and SK11-5 prophage sequences described here are phyloge-
netically related, and all belong to the P335 quasispecies. No-
tably, the obtained proteomic tree hints to the possibility of a
further subdivision of the P335 into subgroups, showing that
the P335-like phages are a perfect example of polythetic spe-
cies. Indeed, previous studies based on DNA-DNA hybridiza-
tion as well as comparative genome analyses already pointed
out that the P355 species is composed of interconnected iso-
lates with shared properties or modules (12).
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Previous phage DNA transcription studies of Streptococcus,
Lactococcus, and Lactobacillus have shown that large parts of
the prophage genome are transcriptionally silent during the
lysogenic state, while genes near either attachment site were

actively transcribed (40–46). Similar patterns were observed
for L. lactis prophages MG-1, MG-3, MG-4, MG-5, and t712.
Transcription analysis of L. lactis MG1363 cultures in the early
stages of growth revealed the presence of mRNA of several of

FIG. 4. Phage proteomic tree illustrating the relationship between MG-1, MG-2, MG-3, MG-4, MG-5, t712, SK11-1, SK11-2, SK11-3, SK11-4,
and SK11-5 prophages and other sequenced phages and prophages.
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the presumed phage repressor-encoding genes and the lack of
expression of the cro-like genes (see the supplemental mate-
rial).

The gene located between the the lysin gene and attR (which
encompasses the presumed lysogenic-conversion region), abiF,
was transcribed in the t712 prophage at both early and late
growth phases. A previous study identified an alternative can-
didate for the lysogenic-conversion region within the lysogeny
module (40). This would be consistent with the location of
ORF 45 in the lysogeny module of MG-1, which encodes a
putative streptodornase protein and which was shown to be
transcribed during the lysogenic state. In phages infecting bac-
terial pathogens, this region carries genes that may provide
selective advantage to the lysogens (6). It has been reported
that, in many dairy prophages, transcription of genes located in
the lysogenic-conversion region is more prominent than that
of the phage repressor (40), suggesting a physiological function
of these prophage genes in the lysogen. The lack of functional
characterization of these putative lysogenic-conversion genes
makes it difficult to speculate about the exact nature of their
encoded functions and specified phenotypes. However, the
predicted function of ORF 852 (an abiF homolog) from t712,
located within the lysogenic-conversion region and transcribed
during the lysogenic state, is that of a phage defense system
that interferes with phage multiplication following phage ad-
sorption and DNA injection (for a review see reference 11).
Abi-encoding genes are generally plasmid carried, and they are
specifically active against phages (36). It is therefore possible
that the t712 phage-encoded Abi determinant is beneficial to
L. lactis MG1363 by providing increased resistance against
phage infection. Similar to prophage t712, the MG-4 prophage
contains a possible Abi-encoding gene, one which resembles
that encoding AbiLi. To our knowledge the presence of Abi-
like genes in prophage genomes represents a novel finding, and
future studies will be carried out in order to experimentally
investigate the role played by these Abi-like genes in confer-
ring phage resistance.
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