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Group B Streptococcus (GBS) is a major cause of invasive disease in neonates

worldwide. Monitoring data have revealed a continuing trend toward an increase

in neonatal GBS infections, despite the introduction of preventive measures. We

investigated this trend, by performing the first ever characterization of the prophage

content for 106 GBS strains causing neonatal infections between 2002 and 2018. We

determined whether the genome of each strain harbored prophages, and identified

the insertion site of each of the prophages identified. We found that 71.7% of

the strains carried at least one prophage, and that prophages genetically similar to

livestock-associated phiD12, carrying genes potentially involved in GBS pathogenesis

(e.g., genes encoding putative virulence factors and factors involved in biofilm formation,

bacterial persistence, or adaptation to challenging environments) predominated. The

phiD12-like prophages were (1) associated with CC17 and 1 strains (p = 0.002), (2)

more frequent among strains recovered during the 2011–2018 period than among those

from 2002–2010 (p < 0.001), and (3) located at two major insertion sites close to

bacterial genes involved in host adaptation and colonization. Our data provide evidence

for a recent increase in lysogeny in GBS, characterized by the acquisition, within the

genome, of genetic features typical of animal-associated mobile genetic elements by

GBS strains causing neonatal infection. We suggest that lysogeny and phiD12-like

prophage genetic elements may have conferred an advantage on GBS strains for

adaptation to or colonization of the maternal vaginal tract, or for pathogenicity, and that

these factors are currently playing a key role in the increasing ability of GBS strains to

infect neonates.
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INTRODUCTION

Bacterial pathogens frequently harbor prophages or phage
remnants within their DNA. Prophage-encoded virulence factors
have been identified in many bacterial species, including
Staphylococcus aureus and Streptococcus pyogenes (Banks et al.,
2002; Brüssow et al., 2004; Denou et al., 2008; Boyd, 2012;
Harrison and Brockhurst, 2017). These virulence factors
include extracellular toxins, enzymes and proteins altering
antigenicity or involved in invasion. Temperate phages may
also mediate the adaptation of lysogens to new hosts, thereby
increasing their fitness (Brüssow et al., 2004; Chibani-Chennoufi
et al., 2004); furthermore, lysogeny contributes to intraspecies
genomic diversity in bacteria. Within Staphylococcus aureus, the
acquisition of particular prophages has been associated with the
emergence of lineages adapted to new ecological niches (Lowder
et al., 2009; Moon et al., 2015; Diene et al., 2017).

In GBS, lysogeny was first described by Russell in 1969,
when temperate phages were isolated from strains of bovine
origin (Russell et al., 1969). Whole genome sequencing identified
phage-associated genes accounting for 10% of all strain-specific
GBS genes (Tettelin et al., 2002). GBS strains from different
lineages isolated from infected neonates and adults have been
shown to have a greater exposure to lysogeny than colonizing
strains (van der Mee-Marquet et al., 2006; Salloum et al., 2011).
Recently, the whole-genome sequencing of 14 representative
GBS strains led to the definition of six groups of genetically
similar prophages: groups A to F. The prophages were found
close to bacterial genes, such as the msrR and cop operons
involved in bacterial virulence, and adaA and smr, associated
with host adaptation to environmental stress (Britton et al., 1998;
Hubscher et al., 2009; Yang et al., 2011; Singh et al., 2015). An
analysis of the prophage content of 275 GBS isolates recovered
from colonized and infected humans, revealed frequent lysogeny
with prophages of group A (van der Mee-Marquet et al., 2017).
Prophages A are genetically similar to the phiD12 prophages
recently described in Streptococcus suis, which infects livestock
(Tang et al., 2013). Prophages A harbor genes that have been
shown to protect bacteria against horizontal gene transfer and to
mediate adaptation to stress and colonization. They contain, in

particular, a gene encoding a hypothetical protein with an LPXTG
motif consistent with adhesin function (van der Mee-Marquet
et al., 2017), the four genes clpP, metK, relB, and yafQ, which
have been implicated in biofilm formation and resistance to both
oxidative and acid stresses (Yadav et al., 2012; Hou et al., 2014;
Wen et al., 2014; Chan et al., 2018).

GBS frequently colonizes the gastrointestinal and urogenital
tracts of healthy individuals, and is a leading pathogen in
neonates (Gibbs et al., 2004; Landwehr-Kenzel and Henneke,
2014). Antibiotic prophylaxis at the time of delivery in colonized
parturients has decreased the incidence of neonatal early-onset
disease (EOD) (Romain et al., 2018). However, a number of
recent epidemiological studies worldwide have shown that GBS
continues to be responsible for severe late-onset disease (LOD)
in neonates and young children (Joubrel et al., 2015; Nanduri
et al., 2019). The mechanisms underlying these trends have yet
to be elucidated.

Lysogeny has affected the evolution of numerous bacterial
species, modifying fitness and affecting adaptation to new hosts
or virulence (Brüssow et al., 2004). We investigated the potential
role of particular prophages in the evolution of GBS species, by
focusing on lysogeny in GBS strains causing neonatal infections.
We studied the prophage content of GBS strains responsible for
fetal and neonatal deaths, bloodstream infections and meningitis
in French neonates between 2002 and 2018. We determined
carriage prevalence for the prophages of each of the six groups,
and characterized the insertion sites of the phiD12-like A
prophages detected in the strains studied.

MATERIALS AND METHODS

Bacterial Strains
The GBS strains were collected from 106 infected neonates
during a three-month annual survey performed every year since
2002 at all the general hospitals and clinics located in the Center-
Val de Loire region of France (2.8 million inhabitants). The
methods and study design have been reported previously (van der
Mee-Marquet et al., 2014). The 106 neonates studied comprised
50 neonates with bloodstream infections, 43 with meningitis and
13 who died during fetal development or in the neonatal period.
The major lineages to which the GBS strains belonged were
determined by MLST (Jones et al., 2003) (Table 1).

Detection of GBS Prophages and
Prophage A Insertion Sites
We used a previously published PCR protocol with 14 primer
pairs to determine whether the genome of each GBS strain
harbored genetic elements from prophages belonging to groups
A to F (van der Mee-Marquet et al., 2017). Strains harboring
group A prophages were then studied with a multiplex PCR
tool, with five primer pairs designed to identify the prophage
insertion site. All the primer pairs used are presented on
Supplementary Figures. PCR was carried out on a Chromo
4 system instrument (Bio-Rad, Hercules, CA), on DNA
isolated from the GBS strains. Amplifications were validated by
sequencing one of each amplicon obtained with each formulated
primer pair. The detection of an amplicon of the expected size
was considered to indicate a positive result.

Statistics
Fisher’s exact tests or chi2 tests were used for statistical analysis; p
values < 0.05 were considered significant.

Ethics Statement
The neonatal isolates were obtained from clinical samples during
annual surveillance studies performed in accordance with French
national recommendations for the prevention of infection. This
monitoring program was approved by the appropriate national
committee: the Réseau Alerte Investigation Surveillance des
Infections Nosocomiales. In accordance with French legislation,
the surveillance study was run jointly by the regional surveillance
coordinator, the directors of the participating healthcare
institutions and the physicians responsible for patient care.
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TABLE 1 | Prophage content of the 106 GBS strains, determination of prophage A insertion sites.

Prophage group A B C D E F

Prophage A insertion sites IS A1 IS A2 IS A3 IS A4

All strains for 2002–2018 (n = 106) 46 (43.4) 3 11 7 25 10 (9.4) 13 (12.3) 8 (7.5) 14 (13.2) 17 (16.0)

EOD (n = 58) 22 (37.9) 3 6 2 11 2 (3.4) 7 (12.1) 3 (5.1) 8 (13.8) 12 (20.7)

2002–2010 (n = 43) 11 (25.6) 1 2 2 6 1 (2.3) 6 (13.9) 2 (4.6) 5 (11.6) 9 (20.9)

2011–2018 (n = 15) 11 (73.3) 2 4 5 1 (6.7) 1 (6.7) 1 (6.7) 3 (20.0) 3 (20.0)

LOD (n = 48) 24 (50.0) 5 5 14 8 (16.7) 7 (14.6) 5 (10.4) 6 (12.5) 5 (10.4)

2002–2010 (n = 34) 13 (38.2) 5 1 7 5 (14.7) 5 (14.7) 4 (11.8) 4 (11.8) 3 (8.8)

2011–2018 (n = 14) 11 (78.6) 4 7 3 (21.4) 2 (14.3) 1 (7.1) 2 (14.3) 2 (14.3)

Fetal-neonatal death (n = 13) 5 (38.5) 4 1 1 (7.7) 2 (15.4) 2 (15.4)

Bacteremia (n = 50) 23 (46.0) 3 2 4 14 7 (14.0) 9 (18.0) 5 (10.0) 6 (12.0) 11 (22.0)

Early (n = 31) 15 (48.4) 3 2 2 8 2 (6.5) 5 (16.1) 1 (3.2) 4 (12.9) 6 (19.4)

Late (n = 19) 8 (42.1) 2 6 5 (26.3) 4 (21.1) 4 (21.1) 2 (10.5) 5 (26.3)

Meningitis (n = 43) 18 (41.9) 5 3 10 2 (4.6) 4 (9.3) 2 (4.6) 6 (14.0) 3 (7.0)

Early (n = 14) 2 (14.3) 2 2 (14.3) 1 (7.1) 2 (14.3) 2 (14.3)

2002–2010 (n = 13) 1 (7.7) 1 2 (15.4) 1 (7.1) 2 (15.4) 2 (15.4)

2011–2018 (n = 1) 1 (100.0) 1 2 (14.3) 1 (7.1) 2 (14.3) 2 (14.3)

Late (n = 29) 16 (55.2) 5 3 8 2 (6.9) 2 (6.9) 1 (3.4) 4 (13.8) 1 (3.4)

2002–2010 (n = 21) 9 (42.9) 5 4 1 (4.8) 2 (9.5) 1 (4.8) 2 (9.5) 1 (4.8)

2011–2018 (n = 8) 7 (87.5) 3 4 1 (12.5) 2 (25.0)

CC1 (n = 10) 8 (80.0) 8 3 (30.0)

CC17 (n = 50) 26 (52.0) 1 1 5 19 9 (18.0) 11 (22.0) 5 (10.0) 1 (2.0) 5 (10.0)

2002–2010 (n = 34) 13 (38.2) 1 1 1 10 5 (14.7) 9 (26.5) 4 (11.8) 2 (5.9)

2011–2018 (n = 16) 13 (81.2) 4 9 4 (25.0) 2 (12.5) 1 (6.2) 1 (6.2) 3 (18.7)

CC19 (n = 12) 3 (25.0) 2 1 1 (8.3) 2 (16.7) 2 (16.7) 3 (25.0) 1 (8.3)

CC23 (n = 25) 7 (28.0) 1 1 5 1 (4.0) 10 (40.0) 4 (16.0)

Other CCs (n = 9) 2 (22.2) 1 1 4 (44.4)

Number of characterized strains with at least one prophage in their genome (%), by prophage group.

The directors and the physicians provided written consent for
participation in the study.

RESULTS

Lysogeny and GBS Strains Infecting
Neonates (Table 1)
The overall frequency of prophage carriage in the 106 GBS
strains studied was 71.7% (76 GBS strains carried at least one
prophage). The prophage carriage rate differed between prophage
groups. It was highest for group A (46/106, 43.4%) and lowest
for groups B and D (9.4 and 8.5%, respectively). The carriage
of prophages differed between GBS lineages: prophages A were
more frequent in the strains of CC1 and 17 (80 and 52.0%,
respectively) than in the strains of other CCs (p = 0.002);
prophages B were significantly associated with CC17 strains (p=
0.004) and prophages E were significantly associated with CC23
strains (p = 0.001). The frequency of carriage did not vary with
clinical form (fetal or neonatal death, bloodstream infection or
meningitis) in any of the prophage groups. However, prophages
A were more frequent among strains recovered from cases of
late-onset meningitis than among strains causing early-onset
meningitis (55.2 vs. 14.3%, p= 0.027).

Changes in Prophage Carriage Rates
Between 2002 and 2018 (Table 1)
The carriage rates of prophages from groups B, C, D, E, and F did
not vary significantly between 2002 and 2018. By contrast, the
carriage rate of prophage A increased significantly between 2002
and 2018 (Figure 1): prophages A were more frequent among
strains recovered during the 2011–2018 period (75.9%) than
among those recovered from 2002 to 2010 (30.8%, p < 0.001).
The carriage rate of prophages A increased among cases of EOD
(73.3 for 2011–2018 vs. 25.6% for 2002–2010, p = 0.003) and
LOD (78.6 vs. 38.2%, p = 0.026), and among CC17 strains (81.2
vs. 38.2%, p = 0.011). In addition, the prophage A carriage rate
differed between the strains associated with meningitis and fetal
or neonatal death: a significant increase was observed between
2002 and 2018 (88.9% for 2011–2018 vs. 29.4% for 2002–2010,
p = 0.004 for strains causing meningitis; 100% for 2011–2018
vs. 20.0% for 2002–2010, p = 0.004 for strains causing fetal or
neonatal death).

Prophages A Insertion Sites (IS)
As prophages A are the commonest prophages, and those
associated with the GBS CC17 lineage responsible for most of
the invasive infections in neonates, we decided to focus on
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FIGURE 1 | Carriage rate of prophages A among GBS strains; evolution between 2002 and 2018. The proportion of GBS strains carrying a prophage A, and of GBS

strains free from prophage A are shown in blue and orange, respectively.

this prophage group. Four insertion sites have been described
for prophages A (van der Mee-Marquet et al., 2017). In the
studied strains, the multiple insertion sites for prophages A
were not used concomitantly, and most of the prophages
A were located at IS A4 (54.3%) and IS A2 (23.9%). The
location of the prophages did not differ between the clinical
forms, or during the study period. IS A4, located close to
host genes involved in adaptation and colonization, such as
adaA and the murB-potABCD operon (Samartzidou et al.,
2003; Ware et al., 2006), was the predominant insertion site
for the prophages A carried by GBS of CC17, and was
significantly more frequently occupied by prophages A in
strains of CC17 and 23 than in strains from the other CCs
(72.7% for CC17 and 23 vs. 7.7% for the other CCs, p <

0.001). IS A2 was frequently co-occupied by a prophage and
one or two transposons. It is close to host genes, such as
rlmCD, implicated in DNA repair and msrR, which have been
shown to increase virulence in S. aureus (Hubscher et al.,
2009; van der Mee-Marquet et al., 2017). IS A2 was the
predominant insertion site for prophages A in CC1 strains,
and was significantly more frequently occupied by prophages
A in strains of CC1 and 19 than in strains from the
other CCs (90.9% for CC1 and 19 vs. 5.7% for other CCs,
p < 0.001).

DISCUSSION

We report here the first characterization of the prophages
carried by a collection of GBS isolates causing neonatal

infections over the two last decades in the Center
region of France, providing insight into the ongoing
evolution of GBS.

First, we showed that lysogeny is frequently observed in
GBS strains responsible for neonatal infections (71.7%), mostly
associated with prophages A, which are genetically similar to the
phiD12 prophages recently described in livestock-associated S.
suis (Tang et al., 2013). Second, we showed that the prophage
A carriage rate sharply increased during the 2002–2018 period,
particularly in the strains of CC17, the clonal complex currently
responsible for the largest proportion of early- and late-onset
neonatal GBS infections.

Temperate phages affect bacteria by protecting against lytic
infection and by lysing competing strains through prophage
induction (Brüssow et al., 2004). As suggested by experiments
with cocultures of Salmonella strains carrying or lacking specific
prophages, prophages may modify the competitive fitness of host
strains through their ability to grow and, for a small proportion
of the population, to annihilate rival bacteria through cell lysis.
Phages active against isolates other than the strain causing disease
were released frommost of the bacterial isolates obtained patients

with septicemia, suggesting that the prophages present in sepsis-

causing bacterial clones play a role in clonal selection during

bacterial invasion (Bossi et al., 2003). Phages originating from
the genetically homogeneous CC17 clonal complex have been

shown to have a broad spectrum of lytic activities against strains

of most GBS lineages (Domelier et al., 2009). Given the particular
ability of the phages of CC17 strains to destroy extraclonal
strains, such phenomena could confer a selective advantage for
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vaginal colonization. Chiefly, phiD12-like A prophages carry
genes potentially involved in GBS pathogenesis, such as a gene
encoding a hypothetical protein possessing an LPXTG motif
consistent with adhesion function, and the four genes clpP,
metK, relB, and yafQ, which have been implicated in biofilm
formation and resistance to both oxidative and acid stresses
(Yadav et al., 2012; Hou et al., 2014; Wen et al., 2014; Chan et al.,
2018). Taking into account the ability of rival subpopulations
of GBS strains to compete with each other, the production
of bacterial adhesins, and the ability to form biofilms, all of
which are important characteristics for bacterial pathogenesis
and persistent colonization, we hypothesize that lysogeny with
phiD12-like A prophages increases the ability of the CC17 strains
to colonize the acidic environment in the vagina, thereby favoring
maternofetal infection. Further studies are required to test this
hypothesis. We have recently constructed several mutants from
a lysogenic CC17 GBS strain, one in which the whole prophage
has been deleted and others in which different prophagic genes
have been deleted. We are currently comparing the properties of
the lysogen and mutants, to investigate the functional impact of
phiD12-like A prophages on biofilm formation and ability to deal
with acid stress.

Temperate phages may affect bacterial fitness by modifying

anchor points for genome rearrangements or by disrupting genes

(Brüssow et al., 2004). We report the first characterization of
the insertion sites of each phiD12-like A prophage identified

in the GBS isolates causing neonatal infections. The insertion

sites differed significantly between GBS lineages: IS A4 was the
predominant insertion site for prophages A in the genome of
CC17 strains, whereas, IS A2 predominated in CC1 strains. As
noted above, several bacterial genes potentially involved in host
resistance to stress conditions, adaptation and colonization have
been identified close to theses insertion sites. We investigated
the possible co-transcription of prophage and bacterial genes,
by performing an in silico analysis with BPROM software, to
detect promoters in the prophage ORFs directly upstream from
the bacterial ORFs, or in the bacterial ORFs upstream from
the prophage ORFs (Solovyev and Salamov, 2011). This analysis
revealed short intergenic regions (38–249 bp long) between
the last prophage ORF (encoding a putative Tn3 transposon
revolvase for IS A1, IS A3 and IS A4, and pknB for IS A2)
and the first bacterial ORF downstream from the prophage
(encoding a putative phosphatase (IS A1), ybjl (IS A3 and IS
A4), or a hypothetical protein (IS A2), respectively). Given
that prophage and bacterial ORFs were transcribed in the
same direction, and that promoters were detected upstream
from the translation initiation site of the prophage ORF and
within the prophage ORF at a distance ranging from 179 to
1,481 bp from the first codon of the bacterial ORF, we suggest
possible co-transcription of the prophage and bacterial ORFs
under the control of prophage promoters. By contrast, the
analysis provided no evidence for the probable co-transcription
of the bacterial ORFs upstream from the prophage and the
first prophage ORFs. Indeed, the distance separating bacterial
and prophage ORFs was too large (IS A1 and IS A3), or

the ORFs were not transcribed in the same direction (IS
A4). Only for IS A2, for which there was a short distance
between the last ORF (encoding mepA) of the transposon and
the first prophage ORF (encoding an RNA polymerase), and
promoters located upstream from the transcription initiation site
of mepA and within the prophage ORF, would co-transcription
of the prophage and bacterial ORFs be possible, under the
control of mepA promoters. Based on bioinformatics analyses,
these findings remain speculative and require confirmation in
further experiments.

Additional investigations should be performed to explore
the impact of prophage insertion site on GBS pathogenicity
in neonatal infections. Our data suggest that phiD12-like A
prophages, located at different insertion sites, belong to lineage-
specific pathogenicity island-like elements on the bacterial
chromosome, and that they confer an advantage on GBS strains
for adaptation to or colonization of the maternal vaginal tract
(Boyd et al., 2000; Boyd, 2012; Almeida et al., 2017).

CONCLUSION

The monitoring of neonatal GBS infections in various countries

has recently demonstrated a continuing trend toward late-

onset neonatal GBS infections, despite the introduction of
preventive measures (Joubrel et al., 2015; Nanduri et al.,

2019). Our molecular data provide evidence for the recent
emergence of novel subpopulations of CC17 strains responsible

for neonatal meningitis, and CC1 strains causing fetal or
neonatal death, following the acquisition, by their genomes, of

genetic features typical of animal-associated MGEs, e.g., phiD12-

like A prophages. We suggest that these genetic events may
have played a role in the epidemiological changes currently
observed for GBS species, including the trend toward an increase
in LOD.

Lastly, in account of recent epidemiologic changes with
GBS infections in adults, our findings encourage studying the
evolution of the lysogeny in GBS strains of CC1, the major clonal
complex involved with severe cutaneous, and osteo-articular
infections that are increasingly described worldwide in adults
(Björnsdóttir et al., 2016).
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Figure S1 | Primers used for detection of prophages (A–F) into the bacterial

genome, and for the determination of prophage A insertion sites.
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