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Abstract

Genetic exchanges between Streptococci occur frequently and contribute to their genome diversification. Most of
sequenced streptococcal genomes carry multiple mobile genetic elements including Integrative and Conjugative Elements
(ICEs) that play a major role in these horizontal gene transfers. In addition to genes involved in their mobility and regulation,
ICEs also carry genes that can confer selective advantages to bacteria. Numerous elements have been described in S.
agalactiae especially those integrated at the 39 end of a tRNALys encoding gene. In strain 515 of S. agalactiae, an invasive
neonate human pathogen, the ICE (called 515_tRNALys) is functional and carries different putative virulence genes including
one encoding a putative new CAMP factor in addition to the one previously described. This work demonstrated the
functionality of this CAMP factor (CAMP factor II) in Lactococcus lactis but also in pathogenic strains of veterinary origin. The
search for co-hemolytic factors in a collection of field strains revealed their presence in S. uberis, S. dysgalactiae, but also for
the first time in S. equisimilis and S. bovis. Sequencing of these genes revealed the prevalence of a species-specific factor in S.
uberis strains (Uberis factor) and the presence of a CAMP factor II encoding gene in S. bovis and S. equisimilis. Furthermore,
most of the CAMP factor II positive strains also carried an element integrated in the tRNALys gene. This work thus describes a
CAMP factor that is carried by a mobile genetic element and has spread to different streptococcal species.
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Introduction

S. agalactiae (group B Streptococci or GBS) is a human and

animal opportunistic invasive pathogen. Cow mastitis caused by S.

agalactiae was reported in 1887, while human infections were

observed only 50 years later. GBS causes mastitis in cattle and

septicemia, meningitis and endocarditis in humans [1–4]. It

produces various virulence factors implicated in the adhesion and

colonization steps, immune evasion and adaptation to the host

environment [5,6]. In particular, GBS develops a characteristic

arrow-shaped hemolysis when cultivated near Staphylococcus aureus,

which is said to be due to an exosubstance named CAMP factor

[7,8]. In fact, CAMP factor causes cell lysis when erythrocytes

have been first sensitized by incubation with sphingomyelinase

(SMase), a protein secreted by S. aureus and numerous other

bacterial species [9]. SMases hydrolyse sphingomyelin, an

erythrocyte membrane component, thus weakening the mem-

brane if it contains at least 45% of sphingomyelin [10]. Therefore,

rabbit, mouse and human erythrocytes (19, 25 and 27% of

sphingomyelin) are not sensitive to CAMP factor, while goat,

sheep and dairy cow erythrocytes (46, 51 and 52%, respectively)

are [10,11]. The CAMP factor does not have an enzymatic activity

but experiments showed that monomers could bind and

oligomerize membrane components, in particular glycosylpho-

sphotidylinositol (GPI) anchored proteins, thus forming a pore in

the erythrocyte membrane [7,12].

Classification of the CAMP factor as a virulence factor

according to the Koch postulates remains controversial since

some authors have shown that injection of purified CAMP factor

could increase mortality of rabbits and mice [13,14], while other

authors could not demonstrate any effect of a deletion of the

CAMP factor encoding gene (cfb) on GBS pathogenicity [15]. The

cfb gene is ubiquitous in GBS strains so that CAMP test or search

of the cfb gene by Polymerase Chain Reaction (PCR) was usually

used to differentiate GBS from other Streptococcus species [16–19].

However, CAMP factor homologues were described in other

Gram positive species such as S. pyogenes [20], S. uberis [21], S.

porcinus [22], S. canis [23] and Propionibacterium acnes [24].

In bacteria, horizontal transfers promote rapid genome

evolution and may be involved in speciation [25–27]. In this

way, 18% of the Escherichia coli genome has been acquired by

horizontal transfer during the past 100 million years [28]. Mobile

genetic elements include conjugative plasmids, phages, transpo-

sons, and Integrative and Conjugative Elements (ICEs). ICEs

represent a family of mobile genetic elements consisting of

clustered genes able to direct their own excision, transfer by
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conjugation and integration into the chromosome of recipient cell

[29,30]. The integration of the element is most often site-specific.

Recombination between repeated sequence sites attR and attL (R

for right and L for Left) bordering the ICE brings into play an

integrase by a mechanism similar to bacteriophage integration.

The transfer displays similarity with conjugative plasmid transfer.

In the recipient cell, the integrase catalyzes recombination

between the attI site present on the circular shape of the ICE

and the attB site present at target chromosomal site. After transfer,

both donor and recipient cells have a copy of the ICE in their

genome [29,30].

Interestingly, most of the ICEs already described encode

additional functions conferring advantageous properties to the

host strain, such as antimicrobial resistance, virulence or

environmental adaptation [31]. Numerous works have shown that

ICEs contribute to genome flexibility and that mobile genetic

elements are prevalent in Streptococcus species such as S. agalactiae

[32,33], S. pyogenes [34] and S. pneumoniae [35]. Genome analyses

showed that S. uberis and S. suis genomes carry fewer mobile

genetic elements than other streptococci, suggesting that it could

restrict the acquisition of exogenous genetic elements in these

species [36,37].

Sequencing of 8 GBS strain genomes, belonging to different

serotypes causing major infections, highlighted the diversity of its

variable gene pool [32]. Thirty five ICEs or related elements were

detected, one hotspot of integration being the 39 extremity of a

tRNALys gene [33]. Many of the proteins encoded by these

elements share a high identity with proteins produced by S.

pyogenes, S. pneumoniae or S. dysgalactiae subsp. equisimilis. ICE

prevalence in S. agalactiae was confirmed in various field strains

belonging to different clonal complexes in particular for the ICE

integrated at the tRNALys site which was also detected in other

streptococci [33,38].

A GBS strain isolated from cattle infection was sequenced and

genome analysis revealed distinct genetic diversity when compared

with strains from humans [39]. Data suggest that genetic

exchanges between veterinary and human strains may be

infrequent, except in case of prolonged contact [32,40]. Demon-

stration of transfers between this bovine strain of S. agalactiae and

other cattle pathogens (S. uberis and S. dysgalactiae) suggests a high

rate of horizontal transfer between strains occurring in the same

environment [39]. Thus, interspecies transfer is likely to be

frequent, thus enabling the transfer of functions useful for the

adaptation to the host environment [41–45].

This work aims to characterize a putative new CAMP factor

carried by an ICE (ICE_515_tRNALys) of S. agalactiae. ICE_515_tR-

NALys was recently demonstrated to be functional and able to

autonomously transfer by conjugation to other S. agalactiae strains

(A. Puymege, submitted for publication).

Here, we demonstrated the functionality of this CAMP factor II

in non pathogenic and pathogenic strains. Our work also

highlights the spread of CAMP factor II among other field

pathogenic streptococci of veterinary origin, as expected for a

mobile genetic element.

Materials and Methods

Bacterial strains, media and growth conditions
The 515 GBS strain of serotype Ia [32] and NEM316 GBS

strain of serotype III [46], two invasive neonate human pathogenic

strains were used in this study (GenBank accession

no. PRJNA54311 and PRJNA334 respectively). Strain 515 was

isolated from the cerebrospinal fluid of an infected patient while

strain NEM316 was isolated from a case of fatal septicaemia. The

field pathogenic streptococci used (n = 677) were isolated through

the National Network for the Surveillance of Resistance to

Antimicrobials in Animals in France (Resapath, www.resapath.

anses.fr) between 1984 and 2011. This collection includes isolates

of S. uberis (n = 449); S. dysgalactiae (n = 162); S. bovis (n = 31); S. suis

(n = 26) and S. equisimilis (n = 9). E. coli strains were used for the

cloning experiments. Strains and their characteristics are listed in

Table S1. Streptococci and E. coli strains were grown in Brain

Hearth Infusion (BHI) (AES CHEMUNEX, Bruz, France) or on

Tryptic soy agar plates supplemented with 5% of defibrinated

sheep blood (Biomérieux, Marcy l’Etoile, France). Lactococcal

strains were grown in M17 medium (Sigma Aldrich, Steinheim,

Germany) supplemented with 0.25% glucose either in liquid

medium or on agar plates. Antibiotics were used at the following

concentrations: kanamycin, 50 mg.mL21 for E. coli; erythromycin,

20 mg.mL21 for streptococci and lactococci and 150 mg.mL21 for

E. coli. Streptococci and lactococci were grown without shaking in

flasks at 37uC and 30uC, respectively, while E. coli was grown in

flasks with shaking at 37uC.

Transconjugant construction
ICE_515_tRNALys was tagged at its left hand side (in the

SAG2026 gene encoding the ATPase part of an ABC transporter)

by a resistance gene using the pG+host9spc vector. Vector

pG+host9spc is a derivative of the pG+host9 plasmid carrying a

spectinomycin resistance gene from the pSET4S plasmid (Bellan-

ger pers. comm.) [47]. To construct the mutant, the 59 and 39 ends

of SAG2026 gene were independently amplified by PCR (using

primers SAG2026-1-HindIII, SAG2026-2-AvrII, SAG2026-3-AvrII

and SAG2026-4-EcoRI). An erythromycin resistance gene ampli-

fied from pG+host9 was inserted in the internal AvrII site and the

whole insert (containing the two SAG2026 fragments separated by

the ery cassette) was then cloned into pG+host9spc to give

pG+host9spc-SAG2026ery, which was used to transform S.

agalactiae by electroporation [48]. Two crossovers, upstream and

downstream of the tagged region, were selected as described

previously to obtain replacement of the gene by the ery resistance

gene [41]. The tagged ICE was then transferred to the recipient

strain by filter mating as described by Bellanger et al. [41] with

minor modifications. Briefly, both donor and recipient strains were

grown overnight. A 15 mL-culture of the relevant broth was

inoculated with 150 mL of overnight culture of the recipient or the

donor strain. Cultures were grown at the relevant temperature

until mid-exponential phase (optical density at 600 nm of 0.4).

Cultures of the donor and recipient were mixed and centrifuged

for 15 min in a prewarmed centrifuge at 4,5006 g. The pellet was

resuspended in 1 mL of BHI broth, and 150 mL aliquots were

spread onto 0.45 mm-pore-size nitrocellulose filters (Sartorius,

Goettingen, Germany) on tryptic soy blood agar plates which were

incubated for 14 h at 37uC. The filters were removed from the

agar plates, placed in 50 mL bottles containing 10 mL of sterile

BHI broth, and vortexed for 30 s. Various dilutions were spread

on blood agar plates supplemented with the appropriate antibi-

otics, and plates were incubated for 24 h in order to count CFU of

the donor, the recipient, and the transconjugants.

RT-PCR
The expression of the SAL_2074 gene, which encodes the

putative new CAMP factor on the ICE_515_tRNALys genetic

element, was examined by RT-PCR. Briefly, a 10 mL-preculture

was grown overnight at 37uC and seeded at 1:100 ratio in 10 mL

of BHI or M17 liquid medium. Two mL of cell pellets were

collected at OD600 = 0.4 and 0.8 by centrifugation at 20006 g at

4uC and conserved by a quick freezing at 280uC. RNA samples
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were purified using the RNAeasy mini kit (Qiagen, Hilden,

Germany) before being treated with the RQ1 RNase free DNase

(Promega, Madison, USA) for 1 hour. DNA was synthesized using

the M-MLV retro-transcriptase (In Vitrogen Life Technologies,

Carlsbad, USA). Conventional PCR were done using cDNA as

templates for DNA polymerase (Roche Applied Science, Mann-

heim, Germany) as described earlier [49].

Analysis of the supernatants by SDS-PAGE and mass
spectrometry

Supernatant of S. agalactiae NEM316 and NEM316

(ICE_515_tRNALys) cultures grown overnight in BHI or chemically

defined medium (CDM, peptide-free medium, [50]) were collected

after centrifugation at 50006 g at 4uC for 10 min. Proteins were

precipitated using a sodium deoxycholate (DOC) - trichloroacetic

acid (TCA) protocol [51]. Briefly, DOC was added to a final

concentration of 0.02% to 30 mL of supernatant. After mixing

and a 30 min-sitting on ice, TCA was added to a final

concentration of 10% and the proteins were precipitated overnight

at 4uC. The mixed protein-detergent precipitate was collected by

centrifugation (14,0006 g, 15 min, 4uC). The supernatant was

carefully removed and washed two times with cold acetone (stored

at 220uC). Pellets were dried under vacuum and resuspended in

SDS gel loading buffer (50 mM Tris HCl pH 6.8, 2% SDS, 10%

glycerol, 0.1% bromophenol blue and 100 mM DTT) (to reach a

250-fold concentration for cultures grown in BHI and a 1000-fold

concentration for CDM cultures). After a 10 min-denaturation

step at 98uC, proteins (15 mL of sample) were size-separated by

sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE) using a 12% acrylamide resolving gel. Bands of interest

were excised from the gel and processed as follows for protein

content identification. After cysteine reduction (DTT 30 mM,

100 mM ammonium bicarbonate BA) and alkylation (30 mM

iodoacetamide in BA), bands were washed twice in BA and BA/

acetonitrile (1:1) and then dried under vacuum before overnight

trypsin digestion (in BA). Peptides were then extracted twice in

acetonitrile 80%, trifluoroacetic acid (TFA), dried under vacuum

and resuspended in a solution of 2% acetonitrile and 0.1% TFA.

HPLC was performed using an Ultimate 3000 equipment

(Dionex). Peptides were loaded onto an Acclaim pepmap RSLC

C18 column (Dionex) and eluted by a 2–45% acetonitrile linear

gradient. Fractions were collected onto a 384 anchorchip MALDI

plate via a Proteineer FcII fractionator (Bruker) and mixed with a-

Cyano-4-hydroxycinnamic acid directly upon deposition. Sample

acquisition in TOF and TOF/TOF modes was performed

automatically on an Autoflex speed MALDI mass spectrometer

(Bruker). Peptide assignments, protein identification and scoring

were managed on a Proteinscape server (allowing a 50 ppm

tolerance for mass measurements) through interrogation of the

NCBI nr database on a local Mascot server.

Plasmid pOri23-camp515 construction and transformation
Characteristics of the pOri23 plasmid [52] are listed in Table

S1. Cloning steps were performed using E. coli as host strain.

Chromosomal DNA from S. agalactiae 515 was prepared using

DNAeasy Blood & Tissue Kit (Qiagen, Hilden, Germany)

according to the manufacturer’s instructions. The CAMP factor

II encoding gene (SAL_2074), as well as its endogenous RBS and

terminator sites, was amplified using the PhusionH High-Fidelity

DNA Polymerase (Finnzymes, Keilaranta, Finland) and primers

CAMP factor ICE_515_tRNALys BamHI fwd and CAMP factor

ICE_515_tRNALys NsiI Rev (Table S2). BamHI and NsiI restriction

sites were incorporated at the 59 end of each primer in order to

allow the final ligation. The 922 bp PCR fragment was verified on

agarose gel and subcloned using Zero BluntH TOPOH in

chemically competent Top10 cells (In Vitrogen life Technologies,

Carlsbad, USA). The obtained vector was extracted using

NucleoSpinH Plasmid columns (Macherey-Nagel, Düren, Ger-

many) and digested by BamHI and NsiI restriction enzymes

(Promega, Madison, USA). The digested SAL_2074 insert was

purified on NucleoSpinH Gel and PCR Clean-up columns

(Macherey-Nagel, Düren, Germany). In parallel, native pOri23

was digested using BamHI and PstI enzymes, ligated to the

SAL_2074 insert using T4 DNA ligase (Promega, Madison, USA)

and transformed by electroporation into DH5a E. coli strain as

described [49,53]. Finally, the pOri23-camp515 was purified and

electroporated into L. lactis, S. bovis and S. dysgalactiae strains as

described previously [52,54].

PCR screening of ICE_515_tRNALys genes in strain
collections

Chromosomal DNA from bacterial strains used in this study was

prepared using DNAeasy Blood & Tissue Kit (Qiagen, Hilden,

Germany) according to the manufacturer’s instructions, and was

used as template for DNA amplification. Standards PCR were

performed in a final volume of 25 mL containing 1 U of Taq

(Roche Applied Science, Mannheim, Germany), polymerase

buffer 16, 0.4 mM primers, 0.2 mM dNTP mix and 100 ng of

DNA template. Primers used in this study are listed in Table S2.

PCR conditions consisted in a first denaturation step at 95uC for

2 min followed by 30 cycles, each composed of a denaturation step

at 95uC for 30 s, an annealing step at 5uC below primer’s Tm for

30 s and an elongation step at 72uC for 1 min per kb with a final

extension step of 10 min at 72uC. Sequencing reactions were

performed by Beckman Coulter Genomics and data were treated

using BioEdit free Software.

Long range PCRs were performed using GoTaqH Long PCR

Master Mix (Promega, Madison, USA). PCR conditions consisted

of a first denaturation step at 94uC for 2 min, followed by 20 cycles

each composed of a denaturation step at 94uC for 30 s, an

annealing step at 5uC below primer’s Tm for 30 s and an

elongation step at 65uC for 30 min, and followed by 15 cycles with

an increment of 30 s at each elongation step. The final elongation

step lasts 20 min at 72uC. 1 mL of the amplification products was

used as template for nested PCR which were performed as

standards PCR.

CAMP reaction test
Strains were screened for CAMP activity as previously described

[8]. Briefly, the beta-toxin producing strain S. aureus CIP 57.10

(Institut Pasteur, Paris) was streaked on 5% sheep blood agar

Tryptic soy plates and strains to be tested were streaked

perpendicularly to the first streak. After overnight incubation at

37uC, strains producing CAMP factor developed a characteristic

arrow-shaped hemolysis.

Hemolytic co-reaction monitoring
The co-hemolysis assays were performed using microtiter plates

(NUNC immuno plate Maxisorb, Roskilde, Denmark) as previ-

ously described with minor modifications [55]. Briefly, a

suspension of sheep erythrocytes (Biomérieux, Marcy l’étoile,

France) was washed 5 times in hemolysis buffer (Tris-HCl,

10 mM; NaCl, 150 mM; pH 7.4) by centrifuging 30 min at

20006 g and then diluted in hemolysis buffer (1:100). This

suspension was treated with 0.025 U/mL of S. aureus sphingomy-

elinase (Sigma Aldrich, Steinheim, Germany) for 30 min at 37uC
and then 100 mL were distributed in flat-bottomed wells. Bacterial
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suspensions were grown up to an OD600 of 0.8 and culture

supernatants were collected by centrifugation 10 min at 20006 g

and then0.2 mm-filtered. A 100 mL-volume of each supernatant

was distributed in wells.

Co-hemolytic activity of CAMP factor II correlates with the loss

of integrity of sheep erythrocytes visualized as a decrease in optical

density measured at 630 nm (Biotek ELx808). In these experi-

ments, controls were realized using S. agalactiae 515 strain as

positive control and samples without sphingomyelinase treatment

as negative controls.

Results and Discussion

ICE_515_tRNALys, a mobile genetic element found in 515
S. agalactiae invasive human strain, carries a putative
new CAMP factor

In addition to genes required for its mobility, maintenance or

regulation, ICE_515_tRNALys also carries additional genes encod-

ing proteins that can play a role in adaptation or virulence of the

strain (Figure 1). BLASTp analyses suggest that these genes could

encode (i) a putative bacteriocin system (SAL_2079 to SAL_2081

genes), (ii) 2 proteins that could be involved in oxidative stress

response (SAL_2059 and SAL_2078 genes), (iii) 3 putative

membrane proteins with a LPxTG motif (SAL_2036, SAL_2056

and SAL_2057), and (iv) a putative new hemolytic CAMP factor

(CAMP factor II, SAL_2074 gene). Seven of eight GBS strains

whose genome was sequenced carry an ICE or a related element

at the 39 extremity of the tRNALys encoding gene. COHI, 2603

V/R and 18RS21 strains carry a putative ICE while NEM316,

A909 and H36B strains carry a related element [33]. The element

of COH1 strain carries the same accessory genes than strain 515,

including CAMP factor II (SAN_2140, 100% of protein identity)

but we recently showed that only ICE_515_tRNALys is able to self-

transfer by conjugation (A. Puymege, submitted for publication). It

is important to underline that the COH1 strain was used by

Hensler et al. [15] to examine the contribution of CAMP factor to

GBS systemic virulence. It cannot be excluded that this second

CAMP factor confers a co-hemolytic activity in case of loss of the

genomic CAMP factor. As a co-hemolysin, CAMP factor could

contribute to erythrocyte lysis and thus to the release of haem

which is one of the co-factors (with menaquinone) required for

respiration growth of S. agalactiae. Respiration growth could be

beneficial to GBS dissemination by increasing growth in blood

[56]. Interestingly, an ICE with an integrase similar to those of

ICE_515_tRNALys (87% of identity) was also found in S. uberis

strain 19608 isolated from mastitis (S. Chuzeville, unpublished

data).

Characteristics, expression and production of CAMP
factor II

The genomic CAMP factor already described in S. agalactiae [8]

is encoded by the SAL_2095 gene (accession number:

ZP_00790029) in strain 515 and GBS2000 gene in strain

NEM316 (accession number: NP_736433). SAL_2095 and

GBS2000 genes encode identical proteins. BLASTp revealed

73% of identity between genomic CAMP factor compared to

COHI and 515 CAMP factor II (Figure 2). Some of S. uberis strains

produce a CAMP factor like named Uberis factor (accession

number: AAA78910), which exhibits protein identity of 63% and

59% compared to SAL_2095 and SAL_2074, respectively.

Analysis of the SAL_2074 gene promoter region showed the

presence of a Pribnow box (TATACT) located 17 pb upstream of

a -35 box (TTGACA). A Ribosomal Binding Site (AGGAGG) is

located 7 pb downstream of the SAL_2074 start codon. All

sequence elements required for transcription and translation of the

gene are thus present.

To check for gene transcription, RT-PCR were performed on

515, NEM316 and NEM316 (ICE_515_tRNALys) transconjugant

strains. In strain 515, the CAMP factor II gene (SAL_2074) was

expressed in exponential and stationary phases in the conditions

tested. Transfer of ICE_515_tRNALys in strain NEM316 enables

the expression of the SAL_2074 gene in this strain (Figure 3).

To examine production and secretion of CAMP factor II, a

CAMP test was performed. All strains produced a characteristic

arrow-shaped hemolysis on plates and no difference could be

observed between NEM316 strains carrying ICE_515_tRNALys or

not (Figure S1A).

Hemolysis monitoring was performed on these strains. This

experiment also indicated a CAMP factor secretion by 515,

NEM316 and NEM316 (ICE_515_tRNALys) strains (Figure S1B).

However, the measured co-hemolytic activity appeared to reflect

those of genomic CAMP factor as there was no additional activity

in NEM316 (ICE_515_tRNALys) transconjugant (with both CAMP

factors) compared to strain NEM316 (with only genomic CAMP

factor). The quantity of CAMP factor II secreted in the

supernatant was analyzed and compared with the one of CAMP

factor by SDS-PAGE and liquid chromatography coupled with

mass spectrometry. These experiments indicated that CAMP

factor II is secreted in the supernatant at the same level than

CAMP factor (Figure S2). Despite being abundantly secreted,

CAMP factor II does not seem to confer additional co-hemolytic

activity to a strain already expressing genomic CAMP factor.

Interestingly, we recently showed that ICE_515_tRNALys confers

adhesive properties to recipient strain (S. Chuzeville, unpublished

results) which could enable the maintenance of this ICE, also

carrying the additional CAMP factor, in the GBS population.

Figure 1. Schematic diagram of the ICE_515_tRNALys mobile genetic element. ORFs appear as arrows. Genes encoding the putative
bacteriocin system appear in light blue. The genes encoding the proteins that could be involved in oxidative stress response (NRAMP protein and
thioredoxin-like) are colored in yellow and the gene encoding the putative new hemolytic CAMP factor (CAMP factor II) in purple. Genes encoding
the proteins with LPxTG motif appear in pink. Genes of the conjugation module are indicated with blue arrows and regulation module with green
arrows. Putative oriT is indicated by a star. Genes encoding a putative toxin-antitoxin system appear in orange and other genes encoding proteins
with unknown function in white. The gene where the element is integrated (tRNALys) is indicated in red. Recombination module is colored in red.
Recombination sites are drawn as vertical rectangles. Black rectangles indicate identical sequences found in attL, attR, and attI sites; yellow rectangles
indicate the arm of attR sites and the related arm of attI sites; and red rectangles indicate the arm of attL sites and the related arms of attI sites.
doi:10.1371/journal.pone.0048918.g001
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CAMP factor II can provide hemolytic functions to non-
pathogenic strains

Several unsuccessful attempts were made to construct a mutant

lacking the CAMP factor II encoding gene. This could be due to

an intracellular replication of the element causing recombination

problems during mutant construction [57]. To solve this problem

and to study the CAMP factor II functionality, an expression

vector was constructed, allowing the production of the protein of

interest in a host strain.

The functionality of CAMP factor II was first analyzed using L.

lactis MG1363 strain (Fig. 4). The SAL_2074 gene was expressed

under the P23 constitutive promoter using the pOri23 vector.

Expression was confirmed by RT-PCR (data not shown). A

characteristic arrow-shaped hemolysis similar to that produced by

515 GBS strain was observed in L. lactis MG1363 (pOri23-

camp515) compared with control L. lactis MG1363 (pOri23) strain

(Figure 4A). The functionality of CAMP factor II was confirmed

by a hemolytic co-reaction titration (Figure 4B).

We thus showed that CAMP factor II can be expressed,

produced and secreted correctly in a non-pathogenic species.

ICE_515_tRNALys can autonomously transfer to other S. agalactiae

strains (A. Puymege, submitted for publication) so this element can

Figure 2. Comparison of CAMP factors and Uberis factor found in streptococci. A. multiple sequence alignment (Sag, S. agalactiae; S.
urinalis; S. canis; S. pyogenes; S. porcinus; S. pseudo porcinus and S. uberis); B. phylogenetic tree showing the evolutionary relationships between the
sequences of the alignment. Sequence alignment and construction of the phylogenetic tree were done using the AlignX module of VectorNTI
advance 11 (InVitrogen). Conserved residues appear in light grey and identical amino acids appear in dark grey in the alignment. Position of residues
in the sequence is indicated above the sequence. Sequence identities go from 56% (CAMP factor II of S. agalactiae and Uberis factor of S. uberis) to
100% (CAMP factor II of S. agalactiae and CAMP factor of S. urinalis). The CAMP factor of P. acnes is more distant (less than 30% of identity) and thus
does not appear in this alignment. The phylogenetic tree has been constructed using the Neighbor Joining Method. Each branch of the tree has a
length equal to the number of substitutions required to get from one nod to the next.
doi:10.1371/journal.pone.0048918.g002

Figure 3. Analysis of the expression of the CAMP factor II
(SAL_2074) gene. RT-PCR were performed using, as templates, RNA
extracted from stationary-phase cultures of strain 515 (1, and negative
control without RTase, 4); strain NEM316 (2 and negative control
without RTase, 5); and transconjugant NEM316 (ICE_515_tRNALys) (3 and
negative control without RTase, 6). The same results were obtained in
exponential phase. A positive control using genomic DNA of strain 515
was included (7) as well as a negative control with water (8). DNA
molecular weight marker is marker number VI (Roche Applied Science).
doi:10.1371/journal.pone.0048918.g003
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spread this pore-forming toxin-encoding gene in the GBS

population. Since interspecies transfer likely occurs in natural

habitats, as similar elements have been detected in S. uberis and S.

dysgalactiae strains [38], CAMP factor II may confer hemolytic

properties if ICE_515_tRNALys was transferred to CAMP-negative

recipient strains.

CAMP factor II is also present in other pathogenic
streptococcal strains of veterinary origin

A collection of streptococcal pathogenic strains of veterinary

origin was studied to test the ability of the strains to generate a co-

haemolytic reaction with S. aureus. This collection included isolates

of S. uberis (n = 449); S. dysgalactiae (n = 162); S. bovis (n = 31); S. suis

(n = 26) and S. equisimilis (n = 9). Twenty-three strains were CAMP

positive: 20 S. uberis (4%), 1 S. bovis (3%), 1 S. equisimilis (11%) and 1

S. dysgalactiae (less than 1%) strain. CAMP-positive strains were

collected in 11 different geographic areas throughout France

between 1984 and 2010.

Detection of the gene encoding the factor responsible for co-

hemolytic reaction in the streptococcal collection was performed

by amplification using primers designed from CAMP factor II and

Uberis factor gene sequences. Only the factor responsible for the

reaction observed for S. dysgalactiae strain 24084 could not be

characterized in this study. Sequencing of the co-hemolytic factor

encoding gene in S. uberis strains revealed that all the strains tested

(n = 10) carried an Uberis factor-like gene (identity.97%),

whereas S. bovis and S. equisimilis carried a CAMP factor gene

very similar to the one carried by ICE_515_tRNALys (96% of

identity for both).

CAMP factors have already been described in other strepto-

cocci such as S. pyogenes [20,58], S. uberis [14,22,59,60], S. porcinus

[22,59,61,62], S. canis [22,23,62], S. intestinalis [63]. Furthermore

BLASTp analysis showed that cfb homologues in P. acnes, S. uberis,

S. canis, S. porcinus and S. pyogenes exhibit significant homologies

with CAMP factor (34 to 99%). However, this is the first time to

our knowledge that a CAMP factor is described in S. bovis and in S.

equisimilis. CAMP-negative field strains were examined for their

ability to express CAMP factor II. For this purpose, pOri23-

camp515 was transformed in two different field strains: one S. bovis

strain and one S. dysgalactiae strain. A characteristic arrow-shaped

hemolysis similar to that produced by 515 GBS strain was

observed when CAMP factor II was expressed in field strains

(Fig. 5A) when compared with wild strains. This result was

confirmed by hemolytic co-reaction titration (Fig. 5B).

Collectively, these results confirm that the CAMP factor II is not

primarily a characteristic of GBS and enhance our belief that the

routine detection of GBS by usual CAMP test on plates or using

PCR methods should always be confirmed by other phenotypic or

genotypic methods, since the CAMP factor II or Uberis factor

present in a large range of streptococci might lead to a

misidentification.

Nevertheless, no S. suis strain in the tested collection carried

functional cfb homologues. This is consistent with previous work

that showed that genetic exchange between S. suis and other

species appeared to be uncommon [36].

Finally, no previous work has shown the presence of such co

hemolytic factors in S. bovis and S. equisimilis and the similarity

between CAMP factor II and those of these two field strains

suggests a recent acquisition by horizontal transfer probably

mediated by ICE carrying this gene.

CAMP positive strains carry a genetic element integrated
at the 39 end of tRNALys gene

CAMP-positive strains were analyzed for the presence of a

genetic element integrated in the tRNALys (with CTT anticodon)

encoding gene. First, ICE_515_tRNALys and ICE_SUB19608_tR-

NALys integrase genes were searched and, then, intergenic regions

between integrase and tRNALys gene and more precisely the attR

ICE_515_tRNALys integration specific site were amplified (Table

S2).

Twenty one of the 23 strains tested, including S. bovis 7434, S.

equisimilis 20591 and S. dysgalactiae 24084 strains, showed an

integrase gene similar to that of ICE_SUB19608_tRNALys.

attR sites were searched using primers ICE_SUB19608_tRNALys

fwd and tRNALys AAA Rev (Table S2). An attR site was amplified

for 17 of the 23 strains tested including S. bovis 7434 and S.

Figure 4. Co-hemolytic activity of CAMP factor II expressed in L. lactis MG1363. A. CAMP test using (1) L. lactis MG1363 (pOri23), (2) L. lactis
MG1363 (pOri23-camp515) and (3) GBS strain 515 as control; B. L. lactis co-hemolytic activity was monitored in L. lactis MG1363 (pOri23) (filled circle
with SMase treatment and empty circle without treatment) and in L. lactis MG1363 (pOri23-camp515) (filled squares with SMase treatment and empty
squares without treatment). Hemolytic activity was measured at OD630 every 30 min using a microplate reader. The experiment was done in triplicate
using three independent biological samples. Errors bars represent the standard deviation observed between the 9 values obtained for each strain.
Controls without SMase treatment were done (data not shown).
doi:10.1371/journal.pone.0048918.g004
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equisimilis 20591. PCR products were then confirmed by sequenc-

ing which revealed that the attR site of these strains was very close

to that of ICE_515_tRNALys for 15 on 18 S. uberis, S. bovis 7434 and

S. equisimilis 20591 (78 to 86% of identity) (see Fig. S3).

Long range PCRs were performed to examine the position of

CAMP factor II encoding gene on S. bovis and S. equisimilis strains.

PCRs, made using primers designed from ICE_515_tRNALys and

located in CAMP factor II encoding gene and tRNALys gene, gave

negative results in S. bovis and S. equisimilis strains. In strain 515,

this region has a length of more than 34 kb which could explain

the difficulty to amplify it in field strains. However, amplicons

larger than 10 kb were obtained for both field strains using one

primer hybridizing to the CAMP factor II encoding gene (CAMP

factor ICE_515_tRNALys NsiI Rev for both) and the second primer

hybridizing to the gene upstream of the putative mobile genetic

element (HMPREF9319_0116 fwd for S. bovis strain and

HMPREF9964_2030 fwd for S. equisimilis strain) (Table S2). In

strain 515, this region has also a length of about 10 kb. To confirm

that the amplicon corresponds to the expected region, nested

PCRs were performed using long range PCR products as

templates and primers hybridizing to CAMP factor II encoding

gene (CAMP factor ICE_515_tRNALys BamHI fwd and CAMP

factor ICE_515_tRNALys Rev) (Table S2).

Thus, CAMP factor II encoding genes in S. bovis and S.

equisimilis strains were located on a genetic element integrated at

the 39 end of the tRNALys encoding gene.

Hence two thirds of the strains which produce a CAMP factor II

appeared to carry an element integrated at 39 end of tRNALys

gene. This suggests that the spread of the CAMP factor II gene in

different pathogenic streptococcal species is linked to the transfer

of an ICE carrying this gene.

Conclusions

In conclusion, the SAL_2074 gene carried by a mobile genetic

element (ICE_515_tRNALys) in S. agalactiae 515 strain encodes a

functional CAMP factor. An identical CAMP factor is encoded by

a putative ICE carried by S. agalactiae COH1. It is important to

mention that this strain has been used by Hensler et al. to conclude

that CAMP factor is not essential for GBS virulence [15]. It is

possible that this second CAMP factor confers co-hemolysin

activity in case of loss of the genomic CAMP factor. A similar toxin

is also encoded by a putative ICE detected in S. urinalis although

this strain gave a negative result using in vitro CAMP test [64]. This

toxin is functional when expressed in non pathogenic (L. lactis) and

other pathogenic streptococcal species (S. dysgalactiae, S. bovis).

Furthermore, screening of a collection of strains of different

streptococcal species indicated that some are positive for the

CAMP test. All strains (except S. uberis 21459 and 22492 strains in

the conditions used) also carry the integrase gene of ICE_515_tR-

NALys thus suggesting a spread of the CAMP factor II gene among

different streptococcal species through ICE conjugative transfer.

Supporting Information

Figure S1 Co-hemolytic activity of CAMP factor II in
GBS strains. A. CAMP test using (1) NEM316, (2) NEM316

(ICE_515_tRNALys), and (3) 515 GBS strains; B. Measure of co-

hemolytic activity of CAMP factor(s) in S. agalactiae strain 515

(filled circles with SMase treatment and empty circle without

treatment), strain NEM316 (filled triangles with SMase treatment

and empty triangles without treatment) and transconjugant

NEM316 (ICE_515_tRNALys) (filled squares with SMase treatment

and empty squares without treatment). Hemolytic activity was

measured at OD630 every 30 min using a microplate reader. The

experiment was done in triplicate using three independent

biological samples. Errors bars represent the standard deviation

observed between the 9 values obtained for each strain.

(TIF)

Figure S2 SDS-PAGE analysis of the supernant of S.
agalactiae NEM316 and NEM316 (ICE_515_tRNALys)
cultures. Supernatant of overnight cultures of S. agalactiae

NEM316 (1, in BHI and 3, in CDM) and of S. agalactiae

NEM316 (ICE_515_tRNALys) (2, in BHI and 4, in CDM).

Figure 5. Expression of CAMP factor II in pathogenic streptococcal strains. A. CAMP test using (1) S. bovis 1052 wt, (2) S. bovis (pOri23-
camp515), (3) S. dysgalactiae 593 wt, (4) S. dysgalactiae (pOri23-camp515) and (5) GBS strain 515 as control; B. co-hemolytic activity was monitored in S.
bovis 1052 (filled circle with pOri23-camp515 and empty circle without) and in S. dysgalactiae (filled squares with pOri23-camp515 and empty squares
without treatment). Hemolytic activity was measured at OD630 every 30 min using a microplate reader. The experiment was done in triplicate using
three independent biological samples. Errors bars represent the standard deviation observed between the 9 values obtained for each strain. Controls
without SMase treatment were carried out (data not shown).
doi:10.1371/journal.pone.0048918.g005
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Molecular weight marker (MW) is unstained protein MW marker

of Euromedex. MWs are indicated on the right side of the gel.

Arrows indicated the position of the band corresponding to

genomic CAMP factor (I) and CAMP factor II (II).

(TIF)

Figure S3 Alignment of attR sequence of ICE_515_tR-
NALys in field strain. Sequence alignment was done using the

AlignX module of VectorNTI advance 11 (InVitrogen).

(TIF)

Table S1 Strains and their characteristics. Strains and

plasmids are listed together with their associated pathologies or

genotypic characteristics, the year and geographic place of

isolation, their hemolysis pattern, the CAMP test results and the

reference for strains or plasmids.

(DOC)

Table S2 Primers used in this work. Restriction sites

appear in bold.

(DOC)
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