© pLos one

OPEN 8 ACCESS Freely available online

Diversity of Prophage DNA Regions of Streptococcus
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Abstract

The phylogenetic position and prophage DNA content of the genomes of 142 S. agalactiae (group-B streptococcus, GBS)
isolates responsible for bacteremia and meningitis in adults and neonates were studied and compared. The distribution of
the invasive isolates between the various serotypes, sequence types (STs) and clonal complexes (CCs) differed significantly
between adult and neonatal isolates. Use of the neighbor-net algorithm with the PHI test revealed evidence for
recombination in the population studied (PHI, P=2.01x10"%), and the recombination-mutation ratio (R/M) was 6:7.
Nevertheless, the estimated R/M ratio differed between CCs. Analysis of the prophage DNA regions of the genomes of the
isolates assigned 90% of the isolates to five major prophage DNA groups: A to E. The mean number of prophage DNA
fragments amplified per isolate varied from 2.6 for the isolates of prophage DNA group E to 4.0 for the isolates of prophage
DNA group C. The isolates from adults and neonates with invasive diseases were distributed differently between the various
prophage DNA groups (P<<0.00001). Group C prophage DNA fragments were found in 52% of adult invasive isolates,
whereas 74% of neonatal invasive isolates had prophage DNA fragments of groups A and B. Differences in prophage DNA
content were also found between serotypes, STs and CCs (P<<0.00001). All the ST-1 and CC1 isolates, mostly of serotype V,
belonged to the prophage DNA group C, whereas 84% of the ST-17 and CC17 isolates, all of serotype Ill, belonged to
prophage DNA groups A and B. These data indicate that the transduction mechanisms, i.e., gene transfer from one
bacterium to another by a bacteriophage, underlying genetic recombination in S. agalactiae species, are specific to each
intraspecies lineage and population of strains responsible for invasive diseases in adults and neonates.
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been found to be more specifically implicated in adult infections,
particularly skin and osteoarticular infections [11].

There is growing evidence to suggest that lysogeny plays an
important role in the virulence and evolution of several bacteria.

Introduction

Group-B streptococcus emerged in the 1960s as a major cause of
neonatal morbidity and mortality in the United States and Europe

[1,2]. Sepsis and meningitis were the most severe diseases caused
by this bacterium in neonates. Three decades later, S. agalactiae
emerged as a pathogen responsible for various infections in non
pregnant adults, particularly in elderly subjects with underlying
conditions [3-5]. Primary bacteremia is the most serious clinical
syndrome reported in adults, accounting for almost 24% of all S.
agalactiae infections in adults [6]. Meningitis is less frequent,
accounting for about 4% of S. agalactiae infections in adults, but is
associated with very high mortality rates (27% to 34%) [5,6].
Previous studies, based on multilocus enzyme electrophoresis
(MLEE), pulsed-field gel electrophoresis (PFGE), restriction
digestion pattern (RDP) analysis, and multilocus sequence typing
(MLST), have shown that S. agalactiae strains from certain
phylogenetic lineages are more frequently implicated in neonatal
invasive infections, such as neonatal meningitis in particular, than
in adult infections [7—-10]. Strains of other lineages have recently
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Prophage-encoded virulence factors have been identified in many
bacterial species, including Vibrio cholera, Salmonella enterica,
Escherchia coli, Clostridium botulinum, Corynebacterium diphtheria, Staph-
ylococcus aureus and Streptococcus pyogenes [12]. These virulence factors
include extracellular toxins, proteins altering antigenicity or
mvolved in invasion, enzymes and other factors. Temperate
phages may also mediate the adaptation of lysogens to new hosts,
thereby increasing their fitness [12—-14]. Lysogeny also contributes
to intraspecies genomic diversity in bacteria. For example, several
phage-encoded proven or putative virulence factors in S. pyogenes
species account for differences in gene content between strains
[15].

In S. agalactiae, lysogeny was first described in 1969, when
temperate phages with double-stranded DNA were isolated
from strains of bovine origin [16]. Ten years later, a phage-
typing system was developed and used for epidemiological
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investigation [17-21]. An analysis of sequenced S. agalactiae
strains showed that phage-associated genes accounted for 10%
of all strain-specific genes [22,23]. S. agalactiae strains from
different lineages, isolated from neonatal and adult patients
with particular diseases have since been shown to have a
greater exposure to lysogeny than colonizing strains [11,24].
The relationships between temperate phages and S. agalactiae
strains depend on the phage type and/or the bacterial lineage

Table 1. PCR primers and amplicon sizes for prophage screening.
Prophage DNA Reference ) Amplicon
fragment Target gene description strain(s) PCR primer size (bp)
Orientation sequence (5'—3')
F5 A terminase large subunit S.pyogenes Forward ATC TTA GCA AGC TCC CAC GA 341
10394 Reverse TCA ACG GCT GGT ATG GAT TT
F7 A phage-associated cell wall hydrolase S. pyogenes 10394 Forward AGG CCG CAA CCTTAAATCT 497
and a phage-associated lysin SpyM6 Reverse CGA GTG AAA ACG TGT CTG G
F10 A phage-encoded transcriptional regulator, S. pyogenes 5005 Forward TCA GCA GAG GAA GGA AAG GA 510
ArpU family Reverse CAA TCA AAG AGC CCT CCC TA
SAGO0566 Single-strand binding protein prophage S. agalactiae 2603 Forward GTG CTT TGG TTG GAA TTA C 132
lambda Sa1 V/R Reverse TCT GTT GTT GGC TAT TGC
18RS21
SAK_0738 DNA methylase CJB111 Forward GGG ATA AGA AAG CCA ATC 172
prophage lambda W4 A909 Reverse ACA TAG ATA GAC GCA TCG
SAK_0748 Phage major capsid protein HK97 family CJB111 Forward TGA TTT CTC TTA CTA CTG GAT TG 136
A909 Reverse CGC TTC TGG TAG AAC GAG
SAK_2090 BRO domain protein, prophage A909 Forward TAG AGC ACC AAG GCG AAT G 102
antirepressor H36B Reverse AAA CGA CCT CAT CAA CTA AAC G
prophage Sa05 CJB111
SAK_2094 Prophage Sa05 A909 Forward AAA GAG TAA AGC ATT TCG 526
site-specific recombinase H36B Reverse CCT AAT CTA TAT TGG AGT TC
phage integrase family CJB111
18RS21
COH1
SAJ_2395 Phage terminase-like protein, large 18RS21 Forward TGA TAG ATA AGT ATG TGA GAT TC 251
subunit (remnant) 515 Reverse TTG TCT TTC CGA GTT AGC
SAK_1326 Site-specific recombinase, phage A909 Forward TTT GAC CTA CGG GAT TAT G 261
integrase family (remnant) H36B Reverse TGA ACG CCA TCT TAG AAG
CJB111
doi:10.1371/journal.pone.0020256.t001

[25]. Lysogeny may therefore have affected the evolution of S.
agalactiae species, modifying fitness and affecting adaptation to
new hosts or virulence.

In this study, we used a PCR-based method recognizing S.
agalactiae prophages to determine the diversity of prophage DNA
fragments in the genome of invasive isolates from blood cultures
and cerebrospinal fluid (CSF), comparing the findings for adult
and neonatal patients. The genetic relationships between the
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Table 2. Serotypes of S. agalactiae isolates from blood cultures and CSF from adults and neonates.
Serotype No. of S. agalactiae strains (% prevalence) from

Adult Neonate

Blood culture CSF Total Blood culture CSF Total
la 15 (22) 2 (25) 17 (23) 4 (20) 49 8(12)
Ib 12 (18) 2 (25) 14 (19) - 3 (6) 3(4)
[ 4 (6) - 4(5) - - -
n 12 (18) 2 (25) 14 (19) 15 (75) 38 (81) 53 (79)
Y 23 - 213 - - -
v 21 (31) 2 (25) 23 31) 1 (5) 2 (4) 34
NT® 1(1) - 1(1) - - -
Total 67 8 75 20 47 67
®NT, Nontypable.
doi:10.1371/journal.pone.0020256.t002
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prophage DNA fragments present in invasive isolate genomes were
determined by hierarchical analysis. We investigated the correla-
tions between prophage DNA content, the clinical circumstances
of isolation (from neonates or adults) and the phylogenetic position
of §. agalactiae 1solates characterized by serotyping and multilocus
sequence typing (MLST).

Materials and Methods

Bacterial isolates
We studied 142 S. agalactiae invasive isolates collected in various
regions of France during previous epidemiological studies

Prophage DNA Content of Streptococcus agalactiae

[26,27]. There were 75 isolates from adults (aged 28 to 98 years;
mean age, 72 years) presenting bacteremia (67 isolates isolated
from blood cultures) or meningitis (8 isolates from CSF). The
other 67 isolates were obtained from neonates (aged from one day
to three months) presenting bacteremia (n=20) or meningitis
(n=47).

Serotyping

Isolates were serotyped by PCR, as previously described [28],
using primers based on the sequences of the capsular polysac-
charide gene clusters, and allowing to define the major GBS
serotypes.
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Figure 1. Genetic diversity and sequence type (ST) distribution, determined by MLST [10], of 142 S. agalactiae isolates from cases of
adult (Al) and neonatal (NI) invasive disease. We show the phylogenetic network applied to 43 parsimonious-informative sites from a total of
3,456 nucleotides generated with the neighbour-net algorithm for the 142 strains studied (http://splitstree.org/) [29]. Strains were grouped into
clonal complexes (CCs) with eBURST software (http://eburst.mist.net/). Columns indicate the percentages of Al and NI strains in each CC.
Recombination (R) and mutation (M) rates, based on MLST data, were evaluated as described by Feil et al. [31]. The estimated recombination-
mutation ratio (R/M) varied as a function of the CC to which the strain belonged.

doi:10.1371/journal.pone.0020256.g001
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MLST analyses

The genetic diversity and phylogenetic distribution of invasive
1solates were determined by MLST, carried out as described by
Jones et al. [10]. Comparison of the allelic sequences for seven allelic
housekeeping genes allowed to define sequence types (STs). An
unweighted group pair method of averages tree was drawn from
allelic profile data using e BURST software (http://eburst.mlst.net/)
and the entire group B streptococcus (GBS) MLST database
(http://pubmlst.org/sagalactiac/), and defined CC in the species. A
phylogenetic network was applied to 43 parsimonious-informative
(PI) sites in SplitsTree4 (http://splitstree.org/), with the neighbor-
net algorithm [29]. Recombination between isolates and STs was
evaluated by calculating the pairwise homoplasy index (PHI) [30].
Recombination and mutation rates, calculated from MLST data,
were evaluated with the method of Feil et al. [31].

Prophage DNA Content of Streptococcus agalactiae

PCR for the detection of prophage DNA fragments in the
genomes of S. agalactiae isolates

We previously identified and characterized bacteriophages and
prophage remnants from S. agalactiae genomes and designed
primer pairs recognizing prophage sequences for PCR [24,25].
Ten of these primer pairs were used here for evaluation of the
prophage DNA content of the 142 S. agalactiae isolates studied
(Table 1). PCR was carried out with a Chromo 4 system
mstrument (Bio-Rad, Hercules, CA, USA). The reaction mixture
had a final volume of 25 pl and contained 5 pl of extracted DNA,
0.5 uM of each primer, and IX iQ) SYBR green Supermix (Qiagen
SA, Courtaboeuf, France) including 3 mM MgCl,. The amplifi-
cation program comprised 40 cycles of 10 s at 94°C, 10 s at the
annealing temperature (45°C for F5, 48°C for F7, 49°C for F10,
and SAK_2094, 50.5°C for SAJ_2395, and SAK_1326, 52°C for
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Table 3. Serotype of S. agalactiae isolates from the various STs and CCs implicated in adult and neonatal invasive infections.
Ccc ST No. (%) of isolates according to serotype
(No. of isolates) (No. of isolates) la b ] 1] v \' NT?
1(28) 1(25) 2 (100 25 (96)
1(22) 1 (25) 21 (81)
2(1) 14
153 (1) 14
173 (1) 14
196 (2) 2 (100)
383 (1) 1(4)
7 (5) 2 (8) 2 (12) 1(1)
6 (1) 1(6)
72 14 1(1)
51 (1) 14
255 (1) 1(6)
8 (18) 15 (88) 2 (50) 1(4)
8 (8) 8 (47)
10 (5) 3(18) 1(25) 1 (4)
12 (5) 4 (24) 1(25)
17 (51) 51 (76)
17 (49) 49 (73)
384 (1) 1(1)
482 (1) 1(1)
19 (1) 10 (15) 1 (100)
19 (10) 9 (13) 1 (100)
382 (1) 1(1)
23 (24) 21 (84) 3(4)
23 (22) 20 (80) 2(3)
385 (1) 1(4)
481 (1) 1(1)
Singletons (5) 2 (8) 125 2(3)
4(1) 14
22 (2) 2 (3)
24 (1) 1(4)
386 (1) 1(25)
Total 25 17 4 67 2 26 1
®NT, nontypable.
doi:10.1371/journal.pone.0020256.t003
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SAK_0748, or 54°C for SAG0566, SAK_2090, and SAK_0738)
and 30 s at 72°C. The reaction products were then cooled to 35°C
and subjected to a post-PCR melting cycle by increasing the
temperature by 0.2°C for each 10-s cycle, up to 95°C.

The genetic relationships between the prophage DNA regions
of the genomes of the isolates studied were investigated by a
hierarchical analysis based on the Jaccard dichotomy coefficient
method, as implemented in SYSTAT 12 software.

Statistical analysis

Data were analyzed by chi-squared tests and Fisher’s exact
tests, to evaluate associations, with P values=0.05 considered
significant.

Prophage DNA Content of Streptococcus agalactiae

Results

Serotyping

One isolate from the blood culture of an adult patient could not
be typed. The serotype distribution of isolates from adults did not
differ as a function of the disease: bacteremia or meningitis
(Table 2; P=10.97). Similarly, no difference in serotype distribution
between bacteremia and meningitis was observed for isolates from
neonates (table 2; P=0.41).

By contrast, the serotype distributions of isolates from adults
and neonates suffering from invasive disease differed signifi-
cantly (Table 2; P<<0.00001). Indeed, 79% of the invasive S.
agalactiae isolates from neonates belonged to serotype III,
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Table 4. CC, ST of S. agalactiae isolates from adult and neonatal invasive infections.
ccC ST No. (%) of isolates from
(No. of isolates) (No. of isolates) Adult Neonate
Blood culture CSF Total Blood culture CSF Total
1(28) 23 (34) 2 (25) 25 (33) 1(5) 24 34
1(22) 18 (27) 1(13) 19 (25) 1(5) 2(4) 3(4)
2(1) 1(13) 1(1)
153 (1) 1(1) 1(1)
173 (1) 1(1) 1(1)
196 (2) 213 2(3)
383 (1) 1(1) 1(1)
7 (5) 34 3(4) 24 2(3)
6 (1) 1(2) 1(1)
7(2) 1M 1(1) 1) 1(1)
51 (1) 1(1) 1(1)
255 (1) 1(1) 1(1)
8 (18) 14 (21) 2 (25) 16 (21) 24 23)
8 (8) 6 (9) 6 (8) 24 2(3)
10 (5) 4 (6) 1(13) 5(7)
12 (5) 4(6) 1(13) 5(7)
17 (51) 5 (7) 1(13) 6 (8) 13 (65) 32 (68) 45 (67)
17 (49) 4(6) 1(13) 5(7) 12 (60) 32 (68) 44 (66)
384 (1) 1(1) 1(1)
482 (1) 1(5) 1(1)
19 (11) 6 (9) 1(13) 79 4(9) 4 (6)
19 (10) 5(7) 1(13) 6 (8) 49 4 (6)
382 (1) 1(1) 1(1)
23 (24) 13 (19) 2 (25) 15 (20) 5 (25) 4(9) 9(13)
23 (22) 12 (18) 2 (25) 14 (19) 4 (20) 4(9) 8 (12)
385 (1) 1(1) 1(1)
481 (1) 1(5) 1(1)
Singletons (5) 3(4) 3(4) 1(5 1(2) 2(3)
4(1) 1(1) 1(1)
22 (2) 1(1) 1(1) 1(5 1(1)
24 (1) 12 1(1)
386 (1) 1(1) 1(1)
Total 67 8 75 20 47 67
doi:10.1371/journal.pone.0020256.t004
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whereas invasive isolates from adults belonged to four major
serotypes: serotypes V (31%), Ia (23%), Ib (19%), and III (19%)
(Table 2).

Genetic diversity, recombination and mutation of
housekeeping genes

MLST identified 25 different sequence types (STs) among the
142 invasive isolates tested (Fig. 1). eBURST software assigned
137 isolates from 21 STs to six major clonal complexes (CCs):
CC1 (28 1solates), CC7 (5 1solates), CC8 (18 isolates), CC17 (51
isolates), GC19 (11 isolates), and CGC23 (24 isolates). The isolates of
cach serotype were distributed between several STs, but this
distribution was not random (Table 3; P<<0.00001). The isolates of
serotypes Ia, III, IV, and V were mostly associated with ST-23
(80%), ST-17 (73%), ST-196 (100%) and ST-1 (81%), respectively.

Prophage DNA Content of Streptococcus agalactiae

Similarly, the isolates of serotypes la, Ib, III, and IV+V mostly
belonged to CC23 (84%), CC8 (88%), CC17 (76%), and CCl1
(96%), respectively.

The distribution of isolates from adults between STs did not
differ according to the disease: bacteremia or meningitis (Table 4;
P=0.87). Similarly, the distribution of isolates from neonates
between STs did not depend on the whether the child had
bacteremia or meningitis (table 4; P=0.23). By contrast, the
distribution of invasive isolates among STs differed significantly
between isolates from neonates and those from adults (Table 4;
P<0.00001). Indeed, the 67 invasive isolates from neonates
belonged to only 11 STs, whereas the 75 isolates from adults
were more diverse, belonging to 21 STs (Table 4). In addition, 44
of the 67 invasive isolates from neonates (66 %) belonged to ST-17,
whereas isolates from adults were significantly more frequently

@ PLoS ONE | www.plosone.org

Table 5. Distribution of the SLVs of the major clonal complexes as a function of difference in the number of nucleotides (one or
more) with respect to the sequence of the founder sequence type.
No. of SLVs differing at a No. of SLVs differing at

Clonal complex Allelic profile MLST single-nucleotide site multiple-nucleotide sites

ST adhP  pheS atr glnA sdhA  glck tkt Different Shared Different Shared
ca
Founder ST 1 1 1 2 1 1 2 2
SLV 2 1 1 3 1 1 2 2 0 1 0 0

153 36 1 2 1 1 2 2 1 0 0 0

173 38 1 2 1 1 2 2 1 0 0 0

383 1 1 2 42 1 2 2 0 1 0 0
Sub-totals 2 2 0 0
cc7
Founder ST 7 10 1 2 1 3 2 2
SLV 6 9 1 2 1 3 2 2 0 1 0 0

51 10 1 3 1 3 2 2 0 1 0 0
Sub-totals 0 2 0 0
ccs
Founder ST 8 4 1 4 1 3 3 2
SLvV 10 9 1 4 1 3 3 2 0 1 0 0

12 10 1 4 1 3 3 2 0 0 0 1
Sub-totals 0 1 0 1
cc17
Founder ST 17 2 1 1 2 1 1 1
SLV 384 2 1 1 2 1 37 1 1 0 0 0

482 2 1 1 2 47 1 1 1 0 0 0
Sub-totals 2 0 0 0
CcC19
Founder ST 19 1 1 3 2 2 2 2
SLvV 382 72 1 3 2 2 2 2 1 0 0 0
Sub-totals 1 0 0 0
cca23
Founder ST 23 5 4 6 3 2 1 3
SLV 385 5 4 6 3 2 1 30 1 0 0 0

481 5 4 6 51 2 1 3 1 0 0 0
Sub-totals 2 0 0 0
totals 7 5 0 1
doi:10.1371/journal.pone.0020256.t005
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Figure 2. Distribution of 141 S. agalactiae isolates from adult (ACSF and AB) and neonatal (NCFS and NB) patients with invasive
disease between prophage DNA groups, on the basis of PCR evaluations of the prophage content of isolates. Jaccard analysis
generated a dendrogram of similarity values for the 10 prophage sequences described in table 1 (SYSTAT 12 software). Five major prophage DNA
groups were defined (groups A to E). The mean number of prophage DNA fragments amplified from strains by PCR and the mean number of

absolute deviations (Avedev) were calculated for each prophage DNA group. # anatomic origin of isolates;

CC, clonal complex; NT, nontypeable.
doi:10.1371/journal.pone.0020256.g002

associated with ST-1 (19/75; 25%) and ST-23 (14/75; 19%)
(Table 4; P<0.00001).

As for STs, the distribution of isolates from adults between CCs
did not depend on the nature of the disease (table 4; P=0.99), and
this was also the case for isolates from neonates (Table 4; P=0.25).
The distribution of invasive isolates among the various CCs
differed significantly between isolates of neonatal and adult origin
(Table 4; P<<0.00001). Indeed, neonatal invasive isolates most
frequently belonged to CC17 (45/67; 67%), whereas isolates from
adults with invasive disease mostly belonged to CC1 (25/75; 33%),
CC8 (16/75; 21%), and CC23 (15/75; 20%).

We identified a total of 55 variable nucleotide sites in the
3,456 bp of concatenated gene sequences, and 43 sites were
parsimonious informative (PI), e.g. informative positions. There
were 41 PI sites in neonatal isolates and 43 PI sites in adult
invasive isolates. The phylogenetic network applied to the PI sites
from the 3,456 total nucleotides with the neighbour-net algorithm
for all isolates studied is shown in Figure 1. The overall level of
genetic diversity among the invasive isolates was estimated by
SplitsTree4 software at 0.015 for adult invasive isolates and 0.013
for neonatal invasive isolates.

Use of the neighbour-net algorithm with the PHI test revealed
evidence for recombination in the population studied (PHI,
P=2.01x10"% Fig. 1). The method of Feil et al. [31] was applied
to the six major CCs defined by eBURST (Table 5), resulting in
the identification of 13 single locus variants (SLV) of the six major
founder STs. Five of these SLVs displayed allelic polymorphism
common to the STs of various CCs. Based on the data shown in
table 5 and applying the theory of Feil e al. to our population of
142 i1solates, the rate of homologous recombination events was
evaluated at six for every seven point mutations (recombination-
mutation ratio of 6:7), thus confirming the results of the PHI test
suggesting a high level of homologous recombination within the S.
agalactiae population studied. The estimated recombination-
mutation ratio (R/M) differed between CCis: the isolates of CCs
7 and 8 presented no evidence of mutation (R/M, 2:0), whereas
those of CCs 17, 19, and 23 displayed no evidence of
recombination (R/M, 0:2 or 0:1), and CC1 isolates displayed
equal frequencies of recombination and mutation (1:1) (Table 5;
Fig. 1).

Prophage DNA content in invasive S. agalactiae isolate
genomes

None of the prophage DNA fragments studied was detected by
PCR in one isolate from a CSF sample from an adult. For each of
the remaining 141 isolates, PCR amplified one to six of the 10
prophage DNA fragments studied. The genetic relationships
between the prophage DNA regions of isolate genomes were
plotted as a dendrogram (Fig. 2). This analysis assigned 90% of the
isolates (127/141) to five major prophage DNA groups: A to E.
The remaining 14 isolates had distantly related prophage DNA
regions.

The natures and frequencies of the prophage DNA fragments
amplified from the isolates differed significantly between prophage
DNA groups (Table 6; P<0.00001). The mean number of
prophage DNA fragments amplified per isolate varied from 2.6

@ PLoS ONE | www.plosone.org

b serotype of isolates; ST, sequence-type;

in prophage DNA group E to 4.0 in prophage DNA group C. The
amplification patterns and diversity of prophage DNA fragments
observed differed considerably within prophage DNA groups
(Table 6). For the isolates of prophage DNA groups A and C, eight
of the 10 prophage targets studied were found in at least one
isolate and PCR amplified a large number of prophage DNA
fragments from each isolate (means of 3.9 and 4, respectively;
Fig. 2). Nevertheless, the diversity of prophage DNA amplification
patterns was greater in group A than in group C. Indeed, 24
different prophage patterns were observed for the 35 isolates in
group A, whereas only 13 prophage patterns were obtained for the
45 1solates in group C. In addition, the maximal distance between
prophage patterns was 0.58 in group A and 0.35 in group C
(Fig. 1). The mean number of prophage DNA fragments amplified
per isolate was lower (2.6 to 2.9; Fig. 2) for the three remaining
prophage DNA groups, B, D and E. Pattern diversity was lowest in
group B (11 prophage patterns for 30 isolates), and slightly greater
in groups D (4 patterns for 9 isolates) and E (6 patterns for 8
1solates).

Each prophage DNA group was characterized by the presence
of particular prophage DNA regions in the isolate genomes
(Table 6). Prophage DNA group A was characterized by the
frequent amplification of prophage DNA fragments I3, }7, F10,
SAK_0748 and SAK_2090; prophage DNA group B was
characterized by the frequent amplification of prophage DNA
fragments SAK_0748, SAK_2090, and SAK_2094; prophage
DNA group C was characterized by the frequent amplification of
prophage DNA fragments SAK_0738, SAK_0748, SAK_2090,
and SAK_1326; prophage DNA group D was characterized by the
frequent amplification of prophage DNA fragments SAK_2090
and SAK_1326 and prophage DNA group E was characterized by
the frequent amplification of prophage DNA fragments
SAK_0748 and SAK_1326.

The distribution of isolates between prophage DNA groups did
not depend on disease (bacteremia or meningitis) for either adult
(Table 6; P=0.86) or neonatal (Table 6; P=0.54) isolates. By
contrast, isolates from adults and neonates with invasive diseases
displayed significantly different distributions among prophage
DNA groups (Table 6; P<<0.00001). Indeed, 39 of the 75 (52%)
adult isolates belonged to group C, whereas 50 of the 67 (74%)
neonatal isolates were evenly distributed between two groups, A
and B.

The distribution of isolates from the various serotypes, STs and
CCs between prophage DNA groups was not random (Table 6,
Fig. 2) (P<<0.00001). Isolates from the two major lineages, ST-1
and ST-17, and their corresponding clonal complexes, CC1 and
CC17, frequently implicated in adult and neonatal invasive
diseases, respectively, had particular prophage DNA contents.
All 22 ST-1 and 28 CCl isolates (100%), most of which were of
serotype V, belonged to prophage DNA group C. Forty-one of the
49 ST-17 isolates (84%) and 43 of the 51 CC17 isolates (84%), all
of serotype III, belonged to groups A and B. Remarkably, the 10
invasive isolates of ST-19 and 11 invasive isolates of CC19, which
rarely cause invasive disease in adults and neonates, also clustered
with group A (Fig. 2). Thus, invasive ST-19/CC19 isolates had a
prophage DNA content similar to that of CC17 isolates capable of
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Table 6. Distribution of the S. agalactiae isolates of various origins, serotypes, sequence types, and clonal complexes between
prophage DNA groups, as displayed by SYSTAT 12 software®.

Characteristic
(No. of strains)

No. of strains (%) per prophage DNA group

NP A (35) B (30) C (45) D (9) E (8) minor groups (14)
Prophage DNA fragment
F5 109 (77) 21 (15) 2 (1) 6 (4) 2 (1) 2 (1)
F7 101 (71) 26 (18) 7 (5) 2(1) 2(1) 1(<1) 3(2)
F10 96 (68) 28 (20) 2 (1) 8 (6) 2 (1) 4 (3) 2 (1)
SAGO0566 140 (99) 1(<1) 1(<1)
SAK_0738 109 (77) 32 (23) 1(<1)
SAK_0748 40 (28) 18 (13) 29 (20) 45 (32) 8 (6) 2(1
SAK_2090 29 (20) 29 (20) 29 (20) 45 (32) 9 (6) 1(<1)
SAK_2094 113 (80) 7(5) 15 (11) 2(1) 1(<1) 4(3)
SAJ_2395 138 (97) 2 (1) 2(1)
SAK_1326 74 (52) 4 (3) 2(1) 41 (29) 9 (6) 6 (4) 6 (4)
Origin
Adult blood culture (67) 9(13) 5(7) 35 (52) 5(7) 6 (9) 7 (10)
Adult CSF (8) 1(13) 1(13) 4 (50) 1(13) 1(13)
Adult (75) 1(1) 10 (13) 5(7) 39 (52) 5(7) 7 (9) 8 (11)
Neonatal blood culture (20) 7 (35) 7 (35) 2 (10) 2 (10) 1(5) 1(5)
Neonatal CSF (47) 18 (38) 18 (38) 49 2 (4) 5(11)
Neonate (67) 25 (37) 25 (37) 6 (9) 4 (6) 1(1) 6 (9)
Serotype
la (25) 3(12) 9 (36) 5 (20) 5 (20) 3(12)
Ib (17) 1 (6) 2(12) 6 (35) 3(18) 1(6) 4 (24)
Il (4) 1(25) 2 (50) 1 (25)
Il (67) 1(1) 30 (45) 26 (39) 1(1) 1(1) 2(3) 6 (9)
IV (2) 2 (100)
V (26) 1(4) 25 (96)
NT (1) 1 (100)
Sequence type
1(22) 22 (100)
8 (8) 1(13) 1(13) 3 (38) 2 (25) 1(13)
10 (5) 1 (20) 2 (40) 2 (40)
12 (5) 1 (20) 2 (40) 1 (20) 1 (20)
17 (49) 1(2) 17 (35) 24 (49) 24 5 (10)
19 (10) 10 (100)
23 (22) 4 (18) 6 (27) 4 (18) 5 (23) 3 (14)
Others (21) 3(14) 3(14) 10 (48) 2 (10) 3(14)
Clonal complex
1(28) 28 (100)
7 (5) 1 (20) 1 (20) 2 (40) 1 (20)
8 (18) 1(6) 3(17) 7 (39 3(17) 1(6) 3(17)
17 (51) 1(2) 17 (33) 26 (51) 24 5 (10)
19 (11) 11 (100)
23 (24) 5 (21) 6 (25) 5 (21) 5 (21) 3(13)
Others (5) 2 (40) 1(20) 2 (40)
NP no prophage amplification; NT, nontypable.
doi:10.1371/journal.pone.0020256.t006
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invading the CSF of neonates [10,32-36]. The isolates of ST-8
and ST-23 and the corresponding clonal complexes, CC8 and
CC23, frequently implicated in adult invasive disease, were mostly
of serotype Ib and Ia, respectively, and were distributed between
the five major prophage DNA groups, indicating considerable
diversity in terms of prophage DNA content.

Discussion

Streptococeus  agalactiae is a well known cause of sepsis and
meningitis in neonates and is now recognized as a non exceptional
cause of bacteremia and meningitis in adults. Nevertheles, S.
agalactiae isolates responsible for causing disease in adults have not
been much studied yet. Prophage genes account for 10% of all
strain-specific genes in S. agalactiae, but few studies have
investigated the prophage DNA content of the S. agalactiae
genome. Given that temperate phages can mediate the adaptation
of bacteria to new ecological conditions and affect the evolution
and pathogenic power of individuals (12), we studied the diversity
of prophage DNA regions in the genomes of S. agalactiae isolates
from various phylogenetic lineages obtained from adults and
neonates with infections. The S. agalactiae isolates
mmplicated in bacteremia and meningitis displayed considerable
genetic diversity, due to a number of different genetic events,
including mutation and recombination (PHI, P= 2.01x1075,
Fig. 1 and recombination-mutation ratio of 6:7), and were exposed
to particular transduction mechanisms in gene recombination
(Table 6, Fig. 2). Nevertheless, our data indicate that the prophage
DNA content of isolates resulting in lysogeny were specific to each
intraspecies lineage of isolates, suggesting a possible contribution
to the differentiation of the species into clones, with each clone
differing markedly from the others in terms of its propensity to
cause invasive disease in adults or neonates.

CC17 isolates have been well characterized and are clearly
associated with invasive diseases in neonates (Fig. 1, Table 3;
[10,32-36]). The invasive CC17 isolates studied were fairly
homogeneous in terms of their recombination levels (Fig. 1),
consistent with recent findings [36]. By contrast, the CC17 isolates
displayed considerable diversity in terms of their prophage DNA
content. Indeed, the prophage DNA fragments found in their
genomes belonged to two different, distant prophage DNA groups
(A and B), each characterized by a particular profile of prophage
DNA fragments (Fig. 2). S. agalactiae may be considered a model of
bacteria subjected to temporal changes in habitat, for which
prophage—bacterial interaction has been an essential survival
strategy during evolution, for both the prophage and the
bacterium. We can hypothesize that the two clades of CC17
isolates, defined on the basis of their prophage DNA content, may
result from adaptation, at different times, to two markedly
different ecological systems, such as the bovine or human intestinal
or genital tracts, with very different phage constituents
[12,14,37,38]. These two prophage DNA content-based clades
in GC17 are both capable of invading the central nervous system
of neonates. However, the virulence mechanisms of these two
clades may differ considerably, given that the transduction
mechanisms in gene recombination may affect bacterial virulence.

Since the mid-1990s, S. agalactiae has increasingly been
considered as a pathogen responsible for various infections in
adults [3,4,6,39-41]. This change in host coincided with the
emergence of a particular serotype, serotype V, which was
subsequently shown to belong to a new phylogenetic lineage,
CC-1 [42,43]. In this study, we found that most of the isolates
responsible for sepsis and meningitis in adults belonged to CC1
and CC8, two clones phylogenetically different from that

invasive
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associated with invasive infections in neonates (CC17) and with
genomes containing specific prophage DNA fragments (Fig. 1;
Fig. 2). This suggests that the bacteria involved in invasive
infections in adults and neonates emerged and evolved in very
different ways. These findings may be explained partly by the
constraints linked to adaptation to different hosts. Indeed, CC17
strains have been associated with vaginal colonization, whereas the
strains of STs 1 and 8 are more frequently associated with throat
and anal margin carriage [44]. Bacteriophages are responsible for
niche-specific horizontal gene transfer, which plays a role in
structuring bacterial communities [45,46]. The adaptation of
strains to different ecological systems in humans may therefore
result from different lysogeny events with different consequences.
Nevertheless, the precise impact of lysogeny, which results in the
adaptation of S. agalactiae to very different systems (the mouth, the
gut, the vagina, the skin, the udder of cattle, fish or marine
environments) with contrasting biological, physical and chemical
properties, remains to be elucidated.

Our results showed that the invasive CC1, CC8 and CC23
isolates responsible for invasive diseases in adults were fairly
homogeneous in terms of their prophage DNA content. Indeed,
most of these isolates possessed the same prophage DNA
fragments, those of the homogencous prophage DNA group C,
which had the highest mean number of prophage DNA fragments
per isolate (mean=4.0; Table 6, Fig. 2). The prophage DNA
fragments identified in this group have previously been found to
be: i) associated with CC1 and CC23 isolates responsible for adult
skin and osteoarticular infections and ii) different in terms of the
nature and number of fragments per isolates from those of
colonizing strains [11]. These results suggest a possible link
between the phenomena of lysogeny and the ability of strains to
induce disease in adults, but the mechanisms involved remain
unclear. As previously described in S. aureus and E. coli, lysogeny
may inactivate some bacterial genes, thereby altering the levels of
transcription and expression of some virulence genes [47-49].
Alternatively, lysogeny may facilitate the importation of new
virulence genes, as described in several species, such as S. aureus, S.
pyogenes, V. cholerae or enteric bacteria [12]. In S. agalactiae, the
mechanism involved is likely to be more complex, as no virulence
gene associated with a phage has yet been identified. It is possible
that, as recently shown for the integration of other mobile genetic
elements into intergenic regions [50], prophage DNA integration
mto the S. agalactiae genome modified the expression of certain
factors already present in the genome. All but one of the CC8
1solates contained the SAK_1326 fragment, which was found in
most CC1 isolates and all but two of the CC23 isolates (Fig. 2).
This fragment is located in the genomic island harboring the /mb
and s¢pB genes (strain NEM316; ST-23) and the fibrinogen-
binding protein genes (strain H36B; ST-6, serotype Ib), which
encode virulence factors known to be involved in adhesion and
immune evasion. It was therefore not possible to exclude the
possibility that the integration of such prophage DNA fragments
into the strain genome modulates metabolism and/or the
expression of virulence genes. Very little is currently known about
these mechanisms. It is unclear, for example, whether they are
related to the import of additional promoters, or consequences of
the action of non-coding RNA or of short palindromic sequences,
such as clusters of regularly interspaced short palindromic repeats,
directly related to lysogeny. Future studies will focus on these
phenomena.
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