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Streptococcus suis (S. suis), a zoonotic bacterium found
primarily in pigs and is now recognized as an emerging
pathogen of humans.1 Human S. suis infections have
been reported from more than 30 countries and/or
regions, and the number of cases has increased consider-
ably in the last decade, particularly in southeast Asian
countries, such as China, Thailand, and Vietnam.1-3

While most sporadic S. suis infections in humans have
been reported to be occupational, especially in Western
countries, 2 outbreaks in China (Sichuan in 2005, and
Jiangsu in 1998) and one in Thailand (Phayao in 2007)
were reported. The outbreaks aroused considerable pub-
lic health concern about S. suis emerging as a zoonotic
agent.2

In a global estimate, the numbers of human infections
of S. suis reported from China, Thailand and Vietnam
account for 22-36% of all cases reported worldwide.2

Nearly 97% of all human cases of streptococcosis relate
to serotype 2, but it has become increasingly important
to genetically classify S. suis isolates according to their
sequence type (ST) by multilocus sequence typing
(MLST).1,4 To date, 33 and 10 STs have been recorded in
Thailand and Vietnam, respectively (cf. MLST database;
http://ssuis.mlst.net), showing considerable genetic
diversity within S. suis from humans.4 However, only 3
sequence types, ST1, ST7 and ST377, have been found to
be responsible for human infections in mainland China.
Indeed, since the last outbreak in 2005, there has
`been no update on genetic diversity within S. suis and
their geographic distribution in China.4-6 Therefore, it
is timely and meaningful to explore the genetic

composition of S. suis in China, where 2 outbreaks have
occurred in the past 2 decades.

ST7 strains of S. suis associated with the 2 epidemics
(1998 and 2005 in China) have only been found in
China.4 Since the last outbreak in 2005, although spo-
radic human cases were reported,5-7 the nature and
extent of sequence types and their relationships have not
been explored.7 Here, the STs of the 76 S. suis isolates
from patients during 2006-2016 and their geographic
distribution/s were investigated and are shown in
Figure 1A and Table S1. MLST was performed and STs
were defined as described.8 Among the 76 S. suis isolates,
the major STs characterized were ST1 (n D 32, 42.1%)
and ST7 (n D 43, 56.6%). Interestingly, ST7 was the
most dominant in Sichuan (ST1 D 4.0%, ST7 D 96.0%),
where the 2005 epidemic occurred; ST1 was the most
dominant in Guangdong (ST1 D 59.3%, ST7 D 40.7%)
and Guangxi (ST1 D 57.1%, ST7 D 35.7%); ST1 was
reported from humans in 8 provinces, and ST7 in 5
provinces of China (Fig. 1A). It is notable that sequence
types ST1 and ST7 predominate in mainland China, and
ST7, recognized to be a highly virulent and linked to the
largest S. suis outbreak,9 did not appear to spread sub-
stantially since the outbreak of 2005.

According to the MLST database and NCBI, in
Thailand, Vietnam, France and the Netherlands, totals of
33, 10, 6 and 6 STs have been recorded from humans
and 9, 51, 6 and 34 STs from pigs, respectively. By con-
trast, in China, 354 STs have been recorded from swine,
but only 4 distinct STs from human, namely ST1, ST7
and ST377 and the newly designated ST658 identified by
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us in the present study. A recent review shows that most
strains isolated from humans are phenotypically and
genotypically similar to those recovered from pigs within
the same geographical region.9 However, the present
finding of a major difference in the number of sequence
types of S. suis from humans (n D 4; ST1, ST7, ST377
and ST658) compared with the 354 sequence types from
pigs in China was unexpected. Although the reason for
this discrepancy is unclear, it is possible that sampling
bias may play a role. However, it is also possible that the
limited numbers of STs in humans might relate to a par-
ticular or relatively specific host affiliation in China.
Moreover, although the ST1 and ST7 found in human
infection, were also the most important S. suis serotype 2
sequence types isolated from clinical pig in mainland
China.4 It is striking that ST377 and ST658 were found
exclusively in humans (not pigs), which is interesting
considering S. suis is a zoonotic pathogen primarily and
usually found in pigs, but with no direct evidence to date
showing human-to-human infection.9 Therefore, future
work should focus on a broader sampling from humans
(from different countries in Asia) and comparative anal-
yses with S. suis from pigs.

In this study, S. suis LSM102, isolated from a patient
who had handled and eaten pork before admission, was
characterized and designated as ST658. The clinical
symptoms of the patient included fever, nausea, and gen-
eral malaise. ST658 has a unique thrA, constituting a

single locus variant consistent with ST1. Sequence types
ST1 and ST658 differ in thrA1 and thrA162 by a point
mutation at position 212 (G212 > A212; Fig. S1). The
eBURST analysis assigned ST658 to the ST1 complex,
which also contains ST7.4,9 The ST1 complex represents
principally human cases associated with septicaemia and
meningitis in pigs and humans in different parts of the
world.4,9

The genome of S. suis LSM102 was sequenced
using PacBio RS II (250-fold coverage) and Illumina
HiSeq 2500 (400-fold coverage).10 First, de novo
assembly of the sequencing reads from PacBio RS II
was carried out using SMRT Analysis software
(https://github.com/PacificBiosciences/SMRT-Analysis/
wiki/SMRT-Pipe-Reference-Guide-v2.3.0). Then, single
nucleotide and short indel errors were corrected using
the programs SOAPsnp and SOAPindel, respectively,
using HiSeq short reads. Gaps and low coverage areas
were filled/verified using all available reads. Finally, the
complete genome of LSM102 was deposited in GenBank
under accession number CP016175.

The genome of S. suis LSM102 (ST658) is a single, cir-
cular chromosome of 2,067,932 bp with a GC content of
41.23% (CP016175). Screening of the complete genome
of S. suis LSM102 using the ARGs database revealed a
single tetracycline resistance gene (tetM) (Table S2).
Consistently, LSM102 was resistant to tetracycline (data
not shown). tetM is recognized as a selective factor that

Figure 1. (A) Geographic distribution and sequence types of human S. suis isolates from 2006-2016 in this study. One symbol represents
an isolate. Closed symbols denote isolates collected in this study, and open symbols denote isolates reported by literatures or MLST
database. (B) The phylogeny of 26 completely sequenced S. suis strains. The Maximum likelihood tree was estimated by the SNPs of a
core genome contained 885 genes. Bootstrapping was conducted using 500 replicates. The SC84 strain of S. suis was used as a reference.
The label of each branch orderly showed the sequence type, the country and the host from which the S. suis strain was obtained. Then it
marks whether or not the strain harbors the 89K PAI, salKR or nisKR (C : the complete 89K PAI is included, salKR or nisKR; ¡ : the com-
plete 89K PAI is absent, salKR or nisKR; T : partial of 89K PAI associated region is detected).
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provides considerable advantages for the clonal emer-
gence and spread of S. suis ST7.5 Comparative analysis
showed that the tetM also exists in S. suis strains from
human (05ZYH33, 98HAH33 and SC84) linked to 2 out-
breaks,1,11 but is absent from the human strain GZ1
relating to sporadic infections (Table S2).12

To predict the virulence of S. suis LSM102, its
genome was screened for 15 virulence factors linked to
immune evasion or systemic infection, including SalKR,
NisKR, Epf, Fhb, IgA1, IdeSsuis, MRP, Sly, Nudp, SsnA,
EndA, ScpA and SsadS.1 All of the ‘outbreak’ strains
from humans harboured these virulence factors,
whereas those from sporadic cases contained 10
(Table S2), indicating the virulence potential of S. suis
LSM102. The growth curve of LSM102 is similar to P1/7
(data not shown), a highly virulent, international refer-
ence strain of S. suis.11 To evaluate the virulence of S.
suis strains, 10 6-week-old BALB/c mice (per group)
were inoculated intraperitoneally with 2£108 colony
forming units (CFU) of S. suis P1/7 or LSM102, as
described previously.13 All the animal experimental pro-
tocols were approved by the Laboratory Animal Moni-
toring Committee of Huazhong Agricultural University
and performed accordingly. The mortality rates of
LSM102 and P1/7 infection groups were 90% and 70%,
respectively. The morbidity and mortality analysis
showed that almost all mice in LSM102 or P1/7 group
presented severe clinical signs of sepsis, such as depres-
sion, rough hair coat, swollen eyes, weakness and pros-
tration during the first 3 d post-infection. In addition,

bacterial cytotoxicity to Caco-2 cell line was evaluated
with Cyto-Tox 96 Cytoxicity Kit (Promega) according
to the manufacturer’s instructions. Caco-2 was
incubated with log-phase strains (multiplicity of infec-
tionD 100:1) and kept at 37 �C for 4 h.8 The cytotoxicity
levels of LSM102 and P1/7 were 75.5 § 12 .6% and
4.4 § 4.6%, respectively. Results above indicate that
LSM102 is highly pathogenic.

To investigate the phylogenetic relationships of S. suis
LSM102 (ST658) and other strains, trees (by maximum
composite likelihood model14) were constructed using
63,061 SNPs from the 885 core genes of the 26 complete
genomes available (Fig. 1B). Consistent with observa-
tions that the 4 closely related strains (98HAH33, SC84,
05ZYH33, and ZY05719) were responsible for outbreaks
in China1,11 and grouped together in Clade A. ST7,
ST658 and ST1 represented Clade B, revealing an intrin-
sic relationship among the isolates, and suggesting that
ST658 originates from the ST1 complex. In addition,
human and pig isolates representing the ST1 complex
grouped as Clade B, indicating their intrinsic relation-
ship. Strain D9 (ST29) from China and NSUI060 (ST25)
from Canada belonging to the ST25 complex grouped
within Clade C, whereas strains ST3, 05HAS68, and
YB51 from China and strains 90-1330 and NSUI002
from Canada belonging to the ST28 complex grouped
together in Clade D. Taken together, these observations
imply that the strains from China and Canada derive
from a recent common ancestor or transfer between
countries.

Figure 2. (A) Genomic comparison of 26 S. suis genomes. The circular diagrams showed the variations of LSM102 compared with the
other completely sequenced S. suis strains. From outside to the inside, the order of the genomes was: LSM102, SS12, P1/7, ZY05719,
SC84, 98HAH33, 05ZYH33, A7, SC070731, JS14, GZ1, BM407, S735, ST1, TL13, D12, DN13, T15, 6407, NSUI060, D9, NSUI002, 05HAS68,
90-1330, YB51, ST3. The different colors stand for the percentage of protein sequence identity. (B), Gene organization of 73 kb pathoge-
nicity island (73K PAI) of LSM102. Virulence-related factors including SalKR, NisKR and Type IV–Like Secretion System (VirD4, VirB1,
VirB4) that have been reported to be involved in full virulence of STSS-causing Chinese S. suis were included in 73K PAI of LSM102. Com-
pared with 89K, 3 fragment losses/deletions occur in 73K PAI of LSM102, which were designated as Gap1, Gap2, and Gap3 respectively.
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The global comparison of the 26 complete genomes of
S. suis available showed that 89 kb pathogenicity island
(89 K PAI)-associated region displayed a high degree of
diversity (Fig. 2A). The 89 K PAI is specific to highly
pathogenic S. suis linked to Chinese epidemics; 89 K PAI
was found in strains 98HAH33, SC84, 05ZYH33; and,
ZY05719 related to 2 outbreaks in China, but not spo-
radic infections (e.g., GZ1), while it is absent from iso-
lates from North America and Europe.1 The 4 ST7
strains (98HAH33, SC84, 05ZYH33, and ZY05719)
responsible for 2 outbreaks (in 1998 and 2005) carry
full-length 89K PAIs. However, the highly pathogenic
strain GZ1 (ST1), isolated in 2005 from a sporadic
human case (causing septicaemia) in Guizhou Province
of China did not harbour 89K PAI (Table S2).

Distinct from GZ1, a mobile pathogenicity island of
72,679 bp (designated 73K PAI) likely derives from
89K PAI found in S. suis LSM102 (from a sporadic
human case from Guangxi Province in China; see
Fig. 2B). Compared with 89K PAI, the 73K PAI lacks
3 fragments (designated as Gap1, Gap2 and Gap3);
however, elements including Integrase, Excisionase,
MobA, MobC, Helicase, VirB4, VirB6 and VirD4
which are required for the 89K PAI excision and circu-
larization, as well as virulence factors, including SalKR,
NisKR and Type IV–Like Secretion System which are
involved in ‘complete’ virulence in streptococcal toxic
shock syndrome (STSS)-causing Chinese S. suis, are all
encoded in 73K PAI of S. suis LSM102 (Fig. 2B).1,11,15

This observation suggests that horizontal transfer of
89K PAI occurred from ST7 to ST658, or from ST7 to
ST1, which have evolved to become ST658. Further-
more, comparison of the 89K PAI-associated region
from available genomes from different countries
showed that PAI regions of strains are variegated and
can be grouped into 4 types according to the features
and structures of the PAI-associated region (Fig. S2).
The comparative results provided evidence that strains
can exhibit gene loss or gain in the 89K PAI-associated
region, implying the 89K PAI associated region is
disseminating globally and evolving in circulation.

In summary, this study demonstrates a predominance
of ST1 and ST7 in a panel of S. suis isolates (n D 76)
from Chinese patients collected since the last outbreak of
human streptococcosis in China (2005). Comparison of
the 89K PAI-associated region among 26 strains with
73K PAI in ST658 (a novel sequence type) provides
some evidence that 89K PAI was transferred horizontally
from ST7 to ST658 (or ST1) and has diversified during
transmission. A better understanding of novel STs in
human patients and the evolution of 89K PAI linked to 2
outbreaks in humans should provide insights into the
emergence, virulence and evolution of this important

pathogen. Furthermore, it may also provide some clues
as to the pathogenesis of S. suis.
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