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Streptococcus suis is an emerging zoonotic pathogen causing severe infections in pigs and humans. Thirty-three serotypes of S.
suis have been identified using serum agglutination. The capsular polysaccharides synthesis (cps) locus is usually conserved
among different strains of the same serotype. The cpsloci of 15 serotypes have been sequenced, while the loci of the other sero-
types remain unknown. In the present study, two to six serotype-specific genes of each of eight serotypes, i.e., serotypes 3, 4, 5, 8,
10, 19, 23, and 25, were identified using cross-hybridization with 93 nucleic acid probes specific to genes in the cps locus, and se-
rotype-specific PCR assays for rapid and sensitive detection of the eight serotypes were then developed. The PCR typing results
of the 148 serologically typeable isolates were completely consistent with agglutination results. Furthermore, some autoaggluti-
nating, acapsular, and multiagglutinating strains which could not be differentiated by traditional serum agglutination assays
were positive in the PCR assays. Use of the PCR assays with clinical tonsillar specimens showed that the assays are sensitive and
able to identify samples with autoagglutinating isolates. To our knowledge, this is the first study to identify the serotype-specific
genes of the eight Streptococcus suis serotypes and develop rapid and sensitive PCR assays for the eight serotypes which can be

identified only by serum agglutination.

S treptococcus suis is a Gram-positive bacterium and an impor-
tant pathogen of pigs (11, 35). Infection of S. suis is endemic in
nearly all countries with an extensive pig industry, and it is also a
zoonotic disease (33). Humans can be infected with S. suis when
they handle infected pig carcasses or meat, especially if they have
exposed cuts and abrasions on their hands (33). Human infection
can be severe, with meningitis, septicemia, endocarditis, and deaf-
ness being possible outcomes of infection. S. suis can localize in the
upper respiratory tracts of pigs, especially on the palatine tonsils
and in the nasal cavities (6). Carrier pigs, harboring the organism
in their palatine tonsils, play an important role in disseminating S.
suis (6, 14). Various authors have determined the prevalence of
carrier pigs of S. suis based on tonsillar samples from slaughter
pigs (4, 7). Attempts to control the disease are still hampered by
the lack of effective vaccines, sensitive diagnostics, and sufficient
knowledge about the epidemiology of the disease.

So far, based on the presence of specific capsular polysaccha-
rides, 33 serotypes of S. suis have been identified (15, 28). Among
them, serotype 2 is the major one circulating in pigs (11, 35).
Other serotypes are also frequently isolated from the diseased pigs,
especially serotypes 3, 4, and 8. For example, among the 407 S. suis
strains isolated from diseased pigs in China analyzed by Wei et al.
(32), serotype 2 (43.2%) was the most prevalent, followed by se-
rotype 3 (14.7%) and serotypes 4, 8, 5, 7, and 1/2 (3.2 to 6.4%).
Serotypes 6,9, 10,11, 12,13, 14,15, 16,17, 19, 20, 21, 22, 23, 25,
and 28 were also found in China. The strains isolated from
diseased pigs in Canada mainly belong to serotypes 2 and 3,
followed by serotypes 1/2, 4, 7, and 8 (21). In Denmark, sero-
types 2, 3, 4, 7, and 8 were found to be the most prevalent in
pigs (1). The prevalent strains in Japan belong to serotypes 2, 3,
7,and 1/2 (16). Among S. suis isolated from pigs with polyse-
rositis in Korea, serotype 3 (29%) and serotype 4 (21%) are the
most prevalent (18).

S. suis isolates are generally serotyped by serum agglutination
method, based on the presence of specific capsular polysaccha-
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rides (13). This typing method is laborious and time-consuming
and can be performed only on isolated colonies. Among the 33
serotypes of S. suis, the cps loci of serotypes 1, 2, 3,4, 5,7, 8,9, 10,
14, 16, 19, 23, 25, and 1/2 have been sequenced, while the loci of
the other serotypes remain unknown (30). Based on serotype-
specific genes in the ¢ps locus, rapid and sensitive PCR assays spe-
cific for serotype 1 (and 14), 2 (and 1/2), 7, 9, and 16 have been
described (26, 27, 31). Until now, no rapid and sensitive PCR
typing method for identifying other S. suis serotypes has been
available. According to the above epidemiological information, it
is important to develop rapid and sensitive PCR typing methods
for other prevalent serotypes.

In the present study, the serotype-specific genes of serotypes 3,
4,5,8,10, 19, 23, and 25 in the cps locus were screened by nucleic
acid cross-hybridization, and PCR assays to type these eight sero-
types were developed based on their serotype-specific genes. The
PCR assays were evaluated using reference strains and clinical iso-
lates and samples.

MATERIALS AND METHODS

Bacterial strains. S. suis reference strains (serotypes 1 to 31, 33, and 1/2)
were obtained from M. Gottschalk (Faculty of Veterinary Medicine, Uni-
versity of Montreal, Montreal, Canada) (12). Streptococcus agalactiae 1886
(group B), Streptococcus dysgalactiae ATCC 9926 (group C), Streptococcus
equi subsp. zooepidemicus ATCC 35246 (group C), and Streptococcus mu-
tans UA159 (group C) were kept by Nanjing Agricultural University. One
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hundred ninety-five Chinese S. suis isolates were isolated from pigs be-
tween 2005 and 2010. The details of the isolates are shown in Table S1 in
the supplemental material. S. suis strains were grown in Todd-Hewitt
broth (Oxoid, United Kingdom) or on plates with Columbia agar blood
base (Oxoid) containing 6% (vol/vol) sheep blood overnight.

Screening of serotype-specific genes. Serotype-specific genes were
identified using nucleic acid cross-hybridization, as described previously
(26,27,31). Briefly, genomic DNAs of the eight serotypes reference strains
were extracted using a Wizard genomic-DNA purification kit (Promega,
Madison, WI). Except the conserved genes (¢psA to cpsD) and transposase
genes (30), DNA fragments of the genes in each serotype cps locus were
amplified by PCR (see Table S2 in the supplemental material) according
to the cps locus sequences of S. suis serotypes 3, 4, 5, 8, 10, 19, 23, and 25
(GenBank accession no. JF273646 to JF273648, JF273650, JF273652, and
JF273654 to JF273656). The amplified fragments were labeled as DNA
probes using a DIG High Prime I DNA labeling and detection starter kit
(Roche Applied Science, Germany) and hybridized to genomic DNAs of
reference strains of all 33 serotypes, according to the instructions. As a
positive control, a probe specific for S. suis 16S rRNA genes was used in the
nucleic acid cross-hybridization. The DNA on the blots was hybridized at
65°C with appropriate DNA probes. After hybridization, the membranes
were washed twice with a solution comprising 40 mM sodium phosphate
(pH 7.2), 1 mM EDTA, and 5% sodium dodecyl sulfate (SDS) for 30 min
at 65°C and twice with a solution comprising 40 mM sodium phosphate
(pH 7.2) and 1 mM EDTA-1% SDS for 30 min at 65°C (25).

Development of the PCR typing methods. The primers located in the
serotype-specific genes (Table 1) were designed to develop the PCR assays
for serotypes 3, 4, 5, 8, 10, 19, 23, and 25. The reference strains of the 33 S.
suis serotypes and other Streptococcus strains (1886, ATCC 9926, ATCC
35246, and UA159) were detected by the PCR assays. The PCR mixture
(25 i) contained 1.25 U Taq DNA polymerase (TaKaRa, Japan), 2.5 pl
10X PCR buffer, 2 pl deoxynucleoside triphosphate (ANTP) mixture
(0.25 mM for each ANTP), 0.5 pl upstream primer (10 pM), 0.5 pl down-
stream primer (10 pM), and 0.5 pl broth culture (or genomic DNA). DNA
amplification was carried out in a Perkin Elmer 9600 thermal cycler. The
sequences of the primers and the PCR programs of each serotype are listed
in Table 2.

Evaluation of PCR typing methods. To evaluate the sensitivity of the
PCR assays, 10-fold serially diluted broth culture of S. suis reference
strains, from 1 X 107 CFU/ml to 1 CFU/ml, were detected by the PCR
typing methods. The methods were also used to detect the broth culture of
195 S. suis isolates from pigs in China. The isolates were also serotyped by
antiserum agglutination (13). The serotyping antiserum produced by rab-
bits was prepared according to reported methods (13). The capsule was
detected with a capsular staining kit (Genmed Scientifics).

Detection of S. suis in clinical samples. Tonsils from 100 pigs were
collected from herds suspected of having S. suis infection and stored at
—20°C until the detection assay. A 200-pl portion of each macerated
tonsillar specimen was incubated overnight at 37°C in 5 ml Todd-Hewitt
broth with 0.25% streptococcus selective supplement (Oxoid, United
Kingdom). The broth culture was assayed in the eight-serotype-specific
PCR. To evaluate the results obtained with the PCR assays, these tonsillar
specimens were subjected to an extended bacteriological examination
(34). Tonsillar specimens were plated, and colonies were lifted onto ster-
ilized GeneScreen Plus membranes (New England Nuclear) and hybrid-
ized with the serotype-specific probes, the genes of which were identical to
those used to develop the serotype-specific PCR method. Hybridizing
colonies were subcultured, characterized, and serotyped by standard pro-
cedures (8, 13).

Sequencing the cpslocus of three clinical isolates. To determine why
the PCR was positive for some serologically untypeable isolates, the entire
cps locus was sequenced and analyzed for the three clinical isolates (1
multiagglutinating, 1 acapsular, and 1 autoagglutinating), which were
positive in serotype 5 PCR detection. Amplification, sequencing, and an-
notation of the cpslocus were performed as described previously (30). The
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TABLE 1 Serotype-specific genes and function of the translated proteins
in S. suis serotypes 3, 4, 5, 8, 10, 19, 23, and 25

Serotype  Serotype-specific gene  Protein function
3 cps3H Galactose phosphate transferase
cps31 Acetyltransferase
cps3] Glycosyl transferase
cps3K Flippase
cps3L? Wzy polysaccharide polymerase
4 cpsaL? Glycosyl transferase
cpsAM Flippase
5 cps51° Glycosyl transferase
cps5] Acetyltransferase
cpsSN Acetyltransferase
cps5P Acetyltransferase
8 cps8H Glycosyl transferase
cps8l Phosphotransferase
cps8] Glycosyl transferase
cps8K* Wzy polysaccharide polymerase
cps8L UDP-N-acetylglucosamine 2-epimerase
10 cps10M*” Wzy polysaccharide polymerase
cps10N Epimerase
cps10Q Glycerophosphotransferase
cps10R Cytidylyltransferase
19 cps191 Acetyltransferase
cps19L Wzy polysaccharide polymerase
cps19M Acetyltransferase
cps19N* Flippase
cps190 Glycosyl transferase
23 cps23H Glycosyl transferase
cps23]° Glycosyl transferase
cps23K Polysaccharide pyruvyl transferase
25 cps25F Glycosyl transferase
cps25G”? Glycosyl transferase
cps25H Phosphotransferase
cps251 Glycosyl transferase
cps25K Acetyltransferase
cps25L Acetyltransferase

@ Gene selected to develop the PCR method.

cps loci of the three isolates were compared with that of the serotype 5
reference strain 11535. Visual representation of the alignments using nu-
cleotide similarities (TBLASTX) of the cps locus were performed with the
Artemis comparison tool (ACT) (5).

Nucleotide sequence accession numbers. The sequences of the cps
loci of isolates HuN6, HN144, and SS39 have been deposited in GenBank
under accession numbers JX105395 to JX105397.

RESULTS

Screening of serotype-specific genes. The 16S rRNA gene probe
hybridized with almost equal intensities with all serotypes. The
results of cross-hybridization experiments are shown in Table S3
in the supplemental material. Most of the probes specific for genes
in the ¢ps locus can react with the genomic DNAs of 2 to 22 sero-
types. Two (serotype 4) to six (serotype 25) serotype-specific
genes were identified in each serotype through the probe hybrid-
ization profiles. The serotype-specific genes mainly encode glyco-
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TABLE 2 Sequences of the primers and the PCR programs used to identify S. suis serotypes 3, 4, 5, 8, 10, 19, 23, and 25

Serotype Primer Sequence (5'—3") PCR program Amplicon length (bp)

3 cps3L-P1 AGTTGGTATTTGTTTAGG 5 min at 94°C and 30 amplification cycles (94°C at 30 s, 340
cps3L-P2 GGAAGATTTAGCAGTTTT 30 s at 50°C, and 30 s at 72°C)

4 cps4L-P1 TACTTCAGTTAGGTTCCTCGCA 5 min at 94°C and 30 cycles of 30 s at 94°C, 30 s at 690
cps4L-P2 CTCTCCACTTATTCACTTTCCC 50°C, and 30 s at 72°C

5 cps5I-P1 TTTTCGTTGTATTTTCCAAA 5 min at 94°C and 30 cycles of 30 s at 94°C, 30 s at 262
cps5I-P2 TCCAAACATTATCCCCTATT 50°C, and 30 s at 72°C

8 cps8K-P1 ATCTGTTGTAATGGTCGC 5 min at 94°C and 30 cycles of 30 s at 94°C, 30 s at 1,200
cps8K-P2 CTATTCCTCTTGGTGTGA 50°C, and 1 min at 72°C

10 cps10M-P1 TCACTACCACGGAATGCT 5 min at 94°C and 30 cycles of 30 s at 94°C, 30 s at 898
cps10M-P2 CAAAGGTCACCCCAGAAT 50°C, and 1 min at 72°C

19 cps19N-P1 AGGCTACAAAGCGATAGAACT 5 min at 94°C and 30 cycles of 30 s at 94°C, 30 s at 391
cps19N-P2 ACCAAAGAATCAACCAATAAA 50°C, and 30 s at 72°C

23 cps23]-P1 GCTATCAGGAATACACAAAG 5 min at 94°C and 30 cycles of 30 s at 94°C, 30 s at 758
cps23]-P2 AGTGGAATAACAACAAAAAT 50°C, and 1 min at 72°C

25 cps25G-P1 GATTTTTGTGTGACTGTGGG 5 min at 94°C and 30 cycles of 30 s at 94°C, 30 s at 478
cps25G-P2 TTCGGTAACTTCTCGTGT 50°C, and 30 s at 72°C

syltransferase, acetyltransferase, polysaccharide polymerase, or
flippase (Table 1).

Development of the PCR typing methods. The detection re-
sults for chromosomal DNA of the 33 S. suis reference strains
using the PCR typing methods showed that each of the reference
strains of the eight serotypes was specifically detected by the PCR
assays. The reference strains for the other 25 serotypes and other
Streptococcus strains were negative in all the eight serotype-specific
PCR assays. At least 5 CFU (0.5 wl, 1 X 10* CFU/ml) of all refer-
ence strains of the eight serotypes in broth culture could be de-
tected in one reaction (25 pl).

Evaluation of the PCR typing methods. The detection results of
the 195 clinical isolates by the PCR assays and agglutination are listed
in Table S1 in the supplemental material. One hundred forty-eight
isolates could be serotyped by serum agglutination, while the other 47
isolates were autoagglutinating, acapsular, or multiagglutinating. Ex-
cept the acapsular isolates, multiagglutinating and autoagglu-
tinating isolates were encapsulated. PCR typing of the 148 se-
rologically typeable isolates as serotypes 3, 4, 5, 8, 10, 19, 23,
and 25 was completely consistent with identifications made by
traditional serum agglutination assays, while isolates of other
serotypes were negative in the eight-serotype PCR typing. Of
the 47 serologically untypeable isolates, three (one autoagglu-
tinating, one acapsular, and one multiagglutinating) were pos-
itive in the serotype 5 PCR assay, whereas the others were neg-
ative in all eight serotype-specific PCR assays (see Table S1 in
the supplemental material).

cps loci of three serologically untypeable isolates. The entire
cps loci of the aforementioned three isolates (HuN6, HN144, and
SS39) were amplified and sequenced, and sequences of 29,716 bp,
29,718 bp, and 29,718 bp were obtained, respectively. Differences
between these sequences and those of the serotype 5 reference
strains are shown in Fig. 1. The serotype-specific gene (cps5I) de-
tected in serotype 5 typing PCR were confirmed to exist in the
three serologically untypeable isolates. The only obvious differ-
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ence in the ¢psloci was wedA and its flanking genes. Compared to
the ¢ps locus of the serotype 5 reference strain (30), wcdA in the
three isolates is longer at the 5" end, resulting in translation of a
lengthened CapD-like protein (capsule depolymerase). The se-
quence upstream of wcdA in the three isolates lost a pseudogene.
In the cps loci of the three isolates, the gene downstream of wedA
(fic) could produce the Fic/Doc (filamentation induced by cAMP/
death on curing) family protein originally described as being re-
quired for cyclic AMP (cAMP)-induced filamentation (17, 19).
The Fic/Doc family gene was lost in the cps locus of the serotype 5
reference strain.

Detection in clinical samples. We subsequently analyzed ton-
sillar specimens by PCR assays and by bacteriological examination
to compare the two typing methods. All tonsillar specimens bac-
teriologically positive for a specific serotype were also positive in
the particular serotype-specific PCR (Table 3). Moreover, tonsils
negative for a specific serotype by PCR were also negative for this
particular serotype or phenotype by the bacteriological method.
Two samples positive in the PCR tested bacteriologically neg-
ative (one of five for serotype 3; one of three for serotype 5).
The isolates from these two samples were positive for autoag-
glutination by the serological methods. To corroborate this and
to exclude false-positive PCR results, we repeatedly tested the
samples both by PCR and by bacteriological examination. The
same results were obtained.

DISCUSSION

Capsular polysaccharides are an extremely diverse range of mole-
cules that may differ not only by monosaccharide units but also in
how these units are joined together (24). The biosynthesis of cap-
sular polysaccharides requires a complex pathway, and generally,
the genes involved in this process are clustered in cpslocus (24, 26,
27).In S. suis, cps locus covers multiple genes encoding regulatory
proteins, glycosyltransferase, polysaccharide polymerase, flippase,
and some transferases (30). According to the presence of specific
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FIG 1 Comparisons of the cps loci of isolates HuN6, HN144, and SS39 and the serotype 5 reference strain. The only obvious difference in the cps loci was wedA
and its flanking genes. The red and blue bands represent forward and reverse matches, respectively.

capsular antigenic determinants, traditional antiserum agglutina-
tion is performed to serotype some pathogens (2, 22, 29), as well as
S. suis (13). The agglutination method is laborious and time-
consuming and can be performed only on isolated colonies.
Although several serotypes of S. suis circulate in pigs (16, 18,
21, 32), except for the PCR assays specific to serotypes 1 (and
14),2 (and 1/2),7,9,and 16 (26, 27, 31), no rapid PCR methods
can be used to type the other serotypes. The PCR assays for

TABLE 3 Comparison of PCR assays and bacteriological examination
(BE) for 100 tonsillar specimens from herds with suspected S. suis
infection

No. of tonsillar specimens

Serotype PCR™, BE® PCR*,BE~ PCR™,BE~ PCR™,BE* Total PCR*
3 4 1 95 0 5
4 3 0 97 0 3
5 2 1 97 0 3
8 2 0 98 0 2
10 0 0 100 0 0
19 1 0 99 0 1
23 0 0 100 0 0
25 1 0 99 0 1
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serotypes 1 (and 14), 2 (and 1/2), 7, 9, and 16 were developed
based on serotype-specific genes in the cps locus (26, 27, 31),
which is usually conserved in different strains of the same se-
rotype (3). The sequenced cps locus in the eight serotypes (se-
rotypes 3, 4, 5, 8, 10, 19, 23, and 25) can be used to develop S.
suis serotype-specific PCR assays (30).

In this study, 93 genes in the eight serotypes cps loci were am-
plified and labeled as probes for the cross-hybridization experi-
ments with chromosomal DNAs from 33 serotypes. Two to six
genes in the ¢ps locus of each serotype were identified as serotype-
specific genes, one of which was selected to develop a rapid PCR
assay for that serotype. The PCR assays can be used in the detec-
tion and typing of reference strains and clinical isolates and
samples for the eight S. suis serotypes. The PCR typing results
for the reference strains and the 148 serologically typeable iso-
lates were completely consistent with those of traditional se-
rum agglutination assays. The results indicate that the genes
identified (Table 1) in cross-hybridization experiments and
PCR assays are serotype specific. The functions of proteins
translated from the serotype-specific genes were mainly glyco-
syltransferase, acetyltransferase, polysaccharide polymerase,
and flippase, which are important to the unique structure of
capsular polysaccharide (10).
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The sensitivity of the PCR assays was evaluated and found to
be at least 5 CFU in reference strain detection. The clinical
tonsillar specimen detection showed that the PCR assays are
sensitive and able to detect the samples with autoagglutinating
isolates which cannot be identified by the regular bacteriolog-
ical examination.

Among the 195 clinical isolates assayed, three (HuNG®,
HN144, and SS39) which did not agglutinate with antiserum to
serotype 5 were positive in the serotype 5 PCR typing. The cps
loci of the three serologically untypeable isolates were se-
quenced. The serotype-specific gene (cps5I) detected in sero-
type 5 typing PCR was found in these isolates, indicating that
the serotype 5 PCR typing results were not false positives. Mu-
tation in the cps locus, even at a single point, can change the
capsular phenotype (20). The comparison results showed that
the only obvious difference in the cps loci was wedA and its
flanking genes. wedA and fic may be important to the capsular
phenotype. Compared to serotype 5 reference strains, the cps
loci of the three serologically untypeable isolates contained a
longer wcdA gene, associated with the translation of a CapD-
like protein lengthened at the C terminus. The length differ-
ence of the CapD-like protein may change the protein activa-
tion and influence the capsule anchor to the cell wall envelope.
It was also possible that not only the genes in the cps locus but
also some other known or unknown genes outside the locus
could regulate the capsular phenotype (9). Isolates which can
agglutinate with the antiserum to serotype 1 and 2 are recog-
nized as S. suis serotype 1/2 (23). Therefore, the multiaggluti-
nating isolates could potentially be new serotypes. Once cross-
absorption experiments with the other serotype antiserum and
isolates have been carried out, the multiagglutinating isolate
(5539) will be considered a new serotype. Although the cpsloci
of HN144 and HuN6 (autoagglutinating) were similar to that
of SS39 (acapsular), the capsular phenotypes were different.
According to the present study, it is uncertain whether HN144
and HuNG6 are potentially new serotypes.

In conclusion, the PCR assays were effective in identifying S.
suis serotypes 3,4, 5, 8, 10, 19, 23, and 25 by testing whole bacterial
cells and infected tonsillar specimens. PCR can potentially be used
for typing the eight serotypes with both high specificity and high
sensitivity, avoiding the problems associated with serologic assays.
The PCR assays can be used for clinical diagnostics, epidemiology
studies, and disease control involving these eight S. suis serotypes.
Multiplex PCR serotyping assays will be developed and described
in a future work.
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