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Bacterial pathogens impose a heavy health burden worldwide. In the new era of high-throughput sequencing and online bioin-
formatics, real-time genome typing of infecting agents, and in particular those with potential severe clinical outcomes, holds
promise for guiding clinical care to limit the detrimental effects of infections and to prevent potential local or global outbreaks.
Here, we sequenced and compared 85 isolates of Streptococcus suis, a zoonotic human and swine pathogen, wherein we analyzed
32 recognized serotypes and 75 sequence types representing the diversity of the species and the human clinical isolates with high
public health significance. We found that 1,077 of the 2,469 genes are shared by all isolates. Excluding 201 common but mobile
genes, 876 genes were defined as the minimum core genome (MCG) of the species. Of 190,894 single-nucleotide polymorphisms
(SNPs) identified, 58,501 were located in the MCG genes and were referred to as MCG SNPs. A population structure analysis of
these MCG SNPs classified the 85 isolates into seven MCG groups, of which MCG group 1 includes all isolates from human infec-
tions and outbreaks. Our MCG typing system for S. suis provided a clear separation of groups containing human-associated iso-
lates from those containing animal-associated isolates. It also separated the group containing outbreak isolates, including those
causing life-threatening streptococcal toxic shock-like syndrome, from sporadic or less severe meningitis or bacteremia-only
isolates. The typing system facilitates the application of genome data to the fields of clinical medicine and epidemiology and to
the surveillance of S. suis. The MCG groups may also be used as the taxonomical units of S. suis to define bacterial subpopula-
tions with the potential to cause severe clinical infections and large-scale outbreaks.

The rapid and accurate classification of bacterial isolates is the
most important task of medical microbiology, especially in

situations where infectious disease outbreaks pose threats of na-
tional or global spread. The classification system of family to spe-
cies in bacterial taxonomy has remained static, with species being
the lowest level of classification used during the past 2 centuries.
This classification system using species as the basic unit is well
suited to higher organisms, as species defines the biological
boundary of sexual reproduction. However, in bacteria, the spe-
cies definition has long been hotly debated (1, 2). In the clinical
care of patients, it is far more relevant to classify bacteria to a level
that reveals the mode of pathogenesis and the potential of the
strain to cause severe disease (3) so that appropriate clinical care
can be rendered. In traditional clinical microbiology, much effort
has been devoted to finding phenotypic or genetic traits so as to
identify clinically or epidemiologically important pathogens. This
goal has not been fully achieved using current methodologies,
including the most widely used typing methods, such as multilo-
cus sequence typing (MLST), pulsed-field gel electrophoresis
(PFGE), and multilocus variable-number tandem-repeat analysis
(4, 5).

In the coming era of an anticipated wide use of high-through-
put and high-coverage sequencing in translational medicine, it is
possible to use whole-genome sequence (WGS) data for identifi-
cation and classification of organisms (6, 7). WGS, in theory,
might provide information for diagnosis, clinical care, epidemio-
logical investigation, intervention, and prevention, as well as for

vaccine development (8). Ideally, it should be accomplished in a
couple of hours to make a real-time diagnosis for clinical manage-
ment and to provide early warnings and detection of outbreaks.

In this study, we developed a whole-genome sequence-based
typing schema to identify and type Streptococcus suis strains. We
demonstrate that this novel approach can be an alternative geno-
typing method for typing bacterial pathogens. S. suis is a swine
pathogen posing a serious threat to the pork industry, and is a
zoonotic pathogen that causes streptococcal toxic shock-like syn-
drome in humans with a high mortality rate (4, 9, 10). S. suis has
caused severe meningitis in southeast Asia and some European
countries (11) and caused two of the largest outbreaks in China in
1998 and 2005 (4, 9, 10, 12–14). In North America, however, there
have been few human infections and no deaths, suggesting that
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some S. suis populations are more pathogenic to humans than
others. The differences in disease incidence and severity have been
attributed partly to strain differences. S. suis strains have been
recognized to have different levels of pathogenicity. Those having
caused severe outbreaks or sporadic invasive human infections are
treated as highly pathogenic (12, 15). The method we developed
here can provide not only the taxonomic identification of S. suis
strains, but it can also indicate the pathogenic or epidemic poten-
tial of a given strain. The approach used in this study may be
applied to other pathogens.

MATERIALS AND METHODS
Bacterial isolates. We selected 72 isolates from 117 isolates that were pre-
viously typed using MLST. Together with 13 available completed genomes
(11, 12, 15, 16–18), a total of 85 strains were used for this study. These 85
isolates included all 32 serotypes of reference strains. Serotypes 32 to 34
previously termed S. suis were excluded because they are now classified as
another species (19). The 85 isolates include 75 sequence types (STs) and
the six ST complexes that are most frequently isolated from animal and
human infections; seven are from human infections and three are out-
break-associated (Table 1). The STs represent the diversity of the species,
as shown by the ST distribution on the minimum spanning tree (MST) of
the 368 known STs in the S. suis MLST database (see Fig. S1 in the sup-
plemental material).

Genome sequencing and core genome analysis. The 72 isolates were
sequenced using Illumina sequencing by constructing two paired-end
(PE) libraries with average insertion lengths of 500 bp and 2,000 bp. Se-
quences were generated with an Illumina GA IIx (Illumina, San Diego,
CA) and assembled into contigs and scaffolds using SOAPdenovo (release
1.04) (20). Low-quality reads were removed if the quality scores of �3
consecutive bases were �Q20.

Genes were predicted using Glimmer (21). Gene orthologs were de-
termined using OrthoMCL (22). A matrix describing the genome gene
content was constructed using OrthoMCL, with a BLAST E value cutoff of
1e�5 and an inflation parameter of 1.5. Genes that were included in all
isolates were considered to be the core genome genes. A simulation of the
number of core genes was calculated using the median value of each set of
randomly selected genomes. The regression analysis of the number of
isolates against their shared genes was performed by fitting a double ex-
ponential decay function, as previously reported (23): Nc � � � k1 �
exp(m1 � Ng) � k2 � exp(m2 � Ng), where Nc is the number of core
genes, Ng is the number of genomes, and �, k1, m1, k2, and m2 are free
parameters where the model was determined by a weighted least-squares
regression analysis. The best fit was obtained with an R2 value of 0.999 for
a � value (the asymptotic core genome size) of 980 � 4, k1 of 382.8 � 1.87,
m1 of �0.016 � 0.00041, k2 of 247.1 � 4.3, and m2 of �0.176 � 0.0051.

Mobile genes were excluded from the core genome based on the
pathogenicity island (PAI), plasmid, insertion sequence (IS), transposon,
and phage databases from EBI, GenBank, and PAIDB (24).

SNP detection. We examined single-nucleotide polymorphisms
(SNPs) through pairwise comparisons of S. suis genomes using SOAPsnp
(25) and MUMmer (26). For isolates with complete genome sequences,
SNP selection was performed using the NUCmer program in the
MUMmer package (26). For SNP detection in the draft genomes, reads
with low quality (�3 consecutive bases with a quality score of �Q20) were
removed before SNP calling. SNPs were called if they met the following
criteria using SOAPsnp (25): (i) each SNP site was covered with �20
reads, (ii) �5 bp was the distance between two SNP sites, (iii) the SNP was
not located in a repeat region, and (iv) the prior probability of heterozy-
gous SNPs is �0.1%.

Analysis of recombination and removal of recombinant SNPs. Gene
segments with recombination in the 85 isolates were identified using the
method described by Feng et al. (27). In the method we used, if the seg-
ments between two adjacent SNPs are defined as ISSs (inter-SNP seg-
ments), the distribution of ISSs around the genome is expected to follow

an exponential distribution if all the observed SNPs are due to mutations
that occur as a Poisson process. However, ISSs brought in by recombina-
tion events will disturb this distribution and form anomalous clusters of
ISSs, which have shorter distances between SNPs due to imported seg-
ments carrying more SNPs. Therefore, the overall distribution observed
with these ISSs will have an excess of short ISSs due to recombination and
will not follow an exponential distribution. This excess of short ISSs may
be removed to fit an exponential distribution if most parts of the genome
have not been involved in recombination. A progressive exclusion of the
short ISSs will allow one to find a cutoff value to fit an exponential distri-
bution and to identify and remove ISSs due to recombination.

Since there was a large amount of recombination in S. suis (28), we did
not remove the whole gene where recombination was detected; instead,
only relevant portions of the recombined regions were removed. As such,
the phylogenetic content is more likely to reflect the evolutionary history
of vertical descent in populations and their true relationships.

Population structure and phylogenetic analyses. The program Struc-
ture 2.2 (29) was used to analyze the SNPs in the 85 isolates at the genome
level, assuming one to 15 populations for five iterations each, using the
admixture model and uncorrelated allele frequencies. A burn-in of 50,000
replications was discarded, and 150,000 additional replications were ana-
lyzed. The burn-in period was sufficient to stabilize log-likelihood values.
Each value of K is based on the run with the highest likelihood value.
Likewise, a standard measure of genetic distance, Fst, was calculated from
the Structure 2.2 run with the highest likelihood value for K at 7 (see Table
S4 in the supplemental material) and showed the divergence of each pop-
ulation from the estimated ancestral allele frequencies. An admixture
model and independent allele frequency were used for Structure analysis.
The assignment of an isolate to a subpopulation was based on the largest
percentage of ancestry contained in an isolate.

A phylogenetic tree based on the core genome SNPs was constructed
using the neighbor-joining or minimum evolution algorithms in MEGA
(30). Bootstraps were performed with 1,000 replicates. Streptococcus pneu-
moniae R1 was used as an out-group. The program MEGA was also used
to calculate the p-distance (p � nd/n) within and between population
groups, where nd is the number of sites with difference and n is the total
number of sites.

Online whole-genome typing tool. Fastaq format data using Sanger
quality from the Illumina platform were used in our online tools. The
uploaded new genome was mapped to the genome of the reference strain
S. suis GZ1. All low-quality reads that contained �3 consecutive bases
with a quality score of �Q20 were removed. SNP detection criteria used
were the same as for the SNP-calling method described above. Only those
SNPs located in the 553 group-specific SNP sites were kept for group
identification. We assigned an isolate to a particular minimum core ge-
nome (MCG) group based on the highest-percentage match (calculated as
[number of matched SNPs/total number of group-specific SNPs] � 100)
to one of the seven groups.

Nucleotide sequence accession numbers. The sequences of the
72 representative strains of S. suis were deposited in the GenBank/
EMBL/DDBJ database under accession numbers PRJNA171409 to
PRJNA171425, PRJNA171428 to PRJNA171478, and PRJNA171480 to
PRJNA171483.

RESULTS
Identification of the minimum core genome content of S. suis.
Using Illumina high-throughput sequencing, we sequenced 72
representative isolates of S. suis. Thirteen completed genomes
(those of S. suis strains 05ZYH33, P1/7, ST3, BM407, SC84,
98HAH33, JS14, SS12, D12, D9, GZ1, ST1, and A7) were also
included in the analysis. These isolates covered all 32 serotypes
recently defined for S. suis, and 75 sequence types (STs) refer to
MLST data, representing the diversity of the species and the iso-
lates with clinical and public health significance. 16S rRNA gene
sequences and biochemical analyses showed that strains from se-
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TABLE 1 Characteristics of S. suis isolates sequenced in this study

Isolate

Isolate origin Molecular or serological type Genome sequencing results

Countrya Sourceb Year MCGc Serotyping PFGE MLST No. of reads

Genome
length
(Mbp)

Coverage
(%)

07SC3 CHN DP 2007 1 2 47 7 9,975,410 2.06 97.10
YS1 CHN HP 2011 1 2 49 1 12,199,108 2.03 96.90
YS6 CHN HP 2011 1 2 50 1 11,929,132 2.04 97.00
R735 NED DP 1980s–1990s 1 2 46 1 8,287,492 1.95 96.10
YS12 CHN HP 2011 1 7 41 17 13,225,862 2.08 91.80
11611 GER NAd NA 1 14 48 11 9,411,164 2.04 97.00
13730 NED H 1980s–1990s 1 14 45 6 10,631,608 1.96 96.50
S15 NED DP 1980s–1990s 1 15 3 81 11,647,164 2.02 91.80
RC1 CHN HP 2005 2 8 20 308 8,300,186 2.2 89.50
14636 NED DP 1980s–1990s 2 8 22 87 13,124,752 2.08 89.30
YS14 CHN HP 2011 2 8 21 308 9,825,644 2.17 89.10
6407 NED DP 1980s–1990s 3 4 64 54 12,478,050 2.25 89.30
11538 NED DP 1980s–1990s 3 5 65 53 13,733,866 2.17 89.20
93A CAN HP 1980s–1990s 3 17 5 76 14,003,966 2.33 87.10
NT77 CAN HP 1980s–1990s 3 18 69 79 10,760,626 2.32 87.00
42A CAN HP 1980s–1990s 3 19 19 76 12,338,610 2.29 87.40
89-2479 CAN DP 1980s–1990s 3 23 57 80 11,345,410 2.17 88.70
89-1591 CAN DP 1980s–1990s 4 2 66 25 11,960,982 2.15 87.10
YS19 CHN HP 2011 4 2 54 28 12,476,772 2.11 87.00
4961 NED DP 1980s–1990s 4 3 40 35 10,310,970 2.02 85.90
8074 DEN DP 1980s–1990s 4 7 63 29 8,715,032 2.06 86.00
YS4 CHN HP 2011 4 1/2 55 28 9,939,394 2.11 87.10
YS66 CHN HP 2011 4 7 67 32 10,211,192 2.06 85.40
YS53 CHN HP 2011 5 11 35 318 10,785,148 2.21 84.20
YS10 CHN HP 2011 5 NA 32 306 10,514,108 2.22 85.10
YS31 CHN HP 2011 5 NA 1 313 12,456,376 2.23 84.60
YS44 CHN HP 2011 5 NA 34 318 10,644,018 2.21 84.30
YS59 CHN HP 2011 5 NA 33 313 11,647,296 2.2 84.40
161_00P5 AR NA NA 6 NA 23 NA 9,099,510 2.27 77.30
YS21 CHN HP 2011 6 NA 28 310 10,086,924 2.47 79.10
10581 DEN DP 1980s–1990s 6 13 43 71 11,974,692 2.48 76.30
YS23 CHN HP 2011 6 NA 71 328 12,435,058 2.35 76.60
YS7 CHN HP 2011 6 NA 68 305 10,243,932 2.35 77.40
YS50 CHN HP 2011 6 29 30 330 10,451,798 2.42 78.10
YS27 CHN HP 2011 6 27 26 312 12,018,336 2.43 78.70
YS54 CHN HP 2011 6 29 2 319 11,656,110 2.32 77.60
14A CAN HP 1980s–1990s 6 21 39 NA 10,794,868 2.35 77.80
YS46 CHN HP 2011 6 NA 17 NA 11,115,414 2.43 78.90
88-5299A CAN DP 1980s–1990s 6 24 15 68 9,500,742 2.34 74.40
89-5259 CAN DP 1980s–1990s 6 27 16 72 11,393,632 2.46 78.20
92-1191 CAN DP 1980s–1990s 6 29 14 92 12,982,848 2.36 76.60
YS77 CHN HP 2011 6 29 37 334 9,124,374 2.26 77.60
YS57 CHN HP 2011 6 NA 10 320 11,585,314 2.52 79.50
YS49 CHN HP 2011 6 NA 27 329 11,128,288 2.41 78.20
YS72 CHN HP 2011 6 NA 70 332 9,402,972 2.36 77.80
YS74 CHN HP 2011 6 NA 29 333 11,254,086 2.47 78.00
5428 DEN DP 1980s–1990s UG 1 13 10,405,408 1.99 88.10
YS16 CHN HP 2011 7 NA 4 309 9,878,654 2.33 80.30
2524 NED DP 1980s–1990s 7 6 52 55 10,020,074 1.88 83.40
22083 DEN DP 1980s–1990s 7 9 58 82 11,732,812 2.03 79.00
4417 DEN DP 1980s–1990s 7 10 38 78 9,168,540 2.22 83.70
YS24 CHN HP 2011 7 10 36 311 12,459,076 2.11 83.80
12814 DEN DP 1980s–1990s UG 11 8 91 10,722,342 2.07 84.20
8830 DEN DP 1980s–1990s UG 12 51 93 12,649,154 2.2 85.30
YS35 CHN HP 2011 7 NA 6 315 11,343,994 2.32 81.30
2726 NED DP 1980s–1990s 7 16 62 73 11,549,464 2.22 84.00
86-5192 CAN DC 1980s–1990s 7 20 13 NA 11,496,440 2.11 60.20

(Continued on following page)
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rotypes 32 and 34 were from Streptococcus orisratti and serotype 33
was from a novel species (31). Thus, serotypes 32 to 34 were ex-
cluded from this study.

A total of 224 gigabases of 90-bp paired-end sequence data
were obtained (Table 1), with approximately 11 million reads and
�300� coverage (maximum 572�) per isolate. The sequences for
each isolate were de novo assembled, producing 82 contigs and 60
scaffolds on average. The number of genes per isolate ranged from
1,816 to 2,469 (see Table S1 in the supplemental material). Com-
parisons of these genes among the 85 genomes showed that 1,077
genes were shared by all the isolates.

Additionally, 201 of the 1,077 genes were further excluded
from analysis, including 120 mobile genes or transposons and 81
genes with high nucleotide diversity. The 81 genes excluded were
previously identified as noncore genes (28), and we found that they
have an average of 0.11 SNPs/bp, which is much higher than the
average of the core genes (0.068), suggesting that this high diversity is
due to recombination. Finally, we derived 876 minimum core ge-
nome (MCG) genes of S. suis, accounting for approximately 40.8% of
the genome (Fig. 1). The theoretical minimal number of core genes
was calculated to be 980 by fitting a double exponential decay func-
tion based on the 85 genome sequences (Fig. 2A).

TABLE 1 (Continued)

Isolate

Isolate origin No. of isolates found with: Genome sequencing results

Countrya Sourceb Year MCGc Serotyping PFGE MLST No. of reads

Genome
length
(Mbp)

Coverage
(%)

88-1861 CAN DP 1980s–1990s 7 22 24 NA 13,397,520 2.28 61.40
89-3576-3 CAN DP 1980s–1990s 7 25 18 69 12,291,892 2.13 83.50
89-4109-1 CAN DP 1980s–1990s 7 26 9 NA 9,868,296 2.18 59.40
89-590 CAN DP 1980s–1990s UG 28 60 75 8,352,086 2.16 86.80
92-1400 CAN DP 1980s–1990s 7 30 44 77 10,417,216 2.31 84.20
92-4172 CAN DC 1980s–1990s 7 31 25 70 11,390,990 2.31 80.70
2651 NED DP 1980s–1990s UG 1/2 59 56 11,352,306 1.98 89.10
YS56 CHN HP 2011 7 NA 56 331 10,028,326 2.23 74.90
YS43 CHN HP 2011 7 NA 42 317 8,593,284 2.05 84.20
YS67 CHN HP 2011 UG NA 12 321 10,163,838 2.18 84.60
YS34 CHN HP 2011 7 NA 11 314 8,203,060 2.38 81.50
YS39 CHN HP 2011 7 NA 61 316 11,305,136 2.24 83.80
YS3 CHN HP 2011 UG NA 53 304 12,544,766 2.17 82.80
YS17 CHN HP 2011 7 NA 7 327 9,649,640 2.34 82.20
YS64 CHN HP 2011 UG NA 31 NA 9,800,376 2.07 84.20
a CHN, China; NED, Netherlands; GER, Germany; CAN, Canada; AR, Argentina; DEN, Denmark.
b DP, diseased pig; DC, diseased calf; HP, healthy pig; H, patient.
c UG, ungrouped.
d NA, not applicable.

FIG 1 Flowchart to determine minimum core genome (MCG) genes, MCG SNPs, and application of the MCG sequence typing method.
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These 876 MCG genes were randomly distributed across the
genome (Fig. 2B), 13.3% of which are in the cluster of orthologous
genes (COG) functional category of translation, ribosomal struc-
ture, and biogenesis (Fig. 2C; see also Fig. S2 in the supplemental
material); these are essential for the survival of an organism. In
contrast, only 4.1% of the accessory genome genes fall into this
category (see Fig. S2 in the supplemental material). It should be
mentioned that three of the seven genes in the MLST scheme of S.

suis (4) do not belong to the MCG, namely, cpn (60-kDa chaper-
onin), dpr (defective proboscis extension response), and gki (glu-
cokinase). gki was found to be missing in S. suis strain 92-1191,
whereas cpn and dpr share high nucleotide similarities with a gene
on a plasmid and a gene on a pathogenicity island, respectively,
and were identified as mobile elements in this study.

Identification of the minimum core genome SNPs. By com-
parison to the reference genome of strain GZ1 (12), we found

FIG 2 (A) Descending trend of core genome size of S. suis with the increasing number of isolates. The number, n, of shared genes is plotted as the number of
strains sequentially added. For each n, circles are 8!/[(n � 1) � (8 � n)!] values obtained for the different strain combinations. Squares are the averages of such
values. (B) Distribution of MCG genes in the reference genome of S. suis GZ1. Outer circle, MCG SNP density; colored circles, coding sequences (CDSs) of core
genes shown in a pair of concentric rings representing coding strands; black solid circle, mobile genes. (C) The proportions of MCG genes and MCG SNPs in 20
functional categories.
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229,618 SNPs among the 85 isolates, of which 87,646 SNPs were
located in the MCG genes. Excluding the 29,145 SNPs in the re-
combination regions, there were 58,501 MCG SNP sites. The
MCG SNPs are found in the genome with a Poisson distribution
(see Fig. S3 in the supplemental material). Genes with the highest
frequency of MCG SNPs were located in two categories, namely,
translation, ribosomal structure, and biogenesis and predicted
general function (Fig. 2C). The average density of the SNPs among
the 85 isolates is 	70 SNPs/kb. MCG genes with �60 SNPs/kb are
those in the COG category translation, ribosomal structure, and
biogenesis (see Fig. S3 and S4 in the supplemental material).
Among the 50 genes with the lowest SNP densities, eight encode
ribosomal proteins. In contrast, of the 50 genes with the highest
SNP densities, five are associated with amino acid transport and
metabolism (see Tables S2 and S3 in the supplemental material).

Definition of the minimum core genome group based on
population structure. We used the Bayesian statistics tool Struc-
ture (32) to show the population structure of S. suis and to estab-
lish population genetics-based subdivisions of the species for
strain identification and typing. By testing subdivisions of the 85 S.
suis isolates into between two and 15 subpopulations, we found
that the optimal number of subpopulations was seven, with 17, 3,
6, 8, 5, 18, and 28 isolates being assigned to subpopulations 1 to 7,
respectively (Fig. 3; see also Fig. S5 in the supplemental material).
These subpopulations were defined as MCG groups. For all
groups except MCG group 7, each has isolates with ancestral genes
from other subpopulations (Fig. 3).

Phylogenetic analysis was also performed using both the neigh-
bor-joining algorithm and the minimum evolution algorithm (33,
34). The clustering of the isolates was largely consistent with the
Structure analysis (Fig. 3). We computed the genetic distances for
all of the combinations of within- and between-group compari-
sons where the within-group distance is 1.3 to 47 times smaller
than the between-group distance, except for MCG group 7. The
smallest within-group distance was 0.003 for MCG group 2, which
is 50 times less than the distances between MCG group 2 and the
other MCG groups. The distance data further support the Struc-
ture divisions (see Table S6 in the supplemental material). Since
the seven subpopulations were robustly derived from the Struc-
ture analysis using core genome variation, these subpopulations
have taxonomic significance below the species level. We propose
that these Structure-based subpopulations be called MCG groups
and be treated as taxonomic units. Thus, S. suis is divided into
seven MCG groups, with a small number of ungrouped isolates.

Six of the seven MCG groups can be clearly identified using
group-specific MCG SNPs. Among the 58,501 MCG SNPs, 553
SNPs were found to be group specific (Fig. 3). There were 19 MCG
group 1-specific SNPs that separate that group from the others.
Similarly, there were 303, 5, 17, 194, and 15 SNPs specific for MCG
groups 2 to 6, respectively. There were no group-specific SNPs
found for MCG group 7, within which the three lineages contain
76, 30, and 13 lineage-specific SNPs, respectively, and a minimum
of one SNP from each lineage is required for lineage assignment.
All group-specific or lineage-specific SNPs have no reverse or par-
allel mutations.

MCG groups and public health significance. We analyzed the
distribution of the 21 known putative virulence genes among the
MCG groups, in which nine exist as core genome genes (Fig. 4).
MCG group 1 includes all the highly virulent isolates of ST1 and
the epidemic isolates of ST7, and it also contains the greatest num-

ber of virulent genes (Fig. 4). The previously identified “interme-
diate virulent” STs, such as ST25 and ST28 (35), were all located in
MCG group 4, which carries fewer numbers of virulent genes than
MCG group 1. MCG group 6 carries the lowest number of viru-
lence genes. Interestingly, MCG group 6 was found by phyloge-
netic analysis to diverge the earliest, as it is closest to the out-group
S. pneumoniae. Therefore, S. suis may have progressively gained
additional virulence genes during its evolution to becoming a hu-
man pathogen. Clearly, all isolates that caused severe human in-
fections, death, and outbreaks fell into MCG group 1.

Online bioinformatics tool for real-time clinical and out-
break investigations using minimum core genome typing. The
rapid identification of a given MCG group, such as MCG group 1,
which has the capacity to cause countrywide or global outbreaks
(4, 12, 13), would be useful for clinical and public health labora-
tories. To meet this demand, we developed a Web-based S. suis
minimum core genome typing system (http://ss.bactcgt.net). This
system uses whole-genome sequencing data to identify the mini-
mum core genome type in a very short period of time. The raw
reads from Illumina genome sequencing from the test isolate are
mapped to the reference genome (that of S. suis GZ1) in the data-
base to identify SNPs in the 58,501 MCG SNP sites, and group
assignment is then performed based on 553 group-specific SNPs
stored in the database. The output includes the probability (cal-
culated as the number of matched sites/total group-specific sites)
of assignment to each of the seven defined groups and the number
of SNP differences to the closest reference core genome. In our
simulation test, using 10 million reads of 90 bp, which is 	200-
fold coverage of the S. suis GZ1 genome as input, the examination
took 	1 h, demonstrating the rapidity of the computation. We
also simulated the number of times for coverage required to per-
form a reliable assignment. We found that 1�, 5�, 10�, 15�,
20�, 50�, and 100� coverage of the S. suis genome can identify
0%, 35%, 85%, 100%, 100%, 100%, and 100% of the MCG group-
specific SNPs, respectively. Therefore, 20� coverage was suffi-
cient for accurate group assignment and identification to the clos-
est reference strain. With multiplexing in current next-generation
sequencing (NGS) platforms, the low coverage required can sub-
stantially reduce the MCG sequence typing cost.

DISCUSSION

In this study, we developed a novel approach for defining the
minimum core genome of S. suis strains for taxonomical classifi-
cation. This approach is also likely to be useful for other patho-
genic bacterial species. The minimum core genome refers to genes
that are shared by all strains of a given species (36, 37). We further
reduced the minimum core genome genes to exclude mobile ele-
ments even if they were present in all strains, since these genes
carry mixed phylogenetic signals. Additionally, SNP sites with a
high frequency of recombination were removed from the core
genome genes to increase the precision of the assignment of the
isolates to a subpopulation for taxonomic classification. Using this
approach, we found that S. suis has a core genome of 876 genes out
of an average of 2,140 genes per isolate and 58,501 MCG SNPs out
of a total of 190,894 SNPs.

Population genetic analysis of the MCG SNPs from 85 isolates
divided the S. suis population into seven core genome groups.
These seven groups were the optimal divisions after trials of two to
15 divisions with 150,000 iterations in the Structure runs. Phylo-
genetic analysis revealed six of the seven groups to be monophy-
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FIG 3 Phylogenetic trees and MCG groups of all strains. (A) Phylogenetic tree of 85 strains and MCG groups. The pentagrams and their corresponding blue
numbers represent the number of SNPs used for group typing for each MCG group. (B) The phylogenetic tree of MCG group 1 strains. In both panels, the
serotypes and MLST are represented in brackets. Strains from patients, diseased pigs or calves, and healthy pigs are shown in red, blue, and black, respectively.
The strains in gray are from published data.
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letic. Further, the within-group distance range of 0.003 to 0.087 is
much smaller than the between-group distance range of 0.115 to
0.172 (see Table S6 in the supplemental material), indicating consid-
erable divergence between MCG groups. Thus, these MCG groups
may be considered to be robust taxonomic units within S. suis.

In this study, we used Structure analysis to establish the MCG
groups. Bacterial species vary in their capacities to recombine
among members of the species, which leads to different levels of
clonality and affects the inference of phylogeny in the strains. The
population genetics approach we used to classify the isolates into
subpopulations takes recombination into account, and thus it
provides a more-robust means to identify subpopulations than do
phylogenetic approaches that group isolates into phylogenetic
clusters.

In our study, subpopulation 7 did not group together, as one
cluster with seven isolates grouped away from the majority of the
isolates. These isolates possibly have had a significant recombi-
nant history that was not identified by our recombination detec-
tion method and cannot be reliably allocated into a subpopulation
by Structure; therefore, they were assigned to group 7 (see Fig. S6
in the supplemental material). This phenomenon has been previ-
ously reported for Salmonella (38). Thus, these isolates were re-
moved from subpopulation 7 and were referred to as ungroup-
able. The remaining group 7 isolates formed three lineages, with
two lineages closest to group 5 on the neighbor-joining tree. Using
S. pneumoniae strain R6 as an out-group, group 6 is the earliest
diverged group, while group 1 diverged most recently. Group 3
shared the most recent common ancestry with group 4 and clus-
tered into one lineage (see Fig. S5 in the supplemental material).

The differences in the clustering of the strains observed might
be due to the difference in the methods and algorithms used. The
neighbor-joining and minimum evolution methods use assump-
tions and clustering algorithms that are different from those used
by Structure. The reliability of phylogenetic inference is adversely
affected by the frequency of recombination that obscures phylo-

genetic signals. Structure analysis was applied to MLST data in a
range of species and has shown that even a frequently recombining
species, such as Helicobacter pylori, can be divided into subpopu-
lations (39, 40). We previously used Structure to divide S. suis into
five groups using the MLST of seven genes (28). MCG typing
further refines the groupings and also identifies multiple SNPs for
reliable group assignment. We advocate that this population genetics
approach be applied to the development of MCG typing in other
species. MCG groups established in this way are expected to stand the
test of time, similar to the divisions of many genera and species.

The seven MCG groups of S. suis can be identified using a
minimum of nine SNPs. These SNPs can be used as markers for
typing using subgenome sequencing methods, such as real-time
PCR (41), providing an interim means of MCG typing in labora-
tories where NGS is not available during this transitional phase to
NGS-based genome sequence typing.

These taxonomical MCG groupings may also have public
health significance that cannot be shown by routine species iden-
tification and serotyping. Of the seven MCG groups of S. suis, only
MCG group 1 contains isolates from human infections and out-
breaks (4, 12, 13, 15). MCG grouping provides a clear separation
of human-related from non-human-related infection isolates.
The MCG SNPs can further provide a separation of outbreak-
related from non-outbreak-related isolates, since outbreaks have
been restricted to certain STs as based on MLST analysis (4, 12,
15). The outbreak STs tested in this study were all within MCG
group 1. Although more isolates and STs will need to be tested, we
expect that typing based on the MCG group 1 SNPs to identify
strains with severe disease or outbreak potential will provide rel-
evant clinical or public health information that can influence pa-
tient care and public health decisions.

Moreover, the full set of MCG SNPs may be useful for tracking
the epidemic clones, e.g., ST7. Investigations of outbreaks and
interhost transmission using genome sequence data have found
SNPs to be very useful markers (42, 43). In a number of pathogens,

FIG 4 Distribution of known putative virulence genes in the seven core genome groups. The bar within a group shows the percentage of strains in that MCG
group carrying a given virulence gene. Six genes encoding immune proteins are marked in red (46–49). The horizontal dotted blue line demarcates the virulence
genes that are present in all isolates. The encoded protein names are shown on the left.

Core Genome Typing for Pathogen Streptococcus suis

August 2013 Volume 51 Number 8 jcm.asm.org 2589

http://jcm.asm.org


evolutionary timelines ranging from decades to thousands of
years were successfully estimated based on SNPs with given mo-
lecular clocks (44–47). Therefore, the use of MCG SNPs may allow
the tracking of clones in the time frames of years and decades,
providing a more reliable marker for epidemiology.

A caveat of this study is that the number of strains sequenced is
still small, and the strains selected may not cover the full diversity
of the species. However, our isolates represented the most-fre-
quently isolated STs from animal and human infections with S.
suis. Our selection of isolates was based on the MLST diversity and
representation on the MST of seven MLST loci (see Fig. S1 in the
supplemental material). There are 368 STs in the S. suis MLST
database, 150 of which are grouped into 22 clonal complexes. The
85 isolates studied represent 75 of the 368 STs and 11 of the 22
clonal complexes. The geographic representation is also rather
limited, with isolates being from only six countries, including
three European countries (Netherlands, Denmark, and Ger-
many), two countries of the Americas (Canada and Argentina),
and one Asian country (China). Based on the MST of all STs (see
Fig. S1 in the supplemental material), the Chinese isolates were
widely distributed on the tree, suggesting that at least S. suis diver-
sity in China reflected the overall species diversity with no evi-
dence of geographical restriction. Nevertheless, additional diver-
sity outside the MCG groups may be discovered in the future, and
thus additional MCG groups may need to be defined accordingly.
MCG group 7, which does not form a monophyletic group, may
also require revision once more isolates from this group are typed.

Two major challenges in the use of genome sequencing in clin-
ical microbiology laboratories are the speed of sequence data pro-
cessing and the accuracy and uniform reporting of results. Our
implementation of a Web-based online typing system (http://ss
.bactcgt.net) that accepts raw sequence data and returns a report
of the minimum core genome group assigned and the closest rel-
ative of the test strain in the database within 2 h demonstrates that
this approach is computationally highly feasible. The use of core
genome data and the recognition of core genome groups can stan-
dardize the reporting of typing results to ensure uniformity.

With the rapid reduction in genome sequencing cost and the
wide deployment of next-generation sequencing instruments in
clinical microbiology laboratories, genome sequencing may soon
become a routine diagnostic tool. The approach we developed can
be applied to many bacterial species. For example, in Neisseria
meningitidis, a subpopulation referred to as the ST4821 complex
causes about 300 human infections annually in China (48, 49),
and a genome sequencing-based scheme would be highly benefi-
cial. Our core genome sequence typing system provides a timely
implementation of strain identification and classification using
high-throughput NGS genome data, facilitating the application of
genome data to the fields of clinical medicine, epidemiology, and
surveillance. Our study marks a significant step in translating bac-
terial genome sequence data into clinical diagnosis and public
health information.
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