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ABSTRACT
Streptococcus suis serotype 2 (SS2), an emerging zoonotic pathogen, causes swine diseases and 
human cases of streptococcal toxic shock syndrome. RNA-binding proteins (RBPs) can modulate 
gene expression through post-transcriptional regulation. In this study, we identified an RBP 
harbouring an S1 domain, named RbpA, which facilitated SS2 adhesion to host epithelial cells 
and contributed to bacterial pathogenicity. Comparative proteomic analysis identified 145 pro-
teins that were expressed differentially between ΔrbpA strain and wild-type strain, including 
several virulence-associated factors, such as the extracellular protein factor (EF), SrtF pilus, IgA1 
protease, SBP2 pilus, and peptidoglycan-binding LysM’ proteins. The mechanisms underlying the 
regulatory effects of RbpA on their encoding genes were explored, and it was found that RbpA 
regulates gene expression through diverse mechanisms, including post-transcriptional regulation, 
and thus acts as a global regulator. These results partly reveal the pathogenic mechanism 
mediated by RbpA, improving our understanding of the regulatory systems of S. suis and 
providing new insights into bacterial pathogenicity.
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Introduction

For survival in complex external environments, gene 
expression in bacteria must be regulated to alter protein 
production and further satisfy the needs of the bacteria. 
Such regulation can be achieved through both tran-
scriptional and post-transcriptional mechanisms. 
Transcriptional regulation is modulated predominantly 
at the transcription initiation level by two-component 
signalling systems (TCSs) or transcription factors (TFs) 
that harbour DNA-binding domains and have the abil-
ity to bind specific gene promoters [1,2]. Although 
RNA synthesis is carried out by RNA polymerase 
(RNAP), the ability of RNAP to access the gene pro-
moter is determined by TCSs or TFs, and thus tran-
scription initiation is tightly regulated. Regarding post- 
transcriptional regulation, RNA-binding proteins 
(RBPs) and small RNAs (sRNAs) play important roles 
by modulating RNA translation, processing and stabi-
lity after transcription initiation [3,4]. sRNAs are non-
coding RNA molecules and usually participate in base 
pairing with target mRNAs in the vicinity of the 

ribosome-binding site (RBS) to compete with the ribo-
some, which further represses mRNA translation and 
stimulates mRNA decay [3,4]. RBPs have more diverse 
mechanisms to interact with their RNA targets than 
sRNAs; for example, RBPs adjust the target RNAs’ 
susceptibility to RNases, modulate the accessibility of 
target RBSs for ribosome binding, act as sRNA chaper-
ones, and modulate the formation of transcription ter-
minator/anti-terminator structures [5–7].

Protein S1 is an important RBP in Gram-negative 
bacteria that could facilitate ribosomal interactions with 
mRNA. Among all RBPs, protein S1 possesses the 
broadest variety of cellular functions, which involve 
its six homologous repeat S1 domains [8]. The S1 
domain adopts an evolutionarily conserved fold that 
exists in many RNA associated proteins in organisms 
ranging from bacteria to humans [6,9,10], such as 
RNases (RNaseE, RNaseII, and PNPase), which are 
involved in mRNA decay in Escherichia coli. 
Therefore, protein S1 can directly shield RNase recog-
nition sites to carry out post-transcriptional regulation 
[8]. Although protein S1 has an affinity for the AU-rich 
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mRNA sites, it also has the ability to bind various 
heterogenous RNAs, including sRNAs, which suggests 
that protein S1 is able to regulate the stability of sRNA 
[11,12]. The S1 protein is truncated in low-G+C Gram- 
positive bacteria (four S1 domains instead of the six 
found in E. coli) and loses the ability to bind the 
ribosome [13]. However, several proteins containing 
S1 or S1-like domains that facilitate bacterial resistance 
to various external stresses and are associated with 
important biological functions were identified in Gram- 
positive bacteria. For example, GSP13 of Bacillus sub-
tilis is involved in the response to ethanol stress, heat 
shock, oxidative stress, salt stress, ammonium starva-
tion, and glucose starvation [14,15]. Ygs affects the 
general stress response and biofilm formation of 
Staphylococcus epidermidis [16]. The cold shock protein 
CspR participates in the pathogenicity and the long- 
term survival of Enterococcus faecalis [17], while 
another cold shock protein, CspB, affects the antimi-
crobial susceptibility, pigmentation, and growth of 
Staphylococcus aureus [18]. These studies suggest that 
the S1 domain also possesses cellular functions in 
Gram-positive bacteria, which may depend on its post- 
transcriptional regulation.

Streptococcus suis serotype 2 (SS2) is an important 
Gram-positive, zoonotic pathogen responsible for 
severe swine and human diseases [19,20]. The main 
entry routes of S. suis into the host are skin injuries, 
the mouth and the upper respiratory tract [21]. After 
breaching the mucosal barriers, S. suis disseminates to 
different tissues and organs through the bloodstream. 
A number of virulence factors were proposed to con-
tribute to the pathogenicity of S. suis during each infec-
tion stage [22], for example, SrtF and SBP2 pilus is used 
for S. suis adhesion, capsular polysaccharide protects 
S. suis from neutrophil and macrophage-mediated pha-
gocytosis and killing [22]. Meanwhile, many regulatory 
systems, including TCSs, TFs, and sRNAs, were shown 
to coordinate gene expression in response to external 
stimuli [23–26]. Although these studies have improved 
the understanding of the mechanism of S. suis infec-
tion, the pathogenic mechanisms remain incompletely 
understood. As important post-transcriptional regula-
tors, RBPs can modulate gene expression to satisfy the 
needs of bacteria, thereby facilitating bacterial survival 
in constantly changing environments [5]. However, 
RBPs have not received enough attention, and there 
have been few reports on RBPs in S. suis.

In the present study, we carried out whole-genome 
screening of the ZY05719 strain and identified an RBP 
harbouring an S1 domain, designated RbpA, which was 
found to contribute to SS2 adhesion and virulence. 
Comparative proteomic analysis revealed that RbpA 

regulates several virulence-associated factors of SS2 
and acts as a global regulator, and further work demon-
strated that RbpA regulates gene expression through 
diverse mechanisms, including post-transcriptional reg-
ulation. These findings improve the understanding of 
SS2 regulatory systems and provide valuable insights 
into bacterial pathogenicity.

Materials and methods

Bacterial strains and eukaryotic cells

The SS2 strain ZY05719 was isolated from an infected pig 
in Sichuan Province, China. The S. suis was cultured at 
37°C in 5% CO2 atmosphere by Todd-Hewitt broth 
(THB; Becton-Dickinson, USA) or THB agar (THA). 
The E. coli was cultured at 37°C in Luria – Bertani 
media (LB, Becton-Dickinson). These antibiotics were 
used when required: for E. coli, 50 μg/mL kanamycin 
(Kan) and 50 μg/mL spectinomycin (Spc); for SS2, 50  
μg/mL Kan and 100 μg/mL Spc. The bacterial strains and 
plasmids used in this study are listed in Table S1. The 
human laryngeal carcinoma cell lines (HEp-2) were cul-
tivated at 37°C containing 5% CO2 in DMEM (Gibco, 
Thermo) with 10% FBS (foetal bovine serum, Gibco).

Recombinant DNA techniques

Candidate gene deleted strain was constructed via nat-
ural DNA transformation as previously described [27]. 
Briefly, the forward and reverse DNA sequences flank-
ing the candidate gene locus were amplified from 
ZY05719 chromosomal DNA, which were fused to the 
sacB-spc cassette using overlap extension PCR by spe-
cific primers. SS2 strain was transformed with the 
fusion fragment by natural transformation and applied 
to the spectinomycin THA medium. To construct mar-
kerless mutants, the proto-positive mutant was trans-
formed with the fusion homologous fragment without 
the sacB-spc cassette. The positive clone was screened 
on the THA with 10% (w/v) sucrose.

The genes with the SPA-tag (3 × Flag) sequence in 
their native locus in both wild-type (WT) and ΔrbpA 
strains were constructed as above. Briefly, the forward 
and reverse DNA sequences flanking the candidate 
gene locus were amplified from ZY05719 chromosomal 
DNA, which were then fused to the spa-spc cassette. 
The SS2 strain was transformed with the fusion frag-
ment and applied to the spectinomycin THA medium.

The complemented strains were constructed with 
the pSET2 vector. Briefly, the DNA fragments contain-
ing the ORF of the target gene and its promoter region 
were amplified from ZY05719 chromosomal DNA, 
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respectively. Thereinto, the putative promoter sequence 
was predicted by the BProm program (SoftBerry). 
These two fragments were fused by overlap extension 
PCR, which was further inserted into the pSET2 vector 
using ClonExpress Ultra One Step Cloning Kit 
(Vazyme) [28]. The recombinant pSET2 plasmid was 
verified by PCR and sequencing, which was further 
transformed into mutant strain by the above method. 
All primers are shown in Table S2.

Bioinformatics analysis

The 9 putative RBPs were retrieved from the National 
Center for Biotechnology Information database (NCBI, 
Reference Sequence: NZ_CP007497.1), and the S1 
domain in RBP was further identified by the 
Conserved Domain Database of NCBI. Three- 
dimensional structures and domains of RbpA were 
analysed by the SWISS-MODEL (https://www.swissmo 
del.expasy.org/) [29]. The MEGA7 software was applied 
to construct a phylogenetic tree.

Adhesion assays

The adhesion experiment of SS2 to the HEp-2 cell was 
performed as before [30], but with some modifications. 
The SS2 strains at mid-exponential growth phase were 
washed thrice with PBS, and then suspended in DMEM 
to an appropriate density. The HEp-2 cells were cul-
tured until 90% confluence in 24-well cell plates and 
then infected with a bacterial suspension at a ratio of 
1:10. The plates then were centrifuged, and then incu-
bated with 5% CO2 at 37°C for 1.5 h. After washed six 
times with 1 × PBS and trypsinized for ten min, the 
lysate was plated to THA plates. The adhesion mediated 
by SS2 strains with pKSM411 plasmid was performed 
as the above method. After the intracellular nucleoid 
was stained with DAPI (Solarbio, China), the processed 
samples were examined by fluorescence microscopy 
(Carl Zeiss LSM710, Germany). Each assay was per-
formed three times.

Animal test

This test was performed at Laboratory Animal Center 
of Nanjing Agricultural University and approved by 
Jiangsu Administrative Committee for Laboratory 
Animals. The licence number was SYXK(SU) 2010– 
0005. SPF (Specific pathogen-free) BALB/c mice (six 
weeks old, female) were purchased from Yangzhou 
University.

Ten mice in each group were intraperitoneally injected 
with strains of interest at a dose of 5 × 108 CFU/mouse. 

Survival rates and clinical signs were monitored until 
seven days after challenge. To examine the pathological 
changes produced by SS2 strain, the mice were given 
intraperitoneal injections with strain of interest (1 × 108 

CFU/mouse), and then euthanized at three days after 
challenge. The lung, liver, and brain were collected and 
fixed in 4% paraformaldehyde. Thin section was stained 
by haematoxylin and eosin for further observation. All 
samples were scored based on pathological evaluations.

Comparative proteomic analysis

The bacteria were collected in mid-exponential growth 
phase, washed thrice with PBS, and suspended in 8 M 
urea lysis buffer. After sonication for 50 cycles and 
incubated at 56°C for 60 min, the bacterial supernatant 
was further alkylated with iodoacetamide (Sigma- 
Aldrich) and precipitated in prechilled acetone. The 
proteins were harvested and digested overnight with 
trypsin (Promega), which was further desalted on 
a Strata X C18 SPE column (Phenomenex). After the 
digested peptide was vacuum-dried, we applied the 
TMT Sixplex™ Isobaric Label Reagent (Thermo) to pro-
cess the peptides with equal amounts. The comparisons 
in the proteomic data with estimated fold changes ≥1.2 
and P values <0.05 were considered significant. The 
identified proteins were analysed by GO categories, 
KEGG enrichment, and clustering analyses.

Western blotting

The whole bacterial proteins from WT and ΔrbpA strains 
containing the SPA-tag (3 × Flag) sequence were 
extracted, and the concentration of the protein was mea-
sured by a BCA Protein Assay Kit (Pierce). The protein 
was diluted to the same concentration and boiled for 10  
min, and equal amount of the protein was separated using 
SDS-PAGE and electro-blotted onto polyvinylidene fluor-
ide membranes (Bio-Rad) in a transblotting chamber. The 
membrane was firstly incubated for 2 h at 25°C with the 
primary antibody against FLAG (Beyotime, China), and 
then incubated with the secondary antibody (HRP- 
conjugated). The band was visualized with ECL Western 
Blotting Substrate (Vazyme), and the grey value of these 
bands was calculated by the Image J software. A total of 
three independent experiments were performed.

RNA isolation qRT-PCR analysis

The strain was collected in mid-exponential growth 
phase, which were further washed thrice with PBS 
and resuspended into 1 mL TRIzol (TaKaRa). After 
transferred into tubes containing glass beads (MP 
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Biomedicals), the resuspended cells were vortexed by 
FastPrep-24TM5 G (MP Biomedicals) for 5 min to lyse 
the cells. Total RNAs were isolated according to the 
manufacturer’s instructions. The HiScript II 1st strand 
cDNA synthesis kit with gDNA wiper (Vazyme) was 
used to synthesis cDNA. The ChamQ Universal SYBR 
qPCR mix (Vazyme) and the QuantStudio 6 Flex real- 
time PCR system (Thermo) were further used to vali-
date the genes transcript concentration. The parC 
served as the reference gene. The relative fold changes 
in gene expression were analysed by the 2−ΔΔCT 

method. All primers are listed in Table S2. A total of 
three independent experiments were performed.

β-galactosidase assays

As the gene native promoters may be regulated by tran-
scription factors of SS2 and thus affect the β-galactosidase 
activity, the rpoB promoter from Staphylococcus aureus was 
used in this assay. The leader regions of srtF, sbp2’, and 
lysM’ were amplified from the ZY05719 chromosomal 
DNA by using specific primers. A promoter-less lacZ vector 
pLUG220 [31] was digested with SmaI and ligated with 
PCR products using ClonExpress Ultra One Step Cloning 
Kit (Vazyme, China), which were then verified by sequen-
cing and transformed respectively into the WT, ΔrbpA, and 
CΔrbpA strains. β-galactosidase activity was measured 
using oNPG as the substrate. The value was normalized to 
the OD420 and further expressed in Miller units [32]. Each 
sample procedure was repeated three times.

Data analysis

The data was analysed by GraphPad Prism 8 
(GraphPad Prism). The unpaired two-tailed Student’s 
t test was applied to compare the means between two 
groups. The log-rank test was applied to analyse the 
survival rates. P value <0.05 indicated statistically sig-
nificant difference.

Results

Identification of RBPs harbouring an S1 domain 
that contribute to SS2 virulence

Analysis of the ZY05719 genome identified 9 putative RBPs 
(Figure 1), among which only ZY05719_RS02105, 
ZY05719_RS06285, and ZY05719_RS07630 were predicted 
to harbour an S1 domain (Table S3). Bioinformatics analy-
sis showed that an S1 domain was located in the 
N-terminus of ZY05719_RS02105 and ZY05719_RS06285 
and in the C-terminus of ZY05719_RS07630. 
ZY05719_RS07630 was predicted to be a transcriptional 

accessory protein, while the C-terminal S1 domain in 
a transcription accessory protein is called Tex [33]; thus, 
ZY05719_RS07630 may regulate gene expression at the 
transcriptional level. To analyse the potential post- 
transcriptional roles of RBPs harbouring an S1 domain in 
the pathogenesis of SS2, we created ZY05719_RS02105 and 
ZY05719_RS06285 deletion mutants respectively. Although 
ZY05719_RS06285 exhibited 33% amino acid sequence 
identity with the virulence regulatory protein CvfB of 
Staphylococcus aureus [34], mouse survival assays showed 
that this gene is not essential for SS2 virulence in this model 
of bacteraemia (Figure S1). However, the 
ZY05719_RS02105 mutant of SS2 exhibited significantly 
attenuated pathogenicity (Figure S1) and thus deserves 
further investigation.

RbpA is conserved among different serotypes of 
S. suis

ZY05719_RS02105 comprises 123 amino acid residues and 
was predicted to contain an S1 domain (residues 8–71) 
along with a flexible C-terminal tail (Figure 2(a,b)) by the 
SWISS-MODEL online server. The N-terminal S1 domain 
contains two small α-helices and a five-stranded antiparallel 
β-sheet (Figure 2(a,b)). Homology analysis of 
ZY05719_RS02105 revealed that it shares 49% amino acid 
sequence identity with GSP13 of B. subtilis and 39% amino 
acid sequence identity with Ygs of S. epidermidis. As both 
GSP13 and Ygs were identified as general stress response 
proteins that help bacteria cope with different stressors [14– 
16], such as pH, temperature, ethanol, and oxidation, we 
performed a series of assays to assess if ZY05719_RS02105 
plays similar roles in S. suis. However, the 
ZY05719_RS02105 mutant did not exhibit a significant dif-
ference in growth compared to the WT strain when 
exposed to these stressors (Figure S2), indicating that 
ZY05719_RS02105 has unknown functions. According to 
the phylogenetic tree based on protein amino acid 
sequences, this protein belongs to the same branch in 
different serotypes of S. suis, while its homolog in other 
Streptococcus species, as well as GSP13, Ygs, CspR, CspB, 
are in different branches (Figure 2(c)). These results indi-
cated that ZY05719_RS02105 is conserved among S. suis 
strains; thus, it was redesignated RbpA (RNA-binding pro-
tein A).

RbpA facilitates SS2 adhesion and pathogenicity

Adhesion to the surface of host cell is important for 
initiating SS2 dissemination and infection [35]. Our 
data showed that the adhesion of the ΔrbpA strain to 
HEp-2 cells was significantly decreased compared to that 
of the WT and complementary strains (Figure 3(a,b)). In 
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addition, mice infected with the ΔrbpA strain showed 
a significantly higher survival rate and less severe clinical 
signs than those challenged with the WT and comple-
mentary strains, which showed acute clinical signs 
including rough hair coat, lethargy, and shivering 
(Figure S1 and 4(c)). To analyse the roles of RbpA during 
systemic infection, lung, liver, and brain samples from 
infected mice were examined histologically. As shown in 
Figure 4(b,c), the mice challenged with the WT and 
complementary strains exhibited more obvious patholo-
gical changes, such as haemorrhage and inflammatory 
cell infiltration, than the mice challenged with the ΔrbpA 
strain. These results suggested that RbpA plays a critical 
role in SS2 pathogenicity.

Identification of the RbpA-regulated proteins by 
comparative proteomic analysis

As RBPs regulate gene expression in a post- 
transcriptional manner, proteomic analysis was applied 
here to identify the mechanism whereby RbpA contri-
butes to SS2 pathogenicity. The results showed that 84 
proteins were highly upregulated and 61 proteins were 
significantly downregulated when the rbpA was deleted 

in the SS2 (Figure 5(a) and Table S4). To further con-
firm the changes in the proteome, the expression of five 
proteins with the SPA-tag (3×Flag) (with GroEL used 
as an internal reference) was detected by western- 
blotting using the anti-Flag antibody. We found that 
the expression levels of GlnQ, LysM,’ and IgA1 in the 
ΔrbpA strain were lower than those in WT strain, while 
ZY05719_RS01400 was upregulated in the ΔrbpA strain 
(Figure 5(b,c)). In addition, the GroEL as a control 
showed the similar expression levels in ΔrbpA and 
WT strains. These results support the expression pat-
tern observed in the proteomic analysis.

We then employed GO categories to analyse the 
functional categories of the differentially abundant pro-
teins, and these proteins were found to be enriched in 
the following terms: catalytic activity and binding 
(molecular function), metabolic and cellular process 
(biological process), and membrane part (cellular com-
ponent) (Figure 5(d)). KEGG analysis showed that the 
differentially expressed proteins were enriched in the 
phosphotransferase system (PTS), amino sugar and 
nucleotide sugar metabolism, and ABC transporter 
pathways (Figure 5(e)). These results revealed that the 
RbpA-regulated proteins are involved in various 

Figure 1. Distribution of putative RBPs in the genome of S. suis strain ZY05719. The nine putative RBPs screened from the NCBI 
database were shown in the circular diagram. The blue circles (outermost circles) represent the CDS (coding sequence) on the 
negative or positive chains. The purple and green circles (middle circles) represent the negative and positive GC skew, respectively. 
The black circles (innermost circles) represent the GC content. Map was drawn by the CGView ServerBETA (http://cgview.Ca/).
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Figure 2. Structural prediction and phylogenetic tree of RbpA. (a) Predicted three-dimensional structure of RbpA by the SWISS- 
MODEL online server. The two small α-helices and five-stranded antiparallel β-sheet are indicated at the corresponding positions. (b) 
the secondary structural elements are shown in the RbpA sequences by arrows. (c) Phylogenetic analysis of RbpA from Streptococcus 
species and several reported RBPs from other bacterial species. The tree was constructed with MEGA7 software using the neighbor- 
joining method. Corresponding serotypes and strain names are shown after the accession numbers of the proteins. All amino acid 
sequences used in this analysis were downloaded from the NCBI database.

Figure 3. RbpA facilitates SS2 adhesion to HEp-2 cells. (a) the rbpA deletion affects the SS2 adhesion to HEp-2 cells. The adherent 
bacterial numbers were evaluated by determining the number of CFU in each well. The statistical significance was calculated by two- 
tailed unpaired Student’s t tests (*, P < 0.05; **, P < 0.01). (b) Fluorescence microcopy of SS2 adhesion to HEp-2 cells. The WT and 
ΔrbpA strains were transformed with the pKSM411 plasmid and detected directly with FITC (in green), while the nucleoids of HEp-2 
cells were stained with DAPI (in blue). The WT strain without the pKSM411 plasmid was set as the control group.
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physiological processes in SS2, and RbpA works as 
a global regulator.

RbpA regulates the expression of 
virulence-associated factors in SS2

Many virulence-associated factors have been proposed 
since the first report on S. suis [22]. Here, we observed 
that the expression of several virulence-associated fac-
tors was significantly downregulated according to the 
proteomic analysis, including the extracellular protein 
factor (EF), SrtF pilus, IgA1 protease, SBP2 (including 
SBP2’ and SBP2’’) pilus, and peptidoglycan-binding 
LysM’ proteins (Table S4). Gene expression can be 
regulated by RBPs through diverse mechanisms [5], 
for example, modulation of mRNA stability and adjust-
ment of mRNA translation through interaction with 
RBSs. We therefore performed qRT-PCR to measure 
these genes mRNA levels. Our results showed that the 
mRNA levels of EF, srtF, IgA1, and sbp2 but not lysM’ 
were significantly decreased in ΔrbpA strain compared 
to WT strain (Figure 6(a)), and the expression of these 
virulence-associated factors was restored in the CΔrbpA 
strain (Figure S3). In addition, β-galactosidase assays 
were performed to further determine the underlying 
mechanisms by which RbpA carries out post- 
transcriptional regulation, and for this, the 5’ untrans-
lated region (5”UTR) of the putative target gene, which 
contains the RBS, was ligated to the lacZ vector. The 
results showed that β-galactosidase synthesis was 

identical in ΔrbpA and WT strains when the lacZ 
vector was fused to the leader regions of srtF and 
sbp2”, while the β-galactosidase level decreased signifi-
cantly in the ΔrbpA strain carrying the lysM’-lacZ plas-
mid (Figure 6(b,c)). Furthermore, qRT-PCR showed 
that the RNA levels of these lacZ reporters in the 
ΔrbpA strain were not significantly different from 
those in WT strain (Figure S4). These data, coupled 
with the qRT-PCR results, indicated that RbpA regu-
lates the production of EF, SrtF, IgA1, and SBP2 
through modulation of mRNA synthesis, whereas it 
may interact with the 5”UTR of lysM” and facilitate 
its translation.

Discussion

Recently, a number of bacterial genes have been iden-
tified to be regulated post-transcriptionally largely due 
to the discovery of post-transcriptional regulators, such 
as RBPs and sRNAs [4,36]. In all organisms, RBPs play 
important roles in modulating gene expression by reg-
ulating the transcription, stability, and translation of 
cellular RNAs [5,6]. It is well known that Hfq is 
a regulatory RBP that acts as an RNA chaperone to 
facilitate the pairing of sRNAs with their target 
mRNAs, thereby affecting a variety of physiological 
functions in bacteria [37,38]. However, many Gram- 
positive bacteria, including Streptococcus species, do 
not contain any obvious Hfq homolog-encoding genes 
[39]. Studies on post-transcriptional regulation in 

Figure 4. RbpA contributed to the pathogenicity of SS2. (a) Survival curves of mice infected with the WT, ΔrbpA, and CΔrbpA strains. 
(b) Histopathology of infected tissues from mice at 3 days postinfection with the WT, ΔrbpA, and CΔrbpA strains. The infected tissues 
were stained by hematoxylin and eosin and examined using light microscopy. Hollow arrows show hemorrhage and yellow arrows 
show inflammatory cell infiltration. (c) Score for histopathologic changes of infected tissues from mice at 3 days postinfection with 
the WT, ΔrbpA, and CΔrbpA strains. Histopathologic sections were randomly selected from each infected tissue and scored based on 
severity and inflammation. The statistical significance was calculated by two-tailed unpaired Student’s t tests (***, P < 0.001).

1310 X. ZHONG ET AL.



S. suis have mainly focused on sRNAs [23,25], while 
there have been few reports on RBPs. RBPs harbouring 
an S1 domain were identified to modulate gene expres-
sion by post-transcriptional regulation and participate 
in many cellular processes [5,8]. Although several pro-
teins harbouring an S1 or S1-like domain were identi-
fied to facilitate resistance to various external stressors 
in Gram-positive bacteria [15–18], they have not been 
described as RBPs, and their functions were not con-
nected to the S1 domain. In the present study, we 
demonstrated that RbpA, an RBP containing an S1 
domain, contributes to SS2 adhesion and virulence 
through post-transcriptional regulation as a global reg-
ulator. To our knowledge, this is the first study to 
connect the S1 domain with post-transcriptional regu-
lation and biological functions in Streptococcus species, 
which improves our understanding of bacterial regula-
tory systems and provides valuable insights into bacter-
ial pathogenicity.

Our results showed that the ΔrbpA deletion mutant 
strain exhibited lower adhesion and attenuated viru-
lence compared to the WT and complementary strains. 
Further comparative proteomic analysis identified 145 

genes that were differentially expressed between WT 
and ΔrbpA strains, which included several virulence- 
associated factors, such as, the EF, SrtF pilus, IgA1 
protease, SBP2 (including SBP2’ and SBP2’’) pilus, 
and peptidoglycan-binding LysM’ proteins. EF has 
been used historically as a marker of S. suis virulence 
[40], while the protease IgA1 shows good cleavage 
activity towards IgA1 and contributes to SS2 virulence 
[41]. Pili are located on the bacterial surface and con-
tribute to adherence to the surface of host cells, and 
they also participate in the virulence of many different 
Gram-positive pathogenic species [42]. In S. suis, SrtF 
and SBP2 are both pilus-associated proteins [43,44]. 
Although SBP2 is truncated into SBP2’ and SBP2’’ in 
some serotypes of S. suis, these proteins were identified 
to facilitate the adhesion process and pathogenesis of 
SS2 [44,45]. The LysM domain is one of the most 
common domains of cell surface proteins of bacteria 
[46], which was originally reported to have cell wall 
lyase activity and to be involved in bacterial virulence 
[47]. LysM’ harbours a LysM domain and was recently 
demonstrated to have anti-phagocytosis functions in 
SS2 [48], which may further contribute to SS2 infection. 

Figure 5. Comparative proteomic analysis of the differentially expressed proteins between WT and ΔrbpA strains. (a) Volcano plot of 
differentially expressed proteins between WT strain and ΔrbpA strain determined based on the proteomic data. The ratio of the 
protein expression level between the WT strain and ΔrbpA strain was standardized with a P-value < 0.05 and a ratio ≥ 1.2 to define 
the differentially expressed proteins. (b,c) Western blotting analysis of the proteomics data. ZY05719_RS01400, GlnQ, LysM,’ and 
IgA1 were chosen to verify the protein expression levels, and GroEL was used as a control protein. Equal amounts of the whole 
bacterial proteins from the WT and ΔrbpA strains containing the SPA-tag sequence were subjected to SDS-PAGE and then 
immunoblotting with an anti-FLAG antibody. The grayscale of the reactive protein bands was measured by using a software 
program. Fold change = grayscale of target protein in ΔrbpA/grayscale of target protein in WT. (d) GO analysis of the RbpA-regulated 
proteins. These proteins are grouped into three terms: biological process, cellular component, and molecular function. (e) KEGG 
pathway enrichment of the RbpA-regulated proteins. The x-axis represents the enriched pathways, and the y-axis represents the 
proteins number of the differentially expressed proteins involved in each pathway.
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The expression of these virulence-associated factors was 
significantly downregulated in the RbpA proteomic 
data, which can partly explain the pathogenesis 
mechanism mediated by RbpA.

In addition to these virulence-associated factors, many 
fitness genes and metabolic genes are also affected by the 
rbpA deletion. The KEGG analysis indicated that the 
RbpA-regulated proteins are involved in the PTS, amino 
sugar and nucleotide sugar metabolism, and ABC trans-
porter pathways. PTS function as a phosphorelay system 
and could couple the transport of carbohydrates with 
their simultaneous phosphorylation, which is associated 
with bacterial resistance to oxidative stress [49]. As S. suis 
encounters oxidative stress during the process of infec-
tion, PTS may play an important role in the RbpA- 
mediated adaptation of SS2 to the host environment. It 
is well known that capsular polysaccharide is a key viru-
lence factor in S. suis [50]. Previous study showed that 
capsular polysaccharide biosynthesis of S. suis is affected 
by the availability of glucose or other carbohydrates [51]. 
As the RbpA-regulated proteins are involved in amino 

sugar metabolism and ABC transporter pathways, which 
may affect the capsular polysaccharide biosynthesis, it is 
possible these proteins also contribute to the RbpA 
mediated pathogenicity of SS2.

The mechanisms used by the S1 protein to post- 
transcriptionally regulate genes mainly depend on bind-
ing to mRNAs during the initiation of protein synthesis as 
a ribosomal component, modulating the formation of 
transcription anti-terminator structures, and shielding 
RNase recognition sites [5,8,13]. Although many small 
proteins (70 residues) are constituted of only a single S1 
domain, such as bacterial translation initiation factor 1, 
these small proteins are still able to bind to RNA [52]. As 
RbpA contains an S1 domain, we explored its regulatory 
mechanism by comparing it with the mechanisms of the 
S1 protein. We found that the RNA levels of EF, srtF, 
IgA1, and sbp2 were significantly downregulated in ΔrbpA 
strain compared to WT strain, while the RNA level of 
lysM’ was not obviously changed. RbpA may regulate the 
mRNA synthesis of EF, srtF, IgA1, and sbp2 by modulat-
ing mRNA stability, for example, by shielding RNase 

Figure 6. RbpA regulates the expression of virulence-associated factors. (a) Transcriptional analysis of the virulence-associated 
factors. qRT-PCR expression values are presented as the means plus standard deviations from three independent experiments. (b, c) 
β-Galactosidase activity (Miller Units) detected for different gene fusions in the WT, ΔrbpA, and CΔrbpA strains. The results represent 
the means of three independent experiments. The statistical significance was calculated by two-tailed unpaired Student’s t tests (ns, 
P > 0.05; *, P < 0.05; **, P < 0.01).
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recognition sites to protect mRNAs against cleavage. In 
addition, given that TCSs and TFs can regulate gene 
expression at the transcription initiation level, these 
gene transcriptional changes may be mediated by other 
potential TCSs and TFs, and may thus be indirectly regu-
lated by RbpA. The β-galactosidase assays indicated that 
RbpA may interact with the 5”UTR of lysM”, while 
sequence analysis showed that AU-rich sites are present 
in the vicinity of the RBS of lysM’ (Figure S5). As the S1 
domain showed a higher affinity for AU-rich mRNA sites 
[8], these results indicated that RbpA may interact with 
the RBS of lysM’ to conduct post-transcriptionally regula-
tion and further affect this gene translation efficiency.

In summary, RbpA, an RBP containing an S1 domain, 
was identified to act as a global regulator via diverse 
regulatory pathways in SS2. We demonstrated that 
RbpA contributed to SS2 adhesion and virulence by reg-
ulating several virulence-associated factors. However, the 
underlying mechanisms by which RbpA performs post- 
transcriptional regulation require further investigation.
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