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We identified—by randomly amplified polymorphic DNA (RAPD) analysis at the population level followed
by DNA differential display, cloning, and sequencing—three prophage DNA fragments (F5, F7, and F10) in
Streptococcus agalactiae that displayed significant sequence similarity to the DNA of S. agalactiae and Strepto-
coccus pyogenes. The F5 sequence aligned with a prophagic gene encoding the large subunit of a terminase, F7
aligned with a phage-associated cell wall hydrolase and a phage-associated lysin, and F10 aligned with a
transcriptional regulator (4rpU family) and a phage-associated endonuclease. We first determined the prev-
alence of F5, F7, and F10 by PCR in a collection of 109 strains isolated in the 1980s and divided into two
populations: one with a high risk of causing meningitis (HR group) and the other with a lower risk of causing
meningitis (LR group). These fragments were significantly more prevalent in the HR group than in the LR
group (P < 0.001). Our findings suggest that lysogeny has increased the ability of some S. agalactiae strains to
invade the neonatal brain endothelium. We then determined the prevalence of F5, F7, and F10 by PCR in a
collection of 40 strains recently isolated from neonatal meningitis cases for comparison with the cerebrospinal
fluid (CSF) strains isolated in the 1980s. The prevalence of the three prophage DNA fragments was similar in
these two populations isolated 15 years apart. We suggest that the prophage DNA fragments identified have
remained stable in many CSF S. agalactiae strains, possibly due to their importance in virulence or fitness.

Streptococcus agalactiae, a bacterial pathogen frequently car-
ried in the normal fecal and/or vaginal flora, is a leading cause
of severe bacterial infections in neonates (33). The character-
ization of S. agalactiae strains, initially by multilocus enzyme
electrophoresis (MLEE) (26, 29) and then by multilocus se-
quence typing (16) and various other methods (5, 39), has
revealed the existence of two strongly differentiated lineages in
the species. The first is a homogeneous lineage composed of
serotype III strains, and the second is a genetically diverse
lineage composed of isolates from all capsular serotypes, in-
cluding serotype III. The distribution of strains responsible for
neonatal meningitis between these two phylogenetic groups is
nonrandom (26, 29). The S. agalactiae strains responsible for
neonatal meningitis would therefore be expected to have par-
ticular genetic attributes accounting for their ability to invade
the neonatal brain endothelium.

Phenotypic differences between the S. agalactiae strains
causing invasive infections in neonates and those colonizing
healthy infants have been identified. These differences concern
growth characteristics and the production of enzymes and cap-
sular sialic acid (23, 24, 25, 27). However, no molecular data
are currently available to confirm the existence of these differ-
ences. Serotype III polysaccharide antigens (8), and surface
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protein antigens, including Rib, C alpha, C alpha-like, and the
immunoglobulin A-binding protein, C beta (17, 25, 43), have
also been identified as virulence factors (11). However, no
single factor can account for the pathogenicity of S. agalactiae
species, suggesting that additional factors are involved in
pathogenicity.

Prophages have been shown to play an important role in
bacterial virulence and genome diversification in the genus
Streptococcus (1, 6). Indeed, sequencing of the genome of
Streptococcus pyogenes strains has led to the identification of
many virulence factors encoded by phages or phage-like ele-
ments, demonstrating the importance of prophage acquisition
and loss in the generation of different genotypes with novel
combinations of proven and putative virulence factor genes (1,
3, 4, 7). The S. agalactiae strains able to invade the central
nervous system (CNS) of neonates are found in widely diver-
gent lineages of S. agalactiae (26, 29), possibly due to various
episodes of horizontal transfer, which may have involved
phages. Regions resembling prophages, with a mosaic struc-
ture including segments highly similar to various bacterio-
phages, have been identified in sequenced S. agalactiae strains
(40, 41).

In this study, we tried to identify new prophage-related
DNA elements in S. agalactiae genomes by randomly amplified
polymorphic DNA (RAPD) analysis followed by differential
display of DNA, as previously described (31). We aimed to
identify variable genetic elements located outside the core
genome as recently defined by Tettelin et al. (40). We identi-
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Generation of amplicons from virulent strains by differential display of DNA following RAPD
First step: RAPD procedure using 95 different pairs of 10-mer primers tested with four S. agalactiae strains isolated from neonatal meningitis cases and representing distinct major
virulence groups
¥
Selection of primer pairs generating amplicons giving strong bands, 800 to 1,500 bp in size, on electrophoresis: in this study, 20 primer pairs met these criteria
¥
Second step: The 20 primer pairs were tested on an panel of 22 strains at high risk of causing meningitis (HR group) isolated from the CSF of neonates and representative of the
diversity of virulent S. agalactiae strains
N
Selection of amplicons of 800 to 1,500 bp in size observed in more than one strain, but not in all, to aveid the selection of fragments encoding species-associated features of S.

agalactiae: in this study, 10 amplicons met these criteria

¥

Cloning and sequencing of the 10 selected amplicons
and selection of those encoding phage-associated DNA
¥
The sequences of the 10 amplicons were compared with published microbial and phage sequences, using BLAST software. Sequenced DNA fragments encoding phage-associated

genetic elements were selected: in this study, three amplicons met these criteria

N

PCR determination of the prevalence of the three phag iated el
A PCR method was developed: Primers for amplifying the three fragments were designed with Primer3 software
¥
The prevalence of the three phage-associated fragments was studied with 149 strains:
109 strains isolated in France in 1986-1990 and classified into two populations: one at high risk (HR group) of
lower risk of causing neonatal meningitis (LR group) (46 strains)

40 strains isolated in France in 2002-2005 from CSF samples from neonates suffering from meningitis

ts in 149 GBS strains

neonatal ingitis (63 strains) and the other presenting a

FIG. 1. Flowchart showing the various steps in the procedure used in this study.

fied, cloned, and sequenced three prophage DNA fragments
displaying significant alignments with DNA sequences present
in the recently sequenced S. agalactiae and S. pyogenes ge-
nomes. We used PCR to evaluate the prevalence of these
fragments in 149 strains, including the major genetic subgroups
of S. agalactiae. With this approach, we showed that these
three fragments were associated with populations of S. agalac-
tiae strains able to invade the CNS of neonates.

MATERIALS AND METHODS

The procedure used is presented in a flowchart (Fig. 1).

Bacterial isolates. A national collection of 149 S. agalactiae strains was used in
this study (Table 1). The first 109 strains were isolated in France 15 to 19 years
ago and included 54 strains from cerebrospinal fluid (CSF) samples from neo-
nates suffering from meningitis, and 55 non-CSF strains isolated from asymp-

tomatic women and neonates. Previous characterization, by MLEE, of these 109
strains (29) allowed us to classify them into two populations. The first population
consisted of 63 strains, mostly isolated from the CSF (54 strains), belonging to
the electrophoretic types (ETSs) containing strains isolated from neonatal CSF.
The second population of strains consisted of 46 strains isolated from vaginal and
gastric samples belonging to ETs that contained no strains from the CSF. The
strains belonging to the first population were considered more likely to be able
to invade the CSF of neonates than strains of the second population. We there-
fore named the first population “HR group” (for higher-risk group) and the
second “LR group” (for lower-risk group).

We also compared the CSF strains isolated in the 1980s with 40 additional
S. agalactiae strains isolated in France in 2002 to 2005 from the CSF samples of
neonates suffering from meningitis.

Differential display of DNA following RAPD. RAPD involves the molecular
epidemiological characterization of strains to detect genetic specificities within
subgroups of bacteria (31, 42). We used a multistep approach: (i) generation of
amplicons from virulent strains by multiple random amplification and (ii) cloning
and sequencing of the selected amplicons (Fig. 1).

TABLE 1. Characteristics of the 149 group B streptococcus strains studied

No. of strains No. of strains from

No. of strains isolated from:

of serotype: MLEE division:

isoﬁ?ifno(fyr) Group® g;)alﬁi Period (yr)
Vaginal Gastric b
CSF samples samples 1T Others I 1T ND*
1986-1990 HR 63 1986-1990 54 9 44 19 29 34
1986-1990 LR 46 1986-1990 25 21 9 37 9 37
2002-2005 40 2002-2005 40 32 8 40

“The HR group of strains comprises the strains isolated from CSF samples from neonates suffering from meningitis and strains isolated from vaginal samples
belonging to all of the ETs containing strains isolated from neonatal CSF. The strains of the LR group were isolated from vaginal and gastric samples and belonged
to ETs that did not contain strains from CSF. The HR group strains are considered more likely to invade the CSF of neonates than LR group strains.

> ND, not defined.
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Generation of amplicons. Random amplification was carried out by an RAPD
procedure (9), using 95 different pairs of 10-mer primers selected from five
oligonucleotide 10-mer kits—OPN, OPAM, OPO, OPI, and OPR (Operon
Technologies, Inc., Alameda, California)—on the basis of having a G+C content
of 40 to 77% and no palindromic sequences. We retained 20 primer pairs that
generated amplicons giving strong bands of 800 and 1.500 bp in size on electro-
phoresis. We aimed (i) to sequence these amplicons for the identification of
coding sequences related to putative phage elements and (ii) to amplify these
sequences by PCR from our collection of strains. The Raoult ladder (Qbiogene,
France) was used as a molecular size standard. The 20 primer pairs were tested
on an initial panel of 22 HR group strains isolated from the CSF of neonates and
selected on the basis of MLEE data (26) as representative of the diversity of
virulent S. agalactiae strains.

Cloning and sequencing of the selected amplicons. Tettelin et al. (40) re-
cently showed that genes associated with mobile and extrachromosomal ele-
ments are abundant in the S. agalactiae genome but only poorly represented
within the core genome of S. agalactiae species. We therefore aimed to select
amplicons of 800 to 1,500 bp in size observed in more than one strain, but not
in all, to avoid the selection of fragments encoding species-associated fea-
tures of S. agalactiae and to take into account the variable part of the genome
that may contain virulence-related genes. Ten fragments meeting these cri-
teria were selected, extracted, and purified from the agarose plugs, using the
GFXTM PCR DNA gel band purification kit (Amersham Biosciences, Orsay
France). Each DNA fragment was inserted into pCR 2.1 (TA cloning kit;
Invitrogen, Cergy Pontoise, France). The PCR product ligated into pCR 2.1
was used to transform Escherichia coli TOP10 (Invitrogen). The bacteria were
lysed, and plasmid DNA was purified from the lysate with the Wizard plus SV
Minipreps DNA purification system (Promega, Charbonniéres, France). We
then carried out PCR with M13R and T7 promoter primers to amplify insert
sequences. PCR was carried out in a final volume of 50 wl containing PCR
buffer (10 mM Tris-HCI, 50 mM KCI, 1.5 mM MgCl,, pH 8.3), 0.2 mM
concentrations of each deoxynucleoside triphosphate (Amersham Bio-
sciences), 0.2 wM concentrations of each primer (Eurogentec, Angers,
France), and 0.5 U Taq polymerase (Perkin Elmer, Saint Quentin en Yvelines,
France). The cycling conditions were as follows: initial denaturation at 94°C for
4 min, followed by 25 cycles at 94°C for 1 min, 52°C for 1 min, and 72°C for 1 min
(additional 10 min at 72°C for the last extension). The products were separated
by electrophoresis in a 1.6% agarose gel in TBE buffer (8.9 mM Tris, 8.9 mM
boric acid, 0.25 mM EDTA, pH 8.0). PCR products were purified on Microcon
concentrators (Amicon, Epernon, France). Nucleotide sequences were deter-
mined by cycle sequencing, based on the chain termination method of Sanger
and using the ABI Prism 3100-4vant genetic analyzer (Applied Biosystem, Cergy
Pontoise, France) and the BigDye Terminator, version 3.0, chemistry premix kit.
The sequences were compared with published microbial and phage sequences,
using BLAST software (http://www.ncbi.nlm.nih.gov/BLASTY).

PCR determination of the prevalence of phage-associated elements in 149
S. agalactiae strains. Three of the 10 sequenced DNA fragments were selected,
as they encoded phage-associated genetic elements. A PCR method was devel-
oped for assessing the prevalence of three phage-associated fragments in our
collection of 149 strains. Primers for amplifying the three fragments were de-
signed with primer3 software (http:/frodo.wi.mit.edu/cgi-bin/primer3/primer3_www
.cgi), and validated by checking that they amplified the fragments in the S.
agalactiae strains found to contain these fragments in the initial step of differ-
ential display (Fig. 2). PCR was carried out in a final volume of 20 .l containing
PCR buffer, 0.2 mM concentrations of each deoxynucleoside triphosphate, 0.5
M concentrations of each primer, 1 U Tag polymerase, and 25 ng of template
DNA. The cycling conditions were as follows: initial denaturation at 94°C for 4
min, followed by 25 cycles of 94°C for 30 s, 45°C for 30 s, and 72°C for 1 min
(additional 7 min at 72°C for the final extension). The products were separated
by electrophoresis in a 1.6% agarose gel in TBE buffer.

RESULTS

Differential display of DNA following RAPD. RAPD ampli-
fication carried out with 20 pairs of primers generated 10
amplicons (F1 to F10), selected on the basis of size and rep-
resentation in strains representative of the diversity of virulent
S. agalactiae strains. These 10 amplicons were cloned and se-
quenced. All but one (F2) displayed significant sequence align-
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F5

AATTCCCCCT TCCCTCCGCT CTCAACGCTT CTTATTTCGC TAATATCCIT
GACGTTICTAG ATTGCTATAG GATACACCAT CTCGCTITTTIC TTTGGCAGIT
AACCCATACT TTGTACCTAC AARATCAARRA CTATCAACAT ACCCATAATC
GCTCCATCATA ACRACAGGAC TAATGGGARA CAAGTICACTT ACACGCCCRA
CGACAACACC TAGCCAAACC CTACGCTZGYT ATGIGITIGE CITATCAATC
TTAGCAAGCT CCCACGACTG TTTATCTATA TATGATTCTT CGCTGGATIG
ACGCCACATA TCGAAGGTTT TGATCAACAC TTTETTSACT TCTCCAGGECT
CTAGAGATAC CTTACGACGA GTTCTTAGAT AGTCCATCAA CTTATCATIGT
AGAGTATCGA CLTCGAGAAT TGGATTAGAT TITATCTART TCEITICALC
TTTAATTTCC TCCTCGTTGT CTZGCTCTGC GACATAGCCA ARRTAGCCCT
CGLCIGIGAT rTrereeeeer AGIGATITTA GrAATGIATG GATACTCAAT
TGTGTGCATC GGAACATTCA AATCCATACC AGCCGTTGAA ATGATTAAGA
TAAACCGA

E7

AATTCCCCCT TACGGCAACC ACCCTTAACA TCARTTCTCC TTCTCAGCTA
AGACTATGTT GACAGAGAAT GATGAAGACG ACTATCGGRA ACCCTTITCAT
AGGCCGCAAC CTTAAATCTT GGCTZGCAGG GTGATTTTAT GGGTTGTAIT
CTTCTAACTG TTCTCAAATT AARTACACTCC TTTCGCTACT ATATATCACT
CTAATACARAR AAAATATCCA CTTATTAGCCT CGATAATTGA CTTATARACC
GTTGATATTT TTCAAGCATC AACTGCCTAA ATAGITCARA TTCCTCAATA
CTGATTGCTC CATTATTTAG AAGTACCTTT GCTTETATCA TTETTAGTTG
GTAGGTICATC TCATTATTAA TTCTTTTAAC GTCCATATTA TCZTICCTACT
TTACTAAGGA GGEGETTGGEGAG CGATTTTCCG CACTTTTTGA ARAAAARARACG
CAARAARAART ARAGCCTGAT GTTCCCACCA GGCTTAAGAC TTAATTATGA
TATTCTAAAC CAACCAACAA CITTACCCAA GITTGATAGT TCTAGICGCA
TCATAGAGTG AGCCATCTCC CCATCCAGAC ACGTTTTCAC TCGGCGAGTA
ATACCGCCAC CACCAAITC CAGIIGGICA TTGATACCAT TCLIGLTZEIG
GCTCAGAGTAG CCATCGACAT TTTGTTCCAC CCCARICAATC CTTGTACCAT
CTGAATCGGT AATACARATG CCAATATGAC CATAAGGATCE ACCCETCCETC
TTAATAACH AGAAATCACC AGCTTTITGGA TTTRCTCCCC ATGCATCTIT
CATGACTGTA AAGCCATTGG ATTTTGCTTT GGTTAAGCRA TCAATGGCAT
TCCTCTAAGC CATGTCCTZC CCCTARGCCC CAATT

F10

AATTCGCCCT TAAGTCCGCT CACAGATGAT TATACARAGCG TAATGCTGCA
AATAAACTGC TCACGCAAAR CTARAARATTT ARTACTCCAC AATTTAACAA
CAAAAATAAG TCAGCAGAGG AAGGAAAGGA GAACAATARA AARGCGCTICG
TGAAACCGCC ATTCGGTATA TATTCGTACA ACTATTATAT CATACGAGCA
GCTTTCATGA CGTTTTTTCC TTAAT TAC CTARATCARA
CGCTAAGTGA AAACTAAGAG AGTATCCACG CIGGCGIAGG ATCGCLAATG
ATGTAGATAC TCAARAAGTG ACAGCCACTT ATTCCTTITGA ACCTAGACAA
TCACATGGAA CCCCTAGTAA GCCGGTITIGAA CGCITAGCAC TCAATCGIGT
CTCACCCCAA CAAGAATTAC AAGCAATTCA CCAATCSCTT ACTATCATAC
TAGAGCCAGA AAAGCGCAGG ATTTIGTATG ACABATACTT ATTICCITAC
MAGAATGCAG ATAAGGTTAT TTATACAGAA TTATGTATGT CAGAGAGCIT
TLATTATGAC ACGCTAGAIG CITGCATTATT AGCTTITGTA GAGCTITATA
GGGAGGGCTC TTTGATTCTA CAGCCAAGGCAC TTTTICACTA CTTITTTATAC
AGTAATACAA TAGTTTATAC ATAAARATAT GTGTTAATAT AGTATTATCA
ARATACCARAG AACAGCATAAT CATTTACCAA CTCACTATTT ATTTACTCCT
CAACTTITAAC TACTATCAAA CTTGCTATTT TATSTIATGTC GGACGTACAG
CTTCCAATCC TCTCGTCTCA CTACTCGTTA TTTCACCCAC TAAARCCAATA
CAGCGGGCGT GGGACATAGA GCGGACTTRA G3GGCGAATT

FIG. 2. DNA sequences of fragments F5, F7, and F10 and selection
of primer sequences for PCR. Primer sequences are shown in boldface

type.

ment with DNA sequences found in the published complete
genome sequences of S. agalactiae and/or S. pyogenes in inter-
national genomic databases (Tables 2 and 3). The sequences of
six fragments (F1, F3, F4, F6, F8, and F10) aligned with DNA
sequences found in the published genome sequence of S. aga-
lactiae (14, 40, 41). The sequences of four fragments (F5, F7,
F9, and F10) displayed significant alignment with DNA se-
quences found in published S. pyogenes genome sequences (2,
4, 13, 15, 28, 32, 36, 37). On account of our objectives, we
studied in more detail the three DNA fragments (F5, F7, and
F10) that displayed significant alignment with prophagic DNA
sequences (Fig. 2). These three prophagic DNA fragments
displayed significant alignment with known phage-associated
DNA sequences from S. pyogenes genomes, and one (F10) also
displayed significant alignment with the prophage SA1 DNA
sequence in the S. agalactiae 2603V/R genome and the pro-
phage LambdaSa03 in the S. agalactiae A909 genome (Table 3).
The significant alignments of the three DNA fragment se-
quences with the S. pyogenes and S. agalactiae genomes are
shown in Fig. 3.
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TABLE 2. Alignments of 10 DNA fragments identified
by differential display of DNA with published
S. agalactiae genome sequences

Fragment Genome Sequence
desi . - . including Protein encoded
esignation identity £
ragment
F1 NEM316 and rpoC gene ARN polymerase B-subunit
2603V/R
F3 NEM316 gbs1135 Putative protein
2603V/R SAG1287  Putative protein sharing homology
with a transposon protein
(Tn5252, Orf26)
F4 NEM316 ccpA gene  Catabolite control protein A
2603V/R SAG0707  RegM gene transcriptional
regulator
F5¢
F6 NEM316 gbs0299 Putative protein
gbs0300
2603V/R SAG0311  Conserved putative protein
F7¢
F8 NEM316 gbs0504 Putative protein
gbs0505 Putative protein
2603V/R SAG0457  Conserved putative protein
SAG0458  Protein TIGR00048
F9°®
F10¢

“ Results are shown in Table 3.
> Results were similar to those obtained with F7.

Fragment F5. Four sequences, originating from four of the
five completely sequenced S. pyogenes genomes, displayed sig-
nificant alignment with the 609-bp sequence of fragment F5
(more than 80% identity). In S. pyogenes strain 315, the se-
quence that aligned with F5 was present in the SpyM3_946
gene, which is thought to have been inserted into the $315.2
genome and encodes a putative phage protein. In S. pyogenes
SSI-1 and S. pyogenes 10394, sequences displaying significant
alignments with F5 were also found inserted into prophage
DNA elements in the genome. Furthermore, in S. pyogenes
10394, the sequence that aligned with F5 was found within the
M6_Spy1011 gene, encoding a protein identified as the large
subunit of a terminase. In these three cases, F5 was found in
the neighborhood of F10. Only in S. pyogenes 8232 did the
sequence aligning with F5 not seem to encode a putative pro-
tein or to be associated with a phage.

Fragment F7. A significant alignment with three sequences
previously identified in S. pyogenes genomes was observed over
138 of the 885 bp of the F7 fragment. These fragments were a
fragment from S. pyogenes 10394, a fragment from the S. pyo-
genes 2812A transposon, and a fragment from the S. pyogenes
SpyM6 mef(A) phage element. Thus, in two of these three
cases, the observed alignments with F7 identified prophage-
associated genes. In S. pyogenes 10394, the sequence aligning
with F7 was found in a prophage, more specifically in the
M6_Spy1125 gene encoding a site-specific recombinase, and in
the M6_Spyl1126 gene encoding a phage-associated cell wall
hydrolase. In the S. pyogenes SpyM6 mef(A) phage element,
the sequence aligning with F7 was found in a gene encoding a
phage-associated lysin.

Fragment 10. Nineteen sequences, originating from the ge-
nomes of seven different S. pyogenes strains, S. agalactiae
2603V/R, S. agalactiae A909, and the prophage NHI1.1, dis-
played significant alignment with various parts of the 889-bp

J. CLIN. MICROBIOL.

sequence of the F10 fragment. These significant alignments
concerned genes encoding phage-associated proteins, with the
exception of the two alignments in the MGAS 8232 strain (Fig.
3). Six of these 19 significant alignments, covering 502 to 608
bp, concerned the same part of the F10 fragment. The F10
fragment displayed significant alignment with the genome of S.
agalactiae strain A909 and S. pyogenes strains 315, SSI-1, 10394,
M1, 5005, and 6180 (Table 3). It was found in the SAK_0630
gene of the S. agalactiae strain A909 encoding a prophage
LambdaSa03 endonuclease, in the SpyM3_ 1330 gene of the
$315.5 genome of S. pyogenes 315, and in a gene encoding a
transcriptional regulator from the ArpU family (autolysin reg-
ulatory proteins) in S. pyogenes 10394, 5005, and 6180 (20). In
all cases, the sequences aligning with the various parts of the
F10 fragment were located in the middle of the prophagic
region, regardless of the phage concerned. Similarly, the se-
quence originating from the completed genome sequence of S.
agalactiae strain 2603V/R and displaying significant alignment
with the F10 fragment over 178 bp was also located in the
middle part of prophage SA1, between the SAG 0578 and SAG
0579 genes (Fig. 3).

Determination by PCR of the prevalence of the prophage
DNA fragments in HR and LR groups of strains. PCR was
carried out for the 109 strains (Fig. 2) previously studied by
MLEE and comprising the HR (63 strains) and LR (56 strains)
groups. We determined the prevalence of the F5, F7, and F10
fragments in each group (Table 4) and found that F10 was the
most frequent (50/109, 46%), with F5 and F7 found in about
one-fifth of the strains tested (21/109, 19% and 23/109, 21%,
respectively). HR group strains (high risk of meningitis) con-
tained at least one fragment in 67% of cases (42/63) versus only
37% (17/46) of cases for LR group (low risk of meningitis)
(P = 0.002). The significance of the difference in prevalence
between HR and LR groups was higher if we considered the
accumulation of prophage DNA fragments (at least two frag-
ments) (Table 4).

PCR determination of the prevalence of the prophage DNA
fragments according to MLEE divisions. When the strains of
each MLEE division were examined separately, only strains
from the heterogeneous MLEE division II showed a significant
difference in prevalence between HR and LR groups. Indeed,
80% of the HR group strains (28/34) had at least one of the
three prophagic fragments versus only 36% (13/37) of the LR
group strains (P < 0.001). However, the F5 fragment, consid-
ered alone, was found to be associated with strains from
MLEE division I, especially HR group (9/29, 31%) strains,
more frequently than with strains belonging to LR group (1/9,
11%) and MLEE division II (11/71, 15%). This resulted in a
nonsignificant difference in prevalence between HR and LR
groups from MLEE division I, with 9 of the 29 HR group
strains (31%) having at least two fragments versus none of the
LR group strains (P = 0.061).

PCR determination of the prevalence of the prophage
DNA fragments according to serotype. S. agalactiae serotype
IIT strains are considered to present a high risk for menin-
gitis (26). We therefore studied the strains of the HR and
LR groups belonging to serotype III separately from those
of other serotypes. In the serotype III population, the HR
group strains showed a higher prevalence of prophage DNA
fragments than LR group strains (Table 4). The difference
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TABLE 3. Significant alignments of three prophage DNA fragments with published S. pyogenes and S. agalactiae genome sequences

Frag- Strain including Sequence
AMMM_-M. GCe Significant alignment fragment (genome including Protein encoded
nation sequence reference) fragment
F5 0408 ' o8
31208 31686 S. pyogenes 315 (4) SpyM3_946 a conserved putative protein — phage 315.2-associated
31208 31686 S. pyogenes SSlI-1 (28) SPs 0909 a putative protein
1010989 1011569 S. pyogenes 10394 (2) M6_Spy 1011 a terminase large subunit
2067 1546 S. pyogenes 8232 (36) M6 _Spy 0751 a putative protein
F7 0390 ' s
1123032 1123840 S. pyogenes 10394 (2) M6 _Spy 1125 a site-specific recombinase
1123821 — 1123840 S. pyogenes 10394 (2) M6_Spy 1126 a phage-associated cell wall hydrolase
48996 48868 S. pyogenes 2812A conjugative transposon (30)
55348 55220 S. pyogenes SpyM6 mefA phage-element encoding a phage-lysin (2)
F10 0.368 ' =
563102 563288 . agalactiae A909 (40) SAK_0630 an endonuclease —phage LambdaSa03-associated
16828 1006 § ggalactiae 2603V/R (14) between SAG 0578 and SAG 0579
5275 4694 S. pyogenes 315 (4) SpyM3_1330 a conserved putative protein — phage 315.5-associated
34532 34321 S. pyogenes 315 (4) SpyM3_952 a conserved putative protein — phage 315.2-associated
36650 36550 S pyogenes 315 (4) between SpyM3_1239 and SpyM3_1240
37133 36919 S. pyogenes 315 (4) SpyM3_1240 a conserved putative protein — phage 315.4-associated
559663 560244 S. pyogenes SSI-1 (28) SPs 0532 a conserved putative protein — phage-associated
637099 637313 S. pyogenes SSI-1 (28) SPs 0624 a conserved putative protein — phage-associated
637582 637682 S. pyogenes SSI-1 (28) between SPs 0624 and SPs 0625
894698 ——————8U830  § pyogenes SSI-1 (28) between SPs 0906 and SPs 0907
1014034 1013427 S. pyogenes 10394 (2) M6_Spy 1014 a phage-encoded transcriptional regulator, ArpU family
2173 2780 S. pyogenes M1 (13) Spy 0677 a conserved putative protein — phage ®-01205-associated
9170 9381 S. pyogenes M1 (13) Spy 0967 a conserved putative protein — phage Sfil 1-associated
7564 7426 S. pyogenes 8232 (36) between SpyM18 1784 and SpyM18 1785
8064 7838 S. pyogenes 8232 (36) between SpyM18 1785 and SpyM18 1786
1007967 1007386 S, pyogenes 5005 (37) a phage-encoded transcriptional regulator, ArpU family
1015296 1014659 S pyogenes 6180 (15) a phage-encoded transcriptional regulator, ArpU family
13395 13609 @ NIH1.1 (7) between two genes encoding a conserved putative protein
13878 —— 13978 @ NIHL.1 (7) between two genes encoding a conserved putative protein
“GC, % G+C.
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TABLE 4. Prevalence of the three DNA fragments in the HR and LR groups of S. agalactiae strains
and according to MLEE data and serotype

No. of strains (%) with positive detection of®:

Strain group” i;’algf At least:
F5 F7 F10
1 fragment 2 fragments 3 fragments

All strains

HR 63 17 (27) 19 (30) 38 (60) 42 (67) 28 (44) 3(5)

LR 46 4(9) 4(9) 12 (26) 17 (37) 3(6)

Total 109 21 (19) 23 (21) 50 (48) 59 (54) 31(28) 33
MLEE division I

HR 29 9 (31) 2(7) 12 (41) 14 (48) 9(31)

LR 9 1(11) 1(11) 2(22) 4(44)

Total 38 10 (26) 3(8) 14 (37) 18 (47) 9(24)
MLEE division II

HR 34 8 (23) 17 (50) 26 (76) 28 (80) 19 (56) 309)

LR 37 3(8) 3(8) 10 (27) 13 (36) 3(8)

Total 71 11 (15) 20 (28) 36 (51) 28 (58) 22 (31) 3(4)
Serotype III

HR 45 12 (27) 15 (33) 26 (58) 28 (62) 22 (49) 3(7)

LR 11 1(9) 2 (18) 2 (18) 5(45)

Total 56 13 (23) 17 (30) 28 (50) 33(59) 22 (39) 3(5)
Other serotypes

HR 18 5(28) 4(22) 12 (67) 14 (78) 6(33) 1(6)

LR 35 3(8) 2(6) 10 (28) 12 (34) 3(8)

Total 53 8 (15) 6 (11) 22 (41) 26 (49) 9(17) 1(2)

“ HR group strains are more likely invade the CSF of neonates than LR group strains.

b Prevalences of the three fragments within the HR and LR groups of strains were compared by chi-square test, with significant differences indicated in boldface type.
P values are as follows: for the group of all strains, F5, 0.017; F7, 0.007; F10, <0.001; 1 fragment, 0.002; 2 fragments, <0.001; 3 fragments, 0.107; for MLEE division I, F5,
0.233; F7, 0.567; F10, 0.264; 1 fragment, 0.573; 2 fragments, 0.061; for MLEE division 1I, F5, 0.073; F7, 0.001; F10, 0.001; 1 fragment, 0.001; 2 fragments, 0.001; 3
fragments, 0.104; for serotype I1I, F5, 0.206; F7, 0.277; F10, 0.018; 1 fragment, 0.249; 2 fragments, 0.002; 3 fragments, 0.512; for other serogroups, F5, 0.077; F7, 0.093;

F10, 0.008; 1 fragment, 0.003; 2 fragments, 0.032; 3 fragments, 0.339.

was significant for F10, with 58% of the HR group strains
(26/45) having this fragment versus only 18% (2/11) of the
LR group strains (P = 0.018). Similarly, in the population of
strains of other serotypes, the HR group strains showed a
higher prevalence of prophage DNA fragments than LR
group strains. The difference was significant for F10, which
was present in 67% of the HR group strains (12/18) versus
only 28% (10/35) of the LR group strains (P = 0.008).

Determination by PCR of the prevalence of the prophage
DNA fragments in meningitis strains isolated in 2002 to 2005.
We tested 40 CSF strains isolated between 2002 and 2005: 7
tested positive for F5 (17%), 14 tested positive for F7 (35%),
and 23 tested positive for for F10 (57%). For the CSF strains
isolated in the 1986 to 1990 period, the prevalence was 27% for
F5, 30% for F7, and 60% for F10. There was therefore no
significant difference in the prevalence of these three pro-
phagic DNA fragments between the CSF strains isolated in
these two periods separated by about 15 years.

DISCUSSION

A recent analysis of eight genomes of S. agalactiae strains
showed that genes associated with mobile and extrachromo-
somal elements are abundant, supporting the hypothesis that
most specific traits depend on lateral gene transfer events (40).
The authors suggested that “serotype or core-genome based
methods fail to take into account the variable genome in which
many of the virulence-related genes might reside” (40). We
therefore need to develop strategies taking into account this
variable part of the bacterial genome and populations of
strains, if we are to identify virulence-related DNA elements
(40). Using a strategy based on differential display of DNA
following RAPD, we identified three DNA elements (F5, F7,
and F10) that displayed significant alignment with previously
identified prophage sequences from S. agalactiae and S. pyo-
genes. F5 significantly aligned with a prophage gene encoding
the large subunit of a terminase, F7 aligned with sequences
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encoding a phage-associated cell wall hydrolase and a phage-
associated lysin, and F10 aligned with sequences encoding a
transcriptional regulator and an endonuclease. These three
fragments were significantly more frequent in strains from ETs
that contained strains from the CSF of neonates and recently
isolated CSF strains than in strains from ETs that did not
contain S. agalactiae strains from the CSF (P < 0.001). This
difference was particularly marked if we considered the accu-
mulation of prophage DNA fragments (at least two fragments)
(Table 4).

MLEE has been successfully used in studies of population
genetics (34). MLEE data for S. agalactiae species were first
reported by Musser et al. (26). Quentin et al. and Rolland et al.
(29, 30) confirmed these findings by correlating them with data
obtained in more recent studies. Indeed, the high-virulence
clone identified by MLEE (ET-1 of Musser et al. [26] and
MLEE division I of Quentin et al. [29]) corresponds to clone
III-3 defined on the basis of restriction digestion patterns for
genomic DNA (38), ST-17 identified by multilocus sequence
typing (26), and GIII defined by pulsed-field gel electrophore-
sis (5). Based on these strong correlations, we believe that the
populations of strains used in this study, defined on the basis of
MLEE data, accurately represented a population of strains
associated with a high risk of causing meningitis (HR group)
and a population of strains associated with a lower risk of
causing meningitis (LR group), each of which were distributed
in both MLEE divisions.

The association found between the presence of prophage
DNA fragments F5, F7, and F10 and groups of S. agalactiae
strains able to invade the CNS of neonates suggests that ge-
netic events contemporary to lysogeny may have increased the
ability of strains to invade the brain endothelium. As recently
pointed out by Brussow et al. (6), temperate phages affect the
fitness of bacteria as anchor points for genomic rearrange-
ments, via gene disruption, by protecting against lytic infection,
by lysis of competing strains through prophage induction, and
via the introduction of new fitness factors. The prophage DNA
fragments described here displayed significant alignments with
S. agalactiae and S. pyogenes prophage genes encoding proteins
with important functions. In S. pyogenes, horizontal transfer
events have led to the emergence of increasingly pathogenic
strains, mostly by the transfer of genes encoding virulence
factors (1, 13). In S. agalactiae, the presence of F5, F7, and F10
may indicate the possible unidentified contemporary horizon-
tal transfer of virulence genes. Indeed, sequencing of the ge-
nome of S. agalactiae 2603V/R predicted the production of
1333 proteins, including 623 of unknown function and 219 that
did not match any entry in databases (41). A recent analysis of
the genomic sequence of S. agalactiae strains representing the
major disease-causing serotypes of S. agalactiae showed that
about one-third of the shared genes encoded putative proteins
and proteins of unknown function (40). However, S. agalactiae
strains have to survive in several ecological environments (va-
gina, cervix, amniotic fluid, and blood) and cross a large variety
of anatomical barriers (pulmonary filter and brain endothe-
lium) before invading the CNS of neonates. No major viru-
lence factor in S. agalactiae has clearly been identified as
related to neonatal meningitis. The mechanisms by which
lysogeny has increased S. agalactiae virulence are therefore
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probably more complex than the transfer of a single virulence
gene. Lysogenic S. agalactiae strains may have several fitness
factors favoring metabolic activity and growth, as demon-
strated for lysogenic strains of E. coli in the 1970s (10, 12, 19).
This would account for the S. agalactiae strains causing invasive
infections in neonates having growth characteristics, enzyme
production, and capsular sialic acid production levels different
from those of strains colonizing healthy infants that did not
cause invasive disease (23, 24, 26, 27). In addition, the corre-
lation between the identification of “virulent clones” by
MLEE—a tool that explores metabolic enzymes playing a ma-
jor role in bacterial life—and the presence of the prophage
DNA fragments identified, also provides evidence that the
pathogenicity of some S. agalactiae genogroups should be seen
more in terms of “fitness factor” mediation than in terms of
pathogenicity island acquisition.

The association we found between the DNA prophage frag-
ments F5, F7, and F10 and groups of S. agalactiae strains able
to invade the CNS of neonates was stronger for strains from
MLEE division II (80% for group HR and 58% for all strains)
than for strains from MLEE division I (48% for group HR and
47% for all strains). Only F5 was more frequent in strains from
MLEE division I associated with a high risk of meningitis
(Table 2) (26, 29). Horizontal transfer via phages is a major
mechanism of diversification in bacterial species. It also acti-
vates the SOS system, promoting genome-wide mutations in
the host and in housekeeping genes, particularly in stressful
environmental conditions (18, 21, 22, 35, 44). The two major
phylogenetic populations comprising the species S. agalactiae,
as represented by MLEE divisions I and II, are markedly
distant and different in terms of genetic diversity. A higher
level of allelic variation is observed in strains from MLEE
division II (26, 29). The high prevalence of multiple prophage
DNA fragments in strains from the more heterogeneous
MLEE division II may indicate the greater exposure of strains
of this phylogenetic group than of MLEE division I strains to
environmental and ecological pressures.

The association we found between the DNA prophage frag-
ments F5, F7, and F10 and groups of S. agalactiae strains able
to invade the CNS of neonates did not depend on strain sero-
types. This provides further evidence that serotyping is not
an appropriate technique for the identification of virulent
lineages of strains, consistent with the recent conclusions of
Tettelin et al. (40).

The prevalence of the three prophage DNA fragments (F5,
F7, and F10) significantly associated with S. agalactiae strains
able to invade the CNS of neonates was similar in two popu-
lations of CSF strains isolated 15 years apart. This suggests that
the identified prophage DNA fragments, which may be in-
volved in the virulence of some groups of S. agalactiae strains,
have remained stable over time. These prophage DNA frag-
ments may therefore be one of the few rearrangements that
have remained stable during the evolution of S. agalactiae (40),
possibly due to their importance for virulence or fitness.

In conclusion, our data suggest that lysogeny has played a
role in the genetic diversification of S. agalactiae and in the
emergence of strains able to invade the CNS of neonates. The
molecular characterization of S. agalactiae prophages and stud-
ies of the impact of these prophage DNA elements on the
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pathogenicity of strains tested in animal and/or cellular models
should increase our understanding of the impact of lysogeny on
the virulence of S. agalactiae strains.
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