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Abstract

TheLactobacillus plantarum commensal WCFS1 contains four prophage elements in its genome. Lp1 and Lp2 are two about 40-kb-long
uninducible prophages that share closely related DNA packaging, head and tail genes defining a second lineage ofpac-siteSiphoviridae in
L. plantarum, distinct from L. plantarum phage phig1e, but related toBacillus phage SPP1 andLactococcus phage TP901-1. Northern
analysis revealed transcribed prophage genes exclusively near both attachment sites. Comparative genomics identified candidate lysogenic
conversion genes (LCG) downstream of the lysis cassette and within the lysogeny module. Notable are genes with sequence similarities to
putative LCG fromStreptococcus pyogenes prophages and to aBacillus plasmid. Both prophages harbored tRNA genes. R-Lp3 and R-Lp4
represent short prophage remnants; R-Lp3 abuts Lp2 and displays sequence links tocos-site Siphoviridae.
© 2003 Elsevier Inc. All rights reserved.

Introduction

One of the new insights from genome sequencing was
the important role of bacteriophages for bacterial genome
evolution (Bushman, 2002; Canchaya et al., 2003c). Proph-
ages are not only quantitatively important genetic elements
of the bacterial chromosome. Microarray analysis showed
that prophages account in several bacterial species for a
substantial amount of interstrain genetic variability (Baba et
al., 2002; Bhattacharyya et al., 2002; Canchaya et al.,
2003a; Chan et al., 2003; Murray et al., 2001; Porwollik et
al., 2002; Smoot et al., 2002; Ventura et al., 2003). Notably,
numerous virulence factors from bacterial pathogens are
phage-encoded (Boyd and Bru¨ssow, 2002; Wagner and
Waldor, 2002). Polylysogeny, the presence of multiple pro-
phage genomes in a bacterial host, offers the possibility of
combining different virulence factors by a permutation prin-
ciple. In fact, the emergence of highly virulent clones of

Streptococcus pyogenes over recent decades was attributed
to the sequential acquisition of three specific prophages with
their distinct phage-encoded virulence factors (Banks et al.,
2002; Beres et al., 2002).

The prophage–host interaction has been rationalized in
simple evolutionary models (Canchaya et al., 2003a; Desi-
ere et al., 2001; Lawrence et al., 2001; Lawrence and Roth,
1999) for both pathogenic and nonpathogenic bacteria
(Brüssow and Hendrix, 2002). Prophages were postulated to
contribute genes that increase the survival fitness of the
lysogenic clone in its specific ecological niche. Interest-
ingly, at the position whereS. pyogenes prophages encode
virulence factors, i.e., between the phage lysin gene and the
right phage attachment site, prophages from many non-
pathogenic low GC content Gram-positive bacteria also
possessed genes that could not be attributed to any known
phage function and lacked any database matches (Ventura et
al., 2002b). Furthermore, transcription studies inStrepto-
coccus thermophilus and Lactococcus lactis prophages
demonstrated that these genes belong to the few prophage
genes transcribed in the lysogenic state (Boyce et al., 1995;
Ventura et al., 2002a). In the present article, we extended
the prophage transcription analysis to lactobacilli. These
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bacteria are prominent commensals of the vagina and the
alimentary tract. The recently sequenced Lactobacillus
plantarum strain WCFS1 (Kleerebezem et al., 2003) was
isolated from the oral cavity of a human subject.

Results

Prophage localization

Integrases are useful markers for mobile DNA elements
(prophages, integrative plasmids, and pathogenicity islands)
in bacterial genomes. The L. plantarum strain WCFS1 con-
tains nine integrase genes in its 3.3-Mb large genome (Fig.
1A). Two integrase genes (int 2 and int 7) identified the
prophages Lp1 and Lp2 (Fig. 1A). int 8 identified a 14-kb-
long prophage remnant R-Lp3 and int 9 was associated with
a likely 10-kb-long prophage remnant R-Lp4 (Fig. 1A). No
evidence for a prophage association was obtained for the
other five integrases (int 4 gene is flanked by capsular
polysaccharide gene clusters; int 6 is part of a transposase
cluster).

Genome analysis of prophage Lp1

L. plantarum strain WCFS1 did not release phage spon-
taneously or after mitomycin C induction as assessed by
extracellular phage isolation and phage DNA detection by
PCR (data not shown). The likely extent of prophage Lp1
was from ORF 624 (phage integrase) to ORF 687 (Fig. 1C).
This diagnosis was based on two observations. First, ORFs
624 and 687 were flanked downstream by a 14-bp repeat,
suggestive of attL and attR sites (Fig. 1C). Second, primers
placed in the adjacent ORFs 621 and 690 yielded a 2.8-kb-
long PCR product with genomic DNA from L. plantarum
strains lacking prophage Lp1 (Fig. 1B). The length of the
PCR product corresponds exactly to the WCFS1 genome
minus the Lp1 prophage, resulting in abutting rplL (ribo-
somal protein L12) and mf2 (mitogenic factor 2) -like genes.
Sequencing of this PCR product identified the presence of a
single copy of the 14-bp repeat, suggesting an attB site (Fig.
1C). The 14-bp core sequence overlaps the very 3� end of
the rplL gene. Prophage integration complements exactly
the 3� end of the coding sequence from rplL, while the stop
codon of rplL was changed from TAA to TAG (Fig. 1C).

Database matches allowed a subdivision of the Lp1 pro-
phage genome into functional modules (Fig. 2). The lysog-
eny module covers ORF 624 to ORF 634. It comprised the
integrase gene, the genetic switch region with divergently
transcribed cI- and cro-like repressor genes (ORF 631–ORF
632, 43% aa identity with a genetic switch in Enterococcus
faecalis and 38% identical with the repressor from L. plan-
tarum phage phig1e), a likely superinfection exclusion gene
sie (orf 628) related to S. thermophilus phage TPJ34 (40%
aa identity, E value � 10�15) and ORF 625 encoding a
protein related to the mitogenic factor gene mf4 from S.

pyogenes prophage 315.3 (35% aa identity, E � 10�28).
Notably, in S. pyogenes prophage, the mf4 gene is located
between the phage lysin gene and the right phage attach-
ment site attR. A total of four tRNA genes were located on
the Lp1 genome. Interestingly, two flank the mf4-like gene
(Fig. 2). A second repressor (ORF 637), with a H-T-H
DNA-binding motif, is encoded to the right of the genetic
switch region. Downstream of the lysogeny module, many
ORFs encode proteins with homology to DNA replication
proteins from various Lactobacillus, Lactococcus, and
Staphylococcus prophages (Fig. 2). Database matches in-
clude RecT-, replisome organizer-, RusA-, and a helicase-
like protein defining this genome segment as the likely
DNA replication module.

Further database matches allowed a distinction of likely
DNA packaging and head morphogenesis genes (the closest
relative was Bacillus subtilis phage SPP1), possible head-
to-tail joining genes (related to lactococcal phages TP901-1
and Tuc2009), and putative tail and tail fiber genes. With
the exception of the tail fiber proteins, the structural proteins
from prophage Lp1 shared no amino acid sequence identity
with the corresponding structural proteins from L. planta-
rum phage phig1e (Kodaira et al., 1997; Kakikawa et al.,
1996). Over the structural genes phig1e was closely related
to L. delbrueckii phage LL-H (Mikkonen and Alatossava,
1994) (Fig. 2). This analysis identified at least two distinct
lineages of structural genes in prophages from L. planta-
rum: Lp1 and phig1e. Both lineages belong to the recently
proposed Sfi11 species of pac-site Siphoviridae in lactic
acid bacteria (Brüssow, 2001; Brüssow and Desiere, 2001).

Downstream of the putative tail fiber genes, a likely lysis
cassette was identified in Lp1. Unusual for prophages from
LAB, the putative holin follows the lysin and precedes a
further lysin gene fragment, suggesting a DNA rearrange-
ment event.

Two genes at the prophage side of attR encode proteins
with homology to different parts of a hypothetical protein from
the Bacillus anthracis plasmid pX02 (gp 71, 28% aa identity,
E � 10�38). Interestingly, the two genes at the bacterial side of
the putative attR site also encoded proteins with homology to
phage proteins, i.e., to the mitogenic factor mf2 from S.
pyogenes prophage 370.1 (32% aa identity, E � 10�18), and to
tail fiber (tf) proteins from phages of Gram-negative bacteria
(prophages Rac, CP933X, Fels-1, T7-like Podovirus 28% aa
identity, E � 10�10) (Fig. 1C).

Genome analysis of prophage Lp2

Prophage Lp2 showed the common genome organization
of Sfi11-like Siphoviridae (Figs. 2 and 3). However, the
exact length of the prophage is unclear: two different direct
repeats, R1 and R2 (17 and 15 bp, respectively, located at
position 2�162�771–2�204�044 and 2�161�439–2�205�041),
flank Lp2. Different primer combinations (primer pair 1–2
from ORF 2457 to ORF 2396, and primer pair 1–3 from
ORF 2396 to ORF 2494) failed to amplify DNA from L.
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Fig. 1. Prophage integration. (A) The circular genome map of L. plantarum strain WCFS1 shows the location of the integrase genes, the prophages Lp1 and
Lp2, and the prophage remnants R-Lp3 and R-Lp4. The origin of replication is at the top. The bp position of the prophages is for Lp1: 589�962 to 631�801;
for Lp2: 2�161�732 to 2�203�817; for R-Lp3: 2�205�188 to 2�218�339; for R-Lp4: 2�997�299 to 3�007�277. (B) PCR amplification of genomic DNA of the
indicated L. plantarum strains flanking the putative attB site into which Lp1 integrated. The location of the primers used in this PCR is indicated in C, bottom,
with black arrows 1 and 2. (C) Integration site of Lp1. The bacterial genes are in black and are annotated with their ORF number and a shorthand notation
of their function. The outmost prophage genes are shown in dark grey. The light grey vertical bars represent the likely attachment sites attL, attR, and attB.
The nt sequence of these sites is indicated in the enlarged inserts. The conserved core sequence of each attachment site is underlined. The 3� end of ORF
622 (encoding the ribosomal protein L12 rplL) is indicated by a line and the stop codon is boxed.



plantarum strains (ATCC 8014, NCC1385, NCC1582,
NCC1472, NCC1589) lacking Lp2.

Lp2 is closely related to Lp1 at the protein (Fig. 2) and
at the DNA sequence level. With the exception of the
putative tail fiber genes, both prophages shared essentially
the entire structural gene cluster. Eighty-eight percent of
DNA sequence identity was shared between the DNA pack-
aging, head, head-to-tail, and tail genes from Lp1 and Lp2.
In this region only few differences were detected between
the two prophages: The putative small subunit terminase
genes were only related at protein sequence level: a non-
sense mutation disrupted the large subunit terminase gene in
Lp2, and an internal segment of the putative tail tape mea-
sure gene lacked DNA sequence similarity. The tail fiber
genes from Lp2 lacked similarity with Lp1, but showed
homology with Listeria phage A118 and Lactobacillus
phage LL-K (Fig. 2). The adjacent lysis cassette is similarly
organized in Lp1 and Lp2. ORF2397, located downstream
of the lysin in Lp2, is 32% aa identical to a gene of prophage
remnant Spy1094 from S. pyogenes strain SF370, suggest-
ing a lysogenic conversion gene (LCG). Further candidates
for LCG were found between the integrase gene and the
genetic switch region: a DNA methylase (41% aa identity
with Listeria) and a protein with weak similarity to a type
IV restriction-like enzyme, followed further upstream by
four tRNA genes, and two genes encoding proteins with
similarity to hypothetical proteins from Listeria (51% aa
identity) and from B. anthracis plasmid pX02 (gp66, note
that Lp1 ORF 687 shares similarity with the adjacent gp71

of plasmid pX02). Over the nonstructural genes, DNA se-
quence similarity between Lp1 and Lp2 was limited to
single genes or small groups of genes in the lysis cassette
and the DNA replication module (Fig. 2).

Genome analysis of prophage remnants R-Lp3 and R-Lp4

Directly downstream of the Lp2 integrase gene, another
cluster of 14 phage-related genes was identified (ORF
2457–2480). The cluster belongs to an apparently truncated
prophage remnant R-Lp3 (Fig. 4A). In R-Lp3 the integrase
gene is preceded by a repressor-like gene and on the oppo-
site strand by two phage DNA replication genes with se-
quence similarities to the helicase gene of lactococcal phage
blL312. Further upstream, DNA packaging genes (encoding
small and large terminase, portal protein) and head genes
(encoding protease and major head protein) were identified
(Fig. 4A). Their closest relatives were from Lactobacillus
phage A2 and Staphylococcus phage PVL, two Sfi21-like
cos-site Siphoviridae (Proux et al., 2002). R-Lp3 thus be-
longs to a third lineage of structural genes in L. plantarum.
The prophage remnant R-Lp3 was apparently shaped by
DNA deletion and rearrangement events. Not only are the
lysogeny and DNA replication modules much shorter than
in replication-competent dairy phages, there is also a “mis-
placed” head-to-tail gene between DNA replication and
DNA packaging genes. A fusion gene (ORF 2463) encodes
the N-terminus of a proteinase and the C-terminus of the
major head protein, apparently caused by the loss of an

Fig. 2. Comparative genome maps of Lp1 and Lp2 prophages. Alignment of the genome maps of the L. plantarum prophages Lp1, Lp2, and phig1e with
a partial genome map of L. delbrueckii prophage LL-H. Genes sharing similarity are linked by gray shading and the percentage of aa identity and the E value
is given as exponents. Probable functions of encoded proteins identified by bioinformatic analysis are noted below the ORFs. The modular structure of the
genomes is indicated by colors (red: lysogeny; orange: DNA replication; yellow: transcriptional regulation?; green: DNA packaging and head; brown:
head-to-tail joining; blue: tail; mauve: tail fiber; violet: lysis modules; black: candidate lysogenic conversion genes; vertical black lines: tRNA genes).
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internal DNA segment. Two likely head-to-tail joining
genes and a tRNA gene followed the fusion gene (Fig. 4A).

A further prophage remnant R-Lp4, not flanked by DNA
repeats, was identified between ORFs 3374 and 3392 (Fig.
4D). In this region an integrase and a possible genetic
switch region remained from the lysogeny module and three
genes showed homology to a phage DNA replication mod-
ule. Interestingly, ORF 3378, which followed directly the
DNA replication genes, encodes a protein with similarity to
two hypothetical proteins encoded on the pathogenicity is-
land of E. faecalis (Shankar et al., 2002).

Expression analysis of prophage genes

Only expressed prophage genes can confer a positive
lysogenic conversion phenotype to its host. Therefore we
tested the candidate LCG for transcription.

Lp1

The lysogeny module of Lp1 gave rise to three tran-
scripts (Fig. 5B). A probe covering the repressor (ORF 631)

and ORF 630 detected a 3.2-kb transcript (Fig. 5G). A
3.2-kb transcript was also revealed with a probe correspond-
ing to the putative superinfection exclusion gene, ORF 628
(Fig. 5F). The mf4-like gene probe detected a prominent
1.2-kb transcript (Fig. 5E). A very weak 1.2-kb transcript
was also revealed with an integrase-specific probe (Fig.
5D). In contrast, no transcripts were detected with probes
covering prospective early lytic (Fig. 5H), DNA replication
(Figs. 5I–J), transcriptional regulator (Fig. 5K), several
structural (Figs. 5L–N and data not shown), or the phage
holin gene (ORF 685, Fig. 5O). Probes corresponding to the
two ORFs between the phage lysin gene fragment and attR
yielded a 1.4-kb-long messenger (Fig. 5P), while the mf2-
like gene located just outside of the confines from Lp1 was
not transcribed (Fig. 5Q)

Lp2/R-Lp3

The bioinformatic analysis of Lp2 identified ORF 2397
as a candidate for a lysogenic conversion gene. Northern
hybridization indeed revealed a 1.2-kb-long transcript when
using a probe covering this ORF (Fig. 3L). A major 3.9-kb

Fig. 3. Genome and transcription analysis of prophage Lp2. (A) Genome map of prophage Lp2. Genes belonging to the same module are marked with the
same shading, see Fig. 2 for more details. Selected genes are annotated with their ORF number (top) and bioinformatic links (bottom). Arrows 1 and 2 are
the positions of the primers for the unsuccessful attB PCR. R1 and R2 are repeats flanking Lp2. The hairpin symbolizes a rho-independent terminator with
an energy �15 kcal/mol. (B) Transcription map. The position of the probes against which the Northern blots were hybridized is provided at the top line; the
letters refer to the Northern blots shown below. The arrows indicate the likely position and orientation of the transcripts; the numbers give the lengths of the
transcripts in kb; the thickness of the arrow indicates the autoradiographic intensity of the hybridization results. (C–L) Northern blot hybridization of total RNA from
L. plantarum WCFS1 isolated at an OD of 0.4, 0.7, and 1.4, respectively (lanes 1–3). The blots were probed with radiolabeled PCR products covering the indicated
regions of the genome (see top line of B) and the annotated genes. The molecular weights calculated for the hybridization signals are provided in bp.
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transcript and a series of smaller transcripts ranging in size
from 2.7 to 0.3 kb were observed with probes covering the
Lp2 repressor gene (ORF 2449) or genes downstream of the
phage repressor (Figs. 3E–F). However, no transcripts were
detected when using probes specific for the DNA methylase
(ORF 2454) and the integrase gene (ORF 2455) from Lp2
(Figs. 3D and C). Lp2 contains a second constellation of
divergently oriented ORFs near the putative genetic switch.
An ORF 2443-specific probe revealed a small transcript of
450 bp (Fig. 3G). No transcripts were seen with probes
covering the DNA replication (Fig. 3H) and several struc-
tural genes (Fig. 3I–K). No transcripts were observed when
using probes from a DNA replication or the putative repres-
sor gene of the prophage remnant R-Lp3 (Figs. 4B–C).

Distribution of Lp1- and Lp2-like phages

We selected five L. plantarum isolates from silage and
various fermented food products of our collection and the L.

plantarum ATCC8014 strain for analyzing the distribution
of Lp1- and Lp2-like prophages. The six strains represented
four different SfiI restriction patterns in pulsed-field gel
electrophoresis; all were distinct from the pattern of the
reference strain WCFS1 (Fig. 6A). Two Lp1-specific
probes, located near the genetic switch region (ORF 633)
and between the lysis cassette and the attR site (ORF 675),
respectively, hybridized exclusively with a 190-kb fragment
from WCSF1 DNA (Fig. 6C and data not shown), suggest-
ing the absence of Lp1-like prophages in the test strains. An
Lp2-specific probe covering the ORF 2454 hybridized ex-
clusively with a 170-kb fragment from WCSF1 DNA (data
not shown). In contrast, a probe from the lysis cassette of
Lp2 (ORF 2398/2399) showed cross-hybridization with
three test strains representing two different pulse field pat-
terns (Fig. 6B), suggesting the presence of further proph-
ages containing Lp2-like lysis cassettes. Indeed, prophages
could be induced with mitomycin C from cells NCC1533

Fig. 4. Genome map of the prophage remnants R-Lp3 (A) and R-Lp4 (D). The ORFs are annotated with numbers and a shorthand notation according to their database
matches. Genes are shaded according to their putative function (see Fig. 3 for code). (B–C) Northern blot hybridization of total RNA from L. plantarum WCFS1
isolated at an OD of 0.4, 0.7, and 1.4, respectively (lanes 1–3). The blots were probed with radiolabeled PCR products covering the indicated genes.

250 M. Ventura et al. / Virology 316 (2003) 245–255



and NCC1472. By electron microscopy, Siphoviridae were
visualized in the cell-free supernatant (data not shown).

Discussion

Prophages Lp1 and Lp2 were not released spontaneously
from WCFS1 nor could they be induced by mitomycin C
treatment. The reason for this noninduction is unclear in the
case of Lp1, which showed a standard genome organization
for an Sfi11-like siphovirus. Apparent DNA rearrangements
occurred, however, in the lysis cassette. In contrast, the
genome analysis of Lp2 suggested a defective prophage.
First, Lp2 is not any longer flanked by attL and attR se-
quences characteristic for Campbell-like prophage integra-
tion events. In addition, directly adjacent to Lp2 a defini-
tively truncated prophage remnant R-Lp3 was identified,
suggesting that the Lp2/R-Lp3 genome region is the result
of a series of chromosomal rearrangement events that re-
sulted in the inactivation of the two involved prophages.

Second, the large subunit of the terminase gene of Lp2 is
interrupted by a stop codon. Similar inactivating point mu-
tations have been observed in the genes coding for the portal
protein or the replisome organizer in noninducible S. pyo-
genes prophages (Desiere et al., 2001).

The R-Lp3 and R-Lp4 are clearly defective prophages:
genes from the lysogeny and the DNA replication modules
are missing as are the entire tail, tail fiber, and lysis mod-
ules. In addition, a deletion in R-Lp3 led to the fusion of the
5� half of the protease gene to the 3� half of the major head
gene. It is fascinating that very similar constellations of
prophage genes were observed in prophage remnants from
S. pyogenes (Canchaya et al., 2002) and L. lactis (Chopin et
al., 2001).

Lp1 and Lp2 shared a high level of uninterrupted DNA
sequence identity of 88% over about 10 kb. This observa-
tion is striking, but not without precedence. Two pairs of
prophages in the Xylella fastidiosa strain 9a5c shared a high
level of DNA sequence identity (Simpson et al., 2000) and
a large set of lambda-like prophages from Escherichia coli

Fig. 5. Genome map and transcription analysis of prophage Lp1. (A) Genome map of the prophage Lp1. Genes are shaded according to their putative function
(see Fig. 3 for code).The extent of prophage is defined by the attL and attR sites. Adjacent bacterial genes are shaded as in Fig. 4A (see Fig. 1C for their
description). The hairpins symbolize rho-independent terminators with an energy �15 kcal/mol. (B) Partial transcription map of prophage Lp1. See Fig. 3
for explanations. (C–Q) Northern blot hybridization of total RNA from L. plantarum WCFS1 probed with radiolabeled PCR products covering the indicated
genes and located on the map in the top line of B. The molecular weights calculated for the hybridization signals are provided in bp. A blot probed with the
bacterial gene ORF 622 is given in C for a comparison of the hybridization intensity.
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O157:H7 demonstrated extensive DNA sharing (Pema et
al., 2001; Boyd and Brüssow, 2002; Ohnishi et al., 2001).
Notably, one might predict instability of bacterial genomes
containing two large DNA repeats as demonstrated by X.
fastidiosa strain comparisons (Van Sluys et al., 2003).

S. pyogenes and L. plantarum occupy clearly distinct
habitats. The first is an exclusive human pathogen living on
the skin and in the oropharynx and nasal cavity, while the
latter is commonly isolated from silage, sauerkraut, dairy
products, cow dung, human intestinal tract, stools, and sew-
age. However, L. plantarum can also be isolated from hu-
man mouth; this was actually the isolation history of the
sequenced WCFS1 strain (Kleerebezem et al. 2003). A
recently formulated hypothesis proposes that prophages en-
code genes that are of selective benefit for the lysogen in
their respective ecological setting (Canchaya et al., 2003a).
In this context the sharing of distantly related, prospective
LCG between prophages from L. plantarum and S. pyo-

genes is a fascinating observation. S. pyogenes prophages
contribute enzymes (hyaluronidase, DNase, phospholipase),
toxins, and superantigens (factors that hyperstimulate and
disregulate the immune system) to the lysogen (Banks et al.,
2002). Since commensal lactobacilli are discussed as pro-
biotic organisms that stimulate the immune system in a
nonspecific way (Ibnou-Zekri et al., 2003; Kaila et al.,
1992), the observation of mitogenic factor-like genes within
(mf4) and directly adjacent (mf2) of Lp1 is startling. How-
ever, the identity between the Lp1 genes and mf2 and mf4 is
low (32–35% aa identity) and no definitive role has yet been
attributed to these genes in S. pyogenes prophages. Some
reports attribute a mitogenic activity on blood lymphocytes
to the cloned and expressed protein (Iwasaki et al., 1993),
while other authors report a DNase (streptodornase) activity
(Podbielski et al., 1996; Sriskandan et al., 2000).

Previous genome analysis of prophages from low GC
content Gram-positive bacteria identified candidate LCG in

Fig. 6. Integration and distribution of Lp1 and Lp2 prophages in L. plantarum strains. (A) Pulsed field gel electrophoresis of Sfil-digested DNA from the
indicated L. plantarum strains stained with ethidium bromide (negative of the photo). The molecular weight of the markers is given at the left. Bands
hybridizing with the Lp2 and the Lp1 probes are marked with black or white arrows, respectively. (B–C) Corresponding Southern hybridization with the
radiolabeled PCR probes from the ORF 2398–2399 of Lp2 (B) and ORF633 of Lp1 (C).
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the region between the lysin gene and the attR site. The
current study identified prospective LCG within the lysog-
eny module. This location can be easily rationalized. The
promoter of the cI repressor is constitutively active in the
lysogen and genes located downstream of the cI repressor
gene will be cotranscribed if not separated by a terminator.
Further active promoters were previously detected between
the cI and integrase genes (e.g., sie gene; Ventura et al.,
2002a). Apparently, additional genes can be plugged into
the lysogeny module without upsetting the lysogenic state
as long as their promoters do not lead to transcription into
the early lytic genes (rightward transcription) or activate
integrase expression. Compared with the standard lysogeny
module from prophages of lactic acid bacteria (Lucchini et
al., 1999), Lp1 and Lp2 showed an impressive array of extra
genes [“morons” , i.e., more DNA in the terminology of the
Pittsburgh phage group (Juhala et al., 2000)] in the lysogeny
module. tRNA genes are a feature in both: Lp1 shows the
mf4-like gene; Lp2 contains two genes that resemble weakly
a restriction-modification system (a Bacillus halodurans
prophage encodes a clear R-M system near its attR site,
Canchaya et al. 2003b); Lp2 encodes a gene related to a
gene from B. anthracis plasmid pX02. The function is
unknown, but it is intriguing that Lp1 encodes near its attR
site a gene that resembles another nearby gene from the
same pX02 plasmid. However, none of these genes provides
a clear lead to a lysogenic conversion phenotype. We clearly
need more data from other prophages of Lactobacillus com-
mensals to assess the role of prophages for the phenotype of
this industrially and medically important class of lactic acid
bacteria.

Materials and methods

Strain and culture conditions

Lactobacillus strains were grown anaerobically in MRS
agar or broth (Difco, USA) for 24 h at 30°C. The strains
used in this study were ATCC8014 and NCC1385,
NCC1472, NCC1533, NCC1582, NCC1589 obtained from
different culture collections [ATCC (American Type Cul-
ture Collection) and NCC (Nestlé Culture Collection)].

RNA isolation and Northern blot analysis

Total RNA was isolated by resuspending bacterial cell
pellets in TRIzol (Gibco-BRL, UK), adding 106-�m glass
beads (Sigma, USA), and shearing the slurry with a Mini-
Beadbeater-8 cell disrupter (Biospec Products, USA) as
described by Ventura et al., (2002b). Northern blot analysis
of Lactobacillus prophage transcription was carried out on
15-�g aliquots of RNA isolated from 10 ml of Lactobacillus
culture, collected at an optical density of 0.4, 0.7, and 1.4
(OD 600 nm). The RNA was separated in a 1.5% agarose-
formaldehyde denaturing gel, transferred to a Zeta-Probe

blotting membrane (Bio-Rad, UK) according to Sambrook
(2001), and fixed by UV cross-linking using a Stratalinker
1800 (Stratagene, USA). Prehybridization and hybridization
were carried out at 65°C in 0.5 M NaHPO4 (pH 7.2), 1.0
mM EDTA, and 7.0% sodium dodecylsulfate (SDS). Fol-
lowing 18 h of hybridization, the membrane was rinsed
twice for 30 min at 65°C in 0.1 M NaHPO4 (pH 7.2), 1.0
mM EDTA, 1% SDS, twice for 30 min at 65°C in 0.1 mM
NaHPO4 (pH 7.2), 1.0 mM EDTA, 0.1% SDS and exposed
to X-OMAT autoradiography film (Eastman Kodak, USA).

The probes for the Northern blot hybridization, located in
Figs. 3B and 5B, were labeled with [�32P] by using the
random-primed DNA labeling system (Boehringer Mann-
heim GmbH) and purified with Nuc Trap probe purification
columns (Stratagene).

DNA sequencing

The prophage sequences were retrieved from the genome
sequence of L. plantarum WCFS1, accession code
AL935263 (Kleerebezem et al., 2003). The attB site for Lp1
was PCR amplified from L. plantarum strains lacking a
prophage at this position by using the primers 57-c (5�-
CATGACGTCATACGTCAG-3�) and 3-b (5�-CTAAG-
GATTCATACGATGTTG-3�). The PCR products were se-
quenced on both strands using the fluorescent-labeled
primer-sequencing kit (Amersham, Germany) following the
supplier’s instructions.

Pulsed-field gel electrophoresis (PFGE) and Southern
blots

Agarose-embedded bacterial cells were prepared as de-
scribed by Walker and Klaenhammer (1994). For digestion
with restriction endonuclease, cells in agarose blocks were
treated with 50 units of Sfi I (Roche Molecular, UK) as
described by the manufacturer. The digestion was stopped
by washing the blocks for 20 min in TE buffer. PFGE was
performed by a contour-clamped homogeneous electric field
mode in a CHEF-DRII apparatus (Bio-Rad, USA). All DNA
samples were separated in 1% agarose gels in 0.5� Tris
borate EDTA (TBE) buffer, cooled to 14°C for 18 h at 6
V/cm, ramping pulse time from 1 to 20 s.

Southern blots of agarose gels were performed on Hy-
bond N� membranes (Amersham, UK) following the pro-
tocols of Sambrook (2001). The filters were hybridized with
the radiolabeled PCR generated probe described in the text.
Subsequent prehybridization, hybridization, and autoradiog-
raphy were carried out according to Sambrook (2001).

Sequence analysis

Open reading frames have been predicted using FrameD
and adjustments to the prediction with the ORF Predicter
(NCBI) using ATG and GTG as possible start codons and a
minimum size of 50 aa. Nucleotide and predicted amino
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acid sequences were compared to those in the databases
of GenBank; EMBL; PIR-Protein; SWISS-PROT; and
PROPOSITE. Additional database searches have been con-
ducted using BLAST (Altschul et al., 1997) and PSI-
BLAST at the NCBI and FASTA (Lipman and Pearson,
1985). A search for tRNA genes was done using the
tRNAscan-SE program (Lowe and Eddy, 1997). The motif
search was performed by using Pfam.
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sow, H., 2002b. Transcription mapping as a tool in phage genomics: the
case of the temperate Streptococcus thermophilus phage Sfi21. Virol-
ogy 296, 62–76.

Wagner, P.L., Waldor, M.K., 2002. Bacteriophage control of bacterial
virulence. Infect. Immunol. 70, 3985–3993.

Walker, D.C., Klaenhammer, T.R., 1994. Isolation of a novel IS3 group
insertion element and construction of an integration vector for Lacto-
bacillus spp. J. Bacteriol. 176, 5330–5340.

255M. Ventura et al. / Virology 316 (2003) 245–255


	The prophage sequences of Lactobacillus plantarum strain WCFS1
	Introduction
	Results
	Prophage localization
	Genome analysis of prophage Lp1
	Genome analysis of prophage Lp2
	Genome analysis of prophage remnants R-Lp3 and R-Lp4
	Expression analysis of prophage genes
	Lp1
	Lp2/R-Lp3
	Distribution of Lp1- and Lp2-like phages

	Discussion
	Materials and methods
	Strain and culture conditions
	RNA isolation and Northern blot analysis
	DNA sequencing
	Pulsed-field gel electrophoresis (PFGE) and Southern blots
	Sequence analysis

	Acknowledgments
	References


