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In a search for the genetic basis for the structural difference between the related Streptococcus pneu-
moniae capsular serotypes 15B and 15C and for the reported reversible switching between these serotypes,
the corresponding capsular polysaccharide synthesis (cps) loci were investigated by keeping in mind that
at the structural level, the capsules differ only in O acetylation. The cps locus of a serotype 15B strain was
identified, partially PCR amplified with primers based on the related serotype 14 sequence, and se-
quenced. Sequence analysis revealed, among other open reading frames, an intact open reading frame
(designated cps15bM) whose product, at the protein level, exhibited characteristics of previously identified
acetyltransferases. Genetic analysis of the corresponding region in a serotype15C strain indicated that the
same gene was present but had a premature stop in translation. Closer analysis indicated that the serotype
15B gene contained a short tandem TA repeat consisting of eight TA units. In serotype 15C, this gene
contained nine TA units that resulted in a frameshift and a truncated product. Genetic analysis of 17
serotype 15B and 15C clinical isolates revealed a perfect correlation between the serotype and the length
of the short tandem repeat in the putative O-acetyltransferase gene. The number of TA repeating units
varied between seven and nine in the various isolates. Together, the data strongly suggest that the
structural difference between serotypes 15B and 15C is based on variation in the short tandem TA repeat
in the O-acetyltransferase gene and that the transition between serotypes is due to slipped-strand
mispairing with deletion or insertion of TA units in the cps15bM gene.

The human pathogen Streptococcus pneumoniae (pneumo-
coccus) is a major cause of respiratory tract infections, bacte-
remia, and meningitis, particularly in young children and the
elderly (32, 35). One of the prime virulence determinants of
this bacterium is the polysaccharide capsule (CPS). This struc-
ture is thought to protect the bacterium against harmful envi-
ronmental conditions and exhibits antiphagocytic properties
(8). The CPS is composed of saccharide repeating units that
are polymerized into a polysaccharide chain. Thus far, 90 dif-
ferent capsule serotypes have been identified. The diversity is
based on variation in the carbohydrate structure of the oligo-
saccharide units or the attached side groups (18).

The genes encoding the enzymes involved in CPS biosynthe-
sis are clustered on the bacterial genome in the capsular poly-
saccharide synthesis (cps) locus. The cps locus is typically
flanked by the genes dexB and aliA. At this time, the cps loci of
16 different serotypes have been sequenced (3, 12, 13, 16, 20,
23, 24, 26–29, 33, 34, 42, 50). Nearly all loci have the same
genetic organization (38). The first four genes of the loci are
conserved in almost all serotypes, and it has been demon-
strated that three of these genes encode enzymes involved in
the regulation of capsule production (5, 7, 30, 54). The central
parts of the loci contain serotype-specific genes that encode
glycosyltransferases and the repeating unit transporter and
polymerase. Near the 3� end, the loci may include genes that

encode transferases that allow substitution of side groups
and/or enzymes that enable synthesis of specific substrates.

In general, the structure of the CPS appears to be a stable
characteristic of a strain, although genetic exchange between
loci can lead to serotype changes (4, 9–11, 37, 41). For sero-
types 15B and 15C (Fig. 1 shows chemical structures) a change
of serotype has been suspected to occur in vivo during natural
infection as both of these serotypes have been repeatedly iso-
lated from middle ears of children with otitis media (51). The
switching of serotypes in vitro was demonstrated to be a re-
versible event with an estimated transition frequency of up to
1 in 250 (51).

In the present study, we aimed to determine the genetic
basis of the structural difference between capsule serotypes
15B and 15C and the mechanism that drives the transition
between these serotypes. Extensive structural analysis has
indicated that the principal difference between serotypes
15B and 15C is the presence or absence of an O-acetyl group
attached to the pentasaccharide repeating unit (14). To
identify a putative O-acetyltransferase gene(s), we geneti-
cally analyzed the serotype 15B cps locus, which has not
been characterized previously. Our search strategy involved
identification and comparison of disparate regions in the cps
loci of serotype 15B and the structurally related (but non-
O-acetylated) serotype 14 (20) (Fig. 1). After this, we com-
pared the relevant regions in serotypes 15B and 15C and
determined the genetic basis for the difference between
serotypes 15B and 15C and for the switching between these
serotypes.
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MATERIALS AND METHODS

Bacterial strains. S. pneumoniae strain SSISP 15B/1 was generously provided
by U. B. Skov Sørensen (University of Aarhus, Aarhus, Denmark). All other
strains were clinical isolates and were kindly provided by A. van der Ende
(Academic Medical Center, Amsterdam, The Netherlands). These strains were
collected over a 9-year period and were isolated from different patients in
different regions of The Netherlands. Pneumococci were grown in Todd-Hewitt
broth (Oxoid) supplemented with 0.5% yeast extract (Oxoid) or on Columbia
blood agar (prepared with 5% sheep blood) in the presence of 5% CO2. Sero-
types were determined by using the quellung reaction with pneumococcal anti-
sera from the Statens Serum Institut (Copenhagen, Denmark).

DNA techniques. Most DNA techniques were performed as described previ-
ously (44). Chromosomal DNA was isolated with a Qiagen genomic DNA kit
(Qiagen GmbH, Hilden, Germany). Long-range PCR was performed with Elon-
gase (Invitrogen BV, Breda, The Netherlands) by following to the manufactur-
er’s instructions. PCR products were purified with a Qiagen PCR purification kit
or from agarose gels with a Qiaquick gel extraction kit (Qiagen).

PCR amplification of part of the serotype 15B cps locus. Primers BamIL
(5�-AGGAAAGGATCCGATGATAGAAGTATCA-3�) and aliAstI (5�-CAAA
TAGTTGAGGTTATCAGGGTCTGTCTC-3�) were used to PCR amplify the
C-terminal region of the serotype 15B cps locus. Primers 15BJF-1 (5�-AACGA
CAGTTTAGAAAGTTCGC-3�) and aliAstI were used to generate PCR prod-
ucts from serotype 15B chromosomal DNA. These PCR products were used for
cycle sequencing by primer walking.

DNA sequencing and analysis. DNA sequencing was performed with an ABI
Prism 310 genetic analyzer (Applied Biosystems Inc., Foster City, Calif.) by using

an ABI dye terminator cycle sequencing kit. DNA and protein data were ana-
lyzed with the software program DNAstar. The BLAST (2) and FASTA (39)
algorithms were used to compare sequences with sequences available in the
National Center for Biotechnology Information database. Transmembrane seg-
ment predictions were performed by using the program DAS (http://au.expasy
.org). The putative O-acetyltransferase genes were amplified with primers
15BLR-1 (5�-ATTGATTTCTGCTATGTCTCCG-3�) and 15BMR-4 (5�-AGCG
GTAACATCAATTATGTCC-3�). Sequencing of the putative genes was done
with primers 15BgenXF (5�-ATTTTGTTAAATAGGTAGGAAAG-3�) and
15BgenXR (5�-TTCTTCTTTATCCGAACAGGC-3�).

Nucleotide sequence accession number. The nucleotide sequence of part of
the serotype 15B cps locus has been deposited in the GenBank database under
accession number AY250187.

RESULTS

Genetic organization of part of the serotype 15B cps locus.
As a first step towards identification of the O-acetyltransferase
gene(s) in serotype 15B, we identified parts of the cps locus
that were not present in the related, non-O-acetylated serotype
14 (19). By analogy with the genetic organization of the sero-
type 14 locus (20), these parts were assumed to be located in
the C-terminal region of the locus. Long-range PCR per-
formed with chromosomal DNA of serotype 15B strain 910165

FIG. 1. Diagram showing the structures of the repeating units of the capsular polysaccharides of S. pneumoniae serotypes 14, 15B, and 15C (14,
22). � 0.7 OAc* indicates that on avareage 70% of the repeating units is O acetylated. The site of the O acetylation is unknown (14), although
Venkateswaran et al. (51) suggested that it is linked to a galactose moiety.

FIG. 2. Comparison of the organizations of the cps loci of S. pneumoniae serotypes 14 and 15B. The genes that are present in the loci are
indicated by different arrows, as follows: solid arrows, 5� conserved genes; arrows with horizontal stripes, glycosyltransferases; arrow with horizontal
dashes, polymerase; arrows with vertical dashes, repeating unit transporters; arrows with vertical stripes, nonsugar transferases; arrows with
tessellated pattern, nucleotide sugar biosynthesis genes; arrows with dots, genes with unknown functions. The dashed arrows represent genes that
were previously suggested to be present in serotype 15B (19). The small open arrow is not involved in CPS synthesis in serotype 14. The putative
promoters of the loci are indicated by bent arrows. The putative genes cps14A to -K and cps15A to -Q are labeled A to K and A to Q, respectively.
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and primers based on the sequence of the cps14I gene and the
flanking aliA gene yielded an approximately 9.5-kb DNA frag-
ment. Sequencing of this fragment with a primer based on the
sequence of the cps14J gene revealed a short sequence which
served as a basis for further sequencing by primer walking.
Computer-assisted sequence analysis of the entire fragment
revealed seven open reading frames (ORFs), designated
ORF1 to ORF7 (Fig. 2). There was a 365-bp intergenic gap
between ORF2 and ORF3. The other intergenic regions were
much smaller. All ORFs were preceded by a putative ribosome
binding site. The G�C content of ORF3 was remarkably low
(24%). The G�C contents of the other ORFs varied between
30 and 37% (Table 1).

Identification of putative glycerophosphate biosynthesis
genes and a glycosyl transferase. Comparative sequence anal-
ysis of the corresponding regions of serotypes 15B and 14
revealed that at the deduced amino acid level Cps15bK (en-
coded by ORF1) was 88% similar to Cps14K (20), 60% similar
to the putative glycosyltransferase WciW of serotype 18C (16),
and 54% similar to an �-1,2-galactosyltransferase (EpsI) of
Lactobacillus delbruekii subsp. bulgaricus (21). Alignment of
Cps14K and Cps15bK genes revealed that the Cps14K gene
had a single adenine deletion at position 44 of the serotype 15B
sequence. This caused a frameshift and a premature stop of
translation after 17 amino acids (Fig. 3). Translation of the
ORF from the next start codon was considered unlikely as no
ribosome binding site in close proximity could be identified
(Fig. 3). This apparent defect in cpsK is of particular interest as
its similarity to the EpsI gene of L. delbruekii suggests that it
may encode a galactosyltransferase. The deletion may thus
explain the difference between the carbohydrate compositions
of serotypes 14 and 15B.

ORF2 was 89% similar at the deduced amino acid level to
the serotype 14 Cps14L gene. This protein is assumed to be a
putative repeating unit transporter (20). Homologues of ORF3

to ORF7 were not found in the cps locus of serotype 14.
Functions for these genes were proposed on the basis of amino
acid similarities (Table 1) with protein sequences available in
the GenBank database. BLASTX analysis (2) indicated that
Cps15bN (encoded by ORF4) was 91% similar to Cps23fK
(corresponding to Cps23fW) of serotype 23F (26, 42) and 60%
similar to WciY of serotype 18C (16). These proteins are
putative glycerophosphotransferases. The proteins encoded by
ORF5, ORF6, and ORF7 (Cps15bO, Cps15bP, Cps15bQ)
were virtually identical to Cps23fL, Cps23fM, and Cps23fN
(corresponding to Cps23fX, Cps23fY, and Cps23fZ) of sero-
type 23F (26, 42), respectively. These proteins are predicted to
be involved in the biosynthesis of CDP-2-glycerol, the precur-
sor required for addition of the glycerol 2-phosphate side chain
in serotype 23F CPS.

Identification of a putative O-acetyltransferase gene in se-
rotype 15B. The predicted protein encoded by ORF3
(Cps15bM) exhibited 39% similarity to an acetyltransferase of
Pseudomonas putida (17) and 40% similarity to an integral
membrane acetyltransferase of Actinobacillus actinomycetem-
comitans (36). This protein also exhibited 69% similarity to
WciX encoded by the cps locus of serotype 18C (16), 41%
similarity to the putative acetyltransferase Cap33fM present in
serotype 33F (24, 38), and 39% similarity to the putative O-
acetyltransferase Cps9vO of serotype 9V (50). Transmem-
brane segment predictions for Cps15bM, WciX, Cap33fM, and
Cps9vO and the putative acetyltransferases of P. putida and A.
actinomycetemcomitans yielded very similar profiles (Fig. 4).
These profiles resembled those of a series of proteins defined
as a family of membrane proteins involved in the acetylation of
carbohydrate moieties on extracytoplasmic molecules (46; data
not shown). Based on the observed similarities we propose that
Cps15bM is a putative O-acetyltransferase.

Comparative sequence analysis of the putative O-acetyl-
transferase genes in serotypes 15B and 15C. To assess the

FIG. 3. Comparison of the nucleotide sequences at the 5� ends of the cps14K and cps15bK genes. The amino acid sequences encoded by the
ORFs are shown above the sequence for cps14K and below the sequence for cps15bK. Start codons of the ORFs are underlined. Putative ribosome
binding sites are indicated by dashed underlining. The arrow indicates the position of the deletion in serotype 14.

TABLE 1. Properties of the additional ORFs in the cps locus of S. pneumoniae serotype 15B compared to the serotype 14 cps locus

ORF
Gene
size
(bp)

G�C
content

(%)

No. of
amino
acids

Predicted
molecular

mass
(kDa)

Predicted
localization

of protein in
membrane

Similar gene product
(% similarity)

Proposed function of
gene product

cps15bK 909 30 302 35.9 Yes S. pneumoniae Cps14K (88) �-1,2-Galactosyltransferase
cps15bL 1,464 30 487 55.3 Yes S. pneumoniae Cps14L (89) CPS repeating unit transporter
cps15bM 978 24 325 38.4 Yes S. pneumoniae serotype 18C WciX (69) O-Acetyltransferase
cps15bN 1,149 30 382 45.2 Yes S. pneumoniae Cps23fK (91) Glycerol-2-phosphotransferase
cps15bO 1,065 37 354 37.6 Yes S. pneumoniae Cps23fL (100) Glycerol-2-phosphate dehydrogenase
cps15bP 705 32 234 26.1 No S. pneumoniae Cps23fM (99) Glycerol-2-phosphate cytidylyltransferase
cps15bQ 834 33 277 31.1 No S. pneumoniae Cps23fN (100) Glyceraldehyde-2-phosphotransferase
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genetic basis for the difference between serotypes 15B and
15C, the cps15cM gene of serotype 15C strain 910162 was PCR
amplified from genomic DNA by using primers based on the
serotype 15B cps15bM sequence. This yielded a DNA fragment
whose size was similar to the size of the cps15bM gene. Se-
quencing of the PCR product and comparative sequence anal-
ysis revealed that the sequences of the cps15bM and cps15cM
genes were identical, except for the apparent insertion of two
nucleotides (TA) in the central region of the serotype 15C
gene. These nucleotides were part of a stretch of repetitive TA
nucleotides (Fig. 5). The cps15bM gene of serotype 15B con-
tained eight repetitive TA units, which resulted in an intact
ORF. In serotype 15C, the apparent insertion of one TA unit
interrupted the ORF (Fig. 5). This caused a premature stop in
translation and most likely resulted in a loss of enzyme activity,
which in turn may explain the absence of O-acetyl groups in the
CPS of serotype 15C.

Correlation between serotypes 15B and 15C and the length
of the TA repeat in the putative O-acetyltransferase gene. The
apparent relationship between the status of the putative O-
acetyltransferase gene and the serotype 15B and 15C capsule
phenotypes was further investigated by assessing the lengths of
the short tandem TA repeats in seven serotype 15B and seven
serotype 15C clinical isolates collected from different patients
in different regions of The Netherlands over a 9-year period
and in the serotype 15B reference strain SSISP 15B/1 (Fig. 5).
The putative O-acetyltransferase genes were amplified by PCR
from these strains, and the lengths of the TA repeats were
determined by sequencing. As shown in Fig. 5, the number of
repetitive TA units in the putative O-acetyltransferase genes of
the various strains ranged from seven to nine. All serotype 15B
strains had the same sequence with eight repetitive TA units,
which resulted in an intact ORF. For the serotype 15C isolates,
six of seven strains were identical except for the presence of
either seven or nine TA units, which resulted in a nonfunc-
tional gene. Unexpectedly, strain 981519, which had been iden-
tified as a serotype 15C strain, contained eight repetitive TA
units, which is typical of serotype 15B strains. Retyping of this
strain, however, demonstrated that it had a serotype 15B cap-
sule and thus that either the serotype identification had been
erroneous or the strain had switched to serotype 15B after the
initial typing. These data strongly suggest that the number of
TA units in the cps15bM/cps15cM gene determines whether a
strain is serotype 15B or 15C and that the reported switching of
these serotypes (51) may have been caused by variation in the
number of TA repeats.

FIG. 4. Transmembrane segment predictions for putative O-acetyl-
transferases. The predicted profiles were generated for S. pneumoniae
Cps15bM (serotype 15B), Cps9vO (serotype 9V), Cap33fM (serotype
33F), and an acetyltransferase of P. putida by using the program DAS
(http://au.expasy.org). There are two cutoffs indicated on the plot. The
strict cutoff (represented by the solid line) at a DAS score of 2.2 is
informative in terms of the number of matching segments. The loose
cutoff (represented by the dashed line) gives the actual location of the
transmembrane segment.
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DISCUSSION

S. pneumoniae capsule serotypes 15B and 15C differ in terms
of the presence of an O-acetyl group in the structure of the
CPS. Here we report that the genetic basis for the difference in
O acetylation is located in the cps15bM/cps15cM gene. This
gene is predicted to encode an O-acetyltransferase. In serotype
15B this gene is intact, while in serotype 15C the gene is
defective due to insertion or deletion of a TA unit in a short
tandem TA repeat sequence that is present in the central
region of the gene. The perfect correlation between the length
of the TA repeat and serotype further supported the hypoth-
esis that the cps15bM/cps15cM gene is a key determinant of the
different serotypes and suggested that changes in the number
of TA repeat units cause the reported reversible switching of
serotypes 15B and 15C.

For identification of the serotype 15B and 15C cps loci, we
took advantage of the available nucleotide sequence of the
serotype 14 cps locus (20). Previous DNA hybridization exper-
iments suggested that serotype 15B and 15C cps loci closely
resemble the serotype 14 cps locus (19). The only reported
structural differences between the repeating units of serotypes
14 and 15 are the presence of an additional galactose moiety
and a phosphorylcholine group in serotypes 15B and 15C and
the presence of an O-acetyl group in serotype 15B (14) (Fig. 1).
After sequencing of part of the serotype 15B cps locus and
comparison with the serotype 14 sequence, several genes
unique to serotype 15B were identified. These genes encode a
putative O-acetyltransferase, a putative galatosyltransferase,
and several proteins that are probably involved in the synthesis
of a glycerol 2-phosphate side chain. The putative galactosyl-
transferase CPS15bK likely accounts for the presence of the
additional galactose residue in the pentasaccharide repeating
unit of serotype 15B compared to the serotype 14 residues. In
serotype 14, the gene encoding this protein is present, but the

N-terminal part of the protein is not present due to a single
nucleotide deletion.

The identification of putative glycerophosphate biosynthesis
genes in serotype 15B was unexpected as both serotypes 15B
and 15C have been reported to contain a phosphorylcholine
rather than a glycerol 2-phosphate moiety (14), although for
one serotype 15B strain the presence of a glycerol 2-phosphate
side chain has been reported (1). Glycerol 2-phosphate is
present in the CPS of serotype 15A (6). As lateral gene transfer
among cps loci appears to be a frequent event (10) and assum-
ing that the structures determined are correct, our data may
indicate that there is diversity in lipid side chain biosynthesis in
serotype 15 strains.

The identification of the Cps15bM protein as a putative
O-acetyltransferase was based on a combination of moderate
levels of sequence similarity with the putative acetyltrans-
ferases of S. pneumoniae serotypes 33F and 9V, P. putida, and
A. actinomycetemcomitans and a strong resemblance in the
predicted transmembrane segments to a family of membrane
proteins involved in acetylation. The apparent presence of
species- and/or serotype-specific sequences within a relatively
conserved overall protein structure may indicate that during
evolution the cps15bM/cps15cM gene was acquired by horizon-
tal transfer from other species and subsequently acquired se-
rotype-specific characteristics. The extremely low G�C con-
tent of the cps15bM/cps15cM gene (24%) compared to that of
the S. pneumoniae genome (39.7%) (48) is consistent with this
hypothesis.

A key finding of our work was that the structural difference
between the serotype 15B and 15C capsules (i.e., the presence
of an O-acetyl group in serotype 15B but not in serotype 15C)
is based on the presence of an intact cps15bM/cps15cM gene.
In serotype 15C, the corresponding ORF was interrupted due
to a frameshift. This likely explains the lack of O acetylation of

FIG. 5. Schematic representation of the putative O-acetyltransferase genes, showing the locations of the TA repeats and the variation in the
TA repeat length in nine serotype 15B and eight serotype 15C clinical isolates (positions 398 to 463 in the gene). The strain numbers are indicated
in parentheses. Strain 981519 was identified by us as a serotype 15B strain. The premature stops in the cps15cM ORFs of serotype 15C strains are
underlined.
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serotype 15C CPS. Interestingly, the premature stop in trans-
lation in cps15cM was caused by insertion of a TA unit into a
short tandem repeat sequence consisting of eight repetitive TA
units. Further analysis of 15 serotype 15B and 15C strains
confirmed the direct relationship between the number of re-
petitive TA units in the putative O-acetyltransferase gene and
the serotype. In all serotype 15B strains that were analyzed the
cps15bM gene had eight repetitive TA units in the central part
of the gene, which resulted in an intact ORF. In contrast,
serotype 15C strains always contained seven or nine repetitive
TA units, which resulted in a defective gene and loss of O-
acetyl groups from the CPS.

The presence of a short tandem TA repeat sequence rather
than a more structural gene defect in serotype 15C may also
explain the reversible switching between the 15B and 15C
capsule serotypes that has been demonstrated in the laboratory
and likely occurs during natural infection (51). Despite numer-
ous attempts, we were unable to demonstrate capsule switching
and/or variation in the number of TA repeat units in the
laboratory. Colony blotting to select for capsule variants failed
due to cross-reactivity of the polyclonal antisera in this assay,
and construction of an antibiotic reporter gene did not yield
the desired phase variants (data not shown). These data sug-
gest that switching of the serotype is not a frequent event and
escapes the detection limit under the conditions employed.
Some serotype 15C strains examined by Venkateswaran et al.
(51) also failed to give rise to variants in vitro, while others
showed a relatively high frequency of variation. These data
suggest that the frequency of variation may be strain dependent.

In many gram-negative pathogens, variations in the lengths
of stretches of repetitive homo- or polymeric nucleotides have
been demonstrated to play an important role in bacterial vir-
ulence (15, 31, 45, 47, 49, 53, 55). These DNA repeats are
found within or upstream of coding sequences and can vary in
length due to slippage of the DNA polymerase during replica-
tion. Slippage can occur between short direct repeats and in-
volves pausing by the DNA polymerase within the repeat and
dissociation of the polymerase from the DNA. At the same
time, the terminal portion of the newly synthesized strand
separates from the template and anneals to another direct
repeat, and after resumption of DNA replication the number
of repeats in the newly synthesized strand might differ from the
number in the template DNA (52). For gram-positive micro-
organisms, bacterial surface variation and/or adaptation via the
slipped-strand base mispairing mechanism has been demon-
strated only rarely so far (25, 40, 43). In the genome of S.
pneumoniae serotype 4, iterative DNA motifs have been iden-
tified in 18% of the genes, most of which are homopolymeric
tracts. Twenty-five of these genes are directly related to viru-
lence and include genes from the teichoic acid and capsule
biosynthesis pathways. Pericone et al. (40) demonstrated for
various genes that homopolymeric tracts exhibited length vari-
ation. Our data suggest that heteropolymeric tracts present in
pneumococci may contribute to surface variation.
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