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ARTICLE INFO ABSTRACT

Keywords: The impact of S. suis on Swedish pig production has increased in recent years, and characterization of the strains
GWAS present in the pig population is needed to aid in surveillance and prevention. Therefore, the aim of this study was
xirslfrngltls to identify and characterize differences in the genomes between Swedish S. suis isolates associated with disease

and isolates from healthy animals. Isolates categorized as being pathogenic (n = 100) or non-pathogenic (n =
117) were whole-genome sequenced, serotyped in silico, and sequence-typed using traditional MLST and core-
genome MLST, and a genome-wide association study was performed to identify virulence-associated genes. In
decreasing order, serotypes 2, 1, and 7 were the most common in the pathogenic group, and serotypes 15 and 12
were the most common in the non-pathogenic group. Among the commonly disease-associated sequence types,
ST28 and ST25 were identified, whereas ST1 was scarcely found. The majority of isolates belonged to novel
sequence types, revealing differences between Swedish isolates and those reported from other countries. The
genomes of the pathogenic isolates were on average smaller and less heterogenic as compared to those of the
non-pathogenic isolates. Although a majority of the previously published virulence-associated genes included in
the study were found in the genomes of both pathogenic and non-pathogenic isolates, several new, significantly
virulence-associated genes were identified.

Streptococcus suis
Virulence-associated genes
Whole-genome sequencing
Zoonosis

Whole-genome sequencing (WGS) has been increasingly used to find
reliable markers of virulence in S. suis genomes. In addition to the well-

1. Introduction

Streptococcus (S.) suis is an important bacterial pathogen that may
cause arthritis, meningitis, and pneumonia in both pigs and humans
(Gottschalk and Segura, 2019). There is a marked phenotypic and
genotypic diversity within the species, and 29 serotypes of varying
virulence are currently recognized (Okura et al., 2016). The prevalence
of S. suis in pigs may approach 100%, with one or several serotypes
carried predominantly in the tonsils without causing any obvious clin-
ical signs (Werinder et al., 2020). Serotypes 1/2, 2, 3, 7, and 9 are most
often associated with disease in pigs, although there are geographical
variations in the relative frequencies (Goyette-Desjardins et al., 2014;
Segura et al., 2020). However, while certain serotypes are over-
represented among clinical cases, the serotype of an isolate is not a
definitive indicator of virulence. Thus, further characterization of
pathogenic strains is needed.
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studied genes mrp, epf, and sly, many new, virulence-associated genes
have been proposed, but so far none have been established as consis-
tently required for pathogenicity (Fittipaldi et al., 2012; Segura et al.,
2017; Estrada et al.,, 2021, 2022). Further, seven-gene multilocus
sequence typing (MLST) and core genome MLST (cgMLST) may be used
to make highly discriminatory comparisons of genomes, and certain
sequence types (STs) are reported to be associated with virulence (King
etal., 2002; Segura et al., 2020). Additionally, a reduction of the genome
size has been associated with pathogenicity in S. suis (Murray et al.,
2020).

The impact of S. suis on Swedish pig production has increased in
recent years, and characterization of the strains present in the pig
population is vital to developing effective approaches to the diagnosis,
treatment, and prevention of the disease. Therefore, the aim of this study
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was to identify and characterize differences in the genomes between
S. suis isolates associated with disease and isolates from healthy animals
in Sweden, using WGS.

2. Materials and methods
2.1. Ethics statement

Ethical approval for tonsil swab sampling of live animals and
euthanasia of diseased pigs for necropsy was granted by the Ethics
Committee for Animal Experimentation, Uppsala, Sweden (Dnr
5.8.18-15404), and informed consent was obtained from the farm
owners.

2.2. Bacterial isolates

A total of 217 S. suis isolates were included in the study and cate-
gorized as “pathogenic” or “non-pathogenic” (Supplementary file 1).
The pathogenic isolates (n = 100) originated from affected tissues of
pigs of varying ages, diagnosed with disease caused by S. suis. The iso-
lates were obtained from clinical submissions made to the Swedish
National Veterinary Institute during 1985-2020, and to the Department
of Pathology at the Swedish University of Agricultural Sciences during
2018-2020. The non-pathogenic isolates (n = 117) were cultured from
the tonsils of the soft palate of healthy grower pigs from 20 commercial
pig farms in Sweden during 2018-2019, as previously described (Wer-
inder et al., 2020). All isolates included in the study were determined to
be S. suis by matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) using a Microflex LT system
(Bruker Daltonik GmbH) with a cut-off score of 2.00.

2.3. Whole-genome sequencing

DNA was extracted using protease K and lysozyme before purifica-
tion using an EZ1 Advanced XL robotic instrument (Qiagen Inc.) with an
EZ1 DNA tissue kit (Qiagen Inc.), as previously described (Werinder
et al., 2021). Whole-genome sequencing was performed using an Illu-
mina NextSeq 500 sequencing system (Illumina, Inc.) with the Nextera
XT DNA library preparation kit (Illumina, Inc.), and the NextSeq
500/550 mid-output kit v. 2.5 (Illumina, Inc.) to sequence 2 x 150 bp
paired-end reads to a minimum coverage of 25 x . The sequence data
used in this study are available in the European Nucleotide Archive
(ENA) at EMBL-EBI under accession number PRJEB45445.

The reads were quality-checked with FastQC v.0.11.5 (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/) and trimmed with
Trimmomatic v.0.39 (Bolger et al., 2014) using the sliding window
option. Draft genomes were assembled using SPAdes v.3.14.1 (Bank-
evich et al., 2012) with the “careful” option, and evaluated using Quast
v.5.0.2 (Gurevich et al., 2013). Correction was performed using Bowtie2
v.2.4.1 (Langmead and Salzberg, 2012) with Pilon v.1.23 (Walker et al.,
2014). Contigs of > 500 bp in length and with a kmer coverage of > 10
x were kept for further analysis.

2.4. Species confirmation

Species confirmation was performed using PYANI v.0.2.10 (Pritch-
ard et al., 2016) to ascertain that all genomes had an average nucleotide
identity (ANI) of > 94% to the well-annotated genome S. suis SC84
[NCBI accession number NC_012924.1] (Werinder et al., 2021). Addi-
tionally, BLAST+ v.2.10.1 (Camacho et al., 2009) with a cut-off of 95%
nucleotide identity was used to confirm the presence of a 16S rRNA gene
with > 98.7% sequence similarity to the S. suis 16S rRNA gene, and the
presence of a recN gene with > 95% sequence similarity to the full 1,
662-bp sequence of the recN gene from a serotype 2 strain (Glazunova
et al., 2010).
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2.5. Genome size

The pan-genome, i.e. the entire set of genes present in the 217 iso-
lates, was calculated using Roary v.3.13.0 (Page et al., 2015), with a
90% BLASTp minimum percentage identity cut-off, and the output was
used to calculate the number of genes present in the genomes. Quast was
used to calculate genome sizes. Results were compared using two-tailed
Welch’s two-sample t-tests in R v.4.1.2 (R Core Team 2021,
https://www.R-project.org/) with RStudio v.2022.02.3 (http://www.
rstudio.com/). A value of P < 0.05 was considered significant.

2.6. Serotyping

Serotyping of the 217 isolates was done in silico using the pipeline
described by Athey et al. (2016). To confirm the differentiation between
serotypes 1 and 14, and serotypes 2 and 1/2, that differ at a single po-
sition in the capsular gene cpsK only, the cpsK gene sequences were
extracted using BLAST+, translated into amino acids, and manually
inspected after multiple alignment with MUSCLE in the software MEGA
X (Kumar et al., 2018). Isolates initially identified as serotype 2 by the
pipeline, but with cysteine (C) instead of tryptophan (W) at position 161,
were determined to be serotype 1/2. Similarly, isolates initially identi-
fied as serotype 14, that had cysteine instead of tryptophan at position
161, were determined to be serotype 1.

2.7. Multilocus sequence typing

Traditional seven-gene MLST, using fragments of the genes cpn60,
dpr, recA, aroA, thrA, gki, and mutS (King et al., 2002), was performed
using FastMLST v.0.0.15 (Guerrero-Araya et al., 2021) with the
PubMLST database (https://pubmlst.org/) containing 1962 STs. Hier-
archical clustering of cgMLST (HierCC) was performed using Enterobase
(https://enterobase.warwick.ac.uk/) with the cgMLSTv1l scheme for
streptococci (Zhou et al., 2021). A minimum-spanning tree was then
generated using the MSTreeV2 algorithm and annotated using Grape-
Tree (Zhou et al., 2018).

2.8. Virulence-associated genes

To identify genes associated with virulence, the draft assemblies
were first annotated with Prokka v.1.14.6 (Seemann, 2014) using
default settings and with the Streptococcus suis SC84 genome used as
reference. Analysis of the pan-genome was done using Roary with a 90%
BLASTp identity cut-off. Scoary v.1.6.16 (Brynildsrud et al., 2016) was
used to identify genes that were significantly more frequently observed
in pathogenic isolates (Benjamini-Hochberg adjusted P < 0.05), as
compared to non-pathogenic isolates. Genes that were present in > 75%
of pathogenic isolates, and missing from > 75% of the non-pathogenic
isolates, were selected for further study. Additionally, the presence of
previously proposed virulence-associated genes, including the
commonly described genes epf, mrp, and sly, was investigated using
BLAST+ with cut-offs of 90% sequence identity and 60% coverage.

P-values for the gene profiles were calculated using Fisher’s exact
test in R with RStudio. The presence or absence of the new, as well as the
previously published, virulence-associated genes was visualized in a
heatmap using R with RStudio and the package pheatmap (v. 1.0.12;
https://CRAN.R-project.org/package=pheatmap).

3. Results
3.1. Genome size

The isolates had an open pan-genome, meaning that the number of
genes in the pan-genome increased as new isolates were sequenced and

added to the analysis. The core genome consisted of 903 genes that were
present in > 99% of the isolates, and the accessory genome included
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13,618 genes (Supplementary figure 1). The core genome of the path-
ogenic isolates consisted of 1054 genes, while the core genome of the
non-pathogenic isolates consisted of 1010 genes.

The genomes of the pathogenic isolates were on average smaller and
contained fewer genes than the genomes of the non-pathogenic isolates
(Fig. 1 A and B). The mean genome size of the pathogenic isolates was
2.14 Mbp (SD 0.10), while the mean genome size of the non-pathogenic
isolates was 2.30 Mbp (SD 0.12). The difference between the groups was
0.16 Mbp (P < 0.001, 95% CI 0.14-0.20). Similarly, the mean number of
genes in the pathogenic isolates was 2007 (SD 88.6), while the mean
number of genes in the non-pathogenic isolates was 2119 (SD 108.7).
Thus, the non-pathogenic isolates contained on average 112 more genes
(P < 0.001, 95% CI 85.81-138.63).

The mean GC content also differed between the groups (P < 0.001,
95% CI 0.07-0.16). The mean was 41.22% (SD 0.20) in the pathogenic
isolates, as compared to 41.34% (SD 0.16) in the non-pathogenic
isolates.

3.2. Serotyping

The serotyping pipeline initially classified a total of 37 isolates as
serotype 2 and none as serotype 1/2. A multiple alignment of the
extracted cpsK genes translated into amino acids nevertheless revealed
differences in the amino acid at position 161, which indicated that three
isolates instead belonged to serotype 1/2. Similarly, the pipeline clas-
sified 25 serotypes as serotype 14 and none as serotype 1. Manual in-
spection of the amino acid sequences revealed that 24 isolates were
identical to the serotype 1 reference at position 161, while only one
isolate was identified as serotype 14. Thus, a total of 25 serotypes were
identified among the 217 isolates (Fig. 1 C).

The most abundant serotypes in the pathogenic group, in decreasing
order, were 2, 1, and 7, which constituted 24% (24,/100), 34% (34/100),
and 12% (12/100) of the pathogenic isolates, respectively. The most
abundant serotypes in the non-pathogenic group, in decreasing order,
were serotypes 15 and 12, constituting 13% (15/117) and 10% (12/117)
of the isolates, respectively. Eleven serotypes; 3, 5, 9, 11, 16, 21, 23, 28,
29, 30, and 31, were present in both the pathogenic and non-pathogenic
groups. Four of the pathogenic isolates (4%, 4/100) were non-typeable
using the in silico pipeline, in contrast to the non-pathogenic group,
where 40 isolates (34%, 40/117) were non-typeable.
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3.3. Multilocus sequence typing

Seven-gene MLST revealed that 83 isolates belonged to one of 13
previously known sequence types; ST1, ST13, ST25, ST28, ST29, ST38,
ST55, ST87, ST117, ST483, ST911, ST1112, and ST1805. The most
abundant types were ST13, ST28, and ST25. Another 29 isolates con-
tained known alleles in 20 novel combinations, that were submitted to
the PubMLST database and assigned permanent ST numbers. In a further
102 isolates, novel alleles of cpn60, dpr, recA, aroA, thrA, gki, or mutS
were present (Table 1). The alleles were also submitted to PubMLST and
assigned permanent allele numbers, after which the resulting novel
profiles received permanent ST numbers, resulting in a further 70 novel
STs discovered.

Two isolates, non-serotypeable and originating from heart lesions of
two diseased pigs, completely lacked an aroA allele and could therefore
not receive an ST. The isolates had 5 out of 7 alleles that were identical
to each other and to another isolate present in the database. That isolate
also lacked aroA and originated from the heart of a diseased pig in North
America.

According to the cgMLST analysis, the 217 isolates included in the
study were separated into a total of 199 different sequence types, all of
which were novel (Supplementary file 1). The proportions of unique
cgSTs, 92% (92/100) and 91% (107/117), respectively, were similar in
the pathogenic and the non-pathogenic group. In the pathogenic group,
only five STs were shared by multiple isolates; five isolates were cgST-
61734, while two isolates each were cgST-61724, cgST-61729, cgST-
61748, and cgST-61750. Among the non-pathogenic isolates, seven
STs were shared by more than one isolate, with three isolates each of
cgST-61832, cgST-61859, and cgST-61897, and two isolates each of
cgST- 61812, cgST-61827, and cgST-61862.

The hierarchical cgMLST clustering analysis (HierCC) confirmed the
species identity by placing all isolates in the HierCC cluster HC363_1
(S. suis). The 217 isolates belonged to 81 distinct HC100 clusters, or
cgMLST eBurstGroups (ceBGs). The pathogenic isolates belonged to 17
separate ceBGs, while the non-pathogenic isolates belonged to 70 ceBGs,
thus showing a greater diversity. The main ceBG identified was group 1,
which contained 54 isolates, all but one originating from the pathogenic
group. These isolates belonged to serotypes 2, 1/2, 3, and 7, and three
isolates were non-typeable. The second largest ceBG, number 237,
contained 25 isolates, all of which belonged to the pathogenic group and
were serotype 1 or 14. With few exceptions, the pathogenic isolates
clustered together in a minimum spanning tree constructed from
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Fig. 1. (A) Comparison of total genome size between pathogenic (red) and non-pathogenic (blue) Swedish Streptococcus suis isolates. (B) Comparison of the number
of genes contained within the genomes of pathogenic and non-pathogenic isolates. (C) Serotypes of 217 Swedish S. suis isolates, as determined by in silico serotyping.
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Table 1
Results from multilocus sequence typing (MLST) analysis of 217 Swedish
Streptococcus suis isolates.

Serotype ST" (newly assigned numbers) Number of
isolates

1 13 24
2 1, 25, 28, 1805, novel STs (1999, 2000) 34
1/2 28 3
3 117, novel ST (2043) 6
4 911 3
5 Novel STs (1993, 2048) 2
6 55 1
7 29 12
8 87, novel ST (1976) 3
9 Novel STs (1966, 1995, 2033) 4
10 Novel STs (2022, 2039) 2
11 Novel STs (1964, 1965, 2006) 3
12 Novel STs (1984, 1985, 1986, 2012, 2047) 12
13 Novel STs (1992, 2002) 2
14 13 1
15 1112, novel STs (1963, 1967, 1968, 1969, 1970, 15

1978, 1980, 1982,

2007, 2017, 2028, 2019, 2030)
16 Novel STs (1974, 1991) 2
17 - 0
18 Novel ST (1990) 1
19 Novel STs (1975, 1979, 2005, 2008) 8
21 Novel STs (1973, 1987, 2018, 2038, 2042) 8
23 483, novel STs (2040, 2044) 4
24 - 0
25 0
27 - 0
28 38, novel STs (1996, 1997, 2013) 5
29 Novel STs (1977, 1983, 1994, 2004, 2031, 2036) 9
30 Novel STs (2009, 2010, 2023, 2025, 2050) 6
31 Novel STs (1971, 1972, 2052) 3
Non- 28, novel STs (1981, 1984, 1988, 1989, 1998, 2001, 44

typeable 2003, 2011, 2015, 2016, 2019, 2020, 2021, 2024,

2026, 2027, 2032, 2034, 2035, 2037, 2041, 2045,

2049, 2051), non-typeable
Total 217

2 ST = sequence type

cgMLST data. Isolates of the same serotypes or organs of isolation
clustered together to a lesser extent. However, isolates originating from
the brain, heart, and lungs, respectively, clustered near each other
(Fig. 2).

3.4. Virulence-associated genes

The well-studied virulence-associated genes epf, mrp, and sly were
found in 1.8%, 42.9%, and 28.1% of the isolates, respectively. Mrp and
sly were significantly more often present in the pathogenic isolates than
in the non-pathogenic isolates, while no difference was found between
the pathogenic and non-pathogenic groups regarding the presence of
epf. The genotypic profiles epf—/mrp+/sly— and epf—/mrp—/sly+ were
significantly more often present in the pathogenic isolates, while the
profile epf—/mrp—/sly— was significantly more common in the non-
pathogenic isolates (Table 2). Among the serotype 2 isolates, 97%
(33/34) of the isolates were mrp+, and 88% (30/34) had the genotypic
profile epf—/mrp+/sly—. Among the 25 isolates belonging to serotype 1
or 14, all had the genotype epf—/mrp—/sly+.

The recently proposed genotypic profile of SSURS09525+/
SSU_RS09155+/SSU_RS03100+, published in a recent study on North
American isolates (Estrada et al., 2022), was significantly more often
present in the pathogenic isolates (86%, 86/100) than in the
non-pathogenic isolates (5.1%, 6/117) in the present study (Table 2).
Out of the isolates containing the profile, 93.4% (86 out of 92) were
pathogenic.

The genome-wide association study indicated 34 genes whose pres-
ence differed significantly between pathogenic and non-pathogenic
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isolates (P < 0.05), and that were present in > 75% of the pathogenic
isolates and absent from > 75% of the non-pathogenic isolates. Of these,
two were identified as srtC1 (sortase) and lacG_1 (hypothetical protein),
respectively, and 32 as genes encoding hypothetical proteins without
annotation. The presence/absence of the identified genes is visualized in
a heatmap. The majority of the previously published virulence-
associated genes were present in most genomes, pathogenic as well as
non-pathogenic (Fig. 3).

4. Discussion

The results from this study showed that certain differences between
pathogenic and non-pathogenic isolates could be identified. Differences
in the genomes regarding genome size and gene content were demon-
strated, and based on cgMLST analysis, pathogenic isolates predomi-
nantly clustered together, while there was a higher phylogenetic
diversity among the non-pathogenic isolates. The majority of the pre-
viously published, virulence-associated genes were identified in both
pathogenic and non-pathogenic genomes and were not useful as markers
of virulence in the Swedish S. suis isolates. However, new candidate
genes were identified which were significantly more often present in
pathogenic as compared to non-pathogenic isolates, and warrant further
studies.

4.1. Genome size

The pan-genome of the Swedish isolates was open, i.e. the number of
accessory genes increased as more genomes were sequenced and added
to the analysis, which is consistent with the findings of previous genomic
studies on this highly diverse species (Murray et al., 2020; Estrada et al.,
2022).

Analysis of the present isolates revealed a core genome of 903 genes,
which is fewer as compared to results from studies in North America and
China (Zhang et al., 2011; Estrada et al., 2022), although differences in
sequencing strategy may have an impact on the results. A smaller core
genome indicates heterogeneity among the present isolates, despite the
use of strict species-identification criteria. There was no obvious dif-
ference in the number of core genes between the pathogenic and
non-pathogenic isolates, which contained 1054 and 1010 genes,
respectively.

The mean total genome size of the pathogenic isolates was smaller as
compared to the non-pathogenic isolates, indicating that genome
reduction had taken place in the former group, or expansion in the latter.
Thus, the present results support previous studies which have estab-
lished a smaller genome as a feature of pathogenic S. suis (Weinert et al.,
2015; Murray et al., 2020). The difference in GC content between the
groups, although statistically significant, was small and well within the
range that may occur within a species (Rossello-Mora and Amann,
2001).

4.2. Serotypes

The most common serotypes among the pathogenic isolates in this
study were, in decreasing order, serotypes 2, 1, and 7. This is consistent
with the dominance of serotype 2 and prominence of serotype 7 among
disease-associated isolates in both pigs and humans reported globally,
but serotype 1 appears more common in Swedish pigs than in pig in
many other countries (Goyette-Desjardins et al., 2014). The possibly
opportunistic role of S. suis in respiratory disease makes the classifica-
tion of isolates originating from lung tissue challenging, and may partly
explain the presence of certain serotypes in both the pathogenic and
non-pathogenic groups. In our hands, the serotyping pipeline initially
misidentified the serotype 1 isolates as serotype 14, which is notable, but
may be an issue related to software compatibility.

In notable contrast to other European countries where serotype 9 is
the most commonly isolated serotype from diseased pigs (Schultsz et al.,
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Serotype Organ of isolation
@ Brain [16]

@ Brain/Joint [2]
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@ Heart [15]
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© Liver [4]

@ Lungs [29]

(© Lymph node [1]
@ Mammary gland [1]
@ Navel [1]

@ Peritoneum [1]
(O Pleura [1]

@ Spleen [9]

@ Spleen/Lymph node [1]
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@ Unknown [3]

Fig. 2. Minimum spanning tree of core-genome multi-locus sequence typing (cgMLST) data from 217 Streptococcus suis isolates from healthy and diseased Swedish
pigs. The same tree is annotated according to (A) pathogenicity; (B) organ of isolation; and (C) serotype.

Table 2

The presence of the well-studied genes epf, mrp, and sly, and the previously
proposed  virulence-associated  genes  SSU RS09525,  SSU RS09155,
SSU_RS03100, and genotypic profiles in pathogenic and non-pathogenic Swed-
ish Streptococcus suis isolates. A significant difference was considered if P < 0.05.

Virulence-associated Total Pathogenic Non- P-value

gene or genotype isolates isolates pathogenic
(n=217) (n = 100) isolates

(n=117)

epf 4 (1.8%) 2 (2.0%) 2 (1.7%) 1

mrp 93 64 (64.0%) 29 (24.8%) < 0.001
(42.9%)

sly 61 37 (37.0%) 24 (20.5%) < 0.001
(28.1%)

epf+/mrp+/sly+ 4 (1.8%) 2 (2.0%) 2 (1.7%) 1

epf—/mrp-+/sly— 57 52 (52.0%) 5 (4.3%) < 0.001
(26.3%)

epf—/mrp+/sly+ 32 10 (10.0%) 22 (18.8%) 0.1
(14.7%)

epf—/mrp—/sly— 99 11 (11.0%) 88 (75.2%) < 0.001
(45.6%)

epf—/mrp—/sly+ 25 25 (25.0%) 0 (0%) < 0.001
(11.5%)

epf+/mrp+/sly— 0 (0%) 0 (0%) 0 (0%) na

epf+/mrp—/sly+ 0 (0%) 0 (0%) 0 (0%) na

epf+/mrp—/sly— 0 (0%) 0 (0%) 0 (0%) na

SSU_RS09525 162 95 (95%) 67 (57.3%) < 0.001
(74.7%)

SSU_RS09155 98 87 (87%) 11 (9.4%) < 0.001
(45.2%)

SSU_RS03100 106 90 (90%) 16 (13.7%) < 0.001
(48.8%)

SSU_RS09525+/ 92 86 (86%) 6 (5.1%) < 0.001

SSU_RS09155+/ (42.4%)
SSU_RS03100+

2012), few isolates of serotype 9 were identified in the Swedish material,
and three out of four isolates were in the non-pathogenic group. The
shift in dominance towards serotype 9 in other European countries has
been speculated to result from the use of vaccines or autogenous bac-
terins primarily targeting serotype 2 (Priifer et al., 2019), a practice that
has been very limited in Sweden. However, care should be taken when
extrapolating the results to a wider population. Additionally, before
1995 not all of the currently recognized 29 serotypes had been
described, and antisera for serotyping were thus not available.

4.3. Multilocus sequence typing analyses

Traditional MLST, using fragments of seven housekeeping genes;
cpn60, dpr, recA, aroA, thrA, gki, and mutS (King et al., 2002), is a
standard method of studying the structure of S. suis populations. MLST
analysis revealed that several isolates of serotype 2 belonged to ST28
and ST25, a combination commonly associated with virulence primarily
in North America and Asia (Segura et al., 2020). ST1 was identified in
only 2% of the Swedish isolates, in contrast to the high prevalence re-
ported in studies from other countries, such as Spain and the
Netherlands, and in particular the UK (de Greeff et al., 2011; Schultsz
et al.,, 2012; Wileman et al., 2019). Additionally, the large proportion
(131/217) of isolates that were identified as new STs or contained new
MLST alleles indicate genotypic differences between Swedish isolates
and those from other countries. A possible reason for these differences in
genetic structure is that the import of live pigs to Sweden is very
restricted (G. Parsons, Swedish Board of Agriculture, personal commu-
nication, 16 November 2022).

Interestingly, two isolates that lacked the aroA gene fragment
required for MLST were very similar to a North American isolate that
also lacked this fragment, and all were isolated from heart lesions. One
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Fig. 3. Heatmap illustrating the presence (black) and absence (blue) of new and previously published putative virulence-associated genes in 100 pathogenic and 117
non-pathogenic Streptococcus suis isolates. Genes and isolates are clustered according to their profile similarities. Newly identified genes are marked blue on the x-
axis, and isolate identities, annotated with pathogenic (red) and non-pathogenic (blue) and serotype (coloured according to the legend), are given on the y-axis.
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of the present isolates originated from a farm that repeatedly suffered
from S. suis-related endocarditis in the pigs.

A higher resolution can be achieved with cgMLST as compared to
traditional MLST because of the greater number of genes included. The
pathogenic isolates, with few exceptions, clustered together in a mini-
mum spanning tree constructed from cgMLST data, suggesting that they
are relatively closely related. The Swedish isolates did not match any
cgSTs already present in Enterobase but clustered close to the other
S. suis in the database. The HierCC clustering results showed that the
isolates belonged to 81 ceBGs, with the pathogenic isolates represented
in fewer groups than the non-pathogenic isolates. Clustering of isolates
of the same serotype was also evident, but to a lesser extent, as was
clustering based on the organ of isolation. The cgMLST scheme
(cgMLSTv1) in place at Enterobase is currently composed of 372 loci
from different species of streptococci. A defined S. suis-specific cgMLST
scheme is not yet available, but would likely provide more detailed in-
formation regarding the population structure of this highly diverse
species. However, traditional MLST still has an important role in the
study of S. suis, particularly considering the steady expansion of the
PubMLST database of STs.

4.4. Virulence-associated genes

The majority of the previously published virulence-associated genes
were not associated with the pathogenic pathotype in this study, since
they were either found in the majority of all isolates, or were absent from
the majority of the isolates. Mrp and sly were more common in the
pathogenic isolates, while epf was very uncommon in the material as a
whole. Neither mrp nor sly were present in > 75% of the pathogenic
isolates in total, but mrp was present in 97% (33/34) of the serotype 2
isolates and sly in 100% (24/24) of the serotype 1 isolates.

The recently proposed virulence-associated genotypic profile of
SSU_RS09525+/SSU_RS09155+/SSU RS03100+, however, was present
in 86% of the pathogenic isolates, and 5.1% of the non-pathogenic iso-
lates in the present study. While the presence of the profile was lower
than the 96.4% observed in the original study (Estrada et al., 2022), this
indicates that the profile is potentially useful in Swedish isolates.

The other previously published virulence-associated genes were not
significantly associated with virulence in the present material. Virulence
is likely the result of mechanisms involving several genes or sets of
genes, and putative virulence-associated genes may thus be clonal
markers instead of being directly linked to virulence. The results show
that virulence-associated genes discovered in isolates from limited
geographical areas do not definitely apply to the general S. suis popu-
lation and that studies from different geographical areas, as well as on a
larger international scale, are necessary to broaden the understanding of
virulence in S. suis.

5. Conclusion

Differences were found between the genomes of pathogenic and non-
pathogenic S. suis isolates from Swedish pigs. The genomes of patho-
genic isolates were on average smaller and less heterogenic as compared
to those of non-pathogenic isolates. A majority of the previously pub-
lished virulence-associated genes included in the study were found in
both the pathogenic and the non-pathogenic genomes, and instead, a
new set of significantly virulence-associated genes was identified.
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