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Group B Streptococcus agalactiae bacteria (group B streptococci [GBS]) are the most common cause of
serious bacterial infection in newborn infants. The majority of serotype III-related cases of neonatal disease are
caused by a genetically related subgroup of bacteria, restriction fragment digest pattern (RDP) type III-3,
suggesting that these strains possess unique genes contributing to virulence. We used genomic subtractive
hybridization to identify regions of genomic DNA unique to virulent RDP type III-3 GBS strains. Within one
of these III-3-specific regions is a 1,506-bp open reading frame, spb1 (surface protein of group B streptococcus
1). A mutant type III GBS strain lacking Spb1 was constructed in virulent RDP type III-3 strain 874391, and
the interactions of the wild-type and spb1 isogenic mutant with a variety of epithelial cells important to GBS
colonization and infection were compared. While adherence of the spb1 isogenic mutant to A549 respiratory,
C2Bbe1 colonic, and HeLa cervical epithelial cells was slightly lower than that of the 874391 strain, invasion
of the Spb1� mutant was significantly reduced with these cell lines compared to what was seen with 874391.
The defect in epithelial invasion was corrected by supplying spb1 in trans. These observations suggest that Spb1
contributes to the pathogenesis of neonatal GBS infection by mediating internalization of virulent serotype III
GBS and confirm that understanding of the population structure of bacteria may lead to insights into the
pathogenesis of human infections.

For most of the last century, group B Streptococcus agalac-
tiae bacteria (group B streptococci [GBS]) were best known as
an important cause of bovine mastitis. For unknown reasons,
these bacteria emerged in the mid-1970s as the most common
cause of serious bacterial infection in newborn human infants
and an important pathogen in parturient women (3, 4). GBS
are subdivided into nine serotypes, based on the structure of
the type-specific polysaccharide capsule. Type III GBS are of
particular interest since this is the most common serotype
identified in neonatal and maternal infections and the most
common serotype causing neonatal meningitis (17, 19).

Our understanding of the pathogenesis of GBS infections is
incomplete. Up to 40% of pregnant women carry GBS in their
genitourinary or gastrointestinal tracts (3). The majority of
neonatal infection cases presenting in the first week of life
result from vertical transmission of bacteria from a colonized
mother (4). It is postulated that early-onset GBS infection
results from aspiration of infected vaginal secretions or amni-
otic fluid by the infant, followed by bacterial adhesion to and
invasion of respiratory epithelium and endothelium (26, 27).
Pneumonia and pulmonary hypertension occur in up to 80% of
early-onset infections, thus supporting this hypothesis (3).

The specific molecular interactions that are responsible for
the colonization of pregnant women and the subsequent col-

onization and infection of infants are not known. GBS bind to
a variety of extra- and intracellular matrix proteins, including
laminin, fibronectin, and cytokeratin 8 (29, 34, 35). Pretreat-
ment of GBS with proteases decreases adhesion to epithelial
cells, suggesting that GBS cell surface proteins are important
to this process (33). Preincubation of epithelial cells with hy-
drophobic GBS proteins or preincubation of GBS with anti-
body directed against these proteins diminishes bacterial bind-
ing, findings that also support the existence of specific GBS
epithelial cell adhesins (37). GBS expressing cell-associated
�-hemolysin invade A549 epithelial cells more efficiently than
do �-hemolysin-deficient mutant strains (14). Otherwise, the
molecular mechanisms that permit adherent GBS to invade
host epithelium and endothelium have not been clarified.

Restriction fragment digest patterns (RDP) have been used
to divide serotype III GBS into three genetically related sub-
groups (22). RDP type III-3 GBS are responsible for over 90%
of invasive neonatal infections in both Salt Lake City, Utah,
and Tokyo, Japan, suggesting that these strains may cause most
neonatal disease worldwide (32). RDP type III-2 strains, in
contrast, are significantly more likely to be colonizing strains
isolated from healthy pregnant women who subsequently give
birth to healthy infants. These data suggested that invasive
RDP type III-3 strains possess virulence factors not present in
less virulent RDP type III-2 strains and that these virulence
genes might be identified by genomic subtractive hybridization.
This approach led to the identification of a novel protein of
serotype III GBS, Spb1 (surface protein of group B strepto-
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coccus 1), that mediates invasion of epithelial cells, an impor-
tant process in early-onset neonatal infection.

MATERIALS AND METHODS

Bacterial strains and plasmids. The isolation and characterization of strains
874391 and 865043 used in this study has been described previously (32). Strain
874391 is a virulent RDP type III-3 GBS and 865043 is a less virulent RDP type
III-2 strain. Serotype III strain COH-1 was kindly provided by Craig Rubens,
University of Washington. GBS were grown on Columbia Blood agar or Todd-
Hewitt (TH) agar and in TH broth, with 10 �g of erythromycin/ml for antibiotic
selection as indicated. Escherichia coli XL1-Blue (Stratagene, La Jolla, Calif.)
was grown on Luria-Bertani agar or in LB broth, with 350 �g of erythromycin/ml
or 100 �g of ampicillin/ml for antibiotic selection. The pBS KSII and pBC
(Stratagene) and pCR II plasmids and �FIX II bacteriophage (Invitrogen, Carls-
bad, Calif.) were obtained commercially. The conditionally replicating shuttle
vector pHY304 was generously provided by C. Rubens, University of Washing-
ton. This plasmid contains a temperature sensitive ori which is active at 30°C but
not at 37°C, an ermr erythromycin resistance gene, and a multiple cloning site
derived from pUC19. The low-copy-number shuttle vector pMS3545 that also
contains ermr was provided by G. Dunny, University of Minnesota (11).

Epithelial cell culture. A549 respiratory epithelial cells (no. CCL-185; Amer-
ican Type Culture Collection [ATCC], Manassas, Va.) were propagated in
Ham’s F12K medium with 2 mM L-glutamine, 1.5 g of NaHCO3/liter, and 10%
fetal bovine serum (FBS). C2BBe1 (no. CRL-2102; ATCC) cells were propa-
gated in Dulbecco’s modified Eagle’s medium with 4 mM L-glutamine, 1.5 g of
sodium bicarbonate/liter, 4.5 g of glucose/liter, 1.0 mM sodium pyruvate, 0.01 mg
of human transferrin/ml, and 10% FBS. HeLa cervical epithelial cells (no.
CCL-2; ATCC) were propagated in Eagle’s minimum essential medium with 2
mM L-glutamine and Earle’s balanced salt solution, 1.5 g of sodium bicarbonate/
liter, 0.1 mM nonessential amino acids, 1.0 mM sodium pyruvate, and 10% FBS.

Genomic subtractive hybridization. Genomic subtractive hybridization was
performed as previously described (9). Briefly, DNA was prepared from virulent
RDP type III-3 strain 874391 and avirulent RDP type III-2 strain 865043 by
mutanolysin and proteinase K digestion (22). Genomic DNA from each strain
was digested with TaqI restriction endonuclease (Gibco Invitrogen). Two pairs of
oligonucleotide adapters were alternated for each round of subtractive hybrid-
ization: taqA (5� CTAGGTGGATCCTTCGGCAAT 3�) and taqB (5� CGATT
GCCGA 3�); taqE (5� AGGCAACTGTGCTAACCGAGGGAAT 3�) and taqF
(5� CGATTCCCTCG 3�). Three rounds of subtraction and amplification were
performed using 0.5 �g of adapter-ligated virulent 874391 DNA for the first
cycle, 200 ng for the second cycle, and 5 pg for the third cycle. Forty micrograms
of TaqI-digested avirulent RDP strain 865043 was used in each subtraction.
Following the final subtraction-amplification reaction, amplification products
were cloned into pCR II vectors.

Southern blot and dot blot hybridization. Genomic DNA was prepared from
GBS as previously described (32). Nine DNA sequences that are present in all
isolates of the RDP III-3 phylogenetic lineage but not in the RDP type III-2
lineage were identified by genomic subtractive hybridization (10). For dot blots,
genomic DNA was applied to membranes and hybridized with radiolabeled
DY-1 and spb1 probes. For Southern blots, genomic DNA was digested with
EcoRI and electrophoresed in a 0.8% Tris-borate-EDTA agarose gel. Restric-
tion fragments were transferred to nylon membranes and hybridized with fluo-
rescein-labeled probes (Gene Images; Amersham Biosciences, Piscataway, N.J.)
following the manufacturer’s protocol.

Genomic library construction and screening. A GBS RDP type III-3 874391
genomic DNA library was constructed in �FIX II (Stratagene) by partial diges-
tion of genomic DNA with BglII restriction endonuclease and partial fill-in with
dGTP and dATP according to the manufacturer’s protocol. DNA sequencing
was performed using ABI Prism 3700 DNA analyzers (Applied Biosystems,
Foster City, Calif.).

spb1 deletion mutant. The spb1 open reading frame (ORF) and approximately
200 bp of 5�- and 3�-flanking genomic DNA were amplified by PCR and sub-
cloned into pBS KSII, and an 800-bp intragenic HindIII fragment was excised to
create pBS/spb1�. The truncated spb1 gene was cloned into the targeting vector
pHY304, transformed into competent 874391 strain GBS, and incubated at 30°C
(15). An erythromycin-resistant colony was grown in TH broth with erythromycin
at 30°C for 3 h, and the presence of the pHY304/spb1� plasmid was confirmed
by plasmid purification and restriction digestion. Bacteria were then diluted
1:100 in fresh medium, incubated at 37°C for 3 h, and plated onto TH-erythro-
mycin plates at 37°C. An erythromycin-resistant colony, containing an integrated
copy of the targeting vector, was inoculated in 5 ml of TH broth without eryth-
romycin, grown for 3 h at the permissive temperature of 30°C, and plated on TH

plates at 37°C. Genomic DNA was prepared from erythromycin-susceptible
colonies, and PCR amplification using spb1-specific primers Southern blotting
with an spb1 probe from pBS/spb1� was performed to confirm the presence of a
truncated spb1 gene (1).

To complement the spb1 mutation in trans, the complete spb1 coding region
and 500 bp of upstream flanking sequence were cloned into pMS3545 and
transformed into competent Spb1� strain GBS, and an erythromycin-susceptible
colony was selected. The presence of the pMA3545/spb1 expression vector in this
strain (Spb1c) was confirmed by plasmid purification and restriction digestion.
To examine the effect of providing spb1 in trans on an RDP type III-2 strain,
pMA3454/spb1 was also used to transform competent 865043 strain GBS.

Hemolytic activity of GBS strains. The hemolytic activities of the GBS strains
874391 and Spb1 were determined by their ability to lyse sheep red blood cells as
previously described (25). The hemolytic activities of these strains were also
compared with that of the previously characterized type III GBS strain COH-1.
The hemolytic activity of each strain was expressed as a hemolytic index, with the
activity of strain COH-1 designated as 1.

Adherence to and invasion of epithelial cells. Three epithelial cell lines were
used in in vitro studies of GBS adherence and invasion. A549 pulmonary epi-
thelial cells served as a model for neonatal respiratory colonization and infection,
and HeLa cervical epithelial cells served as a model for maternal colonization
and maternal infection. It has been hypothesized that neonatal infections after
the first week of life may originate from a gastrointestinal rather than pulmonary
focus (5). C2BBe1 colonic epithelial cells, derived from the Caco-2 cell line, were
used as a model of intestinal colonization and possible late-onset neonatal
infection. These cells form a polarized monolayer that is more homogeneous
than Caco-2 cells and morphologically more comparable to the human colon
since villi are located exclusively on apical surfaces (24).

An overnight culture of each bacterial strain was diluted 1:10 in TH broth and
grown to an optical density at 600 nm of 0.900 (5 � 108 bacteria/ml). Bacteria were
washed twice in phosphate-buffered saline (PBS) and diluted to the desired inocu-
lum in 100 �l of tissue culture medium with a 1/100 dilution of HEPES. The ability
of GBS to adhere to epithelial cell layers was compared by using the assay described
by Tamura and Rubens (35), except that cultures of serial dilutions of bacteria were
performed to quantify adherent cells instead of using radiolabeled bacteria. Adher-
ence assays were performed at 4°C to limit the numbers of GBS invading epithelial
cells during the assay. Adherent bacteria were removed from wells by scraping and
sonicated briefly to disrupt chains, and quantitative cultures were plated on TH agar
plates with antibiotic selection as indicated. In each case, several different inocula
were tested over at least a fivefold range of multiplicity of infection (MOI; expressed
as the number of bacteria per eukaryotic cell). Bacteria were tested in triplicate for
each assay in at least three separate experiments.

The ability of GBS to invade epithelial cell layers was determined as described
by Rubens et al. (27). Briefly, epithelial cells were grown to confluence in 24-well
tissue culture plates (Corning). Following infection with GBS, cells were incu-
bated for 2 h at 37°C in an atmosphere of 5% CO2. The medium was aspirated,
and wells were gently washed three times with 500 �l of PBS. Adherent extra-
cellular bacteria were killed by the addition of 1 ml of tissue culture medium with
5 �g of penicillin/ml and 100 �g of gentamicin/ml, followed by incubation for 2 h
at 37°C in 5% CO2. Plates were washed twice with 500 �l of PBS, cells were lysed,
and serial dilutions were plated as described above. Again, several different
inocula were tested over a 10-fold range of MOI (expressed as the number of
bacteria per eukaryotic cell). Bacteria were tested in triplicate for each assay in
at least three separate experiments.

Statistical analysis. Continuous variables were analyzed by Student’s t or
Mann-Whitney test.

RESULTS

Identification of spb1. The genomic subtraction procedure of
Lisitsyn et al. was modified to identify candidate virulence genes
unique to RDP type III-3 GBS strains (20). TaqI, a restriction
endonuclease resulting in relatively small restriction fragments
(mean size, 1,200 bp), was selected for restriction digestions be-
cause of the tendency of PCR to preferentially amplify short
DNA segments, resulting in a bias against the identification of
genomic sequences present on large restriction fragments. DNA
from TaqI-digested virulent RDP type III-3 strain was marked by
ligation with oligonucleotide adapters prior to denaturation and
mixing with TaqI-digested DNA from an avirulent RDP type III-2
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strain. Following annealing, this mixture was amplified with prim-
ers corresponding to adapter sequences. Genomic DNA unique
to virulent RDP type III-3 strains is amplified logarithmically by
this strategy, whereas hybrid DNA molecules common to both
RDP types are amplified arithmetically, and DNA unique to
avirulent RDP type III-2 strains is not amplified. Following three
cycles of subtraction and amplification, subtracted amplicons
were cloned into plasmid vectors. The specificity of each probe for
virulent RDP type III-3 strains was confirmed by hybridization to
genomic DNA from a large panel of type III strains of GBS (10).

The RDP type III-3-specific sequence tag DY-1 was selected
for further analysis. The 166-bp DY-1 nucleic acid and trans-
lated amino acid sequences are not homologous to known
bacterial genes entered in the GenBank database. Additional
sequence information from the flanking regions of the DY-1
sequence was obtained from genomic DNA clones from an
RDP type III-3 library. The library was constructed using �FIX
II phage vector, and the resulting library of 1.7 � 105 recom-
binant phage was amplified once. Multiple plaques hybridizing
with the DY-1 sequence tag were purified and three overlap-
ping genomic clones, with approximate sizes of 9, 22, and 23
kb, were identified. Since the boundaries of GBS III-3-specific
segments of the chromosome were not known, a 6.4-kb SalI-
BglII restriction fragment that was common to all phage clones
and that hybridized with the DY-1 probe was subcloned and
both strands were sequenced.

A 1,509-bp ORF, spb1 (the designation derives from surface
protein of GBS 1), is the second of two relatively homologous
ORFs (43% nucleic acid and 22% predicted amino acid identity)
that are located adjacent to one another in the same transcription
orientation 200 bp upstream of the DY1-1 probe sequence. Se-
quencing of �1,200 nucleotides of the genomic clone 3� of spb1
failed to identify additional significant ORFs 3� of spb1. Like the
DY-1 probe, dot blot hybridization studies of 62 type III clinical
isolates demonstrated that spb1 was present only in RDP type
III-3 GBS strains and not in representative isolates from serotype
III RDP type III-2 or III-1 strains (data not shown).

The spb1 coding region is preceded by a potential ribosomal
binding site 10 bases upstream from the ATG start codon (Fig. 1).
The predicted Spb1 protein (502 amino acids [aa]; Mr, 53,446) has
the structural characteristics of a gram-positive cell wall-bound
protein (Fig. 1). The N terminus of the predicted protein is com-
prised of a hydrophilic, basic stretch of 6 aa followed by a 23-aa
hydrophobic, proline-rich core, consistent with a signal peptide.
The hydrophilic mature protein terminates in an LPXTG domain
that immediately precedes a hydrophobic 20-aa core and a short,
basic hydrophilic terminus. The spb1 nucleotide sequence is not
homologous to other known bacterial genes, and this ORF is not
present in the recently reported type III or type V GBS genome
sequences (16, 36). The translated amino acid sequence, however,
shares segmental homology with a number of characterized pro-
teins, including the fimbrial type 1 and 2 proteins of Actinomyces
naeslundii (25 to 27% identity over 350 to 420 aa), the T6 surface
protein of Streptococcus pyogenes (23% identity over 359 aa), and
Hsf (27% identity over 260 aa) and High Molecular Weight pro-
tein 1 (HMW1) (25% identity over 285 aa) of Haemophilus in-
fluenzae (6, 18, 28, 31, 38). The function of the S. pyogenes T6
protein is unknown. Each of the other homologues plays a role in
bacterial adhesion or invasion, suggesting that Spb1 may have a
similar function in the pathogenesis of GBS infections. The type

I and II fimbrial structural proteins of A. naeslundii (formerly A.
viscosus), for example, bind to proline-rich salivary proteins, fa-
cilitating adhesion to tooth surfaces (13, 23). The HMW1 adhesin
of H. influenzae binds glycoprotein receptors containing N-linked
oligosaccharide chains with sialic acid at an 	2-3 configuration on
cultured human epithelial cells (30). Hsf (Haemophilus surface
fibril) is a second protein associated with binding of H. influenzae
to epithelial cells (7). The spb1 nucleic acid sequence is available
from the GenBank database under accession number AF485279.

Construction of an spb1 isogenic mutant strain of GBS
874391. Southern blotting of genomic DNA with an spb1�

probe was performed to identify bacterial strains with inser-
tion-deletion mutations of the spb1 gene. A colony containing
a single truncated copy of spb1 was selected for further study
and designated strain Spb1� (data not shown). The colony
morphology and microscopic appearance of Spb1� were indis-
tinguishable from that of the parental strain, and both strains
had identical growth curves in TH broth.

Hemolytic activities of 874391 and Spb1. The abilities of
strains 874391 and Spb1� to lyse sheep red blood cells were
identical. Compared with that of strain COH-1 (hemolytic
index of 1), both Spb1� and its parental strain 874391 had
slightly more hemolytic activity (hemolytic index of 2).

Reduced epithelial cell adherence and invasion by the spb1
deletion mutant. Overall, fewer Spb1� GBS adhered to all
epithelial cell lines tested compared with the wild-type strain
874391. Adherence of Spb1� to A549 respiratory epithelial
cells was reduced from 10.87% 
 1.39% to 10.191% 
 1.68%
compared to that seen with GBS 874391 at a MOI of 25 and
from 3.11% 
 0.62% to 2.49% 
 0.81% at a MOI of 5 (P value
not significant) (Fig. 2). Adherence to HeLa cervical epithelial
cells was reduced from 6.308% 
 0.60% to 5.62% 
 0.92% at
a MOI of 50 and from 3.78% 
 0.73% to 2.2% 
 0.51% at a
MOI of 5 (P value not significant). Adhesion of the Spb1�

strain to C2Bbel colonic epithelial cells was reduced from
2.56% 
 0.06% to 1.72% 
 0.17% compared to the wild-type
strain at a MOI of 100 (P � 0.001) and from 2.88% 
 0.53%
to 1.92% 
 0.38% at a MOI of 10 (P value not significant).

As previously observed, GBS invade epithelial cells ineffi-
ciently, with 1 to 2.5% of adherent cells internalized (14, 27).
Invasion of each epithelial cell line by the Spb1� strain was
significantly reduced compared with that of the wild-type strain
874391 (Fig. 3). Compared to wild-type 874391, Spb1� GBS
invasion of A549 respiratory epithelial cells was reduced from
1.93% 
 0.01% to 0.079% 
 0.01% at a MOI of 100 (P �
0.001) and was reduced from 0.59% 
 0.10% to 0.22% 

0.10% at a MOI of 10 (P � 0.001). At a MOI of 100, invasion
of HeLa cervical epithelial cells by Spb1� was reduced from
0.121% 
 0.001% to 0.056% 
 0.01% (P � 0.001) compared
to the wild-type strain, and at a MOI of 10, invasion was
reduced from 0.173% 
 0.02% to 0.065% 
 0.01% (P �
0.001). Compared with that of wild-type 874391, Spb1� GBS
invasion of C2Bbe1 colonic epithelial cells was reduced from
0.07% 
 0.01% to 0.04% 
 0.00% at a MOI of 200 (P � 0.001)
and was reduced from 0.12% 
 0.01% to 0.07% 
 0.00% at a
MOI of 20 (P � 0.001). The numbers of intracellular bacteria
remained stable for at least 10 h after invasion (Fig. 4). There-
fore, the reduced number of intracellular Spb1� GBS repre-
sents a reduction in invasion, rather than a reduction in intra-
cellular survival, compared to the wild-type strain.
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FIG. 1. Nucleic acid and translated amino acid sequences of spb1. Shown are the nucleic acid sequence of the spb1 coding and 5� noncoding
regions and the translated amino acid sequence. A potential ribosomal binding site is underlined with dashes, putative transmembrane domains
are underlined with solid lines, an arrow indicates the predicted signal peptide cleavage site, and the LPXTG cell wall-binding domain is shaded.
The spb1 nucleotide sequence is available from the GenBank database under accession number AF485279.
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Complementation of the spb1 deletion restores the ability of
GBS to invade epithelial cells. The Spb1� mutant strain was
transformed with a plasmid-encoded copy of spb1 to create strain
Spb1c. Spb1c invaded each type of epithelial cell in significantly
greater numbers than did the Spb1� mutant. In the case of A549
and HeLa cells, complemented bacteria had a percentage of in-
vasion that was lower than but not significantly different from that
of wild-type 874391 cells. Invasion of C2Bbe1 cells by Spb1c was
significantly greater than that by Spb1� at a MOI of 100 (P �
0.016) but not at a MOI of 10. Transforming the RDP type III-2
strain 865043 with a plasmid expressing spb1 in trans (creating
strain 865043/spb1) significantly increased the numbers of bacte-
ria invading A549 cells compared to the wild-type strain (P �
0.045). This result confirms the ability of the spb1 gene product to
promote epithelial invasion (Fig. 5).

DISCUSSION

Our understanding of the pathogenesis of GBS infections is
incomplete and has, to a great extent, focused on the role of
host factors. The incidence of invasive GBS infections is strik-
ingly correlated with age, with the vast majority of neonatal
infections occurring in the first 6 weeks of life, and most within
the first week (3). This age-related susceptibility has been at-
tributed to the immaturity of innate host defenses in newborn
infants, a hypothesis that might also help explain the increased
frequency of these infections in premature infants. Serum an-
tibody directed against the capsular polysaccharide facilitates
opsonophagocytic killing of GBS, and the concentration of
transplacentally acquired maternal anti-GBS capsular antibody
in newborns is inversely correlated with their risk of invasive

FIG. 2. Adherence of Spb1� GBS to epithelial cells. Graphs illustrate the relative adherence of strain Spb1� to A549 respiratory epithelial cells,
HeLa cervical epithelial cells, and C2Bbe1 colonic epithelial cells compared to that of RDP type III-3 wild-type strain 874391. Bars represent the
mean numbers of adherent bacteria plus standard errors of the mean (SEM) for each inoculum tested and also represent the reduction in invasion
of recombinant strains relative to the wild-type strain 874391 for each inoculum tested. Spb1� had lower levels of adhesion than the wild-type
strain, but only adherence to C2BBel cells was statistically significant at a MOI of 100 (P � 0.001). Data represent means 
 SEM from three to
seven separate experiments.

FIG. 3. Invasion of epithelial cells is reduced in Spb1� GBS. Graphs illustrate the relative invasion of A549 respiratory epithelial cells, HeLa
cervical epithelial cells, and C2Bbe1 colonic epithelial cells by RDP type III-3 wild-type strain 874391 (black bars), the spb1-deficient isogenic
mutant strain Spb1� (white bars), and the Spb1� strain complemented in trans, strain Spb1c (stripped bars). Bars represent the reduction in
invasion of recombinant strains relative to that of the wild-type strain 874391 for each inoculum tested. Spb1� invades all epithelial cells
significantly less well than the wild-type strain 874391. Complementation of the Spb1� mutant in trans restores invasion to a level comparable to
that of the parental strain. Data represent means 
 SEM from three or four separate experiments.
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infection (2). Unfortunately, the majority of pregnant women,
even those heavily colonized with GBS, do not develop anti-
body concentrations sufficient to provide passive immunity to
their infants. The complex interrelationships between maternal
GBS colonization and maternal and infant immune responses
complicate the investigation of the role of bacterial factors in
GBS infections. This study, however, confirms that bacterial
genetic factors may contribute to GBS pathogenicity.

The development of sensitive genetic classification systems
has provided compelling evidence that virulence is correlated
with phylogeny in many bacterial species. In one study, over
90% of serotype III GBS that caused invasive neonatal disease

in neonates in both Tokyo and Salt Lake City were RDP type
III-3 (32). This finding is consistent with the results of Musser
and colleagues, who used multilocus enzyme electrophoresis to
classify GBS isolates from North America into two major di-
visions (21). Division I isolates consisted of a single electro-
phoretic type of serotype III GBS that were more likely to be
isolated from ill neonates than from healthy carriers and that
were genetically distinct from other type III isolates. These
Division I isolates shared distinctive phenotypic characteristics
that are also found in RDP type III-3 strains, such as growth
lag in chemically defined medium containing 200 mM phos-
phate, suggesting that both of these classification systems iden-
tify the same group of hypervirulent type III GBS strains (22).

The positive correlation of virulence with chromosomal or-
ganization and the genetic disequilibrium of virulence with
electrophoretic typing in previous studies led to the hypothesis
that RDP III-3 strains possessed novel noncapsular virulence
factors. Furthermore, these data suggest that differences in
virulence are more likely to be related to the presence or
absence (or activation or inactivation) of virulence genes than
to the differential regulation of a factor common to both
groups of bacteria. In this setting, subtractive genomic hybrid-
ization is likely to demonstrate differences in the genomes of
virulent and less virulent type III GBS strains that contribute to
pathogenicity. The presence or absence of these novel viru-
lence factors may not be strictly linked to serotype. For exam-
ple, an individual strain may have acquired these genes by
horizontal transmission after the acquisition of type III capsu-
lation genes and evolved in parallel with other type III lin-
eages. Alternatively, a non-type III GBS strain with an en-
hanced ability to colonize or invade might acquire serotype III
capsule genes (capsule switching) by the same process. These
genetic events might explain the abrupt emergence of GBS as
a major human pathogen in the last quarter century.

The more pronounced effect of the spb1 deletion on invasion
of respiratory and cervical epithelial cells suggests that Spb1
might particularly contribute to the pathogenesis of early-onset
neonatal infections and maternal infections. Adhesion to and
invasion of respiratory epithelium and endothelium appear to
be critical factors in neonatal pneumonia and systemic infec-
tion, and it is at this early stage that Spb1 may confer an
advantage to RDP type III-3 GBS (27, 33). It was recently
demonstrated that GBS C5a peptidase binds fibronectin and
increases the invasive potential of GBS (8, 12). The cell-asso-
ciated �-hemolysin also promotes GBS invasion of epithelial
cells (14). Although the precise mechanism has not been de-
scribed, it has been hypothesized that this hemolysin/cytotoxin
may activate respiratory epithelial cells, increasing bacterial
uptake (14). Spb1 differs from these ubiquitous virulence fac-
tors in that it is present only in more virulent type III GBS
strains. It may provide RDP type III-3 strains with a numerical
advantage over less pathogenic strains by increasing the num-
ber of bacteria that successfully invade the epithelial barrier.

The reduction in invasion of epithelial cells by the Spb1� mu-
tant strain is considerably greater than the reduction in adherence
of these bacteria. This observation, and the inefficiency of inva-
sion of epithelial cells by GBS, suggests that not all adherent GBS
have the potential to be internalized. Spb1 may mediate a novel
pathway of bacterial invasion. Alternatively, Spb1 engagement by

FIG. 4. Intracellular persistence of GBS in A549 respiratory epi-
thelial cells. A549 cells were grown to confluence in 24-well tissue
culture plates and infected with strain 874391 or Spb1 GBS at a MOI
of 5 as described previously. Adherent extracellular bacteria were
killed by the addition of tissue culture medium with 5 �g of penicil-
lin/ml and 100 �g of gentamicin/ml followed by incubation at 37°C in
5% CO2. Epithelial cells were lysed at 4, 6, and 8 h after infection, and
the percentage of the initial inoculum surviving within cells was quan-
tified. Numbers of intracellular bacteria did not diminish significantly
over 8 h. Data represent means from five or six separate experiments.

FIG. 5. Invasion of A549 epithelial cells by GBS strains 865043 and
865043/spb1. The RDP type III-2 strain 865043 was transformed with
pMS3545/spb1 to create strain 865043/spb1. Graph illustrates the rel-
ative invasion of A549 respiratory epithelial cells by each strain at a
MOI of 100. Bars represent the invasion of 865043/spb1 (120.0% 

7.4%) relative to that of the wild-type strain 865043 (100.0% 
 5.6%).
Data represent means 
 SEM from five separate experiments.
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epithelial cells might trigger an inflammatory process that more
globally enhances bacterial uptake.

Understanding of the population structure and molecular
epidemiology of infectious agents may provide insights into the
pathogenesis of diseases that are precluded by examination of
genetically heterogeneous organisms. This study provides fur-
ther evidence for the clonal organization of GBS strains and
demonstrates that the increased virulence of certain type III
GBS is attributable to unique genetic factors.
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