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ABSTRACT
Streptococcus suis is an emerging zoonotic pathogen. Over 100 putative virulence factors have 
been described, but it is unclear to what extent these virulence factors could contribute to 
zoonotic potential of S. suis. We identified all S. suis virulence factors studied in experimental 
models of human origin in a systematic review and assessed their contribution to zoonotic 
potential in a subsequent genomic meta-analysis. PubMed and Scopus were searched for English- 
language articles that studied S. suis virulence published until 31 March 2021. Articles that 
analyzed a virulence factor by knockout mutation, purified protein, and/or recombinant protein 
in a model of human origin, were included. Data on virulence factor, strain characteristics, used 
human models and experimental outcomes were extracted. All publicly available S. suis genomes 
with available metadata on host, disease status and country of origin, were included in a genomic 
meta-analysis. We calculated the ratio of the prevalence of each virulence factor in human and pig 
isolates. We included 130 articles and 1703 S. suis genomes in the analysis. We identified 53 
putative virulence factors that were encoded by genes which are part of the S. suis core genome 
and 26 factors that were at least twice as prevalent in human isolates as in pig isolates. Hhly3 and 
NisK/R were particularly enriched in human isolates, after stratification by genetic lineage and 
country of isolation. This systematic review and genomic meta-analysis have identified virulence 
factors that are likely to contribute to the zoonotic potential of S. suis.
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Introduction

Streptococcus suis is an opportunistic pathogen in pigs and 
can cause zoonotic infections that often result in menin
gitis [1,2]. S. suis zoonotic infections occur worldwide with 
the highest reported incidence in Thailand, Vietnam and 
The Netherlands[1]. Close contact with pigs and con
sumption of undercooked pork have been identified as 
important risk factors for zoonotic S. suis infections[1]. 
The emergence of zoonotic clones has been demonstrated 
and led to new insights in the evolution of S. suis’ popula
tion structure[3], but the virulence factors involved in 
zoonotic potential of S. suis are not well understood.

S. suis of multiple serotypes from different phy
logenetic groups (clonal complexes) are found in 
healthy and diseased pigs, but human infections 
are predominantly caused by strains from clonal 
complex 1 and serotypes 2 or 14 [1,4]. Distinct 
stages in the pathogenesis of S. suis infections in 

humans include the adhesion and translocation 
across mucosal surface particularly in case of food
borne infection, survival in blood, and translocation 
across the blood brain barrier in case of meningitis 
[5]. Over 100 putative S. suis virulence factors have 
been described that may contribute to the pathogen
esis of infection in pigs [4,6]. Although many of 
these virulence factors were identified in in vitro 
models of human origin, their contribution to 
S. suis zoonotic potential has not been studied.

We performed a systematic review of S. suis viru
lence factors studied in in vitro models of human 
origin. In a subsequent genomic meta-analysis we 
determined if these putative virulence factors are 
encoded by the S. suis core or accessory genome and 
identified those virulence factors that may contribute 
to the pathogenesis of zoonotic infection, designated 
putative zoonotic virulence factors (PZVFs).
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Methods

Definitions

Virulence factors can be defined as “molecules pro
duced by pathogens that contribute to the pathogeni
city of the organism by allowing its establishment, 
replication, dissemination and persistence in the host” 
[4]. Here, we define a PZVF as a virulence factor of 
a bacterial pathogen from an animal reservoir that 
contributes to pathogenicity in the human host speci
fically. We define human models as in vitro models of 
human origin, including cell lines in continuous culture 
of human origin, human primary cells, human blood, 
human blood components, human extracellular matrix 
proteins, and the zebrafish human streptococcal infec
tion model [7].

Search strategy and selection criteria
The systematic review was performed according to 

Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) guidelines [8]. TR searched 
PubMed and Scopus for primary research articles pub
lished until 31 March 2021 describing S. suis and viru
lence in the title and/or abstract using Pubmed 
PubReMiner to generate the search query (appendix 
S1 p1) [9]. References were downloaded and duplicates 
were removed using Endnote (9.3.3), Mendeley (1.19.8) 
and a manual search. TR and KA independently 
screened all titles and abstracts and selected articles 
that mentioned a host (e.g. human or pig) and S. suis 
and both agreed on the final selection for full text 
screening, which was done by TR. Studies were 
included when a virulence factor was evaluated in 
a human model and the virulence factor was studied 
in an isogenic knockout (KO) mutant, as recombinant 
protein, and/or as purified protein. Articles were 
excluded when the full text was unavailable in 
English. Experimental outcomes included bacterial 
binding of host proteins, adhesion, invasion, transloca
tion, survival and immune cell responses.

Data extraction

TR and ST extracted data from the included articles in 
a pre-specified table in Microsoft Excel 2016 (appendix 
S1 p2, appendix S2), followed by an overall curation of 
extracted data by KA. In short, we extracted informa
tion on virulence factor analysis approach (KO, recom
binant protein and/or purified protein), S. suis strain 
characteristics, applied in vitro models, experimental 
outcomes and NCBI protein ID. If NCBI protein ID 
was not stated, the NCBI protein ID was searched 
manually using available data such as primer sequences, 

gene names or protein sequences. Experimental out
comes for single virulence factors studied in at least 5 
articles were summarized and compared. As part of 
a critical appraisal, data on growth rates of wildtype, 
isogenic KO and complementation mutants were 
extracted from the articles or articles’ references. In 
addition, the number of S. suis strains analyzed in 
each study was recorded.

Bacterial genome meta-analysis

We downloaded all BioSample records from NCBI 
mentioning “Streptococcus suis” (final date 31–01- 
2020). Missing metadata were searched in the corre
sponding publications and pubMLST [10], and added. 
Genomes were included if at least metadata on host, 
host health status, and country of origin were available 
(see appendix 1 p3). The curated set of assembled 
genomes with corresponding metadata was deposited 
on Zenodo (10.5281/zenodo.4686597).

The presence of a virulence factor in S. suis isolates 
was determined by mapping its protein sequence with 
a minimal protein identity of 95% and query coverage 
of 60% on the translated S. suis genome assemblies (see 
appendix 1 p3 [11–14]). We defined the core genome as 
all genes present in ≥95% of the isolates whilst the 
remaining genes constitute the accessory genome.

We calculated the ratio of the prevalence of each 
virulence factor in S. suis populations isolated from 
human, and healthy and diseased pigs respectively. 
A virulence factor was considered a PZVF if the pre
valence ratio > 2. A stratified analysis was performed 
for the main zoonotic S. suis lineage (clonal complex 1) 
and the countries contributing most human isolates 
(China, Vietnam).

Results

Title and abstract of 713 unique records were screened 
and 411 articles were selected for full text screening. Of 
these 411, 268 articles did not meet inclusion criteria 
and 13 were excluded due to unavailability of full text 
in English. The 130 included articles described 124 
different putative virulence factors (Figure 1).

Putative virulence factors were studied as purified 
protein (3), as recombinant protein (51), as (partial) 
isogenic KO (152), by blocking protein function with 
antibodies (3) or as a combination of these. For 56/152 
(37%) of the isogenic KO mutants, changes in growth 
rate compared to parental wildtype were not assessed. 
For 72/152 (47%) growth rate of KO mutants was 
reported as unaffected and for 24/152 (16%) impaired 
growth was observed for the KO mutant. In only 43 
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(28%) studies the KO mutant was genetically comple
mented and three articles (2%) described complemen
tation with a recombinant protein.

Models used to evaluate putative virulence factors were 
grouped based on the human body sites from which the 
model originated (Figure 2). The human epithelial HEp2 
cell line was used in 63 out of 72 articles that studied 
adhesion, invasion or cell lysis induced by S. suis in 
a human epithelial model. Adhesion to extracellular 
matrix was studied in 13 different articles that used lami
nin (3), collagen (1), fibronectin (10) and/or fibrinogen 
(7). Survival in blood was studied in 70 articles using 
a diverse set of models, of which human whole blood 
(19), human (polymorphonuclear) neutrophils (15) and 
zebrafish (15) were most frequent. Human brain micro
vascular endothelial cells (BMECs) were used in 14 out of 
25 articles that studied the role of a virulence factor in 
crossing the blood-brain barrier (BBB).

Experimental outcomes

Five out of 124 (4%) putative virulence factors (appen
dix S1 p2, appendix S2) were studied in at least 5 
articles and the experimental outcomes were summar
ized and compared for each factor to evaluate their 
contribution to zoonotic potential (appendix S1 p4-6).

Capsular polysaccharide (CPS)
The CPS forms the outer layer of bacteria and consists 
of repeating oligosaccharide subunits that differ in 
composition and linkage between S. suis serotypes 
[15,16]. The CPS decreases S. suis adherence to and 
invasion of human epithelial cells [17–21]. One study 
reported no effect of the CPS on adherence to cervical 
epithelial HeLa cells[22]. The CPS contributes to S. suis 
blood survival [21,23] and to immune evasion by 
decreasing phagocytosis [21,22,24–29], increasing 

Figure 1. PRISMA flow diagram.
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intracellular survival in PMN [23], dampening the 
innate immune response and decreasing complement 
activation [25,26,28–30]. The CPS decreases S. suis 
adherence to and invasion of meningeal cells and fetal 
astrocytes [31] and the adherence to human umbilical 
vein endothelial cells (HUVEC) [21]. A CPS KO 
showed a trend of increased translocation across 
human choroid plexus papilloma cells (HIBCCP) [32]. 
The CPS decreases IL-6 and IL-8 secretion by BMECs, 
but MCP-1 secretion is unaffected [33]. Moreover, pur
ified CPS induces PGE2 and MMP-9 secretion in 
macrophage-like U937 cells which increases BBB leaki
ness [25]. The CPS also binds fibrinogen [24].

Suilysin (Sly)
Suilysin is a cholesterol-dependent hemolysin secreted 
by S. suis that can form pores in eukaryotic cells by 
oligomerization in cellular membranes [34,35]. Sly can 

induce HEp2 cell lysis [36] and at subcytolitic concen
trations contributes to HEp2 invasion [37]. Sly does not 
contribute to HEp2 cell adherence [37] or translocation 
across an intestinal epithelial Caco-2 monolayer [20]. 
In human blood, Sly induces TNFα release by mono
cytes [38], PMN degranulation [39], platelet-neutrophil 
complex formation [40] and its hemolytic activity 
causes inflammasome activation in macrophage-like 
THP-1 cells [28]. Sly induces the release of arachidonic 
acid in BMEC, which can enhance BBB permeability 
[41]. Sly does not affect adherence to meningeal cells, 
adherence to astrocytes or invasion of meningeal cells 
but does increase astrocytes invasion [31].

Muramidase release protein (MRP)
MRP is a cell-wall anchored protein similar to the 
fibronectin-binding protein of Staphylococcus aureus 
[42–45]. MRP can directly bind to HEp2 cells [46] 

Figure 2. Grouping of human models to their respective human S. suis infection site. Number of articles per model is indicated 
between brackets.

2790 T. J. ROODSANT ET AL.



and contributes to S. suis adhesion to HEp2 [47]. MRP 
was shown to bind fibrinogen [48–50] and MRP bind
ing of fibrinogen contributes to blood survival, 
decreases PMN killing [48,49] and in brain microvas
cular endothelial hCMEC/D3 cells increases adhesion 
and translocation [51]. MRP with bound fibrinogen 
also decreases the adherens junction protein p120- 
catenin in hCMEC/D3 thus potentially increasing BBB 
permeability [51]. Besides fibrinogen, MRP was shown 
to bind factor H [50,52] and fibronectin [50].

Factor H binding protein (Fhb)
Fhb also named Streptococcal adhesin protein (SadP) 
is anchored in the cell wall and secreted [53]. Fhb can 
bind proteins from the host complement system as 
well as glycans [53–55]. Fhb can bind to Gb3 on 
human erythrocytes and a specific allele of Fhb 
(SadPn) can also bind to Gb4 [56]. Fhb contributes 
to S. suis adhesion to and translocation across a Caco- 
2 monolayer by binding to Gb3 [57]. Fhb can bind 
human factor H, which increases S. suis adherence to 
airway epithelial A549 cells [29]. A Fhb KO showed 
decreased binding to vascular endothelial EA.hy926 
cells [56]. Fhb contributes to S. suis survival in whole 
blood [53] and intracellular survival in PMN [53,55]. 
Fhb can bind factor H [52,53,55] and C3 simulta
neously [53] and a Fhb KO showed decreased factor 
H binding and increased C3b/iC3b deposition [53,55]. 
Secreted Fhb lowers C3b/C3b deposition on a Fhb KO 
mutant and restores PMN intracellular survival of 
S. suis[53]. However, a Fhb KO in a different strain 
still bound factor H and degraded C3b, whilst THP-1 
phagocytosis of the KO mutant was unaffected [29]. 
Translocation across and adhesion to hCMEC/D3 cells 
is decreased in a Fhb KO mutant [58] and factor 
H binding by Fhb increases adherence to BMEC cells 
[29]. Fhb was shown to bind fibrinogen [48].

Enolase
Enolase is a multifunctional protein with glycolytic 
functions and plasminogen binding abilities, and is 
found in many organisms [59]. In S. suis, enolase was 
found within the cytoplasm and on the cell surface of 
S. suis, although lacking a LPXTG-motif [60]. Blocking 
enolase functioning with recombinant protein or poly
clonal antibodies was shown to decrease adherence to 
HEp2 cells [61–63]. Enolase was shown to bind fibro
nectin, [61] laminin [61] and factor H [52]. 40S ribo
somal protein SA (RPSA), a protein involved in BBB 
integrity, was shown to increase at the cell surface of 
hCMEC/D3 cells when treated with enolase [64]. In 
transfected HEK-293 T cells it was demonstrated that 
enolase can interact with RPSA [64,65]. Enolase can 

induce apoptosis in HEK-293 T cells [65] and in 
hCMEC/D3 cells by interacting with RSPA [64,65]. 
The apoptosis induced by enolase is inhibited by caveo
lae, a type of lipid raft [64].

Identification of putative zoonotic virulence factors

Out of 3307 S. suis BioSample records in the NCBI 
database, 315 human, 896 pig diseased and 492 pig 
healthy S. suis genome assemblies were included 
(appendix S1 p7, appendix S3), including human iso
lates from Vietnam (45%), China (31%), the 
Netherlands (9%), Thailand (5%) and Togo (5%). For 
1012 (31%) BioSample records, the information on host 
was unavailable (appendix S1 p7).

Out of 111 unique protein sequences, including mul
tiple alleles for four proteins, 53 proteins were encoded 
by genes which are part of the S. suis core genome 
(appendix S1 p8). The remaining 58 proteins were 
encoded by genes which are part of the accessory gen
ome. The presence of these 58 accessory proteins 
together with isolate metadata was plotted against 
a clustered core genome alignment [11–14] 
(Figure 3a) and the human-pig prevalence ratio was 
calculated (Figure 3b, appendix 1 p9). Six proteins 
(Atl1, Atl2, AtlAss, CPS9E, KAR and PK) had 
a prevalence ratio below 1. For 26 proteins, including 
MRP, Sly and CPS2B/E/F/G/J/L which form a single 
operon [15], the prevalence ratio was above 2 and three 
of these proteins, Fhb_1, NisK and NisR were at least 
ten times more prevalent in human isolates than in pig 
isolates.

Ninety percent of human S. suis isolates had the 
same genetic background (CC1) while the pig isolates 
were genetically more diverse (Figure 3a). To adjust for 
potential lineage effects, we repeated our analysis for 
the 52 proteins with prevalence ratio above 1 in the first 
analysis, but restricted to CC1 isolates. Of these 52 
proteins, 35 were encoded by genes which are part of 
the CC1 core genome, including Sly and CPS2B/L. Four 
proteins (nisin dependent two-component signal trans
duction system [NisK/R], putative hemolysin-III- 
related protein [Hhly3] and Fhb_1) had a prevalence 
ratio of at least 2 (appendix S1 p10-11). NisK/R and 
Hhly3 were initially discovered on the 89 K pathogeni
city island found in Chinese human S. suis outbreak 
isolates belonging to ST7 [66,67]. Outside ST7 but 
within CC1, both PZVFs were also present in 110 
Vietnamese human isolates from ST 1 (105), ST144 
(3), ST869 (1) and ST951 (1), and in 4 Chinese 
human isolates from ST1 (2), ST665 (1) and ST658 (1).

Geographical clustering of S. suis lineages may 
explain the presence of NisK/R and Hhly3 in zoonotic 

VIRULENCE 2791



Host
Pig Healthy
Pig Diseased
Human

Serotype
1 or 14
2 or 1/2
7
9
16
Other
Unknown

Protein
Present
Absent

Sequence Type
1
7
16
25
28
Other
Unknown

Country
China
Canada
USA
Netherlands
Viet Nam
UK
Australia
Japan
Other

Clonal Complex
1
28
108
16
87
20
Other
Unknown

tso
H

epytore
S S

T
C

C
C

ou
nt

ry
19
10
H
K

19
10
H
R

AB
C_

2
ab
pb

Ag
aR

2
Ar
cD

at
l_
1

at
l_
2

At
lA
ss

cb
p4

0o
m
p4

0
ci
aH

cp
s2
B

cp
s2
E

cp
s2
F

cp
s2
G

cp
s2
J

cp
s2
L

cp
s9
E

dl
tA

dp
pI
V

en
do

SS
Fh
b_

1
Fh
b_

2
Fh
bp

gh
92

H
hl
y3

H
P1

71
7

H
tp
sC

hy
lA

Id
eS

Ig
dE

KA
R

lh
k

lh
r

m
an
N

M
RP

N
eu

B
N
is
K

N
is
R

O
pp

A
PK Pn

uC
pr
sA

rf
eA

Rg
gT
R

Sb
p1

Sb
p2

sl
y

Sn
tA

SP
1

Ss
a

ss
nA

Ss
pA

Ss
Pe
p

tr
ag

Tr
an

yz
pA

Zm
p

a

b

Figure 3. Presence of virulence factors in S. suis isolates and the corresponding virulence factor prevalence ratio in human isolates 
compared to pig isolates.
(A) The 1703 assemblies were clustered using IQ-TREE [11] based on a Roary [12] core gene alignment of a Prokka [13] annotated assembly. 
Presence of proteins in S. Suis isolates and isolate metadata were visualized in Phandango[14]. (B) Prevalence ratio of virulence factors in 
human isolates over pig isolates was based on virulence factor presence in S. suis genomes.
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isolates from certain countries. Therefore, we deter
mined the prevalence ratio of these proteins per coun
try of origin. The prevalence ratio within Chinese 
isolates was 6·4 for NisK/R and 5·5 for Hhly3. In addi
tion, inclusion of multiple strains belonging to a single 
outbreak may cause confounding. When isolates from 
the Chinese outbreak in 2005 [68], which all except one 
harbored NisK/R and Hhly3, were excluded, the pre
valence ratio within Chinese isolates was 3·7 for NisK/R 
and 3·1 for Hhly3. In Vietnamese isolates the preva
lence ratio for NisK/R was 1·5 and for Hhly3 1·4. NisK/ 
R and Hhly3 were not detected in human isolates from 
other countries than China and Vietnam.

Discussion

We identified 124 S. suis putative virulence factors 
studied in a human model in our systematic review. 
In our subsequent genomic meta-analysis, we identified 
26 putative virulence factors with prevalence at least 
two times higher in human isolates than in pig isolates, 
which were therefore considered as PZVFs.

The five virulence factors most studied in in vitro 
models of human origin were CPS, Sly, MRP, Fhb and 
enolase. The contribution of these five virulence factors 
to S. suis virulence has also been studied in vivo in pig 
and mouse infection models. In a review of studies of 
Sly, MRP and Fhb, these putative virulence factors were 
found not to be critical for virulence in all models [4]. 
CPS was shown to contribute to S. suis virulence in vivo 
in pig and mice [15,21,69,70,71]. Both Sly and MRP 
contributed to virulence in mice [50,51,28,72,73], but 
a Sly or MRP KO did not show decreased virulence in 
pigs [38,43,74]. Fhb was shown to contribute to viru
lence in pigs [55] and to be essential to cross the BBB 
via Gb3 in mice [58]. Enolase was only tested in mice 
and increased the BBB permeability [75]. Pig and 
mouse in vivo infection models appear to yield different 
outcomes for certain virulence factors. A similar obser
vation was made for the difference in virulence of 
different S. suis serotype 2 strains, observed after 
experimental infections in pig and mouse [2]. These 
data indicate that, although we can learn much from 
these in vivo models, the translation of mice or pig 
infection studies to the human S. suis pathogenesis 
can be challenging.

In our genomic meta-analysis, proteins involved in 
the serotype 2 capsular polysaccharide biosynthesis 
were more prevalent in zoonotic isolates, confirming 
epidemiological observations [1]. Sly, MRP, and Fhb 
were identified as PZVF, while enolase was found to 
be part of the S. suis core genome and therefore not 
identified as PZVF. Only Fhb_1 remained more 

prevalent in human than in pig isolates within the 
CC1 lineage. In a previous genomic analysis, 
a comparison between human and pig isolates from 
Vietnam and pig isolates from the UK did not find 
a substantial enrichment of specific accessory genes in 
human isolates [76]. The prevalence of virulence factors 
was higher in clinical pig isolates than in non-clinical 
isolates from the UK [76]. Putative virulence factors 
were more abundant in Dutch zoonotic isolates than 
in non-zoonotic isolates [3]. Zoonotic and non- 
zoonotic strains could only be separated based on 
their accessory genome and not based on their core 
genome [3]. Moreover, zoonotic isolates with dissimilar 
core genomes showed similarity in their accessory gen
ome [3], implying that PZVFs are most likely part of 
the accessory genome. Here, 53 of the putative viru
lence factors were encoded by genes which are part of 
the S. suis core genome. Given their function (appendix 
S2), many of these putative virulence factors are likely 
to be involved in S. suis metabolism although a role in 
pathogenesis cannot be ruled out. As was noted before 
and was also observed in this study, many S. suis puta
tive virulence factors have not yet been thoroughly 
characterized [4]. Most virulence factors were studied 
in a single isolate instead of multiple isolates, introdu
cing potential bias [77]. An additional concern is that 
isogenic KO mutants used to study the virulence factors 
were not always properly characterized. In 37% of the 
studies that used an isogenic KO mutant, the impact of 
the mutation on growth rate was not verified and there
fore a direct effect of the KO on the experimental out
come due to changes in growth rate, instead of or in 
addition to a potential functional effect, cannot be 
ruled out.

Independent parallel genomic acquisition events can 
introduce different PZVFs that could drive the emer
gence of a zoonotic S. suis lineage, as observed in the 
Dutch zoonotic CC20 lineage [3]. Such acquisition 
event could explain why NisK/R or Hhly3 are not 
present in all human S. suis isolates. These findings 
suggest that these specific PZVFs are not essential for 
zoonotic potential per se, as the acquisition of other 
genes could confer zoonotic potential as well. However, 
within the zoonotic CC1 lineage or after stratification 
by country of origin, NisK/R and Hhly3, as well as 
Fhb_1 are still more prevalent in human isolates than 
in pig isolates suggesting that these PZVFs contribute 
to zoonotic potential.

Hhly3 is a cholesterol-independent hemolysin first 
discovered in the foodborne pathogen Bacillus cereus 
[78] and later also identified in the foodborne pathogen 
Vibrio vulnificus[79]. Hhly3 monomers bind in 
a temperature-dependent fashion to host cell 
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membranes and form 3–3·5 mm pores after multimer
ization [80]. The cholesterol independency of Hhly3 
could give S. suis the ability to induce pores in mem
branes with low cholesterol or unavailable cholesterol, 
such as endosomes [81]. The contribution of Hhly3 to 
S. suis virulence has not been studied in in vivo pig or 
mouse infection models yet.

Nisin is al antibiotic produced by several Lactococcus 
and Streptococcus species with antimicrobial properties 
against Gram-positive and Gram-negative bacteria [82]. 
Operons conferring nisin resistance in strains that can
not produce nisin themselves have mainly been found 
in human pathogenic strains, including Streptococcus 
mutants and Streptococcus agalactiae[82]. In S. suis, 
three independent acquisitions of nisin resistance 
genes have been reported. A complete nisin production 
and resistance locus including NisK/R was found on 
two different pathogenicity islands in two unrelated 
strains [83,84]. NisK/R was also present on the 89 K 
pathogenicity island in a CC1/ST7 strain from China 
[66]. Here we also detected NisK/R in CC1/ST1 strains 
from Vietnam. Besides conferring nisin resistance, 
NisK/R could potentially contribute to zoonotic poten
tial by regulating gene expression [85]. NisK/R was 
demonstrated to contribute to S. suis virulence in 
mice [66]. A NisK/R KO mutant was shown to have 
decreased hemolytic activity and decreased adhesion to 
and invasion of HeLa cells [66].

Our study has several limitations. To determine the 
presence of the putative virulence factors in S. suis 
genomes, we mapped the proteins to the assembled 
genomes using a minimal identity of 95%. Although 
this cutoff can distinguish between virulent and aviru
lent MRP [50], it cannot distinguish small differences at 
the amino acid level. However, a single amino acid 
change can affect the function of a putative virulence 
factor, as for example recently shown for SadP [86]. 
Additionally, we included two articles in the systematic 
review that studied sRNAs [87,88], but our protein 
mapping approach did not permit meta-analysis of 
regulatory RNA molecules or regulatory non-coding 
DNA sequences that could contribute to virulence. 
Moreover, we determined the presence of single viru
lence factors and did not study a potential combined 
effect of virulence factors. For the proteins encoded by 
genes of the accessory genome we attempted to com
pare their prevalence in human and pig isolates per 
study, which would allow for a combined statistical 
analysis comparable to an individual patient data meta- 
analysis. However, only a single study systematically 
sampled both pig and human isolates [3], precluding 
such meta-analysis. Whilst we included all S. suis gen
omes with accompanying metadata present in NCBI 

BioSample, for 31% of BioSample records metadata 
were lacking, likely introducing further bias. We tried 
to overcome this limitation partly by performing our 
analysis within genomic lineage CC1 and for individual 
countries.

Genomic determinants associated with particular 
bacterial traits are increasingly identified using gen
ome-wide association studies. Such studies require con
firmation of biological relevance of genes with 
significant association. Here, we used a different 
approach by starting with a systematic approach toward 
identification of functional proteins and subsequent 
estimation of their relative frequency in genomes of 
strains representing different S. suis populations. The 
collected metadata with corresponding assembled gen
omes and the list of PZVF are valuable tools for further 
research into zoonotic potential of S. suis, the patho
genesis of zoonotic S. suis infections, and for early 
detection of emerging zoonotic lineages.
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