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Group B Streptococcus (GBS) causes severe disease in neonates, the elderly, and immunocompromised individuals. GBS species
are highly diverse and can be classified by serotype and multilocus sequence typing. Sequence type 17 (ST-17) strains cause inva-
sive neonatal disease more frequently than strains of other STs. Attachment and invasion of host cells are key steps in GBS
pathogenesis. We investigated whether four serotype III strains representing ST-17 (two strains), ST-19, and ST-23 differ in their
abilities to attach to and invade both decidual cells and lung epithelial cells. Virulence gene expression following host cell associ-
ation and exposure to amnion cells was also tested. The ST-17 strains differed in their abilities to attach to and invade decidual
cells, whereas there were no differences with lung epithelial cells. The ST-19 and ST-23 strains, however, attached to and invaded
decidual cells less than both ST-17 strains. Although the ST-23 strain attached to lung epithelial cells better than ST-17 and -19
strains, none of the strains effectively invaded the lung epithelial cells. Notably, the association with host cells resulted in the
differential expression of several virulence genes relative to basal expression levels. Similar expression patterns of some genes
were observed regardless of cell type used. Collectively, these results show that GBS strains differ in their abilities to attach to
distinct host cell types and express key virulence genes that are relevant to the disease process. Enhancing our understanding of
pathogenic mechanisms could aid in the identification of novel therapeutic targets or vaccine candidates that could potentially
decrease morbidity and mortality associated with neonatal infections.

Group B Streptococcus (GBS) is a leading cause of neonatal
sepsis and meningitis and is transferred from mothers to ba-

bies in utero or during childbirth (1). Approximately 30% of
women are asymptomatically colonized with GBS, and roughly
50% to 70% of babies born to those women become colonized.
Neonatal GBS infections are divided in two classes of disease: ear-
ly-onset disease and late-onset disease. Early-onset disease occurs
within the first few days of life, and late-onset disease occurs be-
tween 1 week and 3 months of age (2). Current prevention prac-
tices rely on antibiotic prophylaxis administered to colonized
mothers prior to childbirth. Although these efforts have been suc-
cessful in preventing early-onset GBS disease, the prevalence of
late-onset disease remains the same. In addition, screen-and-treat
approaches do not provide a safeguard against premature birth
due to invasive GBS infections. Therefore, the identification and
development of alternative preventative measures, such as vac-
cines and drug targets, are greatly needed (3).

GBS strains can be classified into 10 distinct serotypes based on
types of capsular polysaccharide (cps) (Ia, Ib, and II to IX), with
types Ia, III, and V more often associated with disease than the
other types (3, 4). GBS can be further classified using multilocus
sequence typing (MLST), which examines the allelic profiles of
seven conserved genes and groups the strains into sequence types
(STs), providing a classification based on the genetic backbone
(5). Serotype III ST-17 GBS strains have been shown to cause a
higher frequency of neonatal disease than other STs (6–9).

GBS, like many other pathogens, needs to cross physical barri-
ers within the host to cause disease. Progression of GBS disease
involves initial maternal colonization of vaginal epithelial cells,
dissemination across extraplacental membranes (causing chorio-

amnionitis) and across neonatal lung epithelial cells, bloodstream
survival, and, in cases of meningitis, penetration of the blood-
brain barrier (10). Infection of the newborn is a result of either
invasion by a GBS strain(s) that ascends the genital tract to infect
through the extraplacental membranes to cause infection in utero
or aspiration of infected vaginal fluid as the baby passes through
the birth canal (2). In order to cross these anatomical barriers to
infection, GBS must be able to adhere to and invade the host cells
that comprise these barriers. Previous studies have shown that
GBS effectively adheres to and invades epithelial and endothelial
cells. Additionally, GBS strains of different serotypes differ in their
abilities to associate with host cells (11–16); however, such studies
selected strains on the basis of cps type rather than ST. Because cps
is horizontally transferred between strains and there is evidence of
capsule switching (17, 18), selecting strains based on ST, or genetic
backbone, is warranted. Comparing the hypervirulent lineage, ST-
17, with other lineages with respect to the ability to attach to and
invade host cells will facilitate the identification of factors that play
an important role in GBS disease development.

In this study, we determined the level of GBS attachment and
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invasion of two barriers that are typically encountered during the
early stages of an infection. These barriers include decidual cells,
which make up the outer layer of the extraplacental membranes,
and lung epithelial cells, one site of inoculation in neonates during
passage through the birth canal or during aspiration of contami-
nated amniotic fluid in utero. Four serotype III GBS strains repre-
senting ST-17, ST-19, and ST-23 were compared to quantify dif-
ferences in associations with decidual and lung epithelial cells
across and within phylogenetically distinct lineages. Additionally,
the expression of known virulence genes was examined in each
strain upon association with host cells to better understand the
role these factors play in GBS pathogenesis and identify gene tar-
gets useful for guiding disease prevention strategies.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Four GBS strains were used in
this study, all of them serotype III: GB112, a ST-17 strain isolated from a
follow-up vaginal rectal screen of a woman who had recently given birth
(19); GB411, a ST-17 strain isolated from a newborn with septicemia (20);
GB590, a ST-19 strain isolated from a vaginal rectal screen of a pregnant
woman (19); and genome strain NEM316 (ATCC 12403), a ST-23 strain
isolated from a newborn with septicemia. Strains were cultured in Todd-
Hewitt broth (THB) or agar (THA) or on sheep’s blood agar plates (BD)
at 37°C with 5% CO2.

Cell culture. The A549 cell line (ATCC CCL-185), a human alveolar
epithelial carcinoma cell line, was maintained by incubation at 37°C with
5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) con-
taining 10% fetal bovine serum (FBS) (HyClone) and 2% penicillin-strep-
tomycin (pen/strep) (Gibco). A human endometrial stromal cell (HESC)
line, T HESC (ATCC CRL-4003), was cultured in DMEM/Nutrient Mix-
ture Ham’s F-12 with L-glutamine (Sigma) supplemented with 1.5 g/liter
sodium bicarbonate, 1% BD ITS� universal culture supplement premix,
10% charcoal-treated FBS (HyClone), and 2% pen/strep (referred to as
HESC medium here).

Association assays. T HESCs were first decidualized as previously
described (21). Briefly, cells were grown to approximately 50% confluence
and treated with 0.5 mM 8-bromo-cyclic amp (cAMP) (Sigma) for 3 to 6
days. Decidualization was confirmed by examining the expression of pro-
lactin and insulin-like growth factor (IGF)-binding protein 1, which are
upregulated following decidualization. Assays were not performed until
the cells reached 100% confluence such so no part of the bottom of the
well was exposed since the bacteria attached well to the plates. Bacterial
strains were grown in THB to mid-log phase, washed once with phos-
phate-buffered saline (PBS), and resuspended in infection medium
(HESC medium with 2% charcoal-treated FBS, no ITS�, and no antibi-
otics). The same infection medium was used for both cell lines for com-
parisons of associations across cell lines without factoring in effect of the
medium used. Prior to infection, host cells were washed three times with
PBS. They were then infected with GBS strains in the infection medium at
a multiplicity of infection (MOI) of one bacterial cell per host cell. After 2
h of incubation at 37°C with 5% CO2, wells were washed three times with
PBS to remove nonadherent bacteria.

To determine the number of associated bacteria (attached and in-
vaded), host cells were lysed with 0.1% Triton X-100 (Sigma) for 30 min at
37°C. Lysates were subjected to gentle vortex mixing to further disrupt the
host cells and liberate intracellular bacteria. After serial dilution, lysates
were then plated on THA and incubated overnight at 37°C, and CFU were
counted. To test invasion, once nonadherent bacteria were washed away
as described above, infection medium containing 100 �g/ml of gentami-
cin (Gibco) and 5 �g/ml of penicillin G (Sigma) was added to each well
and incubated at 37°C for 1 h to kill extracellular bacteria. Wells were then
washed with PBS two times, and intracellular bacteria were enumerated as
described above for associated bacteria. The number of attached bacteria
was calculated by subtracting the number invaded from the number as-

sociated. All data were expressed as percentages of the total number of
bacteria per well after the 2-h infection. Assays were run in triplicate at
least three times.

Amnion cell isolation. Human extraplacental membranes were col-
lected from healthy, nonsmoking, singleton pregnancies undergoing
scheduled cesarean delivery prior to onset of labor at the University of
Michigan Birth Center as previously described (22). The University of
Michigan Institutional Review Board approved this research (IRBMED
no. HUM0037054). Immediately following delivery, the membranes were
transported to the laboratory in Dulbecco’s phosphate-buffered saline
(DPBS). Membranes were rinsed with DPBS, and blood clots were re-
moved. Membranes were then subjected to blunt dissection to separate
the choriodecidua from the amnion. Amnion tissue was used to isolate
amnion cells using methods adapted from three protocols (23–25).
Briefly, amnion cells were digested with 0.25% trypsin–EDTA (Gibco) at
37 C for 30 min. Amnion tissue was transferred to fresh trypsin-EDTA,
and the digestion described above was repeated. Following each digestion,
the trypsin-EDTA was neutralized with medium (DMEM:F12 supple-
mented with 10% FBS and pen/strep). Cells were pelleted by centrifuga-
tion, washed in medium, pelleted again, and resuspended in medium
containing epidermal growth factor (EGF) (Peprotech) (DMEM:F12 sup-
plemented with 10% FBS, pen/strep, and 10 ng/ml EGF). Amnion cells
were seeded at 500,000 cells/well (12-well plates) in 1 ml medium and
grown to 70% to 80% confluence, and the medium was changed on day 2
of culture (DMEM:F12 supplemented with 10% FBS and 100 ng/ml EGF
without antibiotics). Viability of amnion cells prior to plating was assessed
using trypan blue. After 2 days of culture, cell morphology and growth
were assessed. Cells were infected on day 3 after forming a monolayer.

RNA preparation and real-time PCR (qRT-PCR). Bacterial RNA was
isolated from samples in the association assay described above. The four
types of samples collected were bacterial cells for establishment of the
basal activity (growth in cell culture media with no exposure to host cells),
bacterial cells in suspension (in the media, not attached to host cells),
bacterial cells associated with host cells, and bacterial cells that invaded
host cells. Samples used for RNA extraction were prepared using
RNAprotect Bacteria Reagent (Qiagen) and an RNeasy minikit (Qiagen)
as described in the “Enzymatic Lysis, Proteinase K Digestion, and Me-
chanical Disruption of Bacteria” protocol in the RNAprotect handbook
with the addition of incubation with mutanolysin during the treatment
with proteinase K and lysozyme. RNA samples were then treated with a
Turbo DNA-free kit (Ambion) and checked for DNA contamination by
PCR without prior reverse transcription (RT). cDNA was synthesized
from 1 �g RNA with random primers using an iScript Select cDNA syn-
thesis kit (Bio-Rad). Quantitative RT-PCR (qRT-PCR) was performed in
a 15-�l reaction mixture using iQ SYBR Supermix (Bio-Rad) and 10 �M
(each) gene-specific primers. The list of primers used can be found in
Table 1. Amplification and detection of specific products were performed
using a CFX384 Touch Real-Time PCR detection system (Bio-Rad) under
the following conditions: 1 cycle of 3 min at 95°C and 39 cycles of 95°C for
10 s and 60°C for 30 s. Relative gene expression levels were calculated
using the comparative threshold cycle (CT) method (2���CT method)
(26) with gyrA as the internal control gene and normalization of expres-
sion relative to basal levels of expression. A 2-fold change in the gene
expression level was considered significant.

Statistical analysis. Data are reported as means � standard deviations
(SD). GraphPad Prism 5.0 was used for statistical analysis. For the GBS
growth rates and association assays, statistical analysis was performed
using one-way analysis of variance (ANOVA) and Tukey’s posttest. For
gene expression analysis, statistical analysis was performed using two-way
ANOVA and Bonferroni’s posttest. Differences with P values of �0.05
were considered statistically significant.

RESULTS
Bacterial growth rates did not differ among GBS isolates. The
bacterial growth rate has previously been shown to influence the
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invasiveness of GBS in respiratory epithelial cells (27). Therefore,
it was important that the strains used in this study exhibited sim-
ilar growth rates to reduce the effect of this parameter on the
experiments. To determine the growth characteristics of the four
strains used in this study, each strain was grown in the infection
medium used for the association assays over a 6-h period and the
optical density at 600 nm (OD600) and CFU/ml were determined
every hour (Fig. 1). No significant differences in growth rates were
observed for all four strains. Similar results were observed when
the strains were grown in THB (not shown).

Association with host cells varies among serotype III GBS
strains. Previous studies have shown that GBS strains of different
serotypes vary in attachment and invasion of host cells, but few
have compared GBS strains of the same serotype. Association as-
says were performed to determine if serotype III strains differed in
their abilities to attach to and invade host cells. Decidualized hu-
man endometrial stromal cells (T HESCs) were used as an extra-
placental membrane invasion model, and A549 lung epithelial
cells were used as a model for infection through the lungs.

The hypervirulent ST-17 lineage is most often associated with
neonatal sepsis and meningitis. It is known that ST-17 strains have
a greater propensity to cause severe disease than strains of other
lineages (6–9); therefore, we first compared strains within this
lineage. Two ST-17 GBS isolates were selected: one colonizing
strain isolated from a vaginal rectal swab of a healthy pregnant

woman and one invasive strain isolated from a newborn baby with
septicemia. Interestingly, significantly more bacteria of the colo-
nizing strain attached to decidual cells than bacteria of the invasive
strain (P � 0.01), whereas the invasive strain invaded the decidual
cells significantly more extensively than the colonizing strain (P �
0.05) (Fig. 2A and B). No difference was seen in the abilities of the
two strains to attach to lung epithelial cells (Fig. 2C), and neither
strain effectively invaded the lung epithelial cells (Fig. 2D). Over-
all, the levels of attachment and invasion of decidual cells were
much higher than those seen with lung epithelial cells.

In a previous study, it was reported that both ST-17 and ST-19
strains were more often associated with invasive disease but that
ST-23 strains were linked to asymptomatic colonization (9). To
determine if variations exist in the ability to associate with host
cells across these diverse GBS genotypes of the same serotype, the
same association assays were used to compare two strains repre-
senting ST-19 and ST-23 to the colonizing and invasive ST-17
strains. The ST-23 strain attached to lung epithelial cells signifi-
cantly more extensively than the ST-19 strain (P � 0.001). How-
ever, there was no difference with respect to attachment to decid-
ual cells, and neither strain effectively invaded either cell type (Fig.
2). Both strains had an enhanced ability to attach to the lung
epithelial cells compared to the decidual cells. Additionally, both
ST-17 strains attached to decidual cells significantly more than
either the ST-23 strain or the ST-19 strain (P � 0.01) (Fig. 2A),
whereas the ST-23 strain attached to the lung epithelial cells more
than strains ST-19 and ST-17 (P � 0.001) (Fig. 2C).

Virulence gene expression levels did not differ among ST-17
strains. To examine the effect host cells have on bacterial viru-
lence gene expression and to determine if differential expression
of bacterial virulence genes could help explain some of the differ-
ences seen in host cell association, we tested the expression of
several known virulence genes upon either attachment to or inva-
sion of host cells relative to basal levels of expression. The com-
plete list of genes tested and their functions is shown in Table 2.
Although no significant differences between the two ST-17 strains
in gene expression were detected, 8 of the 12 genes tested were
differentially expressed upon associating with host cells relative to
the basal gene expression (Fig. 3). Of note, fbsB was highly upregu-
lated under all conditions tested and both hvgA and lrrG were
highly downregulated upon invasion of both cell types.

TABLE 1 Oligonucleotide primers used for qRT-PCR

Gene Forward primer (5= to 3=) Reverse primer (5= to 3=)
gyrA CGGGACACGTACAGGCTACT CGATACGAGAAGCTCCCACA
srr1 GTCACTTCCGTTTGTTCTGCC CTGGTAGGTGGAGCGAGTTT
srr2 GCTGTAGTTGGAGGGACGAC TTACTTCTGGCGCAACCACT
bibA CTAGCGGAAACTTGGTGGCT GGCTTCACCCGTTGATGGTA
hvgA ATACAAATTCTGCTGACTACCG TTAAATCCTTCCTGACCATTCC
lrrG TACGCCAGATTCCTTTGGCA CTTCTGCCGCTGCATTTCG
lmb GATCCCTTGCCCAAGCTTCT TCCAATCAGGTGCAGGCATT
scpB GTAACTACGCTCAAGCTATC CCCAAAGCTACTATCATTAC
spb1 TCGCTGTTAGTGGCGAGTTT TGTCTCAGCGGCAAAAGCTA
fbsB GCGATTGTGAATAGAATGAGTG ACAGAAGCGGCGATTTCATT
cylE TGGAAATTGCTAAGTTAGATAACG AGCCCTCGTTAAGTTTGCCA
iagA CCCCCAAGTTTCGGGAGTTT ACGTTTGACATTACGGTCGGT
sip CATCGACAATGGCAGCTTCG GCTGTCCACGTCGTATCTGT
ponA AGGAAGTTTGGCTTGGGCTT AGCGAGCAAAGCAAGTTGTG
cylX TGGCTTGTATAAAACGCGGCT CAACGACACTGCCATCAGCA

FIG 1 Bacterial growth curves. Bacterial cultures of the four strains used in
this study were incubated at 37°C for a 6-h period during which the cultures
were sampled every hour to determine CFU/ml (black lines) and OD600 (gray
lines). C, colonizing; I, invasive.
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To determine whether the ST-17 strains behave similarly in a
more physiologically relevant cell type than immortalized cell
lines, both strains were exposed to amnion cells isolated from the
extraplacental membranes of three women after childbirth. Fol-

lowing bacterial RNA extraction and gene expression profiling, we
observed upregulation of four genes (srr2, lmb, fbsB, and cylX) that
were also upregulated in response to decidual or lung epithelial
cell exposure in one or both of the strains (Fig. 3A and C). Expres-

FIG 2 GBS association with host cells. Host cell lines were infected with GBS at a multiplicity of infection (MOI) of 1 for 2 h. The number of bacteria is expressed
relative to the total number of bacteria in the well after the infection. (A and B) Attachment to (A) and invasion of (B) decidual cells. (C and D) Attachment to
(C) and invasion of (D) lung epithelial cells. Bars represent means � SD of the results. Bars labeled with different letters are significantly different from each other.
Experiments were repeated in triplicate at least three times.

TABLE 2 Virulence factors tested in this study

Category Gene Product Function/characteristic(s) Reference

Attachment srr Serine-rich repeat protein Surface adhesins; two genetically distinct variants, srr1 and srr2; srr2 is specific
to ST-17 strains

38, 39

bibA Immunogenic bacterial adhesin Binds human C4-binding protein to resist opsonophagocytosis; promotes
adherence to epithelial cells

40

hvgA Hypervirulent GBS adhesin Homologous to BibA; occurs on the same genetic locus; specific to ST-17
strains

28

lrrG Leucine-rich repeat protein Binds epithelial cells and elicits protective immunity 34
lmb Laminin-binding protein Promotes GBS colonization and translocation into bloodstream 31, 32
scpB C5a peptidase Dual function: cleaves and inactivates complement and promotes binding to

epithelial cells and fibronectin
33

Invasion spb1 Surface protein of GBS Pilus backbone of pilus island (PI)-2b; promotes invasion of epithelial cells;
specific to ST-17 strains

41, 42

fbsB Fibrinogen-binding protein B Promotes invasion into epithelial cells 36
cylE CylE protein Predicted to function as an N-acyltransferase in the biosynthesis of the GBS

pigment granadaene required for hemolytic/cytolytic activity of GBS
43

iagA Invasion-associated gene Anchors lipoteichoic acid to the cell membrane; involved in invasion of brain
microvascular endothelial cells

44

Other sip Surface immunogenic protein Surface protein that elicits cross-protective immunity 35
ponA Penicillin-binding protein 1a Promotes resistance to antimicrobial peptides 31
cylX CylX protein Homologous to component of acetyl-CoA carboxylase; predicted to function

in biosynthesis of GBS pigment granadaene
43

Korir et al.

4590 iai.asm.org Infection and Immunity

http://iai.asm.org


sion levels of each gene were then compared across exposures. No
significant differences in gene expression were observed for the
invasive ST-17 strain across all three cell types (Fig. 4A); however,
expression levels of two genes differed for the colonizing ST-17
strain (Fig. 4B). fbsB was upregulated by at least 2-fold when ex-
posed to all cell types, but the magnitude of the change was signif-
icantly lower with amnion cells than with decidual cells. Addition-
ally, cylX was significantly downregulated with amnion cells,

whereas expression levels were unchanged with decidual and lung
epithelial cell attachment.

Differential expression of virulence genes across GBS STs.
To determine if gene expression levels differ across diverse STs,
virulence gene expression levels of strains of ST-17, ST-19, and
ST-23 were compared. Since no significant differences between
the two ST-17 strains in gene expression were observed, the data
were combined for this comparison. Upon attachment to decidual

FIG 3 Virulence gene expression in ST-17 strains. The expression levels of 12 virulence genes were determined upon attachment to and invasion of host cells in
a ST-17 colonizing strain and ST-17 invasive strain. The genes were categorized as “attachment,” “invasion,” or “other” according to their function (see Table 2).
Only the genes with at least a 2-fold change in expression relative to basal expression are represented here. (A and B) Gene expression upon attachment to (A)
and invasion of (B) decidual cells. (C and D) Gene expression upon attachment to (C) and invasion of (D) lung epithelial cells. Bars represent means � SD of the
results of three independent experiments.

FIG 4 GBS ST-17 virulence gene expression levels compared across cell exposure categories. The expression levels of four virulence genes upregulated upon host
cell attachment (Fig. 3) were examined after exposure to amnion cells isolated from human placental tissues and compared to the expression levels seen after
decidual and lung epithelial cell exposure. The genes were categorized as “attachment,” “invasion,” or “other” according to their function (see Table 2). (A)
Virulence gene expression of the invasive ST-17 strain. (B) Virulence gene expression of the colonizing ST-17 strain. Dashed lines mark a 2-fold change in
expression. Bars represent means � SD of the results of three independent experiments. Asterisks indicate significant differences in gene expression levels
between exposures for each gene (*, P � 0.05; **, P � 0.01).
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cells, seven of the genes tested were differentially expressed by at
least 2-fold in one or more of the STs (Fig. 5A). No significant
differences between the ST-19 and ST-23 strains in expression
levels were detected for all genes, whereas the expression levels of
four genes significantly differed in the ST-17 strains from those
seen with ST-19 and ST-23. Although the ST-17 strains attached
to decidual cells more than the ST-19 and ST-23 strains in the
association assays, none of the attachment genes examined were
upregulated in the ST-17 strains, and the ST-19 and ST-23 strains
upregulated expression of bibA whereas both ST-17 strains down-
regulated expression of hvgA, a homologue of bibA unique to
ST-17 (28). Upon invasion of decidual cells, 10 of the virulence
genes tested were differentially expressed (Fig. 5B). No significant
difference between the three STs in expression levels was detected
for cylX, ponA, and sip, whereas one strain had significantly differ-
ent expression levels for the remaining genes.

Attachment to lung epithelial cells resulted in differential reg-
ulation of seven virulence genes tested in this study (Fig. 5C); of
these, no significant difference in expression was detected among
the strains for three genes. Additionally, the expression patterns
for lmb, srr, and fbsB were the same upon attachment to both cell
types. Although there was no difference in lung epithelial cell in-
vasion levels among the strains in the association assays (Fig. 2D),
invasion resulted in differential regulation of the same 10 genes
that were differentially regulated following decidual-cell invasion

(Fig. 5D). Specifically, expression of bibA and hvgA, lrrG, fbsB,
cylX, and ponA in response to lung epithelial cells showed a pattern
similar to that observed upon decidual-cell invasion. Of the 10
genes differentially regulated, six of them showed no significant
difference in expression levels among the strains.

DISCUSSION

Several studies have previously reported that unique GBS strains
differ in their abilities to attach to and invade host cells (11–16).
However, the strains tested in the prior studies were chosen based
on serotype, a phenotypic characterization dictated by capsular
polysaccharide genes, rather than on a genotypic characterization,
such as ST. The present study newly examined the ability of di-
verse GBS STs of the same serotype (serotype III) to associate with
host cell types representing different anatomical barriers GBS
would encounter early during infection. The three STs used in this
study were ST-17, ST-19, and ST-23, which represent the most
common genotypes worldwide (5). ST-17 has been suggested to
be a hypervirulent lineage because of its association with neonatal
meningitis compared to other lineages. Because ST-19 strains are
also more often associated with disease than with asymptomatic
colonization, comparing two invasive and distinct lineages is im-
portant. ST-23 strains are more often associated with asymptom-
atic colonization than other strains and therefore provide a useful
comparison between invasive and colonizing STs.

FIG 5 Virulence gene expression across GBS STs. The expression levels of known virulence genes were determined upon attachment to and invasion of host cells
using ST-17, ST-19, and ST-23 strains. The genes were categorized as “attachment,” “invasion,” or “other” according to their function (see Table 2). (A and B)
Gene expression upon attachment to (A) and invasion of (B) decidual cells. (C and D) Gene expression upon attachment to (C) and invasion of (D) lung
epithelial cells. Dashed lines mark 2-fold change in expression. Expression of iagA was examined but is not included because it was not differentially expressed
under any condition. Bars represent means � SD of the results of three independent experiments. Asterisks indicate significant differences in gene expression
levels between the STs for each gene (*, P � 0.05; **, P � 0.01; ***, P � 0.001). Note that the y axis in panel D differs slightly from those in the other panels.
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The two ST-17 strains differed in their abilities to associate
with decidual cells. The colonizing strain attached more than the
invasive strain, while the invasive strain invaded more than the
colonizing strain. This shows that two strains of the same ST can
differ in their abilities to associate with host cells. However, levels
of attachment and invasion of lung epithelial cells were the same
for both strains and were much lower than those seen with decid-
ual cells. Additionally, the ST-17 strains attached to decidual cells
more than the ST-19 and ST-23 strains, but the ST-23 strain at-
tached to lung epithelial cells more than the ST-17 and ST-19
strains. Overall, few differences in invasive ability were detected
across the three STs. Collectively, these data show that there is
variation in association with host cells within the same serotype
and suggest that strains of the same phylogenetic lineage also differ
in their abilities to associate with host cells. Further studies using
larger numbers of strains of each ST are needed to further charac-
terize the ability to associate with host cells of each ST. In addition,
it is difficult to draw conclusions about invasive versus colonizing
strains because all invasive strains begin the disease process as
asymptomatic colonizers.

One limitation of this study was that the invasion assay used
accounted only for the bacteria that pass through the cell layer
using the transcellular route even though there are other routes
that could be used by GBS to cross anatomical barriers (29). In a
previous study using electron microscopy, Soriani et al. found that
GBS strains use a paracellular route to cross cervical epithelial
cells. The majority of GBS were found in the spaces between the
cells, with very few passing through the cells themselves (30).
Therefore, variation in invasive ability among GBS strains needs
to be further tested using other assays that account for the
paracellular route of invasion as well. Additionally, the use of
polarized cells may more accurately represent the epithelial cell
barriers in vivo.

Differential regulation of virulence genes in response to host
cell association was also examined in this study. Interestingly, even
though differences between the colonizing and invasive ST-17
strains in associations with decidual cells were detected, there were
no differences in the expression levels of the virulence genes
tested, showing that GBS strains belonging to the same phyloge-
netic lineage have similar transcriptional responses upon attach-
ment to and invasion of decidual and lung epithelial cells. This
suggests that the differences in association characteristics could be
due to genetic variation in the genes themselves rather than to
differences in gene regulation or could result from other unknown
virulence factors. Additionally, we examined the expression levels
of four genes in the ST-17 strains following exposure to primary
amnion cells and compared them to the levels seen following lung
epithelial- and decidual-cell exposure. Overall, gene expression
levels were similar across all cell types, showing that using immor-
talized cell lines to assess GBS gene expression in response to host
cells accurately represents the response to primary cells from hu-
man tissues.

Comparing gene expression levels across all strains tested in
this study showed that the expression levels of several virulence
genes, upon association with distinct host cells, differed among
phylogenetically distinct strains of the same serotype. Three of the
five attachment genes examined in this study, lmb, scpB, and lrrG,
along with one other gene, sip, have been considered to be poten-
tial vaccine targets (3). These four genes are highly conserved and

therefore have the potential to elicit protective immunity across
GBS serotypes.

The laminin-binding protein, encoded by lmb, assists coloni-
zation by adhering to the laminin extracellular matrix protein and
has been shown to play a role in adherence to brain microvascular
endothelial cells (31, 32). The present study showed that expres-
sion of lmb is induced in response to host cell attachment and that
there are no significant differences in response across the three STs
tested, suggesting that lmb could be a potential vaccine candidate.
scpB encodes a dual-function serine protease that promotes ad-
herence to epithelial cells and helps evade the host immune system
by cleaving the C5a human complement component (33). Inter-
estingly, even though ScpB appears to be a good vaccine candi-
date, expression of scpB is upregulated in response to host cell
association in only the ST-19 strain and is actually significantly
downregulated in the ST-23 strain under conditions of lung epi-
thelial cell attachment. lrrG encodes a highly conserved leucine-
rich-repeat surface protein that has been shown to elicit protective
immunity in mice, and recombinant LrrG protein adheres to ep-
ithelial cells in vitro, thus making it a strong vaccine candidate
(34). However, expression of lrrG was highly downregulated upon
host cell invasion in the present study, suggesting that lrrG is not
expressed early on during GBS infections. LrrG is likely recog-
nized by host cells; therefore, in order to avoid immune system
detection, GBS strains downregulate the expression of lrrG. The
surface immunogenic protein (Sip) encoded by sip is a protein of
unknown function but is conserved across GBS serotypes and elic-
its protective immunity in mice (35). In the present study, expres-
sion of sip upon host cell attachment either was not significantly
changed or was downregulated by 2-fold, suggesting that it does
not play an important role in host cell attachment. Further studies
need to be done to better understand its role in pathogenesis.
Upon invasion of decidual cells, expression of lmb, scpB, and srr
increased in the ST-19 strain though expression either decreased
or remained the same in the ST-17 and 23 strains relative to ex-
pression upon attachment to decidual cells. This suggests that the
ST-17 and 23 strains no longer need these genes for invasion and
turn off their expression whereas the ST-19 strain maintains high
expression.

Interestingly, decidual-cell attachment resulted in upregula-
tion of bibA expression in the ST-19 and 23 strains although ex-
pression of hvgA, the bibA homologue, was downregulated in both
ST-17 strains. This expression pattern was also observed upon
invasion of both decidual and lung epithelial cells. bibA and hvgA
are located at the same genomic locus, and the regulatory regions
between the two genes are highly conserved, with �90% sequence
identity (28). Therefore, the observed differences between these
two genes in expression levels are not due to variations in the genes
themselves; rather, it would seem likely that they are due to differ-
ential levels of gene regulation by the different STs.

Expression of fbsB was upregulated upon attachment to host
cells and was even higher upon invasion of host cells for both
ST-17 strains and for the ST-23 strain. The high upregulation of
fbsB upon invasion of host cells is consistent with a previous study
that showed that FbsB is important in invasion of epithelial cells
but not in attachment (36). The ST-19 strain showed no expres-
sion of fbsB for any of the samples tested in this study. Upon
further investigation of the fbsB gene sequence in this strain, we
found that the fbsB gene sequence contains an inversion of one
segment of the gene and an insertion compared to the NEM316
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sequence. Further investigation is required to determine if a func-
tional protein is produced and if this sequence is conserved among
other ST-19 strains.

The presence of host cells induced differential gene expression
in all strains of GBS tested in this study. Although a number of
genes were differentially expressed among the three STs, there was
no clear connection between differences in the ability to adhere to
and invade host cells and expression of virulence genes. Future
studies using whole-transcriptome analysis would be helpful in
explaining the differences in the ability to associate with host cells
and identifying other pathways that are important for adherence
to and invasion of host cells among GBS isolates.

One limitation of examining differential gene expression in
response to host cells is that gene expression is very dynamic, and
the time at which the RNA is sampled could affect which genes we
see expressed. In this study, we sampled bacterial RNA at the same
time point (after 2 h of infection) for each experiment; it is there-
fore possible that some of the genes that we did not see differen-
tially expressed could have been expressed at a different time dur-
ing the infection. For a more complete examination of the
transcriptional response to host cells, a full time course may be
more appropriate. In addition, there could be differences in pro-
tein expression that are not shown by mRNA expression due to
posttranslation regulation, which could help explain some of
the differences shown in the association assays. Future studies
assessing the patterns of protein expression would therefore be
beneficial.

The current report provides a comparison of GBS strains based
on genetic backbone rather than on serotype, a phenotypic char-
acteristic. The results show that genetically distinct GBS strains of
the same serotype differ in their abilities to attach to and invade
host cells and differentially express key virulence genes during
host cell association. In addition, two strains of the same genotype
differ in their abilities to attach to and invade host cells but do not
differentially express key virulence genes, suggesting that other,
unknown virulence genes are involved in this process. Because
these strains were classified by MLST, it is quite possible that ad-
ditional genetic characteristics are partly responsible for the dif-
ferences observed. Indeed, Tettelin et al. demonstrated that 20%
of the sequence from each strain is partially shared or strain spe-
cific (37). Further studies with larger numbers of strains for a full
representation of genotypes and whole-genome transcriptome
analysis will aid in identifying additional candidate genes impor-
tant for attachment to and invasion of host cells.
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