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Abstract
Bacterial infections remain a significant threat to the health of newborns and adults. Group B
Streptococci (GBS) are Gram-positive bacteria that are common asymptomatic colonizers of healthy
adults. However, this opportunistic organism can also subvert suboptimal host defenses to cause
severe invasive disease and tissue damage. The increasing emergence of antibiotic-resistant GBS
raises more concerns for sustained measures in treatment of the disease. A number of factors that are
important for virulence of GBS have been identified. This review summarizes the functions of some
well-characterized virulence factors, with an emphasis on how GBS regulates their expression.
Regulatory and signaling molecules are attractive drug targets in the treatment of bacterial infections.
Consequently, understanding signaling responses of GBS is essential for elucidation of pathogenesis
of GBS infection and for the identification of novel therapeutic agents.
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Group B Streptococcal disease in newborns & adults
Invasive bacterial infections and the ensuing severe inflammatory response remains a
significant cause of morbidity and mortality in human newborns and adults [1,2]. Group B
Streptococci (GBS), or Streptococcus agalactiae, is the most common cause of life-threatening
bacterial infection in human newborns. These bacteria are Gram-positive, β-hemolytic, chain-
forming cocci that are normal residents of the vaginal flora in 25% of healthy women [3].
Transmission of GBS from colonized mothers to the newborn can occur in utero owing to
ascending infection or during birth when the neonate aspirates contaminated amniotic/vaginal
fluids. Affected newborns include preterm, low birth weight and full-term infants [4].

GBS disease in newborns is classified as early-onset disease (EOD) or late-onset disease
(LOD), depending on the age of the infant at the time of disease manifestation. Maternal
colonization is a prerequisite for EOD, and infection presents in infants within a few hours to
days of life (≤7 days of age). EOD manifests as respiratory failure and pneumonia that rapidly
progresses into bacteremia and septic shock syndrome [5]. In contrast, LOD is characterized
by bloodstream infection, with a high risk of progression to meningitis. LOD can present in
infants up to several months in age (7–90 days). While the acquisition of GBS for LOD is not
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completely understood, vertical transmission, nosocomial acquisition and prematurity are
recognized as risk factors [4,6–10].

Recent advances in awareness, diagnosis and treatment of GBS infections have significantly
reduced neonatal mortality, particularly owing to EOD, from greater than 50% to 4–5% [11].
In the 1990s, guidelines for the prevention of GBS infections, which included surveillance
programs and administration of antibiotics during labor and delivery (intrapartum antibiotic
prophylaxis) were established [12,13]. Despite the success of intrapartum antibiotic
prophylaxis in prevention of mother–infant transmission of GBS, rates of GBS-related
stillbirths, prematurity and LOD have not decreased [14]. Serious morbidity in survivors of
GBS infection ranges from 20–60% and includes neurological sequelae such as mental
retardation, cerebral palsy and seizures [14,15].

GBS is also an emerging pathogen of adult humans. The elderly, immunocompromised and
those with diabetes and malignancies are particularly at risk [16,17]. Clinical manifestations
of adult GBS infection are varied and include skin, soft tissue and urinary tract infections,
bacteremia, pneumonia, arthritis and endocarditis. The case fatality rate for GBS infection in
elderly adults is estimated at 15% in the USA [16,17]. In addition, the recent emergence of
GBS strains resistant to penicillin, clindamycin and erythromycin represents a significant
concern in the treatment of infections [18–24]. Collectively, these observations reinforce the
importance of GBS as a public health concern for human newborns and adults and the need
for additional prevention and therapeutic strategies against GBS infection. A better
understanding of the mechanisms of GBS pathogenesis is integral for the development of
alternate therapeutic strategies.

Regulation of virulence factors for disease pathogenesis
Like many pathogenic bacteria, GBS encodes a myriad of virulence factors that are critical for
its ability to cause disease. A few GBS virulence factors, such as the pore-forming toxins and
the sialic acid-rich capsular polysaccharide (CPS) have been extensively studied for many
years. As many as nine capsular serotypes: Ia, Ib and II–VIII have been characterized [25] and
recently serotype IX was also described (see section on CPS) [26]. Genome analysis of the
GBS strains representing the five major disease-causing capsular serotypes (Ia, Ib, II, III and
V) indicate that the species can be defined by its pan genome [27]. This ‘pan’ or ‘whole’ genome
includes a ‘core’ genome that represents genes present in all GBS strains and accounts for
approximately 80% of any single GBS strain [27]. Furthermore, the pan genome also represents
a dispensible genome comprised of genes that are uniquely present in only one or a few GBS
strains [27]. The availability of the GBS genome sequence has accelerated our understanding
of the pathogen’s strategy during disease progression. A number of additional virulence factors
that are important for GBS adherence and invasion of host cells and evasion of host immunity
have been described [28]. Despite these advances, one area that deserves greater attention is
how the pathogen regulates expression of these virulence factors during infection. GBS
normally resides as a commensal organism in maternal genital and lower gastrointestinal tracts
but can transist into an invasive pathogen that infiltrates a diverse array of host niches, such as
the intrauterine compartment, neonatal lung and multiple neonatal organs, including the brain.
This indicates that GBS is efficiently able to adapt to changing host environments (see Figure
1 for the disease cycle of GBS as a neonatal pathogen). Appropriate expression of virulence
factors in response to the host environment can provide a survival advantage to GBS. In
pathogens such as Salmonella, inappropriate or constitutive expression of certain virulence
factors compromises the pathogen’s ability to cause disease similar to the absence of these
virulence factors [29,30]. Therefore, successful infection requires that pathogens appropriately
express gene products in response to the host/external environment during infection.
Understanding when and how GBS regulates the expression of virulence factors will be useful
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in the development of alternate therapeutic strategies. This is critical because vaccines and
anti-infectives targeted at a virulence or survival factor may not be as effective if their genes
are not expressed at an optimal level in the environment/host niche where the vaccine or drug
is administered. In addition, signal transduction systems (STS) that regulate the expression of
virulence factors are also attractive drug targets for anti-infective therapies [31–33].

In all living organisms, regulation of gene expression in response to the external environment
is accomplished by STS. These systems respond to an external signal and often regulate the
function of DNA-binding transcription factors. The most common STS in bacteria are the two-
component systems (TCS). TCS comprise a membrane-associated sensor histidine kinase
(HK), which recognizes an external signal and phosphorylates its cognate response regulator
(RR) at a conserved active site aspartate residue. This phosphorylation event usually alters the
DNA binding affinity of the RR and changes gene expression to enable the organism to adapt
to the environmental signal [34].

The genome sequence of GBS has revealed the presence of 17–20 TCS that can respond to
changes in the external environment [27,35,36]. However, the roles of only four TCS, CovR/
CovS, DltR/DltS, RgfC/RgfA and CiaR/CiaH are known [37–43]. GBS also encodes at least
six stand-alone or one-component transcriptional regulators that regulate gene expression
either in response to changes in the cytosol (e.g., small molecules, gases and so on) [44] or to
the external environment through as yet unidentified sensors [45]. The functions of three of
these six regulators, known as MtaR, RogB and RovS, have been examined (see sections later)
[46–49]. Furthermore, all sequenced GBS strains encode signaling enzymes that are commonly
present in eukaryotes. These are a serine/threonine kinase, Stk1 and its cognate phosphatase,
Stp1, as well as a tyrosine kinase, CpsD and its cognate phosphatase, CpsB [50–53].

Given the vast number of signaling systems and transcriptional regulators encoded in the GBS
genome (107 in total [27,35,36]) and the diverse array of host niches encountered by the
pathogen during its disease cycle, GBS gene/virulence factor expression can be expected to be
tightly regulated by its STS. In contrast to GBS, regulation of toxins and other virulence factors
have been studied extensively in close relatives such as Group A Streptococcus and
Staphylococcus aureus [54–57]. Below, the function and regulation of a few GBS virulence
factors are summarized (see also Table 1 and Figure 2).

Pore-forming toxins
Pore-forming toxins are a critical component of pathogenesis in many disease causing bacteria.
These toxins promote entry of the pathogen into host cells and facilitate their intracellular
survival and systemic dissemination. The virulence of pathogens defective in expression of
pore-forming toxins is severely attenuated [58,59]. GBS encodes at least two pore-forming
toxins, known as β-hemolysin/cytolysin (β-H/C) and Christie Atkins Munch Peterson (CAMP)
factor.

β-hemolysin/cytolysin
β-H/C, also known as CylE, is a surface-associated, pluripotent toxin that is crucial for various
facets of GBS disease involving both the pathogen and the host. β-H/C promotes GBS invasion
of host cell barriers such as the epithelial and endothelial cells of the lung and the blood–brain
barrier (BBB) [60–64]. Furthermore, β-H/C impairs cardiac function, promotes liver failure
and induces host inflammatory responses that contribute to neurological sequelae [64–67].
Hemolysin-deficient GBS mutants are attenuated for virulence in various animal models of
GBS infection, including sepsis, pneumonia, meningitis and arthritis [64,66,68,69]. The
structural gene for β-H/C was identified as cylE [70,71]. Recent studies have indicated that
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other genes in the cyl operon such as cylA, cylB, cylJ and cylK are associated with the post-
translational modification and secretion of β-H/C [72,73].

Studies on the importance of β-H/C in various facets of GBS disease have largely stemmed
from properties of the β-H/C-deficient mutants and are supported by in vitro assays. However,
biochemical and mechanistic insights into the pore-forming abilities of β-H/C and how β-H/C
induces inflammatory responses in the host are still largely unknown. Furthermore, despite its
crucial role in GBS disease, β-H/C has not been exploited as a target in the development of
alternate therapeutic strategies. This is due to the fact that the toxin is not immunogenic and
the protein is active only when associated with the bacterial surface or in the presence of high
molecular weight stabilizers, thus imposing severe limitations on its purification and
characterization for the development of therapeutic approaches (reviewed in [74]). These
constraints may also account for the lack of information on its function.

Curiously, β-H/C (cylE) biosynthesis is associated with the production of an orange pigment
[75,76] that promotes pathogen resistance to reactive oxygen species (ROS) [77]. Resistance
to host-encoded reactive oxygen and nitrogen species is an important component of immune
evasion by bacterial pathogens [78]. A combination of nuclear magnetic resonance and mass
spectrometry identified the structure of the GBS orange pigment revealing it to be a
rhamnopolyene with 12 unsaturated bonds [79]. The role of unsaturated bonds in the carotenoid
family of pigments as a mechanism to quench ROS has been elucidated in other disease-causing
bacteria including plant pathogens [80–82]. Deletion of the structural gene for β-H/C (cylE)
abolishes pigment expression and hyper-hemolytic strains demonstrate increased
pigmentation. Other genes in the cyl operon that are associated with fatty-acid biosynthesis are
also thought to contribute to pigment biosynthesis. However, since allelic replacement of
cylE completely abolishes pigment production, the nature of the link is not currently understood
and requires further study. Whether the pleiotropic virulence phenotypes of β-H/C-deficient
GBS seen in vivo can be solely attributed to the absence of hemolysin or may also be, in part,
owing to the concomitant loss of pigment biosynthesis, remains to be clarified.

There is a growing body of evidence that GBS regulates the expression of β-H/C and its
associated pigment using its STS (Figure 2). The TCS, comprising the DNA-binding RR, CovR
and its cognate sensor HK, CovS, represses the transcription of cyl genes including cylE (β-H/
C) and activates the expression of another pore-forming toxin called CAMP factor [37,38,
52]. CovR binds to the promoter of β-H/C (PcylX) to repress its transcription [37,39]. CovS,
phosphorylates CovR at a conserved aspartate residue, which enhances β-H/C repression
[37–39,53]. In addition, it has been demonstrated that a serine/threonine kinase, Stk1, can also
phosphorylate CovR at a threonine residue, which decreases aspartate phosphorylation and
promoter binding [52,53]. Consequently, Stk1 relieves CovR repression of β-H/C and
activation of CAMP factor [52,53]. This novel paradigm; where members of different signaling
families interact to fine-tune gene expression, was also recently observed in another
Streptococcal species, Streptococcus pneumoniae [83].

In GBS, it is suggested that the sensor kinases, Stk1 and CovS, are preferentially utilized by
the pathogen to sense different host environments (e.g., colonising niches such as the vaginal
mucosa versus invasive niches such as the bloodstream or the BBB) for appropriate expression
of toxins and other factors during infection [53]. Such fine-tuned gene/virulence factor
expression can increase the adaptability of GBS to host niches and is extremely beneficial for
disease progression. Identification of the environmental/host signals recognized by CovS and
Stk1 is essential for understanding how GBS regulates expression of toxins and other factors
during infection.

Rajagopal Page 4

Future Microbiol. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The finding that a transcriptional regulator RovS, can also bind to, and activate the expression
of cylE and other genes in the cyl operon [49] further demonstrates the complexity of β-H/C
regulation (Figure 2). As RovS is a stand-alone regulator, it is likely that this regulator, similar
to other members of its family, controls gene expression owing to changes in the cytosol (e.g.,
small molecules, gases and so on) [44]. Conversely, RovS may regulate gene expression in
response to the external environment through an, as yet unidentified, sensor kinase. Since both
CovR and RovS directly bind to the promoter of β-H/C, their regulation of β-H/C is likely to
be triggered by their activating (or repressing) signal/s. It is noteworthy that covR/S does not
regulate rovS (gbs1555) expression [37] and RovS does not appear to regulate transcription of
either covR/S or its regulated genes, such as CAMP factor [49].

CAMP factor
CAMP factor is a secreted protein with pore-forming properties that has been suggested to be
important for GBS pathogenesis [84–86]. Evidence that CAMP factor is important for
virulence of GBS was provided by in vivo studies, which indicated that partially purified CAMP
factor was lethal to rabbits, and co-administration of CAMP factor along with a sublethal dose
of GBS can induce septicemia and death in mice [86,87]. In addition, CAMP factor was
observed to oligomerize and form discrete pores on susceptible target membranes [88].
Observations that CAMP factor can bind to glycosylphosphotidylinositol-anchored proteins
suggests that binding to its host-cell receptor may be necessary for cell lysis as observed with
other bacterial toxins [89]. Surprisingly, Hensler et al. recently observed that a CAMP factor-
deficient GBS strain is not attenuated for systemic virulence [90]. These data suggest that
CAMP factor may be nonessential for GBS pathogenesis.

Given their pore-forming abilities, it is also likely that β-H/C may play a compensatory role
for the absence of CAMP factor during systemic infection. If this hypothesis is correct, then
CAMP factor may only be essential for GBS pathogenesis in host niches where β-H/C activity
is diminished. For example, the normal human lung surfactant dipalmitoylphosphatidylcholine
(DPPC) is antagonistic to β-H/C [77]. It is tempting to speculate that CAMP factor expression
may be important to GBS in certain host niches like DPPC-containing environments (e.g., a
normal human lung), whereas in others (e.g., a premature, surfactant deficient neonatal lung
[77]), GBS may preferentially utilize β-H/C. Consistent with this hypothesis, GBS oppositely
regulates β-H/C and CAMP factor using CovR/S and Stk1 (Figure 2).

The DNA-binding RR, CovR activates the expression of CAMP factor in GBS [37,38]. CovR
deletion mutants in serotype Ia (strains 515 and A909), serotype V (strains 2603v/r and
NCTC10/84) and serotype III (strain NEM316) are deficient for CAMP factor expression
[37,38,52]. The CovR protein was also demonstrated to directly bind to the promoter of the
gene encoding CAMP factor (cfb) suggesting that binding may be required for activation
[91]. Aspartate phoshorylation of CovR by its sensor kinase CovS or low molecular weight
phosphdonors (e.g., acetyl phosphate) enhances CovR function leading to enhanced activation
of CAMP factor, whereas threonine phoshorylation of CovR by Stk1 decreases CovR-mediated
activation of CAMP factor [53]. Thus GBS opposingly regulates the expression of its pore-
forming toxins and modulates their expression using its sensor kinases, CovS and Stk1.
Although CovR/S can exert a regulatory role on the expression of approximately 150 genes in
GBS; 39 of these comprise the conserved regulon and include genes encoding the pore-forming
β-H/C and CAMP factor (Table 1) [39].

Factors that promote immune evasion
In addition to the direct onslaught of pore-forming toxins that facilitate GBS survival in the
host, it is imperative for GBS to subvert the host’s innate immune defenses. To this end, GBS
encodes a number of factors that either prevent its recognition by the host or provide resistance
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to host defense mechanisms. A few factors that facilitate GBS immune evasion and our current
understanding of their regulation are discussed.

Sialic acid-rich capsular polysaccharide
GBS are encapsulated by a sialic acid-rich CPS belonging to one of the ten capsular serotypes:
Ia, Ib or II-IX. The CPS of GBS exemplifies a classical example of molecular mimicry. Since
the CPS of GBS is decorated with sialic acid, a family of nine carbon sugars also commonly
present on glycans of vertebrate cells, the host fails to recognize GBS as nonself. Consequently,
CPS prevents complement factor C3 deposition and phagocytosis of GBS by the host’s innate
immune system [92,93]. The importance of CPS in adaptive immunity against GBS has also
been described [94]. These studies showed that placental transfer of maternal antibodies can
protect infants from invasive GBS infection and infants born to women with low CPS antibody
titers may be at an increased risk for GBS infections [94]. Consistent with these findings, GBS
strains devoid of CPS are avirulent in sepsis LD50 values of the CPS models of GBS infection;
deficient strains were 103–105-fold greater than the isogenic wild-type strain [95–98].

Owing to its importance in GBS pathogenesis, CPS has been considered as a candidate for
GBS vaccines. Thus, because of its low immunogenicity, conjugate vaccines of CPS
complexed to highly immunogenic proteins were derived and these have significantly
improved antibody responses and have also been successful in Phase I and II human trials
[99–102]. A limiting factor in the widespread use of CPS-conjugate vaccines is the presence
of at least nine structurally distinct and antigenically unique GBS capsular stereotypes.
Successful prevention of GBS infections requires the administration of a polyvalent CPS
vaccine against prominent disease-causing GBS serotypes (i.e., Ia, Ib, II, III and V) [103–
105].

Recently, elegant studies have demonstrated that the CPS encoded by GBS can be modified
by O-acetylation [106]. Since O-acetylation of bacterial polysaccharides can alter the immune/
antibody response of the host to pathogens, such as Neisseria meningitidis [107] and S.
pneumoniae 9V [108], the immune response of the host to the O-acetylated CPS of GBS
requires further study. O-acetylation of CPS among GBS serotypes ranges from approximately
5–55% of the total CPS [106]. The enzyme responsible for O-acetylation of CPS is encoded
by the gene neuA; a site-directed asparagine to alanine (N301A) mutation in neuA causes
increased O-acetylation of CPS [109]. Since CPS preparations have employed a base treatment
during extraction that destroyed the O-acetyl groups, it is likely that the CPS previously used
in vaccine preparations were not O-acetylated. Consequently, the implications of O-acetylation
of CPS on vaccine design, antibody responses and even pathogenesis of GBS are yet to be
understood. Whether O-acetylation confers survival advantage to GBS in certain host
environments also remains to be examined. The GBS strain with the N301A mutation in
neuA, may prove useful to examine the virulence and survival benefits of CPS O-acetylation.

Despite its importance as an essential virulence factor, surprisingly little is known about how
GBS regulates CPS during disease pathogenesis. Earlier studies have found that although
important for systemic virulence, CPS interferes with GBS adherence and invasion of cultured
epithelial and endothelial cells [110–112]. These observations indicate that GBS may regulate
expression of CPS in response to the host/external environment. Differences in doubling time
or changes in growth rate were suggested to affect the amount of CPS [113,114] and adherence
and invasion of GBS to respiratory epithelial cells [115,116].

RogB, a transcriptional regulator of the RofA-like protein family regulates the transcription of
cps genes (Figure 2) [48]. It is thought that RogB is a repressor or negative regulator of CPS
because transcription of the first gene in the CPS operon, cpsA, increased in the absence of
RogB in the GBS serotype III strain 6313. Whether RogB regulation of cpsA is accompanied
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by changes in CPS levels and the relevance of this regulation during GBS infection requires
further study. Furthermore, since the genetic locus encoding RogB is not conserved in all GBS
strains/serotypes (e.g., the gene encoding RogB is not present in serotypeIa A909 or the
serotype III strain COH1 [27]), its regulation of CPS is strain-specific.

Likewise, CovR/S also modestly regulates cps transcription in a strain-dependent manner.
While CovR/S can activate cps gene expression in serotype III NEM316 by twofold (Figure
2) [37], this was not consistently seen in GBS serotype V 2603v/r and Ia strains 515 and A909
[39, Rajagopal L et al., Unpub. Data], suggesting strain-specific regulation of CPS by CovR/
S. Whether a universal regulator (i.e., present in all GBS strains) controls CPS expression in
response to the external environment, such as during the transition from a commensal state,
with presumably low CPS expression, to an invasive state with high CPS expression remains
unknown. Identification of the environmental cues that trigger RogB and CovR/S regulation
of CPS is necessary to advance our understanding of their role on CPS expression during
invasive infection.

Superoxide dismutase
Pathogen resistance to host-encoded ROS is integral to host immune evasion. Apart from
pigment (see section on β-H/C), GBS encodes a Mn2+ cofactored superoxide dismutase, SodA,
for resistance to ROS and immune evasion. Superoxide dismutases convert singlet oxygen or
superoxide anions (O2−) to molecular oxygen (O2) and H2O2, which are subsequently
metabolized by catalases or peroxidases. Consequently, these enzymes enable pathogenic
bacteria to resist oxidative stress during infection. A GBS sodA mutant was found to be
significantly more sensitive to macrophages and showed impaired survival in the bloodstream
and brain of mice [117]. Conversely, survival of the sodA mutant was not significantly impaired
in the mouse liver or spleen. Taken together, these observations suggest that SodA confers
survival benefits to GBS in specific host niches.

Regulation of sodA transcription in GBS is accomplished by RovS. A 2.2-fold decrease in
sodA expression was observed in the rovS deletion mutant [49] suggesting that RovS positively
regulates sodA transcription. Although RovS was shown to directly bind to the promoter region
of sodA (Figure 2) [49], the role of this binding on sodA transcription and the signals that
activate or repress the function of stand-alone regulators such as RovS are not known. Thus,
RovS regulation of sodA during GBS infection is not completely understood and requires
further study.

C5a peptidase
The GBS C5a peptidase (ScpB) is a serine protease that facilitates host immune evasion by the
pathogen. ScpB, encoded by the gene scpB, can cleave and inactivate the human complement
component C5a. Since C5a is important for the recruitment of neutrophils to the site of
infection, its cleavage by ScpB impairs neutrophil recruitment [118]. Using knockout mice
complemented with either murine or human C5a, it was concluded that the peptidase activity
of ScpB specifically inactivates human C5a and not murine C5a [119]. ScpB can also promote
binding of GBS to human epithelial cells and the extracellular matrix (ECM) protein fibronectin
[120–122]. Studies have shown that the fibronectin adhesin activity of ScpB is independent of
its peptidase activity and that ScpB binds to a site created by the juxtaposition of multiple
fibronectin molecules [122,123]. The importance of ScpB in prevention of GBS infection stems
from observations that immunization with either ScpB or ScpB–CPS conjugate vaccines
promotes clearance of GBS from the mouse lung [124]. In addition, administration of ScpB
encapsulated in microspheres was also observed to provide protection against GBS in animal
models of infection [125].

Rajagopal Page 7

Future Microbiol. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Regulation of ScpB is accomplished by two independent TCS in GBS (Figure 2). During late
exponential phase growth, an increase in scpB transcription, along with a concomitant increase
in binding to the ECM protein fibrinogen, was observed in an rgfC mutant [42]. RgfC is a
sensor HK and RgfA is the cognate DNA-binding RR. Whether RgfA directly binds to the
promoter of scpB to repress its transcription is not known. It was also speculated that RgfB is
a secreted peptide that may be important for quorum sensing (regulation in response to cell
density) similar to the auto-inducing peptide of Staphylococcus aureus [42]. While these
observations suggest growth phase-dependent repression of ScpB by RgfC/A and possibly
RgfB, further investigations are necessary for a complete picture of ScpB regulation. As the
first 355 codons of RgfC are missing in the serotype III strain NEM316 [35] and a point
mutation in RgfA truncates its expression in the serotype Ia strain A909 [27], regulation of
ScpB expression by RgfC/A is strain-specific.

The other TCS that regulates ScpB expression is CovR/S. Jiang et al. observed a 11–30-fold
increase in scpB transcription in GBS serotype Ia (strain 515) and V (strain 2603v/r) covR
mutants [38]. These data suggest that CovR is a repressor of ScpB, similar to its effect on β-
H/C. However, ScpB is not part of the 39 gene-conserved CovR regulon [39] and studies have
not demonstrated regulation of ScpB by CovR/S in GBS A909 [Rajagopal L et al., Unpub.
Data] suggesting that regulation of ScpB by CovR/S is also strain-specific. It is noteworthy
that a NEM316 covR/S mutant (where CovR does not regulate ScpB) is hyper-adherent to host
epithelial cells [37]. This indicates that although CovR/S regulation of ScpB may not be
conserved, the regulation of factors that mediate adherence of GBS to host cells is (see section
on adherence).

Serine proteinase
GBS can also cleave ECM components that facilitate its evasion of host immunity. A cell
surface-associated serine protease known as CspA can cleave the human ECM protein
fibrinogen [126]. Cleavage of fibrinogen to fibrin-like products thwarts the host immune
system as it prevents recognition and phagocytic uptake of GBS. Consequently, GBS strains
defective in CspA expression exhibit increased susceptibility to neutrophils and decreased
virulence in a neonatal sepsis model of infection (a tenfold higher LD50, [126]). Recent studies
demonstrated that CpsA also readily cleaved chemokines such as growth-related oncogene-γ,
neutrophil-activating peptide-2, and granulocyte chemotactic protein-2 and abolished their
ability to attract and activate neutrophils [127]. Despite its importance to GBS virulence, not
much is known regarding the regulation of CspA expression.

It is noteworthy that both serine proteases of GBS (ScpB and CspA) have a cell wall anchoring
LPXTG motif [128,129]. These motifs are essential for cell wall targeting of these proteins by
the major sortase enzyme, SrtA. Thus, it was anticipated that in the absence of SrtA,
mislocalization of cell wall anchored proteins would lead to a dramatic decrease in virulence
of GBS. Although the GBS srtA mutants displayed altered ScpB localization, fewer pili and
decreased adherence to ECM proteins and host cells, they were not attenuated for systemic
infection [129,130]. Since srtA mutants demonstrated a decreased colonization in animal
models, these results emphasize the importance of cell-surface proteins in the colonization of
GBS [130]. However, mechanisms that regulate srtA and cspA expression are still not
completely elucidated.

Resistance to host antimicrobial peptides
Cationic antimicrobial peptides (AMPs) are components of the host innate immune system that
play a critical role in combating bacterial infections [131]. AMPs are expressed by a number
of host cells including epithelial cells, keratinocytes and leukocytes. An increase in expression
of AMP occurs during injury and infection that provides resistance to invading organisms
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[132]. Common classes of AMPs include defensins and cathelicindins. A number of
mechanisms are employed by GBS to resist the action of these AMPs and a few are listed in
below.

Changes in surface charge
The most common mechanism employed by pathogens, including GBS, to resist AMPs is to
decrease the charge on their cell surface [133]. Since AMPs are positively charged and the
bacterial cell surface is negatively charged, the initial interaction between them is electrostatic.
To decrease the efficiency of this interaction, many Gram-positive pathogens incorporate
substantial amounts of D-alanine into the lipotechoic acid (LTA) component of their cell wall.
This decreases the net negative charge on the bacterial surface and thus, enables the pathogen
to repel AMPs and prevent their access to the bacterial cell membrane. In GBS, incorporation
of D-alanine into LTA is regulated by the dltRSA-BCD operon, which comprises two regulatory
genes, dltR and -S, and four structural genes, dltA–D [40]. Deletion of the structural gene
dltA, which encodes the D-alanine-D-alanyl carrier ligase, causes a severe attenuation of GBS
in a neonatal rat virulence (100-fold higher LD50 sepsis model) and increases its susceptibility
to defensins and phagocytes [41]. DltR is a DNA-binding RR that binds to promoter DNA to
activate expression of the dlt operon and requires its cognate sensor HK DltS (Figure 2). The
environmental signal/s perceived by the DltS sensor kinase is not known. Therefore, it is
possible that during infection or during contact with host cells, GBS may modulate expression
of the dlt genes to alter their surface charge and repel host AMPs. Support for this hypothesis
is provided by recent observations that human AMP, such as LL37, can stimulate signaling by
the CovR/S system in Group A Streptococcus [134,135].

Penicillin-binding proteins
Bacterial penicillin-binding proteins (PBPs) are typically involved in peptidogylcan
biosynthesis and are the site of action for the β-lactam family of antibiotics such as penicillin
[136–138]. Surprisingly, GBS mutants lacking the gene ponA, which encodes PBP1a were
similar to the wild-type strain for sensitivity to penicillin [139]. A signature-tagged
mutagenesis screen revealed that the ponA mutant was attenuated for virulence (100-fold higher
LD50) in a neonatal sepsis model of infection [140]. Subsequent studies showed that the
ponA mutant was cleared quicker from the lungs of neonatal rats and was also more sensitive
to killing by neutrophils and alveolar macrophages [139,141]. These phenotypes are likely
owing to the fact that the GBS ponA mutant is more susceptible than the wild-type to the action
of different classes of host AMPs [142]. Given that the ponA mutant did not demonstrate an
altered surface charge or remarkable changes in cell-wall peptidoglycan, how PBP1a enables
GBS to resist AMPs and innate airway defenses in the neonatal lung remains to be resolved
[141,142]. Regulatory systems that affect ponA transcription have not been identified.

Likewise, the regulation and function of other PBPs encoded by GBS are also not completely
understood. However, GBS strains resistant to penicillin were found to contain spontaneous
mutations that conferred amino-acid substitutions (e.g., Q577E or V405A) to the PBP2X
protein [22–24]. These results confirm that PBP2X is a site of action for the β-lactam family
of antibiotics. The effect of these amino-acid substitutions on growth and/or virulence of GBS
is not known.

Pili
Recent studies demonstrate that GBS encodes small cell-surface appendages known as pili
[128,143]. Pili mediate GBS resistance to AMPs and also facilitate adherence and attachment
of the pathogen to host cells [128,144–146]. Two genetic loci are responsible for the pilus-like
structures in GBS and are known as pilus islands-1 and -2 (PI-1 and PI-2, respectively). PI-2
exists in two variant forms known as PI-2a and PI-2b [147]. Sequenced GBS strains were found
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to encode the genes comprised in at least one of these loci. Homologs of PilB constitute the
major structural component of the GBS pili; two accessory proteins, which are homologs of
PilA and PilC, are also associated with the GBS pili [128,145].

GBS strains lacking PilB demonstrate decreased virulence and increased susceptibility to
phagocytes and AMPs [145,146]. However, the mechanism by which pili enable GBS to resist
AMPs is not understood. GBS adherence to epithelial cells was reduced in mutants lacking
PilA and PilC [128], indicating a pleiotropic role of pili in disease pathogenesis. Since
Lactococcus lactis strains expressing these pilus proteins can stimulate the production of
protective antibodies against GBS [148], exploiting pili for a vaccine design and development
has gained significant attention [103,149,150].

RogB can positively regulate pilus gene expression in GBS. The gene encoding RogB is located
approximately 284 bp from PI-2a and the transcription of genes in this locus is decreased in
the absence of RogB in the GBS strain NEM316 (Figure 2) [128]. Since RogB or its homologs
are not physically associated with PI-1 or PI-2b, it is likely that these loci are not regulated by
RogB [128,129]. As RogB is not conserved in GBS strains and is not likely to control all PIs,
our understanding of the mechanisms that enables GBS to regulate expression of its pili is still
incomplete. However, RogB was implied to regulate other factors that promote GBS adherence
to host cells (see below).

Adherence & invasion of host-cell surfaces
Adherence of GBS of host-cell surfaces is important for mucosal colonization and subsequent
invasion. GBS avidly adheres and invades a number of host cells, including vaginal epithelial
cells, lung epithelial and endothelial cells and the critical BBB comprised of a single layer of
micro-vascular endothelial cells. These interactions often involve the initial binding of GBS
to ECM proteins such as fibrinogen, fibronectin and laminin, which facilitate subsequent
interactions with host-cell surface integrins and entry into the host cell [28]. A few factors that
enable GBS to bind ECM proteins and invasion of host cells are discussed below.

Fibrinogen-binding proteins
GBS binding to ECM fibrinogen is mediated by two fibrinogen-binding proteins known as
FbsA and -B [151,152]. FbsA is a surface-associated protein encoded by a few GBS strains/
serotypes (e.g., serotype Ia, strain A909; serotype III, strains NEM316, 6313 [27]) whereas
FbsB is found in all GBS strains sequenced thus far [27]. Purified FbsA and FbsB proteins can
bind to both soluble and immobilized fibrinogen [151,152]. GBS mutants lacking FbsA
demonstrate decreased binding to human fibrinogen and are more sensitive to phagocytes
compared with their isogenic wild-type [151]. In contrast to FbsA, a GBS FbsB mutant is not
attenuated for fibrinogen binding but invasion into lung epithelial cells is severly impaired
[153]. These results suggest that FbsA mediates adherence and FbsB promotes entry of GBS
into host cells.

FbsA expression is regulated by at least three different STS in GBS serotype III. Regulation
of FbsA expression is accomplished by RogB, RovS and CovR/S (Figure 2). RogB, the stand-
alone transcriptional regulator that is also unique to certain GBS strains, positively regulates
fbsA transcription in a growth phase-dependent manner [48]. GBS mutants lacking RogB
demonstrate decreased fbsA transcription and fibrinogen binding. Curiously, the virulence
properties of a RogB mutant have not been examined in various animal models of GBS
infection. Given that RogB is predicted to be a positive regulator of adherence factors such as
FbsA and Pili and a negative regulator of CPS (see previous sections), examination of the
global role of RogB in GBS gene expression will expand our understanding on the role of this
regulator in GBS pathogenesis.
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Apart from RogB, RovS was shown to bind directly to the promoter of fbsA and negatively
regulate its transcription [49]. Consistent with these findings, the rovS mutant displays a
moderate increase in both fibrinogen binding and adherence to lung epithelial cells. In addition,
expression of the previously mentioned positive regulator of fbsA (RogB) is also decreased in
the rovS mutant; however, RovS did not directly bind to the promoter region of rogB [49].
Whether RogB regulation of fbsA is independent of RovS is not known. Delineation of
regulation by RogB and RovS is essential for a complete understanding of these regulatory
proteins on FbsA expression, adherence of GBS to host cells and GBS virulence.

FbsA is also negatively regulated by the CovR/S system. Transcription of fbsA increased 4.6-
fold in the absence of the CovR/S TCS in the GBS serotype III strain NEM316, which encodes
both RogB and RovS. Whether CovR binds directly to the promoter of fbsA to control its
expression is not known. As expression of RovS (gbs1555) and RogB (gbs1479) is not altered
in a NEM316 ΔcovSR mutant [37], it is likely that CovR/S and RovS/RogB-mediated control
of fbsA are independent of each other but may be mediated by their activating (or repressing)
signals.

Laminin-binding protein
Adherence of GBS to host-cell laminin is accomplished by the laminin-binding protein Lmb.
GBS mutants lacking lmb show decreased adherence to human laminin and to human brain
microvascular endothelial cells [154,155]. Although Lmb is thought to promote GBS
colonization and translocation into the bloodstream, the mechanisms that regulate its
expression are not known. While the genes lmb and scpB are located next to each other on the
same DNA contig, the presence of approximately 200 bp intergenic region between these genes
in serotypes Ia and III suggests that they are not similarly regulated in these strains. Thus,
regulation of lmb expression in GBS is not completely understood and requires further study.

Serine-rich repeat proteins
Serine-rich repeat (Srr) proteins of the streptococcal and staphylococcal protein family were
recently identified in GBS. Members of this family are comprised of highly glycosylated,
surface localized, serine-rich proteins that have adhesive functions and are encoded in operons
with dedicated secretion systems [156,157]. The Srr proteins of GBS contain a signal peptide
of approximately 50 amino acids, regions of Srrs and a LPXTG cell-wall anchoring motif
[157,158]. GBS serotype Ia, Ib, Ic, II, V and certain serotype III strains (e.g., NEM316) share
a common Srr protein called Srr-1 [158]. Other GBS serotype III strains (e.g., J48) encode the
Srr protein Srr-2 [158]. The amino acids that alternate with serine in the repeat region of Srr-2
are valine, isoleucine, threonine, asparagine and glutamic acid. In contrast alanine, threonine
and methionine alternate with serine in Srr-1 [158]. Srr-2 has limited homology to Srr-1 (<20%)
and GBS strains encoding Srr-2 are more virulent in neonatal sepsis model of infections (1000-
fold higher LD90 values) compared with Srr-1 strains [158].

Recent studies have shown that the GBS Srr-1 protein binds to a 64 kDa protein in human
saliva identified as human keratin [159]. The amino acids located at positions 485–682 that
precede the large Srr region in Srr-1 was identified as the region important for keratin binding
[159]. Furthermore, these studies also showed that the 255 C-terminal amino acids of human
keratin are required for Srr-1 binding. A comparison of adherence and invasion of human
epithelial HEp2 cells revealed that Srr-1 promotes GBS adherence to these cells. The srr-1
deletion mutant displayed a 75% decrease in adherence but showed no decrease in invasion of
HEp2 cells [159]. Taken together, these results indicate the importance of Srr proteins to
adherence and virulence of GBS. Although a putative RofA-like transcription factor is encoded
within the Srr-1 operon, not much is known about its role in srr-1 transcription.
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GBS immunogenic bacterial adhesion
Adherence of GBS to host cells is also facilitated by the newly discovered cell-surface GBS
immunogenic bacterial adhesin (BibA) [160]. A total of four different forms of BibA are
encoded by various GBS strains/serotypes and include cell-wall associated and secreted forms.
The contribution of each of these variant forms to GBS pathogenesis requires further study.
However, in serotype V, the cell-surface associated form of BibA promotes adherence of GBS
to human cervical and lung epithelial cells, binds to a regulator of the classical complement
pathway known as C4-binding protein and is important for GBS resistance to phagocytosis
and virulence [160]. Although changes in bibA transcription were observed at higher
temperatures (see section on adaptive responses) [161], signaling systems that regulate bibA
have not been identified.

αC protein
The surface-anchored αC protein (ACP) is important for GBS virulence and mediates GBS
invasion of human cervical epithelial cells. ACP is commonly expressed on the surface of GBS
serotypes Ia, Ib and II and are uncommon in serotype III GBS strains [162,163]. ACP promotes
GBS internalization into host cells through its interaction with the host-cell glycosaminoglycan
[164]. Consequently, mutations that alter glycosaminoglycan binding render GBS deficient in
cervical epithelial cell invasion [165]. Furthermore, ACP can also promote GBS invasion of
these host cells by binding to α1β1-integrins on the epithelial cell surface [166]. The
mechanisms involved in the regulation of ACP expression are not understood.

Invasion-associated gene
The invasion-associated gene, iagA, was identified as an important virulence factor for GBS
meningitis. IagA was identified in a screen for GBS mutants that showed loss of BBB
penetration [167]. Mice infected with the iagA deletion mutant developed bacteremia at similar
efficiencies as the wild-type GBS strain [167]. However, the iagA mutant demonstrated
decreased BBB penetration and meningitis infection when compared with the isogenic wild-
type [167]. IagA is a glycolipid known as diglucosyldiacylglycerol, which facilitates membrane
anchoring of LTA. In an iagA mutant, LTA is shed into the growth media, which interestingly
can inhibit BBB invasion even by wild-type GBS [167]. Factors that regulate expression of
IagA and whether contact with BBB can alter iagA expression is not known.

Other functions that contribute to GBS disease pathogenesis
Hyaluronate lyase

A secreted protease known as hyaluronate lyase (HlyB), encoded by the gene hlyB is important
for GBS pathogenesis. [168,169]. Hyalurons are major components of human tissue and higher
concentrations are found in the placenta, amniotic fluid and in the lung [170–172]. Since
hyaluronate lyase can cleave hyaluron [172–174], this protein is thought to facilitate the spread
of GBS during infection. Consistent with this hypothesis, high concentrations of hyaluronate
lyase were reported in neonates with bloodstream infections compared with neonates that were
asymptomatically colonized with GBS [175]. Furthermore, GBS infection in a piglet
pneumonia model correlated with a concomitant decrease in pulmonary hyaluron, suggesting
an increase in HylB activity [176]. Whether transcription of hylB is altered during GBS
infection is not known and the STS that regulate hylB transcription have not been identified.

Methionine uptake
The GBS methionine transport regulator (MtaR) belongs to the LysR family of stand-alone
transcriptional regulators [46]. Although divergently transcribed from the CPS operon, MtaR
does not regulate expression of the cps genes. Likewise, a mtaR mutant did not demonstrate
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altered CPS levels [46]. However, an MtaR mutant displayed severe attenuation (1000-fold
higher LD50) in the neonatal rat sepsis model of GBS virulence and was impaired for
methionine transport/uptake. The genes regulated by MtaR, which facilitate methionine
transport were recently identified; microarray analysis revealed a 2.5–5-fold decrease in the
expression of a putative methionine transporter (metNPQ). Furthermore, the mtaR deletion
mutant also demonstrated a moderate decrease in expression of genes involved in arginine
biosynthesis and the serine protease CspA, and a slight increase in expression of FbsB [47]. It
is likely that both decreased nutrient acquisition and suboptimal expression of CpsA contributes
to the attenuated virulence of the mtaR mutant [46,47].

Adaptive responses of GBS
Given the wide range of host niches encountered by GBS during its disease cycle, two studies
have attempted to address changes in gene expression in response to the external environment.
A summary of these results is discussed.

GBS adaptation to changes in doubling time & dissolved oxygen
Johri et al. examined changes in transcription and surface protein expression when GBS was
subjected to in vitro growth conditions that mimic low-invasive and high-invasive states
[177]. GBS serotype V 2603v/r was grown in a chemostat at a doubling time of 1.8 h in the
presence of 12% DO2 (dissolved oxygen), which represents a high-invasive state. Two low-
invasive conditions (similar doubling time without dissolved oxygen [1.8 h, 0% DO2] and
increased doubling time with DO2 [11h, 12% DO 2]) were also included in their analysis
[177]. GBS invasion of human cervical epithelial cells supported the hypothesis that these
growth conditions mimicked low and high invasive states, respectively [177]. Protein analysis
using liquid chromatography-tandem mass spectrometry revealed that during high-invasive
conditions, surface expression of lipoproteins, proteins involved in iron and amino-acid
transport, cell division, cell surface proteases, PBPs, DltD, CpsC, and regulators such as HKs
and Stk1 were increased. These results support the hypothesis that these factors may play an
important role during GBS invasion. For a number of these proteins, increases in their surface
expression is correlated with a concomitant increase in their transcription [177]. Notably, an
increase in expression of the pluripotent β-H/C was not observed under high invasive
conditions. Whether increased expression or secretion of CAMP factor was observed under
these conditions is not known. It would be of interest to determine if increased expression of
the same genes/proteins is also seen in other GBS strains/serotypes under these growth
conditions. Since these studies were performed using GBS grown in a chemostat, the
importance of these findings during GBS infection and pathogenesis warrants further
investigation.

GBS adaptation to temperature & human blood
Recently, Mereghetti et al. examined global changes in the GBS transcriptome during growth
at higher temperatures, which mimic febrile conditions in the host [161]. At a high temperature
(40°C), the authors observed increased transcription of cylE, encoding β-H/C, even when GBS
were grown in laboratory media. This increase in β-H/C gene expression was growth phase-
dependent, ranged between 2–4.8-fold, and also correlated to greater hemolytic activity. As
transcription of the regulators of β-H/C, such as CovR/CovS and Stk1, was not significantly
affected under these conditions [161], these results suggest that β-H/C transcription is most
likely altered by signaling mediated by the sensor kinases Stk1 and/or CovS.

Increased expression of genes encoding cell surface proteins and those involved in iron
acquisition and nucleotide biosynthesis were also observed at 40°C [161]. These results suggest
that during infection, GBS may scavenge iron from the environment using its siderophores
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[178] and synthesize purines and pyridimines using its de novo pathway. Previous studies have
demonstrated that while GBS are auxotrophic for the biosynthesis of certain amino acids, they
can synthesize purines and pyrimidines denovo [46,51]. While iron siderophore (fhu) mutants
did not demonstrate attenuated virulence in a neonatal sepsis model of infection [178],
enhanced expression of siderophore genes under conditions that mimic fever suggests that the
fhu mutants would demonstrate decreased survival in a febrile model of GBS infection [161].

In a subsequent study, Mereghetti et al. examined changes in the GBS transcriptome during
its adaptation to human blood [179]. As expected, rapid changes in gene expression (i.e., within
30 min) were observed when GBS were shifted from the laboratory growth media to human
blood. A number of genes encoding proteins involved in cell division and cell-wall metabolism,
including the CPS synthesis genes, were downregulated during GBS adaptation to human
blood. Conversely, a substantial increase in the expression of genes encoding proteins related
to stress adaptation, such as a universal stress protein, SodA, chaperones and proteases, was
observed. Transcription of GBS factors, which play a role in adherence and cleavage of host
ECM proteins, such as FbsA and BipA, were also significantly upregulated in human blood,
with changes ranging from 1.9–6.9-fold. In addition, increased expression of up to ten
transcriptional regulators was observed in human blood providing evidence for transcriptional
regulation during GBS adaptation to different host environments [179].

The authors also examined the effect of temperature on GBS gene expression in human blood
[179]. Interestingly, after the initial adaptation to human blood, the GBS transcriptome
appeared fairly stable between 37–40°C. However, expression of genes encoding the pore-
forming β-H/C and CAMP factor was reported to be slightly upregulated at 40°C in human
blood compared with 37°C and ranged from 0.9–1.7-fold. Given this slight change in
transcription and that human blood is an exvivo model of infection [179], further studies are
required for a complete understanding of the regulation of toxins and other factors during GBS
infection.

Conclusion & future perspective
The persistence of GBS infections in human newborns and in high-risk adult populations
emphasizes the need for additional prevention and therapeutic measures. Although intrapartum
antibiotic therapy has successfully decreased the incidence of EOD, these measures have not
decreased or prevented LOD, GBS-related stillbirth and prematurity. Furthermore, these
measures do not address prevention or treatment of GBS infection in human adults. The recent
emergence of antibiotic-resistant GBS strains, particularly those resistant to penicillin, imposes
a significant threat to the successful treatment of infections, as is now the case with the related
Gram-positive pathogen S. aureus. Current strategies have focused on the development of
effective vaccines for prevention of GBS infection [150]. However, it is important to remember
that vaccines are not suitable for the treatment of infections. Consequently, identification of
alternate drug targets is essential for future therapeutic measures against GBS disease.
Elucidation of the molecular mechanisms that underlie GBS disease pathogenesis is pivotal
for the identification of drug targets and also in the development of novel vaccines. The
availability of the GBS genome has increased our understanding of factors that contribute to
various facets of GBS infections. Molecular insights into the mechanism of action of some of
these factors in GBS adherence and invasion of host cells and in evasion of host immunity have
been elucidated (Table 1). Factors, such as the CPS, have been examined for their efficacy in
the prevention of GBS infection and are in clinical trials. In addition, numerous other surface-
associated virulence factors, including C5a peptidase and pili, have been tested for their ability
to mount an immune response against GBS infection. These investigations are ongoing and
will identify novel candidate vaccine targets.
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Despite these advances, our understanding of the molecular events that dictate the transition
of an otherwise commensal organism to an invasive pathogen is still at its infancy. In order to
comprehend GBS pathogenesis, significant progress will have to be made to understand how
this pathogen adapts to the various host environments encountered during its disease cycle.
The nominal advances made in this area have already revealed the adaptable nature of GBS
and novel paradigms that enable the pathogen to fine-tune gene expression for disease
progression. In contrast to GBS, signaling responses for environmental adaptation have been
extensively studied in related Gram-positive pathogens such as Group A Streptococcus and S.
aureus. Extracellular signals perceived by some of the STS in these pathogens have also been
identified and include changes in magnesium concentration, the presence of quorum sensing
molecules and AMPs [56,134,180–182]. Furthermore, inhibitors targeted at STS to decrease
bacterial resistance to antibiotics have also been explored [31,32]. The function of the GBS
STS, such as the genes they regulate and the signals they perceive to enable successful
environmental adaptation for infection and disease progression, are not completely understood.
Given that antibiotic resistance is on the rise, advances in GBS environmental adaptation will
be in the forefront as this knowledge is critical to effectively treat GBS infections. Many of
these discoveries may also challenge existing paradigms to reveal the versatile nature of the
pathogen. A deeper understanding of how GBS regulates expression of its virulence/survival
factors, particularly for those being considered as vaccine or drug targets, is imperative for the
success of alternate therapeutic strategies to combat this opportunistic pathogen that affects
our most vulnerable populations.

Executive summary

Group B Streptococcus disease in human newborns & adults

▪ Group B Streptococcus (GBS) disease in human newborns manifests as early-onset
disease or late-onset disease.

▪ Intrapartum antibiotic therapy has successfully reduced incidences of early-onset
disease but has had no effect on incidences of late-onset disease, GBS-related stillbirth
or prematurity.

▪ GBS is also a pathogen of adults. The elderly, immunocompromised and those with
underlying conditions such as diabetes or malignanicies are particularly at risk.

▪ The emergence of GBS strains resistant to penicillin, clindamycin and erythromycin
reinforces the need for the development of alternate prevention and therapeutic
measures.

Regulation of virulence factors

▪ Although the GBS genome indicates the presence of multiple signal transduction
systems, the roles of only a few are known.

▪ Transcription of the pore-forming toxins, sialic acid-rich capsular polysaccharide,
fibrinogen-binding proteins, C5a peptidase, serine protease and other virulence factors
are regulated by GBS signal transduction systems.

▪ GBS alters its gene expression to respond to changes in the external environment such
as oxygen concentration, temperature and presence of human blood.

Regulation during infection

▪ GBS encodes a number of factors for adherence, invasion and dissemination within
the host.
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▪ A number of factors also promote immune evasion and nutrient acquisition during
GBS infection.

▪ How GBS responds to its external environment to appropriately express this large
repertoire of factors for colonization or invasion of the host are not understood.
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Figure 1. Lifecycle of Group B Streptococci as a neonatal pathogen
(A) GBS reside as a commensal in genital and lower gastrointestinal tracts of women. (B) GBS
can infiltrate the intrauterine compartment in pregnant mothers who are asymptomatic carriers.
(C) Newborn aspirate GBS in utero or during birth. (D) GBS invades the neonatal lung causing
pneumonia. (E) From the lung, GBS gains access into the bloodstream of the neonate causing
sepsis and invades multiple neonatal organs including the heart (F) GBS penetrates the blood–
brain barrier causing meningitis.
GBS: Group B Streptococci.
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Figure 2. Regulation of factors important for Group B Streptococci disease pathogenesis
Two-component system (TCS) comprising the response regulators CovR, RgfA, CiaR and
DltR, and their cognate sensor histidine kinases CovS, RgfC, CiaH and DltS, regulate the
transcription of toxins and other factors that contribute to GBS virulence. These include the
pore-forming toxins and factors that promote adherence, immune evasion and resistance to
host defences. The genes regulated by 13 other TCS that are conserved in GBS serotypes are
not known. Apart from TCS, GBS encodes signaling enzymes commonly found in eukaryotes,
such as a serine threonine kinase Stk1 and its cognate phosphatase Stp1 that also regulates the
expression of pore-forming toxins. Of the six standalone regulators, the function of only three
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(MtaR, RovS and RogB) have been examined. The genome sequence indicates that GBS
encodes up to 107 regulatory molecules; the function of only a few are known.
β-H/C: β-hemolysin/cytolysin; AMP: Antimicrobial peptide; C5ase: C5a peptidase; CAMP:
Christie Atkins Munch Peterson; FbsA: Fibrinogen-binding protein A; GBS: Group B
Streptococci LTA: Lipotechoic acid; Met: Methionine; Sia-CPS: Sialic acid capsular
polysaccharide; SodA: Superoxide dismutase.
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Table 1
Regulation of virulence factor expression.

Virulence factor Mode of action Genetic basis Mechanism of regulation

Activating
signal for
regulation

Pore-forming toxins

β-hemolysin/cytolysin (β-H/C, CylE) Promotes invasion of host
cells and triggers host-cell
lysis

cylE and other
genes in the cyl
locus

Repressed by CovR/CovS Unknown

Impairs cardiac and liver
function

Activated by Stk1 through
CovR

Unknown

Induces inflammatory
responses and apoptosis

Activated by RovS
independent of CovS/
CovR and Stk1

Growth rate‡

CAMP factor (Cfb) Forms pores in host-cell
membrane

cfb Activated by CovR/CovS Unknown

Binds to GPI anchored
proteins

Repressed by Stk1 through
CovR

Unknown

Factors for immune evasion

Sialic acid capsular polysaccharide
(CPS)

Prevents recognition of GBS
through molecular mimicry
of host-cell surface
glycoconjugates

cpsA–L, neuA–D Repressed by RogB
(strain-dependent)

Growth rate‡

Masks pro-inflammatory
cell wall components

Activated by CovR/CovS
in a strain-dependent
manner

Unknown

Superoxide dismutase (SodA) Detoxifies singlet oxygen
and superoxide

soda Activated by RovS Unknown

Pigment (rhamno-polyene) Detoxifies singlet oxygen
and superoxide

cyl locus Repressed by CovR/CovS Unknown

Activated by Stk1 through
CovR

Unknown

Role of RovS is unclear Unknown

C5a peptidase (ScpB) Prevents neutrophil
recruitment due to cleavage
of complement C5a

scpB Repressed by RgfC/RgfA
and CovR/CovS in a strain-
dependent manner

RgfB for
RgfC/RgfA
regulation‡

Promotes adherence by
binding to ECM fibronectin
and epithelial cells

Signal for
CovR/S
regulation
unknown

Serine protease (CspA) Cleaves fibrinogen and
chemokines

cspA Unknown Unknown

Impairs neutrophil
recruitment and phagocytic
killing of GBS

Resistance to AMPs

Alanylation of lipotechoic acid Decreases net negative
charge on cell surface, repels
AMPs

dltA–D Activated by DltR/DltS Unknown
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Virulence factor Mode of action Genetic basis Mechanism of regulation

Activating
signal for
regulation

Penicillin-binding protein 1a (PBP1a) Promotes resistance to
AMPs through an unknown
mechanism

ponA Unknown Unknown

Pili Promotes resistance to
AMPs through an unknown
mechanism

PI-1 and PI-2 Expression of PI-2a is
activated by

Unknown

Also promotes adherence of
GBS to host cells

(PI-2a or PI-2b) RogB (strain-dependent)

Host-cell adherence & invasion

Fibrinogen-binding protein A (FbsA)
*

Promotes adherence of GBS
to host cells by binding to
ECM fibrinogen

fbsA Repressed by RovS Unknown

Activated by CovR/CovS
and RogB in a strain-
dependent manner

Growth
phase-
dependent
regulation by
RogB

Fibrinogen-binding protein B (FbsB) Promotes entry of GBS into
host cells

fbsB Repressed by MtaR Unknown

Laminin-binding protein (Lmb) Promotes adherence of GBS
to host cells by binding to
ECM laminin

lmb Unknown Unknown

Serine-rich repeat proteins (Srr) Srr-1 promotes adherence of
GBS to human keratin and
epithelial (HEp2) cells

srr-1 Unknown Unknown

Srr-2 enhances virulence of
GBS

srr-2

Immunogenic bacterial adhesin
(BibA)

Promotes adherence of GBS
to host cells and binds
complement regulatory
protein C4bp

bibA Unknown Unknown

αC protein* Facilitates GBS adherence to
epithelial cells

bca Unknown Unknown

Invasion-associated gene (IagA) Membrane anchoring of
lipotechoic acid; important
for blood–brain barrier
invasion

iagA Unknown Unknown

Other virulence functions

Hyaluronate lysase Cleaves hyaluron and
promotes spread of GBS
during infection

hlyB Unknown Unknown

Methionine transport regulator
(MtaR)

Methionine transport/uptake mtaR Unknown Unknown

*
Represents virulence factors that are not conserved in all GBS strains.

‡
These are suggested signals, but they have not yet been proven.
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AMPs: Antimicrobial peptides; CAMP: Christie Atkins Munch Peterson; ECM: Extracellular matrix; GPI: Glycosylphosphotidylinositol; GBS: Group B
Streptococcus; PI: Pilus island.
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