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ARTICLE INFO ABSTRACT

Keywords: Streptococcus suis is a bacterial gram-positive pathogen that causes invasive infections in swine
Streptococcus suis and is also a zoonotic disease agent. Traditional molecular typing techniques such as ribotyping,
?;;i‘;“g’e multilocus sequence typi.ng, pt'llse—ﬁeld gel electroPhoresis, or randoml.y amplified p(?lymorl?hic
Molecular DNA have been used to investigate S. suis population structure, evolution, and genetic relation-
Epidemiology ships and support epidemiological and virulence investigations. However, these traditional typing

techniques do not fully reveal the genetically heterogeneous nature of S. suis strains. The high-
resolution provided by whole-genome sequencing (WGS), which is now more affordable and
more commonly available in research and clinical settings, has unlocked the exploration of S. suis
genetics at full resolution, permitting the determination of population structure, genetic diversity,
identification of virulent clades, genetic markers, and other bacterial features of interest. This
approach will likely become the new gold standard for S. suis strain typing as WGS instruments
become more widely available and traditional typing techniques are gradually replaced.

1. Introduction

Streptococcus suis is a swine and zoonotic pathogen that causes invasive infections in pigs and humans [1]. In 2005, a major human
outbreak of S. suis in Sichuan Province, China, brought global attention to this pathogen [2]. Since then, numerous studies have
investigated various aspects of S. suis, such as pathogenesis, virulence factors and markers, vaccine development, immune response,
taxonomy, genetic comparative analysis, epidemiology, and public health responses [3,4]. Understanding the population structure,
genetic diversity, evolution, and epidemiology of this pathogen is critical for evaluating its virulence, zoonotic potential, clinical
manifestations, prevention control and management.

This review aimed to provide a comprehensive overview of traditional and modern molecular typing techniques used for S. suis
studies from the 1990s to the present. By examining these techniques, this review aimed to highlight the research progress made in
understanding S. suis diversity and its impact on public health.

2. Serotyping

Serotype identification is considered the typing gold standard for S. suis strains. Serotyping has recently been associated with
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identifying pathogenic isolates [5]. Traditional serotyping of S. suis strains is based on an antigenic reaction directed against the
capsular polysaccharide of the pathogen. This technique is used to classify S. suis into 35 serotypes (1/2 and 1-34) [6-11]. Because
some described serotypes belong to other bacterial species, the number of official S. suis serotypes has been reduced to 29 [12-14].
However, after 2010, serotypes 21,/29, NCL21-NCL26, and Chz were described in China [15-17].

Since 1999, several polymerase chain reaction (PCR) assays have been developed and widely used to indirectly determine the
serotype of S. suis strains [15,18-28]. However, one major drawback of these PCR assays is that they cannot distinguish between
serotypes 2 and 1/2 or between serotypes 1 and 14. Therefore, antisera are still required to differentiate these serotypes. In 2016, Athey
et al. reported that a specific single nucleotide polymorphism (SNP) of the cpsK gene at position 483 could differentiate serotype pairs 1
and 14 and pairs 2 and 1/2 [29]. These authors also developed a bioinformatics pipeline to determine the serotype from whole-genome
sequencing (WGS) data [29]. Then, PCR-restriction fragment length polymorphism (RFLP), a mismatch amplification mutation PCR
assay, and multiplex PCR were developed to differentiate these serotypes based on cpsK SNP [30-32]. A loop-mediated isothermal
amplification was also reported to precisely identify serotypes 2 and 14 [33].

Other than antisera and PCR-based serotyping, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry is
useful in determining the serotype of S. suis strains [34,35]. However, strain variation would probably preclude this method from being
sufficiently accurate.

3. Restriction-fragment length polymorphism (RFLP)

In the early 1990s, RFLP was applied to study S. suis strains [36,37]. Restriction enzymes (Haelll or HindIII) generated a convenient
digest restriction pattern, with Haelll showing higher discriminatory power than HindIII [36]. RFLP is used successfully to differentiate
outbreak from nonoutbreak S. suis strains [37]. The main limitation of RFLP is the variable length of cleavage DNA fragments, which
ranges from very small to large fragments and can occasionally create challenges in distinguishing between closely related patterns.

4. Ribotyping

To improve the RFLP assay described above, hybridization of rDNA or rRNA probes to digested RFLP DNA fragments is commonly
used in ribotyping assay, which was first described and applied to S. suis strain typing in 1994 [38]. In 1995, Okwumabua et al. showed
that a 1.8 kb Pstl fragment from ribotyping is a useful genotypic marker for identifying S. suis isolates [39]. Another study revealed that
pathogenic serotypes 1 and 2 strains have unique ribotype profiles [40]. Similarly, highly virulent S. suis serotype 2 isolates from pigs
have unique ribotype profiles [41]. A similar study demonstrated that specific ribotype profiles are related to clinical diseases and
antimicrobial resistance [42]. A study from Spain showed very closely related ribotype profiles between human and pig S. suis strains,
suggesting that the isolates were epidemiologically linked [43].

5. Pulse-field gel electrophoresis (PFGE)

This technique is commonly used with S. suis strains from swine and humans since it was first described in 2001 [44]. The most
commonly used restriction enzyme for S. suis PFGE is Smal [44-49]. PFGE has a relatively high discriminatory power, with a numerical
index of discrimination (D) of >0.87 [50]. PFGE-based analysis of human S. suis isolates was carried out for the first time in 2002 [45].
That study and subsequent ones revealed that S. suis isolates from humans are genetically more homogeneous than those recovered
from pigs [26,45,49,51]. Some S. suis isolates from humans and pigs also had identical PFGE patterns, suggesting transmission from
pigs to humans [45,47,49]. A study from Spain revealed an important genetic heterogeneity level among clinical pig S. suis isolates
within the same herd and the predominance of specific clonal isolates in some herds [46]. However, pig S. suis isolates causing invasive
disease were genetically more homogenous than those recovered from pneumonia cases or carrier animals [44]. Another study showed
a close correlation between PFGE patterns and the presence of virulence marker genes among human S. suis serotype 2 strains [48].

6. Virulence-associated gene (VAG) profiling

Genes encoding a muramidase-released protein (mrp), an extracellular protein factor (epf), and the hemolysin known as suilysin
(sly) are used as markers to predict the virulence or pathogenic potential of S. suis serotype 2 strains. These virulence markers are less
frequently found in S. suis serotypes 1/2, 9, 7, and 3 recovered from diseased or healthy pigs in European countries [52]. In 2002,
Wisselink et al. described a multiplex PCR specific to serotypes 1 (or 14), 2 (or 1/2), 7, and 9 and the epf [20]. In 2006, a multiplex PCR
was used to detect VAGs, including epf, sly, mrp, and arcA, among isolates of serotypes 1 (or 14), 2 (or 1/2), 7, and 9 [22]. The virulence
marker profile epf+/sly+/mrp+ was significantly associated with human S. suis serotype 2 sequence type (ST) 1 strain, whereas the
profile epf—/sly+/mrp— was predominantly found in human S. suis serotype 2 ST104 strain in Thailand [27]. A genomic meta-analysis
has recently proposed that mrp and sly may be putative zoonotic virulence markers [53].

An enhanced VAG panel comprising 22 genes (mrp, epf, sly, fbps, rgg, ofs, srtA, pgdA, gapdh, iga, endoD, ciaRH, salKR, manN, purD, rgg,
DpplV, neuB, dItA, SMU_61-like, SpyM3_0908, and SspA) was used to characterize S. suis serotype 2 strains from China [54]. The
distribution of these 22 virulence-related genes enabled assigning the isolates to two genetic clusters, namely, A and B, the latter
including the more virulent [54]. A study in 2021 reported a cluster C with S. suis serotype 24 strains from humans [55]. However, the
virulence of cluster C strains needs to be clarified.
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7. Multilocus sequence typing (MLST)

An MLST scheme for S. suis was developed by King et al., in 2002 [56]. It uses seven housekeeping genes: aroA, cpn60, dpr, gki, mutS,
recA, and thrA. Up to this year, STs have been recorded in the MLST database (PubMLST; accessed on March 8th, 2024). MLST has
revealed the presence of many clonal complexes (CCs) within the S. suis population. The most important CCs causing infections in pigs
and humans are CC1, CC13/149, CC16, CC17, CC20, CC25, CC28, CC94, CC104, CC233, CC221/234, CC1109, CC1112, and CC1237
[57,58]. In North America, CC25 (Canada) and CC28 (United States and Canada) are more commonly reported [59]. These latter CCs
are also present in Australia and some parts of Asia [4], whereas CC1 strains are more prevalent in Europe, Asia, and South America [1,
60,61]. CC20 is important in The Netherlands [62], whereas CC104 and CC233 (ST233, ST379, and ST1656) have caused outbreaks
and are endemic to Thailand [63-65]. CC16 and CC94 predominate among swine isolates in Europe; however, human cases caused by
isolates of the latter CCs have also been reported in Thailand [1,63,66].

Based on clinical information and isolation sites, one study revealed that CC1, CC28, CC94, and CC104 are associated with a
pathogenic pathotype, whereas CC750 is associated with a commensal pathotype, as supported by odds ratio analysis [5]. Although
MLST has been applied widely by multiple laboratories throughout the world to study the S. suis population structure, there are
limitations to this technique. For example, because MLST only considers a small fraction of genome information (seven genes), it may
not reveal important genetic differences among strains of the same CCs or even STs, as shown for S. suis CCs 25 and 28 [60,61].
However, even if MLST is sometimes a poor or misleading predictor of S. suis strain virulence [60], it remains a powerful tool that may
help identify pathogenic isolates, particularly when used in combination with serotyping, as exemplified by Estrada et al. (2019) [5].

8. Random amplification of polymorphic DNA (RAPD)

S. suis was first typed using this technique in 1999 based on primers OPB07, OPB10, and OPB17 [67]. That study demonstrated that
RAPD clusters, in conjunction with the MRP/EF/suilysin phenotype, can provide a reliable assessment of clonal relationships between
S. suis isolates responsible for infections in pigs or humans and that the technique is useful to characterize isolates displaying the classic
virulent phenotype suilysin * MRP' EF" [67]. A subsequent study combined three RAPD primers (OPB07, OPB10, and CLAU), which
detected genotypic differences between isolates of S. suis serotype 1/2 [68]. Two studies reported the discovery of identical RAPD
patterns and specific virulence gene profiles in S. suis serotype 2 isolates from Brazil and Thailand, respectively [69,70]. Indepen-
dently, both studies found matching RAPD profiles aligned with virulence gene profiles [69,70]. In 2003, RAPD analysis with primers
OPB06, OPB10, and OPB11 showed different reproducible patterns on S. suis serotype 5 isolates from pigs in herds with and without
clinical disease [71]. In 2019, another study revealed that RAPD has greater discriminatory power and is a better predictor of MLST
CCs associated with swine and human infections than PCR-RFLP [72].

9. 16S-23S rDNA intergenic spacer PCR-RFLP (ISR PCR-RFLP)

Marois et al. (2006) first used this technique to investigate 138 independent S. suis strains belonging to various serotypes isolated
from swine and human cases [73]. They reported a discriminatory power of 0.954 with Rsal and 0.984 with Rsal plus Mboll [73]. They
also showed that S. suis serotype 2 strains are significantly associated with clusters of the Rsal subgroup A and group C and Mboll
subgroup c [73]. ISR PCR-RFLP permitted better discrimination than PFGE, as eight and five patterns were detected with the use of
Rsal and Mboll, respectively, in 34 strains of serotypes 2 and 1/2, relative to only three PFGE patterns among the same strains [74].
Another report revealed that ISR PCR-RFLP could not differentiate among most human CCs [72]. However, DNA sequencing using
16S-23S rDNA ISR distinguished between four clusters: No. 1 consisting of CC25, CC28, CC104, and CC233; No. 2 consisting of
CC221/234; No. 3 consisting of CC16 (ST16); and No. 4 consisting of CC1 [72].

10. Amplified fragment length polymorphism (AFLP)

AFLP for S. suis typing was first described in 2007, which allowed the identification of a cluster (cluster A1) associated with invasive
clinical strains of serotype 2 of porcine and human origin, which possessed markers sly, mrp, and epf (or epf variants) [75]. AFLP was
also used to type S. suis strains recovered from wild boars. Notably, 80% of cps2™ (a proxy for serotype 2) AFLP-typed wild boar isolates
were grouped within cluster A1 [76]. It was also suggested that AFLP cluster A probably belongs to CC1 [76]. A study from Brazil
reported no apparent correlation between the isolation site of the strains and their mrp/epf/sly genotypes. However, S. suis isolates
possessing an mrp* /epf*™@/sly* genotype had higher genetic similarity and appeared to cluster closely when analyzed using AFLP
[77].

11. Multiple-locus variable tandem repeat number analysis (MLVA)

In 2010, MLVA permitted typing S. suis isolates using nine selected tandem repeat loci (TR1-TR9). Loci TR1 to TR8 were described
as markers of lower or moderate diversity, whereas locus TR9 was proposed as a marker of higher diversity (Simpson’s index value
0.96) [78]. Locus TR9 was useful in discriminating between Chinese ST7 outbreak strains that could not be resolved solely using PFGE
[78]. A subsequent study showed 17 variants of TR9 locus sequencing among 21 S. suis ST1 serotype 2 isolates recovered from humans
[51]. The advantages of MLVA are as follows: (i) more discriminatory power than PFGE; (ii) ability to perform high-throughput
screenings with large numbers of isolates; (iii) increased feasibility, as MLVA is relatively inexpensive, easy to perform, rapid, and
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reliable; and (iv) easier interlaboratory comparisons because a reference strain is not required [78].
12. PCR pathotyping

This technique was developed to target three genetic marker genes associated with observed clinical phenotypes: genes for copper-
exporting ATPase 1, a type I restriction-modification system S protein, and a putative sugar ABC transporter [79]. The selected genetic
markers were to differentiate S. suis into a disease-associated group (pathogenic pathotype) and a non-disease-associated group
(nonpathogenic pathotype). PCR pathotyping worked well for pig S. suis strains from England and Wales, but contradictory results
were observed with pig S. suis strains from Switzerland [79,80]. A recent study showed that this assay does not differentiate
non-disease-associated from disease-associated groups in clinically healthy pig S. suis isolates in Thailand, although it works well for
human isolates [81]. The disease-associated group could also be classified into four types, with human S. suis CC1 isolates significantly
associated with disease-associated type I and CC104 and CC25 significantly associated with disease-associated type IV [81].

A study in 2021 proposed that PCR identified a human-associated clade (HAC) of S. suis [82]. Two genes consisting of sigma-70
(G15) and relaxase mobilization nuclease domain protein (G20) were chosen for PCR to be representative of HAC as promising
markers for pathogen detection and surveillance [82]. The study showed that both primer pairs of these two HAC marker genes
efficiently amplified all 12 training HAC isolates and the 21 uncharacterized patient isolates [82].

13. WGS-based typing

WGS has revolutionized S. suis epidemiological studies by offering a high-resolution discriminatory power that can reveal genetic
diversity details in S. suis populations that are impossible to obtain with other typing approaches. Combining epidemiological and WGS
data can effectively describe the genetic diversity of S. suis populations, provide critical information on the origin of isolates, facilitate
the tracking of outbreaks or strains over time, and aid in identifying novel candidate VAGs. The benefits of using genomic epidemi-
ological approaches have been demonstrated in various S. suis studies, as described below.

- Comparative genomic analysis of reference strains. In 2007, an 89 kbp pathogenicity island (named 89K PAI) was found using
WGS of Chinese S. suis serotype 2 ST7 strains (98HAH12 and 05ZYH33), which were responsible for large outbreaks of human
S. suis disease that occurred in that country in 1998 and 2005 [83]. In 2009, three strains from Vietnam (BM407), China (SC84),
and Europe (P1/7) were also studied using WGS [84]. The Chinese outbreak strain SC84 contained an island almost identical to the
previously described 89K PAI of strains 98HAH12 and 05ZYH33 [83,84]. However, the 89K island of strain SC84 had a composite
structure and contained several regions that appeared to be integrative conjugative elements (ICE) carrying elements conferring
resistance to antimicrobial drugs [84]. The 89K PAI was also used to track epidemic ST7 strains in China and some other countries
[27,85-88].

Another study showed a highly pathogenic ST1 strain that harbored 132 acquired islands, including 5 pathogenicity islands. This
strain appears to have evolved from an intermediate pathogenic ST25 strain, whereas epidemic ST7 strains evolved from ST1 and
acquired 5 additional genomic islands [89]. Willemse et al. showed that S. suis CC20 isolates include a unique 18.5 kb prophage
region [90]. In many cases, clinical and zoonotic isolates possess smaller genomes but more VAGs than nonclinical (and/or
nonzoonotic) isolates [90,91].

Comparative genomic analysis of S. suis serotypes 2, 3, and 7 demonstrated instances of capsule switching in strains of serotypes 2,
3, and 7 of CCs 28 and 29, and WGS-based phylogenetic analysis showed that serotype 2 isolates belong to two major clades (1 and
2) [92]. Clade 2 S. suis serotype 2 strains were genetically similar to S. suis serotypes 3 and 7 strains and differed significantly from
clade 1 serotype 2 strains [92].

Comparative genome hybridization (CGH). This technique was used to analyze 55 S. suis isolates from different serotypes [93].
Two clusters (A and B) were divided based on CGH data. Cluster A exclusively contained CC1 isolates, whereas cluster B contained a
more divergent and heterogeneous group of isolates [93]. Another study classified S. suis strains tested into three groups of differing
virulence: (i) epidemic and highly virulent (E/HV group), including CC1 isolates; (ii) virulent (V group) containing several STs,
such as ST13, ST54, ST56, ST81, and ST87 isolates; and (iii) intermediate or weakly virulent (I/WV group) composed of several STs
isolates recovered from nonhuman sources [94].

Minimum core genome sequence typing (MCG). Seven MCG groups and an ungroupable MCG were defined among a collection
of S. suis isolates examined using WGS [95]. MCG Group 1 comprised all ST1 and ST7 isolates, including those from human in-
fections and harboring a high number of VAGs, whereas MCG group 4 contained STs of intermediate virulence, such as ST25 and
ST28. Isolates of MCG group 6 possessed fewer virulence genes [95]. In a subsequent study, a set of 10 SNPs present in 6 genes were
used to identify the 7 MCG groups based on PCR and sequencing [96].

SNP-based phylogenetic studies. Athey et al. analyzed core genome-SNP phylogenies of S. suis serotype 2 ST28 isolates recovered
from humans and pigs in Canada, the United States, Japan, and Thailand [60]. The study revealed two larger clades: clade I
comprising most Canadian strains and the second major clade further divided into four subclades (clades II-V). Clades I and IIT had
a strong signal of geographical structure [60]. Strains from clade V were also significantly more virulent than clade I strains in a
murine model of infection [60]. Another study in 2016 revealed the population structure of serotype 2 ST25 S. suis strains from
Canada, the United States, and Thailand [61]. Genome-wide SNP-based phylogenetic analysis identified two distinct main clades
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consisting of Thai and North American strains, respectively. The North American clade was further divided into two main sub-
clades, which differed mainly in ICE content and had defined patterns of antimicrobial resistance genes [61].

A recent study showed that ST1656 clonal strains, which diverged from other CC233 isolates, including ST233 and ST379, were
responsible for disease outbreaks [65]. This study also revealed a Thai-specific zoonotic clade (CC104 and CC233) distantly related
to other zoonotic lineages such as CC1, CC20, and CC25 [65].

Bayesian analysis of population structure (BAPS). Weinert et al. identified five distinct populations among S. suis 459 isolates
using WGS and BAPS [91]. All five BAPS populations contained nonclinical and disease-causing isolates. However, BAPS popu-
lation 1 had the largest number of disease-causing isolates, and serotype 2 was also predominant [91], whereas BAPS population 5
had more nonclinical isolates than clinical isolates and no serotype 2 strains [91]. A pyruvate synthase gene was present in BAPS
populations 2 to 4 but absent from all systemic S. suis isolates [91]. Disease-causing isolates also had significantly smaller genomes
than nonclinical isolates [91]. That study suggested that nonclinical isolates with larger genomes could be sources of new adaptive
phenotypes that might be transferred to pathogenic S. suis isolates [91].

Another WGS and BAPS investigation used 116 S. suis isolates from human patients and pigs [90]. Seven BAPS groups were
identified based on the nucleotide alignment of the core genome. BAPS groups correlated with CCs. BAPS group 1 consisted of all
CC13 isolates, BAPS group 2 contained most CC16 isolates, BAPS group 3 comprised a single isolate, BAPS group 4 consisted of all
CC1 isolates, BAPS group 5 included CC27 and CC29, and BAPS group 6 contained CC20, and BAPS group 7 comprised mostly
diverse unrelated isolates [90]. Human S. suis isolates were predominant in BAPS groups 4 and 6, and these two BAPS groups were
considered to have zoonotic potential [90].

Dong et al. (2021) recently analyzed the genome sequences of 1634 S. suis isolates from 14 countries and classified them into nine
BAPS groups [82]. Among them, BAPS group 7 represented a dominant group of virulent S. suis associated with human infections,
most being ST1 and ST7 (included in CC1) [82]. Those authors proposed that this cluster constituted a novel HAC that had
diversified from swine S. suis isolates. The phylogeographical analysis identified Europe as the origin of HAC, coinciding with the
exportation of European swine breeds between the 1960s and 1970s [82].

Genome-wide association study (GWAS). GWAS and principal component analysis were used to examine a collection of clinical
and nonclinical S. suis isolates from the United Kingdom [79]. The investigation proposed that two marker genes, a
copper-exporting ATPase 1 and a type I restriction-modification system S protein, were associated with pathogenic isolates,
whereas a putative sugar ATP-binding cassette transporter could serve as a marker of strains with a nonpathogenic pathotype [79].
However, a subsequent study found no correlation between these markers and identifying pathogenic isolates from swine [80,81].
GWAS and chi-square analysis were instrumental in identifying 25 HAC-specific genes [82]. These genes might contribute to the
increased risk of human infection and be used as markers for HAC identification.

Pan-genome analysis. Pan-genome analysis based on a chi-square test and the least absolute shrinkage and selection operator
regression model identified five marker genes significantly associated with the pathogenic pathotype of North American strains
[97,98]. The marker genes consisted of ofs, srtF, SSU_RS09525, SSU_RS09155, and SSU_RS03100. GWAS and pan-genome analysis
were performed to identify marker genes on S. suis strains of restricted geographical areas (United Kingdom and North America,
respectively). Larger S. suis isolate collections from different regions or countries, isolation sources, serotypes, and STs should be
further evaluated to fully understand the usefulness of these pathogenic pathotype marker genes.

Guo et al. (2021) conducted a pan-genome analysis of S. suis serotype 2 and found that the srtBCD pilus gene cluster had a sig-
nificant discrepancy between virulent and avirulent strains [99]. They proposed that the shp2’ gene in the srtBCD cluster could be a
fitness virulence-associated marker of virulent isolates [99]. They also showed that 53 and 58 genes could be specific markers of
high and low virulence groups, respectively [99].

Genomic meta-analysis. Roodsant et al. (2021) analyzed all publicly available S. suis genomes with available metadata on the
host, disease status, and country of origin [53]. The authors identified 124 S. suis putative virulence factors, where 26 were
considered putative zoonotic virulent factors (PZVFs) [53]. Genes encoding NisK/NisR, Hhly3, and Fhb-1 were more prevalent
among human and CC1 isolates than pig isolates, suggesting that these PZVFs may contribute to the zoonotic potential. Further-
more, they proposed that PZVF could be useful for classifying the zoonotic potential of S. suis and for the early detection of
emerging zoonotic lineages.

Population genomic analysis. A recent study conducted 3071 S. suis genome analyses [100] and identified 10 pathogenic lineages
with broad geographical spread and origin dates. These lineages consist of disease-associated serotypes 1 to 9 and 14 with STs
belonging to STs 1, 14 to 17, 20, 23, 25, 27 to 29, 54, 87, 89, 94, 108, 123, 136, and 198 [100]. Among 10 pathogenic lineages,
lineage 1 is associated with zoonotic disease in humans and almost corresponds to ST1 of serotypes 2 or 14 strains [100].

Three genomic islands that are mostly specific to these 10 pathogenic lineages were identified [100]. Island 1 (SSU_RS05400-S-
SU_RS05325 in the published genome of S. suis strain P1/7) was present in >95% of isolates from 9 of 10 pathogenic lineages, and
only 17% of isolates were from the nonpathogenic clade. Island 1 contained heparan sulfatase and hyaluronate lyase. Island 2
(SSU_RS02325-SSU_RS02355 in P1/7) contained pilin subunit protein-encoding genes and sortase and was distributed in 84% of
isolates from 10 pathogenic lineages, and 11% was from nonpathogenic lineages. Island 3 (SSU_RS1130-SSU_RS01185 in P1/7)
showed the strongest association with 10 pathogenic lineages and was present in >95% of isolates in these pathogenic lineages, and
only 1% was from nonpathogenic lineages. This island contained a gene encoding an ABC transporter, ROK family proteins, and a
surface protein similar to a PTSII subunit.
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14. Conclusions and perspectives

S. suis is a major pathogen that negatively affects the pig industry and human health. Molecular typing techniques, including
traditional and modern methods such as WGS, have been used to characterize and determine strain-specific genetic relationships for
epidemiological purposes. With the increasing feasibility and decreasing costs of WGS, high-resolution strain typing has become a
useful tool for outbreak investigation, infectious disease surveillance, genomic characterization, and comparative analyses. S. suis is a
prime example of the effectiveness and usefulness of WGS in replacing traditional typing methods as the new gold standard in the near
future. However, although highly virulent serotype 2 strains for humans and pigs have been identified, there is no universal consensus
on the definition and role(s) of virulence factors. Information is extremely heterogeneous, with many factors not validated in different
geographical regions. Therefore, caution should be exercised when interpreting results from published studies.

Although generating WGS data for S. suis isolates has become routine, its full adoption in many laboratories is hindered by a
persistent barrier—the lack of user-friendly bioinformatics platforms and standardization of sequencing and analysis workflows. There
is also a substantial lack of genomics expertise outside the research environment. To improve S. suis clinical and epidemiological
investigations, user-friendly bioinformatics pipelines for analysis are necessary, from raw read quality to assembly and SNP calling.
Furthermore, it is crucial to build a global S. suis genomic database with appropriate tools for analysis. Addressing these barriers will
enable more laboratories to adopt WGS for improved strain typing and comparative analyses of S. suis, ultimately advancing the
understanding and management of this pathogen.

Data availability statement
Data sharing is not applicable to this review as no new data were created or analyzed in this study.
CRediT authorship contribution statement

Rujirat Hatrongjit: Writing — review & editing, Writing — original draft, Conceptualization. Nahuel Fittipaldi: Writing — review &
editing, Writing — original draft. Marcelo Gottschalk: Writing — review & editing, Writing — original draft. Anusak Kerdsin: Writing —
review & editing, Writing — original draft, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

The Kasetsart University Research and Development Institute (Bangkok, Thailand) and Enago provided English editing assistance.

References
[1] G. Goyette-Desjardins, J.P. Auger, J. Xu, M. Segura, M. Gottschalk, Streptococcus suis, an important pig pathogen and emerging zoonotic agent-an update on the
worldwide distribution based on serotyping and sequence typing, Emerg. Microb. Infect. 3 (2014) e45, https://doi.org/10.1038/emi.2014.45.
[2] H. Yu, H. Jing, Z. Chen, H. Zheng, X. Zhu, H. Wang, et al., Streptococcus suis study groups. Human Streptococcus suis outbreak, Sichuan, China, Emerg. Infect.
Dis. 12 (2006) 914-920.

[3] M. Segura, N. Fittipaldi, C. Calzas, M. Gottschalk, Critical Streptococcus suis virulence factors: are they all really critical? Trends Microbiol. 25 (2017) 585-599.

[4] M. Segura, V. Aragon, S.L. Brockmeier, C. Gebhart, A. Greeff, A. Kerdsin, et al., Update on Streptococcus suis research and prevention in the era of antimicrobial

restriction: 4th international workshop on, S. suis. Pathogens 9 (2020) 374, https://doi.org/10.3390/pathogens9050374.

A.A. Estrada, M. Gottschalk, S. Rossow, A. Rendahl, C. Gebhart, D.G. Marthaler, Serotype and genotype (multilocus sequence type) of Streptococcus suis isolates

from the United States serve as predictors of pathotype, J. Clin. Microbiol. 57 (2019) e00377-19.

[6] S.D. Elliott, Streptococcal infection in young pigs. I. An immunochemical study of the causative agent (PM streptococcus), J. Hyg. 64 (1966) 205-212.

[7] R.S. Windsor, S.D. Elliott, Streptococcal infection in young pigs. IV. An outbreak of streptococcal meningitis in weaned pigs, J. Hyg. 75 (1975) 69-78.

[8] B. Perch, K.B. Pedersen, J. Henrichsen, Serology of capsulated streptococci pathogenic for pigs: six new serotypes of Streptococcus suis, J. Clin. Microbiol. 17

(1983) 993-996.

M. Gottschalk, R. Higgins, M. Jacques, K.R. Mittal, J. Henrichsen, Description of 14 new capsular types of Streptococcus suis, J. Clin. Microbiol. 27 (1989)

2633-2636.

[10] M. Gottschalk, R. Higgins, M. Jacques, M. Beaudoin, J. Henrichsen, Characterization of six new capsular types (23 through 28) of Streptococcus suis, J. Clin.
Microbiol. 29 (1991) 2590-2594.

[11] R. Higgins, M. Gottschalk, M. Boudreau, A. Lebrun, J. Henrichsen, Description of six new capsular types (29-34) of Streptococcus suis, J. Vet. Diagn. Invest. 7
(1995) 405-406.

[12] J.E. Hill, M. Gottschalk, R. Brousseau, J. Harel, S.M. Hemmingsen, S.H. Goh, Biochemical analysis, cpn60 and 16S rDNA sequence data indicate that
Streptococcus suis serotypes 32 and 34, isolated from pigs, are Streptococcus orisratti, Vet. Microbiol. 107 (2002) 63-69.

[13] L.H.T. Tien, T. Nishibori, Y. Nishitani, R. Nomoto, R. Osawa, Reappraisal of the taxonomy of Streptococcus suis serotypes 20, 22, 26, and 33 based on DNA-DNA
homology and sodA and recN phylogenies, Vet. Microbiol. 162 (2013) 842-849.

[14] M. Okura, M. Osaki, R. Nomoto, S. Arai, R. Osawa, T. Sekizaki, et al., Current taxonomical situation of Streptococcus suis, Pathogens 5 (2016) 45.

[15] Z. Liu, H. Zheng, M. Gottschalk, X. Bai, R. Lan, S. Ji, et al., Development of multiplex PCR assays for the identification of the 33 serotypes of Streptococcus suis,
PLoS One 8 (2013) €72070.

[16] Z. Pan, J. Ma, W. Dong, W. Song, K. Wang, C. Lu, et al., Novel variant serotype of Streptococcus suis isolated from piglets with meningitis, Appl. Environ.
Microbiol. 81 (2015) 976-985.

—

[5

=

[9

[}


https://doi.org/10.1038/emi.2014.45
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref2
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref2
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref3
https://doi.org/10.3390/pathogens9050374
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref5
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref5
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref6
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref7
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref8
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref8
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref9
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref9
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref10
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref10
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref11
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref11
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref12
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref12
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref13
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref13
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref14
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref15
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref15
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref16
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref16

R. Hatrongjit et al. Heliyon 10 (2024) e27818

[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]

[44]

[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]

[54]

J. Huang, X. Liu, H. Chen, L. Chen, X. Gao, Z. Pan, et al., Identification of six novel capsular polysaccharide loci (NCL) from Streptococcus suis multidrug
resistant non-typeable strains and the pathogenic characteristic of strains carrying new NCLs, Transbound Emerg Dis 66 (2019) 995-1003.

H.E. Smith, V. Veenbergen, J. van der Velde, M. Damman, H.J. Wisselink, M.A. Smits, The cps genes of Streptococcus suis serotypes 1, 2, and 9: development of
rapid serotype-specific PCR assays, J. Clin. Microbiol. 37 (1999) 3146-3152.

H.E. Smith, L. van Bruijnsvoort, H. Buijs, H.J. Wisselink, M.A. Smits, Rapid PCR test for Streptococcus suis serotype 7, FEMS Microbiol. Lett. 178 (1999)
265-270.

H.J. Wisselink, J.J. Joosten, H.E. Smith, Multiplex PCR assays for simultaneous detection of six major serotypes and two virulence-associated phenotypes of
Streptococcus suis in tonsillar specimens from pigs, J. Clin. Microbiol. 40 (2002) 2922-2929.

C. Marois, S. Bougeard, M. Gottschalk, M. Kobisch, Multiplex PCR assay for detection of Streptococcus suis species and serotypes 2 and 1/2 in tonsils of live and
dead pigs, J. Clin. Microbiol. 42 (2004) 3169-3175.

L.M. Silva, C.G. Baums, T. Rehm, H.J. Wisselink, R. Goethe, P. Valentin-Weigand, Virulence-associated gene profiling of Streptococcus suis isolates by PCR, Vet.
Microbiol. 115 (2006) 117-127.

A. Kerdsin, Y. Akeda, R. Hatrongjit, U. Detchawna, T. Sekizaki, S. Hamada, et al., Streptococcus suis serotyping by a new multiplex PCR, J. Med. Microbiol. 63
(2014) 824-830.

M. Okura, C. Lachance, M. Osaki, T. Sekizaki, F. Maruyama, T. Nozawa, et al., Development of a two-step multiplex PCR assay for typing of capsular
polysaccharide synthesis gene clusters of Streptococcus suis, J. Clin. Microbiol. 52 (2014) 1714-1719.

T.V. Nga, H.D. Nghia, le TP. Tu, T.S. Diep, N.T. Mai, T.T. Chau, et al., Real-time PCR for detection of Streptococcus suis serotype 2 in cerebrospinal fluid of
human patients with meningitis, Diagn. Microbiol. Infect. Dis. 70 (2011) 461-467.

A. Kerdsin, K. Oishi, S. Sripakdee, N. Boonkerd, P. Polwichai, S. Nakamura, et al., Clonal dissemination of human isolates of Streptococcus suis serotype 14 in
Thailand, J. Med. Microbiol. 58 (2009) 1508-1513, https://doi.org/10.1099/jmm.0.013656-0.

A. Kerdsin, S. Dejsirilert, P. Puangpatra, S. Sripakdee, K. Chumla, N. Boonkerd, et al., Genotypic profile of Streptococcus suis serotype 2 and clinical features of
infection in humans, Thailand, Emerg. Infect. Dis. 17 (2011) 835-842.

X. Bai, Z. Liu, S. Ji, M. Gottschalk, H. Zheng, J. Xu, Simultaneous detection of 33 Streptococcus suis serotypes using the luminex XTAG® assay, J. Microbiol.
Methods 117 (2015) 95-99.

T.B. Athey, S. Teatero, S. Lacouture, D. Takamatsu, M. Gottschalk, N. Fittipaldi, Determining Streptococcus suis serotype from short-read whole-genome
sequencing data, BMC Microbiol. 16 (2016) 162, https://doi.org/10.1186/512866-016-0782-8.

J. Matiasovic, M. Zouharova, K. Nedbalcova, N. Kralova, K. Matiaskova, B. Simek, et al., Resolution of Streptococcus suis serotypes 1/2 versus 2 and 1 versus 14
by PCR-restriction fragment length polymorphism method, J. Clin. Microbiol. 58 (2020) e00480-20.

S. Lacouture, M. Okura, D. Takamatsu, L. Corsaut, M. Gottschalk, Development of a mismatch amplification mutation assay to correctly serotype isolates of
Streptococcus suis serotypes 1, 2, 1/2, and 14, J. Vet. Diagn. Invest. 32 (2022) 490-494.

I.S.L. Thu, K. Tragoolpua, S. Intorasoot, U. Anukool, P. Khamnoi, A. Kerdsin, et al., Direct detection of Streptococcus suis from cerebrospinal fluid, positive
hemoculture, and simultaneous differentiation of serotypes 1, 1/2, 2, and 14 within single reaction, Pathogens 10 (2021) 996.

J. Meng, C. Li, Y. Wang, Z. Bian, P. Chu, S. Zhai, et al., Accelerated loop-mediated isothermal amplification method for the rapid detection of Streptococcus suis
serotypes 2 and 14 based on single nucleotide polymorphisms, Front. Cell. Infect. Microbiol. 12 (2022) 1034762.

M. Pérez-Sancho, A.L. Vela, T. Garcia-Seco, M. Gottschalk, L. Dominguez, J.F. Fernandez-Garayzabal, Assessment of MALDI-TOF MS as alternative tool for
Streptococcus suis identification, Front. Public Health 21 (3) (2015) 202.

C. Chaiden, J. Jaresitthikunchai, A. Kerdsin, N. Meekhanon, S. Roytrakul, S. Nuanualsuwan, Streptococcus suis serotyping by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry, PLoS One 16 (2021) e0249682.

J.D. Mogollon, C. Pijoan, M.P. Murtaugh, E.L. Kaplan, J.E. Collins, P.P. Cleary, Characterization of prototype and clinically defined strains of Streptococcus suis
by genomic fingerprinting, J. Clin. Microbiol. 28 (1990) 2462-2466.

J.D. Mogollon, C. Pijoan, M.P. Murtaugh, J.E. Collins, P.P. Cleary, Identification of epidemic strains of Streptococcus suis by genomic fingerprinting, J. Clin.
Microbiol. 29 (1991) 782-787.

J. Harel, R. Higgins, M. Gottschalk, M. Bigras-Poulin, Genomic relatedness among reference strains of different Streptococcus suis serotypes, Can. J. Vet. Res. 58
(1994) 259-262.

O. Okwumabua, J. Staats, M.M. Chengappa, Detection of genomic heterogeneity in Streptococcus suis isolates by DNA restriction fragment length
polymorphisms of rRNA genes (ribotyping), J. Clin. Microbiol. 33 (1995) 968-972.

H.E. Smith, M. Rijnsburger, N. Stockhofe-Zurwieden, H.J. Wisselink, U. Vecht, M.A. Smits, Virulent strains of Streptococcus suis serotype 2 and highly virulent
strains of Streptococcus suis serotype 1 can be recognized by a unique ribotype profile, J. Clin. Microbiol. 35 (1997) 1049-1053.

J.J. Staats, B.L. Plattner, J. Nietfeld, S. Dritz, M.M. Chengappa, Use of ribotyping and hemolysin activity to identify highly virulent Streptococcus suis type 2
isolates, J. Clin. Microbiol. 36 (1998) 15-19.

S.R. Rasmussen, F.M. Aarestrup, N.E. Jensen, S.E. Jorsal, Associations of Streptococcus suis serotype 2 ribotype profiles with clinical disease and antimicrobial
resistance, J. Clin. Microbiol. 37 (1999) 404-408.

C. Tarradas, I. Luque, D. de Andrés, Y.E. Abdel-Aziz Shahein, P. Pons, F. Gonzalez, et al., Epidemiological relationship of human and swine Streptococcus suis
isolates, J Vet Med B Infect Dis Vet Public Health 48 (2001) 347-355.

A. Allgaier, R. Goethe, H.J. Wisselink, H.E. Smith, P. Valentin-Weigand, Relatedness of Streptococcus suis isolates of various serotypes and clinical backgrounds
as evaluated by macrorestriction analysis and expression of potential virulence traits, J. Clin. Microbiol. 39 (2001) 445-453, https://doi.org/10.1128/
JCM.39.2.445-453.2001.

F. Berthelot-Hérault, C. Marois, M. Gottschalk, M. Kobisch, Genetic diversity of Streptococcus suis strains isolated from pigs and humans as revealed by pulsed-
field gel electrophoresis, J. Clin. Microbiol. 40 (2002) 615-619, https://doi.org/10.1128/JCM.40.2.615-6192002.

AL Vela, J. Goyache, C. Tarradas, 1. Luque, A. Mateos, M.A. Moreno, et al., Analysis of genetic diversity of Streptococcus suis clinical isolates from pigs in Spain
by pulsed-field gel electrophoresis, J. Clin. Microbiol. 41 (2003) 2498-2502, https://doi.org/10.1128/JCM.41.6.2498-2502.2003.

T.H. Ngo, T.B. Tran, T.T. Tran, V.D. Nguyen, J. Campbell, H.A. Pham, et al., Slaughterhouse pigs are a major reservoir of Streptococcus suis serotype 2 capable
of causing human infection in southern Vietnam, PLoS One 6 (2011) 17943, https://doi.org/10.1371/journal.pone.0017943.

P. Tharavichitkul, K. Wongsawan, N. Takenami, S. Pruksakorn, A. Fongcom, M. Gottschalk, et al., Correlation between PFGE groups and mrp/epf/sly
genotypes of human Streptococcus suis serotype 2 in Northern Thailand, J Pathog (2014) 350416, https://doi.org/10.1155/2014/350416.

A. Kerdsin, D. Takeuchi, A. Nuangmek, Y. Akeda, M. Gottschalk, K. Oishi, Genotypic comparison between Streptococcus suis isolated from pigs and humans in
Thailand, Pathogens 9 (2020) 50, https://doi.org/10.3390/pathogens9010050.

C.K. Luey, Y.W. Chu, T.K. Cheung, C.C. Law, M.Y. Chu, D.T. Cheung, et al., Rapid pulsed-field gel electrophoresis protocol for subtyping of Streptococcus suis
serotype 2, J. Microbiol. Methods 68 (2007) 648-650, https://doi.org/10.1016/j.mimet.2006.10.010.

A. Bojarska, E. Molska, K. Janas, A. Skoczyniska, E. Stefaniuk, W. Hryniewicz, et al., Streptococcus suis in invasive human infections in Poland: clonality and
determinants of virulence and antimicrobial resistance, Eur. J. Clin. Microbiol. Infect. Dis. 35 (2016) 917-925, https://doi.org/10.1007/510096-016-2616-x.
F. Berthelot-Hérault, H. Morvan, A.M. Kéribin, M. Gottschalk, M. Kobisch, Production of muraminidase-released protein (MRP), extracellular factor (EF) and
suilysin by field isolates of Streptococcus suis capsular types 2, 1/2, 9, 7 and 3 isolated from swine in France, Vet. Res. 31 (2000) 473-479.

T.J. Roodsant, B.C.L. Van Der Putten, S.M. Tamminga, C. Schultsz, K.C.H. Van Der Ark, Identification of Streptococcus suis putative zoonotic virulence factors: a
systematic review and genomic meta-analysis, Virulence 12 (2021) 2787-2797, https://doi.org/10.1080/21505594.2021.1985760.

W. Dong, J. Ma, Y. Zhu, J. Zhu, L. Yuan, Y. Wang, et al., Virulence genotyping and population analysis of Streptococcus suis serotype 2 isolates from China,
Infect. Genet. Evol. 36 (2015) 483-489.


http://refhub.elsevier.com/S2405-8440(24)03849-0/sref17
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref17
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref18
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref18
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref19
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref19
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref20
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref20
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref21
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref21
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref22
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref22
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref23
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref23
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref24
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref24
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref25
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref25
https://doi.org/10.1099/jmm.0.013656-0
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref27
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref27
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref28
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref28
https://doi.org/10.1186/s12866-016-0782-8
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref30
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref30
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref31
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref31
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref32
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref32
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref33
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref33
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref34
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref34
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref35
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref35
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref36
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref36
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref37
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref37
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref38
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref38
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref39
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref39
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref40
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref40
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref41
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref41
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref42
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref42
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref43
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref43
https://doi.org/10.1128/JCM.39.2.445-453.2001
https://doi.org/10.1128/JCM.39.2.445-453.2001
https://doi.org/10.1128/JCM.40.2.615-6192002
https://doi.org/10.1128/JCM.41.6.2498-2502.2003
https://doi.org/10.1371/journal.pone.0017943
https://doi.org/10.1155/2014/350416
https://doi.org/10.3390/pathogens9010050
https://doi.org/10.1016/j.mimet.2006.10.010
https://doi.org/10.1007/s10096-016-2616-x
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref52
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref52
https://doi.org/10.1080/21505594.2021.1985760
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref54
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref54

R. Hatrongjit et al. Heliyon 10 (2024) e27818

[55]

[56]

[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]

[72]

[73]
[74]

[75]

[76]
[77]
[78]

[79]

[80]
[81]
[82]
[83]
[84]
[85]
[86]
[87]
[88]
[89]
[90]

[91]

A. Kerdsin, R. Hatrongjit, T. Wongsurawat, P. Jenjaroenpun, P. Chopjitt, P. Boueroy, N. Fittipaldi, H. Zheng, M. Gottschalk, Genomic characterization of
Streptococcus suis serotype 24 clonal complex 221/234 from human patients, Front. Microbiol. 12 (2021) 812436, https://doi.org/10.3389/
fmicb.2021.812436.

S.J. King, J.A. Leigh, P.J. Heath, I. Luque, C. Tarradas, C.G. Dowson, A.M. Whatmore, Development of a multilocus sequence typing scheme for the pig
pathogen Streptococcus suis: identification of virulent clones and potential capsular serotype exchange, J. Clin. Microbiol. 40 (2002) 3671-3680, https://doi.
org/10.1128/JCM.40.10.3671-3680.2002.

R. Hatrongjit, N. Fittipaldi, M. Gottschalk, A. Kerdsin, Tools for molecular epidemiology of Streptococcus suis, Pathogens 9 (2020) 81, https://doi.org/10.3390/
pathogens9020081.

S. Scherrer, G. Rosato, N. Spoerry Serrano, M.J.A. Stevens, F. Rademacher, J. Schrenzel, M. Gottschalk, R. Stephan, S. Peterhans, Population structure, genetic
diversity and pathotypes of Streptococcus suis isolated during the last 13 years from diseased pigs in Switzerland, Vet. Res. 51 (2020) 85.

N. Fittipaldi, J. Xu, S. Lacouture, P. Tharavichitkul, M. Osaki, T. Sekizaki, D. Takamatsu, M. Gottschalk, Lineage and virulence of Streptococcus suis serotype 2
isolates from North America, Emerg. Infect. Dis. 17 (2011) 2239-2244.

T.B. Athey, J.P. Auger, S. Teatero, A. Dumesnil, D. Takamatsu, J. Wasserscheid, et al., Complex population structure and virulence differences among serotype
2 Streptococcus suis strains belonging to sequence type 28, PLoS One 10 (2015) e0137760, https://doi.org/10.1371/journal.pone.0137760.

T.B. Athey, S. Teatero, D. Takamatsu, J. Wasserscheid, K. Dewar, M. Gottschalk, et al., Population structure and antimicrobial resistance profiles of
Streptococcus suis serotype 2 sequence type 25 strains, PLoS One 11 (2016) e0150908, https://doi.org/10.1371/journal.pone.0150908.

C. Schultsz, E. Jansen, W. Keijzers, A. Rothkamp, B. Duim, J.A. Wagenaar, et al., Differences in the population structure of invasive Streptococcus suis strains
isolated from pigs and from humans in The Netherlands, PLoS One 7 (2012) e33854, https://doi.org/10.1371/journal.pone.0033854.

A. Kerdsin, Y. Akeda, D. Takeuchi, S. Dejsirilert, M. Gottschalk, K. Oishi, Genotypic diversity of Streptococcus suis strains isolated from humans in Thailand, Eur.
J. Clin. Microbiol. Infect. Dis. 37 (2018) 917-925, https://doi.org/10.1007/510096-018-3208-8.

A. Kerdsin, Human Streptococcus suis infections in Thailand: epidemiology, clinical features, genotypes, and susceptibility, Trav. Med. Infect. Dis. 7 (2022) 359,
https://doi.org/10.3390/tropicalmed7110359.

J. Brizuela, R. Kajeekul, T.J. Roodsant, A. Riwload, P. Boueroy, A. Pattanapongpaibool, et al., Streptococcus suis outbreak caused by an emerging zoonotic strain
with acquired multi-drug resistance in Thailand, Microb. Genom. 9 (2023) mgen000952, https://doi.org/10.1099/mgen.0.000952.

A. Kerdsin, R. Hatrongjit, M. Gottschalk, D. Takeuchi, S. Hamada, Y. Akeda, et al., Emergence of Streptococcus suis serotype 9 infection in humans, J. Microbiol.
Immunol. Infect. 50 (2017) 545-546, https://doi.org/10.1016/j.jmii.2015.06.011.

S. Chatellier, M. Gottschalk, R. Higgins, R. Brousseau, J. Harel, Relatedness of Streptococcus suis serotype 2 isolates from different geographic origins as
evaluated by molecular fingerprinting and phenotyping, J. Clin. Microbiol. 37 (1999) 362-366.

G. Martinez, J. Harel, S. Lacouture, M. Gottschalk, Genetic diversity of Streptococcus suis serotypes 2 and 1/2 isolates recovered from carrier pigs in closed
herds, Can. J. Vet. Res. 66 (2002) 240-248.

G. Martinez, A.F. Pestana de Castro, K.J. Ribeiro Pagnani, G. Nakazato, W. Dias da Silveira, M. Gottschalk, Clonal distribution of an atypical MRP-+, EF*, and
suilysin+ phenotype of virulent Streptococcus suis serotype 2 strains in Brazil, Can. J. Vet. Res. 67 (2003) 52-55.

K. Maneerat, S. Yongkiettrakul, I. Kramomtong, P. Tongtawe, P. Tapchaisri, P. Luangsuk, et al., Virulence genes and genetic diversity of Streptococcus suis
serotype 2 isolates from Thailand, Transbound Emerg Dis 2 (2013) 69-79.

G. Cloutier, S. D’Allaire, G. Martinez, C. Surprenant, S. Lacouture, M. Gottschalk, Epidemiology of Streptococcus suis serotype 5 infection in a pig herd with and
without clinical disease, Vet. Microbiol. 97 (2003) 135-151.

A. Kidchana, N. Meekhanon, R. Hatrongjit, M. Gottschalk, A. Kerdsin, Application of random amplified polymorphism DNA and 16S-23S rDNA intergenic
spacer polymerase chain reaction-restriction fragment length polymorphism to predict major Streptococcus suis clonal complexes isolated from humans and
pigs, Mol. Cell. Probes 43 (2019) 34-39.

C. Marois, L. Le Devendec, M. Gottschalk, M. Kobisch, Molecular characterization of Streptococcus suis strains by 16S-23S intergenic spacer polymerase chain
reaction and restriction fragment length polymorphism analysis, Can. J. Vet. Res. 70 (2006) 94-104.

C. Marois, L. Le Devendec, M. Gottschalk, M. Kobisch, Detection and molecular typing of Streptococcus suis in tonsils from live pigs in France, Can. J. Vet. Res.
71 (2007) 14-22.

T. Rehm, C.G. Baums, B. Strommenger, M. Beyerbach, P. Valentin-Weigand, R. Goethe, Amplified fragment length polymorphism of Streptococcus suis strains
correlates with their profile of virulence-associated genes and clinical background, J. Med. Microbiol. 56 (2007) 102-109, https://doi.org/10.1099/
jmm.0.46616-0.

C.G. Baums, G.J. Verkiihlen, T. Rehm, L.M. Silva, M. Beyerbach, K. Pohlmeyer, et al., Prevalence of Streptococcus suis genotypes in wild boars of Northwestern
Germany, Appl. Environ. Microbiol. 73 (2007) 711-717, https://doi.org/10.1128/AEM.01800-06.

D.S. Doto, L.Z. Moreno, F.F. Calderaro, C.E. Matajira, V.T. de Moura Gomes, T.S. Ferreira, et al., Genetic diversity of Streptococcus suis serotype 2 isolated from
pigs in Brazil, Can. J. Vet. Res. 80 (2016) 106-111.

W. Li, C. Ye, H. Jing, Z. Cui, X. Bai, D. Jin, et al., Streptococcus suis outbreak investigation using multiple-locus variable tandem repeat number analysis,
Microbiol. Immunol. 54 (2010) 380-388, https://doi.org/10.1111/j.1348-0421.2010.00228.x.

T.M. Wileman, L.A. Weinert, K.J. Howell, J. Wang, S.E. Peters, S.M. Williamson, J.M. Wells, P.R. Langford, A.N. Rycroft, B.W. Wren, D.J. Maskell, A.W. Tucker,
Pathotyping the zoonotic pathogen Streptococcus suis: novel genetic markers to differentiate invasive disease-associated isolates from non-disease-associated
isolates from England and Wales, J. Clin. Microbiol. 57 (2019) e01712-e01718.

S. Scherrer, G. Rosato, N. Spoerry Serrano, M.J.A. Stevens, F. Rademacher, J. Schrenzel, et al., Population structure, genetic diversity and pathotypes of
Streptococcus suis isolated during the last 13 years from diseased pigs in Switzerland, Vet. Res. 5 (2020) 85, https://doi.org/10.1186/513567-020-00813-w.
A. Kerdsin, N. Bamphensin, K. Sittichottumrong, R. Ungcharoen, P. Boueroy, P. Chopjitt, et al., Evaluation of pathotype marker genes in Streptococcus suis
isolated from human and clinically healthy swine in Thailand, BMC Microbiol. 23 (2023) 133, https://doi.org/10.1186/512866-023-02888-9.

X. Dong, Y. Chao, Y. Zhou, R. Zhou, W. Zhang, V.A. Fischetti, et al., The global emergence of a novel Streptococcus suis clade associated with human infections,
EMBO Mol. Med. 13 (2021) e13810, https://doi.org/10.15252/emmm.202013810.

C. Chen, J. Tang, W. Dong, C. Wang, Y. Feng, J. Wang, et al., A glimpse of streptococcal toxic shock syndrome from comparative genomics of S. suis 2 Chinese
isolates, PLoS One 2 (2007) e315, https://doi.org/10.1371/journal.pone.0000315.

M.T. Holden, H. Hauser, M. Sanders, T.H. Ngo, 1. Cherevach, A. Cronin, et al., Rapid evolution of virulence and drug resistance in the emerging zoonotic
pathogen Streptococcus suis, PLoS One 4 (2009) e6072, https://doi.org/10.1371/journal.pone.0006072.

Y. Feng, X. Shi, H. Zhang, S. Zhang, Y. Ma, B. Zheng, et al., Recurrence of human Streptococcus suis infections in 2007: three cases of meningitis and
implications that heterogeneous S. suis 2 circulates in China, Zoonoses Public Health 56 (2009) 506-514.

S. Wang, M. Gao, T. An, Y. Liu, J. Jin, G. Wang, et al., Genetic diversity and virulence of novel sequence types of Streptococcus suis from diseased and healthy
pigs in China, Front. Microbiol. 6 (2015) 173.

X. Shi, H. Ye, J. Wang, Z. Li, J. Wang, B. Chen, et al., Loss of 89K pathogenicity island in epidemic Streptococcus suis, China, Emerg. Infect. Dis. 22 (2016)
1126-1127.

L. Cucco, M. Paniccia, F.R. Massacci, A. Morelli, M. Ancora, I. Mangone, et al., New sequence types and antimicrobial drug-resistant strains of Streptococcus suis
in diseased pigs, Italy, Emerg. Infect. Dis. 28 (2017-2019) 139-147, 2022.

C. Ye, H. Zheng, J. Zhang, H. Jing, L. Wang, Y. Xiong, et al., Clinical, experimental, and genomic differences between intermediately pathogenic, highly
pathogenic, and epidemic Streptococcus suis, J. Infect. Dis. 199 (2009) 97-107, https://doi.org/10.1086/594370.

N. Willemse, K.J. Howell, L.A. Weinert, A. Heuvelink, Y. Pannekoek, J.A. Wagenaar, et al., An emerging zoonotic clone in The Netherlands provides clues to
virulence and zoonotic potential of Streptococcus suis, Sci. Rep. 6 (2016) 28984, https://doi.org/10.1038/srep28984.

L.A. Weinert, R.R. Chaudhuri, J. Wang, S.E. Peters, J. Corander, T. Jombart, et al., Genomic signatures of human and animal disease in the zoonotic pathogen
Streptococcus suis, Nat. Commun. 6 (2015) 6740, https://doi.org/10.1038/ncomms7740.


https://doi.org/10.3389/fmicb.2021.812436
https://doi.org/10.3389/fmicb.2021.812436
https://doi.org/10.1128/JCM.40.10.3671-3680.2002
https://doi.org/10.1128/JCM.40.10.3671-3680.2002
https://doi.org/10.3390/pathogens9020081
https://doi.org/10.3390/pathogens9020081
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref58
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref58
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref59
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref59
https://doi.org/10.1371/journal.pone.0137760
https://doi.org/10.1371/journal.pone.0150908
https://doi.org/10.1371/journal.pone.0033854
https://doi.org/10.1007/s10096-018-3208-8
https://doi.org/10.3390/tropicalmed7110359
https://doi.org/10.1099/mgen.0.000952
https://doi.org/10.1016/j.jmii.2015.06.011
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref67
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref67
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref68
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref68
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref69
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref69
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref70
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref70
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref71
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref71
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref72
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref72
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref72
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref73
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref73
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref74
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref74
https://doi.org/10.1099/jmm.0.46616-0
https://doi.org/10.1099/jmm.0.46616-0
https://doi.org/10.1128/AEM.01800-06
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref77
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref77
https://doi.org/10.1111/j.1348-0421.2010.00228.x
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref79
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref79
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref79
https://doi.org/10.1186/s13567-020-00813-w
https://doi.org/10.1186/s12866-023-02888-9
https://doi.org/10.15252/emmm.202013810
https://doi.org/10.1371/journal.pone.0000315
https://doi.org/10.1371/journal.pone.0006072
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref85
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref85
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref86
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref86
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref87
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref87
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref88
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref88
https://doi.org/10.1086/594370
https://doi.org/10.1038/srep28984
https://doi.org/10.1038/ncomms7740

R. Hatrongjit et al. Heliyon 10 (2024) e27818

[92]
[93]
[94]
[95]
[96]
[97]
[98]
[99]

[100]

Y. Zhu, W. Dong, J. Ma, Y. Zhang, X. Zhong, Z. Pan, G. Liu, Z. Wu, H. Yao, Comparative genetic analyses provide clues about capsule switching in Streptococcus
suis 2 strains with different virulence levels and genetic backgrounds, Microbiol. Res. 250 (2021) 126814.

A. De Greeff, H.J. Wisselink, F.M. De Bree, C. Schultsz, C.G. Baums, H.N. Thi, et al., Genetic diversity of Streptococcus suis isolates as determined by
comparative genome hybridization, BMC Microbiol. 11 (2011) 161, https://doi.org/10.1186/1471-2180-11-161.

H. Zheng, R. Lan, X. Zheng, Z. Cui, Z. Liu, X. Bai, et al., Comparative genomic. hybridization identifies virulence differences in Streptococcus suis, PLoS One 9
(2014) 87866, https://doi.org/10.1371/journal.pone.0087866.

C. Chen, W. Zhang, H. Zheng, R. Lan, H. Wang, P. Dy, et al., Minimum core genome sequence typing of bacterial pathogens: a unified approach for clinical and
public health microbiology, J. Clin. Microbiol. 51 (2013) 2582-2591, https://doi.org/10.1128/JCM.00535-13.

H. Zheng, S. Ji, R. Lan, Z. Liu, X. Bai, W. Zhang, et al., Population analysis of Streptococcus suis isolates from slaughtered swine by use of minimum core genome
sequence typing, J. Clin. Microbiol. 52 (2014) 3568-3572.

A.A. Estrada, M. Gottschalk, A. Rendahl, S. Rossow, L. Marshall-Lund, D.G. Marthaler, et al., Proposed virulence-associated genes of Streptococcus suis isolates
from the United States serve as predictors of pathogenicity, Porcine Health Manag 7 (2021) 22, https://doi.org/10.1186/s40813-021-00201-6.

A.A. Estrada, M. Gottschalk, C.J. Gebhart, D.G. Marthaler, Comparative analysis of Streptococcus suis genomes identifies novel candidate virulence-associated
genes in North American isolates, Vet. Res. 53 (2022) 23, https://doi.org/10.1186/513567-022-01039-8.

G. Guo, D. Dy, Y. Yu, Y. Zhang, Y. Qian, W. Zhang, Pan-genome analysis of Streptococcus suis serotype 2 revealed genomic diversity among strains of different
virulence, Transbound Emerg Dis 68 (2021) 637-647, https://doi.org/10.1111/tbed.13725.

G.G.R. Murray, A.S.M.M. Hossain, E.L. Miller, S. Bruchmann, A.J. Balmer, M. Matuszewska, J. Herbert, N.F. Hadjirin, R. Mugabi, G. Li, M.L. Ferrando, I.
M. Fernandes de Oliveira, T. Nguyen, P.L.K. Yen, H.D. Phuc, A. Zaw Moe, T. Su Wai, M. Gottschalk, V. Aragon, P. Valentin-Weigand, P.M.H. Heegaard,

M. Vrieling, M. Thein Maw, H. Thidar Myint, Y. Tun Win, N. Thi Hoa, S.D. Bentley, M.J. Clavijo, J.M. Wells, A.W. Tucker, L.A. Weinert, The emergence and
diversification of a zoonotic pathogen from within the microbiota of intensively farmed pigs, Proc. Natl. Acad. Sci. U.S.A. 120 (2023) 2307773120, https://
doi.org/10.1073/pnas.2307773120.


http://refhub.elsevier.com/S2405-8440(24)03849-0/sref92
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref92
https://doi.org/10.1186/1471-2180-11-161
https://doi.org/10.1371/journal.pone.0087866
https://doi.org/10.1128/JCM.00535-13
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref96
http://refhub.elsevier.com/S2405-8440(24)03849-0/sref96
https://doi.org/10.1186/s40813-021-00201-6
https://doi.org/10.1186/s13567-022-01039-8
https://doi.org/10.1111/tbed.13725
https://doi.org/10.1073/pnas.2307773120
https://doi.org/10.1073/pnas.2307773120

	Genomic epidemiology in Streptococcus suis: Moving beyond traditional typing techniques
	1 Introduction
	2 Serotyping
	3 Restriction-fragment length polymorphism (RFLP)
	4 Ribotyping
	5 Pulse-field gel electrophoresis (PFGE)
	6 Virulence-associated gene (VAG) profiling
	7 Multilocus sequence typing (MLST)
	8 Random amplification of polymorphic DNA (RAPD)
	9 16S–23S rDNA intergenic spacer PCR-RFLP (ISR PCR-RFLP)
	10 Amplified fragment length polymorphism (AFLP)
	11 Multiple-locus variable tandem repeat number analysis (MLVA)
	12 PCR pathotyping
	13 WGS-based typing
	14 Conclusions and perspectives
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


