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Group B Streptococcus (GBS) is an important pathogen of neonates, pregnant women, and immunocompro-
mised individuals. GBS isolates associated with human infection produce one of nine antigenically distinct
capsular polysaccharides which are thought to play a key role in virulence. A comparison of GBS polysaccha-
ride structures of all nine known GBS serotypes together with the predicted amino acid sequences of the
proteins that direct their synthesis suggests that the evolution of serotype-specific capsular polysaccharides
has proceeded through en bloc replacement of individual glycosyltransferase genes with DNA sequences that
encode enzymes with new linkage specificities. We found striking heterogeneity in amino acid sequences of
synthetic enzymes with very similar functions, an observation that supports horizontal gene transfer rather
than stepwise mutagenesis as a mechanism for capsule variation. Eight of the nine serotypes appear to be
closely related both structurally and genetically, whereas serotype VIII is more distantly related. This simi-
larity in polysaccharide structure strongly suggests that the evolutionary pressure toward antigenic variation
exerted by acquired immunity is counterbalanced by a survival advantage conferred by conserved structural
motifs of the GBS polysaccharides.

Surface-associated polysaccharides are common features of
both gram-positive and gram-negative bacteria. It is thought
that microorganisms may have evolved extracellular polysac-
charides for protection against both environmental and host
factors that may be detrimental to their survival. In patho-
genic bacteria, these extracellular polysaccharides may allow
the organism to survive within the host by masking antigenic
determinants associated with the bacterial surface (13), by
mimicking host antigens (11, 34), or by interfering with com-
plement-mediated killing (6, 18).

The gram-positive pathogen Streptococcus agalactiae (group
B Streptococcus, or GBS) is the most common cause of bacte-
rial sepsis and meningitis among newborn infants in the United
States. Like many other pathogenic bacteria, clinical isolates of
GBS elaborate capsular polysaccharides with varied repeating
unit structures. The evolution by a pathogen of antigenically
distinct capsular types is thought to be driven by selective
pressure imposed by host immunity (23). In the case of Strep-
tococcus pneumoniae, for example, more than 90 distinct cap-
sular types are known, and the development of immunity to
certain serotypes has been shown to create a niche for replace-
ment by other serotypes in the host (23). However, selective
pressure to evolve new capsular types may be counterbalanced
by a specific virulence benefit conferred by the conservation of
a particular polysaccharide structure. For example, although

multiple capsular types of Haemophilus influenzae are known,
strains of capsular type b have a much higher potential to cause
invasive human infection than strains of other serotypes.

The degree of variation in capsular polysaccharide struc-
tures among clinical isolates of GBS falls between these ex-
tremes. Nine capsular types are known, all of which are asso-
ciated with human infection. The repeating unit structures of
the nine types are similar in their constituent monosaccharide
compositions and certain structural motifs, yet they differ suf-
ficiently to be antigenically distinct. This limited diversity of
GBS capsular polysaccharide structures offers an unusual op-
portunity to reconstruct the development of capsule diversity
in an important human pathogen. It is likely that the genetic
mechanisms found to underlie capsule variation in GBS reflect
the same biologic forces that have shaped the evolution of
many encapsulated pathogens.

In many encapsulated bacteria, genes conserved across di-
verse capsular serotypes flank genes encoding enzymes unique
to a specific capsular serotype (36). In GBS, a central group of
genes for serotype-specific glycosyltransferases and polymer-
ases is flanked on one side by genes encoding enzymes that
synthesize and activate sialic acid, the terminal sugar on the
side chain of all nine serotypes (4, 10, 27). Flanking the other
side of the serotype-specific glycosyltransferase genes is a
group of genes which are hypothesized to function in the
export of the polysaccharide capsule (4). We now report the
DNA sequences of the genes required for capsule biosynthesis
for five GBS serotypes that have not been previously described.
We analyzed the gene sequences of the serotype-specific gly-
cosyltransferase regions of all nine GBS capsule serotypes to-
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gether with their polysaccharide repeat unit (PRU) structures
to reconstruct their evolutionary relationships. The conserved
nature of the nine serotype repeating unit structures in GBS,
combined with the genetic diversity of the polysaccharide cap-
sule biosynthesis clusters, provides a unique model system with
which both the genetic and structural evolution of PRU struc-
tures can be analyzed.

MATERIALS AND METHODS

DNA sequencing. The capsule clusters for serotypes II, VII, and VIII were
PCR amplified from genomic DNAs with primers that correspond to the com-
mon regions flanking the central serotype-specific glycosyltransferase region. For
these PCRs, Hi-Fidelity Supermix (Invitrogen, Carlsbad, Calif.) was used accord-
ing to the manufacturer’s specifications. PCR products were sonicated and end
filled with T4 DNA polymerase to create blunt ends. The fragmented DNAs
were isolated in 1.0% agarose gels, and DNAs migrating between 1.0 and 1.5 kb
were isolated. After gel extraction, purified DNAs were ligated into pUC18 and
transformed into XL-10 Gold competent cells. Ninety-six clones from each
library were sequenced with both M13 forward and M13 reverse primers and
BIG Dye Terminator version 2 chemistry. Sequences were resolved on an ABI
3700 sequencer, and chromatograms were processed by the Phred base caller and
assembled by Phrap.

The assemblies were examined for low-quality regions and problem areas and
were resolved by specific oligonucleotide-directed sequencing of the PCR products.

MacVector (Accelrys Inc., San Diego, Calif.) was used to evaluate nucleotide
sequences for open reading frames encoding �100 amino acids. Translated open
reading frames were searched against the nonredundant protein database by the
use of BLASTP (1).

The DNA sequences of the highly conserved 5� and 3� cps regions of serotypes
IV, V, and VI were determined by the use of primers generated from the type III
cps locus. Using these primers and a high-fidelity Taq polymerase (Roche Diag-
nostics, GmbH, Mannheim, Germany), we generated 0.5- to 2.0-kb PCR prod-
ucts. After treatment with exonuclease I and shrimp alkaline phosphatase (Pro-
mega, Madison, Wis.), the PCR products were directly sequenced by the use of
internal primers, a BIG Dye sequencing kit, and an ABI 377 DNA sequencer. To
determine the sequences of the nonhomologous glycosyltransferase regions of
the serotypes, we performed long-range PCRs using primers generated from the
5� and 3� regions determined as described above. The PCR products were ligated
into pGEM-T Easy (Promega), and the DNA inserts were sequenced via primer
walking utilizing a BIG Dye sequencing kit. The sequences were assembled by
the use of Sequencher (Gene Codes, Ann Arbor, Mich.), and open reading
frames encoding �100 amino acids were found with the GCK program (SciQuest
Inc., Research Triangle Park, N.C.). The translated open reading frames were
screened for homologous sequences in GenBank by the use of BLASTP (1).

Gene names were assigned by using previously established nomenclature for
polysaccharide-producing gram-positive bacteria (22, 36).

Sequence analysis. The complete sequences of all nine capsular serotypes were
analyzed with the GESTALT Workbench program (8, 9). FASTY (25) was used
to compare the genomic sequences to those of known capsular polysaccharide
proteins. FASTY can model frameshifts in comparisons of DNAs with protein se-
quences, permitting reconstruction of the amino acid sequences produced prior to
putative evolutionary frameshift mutations. Such conceptually translated sequences
should give the most reliable results when attempting phylogenetic reconstructions.

The predicted protein sequences for the cpsE, -F, -G, -H, -K, -L, and neuB
genes were aligned with ClustalW (12): an alignment was produced for each
gene family, including available orthologs from all serotypes. In addition, a joint
alignment of all CpsI, -J, -M, and -O genes, together with additional homologs
extracted from public databases, was performed. Phylogenetic reconstruction
was accomplished with the neighbor-joining algorithm (26) and qualified with
1,000 rounds of bootstrap analysis.

Nucleotide sequence accession numbers. The accession numbers for the sero-
type-specific sequences of the capsules of serotypes II, III, IV, V, VI, VII, and
VIII are deposited in GenBank under accession numbers AY375362, AF163833,
AF355776, AF349539, AF337958, AY376403, and AY375363, respectively.

RESULTS

The detailed structures of the PRUs of the nine GBS cap-
sular serotypes have been described previously (5, 14–16, 19,
20, 29, 31, 33). The constituent monosaccharides included in

the various capsular PRUs are conserved. Glucose (Glcp), ga-
lactose (Galp), and N-acetylneuraminic acid (NeupNAc) are
found in all nine capsule serotypes. Except in types VI and
VIII, N-acetylglucosamine (GlcpNAc) is also present. Rham-
nose (Rhap) occurs only in the type VIII repeating unit.

Analysis of recurring motifs within the PRU structures. To
facilitate the analysis of the nine polysaccharide capsule re-
peating units and to elucidate pattern motifs and relationships,
we redrew each repeating unit, with individual monosacchar-
ides represented by simple shapes, the acetylation of sugars
represented by a black dot within the shapes, and glycosidic
linkages between individual monosaccharides represented by a
circular assignment system (Fig. 1). While it is not meant to
replace space-filling three-dimensional models of the PRUs,
this simple method of drawing the PRU of each serotype high-
lights the structural motifs that are conserved between differ-
ent serotypes.

An analysis of the nine capsule serotypes revealed two
basic motifs. One motif, a disaccharide backbone of �-D-Galp-
(134)-�-D-Glcp (represented by a full circle, half red and half
blue), is found in eight of the nine serotypes. A second motif,
a variable trisaccharide side chain, consists of �-D-NeupNAc-
(233)-�-D-Galp-(134) [or (133)]-�-D-GlcpNAc (or �-D-
Glcp) and is represented in the figure by two half circles and a
pink box. Serotype VIII is structurally unique in that it contains
just a variable trisaccharide that is interrupted by a �-L-Rhap.
The linkage between the variable trisaccharide and the disac-
charide can further distinguish the PRUs. In five of the nine

FIG. 1. PRU structures of the nine GBS serotypes. Arrows repre-
sent potential relationships between PRUs.
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serotypes (Ia, Ib, II, III, and VI), the variable trisaccharide and
the disaccharide have a 133 linkage. In serotypes IV, V, and
VII, an additional �-D-Glcp is linked 134 to the �-D-Galp of
the disaccharide and the 133 linkage between the disaccha-
ride and the variable trisaccharide is altered to a 136 linkage.

The PRU structures of types Ia, Ib, II, III, and VI are all
related by simple substitutions. The type Ia and III PRUs are
nearly identical. Both contain the disaccharide and the variable
trisaccharide connected by a 133 linkage (Fig. 1). The single
difference between types Ia and III is the glycosidic bond that
connects one repeating unit to the next: the type Ia units are
linked 134 through the �-D-Galp of the disaccharide, whereas
the type III units are joined 136 through the �-D-GlcpNAc of
the variable trisaccharide (Fig. 1).

The PRUs of types Ia and Ib differ only in the internal
linkage of the variable trisaccharide, i.e., �-D-Galp-(134)-�-
D-GlcpNAc for type Ia and �-D-Galp (133)-�-D-GlcpNAc for
type Ib (Fig. 1). Type VI, in contrast to type Ib, substitutes a
�-D-Glcp for �-D-GlcpNAc in the variable trisaccharide (Fig.
1). However, the linkages between monosaccharides in the
variable trisaccharides of types Ib and VI are the same. Struc-
turally, it appears that type Ib is a combination of serotypes
Ia and VI (Fig. 1). Linkages between individual PRUs are
similarly conserved among these four serotypes: PRUs are
linked �-D-Glcp-(134)-�-D-Galp for types Ia and Ib, �-D-
Glcp-(136)-�-D-GlcpNAc for type III, and �-D-Glcp-(136)-
�-D-Glcp for type VI. Within the type II PRU, both the disac-
charide and the variable trisaccharide are found in the type III
repeating unit (Fig. 1). However, the type II repeating unit
contains two additional sugars that are not found in type III: a
�-D-Galp linked 136 to the �-D-Galp of the variable trisac-
charide and a second �-D-Glcp linked 133 to the �-D-Glcp in
the disaccharide (Fig. 1). Furthermore, type II PRUs are poly-
merized 132 to the �-D-Glcp of the variable trisaccharide.

Type IV, V, and VII PRU structures are interrelated. The
PRUs of serotypes IV, V, and VII are all related by simple
structural differences (Fig. 1). Type IV and VII have the same
core group of sugars in their respective PRUs. In type IV, the
trisaccharide side chain of NeupNAc-Galp-GlcpNAc is linked
136 to �-D-Gal of the disaccharide. However, in type VII, the
same trisaccharide side chain is linked 136 to �-D-Glc. The
addition of a single sugar, �-D-Glcp, differentiates type V from
type VII (Fig. 1).

Sequence analysis of GBS capsule biosynthetic clusters. The
DNA sequences of the variable serotype-specific regions from
each of the nine GBS capsule clusters have been determined
and have the following accession numbers: Ia, AB028896 (35);
Ib, AB050723 (30); II, AY375362 (this study); III, AF163833
(2); IV, AF355776 (this study); V, AF349539 (28; this study);
VI, AF337958 (this study); VII, AY376403 (this study); and
VIII, AY375363 (this study) (Fig. 2A). Previously published
studies have defined the functions of CpsI and CpsJ in the
synthesis of type Ia and type Ib polysaccharide repeat units (30,
35). In addition, it has been shown that CpsH is required for
the synthesis of linkages between the PRUs of types Ia and
III (2). Using a combination of previously published data and
BLAST homology searches, we assigned functions to the gly-
cosyltransferases encoded by the variable gene regions of
each of the nine serotypes (Fig. 3). For this study, we have used
gene-naming conventions which were established previously

for other polysaccharide-producing gram-positive bacteria (22,
36). To avoid confusion between gene name and serotype des-
ignations, we used Arabic numerals to identify serotype-spe-
cific genes. For example, cps1aI designates the cpsI gene from
serotype Ia.

Despite the high degree of similarity between the repeating
unit structures of the different capsular types, an analysis of the
gene sequences revealed significant diversity at both the nu-
cleotide and amino acid sequence levels (see Supplemental
Table 1 at http://www.childrenshospital.org/cfapps/research/data
_admin/Site381/mainpageS381P0.html). Furthermore, the pat-
terns of similarity and divergence in the capsule gene sequences
demonstrate striking parallels to the observed patterns of similar-
ity and divergence in repeating unit structures of the polysaccha-
rides. This sequence diversity in the glycosyltransferase region
contrasts with the case of the common genes flanking either side
of the variable trisaccharide regions (cpsABCDEF for types Ia to
VII, cpsABCD for type VIII, and cpsL neuBCDA), which contain
very little variability at the nucleotide level (Fig. 2A). A closer
examination of the capsular biosynthetic cluster revealed two
sections of cpsG in which the nucleotide sequences of serotypes
Ia, Ib, II, III, IV, V, VI, and VII diverge (Fig. 2B, points 1 and 2).
At position 236, serotypes II, III, and VI diverge from the other
serotypes (Fig. 2B, point 1). At position 322, types Ia and Ib
diverge from serotypes IV, V, and VII (Fig. 2B, point 2). Serotype
VIII does not have a homolog of cpsG. The strict conservation of
the amino-terminal region of CpsG suggests that the invariant
structure of this portion of the protein is required for a non-
serotype-specific function in the synthesis of GBS PRUs. How-
ever, the C-terminal region is more varied and may have a sero-
type-specific function. For the synthesis of the S. pneumoniae type
14 PRU, CpsG exhibits a 134 galactosyltransferase activity (21).
However, the precise function of CpsG in the synthesis of GBS
PRUs has not been demonstrated experimentally. It has been
shown that CpsG is not required for the linkage specificity of
individual PRUs in type Ia or III (2). The high degree of sequence
similarity between the amino-terminal regions of the CpsG pro-
teins from GBS and type 14 S. pneumoniae (�60%) (data not
shown) suggests that CpsG functions as a 134 galactosyltrans-
ferase, attaching �-D-Galp to �-D-Glcp in the backbone of the
GBS PRUs of types Ia, Ib, and II to VII.

In contrast to cpsG, the cpsK genes from the nine serotypes
are divergent at their 5� ends and have several points where the
nucleotide sequences converge (Fig. 2C, points 3 to 5). The
cpsK genes from serotypes Ia, III, and V are similar (�98%
similarity at the nucleotide level). In addition, cpsK from se-
rotype VII is 88% identical to cps1aK. However, cps1bK,
cps4K, and cps6K are divergent at their 5� ends. Beginning at
nucleotide position 328, cps4K becomes identical to cpsK from
serotypes Ia, III, V, and VII (Fig. 2C, point 3). At nucleotide
position 752, cps1bK and cps6K become nearly identical to the
genes from the other serotypes (Fig. 2C, point 4). In contrast
to cpsK from the other serotypes, cps2K is 100% identical to
cps1aK over the first 199 nucleotides, at which point the nu-
cleotide sequences diverge to less than statistical significance,
as determined by a pairwise BLAST search. Yet the cpsK genes
from serotypes Ia and II retain some primary amino acid se-
quence similarity. At nucleotide position 912, cps2K becomes
identical to cpsK from serotypes Ia, Ib, III, IV, V, VI, and VII
(Fig. 2C, point 5). The sialyltransferase gene of serotype VIII,
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cps8K, is not related to those of the other GBS serotypes, but
it is homologous to lipooligosaccharide sialyltransferases from
Pasteurella multocida, H. influenzae, Neisseria meningitidis, and
Neisseria gonorrhoeae.

PRUs of types Ia, Ib, III, and VI have genetic diversity
through horizontal gene transfer. An examination of the poly-
saccharide capsule clusters of types Ia, Ib, III, and VI showed
that the genetic diversity among these serotypes mimics the
structural relationship between PRUs. Types Ia and III differ
significantly in only two genes, namely, the last 60 codons of
cpsG and all of cpsH (Fig. 2; see Supplemental Table 1c at
http://www.childrenshospital.org/cfapps/research/data_admin
/Site381/mainpageS381P0.html). CpsH has been predicted to
be a repeating unit polymerase (2). Genetically, the type Ia
serotype may have arisen by horizontal gene transfer (HGT)
when the segment of DNA encoding enzymes (CpsI, -J, and
-K) that synthesize linkages common to both serotypes Ia and
III recombined with a segment of DNA from an unknown
source, replacing the 3� terminus of cps3G and all of cps3H
(Fig. 4). Alternatively, serotype III could have arisen from Ia
by the same mechanism.

Two features distinguish the type III and type VI PRU
structures (Fig. 1). The first difference is that �-D-Glcp in the
type VI variable trisaccharide replaces �-D-GlcpNAc in the
variable trisaccharide of type III. Cps1aI, which is identical to
Cps3I, is a 133 N-acetylglucosaminyltransferase which func-
tions to attach �-D-GlcpNAc in the type Ia variable trisaccha-
ride to �-D-Galp of the constant disaccharide (35). We predict
that Cps6I, which is a paralog (59% identity and 84% similar-
ity) of both Cps1aI and Cps3I, functions as a 133 glucosyl-
transferase, attaching the �-D-Glcp in the variable trisaccha-
ride to the �-D-Galp of the disaccharide. The second difference
between the type III and VI PRUs is in the linkage between
the sugars of the variable trisaccharides. Type III has a 134
linkage between �-D-Galp and �-D-GlcpNAc of the variable
trisaccharide, while type VI has a 133 linkage between �-D-
Galp and �-D-Glcp (Fig. 1). Cps3J is identical to Cps1aJ, which
has been shown to be a 134 galactosyltransferase that trans-
fers �-D-Galp to �-D-GlcpNAc in the variable trisaccharide
(35). We predict that Cps6J functions as a 133 galactosyltrans-
ferase, attaching �-D-Galp to �-D-Glcp. The sequence diver-
gence observed between Cps3J and Cps6J (16% identity and

FIG. 2. Sequence analysis of all nine GBS capsular serotypes. (A) CpsA to -E and CpsL as well as NeuB, -D, -A, and -C are conserved in all
nine serotypes and are shown only in the type Ia capsule cluster. The color inside each arrow indicates the degree of similarity of the amino acid
sequence to those encoded by other open reading frames. A gap was introduced between CpsH and CpsI to permit an alignment of corresponding
open reading frames. (B) Alignment of cpsG genes from serotypes Ia, Ib, II, III, IV, V, VI, and VII. (C) Alignment of cpsK genes from all nine
serotypes. Each column of color in panels B and C represents 1 base of the nucleotide sequence. Red, thymine; green, guanine; yellow, adenine;
blue, cytosine. Arrows in panels B and C denote regions where nucleotide sequences diverge or converge (see the text for more details).
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50% similarity) most likely results in both a new recipient sugar
substrate for the galactosyltransferase and an altered linkage
between �-D-Galp and �-D-Glcp (Fig. 3). Cps3K has been
shown to be a sialyltransferase (3). We predict that Cps6K also
functions as a sialyltransferase, attaching �-D-NeupNAc to
�-D-Galp in the variable trisaccharide. We hypothesize that the
structural divergence of the type VI polysaccharide compared
to the type III polysaccharide is most likely due to HGT of a
segment of DNA encoding CpsJ and part of CpsK, which are
enzymes that synthesize linkages unique to type VI, with DNA
encoding CpsG, -H, and -I from type III, which are enzymes that
synthesize linkages common to serotypes III and VI (Fig. 4).

Structurally and genetically, the type Ib variable trisaccha-
ride has features which are found in the variable trisaccharides
of both type Ia and type VI. The Ib variable trisaccharide has
the same monosaccharides as Ia, but the sugars are linked as in
type VI (Fig. 1). Genetically, it appears that Cps1aH (repeat-
ing unit polymerase [2]) and Cps1aI (133 N-acetylglucosami-
nyltransferase [35]) recombined with Cps6J and Cps6K (Fig.
4). Cps1bJ has 133 galactosyltransferase activity (30), which
accounts for the �-D-Galp-133-�-D-Glcp in the variable tri-
saccharide of type VI. Cps6J and Cps1bJ are 53% identical and
83% similar, with large blocks of identities occurring in the
amino terminal two-thirds of the aligned proteins (data not
shown). The lack of amino acid identity in the carboxyl-termi-
nal third of the two proteins suggests that this region may
encode specificity for the acceptor molecules, since the accep-

tor molecule for Cps1bJ is GlcNAc and that for Cps6J is Glc
(Fig. 3). It is intriguing to speculate that when the proposed
recombination occurred between types Ia and VI, the acceptor
molecule for both enzymes was Glc, and that subsequent
genetic drift or selective pressure caused a shift from Glc to
GlcNAc as an acceptor molecule for serotype Cps1bJ.

Type II PRU is genetically related to type III PRU. Surpris-
ingly, the presumed PRU polymerase, Cps2H, is identical to
Cps3H, although the linkages between the type II and III
PRUs are distinct (Fig. 1). Furthermore, the type II PRU in-
cludes six internal glycosidic linkages, but only four putative
glycosyltransferase genes are found in the capsule locus (Fig.
2A). These discrepancies suggest that the PRU polymerase,

FIG. 3. Assignment of gene function on the basis of previously published results and sequence comparisons. The colors of the arrows have the
same meanings as those in Fig. 2. Question marks denote two required glycosyltransferases with proposed functions. However, the genes encoding
these enzymes have not yet been identified.

FIG. 4. Model of genetic recombination among serotypes Ia, Ib,
III, and VI. Boxed genes denote sections that have recombined.
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CpsH, and some glycosyltransferases may have dual functions
or that additional capsule synthesis genes may be located else-
where in the type II GBS genome. It is also possible that the
reported structure of the type II polysaccharide is in error.

Genetic diversity of serotypes IV, V, and VII. The genetic
loci required for the synthesis of the PRUs of types IV, V, and
VII contain several conserved genes as well as a family of
paralogous genes (Fig. 2A). Three genes—cpsG, encoding a
putative glycosyltransferase (21); cpsH, encoding a subunit poly-
merase (2); and cpsK, encoding a sialyltransferase (3) (Fig.
2A)—are conserved in the serotype-specific regions of these
three serotypes. Between cpsK and cpsH, there is a family of
paralogous genes (cps4I, -4J, -4 M, -5I, -5J, -5 M, -5O, -7I, -7J,
and -7 M) that are predicted to encode 10 glycosyltransferases.
Multiple sequence alignment and phylogenetic reconstruction
of the predicted amino acid sequences of these 10 glycosyl-
transferases and of Cps1aI and Cps1aJ revealed three lineages
(Fig. 5). The CpsJ lineage consists of Cps1aJ, Cps4J, Cps5J,
and Cps7J. Cps1aJ is predicted to be a �-D-galactosyltrans-
ferase which attaches �-D-Gal 134 to �-D-GlcNAc in the vari-
able trisaccharide (35). This linkage in the variable trisaccha-
ride is common to serotypes Ia, IV, V, and VII. Therefore, the
close branching of Cps1aJ, -4J, -5J, and -7J was an expected
outcome of the phylogenetic reconstruction. A second lineage,
the CpsI lineage, consists of Cps1aI, -4I, -5I, and -7I. Cps1aI is
a �-D-glucosaminyltransferase attaching �-D-GlcNAc 133 of
the variable trisaccharide to �-D-Gal of the disaccharide. In
serotypes IV, V, and VII, the corresponding �-D-GlcNAc of
the variable trisaccharide is linked 136 to �-D-Gal, in contrast
to the 133 linkage in type Ia, and in types V and VII the
acceptor molecule is an �-D-Glc, in contrast to the �-D-Gal in
types Ia and IV. These differences in glycosyltransferase func-
tions correlate with the independent branching of Cps4I, -5I,
and -7I. Serotypes IV, V, and VII all contain an additional
monosaccharide, �-D-Glc. The distant relationship between
Cps4 M, 5 M, and 7 M and the CpsI and CpsJ families suggests
that CpsM is the (134) �-D-glucosyltransferase attaching �-D-
Glc to the �-D-Gal found in the disaccharide (Fig. 3). This
linkage is unique to serotypes IV, V, and VII. Finally, Cps5O
branches near the CpsI family. However, it is unclear if Cps5O

is in a family of its own or is a distant member of the CpsI
family. Although not shown here, Cps1bI, -2I, -3I, and -6I and
Cps1bJ, -2J, -3J, and -6J group phylogenetically with the CpsI
and CpsJ families, respectively (data not shown).

The simplest model to account for the genetic diversity
among serotypes IV, V, and VII is that segments of DNA,
including cps4G-cps4J, cps7G-cps7J, and cps5G-cps5J, were
each acquired by GBS in separate HGT events. This model
accounts for the low level of similarity between CpsH proteins
from serotypes IV, V, and VII (�50%) (see Supplemental
Table 1c at http://www.childrenshospital.org/cfapps/research
/data_admin/Site381/mainpageS381P0.html) and any of the
other GBS serotypes. However, a closer examination of the
phylogenetic reconstruction reveals that Cps5 M and -7 M
branch together, as do Cps5I and -7I and Cps5J and -7J (Fig.
5), suggesting that they are more closely related to each other
than to glycosyltransferases in serotype IV. A second model to
account for these data is that cps4G-4I and cps7G-7I were
acquired in separate HGT events by GBS. Subsequently,
Cps5O was either acquired by HGT into the type VII capsule
cluster or cps7I was duplicated and acquired a new enzyme
activity. The second model takes into account both the lack of
similarity between CpsG and -H of serotypes IV, V, and VII
and those of serotypes Ia, Ib, II, III, and VI and the close
branching of Cps5 M and -7 M and of Cps5I and -7I.

The type VIII capsule biosynthesis gene cluster is geneti-
cally unique to GBS. As predicted by a comparison of the
polysaccharide structures, the type VIII biosynthesis cluster is
unique to GBS (Fig. 2). Unlike the other serotypes, it contains
Rhap. In addition, the type VIII-specific glycosyltransferases
and polymerases (Cps8E, Cps8H, Cps8J, and Cps8K) appear
to be only distantly related to the glycosyltransferases of the
other eight serotypes (see Supplemental Tables 1a and 1b at
http://www.childrenshospital.org/cfapps/research/data_admin
/Site381/mainpageS381P0.html). Orthologs of these open
reading frames are found in type 23f S. pneumoniae, which
elaborates a Rhap-containing capsular polysaccharide (17). An
examination of the PRUs of GBS type VIII and S. pneumoniae
type 23f revealed that they are structurally similar, as both have
an identical backbone of (134)-�-D-Gal-(134)-�-L-Rhap-
(134)-�-D-Glcp. However, like the other GBS serotypes, type
VIII has �-D-NeupNAc attached to �-D-Galp, in contrast to
type 23f, which has �-L-Rhap attached to �-D-Galp. In addi-
tion, type 23f has a glycerol phosphate attached to �-D-Galp.
The combination of the structural and genetic similarities be-
tween these two serotypes suggests that GBS acquired a DNA
segment encoding Cps8ERHJ by HGT. However, it is not clear
whether this acquisition was between type VIII and type 23f or
whether both GBS and S. pneumoniae acquired this DNA
segment from another source.

Phylogenetic analysis of sialyltransferases. Cps3K is a sial-
yltransferase that links �-D-NeupNAc to �-D-Gal in the vari-
able trisaccharide (Fig. 3) (3). Despite the strict conservation
of the �-D-NeupNAc-(233)-�-D-Gal motif in all GBS sero-
types, multiple sequence alignment and phylogenetic recon-
struction of the sialyltransferases (Cps1aK, -1bK, -2K, -3K,
-4K, -5K, -6K, -7K, and -8K) revealed significant diversity
among them (Fig. 6; see Supplemental Table 1c at http://www
.childrenshospital.org/cfapps/research/data_admin/Site381
/mainpageS381P0.html). The sialyltransferases cluster into dis-

FIG. 5. Phylogenetic reconstruction of glycosyltransferases from
serotypes Ia, IV, V, and VII.
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tinct groups that correlate with the linkage between the �-D-
Gal and �-D-GlcpNAc moieties in the variable trisaccharide.
Types Ia, III, IV, V, and VII contain a 134 linkage between
�-D-Gal and �-D-GlcpNAc, and CpsKs from these five sero-
types all branch to a common root. Types Ib and VI, which
have a 133 linkage between �-D-Gal and �-D-GlcpNAc, have
CpsKs that group together. Types II and VIII, which both have
structurally unique PRUs among the nine capsule serotypes
(Fig. 1), have sialyltransferase genes that are distantly related
to the other CpsKs (Fig. 6). This pattern suggests that the
specificities of the sialyltransferases depend not only on rec-
ognition of the conserved galactose residue, but also on the
other sugar(s) to which the galactose is linked.

DISCUSSION

The present investigation provides evidence that capsular
polysaccharide diversity in GBS has been driven by HGT, by
which new segments of DNA from non-GBS sources have
integrated into the GBS capsule cluster, and by interserotype
recombination events, by which gene segments have been ex-
changed between GBS capsule serotypes. The acquisition of
new genes from other species might be considered unlikely, as
GBS is not known to be naturally competent for the acquisition
of foreign DNA. However, analyses of the GBS genome and
comparative genome hybridization studies have revealed a sur-
prising degree of genetic heterogeneity among GBS isolates (7,
28). Regions of diversity are often flanked by transposons,
insertion sequences, or bacteriophage remnants that probably
represent vestiges of mobile genetic elements that mediated
the acquisition of DNA from other species and the transfer of
genes among GBS strains (28).

It has been suggested that variation in capsular polysaccha-
ride structures may confer a survival advantage for encapsu-
lated bacteria in the face of acquired immune responses by the
host. For GBS, the capsular polysaccharide plays a central
role in resistance to complement-mediated opsonophagocytic
killing by human blood leukocytes. However, the capsule also
serves as a target for specific antibodies that can defeat the
antiphagocytic properties of the capsule, thereby conferring on

the host protective immunity to GBS infection. Such serotype-
specific immune pressure may have contributed to the emer-
gence of new capsule types.

The restricted diversity of GBS capsule structures compared
with that for S. pneumoniae might reflect, in part, the greater
capacity of the latter species to acquire foreign DNA through
natural competence. It is also possible that the conservation of
particular structural motifs of the GBS capsular polysaccha-
rides confers a survival advantage in human and/or animal
hosts. The presence of terminal sialic acid residues on the GBS
type III polysaccharide has been shown to inhibit the activation
of the alternative complement pathway, thereby conferring
bacterial resistance to phagocytosis in nonimmune plasma (6,
24). The striking conservation of �-D-NeupNAc (233)-�-D-
Galp among all known GBS capsular types suggests that this
structural element is central to the antiphagocytic function of
all GBS capsular polysaccharides. This conclusion is further
supported by the diversity among the sialyltransferases of the
various capsular types. The diversity of sialyltransferase se-
quences parallels the structural variation in closely linked sug-
ars and supports the hypothesis that the maintenance of a
functional sialyltransferase is critical to GBS survival, even as
other elements of the polysaccharide structures evolve. Indeed,
the selective pressure of �-D-NeupNAc (233)-�-D-Galp is
such that the distantly related serotype VIII retains this struc-
tural feature.

Host immunity may have shaped the evolution of the GBS
capsular polysaccharides not only by the selection of antigeni-
cally distinct variants but also by the recognition of nonself
carbohydrate epitopes. Together, the conserved GBS disaccha-
ride and the variable trisaccharide constitute an oligosaccha-
ride motif which is very similar to that displayed by the sialyl-
Lewis antigen and related carbohydrate epitopes on human
glycoproteins and glycolipids. It has been proposed that this
structural similarity to host oligosaccharides represents molec-
ular mimicry by GBS (11). Human antibodies to the GBS type
III polysaccharide recognize a polysaccharide chain length-
dependent epitope; this observation is consistent with the hy-
pothesis that the simple oligosaccharide epitope of the repeat-
ing unit is seen as a self-antigen (32, 33). The restricted
structural diversity of the GBS polysaccharides may reflect an
adaptive advantage of capsules that mimic host antigens, thus
limiting immune recognition to more complex epitopes. It is
intriguing that the type V polysaccharide, predicted by the
present analysis to have evolved most recently, evokes antibod-
ies that are predominantly of the immunoglobulin M isotype in
humans (C. J. Baker and D. L. Kasper, unpublished results).
Relatively weak class switching to immunoglobulin G might
reflect antigenic relatedness of a type V-specific structural mo-
tif (such as linkage of the trisaccharide side chain to a back-
bone glucose residue) to self-antigens.

Taken together, these analyses imply that diversity in GBS
capsular polysaccharide structures has arisen through the in-
troduction of novel DNA sequences and genetic recombina-
tion. Counterbalancing the adaptive advantage of antigenic
diversity are equally strong selective forces that have main-
tained particular structural motifs that shield the organisms
from immune surveillance mechanisms. The result of these
opposing effects is a repertoire of capsular polysaccharides that
display conserved motifs which are central to the biologic func-

FIG. 6. Phylogenetic reconstruction of CpsK genes of all nine
serotypes.
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tions of the GBS capsule and that have sufficient structural
variation for antigenic uniqueness.
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