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Streptococcus suis strains are classified into 35 serotypes on the basis of the antigenicity of their capsular polysaccharides (CPs).
CP synthesis genes are known to be clustered on the chromosome (cps gene cluster). The entire cps gene clusters of S. suis have
so far been sequenced in 15 serotypes and found to be located between orfZ and aroA. In this study, to provide comprehensive
information about S. suis CPs, we sequenced the entire cps gene clusters of the remaining serotypes and analyzed the complete
set of S. suis cps gene clusters. Among the 35 cps gene clusters, 22 were located between orfZ and aroA, whereas the other 13 were
flanked by other gene(s) on the chromosomes, and the chromosomal locus was classified into five patterns. By clustering analy-
sis, the predicted products of cps genes found in the 35 serotypes were assigned into 291 homology groups, and all serotypes pos-
sessed a serotype-specific gene, except for serotypes 1, 2, 1/2, and 14. Because of the presence of genes encoding flippase (wzx)
and polymerase (wzy), CPs of all serotypes were thought to be synthesized by the Wzx/Wzy pathway. Our data also implied the
possibility of the transfer of the entire or partial cps gene clusters among S. suis strains, as well as the influence of spontaneous
mutations in a single gene or a few genes on the antigenicity of some serotypes. Accumulation of these gene transfers and small-
scale mutations may have generated the antigenic diversity of S. suis CPs.

Streptococcus suis, a Gram-positive coccus, can cause a wide
range of diseases, including meningitis, septicemia, and endo-

carditis in pigs, and is recognized as an important pathogen re-
sponsible for severe economic losses to the swine industry world-
wide (1, 2). S. suis can also affect humans in close contact with
infected pigs or pork and is increasingly recognized as an emerging
zoonotic agent in Asia (3–5). Most S. suis strains possess a capsular
polysaccharide (CP) and, on the basis of the antigenic differences
of the CPs, the encapsulated strains have so far been divided into
35 serotypes (serotypes 1 to 34 and serotype 1/2, which reacts with
both serotype 1 and 2 typing sera) (6–9). Although the CP of
serotype 2 strains has been shown to be an important antiphago-
cytic factor of S. suis (10, 11), the current understanding of S. suis
CP, including its role, diversity, and evolution, remains limited.
For elucidation of such issues, further studies of S. suis CP, includ-
ing the genes responsible for synthesis, are required.

Bacterial CPs are usually linked to their cell surface via covalent
attachments and are composed of repeating units of a single or
multiple monosaccharides joined by glycosidic linkages (12). In
Gram-positive bacteria, CPs of Streptococcus pneumoniae have
been well studied and are known to be generally synthesized by the
Wzx/Wzy-dependent pathway (13, 14). In this pathway, first, an
initial monosaccharide is linked as a sugar phosphate to a mem-
brane-associated lipid carrier by an initial sugar transferase. Sec-
ond, further monosaccharides are added sequentially by specific
glycosyltransferases to produce repeat units. Then, Wzx flippase
transports the repeat units to the outer surface of the cytoplasmic
membrane, and each repeat unit is polymerized to form the lipid-

linked CP by Wzy polymerase. Finally, mature CP is translocated
to the peptidoglycan by the membrane protein complex (Wzd/
Wze complex in S. pneumoniae). The genes involved in this path-
way comprise a gene cluster (cps gene cluster) and are usually
located at the same chromosomal locus (13). The cps gene cluster
includes the genes encoding the initial sugar transferase, addi-
tional glycosyltransferases, Wzy polymerase (wzy), Wzx flippase
(wzx), and enzymes to modify the repeat units or to add other
moieties on CP (12, 13).

In S. suis, the entire cps gene cluster was identified in a serotype
2 strain (15, 16), and 14 additional entire cps gene clusters have so
far been sequenced in serotype 1, 1/2, 3, 4, 5, 7, 8, 9, 10, 14, 16, 19,
23, and 25 reference strains (17, 18). In serotypes 6, 11, 12, 13, 15,
17, 18, 20, 21, 22, 24, 27, 28, 29, 30, and 31, partial sequences of the
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cps gene clusters (orfY-cpsD genes) have been determined and de-
posited in the GenBank database (accession numbers JF791152 to
JF791167). Furthermore, complete genome sequences of 13 S. suis
nonreference strains (seven of serotype 2 and one of serotypes 1,
1/2, 3, 7, 9, and 14) have been determined to date (19–24). A
previous study analyzing 15 S. suis cps gene clusters indicated that
all the cps gene clusters are located between the orfZ (conserved
hypothetical protein gene) and aroA (3-phosphoshikimate 1-car-
boxyvinyltransferase gene) genes on the chromosome. In addi-
tion, because of the possession of putative wzx and wzy genes, S.
suis CPs were suggested to be synthesized by the Wzx/Wzy-depen-
dent pathway (17). Although the previous studies provided some
insights into the diversity and evolution of S. suis CP, additional
information is necessary for comprehensive understanding of this
important virulence factor. In this study, to investigate the biosyn-
thetic mechanism of S. suis CP, identify conserved and serotype-
specific cps genes, and suggest possible mechanisms by which the
diversity arises, we sequenced the 23 cps gene clusters, including

those of the remaining 20 serotypes, and analyzed the complete set
of the cps gene clusters in S. suis.

MATERIALS AND METHODS
Bacterial strains and genomic DNA isolation. The 35 S. suis strains used
in this study are listed in Table 1. Serotype 1, 3 to 34, and 1/2 strains were
reference strains for each serotype (6–9). Strain P1/7 (20) was used as the
serotype 2 strain. Genomic DNAs were isolated as described previously
(25).

Sequencing of cps gene clusters. The cps gene clusters of 23 serotypes
(1, 1/2, 6, 11 to 15, 17, 18, 20 to 22, 24, and 26 to 34) were sequenced in this
study.

(i) Serotypes 1, 1/2, 6, 11, 14, 15, 17, and 18. The entire cps gene
clusters of serotype 1/2, 11, 14, 15, and 18 reference strains were amplified
with primers cpsA-F and aroA-R (see Table S1 in the supplemental ma-
terial) and sequenced by primer walking. Sequences of the entire cps gene
clusters of serotypes 1, 6, and 17 were determined by amplifying two or
three portions of the cps gene clusters with the primer pairs listed in Table
S1, sequencing the PCR products, and assembling the data. Primers were

TABLE 1 Properties of the cps gene clusters in 35 serotypes of S. suis

Strain Serotype
No. of cps
genesa

HG of b:
Location
patternc Accession no.IT Wzy Wzx

NCTC 10237 1 26 HG6 HG50 HG13 I-a AB737817
2651 1/2 23 HG6 HG54 HG13 I-a AB737816
P1/7 2 22 HG6 HG54 HG13 I-a BR001000d

4961 3 16 HG42 HG90 HG89 I-a BR001001d,e

6407 4 17 HG21 HG96 HG98 I-a BR001002d

11538 5 20 HG21 HG103 HG105 I-a BR001003d,e

2524 6 21 HG6 HG109 HG13, HG58 I-a AB737818
8074 7 18 HG21 HG113 HG114 I-a BR001004d

14636 8 16 HG6 HG120 HG43 I-a BR001005d

22083 9 19 HG8 HG123 HG43 I-b BR001006d,e

4417 10 22 HG8 HG130 HG132 I-a BR001007d

12814 11 18 HG8 HG138 HG71 I-a AB737819
8830 12 18 HG8 HG140 HG141 I-a AB737820
10581 13 18 HG42 HG148 HG149 I-b AB737821
13730 14 22 HG6 HG50 HG13 I-a AB737822
NCTC 10446 15 13 HG6 HG153 HG155 I-a AB737823
2726 16 22 HG6 HG157 HG13, HG58 I-a BR001008d

93A 17 26 HG21 HG164 HG163 I-a AB737824
NT77 18 22 HG42 HG170 HG171 I-a AB737825
42A 19 22 HG21 HG174 HG176 I-a BR001009d

86–5192 20 18 HG6 HG182 HG186 III AB737826
14A 21 19 HG8 HG194 HG193 I-b AB737827
88–1861 22 26 HG6 HG200 HG203 III AB737828
89–2479 23 17 HG21 HG213 HG216 I-a BR001010d

88-5299A 24 17 HG8 HG220 HG221 I-b AB737829
89-3576-3 25 15 HG6 HG229 HG231 I-a BR001011d

89-4109-1 26 22 HG8 HG240 HG238 III AB737830
89–5259 27 20 HG6 HG246 HG13 II AB737831
89–590 28 17 HG8 HG254 HG256 I-a AB737832
92–1191 29 18 HG8 HG259 HG262 I-b AB737833
92–1400 30 17 HG8 HG264 HG265 I-a AB737834
92–4172 31 15 HG269 HG274 HG275 I-b AB737835
EA1172.91 32 16 HG278 HG281 HG285 IV AB737836
EA1832.92 33 15 HG8 HG286 HG43 I-b AB737837
92–2742 34 19 HG287 HG290 HG71 IV AB737838
a Excluding putative transposase and integrase genes or their remnants.
b HG, homology group; IT, initial sugar transferase; Wzy, repeat unit polymerase; Wzx, flippase.
c Pattern of chromosomal locus of the cps gene cluster.
d Reannotation performed in this study.
e The sequences determined in this study were merged into the previous study (17) and used for reannotation in this study (see Table S2 in the supplemental material).
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designed on the basis of the reported sequences of S. suis cps gene clusters
(see Table S1), and PCR was carried out using LA-Taq or Ex Taq polymer-
ase (TaKaRa, Ohtsu, Japan). Sequencing was performed with a BigDye
Terminator v3.1 cycle sequencing kit (Applied Biosystems, Foster City,
CA) using a 3130xl genetic analyzer (Applied Biosystems). The sequence
assembly was carried out using SEQUENCHER 4.8 (Hitachi Software,
Tokyo, Japan) on the basis of a minimum overlap of 50 bp with a 95%
minimal mismatch percentage, and the determined sequences were con-
firmed by sequencing both strands of multiple PCR products amplified
independently.

(ii) Serotype 12, 13, 20 to 22, 24, and 26 to 34. The cps gene clusters of
the 15 serotypes were identified from draft genome sequences of the re-
spective serotype reference strains. The genomes were sequenced using an
Illumina genome analyzer (GA) IIx. For each sample, the reads were 101
bp in length from a paired insert of approximately 400 bp mean separa-
tion. Short reads were filtered and trimmed with the qtrim program (Ge-
naris, Inc., Yokohama, Japan) (unpublished method) to maximize the
differences in average quality between trimmed sequences and trimmings.
The trimmed short reads that were longer than 75 bp and had an average
quality of more than 28 were assembled with Velvet (26) at Genaris, Inc.
The command line version of the National Center for Biotechnology In-
formation Basic Local Alignment Search Tool (NCBI BLAST) (27) was
used to search contigs that contain sequences similar to those of the cps2
gene cluster and its flanking regions of strain P1/7 (SSU0512 to SSU0563;
GenBank accession number AM946016). Gaps were closed through di-
rected PCR and primer-walking approaches.

(iii) cps3E, cps5E, and cps9J and the 3=-side boundary region of cps9
locus. To verify the reported sequences, the genes designated cps3E,
cps5EF (renamed as cps5E in this study), and cps9J (17) and the 3=-side
boundary region of cps9 locus (see below for the definition of 3= side) were
amplified by primer pairs cpsD-F/cps3F-R, cpsD-F/cps5F-R, cps9I-F/
cps9K-R, and cps9N-F/cps9Rj-R (see Table S1 in the supplemental mate-
rial), respectively, and sequenced by primer walking.

The genetic organization of each cps gene cluster obtained from the
assembled data was confirmed by PCRs with specific primers designed on
the basis of the resulting sequence data (data not shown).

Bioinformatic methods and cluster analysis. The already-reported
sequences of cps gene clusters of serotypes 2, 3, 4, 5, 7, 8, 9, 10, 16, 19, 23,
and 25 (GenBank accession numbers AM946016 [SSU0512 to SSU0557],
JF273646 to JF273652, HQ694980, JF273654 to JF273656, respectively)
(17, 18, 20) were also analyzed together with those determined in this
study to compare the results obtained by the same method. Because some
discrepancies were found between our already-determined sequences and
the reported sequences of serotype 1, 1/2, and 14 reference strains (17)
(see Table S2 in the supplemental material), we used our sequences for the
analysis. Gene prediction and annotation were performed using the RAST
and MiGAP servers (28, 29). Insertion sequences (ISs) were identified
using ISfinder (30). Except for the genes and remnants associated with
putative mobile elements, all predicted genes in the 35 cps gene clusters
were designated cps genes in alphabetical order (cpsA-Z) according to the
nomenclature previously used in S. suis (11, 15–18). Of note, according to
the resequenced and reannotation results obtained in this study, we re-
named some cps genes, and thus the names of cps genes are not necessarily
identical to those in previous studies (17, 18, 20). We defined the 5= and 3=
sides of the cps gene clusters on the basis of the direction of transcription
of the four conserved cps genes (cpsA-cpsD; as described below). Predicted
proteins of the cps genes were clustered into homology groups (HGs)
using the gene family method implemented in PGAP-1.01 (31). For each
gene pair of the same cluster, the global match region was no less than 50%
of the longer gene protein sequence and the identity was also no less than
50% by MCL algorithm (32). The minimum bit score value and E value in
BLASTP were 50 and 1e�8, respectively.

The presence or absence of genes encoding proteins of every HG was
coded as binary data, with presence as 1 and absence as 0 in the respective
cps gene cluster. Hierarchical clustering of the binary data was conducted

using Cluster 3.0 (33) with the average linkage method and Euclidean
distance matrix. Trees were represented by Java TreeView (34). The nu-
cleic acid or translated protein sequences were analyzed by the command
line version of NCBI BLAST or the BLAST network service (http://blast
.ncbi.nlm.nih.gov/) (35), and the Artemis Comparison Tool (ACT) (36)
was used to visualize the analyzed data (bit scores above 50 and E values
lower than 1e�8).

Phylogenetic analysis. Multiple DNA alignments were obtained by
using the CLUSTALW program (37). Phylogeny calculations and con-
struction of neighbor joining trees were performed by using MEGA soft-
ware version 5 (38) on the basis of the Kimura 2 parameter model. The
confidence of nodes within trees was assessed with 1,000 bootstrap repli-
cates.

Nucleotide sequence accession numbers. DNA sequences or reanno-
tation data obtained in this study were deposited in the DNA Data Bank of
Japan (DDBJ) under the accession numbers AB737816 to AB737838,
AB738319 to AB738322, and BR001000 to BR001011 (Table 1; see also
Table S2 in the supplemental material).

RESULTS AND DISCUSSION
Chromosomal loci of 35 cps gene clusters. The draft genome se-
quence of 15 serotype reference strains determined in this study
(overview of these sequencing results is shown in Table S3 in the
supplemental material) revealed that the cps gene clusters of S. suis
are not necessarily located at the same chromosomal locus. By
comparing the sequences of the 35 cps gene clusters with the com-
plete genome sequence of S. suis P1/7 (accession number
AM946016), the chromosomal loci of the cps gene clusters were
classified into five patterns (I-a, I-b, II, III, and IV) (Table 1 and
Fig. 1A).

In 22 serotypes, the cps gene clusters are located between the
orfZ-orfX region (orfX; conserved hypothetical protein gene) and
the aroA gene (pattern I-a) and, except for serotype 9, the results
agree with those in the previous study (17). Although the cps gene
cluster of the serotype 9 reference strain was previously reported
to be located between orfZ and aroA (17), the gene clusters of
serotype 9, 13, 21, 24, 29, 31, and 33 reference strains are flanked
by the orfZ-orfX region and the glf gene (UDP-galactopyranose
mutase gene; corresponding to SSU0563 in P1/7) in our data (pat-
tern I-b). In the seven serotypes, the aroA and downstream genes
(corresponding to SSU0557 to SSU0562 in P1/7) are located up-
stream of the aroF1 gene (corresponding to SSU1086 in P1/7;
serotypes 9, 13, 21, 24, 29, and 31) or downstream of the gene
corresponding to SSU1090 in P1/7 (serotype 33) (Fig. 1B).

In serotype 27, the cps gene cluster is located between genes
corresponding to SSU1265 and SSU1264 of P1/7 (pattern II),
whereas the cps gene clusters of serotypes 20, 22, and 26 are located
between genes corresponding to SSU1210 and SSU1209 of P1/7
(pattern III). Interestingly, SSU1265 and SSU1264 and SSU1210
and SSU1209 are very closely and directly linked to each other,
respectively, on the chromosome of P1/7 (Fig. 1B; see also Fig. S1
in the supplemental material). In addition, orfZ-orfX and glf, lying
in the 5=- and 3=-side flanking regions of the cps gene clusters,
respectively, in the pattern I-a and I-b strains, are closely located
on the chromosomes in the pattern II and III strains (Fig. 1B). On
the other hand, the predicted cps gene clusters of serotypes 32 and
34 are flanked by genes corresponding to SSU0869 and SSU1828
of P1/7 (pattern IV); however, the two genes are located at differ-
ent chromosomal loci in P1/7.

Although S. suis reference strains were identified as S. suis on
the basis of their physiological and biochemical characteristics
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(6–9), reference strains of serotypes 20, 22, 26, 32, 33, and 34 have
been shown to be more distantly related to the others on the basis
of the 16S rRNA gene and cpn60 sequencing (39, 40). In addition,
serotype 32 and 34 reference strains were indicated to be Strepto-
coccus orisratti by Hill et al. (40), and a recent work by Tien et al.
(41) showed that reference strains of serotypes 20, 22, 26, and 33
should be also removed from taxon of S. suis. Intriguingly, in our
data, only serotype 20, 22, and 26 reference strains had the cps gene
clusters of pattern III, and only serotype 32 and 34 reference
strains had the clusters of pattern IV. In addition, the genetic
organization of the 5=-side flanking regions of the cps32 and cps34
gene clusters is relatively similar to that of several other Strepto-
coccus species (see Fig. S2 in the supplemental material). In the
serotype 33 reference strain, although the chromosomal locus of
the cps gene cluster was grouped into pattern I-b, genetic organi-
zation of the aroA region is different from those of the other
strains with cps gene clusters of pattern I-b (Fig. 1B). The phylo-
genetic tree on the basis of the nucleotide sequence alignment of
the cpsA-cpsD regions, which are conserved in all serotypes (as
described below), indicates that all of the strains with cps gene
clusters of pattern III (serotypes 20, 22, and 26) and pattern IV
(serotypes 32 and 34) are apparently distant from other serotype
reference strains (see Fig. S3 in the supplemental material). Fur-
thermore, the cpsA-cpsD region of the serotype 33 reference strain
(pattern I-b) has only approximately 70% sequence identities with
those of other pattern I-a or I-b strains and is not clustered into
any groups including other strains with cps locus of pattern I-a or
I-b in this tree (see Fig. S3). Because chromosomal loci of the cps
gene clusters were defined on the basis of the draft genome se-
quence data, further analysis including the complete genome se-
quencing of the reference strains will be needed to confirm the
precise locus of each cps gene cluster. However, different chromo-

somal loci of the cps gene clusters found in this study and the
phylogenetic analysis of the cpsA-cpsD regions further support the
phylogenetically distant relation of these serotype reference
strains in the S. suis population, as suggested previously (39–41).

General features of the 35 cps gene clusters. The length of the
cps gene clusters ranges from 15,274 bp to 40,198 bp (see Table S2
in the supplemental material), and 672 predicted coding se-
quences in the 35 cps gene clusters were designated cps genes (see
Table S4 in the supplemental material). Most of the cps genes are
oriented in the same direction (Fig. 2). The genes involved in the
regulation and processing of CP, cpsA, cpsB, cpsC, and cpsD (des-
ignated wzg, wzd, wze, and wzh, respectively, in the bacterial poly-
saccharide gene database [BPGD]) (42), are present in all sero-
types and located on the 5=-side of the clusters, although the gene
order is wzg-wzh-wzd-wze in the cps32 and cps34 gene clusters. All
cps gene clusters also contain genes encoding putative flippase
(wzx) and polymerase (wzy), as well as various sets of glycosyl-
transferase genes, including an initial sugar transferase gene (Fig.
2; see also Table S4 in the supplemental material), strongly sug-
gesting that CPs of all S. suis serotypes are synthesized by the
Wzx/Wzy pathway. Some of the cps genes were predicted to en-
code modifying enzymes (such as acetyltransferase, aminotrans-
ferase, phosphotransferase, pyruvyl transferase, and nucleotidyl
transferase), nucleotide sugar phosphate biosynthesis enzymes,
and other enzymes, which are involved in the biosynthesis and
addition of other components on CP (such as glycerol and cho-
line) (Fig. 2; see also Table S4). The percentage G�C content of all
the cps gene clusters (32.5 to 36.7%) is lower than those of several
reported S. suis genomes (41.0 to 41.4%) (see Table S2), and most
of the cps gene clusters have more than one intact or disrupted
gene encoding transposase and/or integrase family proteins in the
3=-side regions (Fig. 2). Twenty-four cps genes (cps1G-1H, cps1X-

FIG 1 Five patterns of chromosomal loci of S. suis cps gene clusters. (A) Schematic representations of the cps gene clusters and their flanking genes of each
chromosomal locus. In pattern III, approximately 3-kbp and 3.8-kbp sequences are inserted in the genomes of the serotype 22 and 26 reference strains,
respectively, at the position indicated by the arrowhead (see Fig. S1 in the supplemental material). (B) Corresponding chromosomal loci on P1/7 genome (pattern
I-a) of the cps gene clusters of pattern I-a, I-b, II, and III. Corresponding loci of both flanking genes of the gene cluster in pattern I-a are also indicated even if they
are separate from the cps gene cluster. Pattern IV does not appear in this figure, as the cps locus of this pattern had very little relation to those of other patterns
(see Fig. S2 in the supplemental material). The locus tag numbers and assigned gene names of S. suis P1/7 are appended to the corresponding genes. Regions
conserved among strains of different chromosomal loci are indicated as light blue blocks.
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FIG 2 Schematic representations of cps gene clusters in S. suis 35 serotypes. The pattern of chromosomal locus and homology group (HG) of initial transferase
in each cps gene cluster are shown in parentheses. Each colored arrow represents the gene whose predicted function is shown in the right panel. Gene names (“cps”
omitted) of the first and last cps genes, initial transferase genes, and wzx and wzy genes in each cps gene cluster are appended to the corresponding arrows. Of note,
the names of cps genes in this study are not necessarily identical to those in a previous study (17). Scale bar indicates the size of 40 kbp in units of 10-kbp
increments.
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1Z, cps1/2U-1/2V, cps1/2W, cps3O-3P, cps7O-7P, cps8F-8G,
cps17W-17X, cps18U-18V, cps19U-19V, cps26F-26G, and cps34H-
34I) were presumed to be affected by nonsense or frameshift mu-
tation(s), and the results were verified by resequencing.

In spite of using the same strains, several discrepancies were
found between our sequence data and those determined previ-
ously by Wang et al. (accession numbers JF273644 to JF273656
and JF791152 to JF791167) (see Table S2 in the supplemental

FIG 2 continued
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material). For example, in 11 reference strains (serotypes 11, 12,
15, 20, 21, 22, 27, 28, 29, 30, and 31), there were more than 100
nucleotide sequence differences between our data and the previ-
ously sequenced data, although some have been registered as “un-
verified sequence” in the GenBank database. In the previous data,
the orfZ-orfX genes were located on the 5= flanking region of the
cps20, cps22, and cps27 gene clusters. However, in our data, the
three genes were located far from the cps gene clusters (pattern II
or III; their locations were also verified by PCR in our strains)
(data not shown). Moreover, our sequence data of cps3E, cps5E,
and cps9J had three base deletions, one base substitution, and one
base deletion, respectively, compared to the previous study (17),
and although these three genes are likely to be pseudogenes ac-
cording to the previous data (accession numbers JF273646,
JF273648, and JF273651), they were indicated to be intact in this
study. On the other hand, in our data, cps1G has one base deletion
compared to the previous data and is divided into two open read-
ing frames (cps1G-1H in our data) (as described in detail below).
Furthermore, as described above, the 3=-side flanking gene of the
cps gene cluster of the serotype 9 reference strain is not aroA but glf
in our data. Some of these discrepancies might have occurred
during repeated passages of the strains; however, at present, it is
unknown why such large numbers of discrepancies were observed
between the two studies.

Assignment of HGs. To make a more specific assignment of
the cps genes, we performed the MCL program to assemble their
products into homology groups (HGs). Sixty-nine percent of the
products assembled into 82 HGs containing 2 to 35 members, and
the remainder formed 209 single-member HGs (see Table S5 in
the supplemental material). By hierarchical clustering analysis
on the basis of the presence or absence of genes encoding proteins
of every HG, a dendrogram of the 35 cps gene clusters was con-
structed (see Fig. S4 in the supplemental material). Of note, this
does not accurately present the phylogeny of the cps gene clusters
and its robustness is not assessed.

(i) 5=-side regions of cps gene clusters. Proteins of HG1 to
HG4 cover every serotype and are encoded by the first four cps
genes (cpsA-cpsD). In all serotypes, an initial sugar transferase
gene is also located in the 5=-side regions, and the products were
classified into seven HGs (HG6, HG8, HG21, HG42, HG269,
HG278, and HG287) (Table 1; see also Fig. S4 in the supplemental
material).

The initial transferases of HG6 (serotypes 1, 1/2, 2, 6, 8, 14, 15,
16, 20, 22, 25, and 27), HG278 (serotype 32), and HG287 (sero-
type 34) are encoded by the fifth cps gene (cpsE), whereas those of
HG8 (serotypes 9, 10, 11, 12, 21, 24, 26, 28, 29, 30, and 33), HG21
(serotypes 4, 5, 7, 17, 19, and 23), HG42 (serotypes 3, 13, and 18),
and HG269 (serotype 31) are encoded by the sixth (cpsF), seventh
(cpsG), or eighth (cpsH) cps genes in the clusters (see Tables S4 and
S5 in the supplemental material). In the cps gene clusters encoding
the initial transferases of HG8, HG21, HG42, and HG269, the
nucleoside-diphosphate sugar epimerase of HG5 is always en-
coded between cpsD and the initial transferase genes. In addition,
genes encoding Fic family proteins (HG9, cpsF in serotypes 3, 13,
17, 18, 19, 21, 24, 29, and 33; HG232 and HG233, cpsF-G [proba-
ble pseudogene] in serotype 26), HpcH/HpaI aldolase/citrate
lyase family protein of HG268 (cpsF in serotype 31), and/or ami-
notransferases of HG41 (cpsG in serotypes 3, 13, and 18) are also
present between cpsD and the initial transferase genes in several
serotypes (see Fig. S4 and Table S4 in the supplemental material).

(ii) Biosynthesis genes of CP components conserved among
several serotypes. In addition to five serotypes (serotypes 1, 1/2, 2,
14, and 16), which were reported to have four sialic acid synthesis
genes in the cps gene clusters (17), the sialic acid synthesis genes
were also found in the clusters of three serotypes (serotypes 6, 13,
and 27) (Fig. 2; see also Fig. S4 and Tables S4 and S5 in the sup-
plemental material). Except for the cps13 gene cluster, the four
products were classified into HG10, HG14, HG15, and HG16. In
the cps13 gene cluster, one of the products was assigned to HG10,
but the other three were classified into different HGs (HG150 to
HG152) (see Table S4 in the supplemental material). In addition,
the order of the four genes was different between serotype 13 and
the other serotypes; therefore, the sialic acid synthesis genes of
serotype 13 seem to be phylogenetically different from those of the
other seven serotypes.

The proteins predicted to be involved in N-acetyl fucosamine
synthesis, CDP-choline synthesis, and dTDP-L-rhamnose synthe-
sis were also found to be encoded in the newly sequenced cps gene
clusters (Fig. 2; see also Fig. S4 and Tables S4 and S5 in the sup-
plemental material). The N-acetyl fucosamine synthesis-related
proteins (HG25 to HG27) and CDP-choline synthesis-related
proteins (HG74 and HG76) are encoded in the gene clusters of
serotypes 17, 21, 28, 29, and 30 and serotypes 12 and 20, respec-
tively. The cps gene clusters of serotypes 22, 26, 32, and 34 encode
proteins involved in dTDP-L-rhamnose synthesis (HG36 to HG38
and HG49), although the gene encoding dTDP-4-dehydrorham-
nose reductase (HG49) is absent from the cps26 gene cluster. Al-
though rhamnose has been shown to be a component of serotype
2 CP (43, 44), these genes are absent in the cps gene cluster. How-
ever, dTDP-L-rhamnose synthesis genes are present on the chro-
mosome but located apart from the cps loci in serotype 2
(SSU1129, SSU1130, SSU1132, and SSU1133 in P1/7; identity
�79% and coverage �99% in blastp compared to the cps22, cps26,
cps32, and/or cps34 gene clusters). Interestingly, further BLAST
analysis using our draft genome sequence data of serotype 22, 26,
32, and 34 reference strains indicated the presence of one more set
of dTDP-L-rhamnose synthesis genes on their chromosomes
(identity �90% and coverage �90% in TBLASTX compared to
the cps22, cps26, cps32, and/or cps34 gene clusters) (data not
shown). Moreover, tiling microarray analysis (45) and further
BLAST analysis using our sequence data suggested that, at least in
28 serotypes (serotypes 1/2, 2 to 14, 16 to 19, 21, 23 to 25, 27 to 31,
and 33), these genes are also present apart from their cps gene
clusters (data not shown). Although rhamnosyltransferase
(HG20) is predicted to be encoded only in cps1/2, cps2, cps6, cps15,
cps20, and cps34 gene clusters, rhamnose might be incorporated
into CPs in many serotypes.

(iii) Serotype-specific genes in the cps gene clusters. Except
for the proteins of 13 HGs (HG83 to HG87, HG91 and HG92,
HG115 and HG116, HG136, HG179, and HG232 and HG233),
which are less than 50% in size compared with the proteins of
other HGs and have more than 50% amino acid sequence identity
with the partial regions of the other Cps proteins, the proteins of
single-member HGs can be considered to be serotype-specific
gene products (see Table S5 in the supplemental material). No
serotype-specific gene is present in the cps gene clusters of sero-
types 1, 2, 1/2, and 14, although several putative transposase genes
conserved in serotypes 1 and 14 and in serotypes 2 and 1/2 are
inverted and/or translocated in the cps gene clusters (see Fig. S5
and S6 in the supplemental material). With the exception of these
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four serotypes, every serotype has at least one serotype-specific
gene in the cluster. The genes encoding Wzy polymerase, Wzx
flippase, glycosyltransferase, and enzymes to modify the repeat
units or to add other moieties on CP are included in the serotype-
specific genes. Serotype-specific glycosyltransferases were found
in 25 serotypes (serotypes 3 to 8, 12, and 15 to 32), suggesting that
oligosaccharide structures of the repeat units are different from
one another, at least in these serotypes. Although there are no
serotype-specific glycosyltransferase genes in cps10 and cps13 gene
clusters, these clusters possess specific genes involved in the glyc-
erol and sialic acid moieties, respectively. On the other hand, ex-
cept for a gene encoding a hypothetical protein (cps11H), only the
Wzy polymerase gene was specific in serotypes 11 and 33. Accord-
ing to the results of our clustering analysis, cps9J (wzy) and
cps9O-9S were specific genes of the serotype 9 reference strain.
However, because the cps9O-9S genes were absent in the genome
of another serotype 9 strain sequenced (strain D12, accession
number CP002644), the Wzy polymerase gene (cps9J) was the
only serotype-specific gene for serotype 9 strains. Therefore, to
verify the serotype specificity, further studies examining a large
number of isolates within each serotype will be required.

(iv) Wzy polymerase and Wzx flippase. As described above
and shown in Table 1, all Wzy polymerases, except for those of
serotypes 1 and 14 (HG50) and serotypes 2 and 1/2 (HG54), were
allocated to serotype-specific HGs. The cps gene clusters of sero-
types 1 and 14 and those of serotypes 2 and 1/2 were shown to be
almost identical in each pair (17, 24), suggesting that the repeat
unit structures of CPs are also very similar in each pair. Therefore,
Wzy polymerases may differ from each other according to the
repeat unit structures in the respective serotypes.

Wzx flippases of 23 serotypes also belong to serotype-specific
HGs, and those of the other 12 serotypes were assigned to four
HGs (HG13 [serotypes 1, 1/2, 2, 6, 14, 16, and 27], HG43 [sero-
types 8, 9, and 33], HG58 [serotypes 6 and 16], and HG71 [sero-
types 11 and 34]) (Table 1). Except for serotype 8, Wzx flippases of
HG13, HG43, HG58, and HG71 are always encoded together with
the glycosyltransferases of HG11 and HG12, HG63, HG57 and
HG59, and HG47, respectively (see Tables S4 and S5 in the sup-
plemental material). Therefore, Wzx flippases of these serotypes
may recognize common oligosaccharide structures conserved in
the different repeat units. Interestingly, the cps6 and cps16 gene
clusters encode two Wzx flippases; however, it is unknown
whether both products are necessary for CP synthesis.

Relationship between similarity of cps gene clusters and se-
rological cross-reactivity. (i) Serotypes 1 and 14. As reported
previously (17, 24) and shown in this study (see Fig. S5A in the
supplemental material), the cps gene clusters of serotypes 1 and 14
are almost identical. As expected from the sequence similarity, the
serotype 1 reference strain is known to cross-react with anti-sero-
type 14 serum (7). However, no cross-reaction was reported be-
tween the serotype 14 reference strain and anti-serotype 1 serum
(7), indicating that some differences in the CP structures certainly
exist between the two serotypes. Indeed, Elliott and Tai showed
that the serotype 1 CP contains N-acetyl galactosamine (43), but
the sugar was not present in the serotype 14 CP structure deter-
mined by Van Calsteren et al. (46). It is noteworthy that, in sero-
type 1 reference strain NCTC 10237 and in another strain (strain
ST1, accession number CP002651), the genes corresponding to a
glycosyltransferase gene (cps14G) of the serotype 14 reference
strain seem to be disrupted by a single base deletion and the resul-

tant frameshift mutation (see Fig. S5A). According to the reported
sequence (accession number JF273644), the gene is not disrupted
in serotype 1 strain 5428, but the deduced amino acid sequence
showed some differences from that of Cps14G (Fig. S5A). In ad-
dition, sequence differences were also observed among several cps
gene products of the serotype 1 and 14 strains (one example ob-
served in CpsE is shown in Fig. S5A). Therefore, the antigenic
differences between serotype 1 and 14 strains might be attributed
to such point mutations, which may lead to gene inactivation
and/or altered specificity of the enzyme, although further study is
needed to investigate this possibility.

(ii) Serotypes 1/2 and 2. Serotype 1/2 strains react with both
anti-serotype 1 and 2 sera. In accordance with previous reports
(17, 24), our results also showed that the cps gene clusters of sero-
types 1/2 and 2 are almost identical (see Fig. S5B in the supple-
mental material). In addition to the cps1/2 and cps2 gene clusters
analyzed in this study, cps gene clusters of serotype 1/2 strain SS12
and several serotype 2 strains have been sequenced so far (SS12,
accession number CP002640; serotype 2 strains, accession num-
bers FM252031, FM252032, CP003736, CP000407, CP000408,
CP002570, and CP000837). Although C-terminal amino acid se-
quences of a glycosyltransferase of strain SS12 (corresponding to
Cps1/2G of the serotype 1/2 reference strain 2651) are different
from those of Cps2G of serotype 2 strain P1/7, such differences
were not observed between strains 2651 and P1/7 (see Fig. S5B)
and, as far as we analyzed, we could not find any sequence differ-
ences that are likely to contribute to the antigenic differences be-
tween the two serotypes. Because the serotype 2 CP structure has
already been determined (44), structural determination of the se-
rotype 1 and 1/2 CPs will provide some insights into the epitopes
recognized by the anti-serotype 1 serum.

(iii) Other serotypes. Our clustering analysis using the cps gene
products of all serotypes showed that amino acid sequences of
many cps gene products are relatively well conserved between se-
rotypes 9 and 33, serotypes 10 and 11, and serotypes 15 and 34
(Fig. 3). As expected from the results, two-way cross-reactions
have been observed between serotype 9 and 33 and serotype 15
and 34 strains (8). However, no cross-reaction was reported be-
tween serotype 10 and 11 reference strains (7). Serotype 10-spe-
cific enzymes that are predicted to be related to the glycerol moi-
eties on CP (Cps10Q of HG133 and Cps10R of HG134) and/or a
glycosyltransferase of serotype 11, which is not encoded in the
cps10 gene cluster (Cps11O of HG47) (Fig. 3A), may contribute to
the antigenic differences between the two capsular types.

Except for the above cases, every serotype possesses more than
five specific cps genes compared to the other serotypes; neverthe-
less, cross-reactivity has been observed in several cases (6–9).
Therefore, some serotype-specific sera may recognize common
structures present in different repeat units (e.g., serotypes 6 and 16
both possess sialic acid synthesis genes and two-way cross-reac-
tions have been observed) (7). Alternatively, these sera may react
not only with the CP but also with other cell surface components,
which are common to several serotypes.

Potential serotype conversion and evolution of the cps gene
clusters in S. suis. (i) Horizontal transfer and replacement of cps
gene clusters. Multilocus sequence typing (MLST) analysis using
294 S. suis isolates by King et al. (47) suggested the potential hor-
izontal transfer of cps genes due to the presence of a sequence type
(ST) containing isolates of the multiple serotypes and the presence
of isolates of the same serotype in different STs. Our present data
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further support the possibility of horizontal cps gene transfer
among S. suis strains. For example, by the MLST analysis, refer-
ence strains that possess different cps gene clusters (serotypes 17
and 19) (Fig. 2) have been shown to have similar genetic back-
grounds (both are ST76 strains) (47). This strongly suggests the
presence of intraspecies horizontal transfer of serotype-specific
cps genes. The chromosomal loci of both cps17 and cps19 gene
clusters are pattern I-a, and the flanking sequences of the cps gene
clusters are conserved (Fig. 1). Therefore, although the mecha-
nism of the horizontal gene transfer is still unknown, once cps
regions are horizontally acquired, replacement of the entire cps
gene clusters by homologous recombination via the conserved
flanking regions may occur among strains with the cps gene clus-
ters of the same chromosomal location pattern. In addition, as
shown in Fig. 1, the cps gene clusters of chromosomal location
patterns II and III are inserted into intergenic regions apart from
the orfX-glf locus of P1/7 (pattern I-a strain). Therefore, loss of an
entire cps gene cluster from a chromosomal locus and acquisition
of a novel cluster at a different locus may also occur by indepen-
dent events among strains of different patterns. Alternatively, in
some S. suis strains, large-scale reorganization events such as in-
versions, translocations, and segmental duplications may occur in
their genomes and yield different chromosomal location patterns.

The first four cps genes (cpsA-cpsD) are conserved in all cps
gene clusters, and some of them shared more than 95% similarity
in the nucleotide sequences (see Fig. S3 in the supplemental ma-
terial). In addition, the 3=-side regions of several cps gene clusters
whose cpsA-cpsD genes share high sequence similarity show sim-
ilar genetic organizations (e.g., serotypes 1, 1/2, 2, and 14, sero-
types 4, 5, 7, and 23, serotypes 17, 18, and 19, and serotypes 11, 12,
28, and 30) (see Fig. S3 and S6 in the supplemental material).
Therefore, it is possible to speculate that replacement of partial cps
gene clusters with horizontally acquired cps genes may occur via
the conserved regions in cps gene clusters. Because some 3=-side

genes are conserved even among the cps gene clusters with differ-
ent chromosomal location patterns (e.g., cps21Q-21S of serotype
21 [pattern I-b], cps28O-28Q of serotype 28 [pattern I-a], cps29P-
29R of serotype 29 [pattern I-b], and cps30M-30O of serotype 30
[pattern I-a]) (see Fig. S7 in the supplemental material), such gene
transfer events may occur between cps gene clusters with different
chromosomal location patterns.

As shown in Fig. 1, genes corresponding to SSU0563 (glf) to
SSU0565 of S. suis P1/7 are located outside the cps loci of patterns
I-a, I-b, II, and III. Interestingly, homologues of these genes are
also present in the cps gene clusters of the serotype 6, 8, 10, and 16
reference strains (cps6U, cps8F-8G and 8N-8P, cps10T-10V, and
cps16V, respectively) (Fig. 2 and 4). In addition, although the glf
homologue is not present in the cps gene cluster of the serotype 9
reference strain 22083, serotype 9 strain D12 possesses a glf homo-
logue (SSUD12_1356) in the cps gene cluster (Fig. 4A). Moreover,

FIG 3 Comparison of the cps gene clusters between serotypes 11 and 10 (A),
serotypes 33 and 9 (B), and serotypes 15 and 34 (C). Pairwise TBLASTX com-
parison data are displayed. Conserved regions are indicated by red (same di-
rection) or blue (opposite direction) blocks. Some gene names (“cps” omitted)
are indicated beside the arrows. Each colored arrow represents the gene whose
predicted function is shown in Fig. 2.

FIG 4 Genetic organizations of 3=-side boundary regions of the cps loci. (A)
The 3=-side boundary regions of cps2, cps8, cps9, and cps10 loci. The serotype 8
reference strain 14363 possesses genes corresponding to SSU0563 (glf) to
SSU0565 of S. suis serotype 2 strain P1/7 (cps8N-P) and the putative remnants
of a glf homologue (cps8F-G) in the cps gene cluster. The serotype 10 reference
strain 4417 and serotype 9 strain D12 also harbor glf and SSU0565 homologues
in the cps gene clusters. On the other hand, serotype 9 reference strain 22083
does not have these homologues in the cps gene cluster. (B) The 3=-side bound-
ary regions of cps6, cps16, and cps21 loci. The glf homologues are present in the
cps gene clusters of serotype 6 and 16 reference strains, but the genes corre-
sponding to SSU0564 and SSU0565 are absent from the gene clusters. Homo-
logues of a putative transposase gene located downstream of glf in the serotype
21 reference strain are present upstream of aroA in serotype 6 and 16 reference
strains. Conserved regions by BLASTN analysis are represented by light blue
blocks. The locus tag numbers or gene names (“cps” omitted) are appended to
the corresponding genes.
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several mobile genetic elements are also conserved both inside and
outside several cps loci. For example, a putative transposase gene
located downstream of glf in the serotype 21 reference strain (i.e.,
located outside the cps21 locus of pattern I-b) is highly homolo-
gous to those located upstream of aroA in the serotype 6 and 16
reference strains (i.e., located inside the cps6 and cps16 loci of
pattern I-a) (Fig. 4B). Although precise boundaries of the cps gene
clusters are still controversial, homologous recombination events
between sequences conserved both inside and outside the cps loci
may also contribute to the generation of the diversity of the cps
gene clusters.

(ii) Small-scale mutations and deletion, insertion, and inver-
sion events. In S. pneumoniae, mutations of a few cps genes affect
the repeat unit structures of their CPs, resulting in the generation
of serotype variation (e.g., serotypes 6A and 6B, serotypes 9L and
9N, serotypes 12A and 12F, and serotypes 15B and 15C) (13, 48).
As discussed above, a glycosyltransferase gene of S. suis serotype 1
(cps1G) seems to be disrupted by a frameshift mutation (see Fig.
S5 in the supplemental material), and this mutation might con-
tribute to the different antigenicity between serotypes 1 and 14. In
addition to cps1G, more than 20 cps genes in serotypes 1, 1/2, 3, 7,
8, 17, 18, 19, 26, and 34 are disrupted by nonsense or frameshift
mutations (Fig. 2). In the cps1 and cps10 gene clusters, truncation
by the insertion of an IS element is found (cps1V-1W and cps10T-
10U) (Fig. 2). Moreover, inversion events (e.g., 3=-side of three
genes in cps gene clusters of serotypes 4, 5, 7, 17, 18, 19, and 23)
and insertion or deletion events (e.g., cps3O-3P and cps30P-30Q)
appear to have occurred (see Fig. S6 in the supplemental material).
Some of these mutations and genetic events may also contribute to
the generation of serotype variation in S. suis.

In summary, the variation of S. suis CP is assumed to be gen-
erated, at least in part, by the accumulation of intraspecies cps gene
transfers and spontaneous mutations. The natural habitat of S.
suis is the upper respiratory tract (particularly the tonsils and nasal
cavities) and the genital and alimentary tracts of pigs, and it is
known that many pigs harbor a variety of S. suis strains or sero-
types in their tonsils (2, 49, 50). Therefore, intraspecies cps gene
transfer in the S. suis communities inhabiting pigs may play an
important role in generating the variation of S. suis CP.

Future research directions in S. suis CP. In this study, we
analyzed the complete set of S. suis cps gene clusters and provided
insight into the antigenic differences of S. suis CP and how CP
variations could arise in this bacterium. However, the precise
function is still unknown in most of the cps genes. In addition, CP
structures have so far been determined only in serotypes 2 and 14
(44, 46). Therefore, a more exhaustive analysis of each cps gene
and the CP structure determination in other serotypes will be
necessary for complete elucidation of the role, biochemistry, ge-
netics, and evolution of S. suis CPs. In this regard, our results will
serve as an important base for further studies.

Our results may also contribute to the development of a novel
molecular serotyping method. Although several serotype-specific
PCR assays are available at present (16, 18, 51–53), it is still not
possible to distinguish one from another in all serotypes. For se-
rotyping, preparation of typing sera for all serotypes is necessary,
but this is not easy in all the diagnostic laboratories. Moreover,
cross-reactions make serotyping difficult in some cases. Develop-
ment of a novel PCR assay using the serotype-specific genes found
in this study will therefore facilitate the determination of S. suis
infection in diagnostic laboratories.
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