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ABSTRACT

Streptococcus suis is an important pathogen of pigs and may cause serious disease in humans. Serotyping is an important tool for
detection and epidemiological studies of S. suis. Thirty-three reference serotypes and nine novel cps loci (NCLs) are recognized
in S. suis. To gain a better understanding of the prevalence and genetic characteristics of NCLs, we investigated the serotype
identity of 486 isolates isolated between 2013 and 2015 in China by capsular gene typing methods. Two hundred seventy-six iso-
lates carried NCLs belonging to 16 groups, 8 of which appear to have not been reported previously. These isolates showed auto-
agglutination, polyagglutination, or nonagglutination with reference antisera and thus were nonserotypeable. Almost all isolates
carrying the unknown NCLs were encapsulated, with various capsular thicknesses, indicating that they are most likely novel se-
rotypes. To simultaneously identify the currently recognized 17 NCLs, an 18-plex detection system using the Luminex xTAG uni-
versal array technology was developed. Our data also provide valuable genetic information for monitoring the variations within

NCLs by investigating the genetic characteristics of different subtypes within NCLs.

IMPORTANCE

Nonserotypeable Streptococcus suis isolates have been reported in many studies, and 9 novel ¢ps loci (NCLs) have already been
identified in nonserotypeable isolates. Moreover, novel cps loci are continually being found. The main purpose of this study was
to investigate the prevalence and characteristics of NCLs in S. suis isolates recovered between 2013 and 2015 in China. This study
provides valuable genetic information for monitoring the variations within NCLs. Meanwhile, a fast and cost-effective 18-plex
detection system that can simultaneously identify the currently recognized 17 NCLs was developed in this study. This system will
serve as a valuable tool for detecting known and identifying additional novel cps loci among nonserotypeable S. suis isolates.

Streptococcus suis is an important pathogen of pigs and may
cause serious disease in humans (1-3). Clinically healthy pigs
can carry S. suis in their nasopharynx, contributing to the dissem-
ination of this pathogen (4, 5). Moreover, a potential role of iso-
lates from healthy pigs is as donors to transfer the new adaptive
phenotypes to pathogenic isolates (6). The capsular polysaccha-
ride (CPS) shields S. suis from host phagocytes and is a major
virulence factor (7). Antisera to CPSs are used to distinguish an-
tigenic differences among them. Serotyping is also an important
epidemiological method for S. suis surveillance. This reflects the
importance of including isolates from healthy pigs to better un-
derstand the diversity and evolution of CPSs in S. suis populations.

A total of 35 serotypes (types 1 through 34 and type 1/2) of S.
suis have been identified by different studies in the 1980s and
1990s (8—11). In 2005, strains of serotypes 32 and 34 were reclas-
sified as Streptococcus orisratti (12). The CPS synthesis genes are
known to be clustered at the c¢ps locus. CPSs of all serotypes are
thought to be synthesized by the Wzx/Wzy pathway. Based on
serotype-specific wzy genes, 3 multiplex capsular gene typing sys-
tems have been developed to identify S. suis serotypes (13-15).
These systems allow the simultaneous detection of multiple nu-
cleic acid sequences in a single reaction and can greatly reduce the
time, cost, and work associated with conventional serotyping
technologies. They have become attractive alternatives to existing
serological tests, especially for nonserotypeable isolates, which can
be more conveniently identified.

Recently, 9 novel ¢ps loci (NCLs) were identified in nonsero-
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typeable isolates and were designated NCL1 to -8 (16) and Chz
(17). These loci possessed the specific polysaccharide polymerase
gene wzy, the flippase gene wzx, and glycosyltransferase (GT) and
acetyltransferase genes, which were obviously different from those
of reference serotypes. All evidence from genetic analyses and phe-
notypes strongly supported that they represented novel serotypes
of S. suis. Based on the variable presence of 13 genes and 4 trans-
posase genes, multiple subtypes of NCL1, -2, -3, -7, and -8 were
found (16). Those studies showed the high level of diversity within
the same NCL and underscore the importance of investigating the
subtypes of different NCLs.

In this study, 486 isolates recovered from pigs in China be-
tween 2013 and 2015 were typed by capsular gene typing systems.
Two hundred seventy-six isolates carried NCLs belonging to 16
groups, 8 of which appear to have not been reported previously
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TABLE 1 Subtype-specific HG arrangement of NCL1, NCL2, NCL3, NCL7, and NCL8"

Presence of HG in subtype

NCL1

NCL2 NCL3 NCL7 NCL8
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@ +, positive; —, negative; /, no need for detection.
® The PCR product size of HG292 in NCL1-5 is 724 bp.

¢ Including 4 subtype-specific transposase genes for NCL1-6, NCL1-7, NCL3-2, and NCL8-3, which are listed in Table 2.

and are named NCL9 to -16. All 276 isolates showed autoaggluti-
nation, polyagglutination, or nonagglutination with reference an-
tisera and thus were nonserotypeable. The capsular phenotypes of
39 isolates carrying NCL9 to -16 and 10 isolates carrying Chz were
investigated by transmission electron microscopy. Based on NCL-
specific wzy gene sequences, we developed an 18-plex detection
system by using multiplex PCR (mPCR) and the Luminex xTAG
universal array technology in combination. This system can si-
multaneously identify the 17 currently recognized NCLs in a sin-
gle reaction. The genetic variations within NCLs were also inves-
tigated. In order to determine the phylogenetic position of isolates
carrying NCLs in the S. suis population, minimum core genome
(MCG) typing was used to analyze these isolates.

MATERIALS AND METHODS

Bacterial strains and chromosomal DNA preparation. A total of 454
field isolates from the nasopharynx of healthy pigs and 32 isolates from
lungs of diseased pigs were used in this study and are listed in Table S1 in
the supplemental material. All isolates were serotyped by using the agglu-
tination test (serum provided by Statens Serum Institute, Copenhagen,
Denmark). Chromosomal DNA was prepared by using a method de-
scribed previously (15). The species identity of the 486 isolates was deter-
mined to be S. suis by amplification of the 16S rRNA, recN, and thrA genes
(13,18, 19).

Capsular gene typing and determination of known subtypes of
NCL1, NCL2, NCL3, NCL7, and NCL8. Capsular gene typing methods
developed in our laboratory were used to assign cps loci of 486 isolates (13,
16, 17, 20). Known subtypes of NCL1, NCL2, NCL3, NCL7, and NCL8
were determined based on the variable presence of 13 genes and 4 trans-
posase genes found in our previous study by PCR amplification (16) (Ta-
bles 1 and 2).

Sequencing of cps loci and bioinformatics analysis. Isolates (n = 39)
that could not be assigned to NCLI to -8, isolates (n = 10) that were
assigned to Chz, and isolates (n = 7) of novel subtypes of NCL1 and NCL2
were sequenced by Illumina sequencing as previously described (21). Each
cps locus sequence was extracted from the draft genome sequence, and
open reading frames (ORFs) were identified and annotated based on
methods reported previously (22). ¢ps loci were analyzed by using the
same bioinformatics methods as those described in previous studies (16,
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22). The cps genes were assigned to the 361 known homology groups
(HGs) of 35 serotype reference strains (22) and NCLL1 to -8 (16) if the
length of the match was >50% of the sequence and the identity was
also >50%. Genes that did not match these criteria were assigned to novel
HGs and numbered from HG362 onwards. Novel HGs that were present
in all isolates of a NCL are referred to as NCL-specific HGs.

Detection of the capsule by transmission electron microscopy. The
presence or absence of the capsule was examined by electron microscopy
using the same method as the one described in our previous study (16).

The capsular thickness was measured between the inner and external
edges of the capsular layer. Each value is based on 25 to 30 measurements
per experiment. Each experiment was done twice independently.

MCG typing. MCG typing was performed by using PCR amplification
and DNA sequencing as described previously (23).

Development of a high-throughput detection system for the 17
NCLs. The 18-plex detection system was set up based on a protocol de-
scribed in a previous study (13), and the primers used to amplify S. suis
NCL-specific wzy target sequences are listed in Table 3. In brief, the
unique “TAG” sequence and biotin label were specifically incorporated
into wzy-specific amplification products in an mPCR reaction using cy-
cling parameters of 94°C for 5 min and 30 cycles of 94°C for 30 s, 58°C for
30 s, and 72°C for 30 s, followed by a final elongation step at 72°C for 10
min. After amplification, a volume containing 5 .l of each PCR product
or H,0, 20 pl of MagPlex-TAG microsphere mixture (125 of each micro-
sphere set per pl), and 75 pl of reporter solution (10 pg/ml streptavidin—
R-phycoerythrin conjugate [SAPE] in 1X Tm hybridization buffer [Lu-
minex]) was hybridized in a thermocycler for 30 min at 40°C. The
hybridization solutions were read by using the Bioplex 200 instrument
(Bio-Rad), and the median fluorescence intensity (MFI) data were ana-
lyzed by using Luminex xPONENT 3.1 software. The arbitrary MFI of a
positive signal was defined as =2 times the MFI value of the background
(consisting of all reaction mixture components except DNA). The thresh-
old of the detection limit was determined by using serially diluted DNA
from a representative isolate of each NCL type. Non-S. suisisolates used in
our previous study (13) were also used to determine the specificity of the
system in the study. Two independent experiments were performed to
establish the sensitivity and specificity of the system.

Accession number(s). DNA sequences obtained in this study were
deposited in GenBank under accession numbers KT163361 to KT163377,
KT802744, KU665257 to KU665288, and KU983471 to KU983476.
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TABLE 2 Primers used to determine the subtypes of NCL1, -2, -3, -7, and -8

Annealing PCR product

Target gene type Primer direction, sequence (5'-3") temp (°C) size (bp) Description

HG23 Forward, TTTTCAGGGTATGATTCT 45.5 550 NAD-dependent epimerase/dehydratase
Reverse, CATGTACTTCAGCTATTG

HG55 Forward, TGCTTCATCATCTTCGGT 48.2 846 Hypothetical protein
Reverse, TGTTGCTTATTAGCCTTG

HG292 Forward, TGACTTTATTGATACCTT 45.3 572 Hypothetical protein
Reverse, TATTTCTGTTTAGCAGAT

HG293 Forward, TCTTGGTTTCGTTTCTAC 43.5 352 Hypothetical protein
Reverse, GTTTTTCTTATTTTTGTT

HG294 Forward, AATATAGCTGGGAGTGTC 45.4 300 Hypothetical protein
Reverse, TGCGGGTATGTTAAAAAG

HG312 Forward, TAGAAGTGCTTATTTTGT 45 384 Integral membrane protein
Reverse, CTTGAAGTCCATTGCCTG

HG313 Forward, TTGATTAAAGTTGGAGGT 44.3 396 Nucleotidyltransferase family protein
Reverse, CCCAGATAGAATAGAGCC

HG314 Forward, AAGAGGAGCTTATTGAGG 46 402 Phosphorylcholine transferase
Reverse, AAATGTCTGCTGTTGTGG

HG315 Forward, AGGTAGACGAACTATCCC 47 506 Choline kinase
Reverse, CCCCATCTGTAACCAAAA

HG329 Forward, ATGGCTGGCTACTATGCT 48.6 206 Hypothetical protein
Reverse, AATGTCGTTCCGTTCTCT

HG332 Forward, CCACTACAATAACCCTTC 46.2 968 Hypothetical protein
Reverse, TAAAACTCCATCTCCTCA

HG354 Forward, TAATGAATCAACGCAAAC 46.1 212 Hypothetical protein
Reverse, CAAAAGCAGAATAAACCC

HG355 Forward, TCTTGTTGGATTTATTCG 45.3 328 Hypothetical protein
Reverse, TTAACTTTGGCCTGCTTT

Transposase (NCL1-6) Forward, GCTTTACCCAATCTATGC 49.2 1,792 Transposase
Reverse, TGACCTTCTACTGGACCT

Transposase (NCL1-7) Forward, CAGAAGAGAAGTGGAAGT 47.9 1,446 Transposase
Reverse, TAGAACAAGTGTGCGATA

Transposase (NCL3-2) Forward, CATTTAGGATTGACGAAG 48.8 950 Transposase
Reverse, TTTTACCACCCAACACAG

Transposase (NCL8-3) Forward, GATAGAGCGAATAGGGTA 48.1 1,020 Transposase

Reverse, ATTTCAAAAAAAGTGGAC

RESULTS

Serotype identification of isolates. The 486 isolates were typed by
both agglutination tests using reference antisera and capsular gene
typing systems. By agglutination tests, 195 isolates were typed as
being of a known serotype, and 291 isolates showed autoaggluti-
nation, polyagglutination, or nonagglutination with the reference
antisera and thus were nonserotypeable. All 486 isolates were also
typed by using a previously developed 32-plex Luminex assay that
can type isolates of traditional serotypes (13). Two hundred ten
isolates were typed as the reference serotypes, 195 of which were
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the same serotypes as those determined by the agglutination test.
However, 15 isolates were typed into serotypes 5, 12, 29, and 30 by
the 32-plex Luminex assay, which were nonserotypeable by the
agglutination test. The 276 isolates that were not typeable by the
32-plex Luminex assay were further typed by using multiplex PCR
for NCL1 to -7 (20) and simplex PCR for NCL8 (16) and Chz (17),
237 isolates of which were typed as known NCLs. However, 39
isolates remained untypeable, suggesting that these isolates carry
unknown NCLs (Table 4; see also Table S1 in the supplemental
material).
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TABLE 3 Primers used with the 18-plex detection system”

No. of beads
coupled with Working PCR
anti-TAG concn Sensitivity ~ product
cps locus type sequences Forward and reverse primer sequences (5'-3") (M) (pg) size (bp)
NCL1 54 TTAATACAATTCTCTCTTTCTCTA-C,,—~ATTCACATAGTAACATTGCGGA 0.2 10 254
*CAACATTGCGCAGGAAATAATA
NCL2 55 ACATCAAATTCTTTCAATATCTITC-C,,~-TTCTTGATTATGCTGTTCTCGT 0.2 0.5 333
*AAACACAACATCCTGTACTTCA
NCL3 56 CTTAAACTCTACTTACTTCTAATT-C,,—~ATTCAGGAGGTATTCAACCAAG 0.2 10 370
*AATTCACTAGCATCAACAAACG
NCL4 57 ACTTACAATAACTACTAATACTCT-C,,~TGCTTATTATGACTGTTGCCTT 0.2 10 293
*ATCAGTTGATAAGGTTGCTGTT
NCL5 61 AATCTCTACAATTTCTCTCTAATA-C,,~CAGATGAGTCAGCAAGTAATCA 0.2 1 262
*AGGGAAGAGTAAGATTCAAGGT
NCL6 62 CTAAACATACAAATACACATTTCA-C,,~-TGATACGGGTACTGTTGAGTAT 0.2 0.5 220
*ATTACTACTTCTGGTTGGGTCA
NCL7 63 CTAAATCACATACTTAACAACAAA-C,,—~GTTGATTTATTTGCGGGACTAC 0.2 1 447
*CAGAAAAACAATAGCAGTGACC
NCL8 64 TTCAATTCAAATCAAACACATCAT-C,,~AAAATTTTCACTTCACCTCGAC 0.2 20 390
*AATCTTCCAATCAATGCTACGA
NCL9 65 TACTTAAACATACAAACTTACTCA-C,,—~GGGTAGATACGTTCTATTTGGG 0.2 0.5 309
*GCGACGGTATATAGAGCTATTC
NCL10 66 TCTTACTAATTTCAATACTCTTAC-C,,—~ACAAAAATAGTAGACGGGCTTT 0.2 0.5 231
*TTGCACGCCAAGTATAAAATTC
NCL11 67 ATCTCAATTACAATAACACACAAA-C,,—GCCTTAATAATGGTGGGTTTTG 0.2 1 454
*TACCTAAAACATTTTGCCCAGA
NCL12 72 CTATCATTTATCTCTTTCTCAATT-C,,—~GTGAGAGATTTCGGTGTAGTTT 0.2 10 380
*GCATCAGCATACATCTTTCCTA
NCL13 73 CTTTATCAAATTCTAATTCTCAAC-C,,~-TCTTGCTAGGTCTAATCGTAGT 0.2 0.5 179
*CTCGCTTCCAATTAATAAACCG
NCL14 74 ACACTCATTTAACACTATTTCATT-C,,—~AAAAGAAATGGAAAGCAGTGTG 0.2 0.5 178
*TCTTTGCTCAGCTATTGAGTTT
NCL15 75 CATAAATCTTCTCATTCTAACAAA-C,,—~TATGCTATTGTTACGATGTGGG 0.2 0.5 169
*CTTGGAGAGTAAAACGATAGGG
NCL16 76 TCTCATCTATCATACTAATTCTTT-C,,—~AGGGTTATTCTTTTTGGTGGAT 0.2 0.5 200
*TCTTGTAAGCAGAAAATCGTGA
Chz 77 AATAACAACTCACTATATCATAAC-C,,—ATTTTGGGCAGTGAGTGATATT 0.2 0.5 374
*TCAATACTTTTCTTGAACCCGA
All (thrA) 33 ACTACTTATTCTCAAACTCTAATA-C,,—~GAAAATATGAAGAGCCATGTCG 0.3 0.5 120

*GACAACGAACATAACAGAAACTTC

@ xTAG sequences and the 12-carbon amine-containing group are indicated by underlining and boldface type, respectively. * indicates that the reverse primer is biotinylated at the

5" terminus (i.e., it indicates the beginning of the reverse primer sequence).

Of the 237 isolates carrying a known NCL, NCL1 (n = 82), Identification of eight new NCLs. The 39 isolates that could
NCL2 (n = 43),NCL3 (n = 42),NCL7 (n = 35),and NCL8 (1 =  not be assigned to the 33 reference serotypes and 9 known NCLs
19) constituted 93.2% (221/237) of them. Chz (n = 10), NCL4 were sequenced by Illumina sequencing. The cps gene clusters
(n = 4), and NCL5 (n = 2) were also found. were extracted from the genome sequence and were divided into 8
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TABLE 4 Serotype identification of 486 isolates using antisera to reference serotypes and capsular gene typing assays®

Serotype(s) determined by ~ No. of

No. of isolates determined by using antiserum to serotype:

capsular gene typing assays  isolates 2 3 4 5 8§ 9 11 12

13 16 17 19 21 23 24 26 28 29 30 31 NT

32-plex Luminex assay

1/2 and 2
3
4
5
8
9
11
12
13
16
17
19
21
23
24
26
28
29
30
31
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18-plex Luminex assay
NCL1
NCL2
NCL3
NCL4 4
NCL5 2
NCL7
NCL8
NCL9 1
NCL10 1
NCL11
NCL12 3
NCL13 2
NCL14 1
NCL15 2
NCL16 3
Chz 1

10
10

12

57 4
23 2

“ NT, nontypeable (i.e., nonserotypeable strains).

different NCLs based on the sequence of the wzy gene (see Fig.
2A). The NCLs were named NCL9 to -16. NCL11 (n = 26) was the
most prevalent, followed by NCL12 (n = 3), NCL16 (n = 3),
NCL13 (n = 2), and NCL15 (n = 2). The remaining 3 NCLs
contained only a single isolate.

All 8 NCLs were flanked by the orfZ-orfX region and the glf
gene (UDP-galactopyranose mutase) and were classified into pat-
tern I-b (16, 22). The G+C content of the NCLs ranged from
33.18% to 36.76%. The sizes ranged from 21.12 kb to 32.87 kb.
The sialic acid synthesis genes were not found in any of these
NCLs.

The cps genes from the 8 NCLs were grouped into 92 HGs, as
done previously (16, 22). Thirty-six HGs contained known genes
of serotype reference strains, NCL1 to -8 and Chz, including GT,
acetyltransferase, aminotransferase, nucleotidyltransferase, phos-
photransferase, cytidylyltransferase, glucuronate epimerase, and
glucose dehydrogenase. The cpsA, cpsB, cpsC, and cpsD genes are
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present and located on the 5’ side of all 8 new NCLs. An initial
sugar transferase gene was located in the 5’-side region and was
classified into 3 HGs: HG8 (NCL10 and NCL15), HG21 (NCL11,
NCL12, and NCL16), and HG295 (NCL9, NCL13, and NCL14).

The 3’ side of 7 NCLs (excluding NCL15) is relatively con-
served and contained predominantly HG7, HG34, HG55, HG292,
HG293, and HG294, while central regions of the 8 NCLs are highly
variable (see Fig. 2A).

Fifty-three HGs (HG363 to HG415) were NCL specific, and
nearly all NCL-specific genes are present in the central region of
novel ¢ps clusters. Each NCL contained 5 to 11 NCL-specific
genes, with 11 HGs for NCL9, 6 HGs for NCL10, 6 HGs for
NCL11, 5 HGs for NCL12, 8 HGs for NCL13, 5 HGs for NCL14, 9
HGs for NCL15, and 4 HGs for NCL16. Among them, 21 HGs
encode putative glycosyltransferases, and 5 encode acetyltrans-
ferases. All Wzy polymerases were NCL specific, as expected.
Seven of the eight Wzx flippases were NCL specific, with the wzx
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gene of NCL12 being homologous to that of NCL1 (HG301). In-
terestingly, NCL16 contained two types of wzx genes (HG301 and
HG417).

Only 3 novel HGs were not composed of NCL-specific genes.
HG362 was present in both NCL12 and Chz-2. Two HGs (HG416
and HG417) were present only in NCL16 but not in all isolates of
NCL16 (see Table S2 in the supplemental material).

Development and evaluation of a Luminex-based high-
throughput detection system for the 17 NCLs. Detection was
based on the unique sequence of wzy for each NCL. The wzy gene
was amplified in a multiplex PCR format. The detection limit for
the 17 NCLs varied from 0.5 pg of purified DNA/reaction (equiv-
alent to ~2 X 10? CFU/reaction) to 20 pg of purified DNA/reac-
tion (equivalent to ~1 X 10* CFU/reaction).

The performance of the system was tested on 486 isolates used
in this study. Cross-hybridization and nonspecific hybridization
between sequences were not observed. Two hundred seventy-six
isolates carrying novel cps loci were correctly assigned to the cor-
responding type. All 210 isolates were typed as the reference sero-
types by the 32-plex Luminex assay, and 62 non-S. suis isolates did
not give a positive signal.

Determination of subtypes of NCLs. NCL3 and NCL8 isolates
were found to belong to a single subtype, NCL3-1 and NCL8-1,
respectively. Genetic heterogeneity was not found within NCL12
and NCL15 isolates.

(i) NCL1. Of 82 isolates, 76 were assigned to 6 known subtypes
of NCL1 (NCL1-1, NCL1-2, NCL1-3, NCL1-4, NCLI-5, and
NCL1-7). Six isolates could not be assigned to known subtypes.
Five of them were sequenced by Illumina sequencing, and four
novel subtypes were found and named NCL1-8, NCL1-9, NCL1-
10, and NCL1-11. The subtypes differed at the 3" ends with indels
of HG55, HG293, HG294, HG312, HG313, HG314, HG315, or
HG332 (Table 1 and Fig. 1A). NCL1-1 (n = 24),NCL1-2 (n = 23),
and NCL1-4 (n = 23) were dominant subtypes.

(ii) NCL2. Of 43 isolates, only 8 were assigned to 2 known
subtypes of NCL2 (NCL2-1 and NCL2-2). Thirty-five isolates
could not be assigned to known subtypes. Two novel subtypes
were found among them by Illumina sequencing and named
NCL2-4 and NCL2-5. The novel subtypes varied due to the vari-
able presence of HG55, HG293, and HG294 (Table 1 and Fig. 1B).
NCL2-4 (n = 32) was the dominant subtype.

(iii) NCL7. For NCL7, two types of genetic organization were
found in 35 isolates, with NCL7-1 containing 32 isolates and
NCL7-2 containing 3 isolates.

(iv) Chz. Sequencing of 10 isolates showed that they differ
from Chz reference strain CZ130302 (Chz-1) and were named
Chz-2. One gene (HG55) was inserted, and three genes (HG293,
HG294, and HG362) were deleted in the 3’-side region of Chz-2
(Fig. 1C).

(v) NCL11. Five types of genetic organization were found in
NCL11 because of insertions and deletions (Fig. 2B): NCL11-1
(n=17), NCL11-2 (n = 5), NCL11-3 (n = 2), NCL11-4 (n = 1),
and NCL11-5 (n = 1). Compared to NCL1-1, two different trans-
posase genes were inserted in NCL11-2 and NCL11-3, whereas
deletions of HG55, HG292, HG293, and HG294 in NCL11-4 and
a deletion of HG55 in NCL11-5 were found.

(vi) NCL16. Two types of genetic organizations were found in
NCL16 (Fig. 2C): NCL16-1 (n = 2) and NCL16-2 (n = 1).
NCL16-1 differed from NCL16-2 in the 3’ side, with HG416,
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HG417, HG293, and HG294 in NCL16-1 and HG301, HG314,
HG315, HG312, HG313, and HG329 in NCL16-2.

Determination of the presence of CPS in the NCL9 to NCL16
and Chz isolates. The thickness of the capsules of 39 isolates of
NCL9 to NCL16 and 10 isolates of Chz-2 was measured by trans-
mission electron microscopy (representative isolates are shown in
Fig. 3; see also Table S1 in the supplemental material). Strain SC84
(serotype 2) was used as a control and was well encapsulated, with
a capsular thickness of 110 nm to 130 nm. Forty-seven isolates
were encapsulated with various capsular thicknesses (Table S1).
Capsular thicknesses also showed wide variation within an NCL or
NCL subtypes, but capsular thicknesses from the same isolate
were consistent based on two independent experiments. Only two
isolates (YS196 and YS351) distributed in NCL12 and Chz-2 were
likely to be nonencapsulated (see Table SI in the supplemental
material).

MCG typing. The 276 isolates carrying NCLs were typed by
MCG typing. The isolates were in MCG group 6 (83.7%; 231/276)
and group 7 (12%; 33/276 isolates) and were ungroupable (4.3%;
12/276 isolates) (see Table S1 in the supplemental material).

DISCUSSION

Serotyping is an important tool for detection and epidemiological
studies of S. suis. Although the prevalence of nonserotypeable S.
suis isolates has been reported in many studies (4, 14, 24-27), little
was known about the distribution and diversity of NCLs of non-
serotypeable isolates. The main purpose of this study was to inves-
tigate the prevalence, characteristics, and evolution of NCLs in the
S. suis population.

In this study, the 486 S. suis isolates from pigs were analyzed for
their serotype identity by capsular gene typing methods, and the
performance of the methods was evaluated by the seroagglutina-
tion test. Of the 210 isolates typed as the reference serotypes by the
32-plex Luminex assay, the agglutination results for 195 isolates
were completely consistent with their 32-plex Luminex assay re-
sults. Only 15 isolates identified as belonging to serotype 5, 12, 29,
or 30 by the 32-plex Luminex assay could not be identified in the
agglutination test. Similar results were also found in isolates from
the United Kingdom, the genomes of which have been sequenced
(6). Serotypes of 46 isolates were not identified in agglutination
tests using antisera to the reference serotypes. We analyzed the cps
sequences of these 46 isolates from the genome sequences avail-
able in GenBank (see Table S3 in the supplemental material). We
found that except for 8 isolates that carried a NCL, the cps types of
the remaining 38 isolates were assigned to reference serotypes 6, 8,
9,10, 15,16, 19, 21, 24, and 31 by in silico typing using the cps gene
sequence (see Table S3 in the supplemental material). Antigenic
differences or a deficiency in CPS may attribute to one or more of
the defects in the cps gene cluster or genes outside the ¢ps locus
involved in antigenic modification, which remain to be identified.
Therefore, for a small proportion of isolates, discrepancies be-
tween the results of agglutination test-based serotyping (pheno-
typing) and capsular gene-based serotyping (genotyping) are ex-
pected.

In the present study, 94.8% of the nonserotypeable isolates
(276/291) carried 1 of the 17 NCLs. It is noteworthy that 8 lung
isolates carried 4 NCLs: NCL1, -3, -7, and -11. Using discriminant
analysis of principal components, many lung isolates were genet-
ically similar to systemic isolates (6) and also shared identical
pulsed-field gel electrophoresis (PFGE) types with invasive iso-
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FIG 1 Comparison of the cps loci within NCL1 (A), NCL2 (B), and Chz (C). Each colored arrow represents a gene whose predicted function is shown at the
bottom. NCL-specific genes are indicated by dotted blue lines. The glf gene is located on the 3’ side of each locus.

lates (28). These findings indicated that many lung isolates pos-
sessed the potential to cause systemic infection, suggesting that
isolates carrying these 4 NCLs are potentially pathogenic. In
2013, serotype Chz isolates caused an outbreak of streptococ-
cosis in piglets at multiple large-scale pig farms in Jiangsu
Province, China (17). The high proportion of isolates carrying
NCL1,-3,-7 and -11 and Chz in the present study indicates that
they are prevalent in the swine population and highlights the
need for increased surveillance of S. suis isolates carrying these
5 NCLs in China.

In this study, we also developed an 18-plex detection system
based on specific wzy genes of the NCLs using the Luminex
xTAG universal array technology, which can simultaneously
identify the 17 currently recognized NCLs. The Luminex xXMAP
system is a multiplexed microsphere-based suspension array
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platform. mPCR coupled with Luminex xTAG technology-
based detection provides an open and attractive approach for
multiplexed analysis. The detection system was validated with a
panel of 486 tested isolates and 62 non-S. suis isolates.

The 18-plex detection system, as a high-throughput, low-time-
consuming assay, can be completed 40 min after PCR amplifica-
tion. Moreover, this system has great potential to increase multi-
plicity in a single reaction in which new NCLs are continuously
found. For example, one nonserotypeable S. suis isolate from pigs
in the United Kingdom (see Table S3 in the supplemental mate-
rial) did not belong to any of the 17 NCLs (data not shown).

In the present study, NCL9 to -16, distributed in 39 isolates,
appear to have not been reported previously. Most of these isolates
expressed a capsule. In addition, 53 NCL-specific HGs were iden-
tified among these 8 NCLs. The functions of these type-specific
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FIG 2 Comparison of the cpsloci among 9 NCLs (A) and within NCL11 (B) and NCL16 (C). Each colored arrow represents a gene whose predicted function is
shown at the bottom. NCL-specific genes are indicated by dotted blue lines. The glf gene is located on the 3’ side of each locus.

HGs with striking heterogeneity in amino acid sequences were by these enzymes (29). The high proportions of Wzx, Wzy, and
Wzx, Wzy, and various transferases. The antigenic identity of the  various transferases in NCL-specific HGs indicated that their oli-
capsule depends on the repeat unit of single or multiple monosac-  gosaccharide structures are unique. Serotype Chz has already been
charides, which in turn is synthesized, exported, and polymerized = shown to be a novel serotype of S. suis (17). Similarly to serotype
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FIG 3 Variation of capsular thicknesses of isolates with different NCLs and NCL subtypes. (A) Capsulated control strain SC84 (S. suis serotype 2; capsular
thickness, 110 to 130 nm); (B) ND96 (NCL11-3; capsular thickness, 70 to 90 nm); (C) YS108 (NCL9; capsular thickness, 60 to 80 nm); (D) YS577 (Chz-2; capsular
thickness, 40 to 60 nm); (E) YS495 (NCL11-1; capsular thickness, 20 to 40 nm); (F) YS443 (NCL15; capsular thickness, 10 to 20 nm); (G) YS196 (NCL12; no
capsule); (H) YS351 (Chz-2; no capsule).
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Chz, we tentatively concluded that the 8 NCLs found in this study
represent novel serotypes.

The capsular thicknesses varied widely between NCLs and be-
tween subtypes of an NCL. Two isolates showed an absence of a
capsule in spite of no defective genes in their cpsloci. Isolates with
identical ¢ps sequences can also have different capsular thick-
nesses. Examples are the pairs of isolates YS196 and YS205, YS576
and YS577, YS408 and YS444, and YS241 and YS601. A lack of
capsule production or a varied capsular thickness may be attrib-
uted to a defect or difference in genes outside the cpslocus that are
involved in the modification or transcriptional regulation of cap-
sular polysaccharides.

Capsule expression is essential for S. suis to establish asymp-
tomatic colonization of the nasopharynx. The continuous and
ongoing evolution of cps gene clusters also contributes to S. suis
evasion of the host immune system. It is important to continu-
ously survey the diversity of S. suis serotypes. Horizontal gene
transfer within and between species may have been involved in the
evolution of ¢ps loci. Previous studies showed that gene replace-
ment could easily result in the emergence of novel agglutination
phenotypes (15, 30, 31). The sequence differences between Chz-2
and NCL1-3 were caused mainly by the replacement of 5 NCL-
specific HGs in the center of Chz-2 by 4 NCL-specific HGs in
NCL1-3. A similar transfer between NCL1-1 and NCL16-2 was
also found.

The discovery and characterization of subtypes within these
NCLs are also essential for understanding the mosaic structure of
the capsule. Of the 17 NCLs, 8 showed two or more subtypes. The
subtypes varied mainly due to the variable presence of HG55,
HG293, HG294, HG312, HG313, HG314, HG315, and the trans-
posase genes in the 3’ region. This indicated that they were trans-
ferred to cpsloci by complex recombination events between S. suis
cps loci. This may have been facilitated by the transposase genes.

Compared to the above-mentioned multiple mobile HGs,
NCL-specific genes were highly conserved and fixed in each NCL.
The G+C contents of NCL-specific genes were obviously lower
than that of whole ¢ps locus. These results indicated that these
NCL-specific genes were integrated into their ¢ps locus from an
unknown source on only one occasion.

Almost all isolates carrying NCLs were from the earliest ances-
tral MCG group 6 and group 7 (21), indicating that they appeared
to have been acquired a long time ago and achieved wide distribu-
tion geographically. The NCLs constitute a mosaic structure orig-
inating from diverse donors. It is possible that other nasopharynx
streptococci, such as Streptococcus salivarius, Streptococcus mitis,
and Streptococcus oralis, are the leading donor candidates.

The key limitation of capsular gene typing methods based on
the wzy genes and conventional serotyping antisera is that they are
unable to distinguish the genetic variations within the same cps
locus. In the new era of high-throughput sequencing and online
bioinformatics, the unprecedented level of discrimination pro-
vided by whole-genome sequencing (WGS) will provide a novel
serotyping strategy to achieve this. Recently, the SerotypeFinder
tool based on WGS data was established to serotype Escherichia
coli strains, providing a typing method that is faster and cheaper
than the currently used routine procedures (32). Our 18-plex de-
tection system will serve as a valuable tool for detecting known and
additional NCLs among nonserotypeable S. suis isolates. More-
over, detection based on a combination of wzy gene variation
and the presence or absence of subtype-specific HGs would be
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an optimal strategy to monitor and evaluate the serotype diver-
sity of S. suis.

In conclusion, our study offers an expanded view of the cps
genetic diversity of S. suis with the identification of 8 unknown
NCLs and 6 new subtypes of known NCLs. The clinical and public
health significance of these new NCLs warrants further investiga-
tion. This study provides a high-throughput detection tool for
detecting novel serotypes of S. suis and valuable genetic informa-
tion for monitoring the diversity of these NCLs. Our data also
contribute to a better understanding of capsular biosynthesis in S.
suis.
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