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Abstract

Streptococcus suis is a major bacterial pathogen of swine and an emerging zoonotic agent that has to date resulted in sub-
stantial economic losses to the swine industry worldwide, and can cause persistent infection by forming biofilms. GrpE and
histidine protein kinase ComD are important proteins implicated in the pathogenicity of S. suis, although whether they play
roles in adhesion and biofilm formation has yet to be sufficiently clarified. In this study, we constructed grpE and comD
deletion strains of S. suis by homologous recombination, and examined their cell adhesion and biofilm formation capacities
compared with those of the wild-type strain. The pathogenicity of the grpE and comD deletion strains was evaluated using
a mouse infection model, which revealed that compared with the wild-type, these deletion strains induced milder symptoms
and lower bacteremia, as well as comparatively minor organ (brain, spleen, liver, and lung) lesions, in the infected mice.
Moreover, the deletion of grpE and comD significantly reduced the pro-inflammatory cytokine (IL-6, IL-1p, and TNF-a)
induction capacity of S. suis. Collectively, the findings of this study indicate that the GrpE and ComD proteins of Streptococ-
cus suis play key roles in the adherence to PK-15 cells and the formation of biofilms, thereby contributing to the virulence
of this pathogen.
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conditions in infected pigs, and is consequently a source of
substantial economic losses to the global swine industry (Yi
et al. 2021). The diseases caused by S. suis are difficult to
cure, as S. suis can induce persistent in vivo infections as a
result of biofilm formation (Zhao et al. 2015). A necessary
prerequisite for the continuous infection and dissemination
of S. suis is that upon initially colonizing a host, the bacte-
rial cells must evade the host's immune system (Wang et al.
2020a). In this regard, S. suis can gain protection against the
antagonistic effects of host defenses by forming biofilms and
trapping nutrients (Li et al. 2018). Biofilms are microbial
communities that aggregate and attach to the surfaces of
living and non-living substrates, and play a key role in the
pathogenesis and persistence of certain infectious bacteria
(Yang et al. 2018a). In the case of S. suis, it can escape harsh
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environments by aggregating as biofilms, allowing them to
persist and colonize tissues, resist host defense mechanisms
and clearance by antimicrobial agents, and facilitate the
exchange of genetic information, biofilms contribute to per-
sistent infections and present difficulties in treatment in vivo
(Votsch et al. 2018). The essential initial step in biofilm for-
mation is the adhesion of bacteria to a substrate, which is a
non-specific reversible attachment. Having thus attached, the
bacteria commence the synthesis of insoluble exopolysac-
charides that have the effect of enclosing the adherent bacte-
ria in a three-dimensional matrix (Li et al. 2018). Given that
bacterial adhesion to a substrate is non-specific and revers-
ible, interfering with the attachment of S. suis to surfaces
might represent an effective means of impeding the forma-
tion of biofilms by this bacterium. At the same time, during
the infection process, a wide variety of virulence-associated
factors enable S. suis to colonize, invade, and spread in the
host, thus causing localized infections and/or systemic dis-
eases (Zheng et al. 2020).

In numerous bacterial species, heat shock proteins (HSPs)
have been established to play a role in biofilm formation
(Zeng et al. 2020; Tripathi et al. 2020). GrpE is the only
known type of nucleotide exchange factor for Hsp70 in bac-
teria and organelles of bacterial origin and plays an essen-
tial role in bacterial pathogenic paradigms (Bracher and
Verghese 2015). Structurally, GrpE consists of an a-helix
dimerization domain and a -domain that mediates its inter-
action with DnaK (Bracher and Verghese 2015). In some
specific cases, it was found that there had been a connection
of GrpE expression and stress conditions during the forma-
tion of some bacterial biofilm. In Escherichia coli, DnaK-
Dnal-GrpE was shown to play a significant role on biofilm
formation under heat shock conditions only (Grudniak et al.
2015). In Actinomyces naeslundii, GrpE was upregulated in
biofilms, especially in membrane damaged cells (Yoneda
et al. 2013). And an increase in GrpE and other genes was
observed in Staphylococcus aureus biofilms when exposed
to macrophages and neutrophils (Scherr et al. 2013). How-
ever, our knowledge regarding how GrpE might influence
biofilm formation in bacterial species remains limited.
According to reports, when bacteria enter the host, they are
immediately exposed to different environments, including
changes in temperature, osmotic pressure, and pH. Bacte-
ria adhere, invade or escape these stimuli by increasing the
expression of virulence factors and stress response proteins,
including HSPs and chaperone proteins. Bacteria usually use
these chaperones and proteases to facilitate a compensatory
response to stress conditions to survive (Wang et al. 2022a).
Previous studies have shown that GrpE was significantly
down-regulated upon tylosin stress in S. suis and this cor-
related with the level of drug resistance (Che et al. 2019). It
is well known that biofilm formation is one of the important
causes of chronic drug-resistant S. suis infection (Zhou et al.
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2021). Meanwhile, given that salivary proline-rich proteins
mediate group A Streptococcus adherence to pharyngeal epi-
thelial cells via the GrpE chaperone protein (Murakami et al.
2012), we speculated that GrpE could play a role in biofilm
formation by mediating the adhesion of S. suis.

In addition to GrpE, the histidine protein kinase ComD
has been shown to play a significant role in bacterial bio-
film formation, including that of Streptococcus mutans,
Streptococcus pneumoniae, and Streptococcus intermedius
(Suntharalingam and Cvitkovitch 2005; Yang et al. 2017,
2018b). For example, S. mutans comD and comE mutants are
characterized by a reduced ability to adhere to the surfaces
of host cells, and S. intermedius comD has been found to be
bound and activated by a competence stimulating peptide
(CSP) to promote the early accumulation of biofilm cells
via CSP-mediated quorum sensing (QS). The QS system has
become an attractive target for interventions against biofilm
infections because it can control biofilm formation, activate
virulence factors, and withstand acidic conditions (Guan
et al. 2020). These observations conceivably indicate that in
S. mutans and S. intermedius, ComD might influence the ini-
tial stages of biofilm growth rather than the latter maturation
step (Suntharalingam and Cvitkovitch 2005). In addition, the
ability of S. suis to form a biofilm plays an important role in
its virulence and the development of drug resistance. S. suis
has been reported as the transformable species, ComC/D/E
may exist in S. suis and comD gene transcripts were sig-
nificantly down-regulated correlated with the level of drug
resistance (Che et al. 2019). Also, it has been reported that
the mutation of CSP receptor gene comD severely attenuates
virulence in both mouse models of pneumonia and bactere-
mia infection (Zhu and Lau 2011). Consequently, based on
the above findings, we want to further investigate whether
CombD affects biofilm formation by regulating the adhesion
and whether comD deficiency has an effect on virulence in
S. suis.

In our previous studies, we established that GrpE and
CombD are involved in S. suis biofilm formation based on
comparative proteomic analyses (Che et al. 2019; Li et al.
2019). We therefore aim to develop GrpE and ComD could
serve as an attractive target for the development of novel
anti-biofilm drugs.

Materials and methods
Bacterial strains and cells

The Streptococcus suis ATCC 700794 used in this study was
purchased from the American Type Culture Collection, and
cultured in Todd-Hewitt broth (THB: Summus Ltd, Har-
bin, Heilongjiang, China) supplemented with 5% (v/v) fetal
bovine serum (Sijiging Ltd, Hangzhou, Zhejiang, China).
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PK-15 cells (porcine kidney-15) were purchased from the
Stem Cell Bank, Chinese Academy of Sciences, and were
cultured in 25-cm? flasks containing high-glucose Dul-
becco’s modified Eagle’s medium (DMEM: Gibco, USA)
supplemented with 10% fetal bovine serum (PAN Biotech,
Germany), 1% (10 mM) MEM nonessential amino acid solu-
tion (Solarbio, China), 1% (200 mM) 1-glutamine (Hyclone,
USA), 100 U/mL penicillin, and 100 pg streptomycin/mL at
37 °C in an atmosphere of 5% CO,.

Construction of the grpE and comD deletion strains

grpE and comD deletion strains of S. suis were constructed
via homologous recombination, as described in our previ-
ous study (Zhou et al. 2018). At the same time, gfp (green
fluorescent protein) gene was introduced as a selection
marker (Kong et al. 2020), and the gene deletion strains
were screened by flow cytometry. Briefly, the grpE_A,
grpE_B, grpE_C, and gfp genes were amplified from the
S. suis ATCC 700794 strain using three pairs of primers
(Table 1) designed from the sequence of the S. suis NCTC
10234 strain (GenBank accession number 1.S483418.1).
The upstream fragments of the grpE gene, gfp fragments,
and downstream fragments of the grpE gene (gfp-grpE)
were linked via overlap PCR and cloned into a pClone007
simple vector for ligation. The ligated products were then
transformed into Escherichia coli DH5a cells. Subse-
quently, the constructed gfp-grpE plasmid was transformed
into S. suis ATCC 700794 electroporation-competent cells
via electro-transformation and thereafter cultured on THB
solid medium containing spectinomycin (100 pg/mL) at
28 °C for 48 h. Having identified colonies of the desired
strain, the cells were inoculated into THB medium lack-
ing spectinomycin for subculture. Different generations of

bacteria were screened by flow cytometry (Fig. 1), and the
grpE deletion strain was identified based on PCR analysis.
The comD deletion strain was constructed using the same
method with primers (Table 1) designed from the sequence
of the S. suis R 61 strain (GenBank accession number
AEYYO01000051.1). Primer synthesis in this study was pro-
vided by Comate Bioscience Co., Ltd.

Cell adhesion assays

Cell adhesion assays were performed as described previ-
ously, with some modifications (Li et al. 2018; Wang et al.
2020b). Briefly, PK-15 cells were grown on 24-well tis-
sue culture plates and cultivated overnight in high-glucose
DMEM supplemented with 10% FBS until typically 80-90%
confluence. Then semi-confluent monolayers of PK-15 cells
were cultured in 24-well tissue culture plates with 1 mL
experimental medium (high-glucose DMEM without FBS)
containing 1.0x 108 CFU/mL of wild-type S. suis or dele-
tion strains (exponential-phase bacteria) at 37 °C for 3 h, by
which time the S. suis cells had attached to the PK-15 cells.
At the same time, a negative control group containing only
PK-15 cells with 1 mL experimental medium (high-glucose
DMEM without FBS) at 37 °C for 3 h. After that, having
washed the cells six times with PBS, and the semi-confluent
monolayers of PK-15 cells were treated with 200 pL 0.25%
trypsin—EDTA for 10 min. Then the cell lysates were col-
lected, vortex-mixed for 1 min to release all bacterial cells,
and serially diluted with the experimental medium. Appro-
priate dilutions were plated on THB agar plates for enu-
meration of viable bacteria. The experiment was performed
in three independent biological replicates. The respective
bacterial adhesion rates were calculated using the following
formula (Li et al. 2018; Zhang et al. 2015).

Table 1 Oligonucleotides used

. - Oligonucleotide name
in this work

Sequence (5’ to 3”)

grpE_A_up
grpE_A_down
grpE_C_up
grpE_C_down
grpE_B_up
grpE_B_down
comD_A_up
comD_A_down
comD_C_up
comD_C_down

GTCGAC TTCAAGTTCGGCTACCATTCG
TTCTCCTTTACTCATAGCATTCTCCTTCTAATTGACTTCG

GGATCC TGGATGAACTATACAAATAATCGCTCTGCTATTTCCCAAA
AGGTCGTAAGTCAATTCGTCAA
CAATTAGAAGGAGAATGCTATGAGTAAAGGAGAAGAACTT
GGAAATAGCAGAGCGATTATTTGTATAGTTCATCCATGCC

GTCGAC CAGATACAACCAAGCCGCATA
TCTTCTCCTTTACTCATTAATCATTCCCCCAACAAATCTG

GGATCC GAACTATACAAATAAGTTATTGAAATATATAAAAGAGGCC
GAATCTGACACACGGATAGGG

comD_B_up TTGTTGGGGGAATGATTAATGAGTAAAGGAGAAGAACTTT
comD_B_down TATATATTTCAATAACTTATTTGTATAGTTCATCCATGCC
gdh-F GCAGCGTATTCTGTCAAACG

gdh-R CCATGGACAGATAAAGATGG

Primers including the indicated restriction site (underlined)
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Fig. 1 Screening grpE and comD gene deletion strain by FCM. A
Negative control. B Screening the grpE deletion strains. C Screening
the comD deletion strains

CFU of adhered bacteria

1
CFU of total bacteria x 100%

Percentage adherence(%) =

Biofilm formation assays

Biofilms of the wild-type strain and the grpE and comD
deletion strains were formed in 96-well microtiter plates
(Polystyrene) and stained with crystal violet (Sularbao Ltd.,
Beijing, China), as previously described (Wang et al. 2017).
Briefly, the wild-type and deletion strains were cultured
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overnight in THB at 37 °C and thereafter diluted to a con-
centration of 1x 103 CFU/mL, 200-pL aliquots of which
were added to each well of a 96-well microtiter plate. At
the same time, the same amount of THB was added as the
negative control. After that, biofilms were incubated with-
out shaking for 12, 24, 36, 48, 60, and 72 h at 37 °C. After
rinsing three times with 200 pL. PBS, the attached bacte-
ria remaining in each well were fixed with 200 pL of 99%
methanol and stained with 200 pL of 0.1% crystal violet
at room temperature for 30 min. The CV-stained biofilm
was solubilized with 200 pL of 33% (v/v) glacial acetic acid
(Sularbao Ltd., Beijing, China), and sample absorbances
were measured at 600 nm. The experiment was performed
in three independent biological replicates.

Scanning electron microscopy (SEM)

SEM was performed as described previously (Wang et al.
2017). Briefly, 2-mL aliquots of cultures of the wild-type
strain and grpE and comD deletion strains were added to
each well of a six-well microplate containing 10X 10 mm
sterilized rough organic membrane (Mosutech Co., Ltd.,
Shanghai, China), respectively, on the bottom and incubated
without shaking at 37 °C for 72 h. Biofilms were fixed with
fixative solution [2 mM CaCl, in 0.2 M cacodylate buffer,
2.5% (wlv) glutaraldehyde, 4% (w/v) paraformaldehyde, pH
7.2] for 6 h and washed with PBS. The preparations were
then dehydrated in increasing concentrations of ethanol
(30%, 50%, 70%, 90%, and twice in 100%) for 15 min each
and thereafter fixed in 2% osmium tetroxide containing 6%
(w/v) sucrose and 2 mM potassium ferrocyanide in caco-
dylate buffer. The samples were then dried, gold-sputtered
using an ion-sputtering instrument (current 15 mA, 2 min),
and observed using an S-3400N scanning electron micro-
scope (Hitachi, Tokyo, Japan).

Mouse model of S. suis infection

All procedures used in this experiment were reviewed and
approved by the Institutional Animal Care and Use Commit-
tee of Northeast Agricultural University (No. NEAUEC20).
Mouse challenge experiments using S. suis were conducted
under standard laboratory conditions in accordance with
National Research Council recommendations (Lavagna et al.
2020). Sixty 6-week-old specific pathogen-free (SPF)-grade
female BALB/c mice were obtained from the Experimental
Animal Center of the Second Affiliated Hospital of Harbin
Medical University. The mice were rendered transiently neu-
tropenic via administration of intraperitoneal injections of
cyclophosphamide (Hengrui, Medicine, Jiangsu, China) at
4 days pre-infection at 150 mg/kg and at 1 day pre-infection
at 100 mg/kg, as previously described (Guo et al. 2016; Kato
et al. 2019; Asempa et al. 2020). Mice were infected with
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S. suis as described previously, with slight modifications
(Wang et al. 2020a, 2019). Briefly, aliquot obtained from
overnight bacterial culture was inoculated in fresh THB
broth (1:100). The bacterial density was quantified by meas-
uring the absorbance at 600 nm. And then the cultured bacte-
ria were diluted with PBS to determine the optimal infection
dose in the infection experiment. The mice were thereafter
randomly divided into four groups (15 mice per group),
and respectively inoculated with 200 uL (1 x 10° CFU) of
the wild-type strain, grpE deletion strain, or comD dele-
tion strain via intraperitoneal injection. A further group of
15 mice, used as negative controls, were treated with an
equal volume of aseptic normal saline. In short, BALB/c
mice were randomly infected with 1 x 10° CFU of the grpE
deletion, comD deletion, or wild-type strain, or were mock-
infected with normal saline. Mice were monitored at 6-h
intervals until 24 h post-infection (hpi) for clinical signs of
sepsis, such as depression, swollen eyes, rough hair coat,
and lethargy. Five mice from each group were humanely
euthanized at 6, 12, and 24 hpi, and any mice exhibiting
extreme lethargy during the course of the experiment were
considered moribund and were humanely euthanized (Wang
et al. 2020a).

Detection of bacteria in the blood, brain, spleen,
liver, and lungs

S. suis that had invaded the blood, brain, spleen, liver, and
lungs collected at 6 hpi were assessed using the flat colony
counting method. Blood samples were gradient diluted and
spread on THB agar plates. In the case of the brain, spleen,
liver, and lungs, 0.02 g samples were homogenized in 1 mL
of PBS, and the resulting homogenates were then gradient
diluted and spread on THB agar plates. The plates were incu-
bated overnight at 37 °C, and the following day, the numbers
of single colonies were counted.

Histopathology examinations

Samples of the brain, spleen, liver, and lungs collected at
12 hpi were fixed in 4% formaldehyde solution, embedded
in paraffin, and sliced to a thickness of 4 um. Tissue sec-
tions were stained with hematoxylin and eosin and examined
blindly by an experienced professional pathologist for the
presence of lesions.

Cytokine analysis

Serum samples collected at 6, 12, and 24 hpi were used for
the detection of IL-6, IL-1f, and TNF-« using commercial
ELISA kits (Mebio, Shanghai, China) according to the man-
ufacturer’s instructions. The amounts of cytokines (pg/mL)
within sera were calculated based on reference to a standard

curve generated from the recombinant mouse cytokines sup-
plied in the kits.

Statistical analysis

All experimental procedures were conducted in triplicate.
All the data were visualized as mean + standard deviation
(M« SD). The Student’s t test or one-way analysis of vari-
ance (ANOVA) followed by Tukey's post hoc test for multi-
ple comparisons was employed by SPSS statistical software
package (version 17.0). Different levels of statistical signifi-
cance were set at P <0.05 and P<0.01.

Results

GrpE and ComD facilitate S. suis adherence to PK-15
cells and contribute to biofilm formation

As shown in Fig. 2, grpE and comD deletion strains weak-
ened the adhesion of S. suis to PK-15 cells. Adhesion of
grpE and comD deletion strains and the wild-type strain
were assessed by culturing lysed PK-15 cells on THB agar
plates, and calculating CFU values to compare the adherence

A

& - Il Wild-type strain
=3

§ £ Il /grpE Mutant
: 5 = AcomD Mutant
=

-

=2

52

=&

2

<

99.0% -

Il Wild-type strain
B AgrpE Mutant
= AcomD Mutant

90.0% -

70.0%
50.0%
30.0%

10.0%

Percent adherence (%)

1.0%

Fig.2 The effects of grpE and comD deletion on Streptococcus suis
adhesion to PK-15 cells. A Adherent bacteria (CFUs) of a grpE and
comD deletion strain. B Percentage adhesion of the grpE and comD
deletion strains. For each strain, adhesion assays were performed in
triplicate. The results are reported as the means+SDs. Means that
differ significantly (**P <0.01) from those for the wild-type strain are
indicated with asterisks
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capacities of the different S. suis strains. The state of dif-
ferent S. suis strains adhering to the THB agar plates can
be intuitively observed and counted. We accordingly deter-
mined CFU values of approximately 1 x 10° and 3 x 10° for
the grpE and comD deletion strains, respectively, which
were significantly lower than the CFU of 8.5 x 10° obtained
for the S. suis wild-type strain (P < 0.01) (Fig. 2A). These
observations thus provide evidence indicating that both grpE
and comD play roles in the S. suis adherent process, and that
the deletion of either of these two genes has the effect of
weakening the adherence of S. suis to PK-15 cells. On the
basis of these findings, we calculated the respective bacterial
adhesion rates and accordingly obtained adhesion percent-
age values of <2% and <40% for the grpE and comD dele-
tion strains, respectively (P <0.01) (Fig. 2B).

In general, stable mature S. suis biofilms can be detected
after culturing for 72 h (Zhao et al. 2015). In the present
study, we assessed the effects of GrpE and ComD on S. suis
biofilm formation based on crystal violet staining and SEM
observations. We accordingly found that after 12, 24, 36,
48, 60 and 72 h of incubation, the ODg, values of crystal
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violet-stained grpE and comD deletion strains were between
0.2 and 0.4, and 0.1 and 0.3, respectively, which were sig-
nificantly lower than the values of 0.3 to 0.7 obtained for
the wild-type strain of at the same six time points (P <0.01)
(Fig. 3A). These results thus indicate that GrpE and ComD
might play important roles in the early stages of biofilm for-
mation, and thus their deletion causes a reduction in S. suis
adhesion ability, and consequently hampers biofilm forma-
tion. The morphological structures of the respective biofilms
were also examined using SEM (Fig. 3B). We established
that in the wild-type strain, the complete biofilm structure
had developed after 72 h of incubation, and observed that
the rough organic membrane surface was almost completely
covered by aggregates and micro-colonies. In contrast, after
the same length of incubation, the surface of the rough
organic membrane of cells co-cultured with the grpE and
comD deletion strains was observed to be only sparsely cov-
ered by aggregates and micro-colonies, and the gaps in the
biofilm formed by the comD deletion strain became large
and scattered, and when viewed at high magnification, were
found to be surrounded by single or chains of bacterial cells.
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Fig. 3 Biofilm formation of wild-type and grpE and comD deletion
strains of Streptococcus suis. A Biofilm formation of the wild-type,
grpE deletion, and comD deletion strains at different periods stained
by the crystal violet. Quantification of biofilm formation ability of the
wild-type, grpE deletion, and comD deletion strains at 12, 24, 36, 48,
60, and 72 h. B Structures of the biofilms produced by wild-type S.
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suis and the grpE and comD deletion strains were directly observed
by scanning electron microscopy (Scale bars: 2 pm). For each strain,
adhesion assays were performed in triplicate. The results are reported
as the means + SDs. Means that differ significantly (**P <0.01) from
those for the wild-type strain are indicated with asterisks
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GrpE and comD deletions reduce the severity
of S. suis-induced infection symptoms and lower
bacteremia in a mouse model

In this study, we used a mouse infection model to assess
the contribution of the grpE and comD genes to bacterial
virulence. Mice infected with the wild-type S. suis showed
prominent clinical signs at 6 h post-inoculation (hpi), includ-
ing lethargy, arched back, lower body temperature, anorexia,
emaciation, rough appearance of hair coat, and swollen
eyes. Apart from those mice showing the most pronounced
symptoms, which were humanely euthanized mice at 6 or 12
hpi, the remaining mice exhibited extreme lethargy during
the period from 18 to 24 hpi, and were likewise humanely
euthanized. In contrast, those mice inoculated with either the
grpE- or comD-deletion strain were characterized by mild
symptoms during the course of the experiment, including
a slightly arched back, rough appearance of hair coat, and
swollen eyes. With the exception of those mice humanely
euthanized at 6 and 12 hpi, others survived to 24 hpi, and
after 18 hpi, there was a gradual reduction in clinical symp-
toms and recovery to a normal appearance and stability,
which were maintained until the experiment was terminated.

The bacterial burdens associated with three differ-
ent strains were monitored by counting colonies after

plating blood and organ suspension (in PBS) on THB
agar plates. At 6 hpi, we obtained colony counts of
approximately 1.15x 10* CFU/mL and 2.06 x 10° CFU/
mL for the grpE and comD deletion strain-infected mice,
respectively, on the blood THB agar plates, which were
significantly lower than the mean 9.20 x 10’ CFU/mL
count obtained for the wild-type strain-infected mice
(Fig. 4A). Correspondingly, the mean bacterial burdens
in organs of the grpE and comD deletion strain-infected
mice were respectively as follows: 1.95 x 10* CFU/g and
4.15x 10* CFU/g (brain) (Fig. 4B), 2.03 X 10° CFU/g and
2.65x 10° CFU/g (liver) (Fig. 4C), 5.89 x 10° CFU/g and
5.70 x 10° CFU/g (spleen) (Fig. 4D), and 5.50 x 10> CFU/g
and 8.9 x 10° CFU/g (lung) (Fig. 4E). In each case, these
counts were significantly lower than those obtained for
the wild-type strain-infected mice, the means of which
are as follows: 1.07 x 10° CFU/g (brain) (P <0.01)
(Fig. 4B), 1.17x 107 CFU/g (liver) (P < 0.01) (Fig. 4C),
2.85x 107 CFU/g (spleen) (P <0.01) (Fig. 4D), and
1.05x 108 CFU/g (lung) (P <0.01) (Fig. 4E). These results
accordingly indicate that knockout of the grpE and comD
genes can effectively reduce the bacterial burden of S. suis.
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Fig.4 The bacterial burden in the blood, brain, liver, spleen, and
lungs of mice infected with wild-type, grpE deletion, and comD
deletion strains at 6 h post-infection. Tissues were collected, homog-
enized, and plated on THB agar plates for the assessment of CFU
counts (n=>5). Bacterial burdens in the blood (A), brain (B), liver (C),

spleen (D), and lungs (E) of deletion strain-infected mice were lower
than those detected wild-type-infected mice. The results are reported
as the means + SDs. Means that differ significantly (**P <0.01) from
those for the wild-type strain are indicated with asterisks
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Deletion of GrpE and ComD attenuated
the organ-invasive capacity of S. suis

The main gross lesions in the brain, lungs, liver, and spleen
of infected mice were evaluated using mice that were
humanely euthanized at 12 hpi (Fig. 5SA-C). Compared with
the negative control mice, the wild-type strain-infected mice
showed slight bleeding in the brain, obvious bleeding or
congestion in the lungs, a deeper pigmentation in the liver,
and no obvious lesions in the spleen. Correspondingly, all
the changes observed upon autopsy of mice infected with the
grpE and comD gene deletion strains were less pronounced
than those seen in the wild-type strain-infected mice. These
observations accordingly indicate that knockout of the grpE
and comD genes can attenuate the organ-invasive capacity
of S. suis.

To further evaluate the pathological changes induced
by infection with the different S. suis strains, we examined
the most prominent histopathological lesions at 12 hpi. The
brain cells of wild-type strain-infected or gene deletion
strain-infected mice were in each case found to be regularly
arranged, the meningeal structure was clear, and we detected
no obvious histopathological lesions (Fig. 6A). However, the
lungs of wild-type strain-infected mice were characterized
by broken alveolar walls, and large cavities had developed in
the alveoli, which was accompanied by evidence of emphy-
sema (red arrows). Notably, these changes were more pro-
nounced than those observed in the lungs of mice infected
with the gene deletion strains (Fig. 6B). The spleen of the
wild-type strain-infected mice was thickened, and a large
number of hemosiderin-containing particles were detected in

Fig.5 Clinical necropsy

observations of Streptococcus A
suis-infected mice. Pathological

changes in vision in the strains.

For comparison, the brain, lung,

liver, and spleen from mice

infected with the wild-type B
strain (A) and gene deletion

strains (B, C) are shown at 12 h
post-infection. Compared with

the wild-type-infected mice,

those infected with the gene

deletion strains were character-

ized by slight bleeding in the C
brain; minor bleeding in the

lung or congestion when the

chest was opened; and a lighter

liver pigmentation (Arrows:

the appearance of infected with

wild-type strain was character- D
ized by bleeding in the brain

and lung). However, no obvious

changes were detected in the

spleen

Wild-type strain
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AcomD Mutant

control
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brain

the red pulp (red arrows), whereas no comparable abnormal-
ities were observed in the spleens of mice infected with the
deletion strains (Fig. 6C). The livers of mice infected with
all three strains were found to be characterized by diffuse
hydropic degeneration, which may have been attributable to
the accumulation of water or fat. Moreover, the cytoplasm
of liver cells was observed to be loose and slightly stained.
Liver degeneration was, however, more severe in those mice
infected with the wild-type strain (Fig. 6D). Thus, the data
obtained for both the clinical symptoms and gross histo-
pathological lesions provide evidence to indicate that the
grpE and comD genes are both important virulence factors
for S. suis, the deletion of either of which will attenuate the
ability of this bacterium to invade host organs.

Deletion of the S. suis grpE and comD genes
modulates serum cytokine dynamics

To assess the effects of grpE and comD deletion on host
pro-inflammatory responses, we evaluated the serum levels
of the cytokines IL-6, IL-1f, and TNF-a at 6, 12, and 24 hpi
using enzyme-linked immunosorbent assay (ELISA) kits.
We accordingly found that the serum IL-6 levels of mice
infected with the wild-type strain had increased to 107.40 pg/
mL at 6 hpi and subsequently peaked at 115.00 pg/mL at 12
hpi, which were found to be significantly higher than the
levels detected in the sera of mice infected with the grpE and
comD deletion strains, with respective values of 6 68.53 pg/
mL and 90.00 pg/mL being obtained at 6 hpi, and 75.34 pg/
mL and 93.28 pg/mL at 12 hpi (P <0.05). Comparatively
we obtain serum IL-6 levels ranging from approximately
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Wild-type strain

A

Fig.6 Histopathological lesions in the organs of mice infected with
wild-type Streptococcus suis and grpE and comD deletion strains.
Histopathological analysis in the strains. Mice were infected with
1x10° CFU of S. suis and samples were collected at 12 h post-infec-
tion for histopathological lesion observations (Scale bars: 50 pm). A
Brain tissue showing no significant changes in the brain cells. B Lung
alveoli developed large cavities, which was accompanied by evidence
of emphysema; however, less emphysema was observed in deletion
strain-infected mice compared with those infected with the wild-type

59.49 to 65.78 pg/mL within samples collected from nega-
tive control mice at the designated time points (Fig. 7A).
Serum IL-1f levels in wild-type strain-infected mice had
increased to 127.93 pg/mL at 6 hpi, with similar expres-
sion levels being detected at 12 hpi, which again was sig-
nificantly higher than the values of 110.69 pg/mL at 6 hpi
and 77.96 pg/mL at 12 hpi measured in the sera of mice
infected with the grpE deletion strain (P < 0.05). Contrast-
ingly, however, we detected no significant difference regard-
ing the values obtained from mice infected with the comD
deletion strain at 6 hpi or 12 hpi (P> 0.05). For the negative
control mice, the levels of serum IL-1p levels measured in
all samples were between approximately 68.41 and 76.09 pg/
mL (Fig. 7B). The expression of serum TNF-a in the wild-
type strain-infected mice had increased to 715.92 pg/mL at
6 hpi, with comparable expression levels being detected at
12 hpi, which is higher significantly higher than the values

AgrpE Mutant

AcomD Mutant control

strain (Red arrows: the appearance of emphysema). C Spleen tissue
from a wild-type-infected mouse, showing an increase in hemosid-
erin-containing particles in the red pulp (red arrow), whereas no sig-
nificant differences were detected between negative control mice and
the gene deletion strain-infected mice. D Livers were characterized by
diffuse hydropic degeneration, although less pronounced differences
were observed in the livers of mice infected with the gene deletion
strains

obtained for mice infected with the grpE and comD deletion
strains at 6 hpi, measured as 370.85 and 606.71 pg/mL at
6 hpi, and 393.79 and 570.92 pg/mL at 12 hpi, respectively
(P <0.05). Values obtained for serum TNF-a levels in the
negative control mice were within the range of 369.66 to
380.09 pg/mL (Fig. 7C).

Discussion

Streptococcus suis is difficult to treat and responsible for
various infections in humans and pigs. It can also form bio-
films and induce persistent infections (Li et al. 2018). There-
fore, the research on the regulation mechanism of biofilm
and the search for new drug targets to improve the preven-
tion and treatment of streptococcus disease have become
one of the focuses of S. suis research community scientific
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Fig.7 Cytokine levels in the blood of mice infected with wild-type
Streptococcus suis and grpE and comD deletion strains. Levels of
the cytokines IL-6 (A), IL-1f (B), and TNF-a (C) in the blood of
infected mice were evaluated by ELISA (n=5). Data were expressed

researchers. Although the protein GrpE and histidine protein
kinase ComD have been reported to regulate biofilm forma-
tion factors in several species of pathogenic bacteria, there
have been relatively few studies on the function of these two
proteins in Streptococcus suis. In this study, we examined
the functions of GrpE and ComD based on the construction
of grpE and comD deletion strains of S. suis, which were
duly found to be characterized by weakened adhesion to
PK-15 cells, irregular biofilm formation, attenuated ability
to invade host organs, and modulated host serum cytokine
dynamics compared with the wild-type strain. These obser-
vations not only provide convincing evidence of the involve-
ment of S. suis GrpE and ComD in bacterial adherence to
PK-15 cells and biofilm formation but also of an association
with virulence of this pathogen.

The adhesion of S. suis to host tissues or cells represents
a critical step in the invasion of host cells. It has previously
been proven that certain bacterial adhesins, such as the glyc-
eraldehyde phosphate dehydrogenase, fibronectin binding
protein, and glucose 6-phosphate dehydrogenase of S. suis,
play important roles in adhesion, and it is thus speculated
that they are functionally active in the infection and inva-
sion processes of this bacterium (Li et al. 2018; Wang et al.
2020b). Consistently, in the present study, we demonstrated

@ Springer

B IL-1p

Control
AgrpE Mutant
AcomD Mutant

. 150+ a a a a Wild-type Strain

=) b

g kR

&b

3. 100 c b a a a

= b

g

£ 50

]

3

<

=

)

&} T T J

6 12 24

Time post-infection (h)

as the mean+SD (n=5); the significant difference between groups
was shown by the different letters above the histogram. >4 Signifi-
cant differences at P <0.05

that GrpE and ComD contribute to the adherence of S.
suis to PK-15 cells. In both bacteria and eukaryotes, GrpE,
together with Dnal and DnaK proteins, are required for
the normal functioning of the heat shock protein Hsp70 in
biochemical paradigms. For example, in Mycobacterium
tuberculosis, molecular chaperones play roles associated
with extracellular functions, including bacterial adhesion
to host cells (Hickey et al. 2010). GrpE has been shown
function as a nucleotide exchange factor involved in cel-
lular protein folding (Murakami et al. 2012). Consequently,
we speculate that GrpE might target unfolding proteins and
thereby modify surface proteins or the proteins associated
with the cell structures to facilitate the adherence of S. suis
to PK-15 cells. In pathogenic bacteria, such as Group1 Strep-
tococcus pneumoniae and Streptococcus mutans, ComD
has been identified as a transmembrane receptor, which,
when activated by CSP, functions in regulating the num-
ber of microorganisms in biofilms via CSP-mediated quo-
rum sensing (QS) (Yifang and Yftah 2019). In the present
study, we established that a comD deletion strain of S. suis
is characterized by a comparatively low level of adhesion,
which is conceivably attributable to a genetic defect that
leads to reduced expression of a CSP receptor encoded by
the comD gene on the bacterial cell surface. By perturbing
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the bacterial surface CSP-mediated regulation of the QS
signaling system, this would thus have the effect of ham-
pering bacterial adhesion (Rowe et al. 2019). On the basis
of our collective observations, we accordingly speculate that
GrpE and ComD contribute to the adherent properties of S.
suis, and can accordingly identify these proteins as putative
adhesin proteins. However, the detailed molecular mecha-
nisms underlying the activities of these two proteins warrant
further investigation.

At present, the pathogenic mechanism of S. suis is still
not well characterized, but the adhesion of S. suis to host
tissues or cells is an important step for S. suis to invade and
infect host cells. The ability of bacteria to adhere is one of
the important manifestations of virulence (Fittipaldi et al.
2012). However, whether the adhesion ability of bacteria can
be used as a marker of bacterial pathogenicity, the molecular
mechanism in adhesion ability of S. suis has not been well
elucidated. This study preliminarily clarified the ability of
GrpE and ComD to adhere to PK-15 cells, the ability of
bacterial adhesion may be an important manifestation of its
virulence, but it is not a decisive factor. This is a follow-
up to study the adhesion mechanism of GrpE and ComD
and to lay the foundation for a preliminary understanding
of the pathogenic mechanism after S. suis infection. The
process of bacterial biofilm formation is initiated follow-
ing the adhesion of cells to a substrate, and we accordingly
investigated whether the deletion of GrpE and ComD would
have a detrimental effect on biofilm formation by S. suis.
Our observations duly indicated that at the assessed time
points, the grpE and comD deletion strains of S. suis were
characterized by a lower extracellular matrix biomass and
biofilm formation capacity compared with the wild-type
strain, whereas the comparatively low adhesion percent-
ages confirmed that GrpE and ComD play functional roles
in the adhesion phase of biofilm formation. The phenomena
observed in the present study are similar to those previously
described by Murakami et al., who speculated that the nucle-
otide exchange factor GrpE might target unfolding protein
and thereby modifying cell morphology (Murakami et al.
2012), that is, by interacting with GrpE, DnaK can control
the homoeostasis of curli biogenesis at multiple stages to
organize the biofilm matrix (Sugimoto et al. 2018). Con-
sequently, GrpE may play a pivotal role in modulating cell
surface or structural proteins, thereby influencing bacterial
adhesion and biofilm formation. Furthermore, the density
sensing system controlled by ComC/D/E encoded proteins is
more effective in modifying bacterial density, and inactiva-
tion of any single gene encoding the comC/D/E QS system
can weaken the biofilm formation capacity of S. mutans and
S. gordonii (Suntharalingam and Cvitkovitch 2005). Accord-
ingly, the absence of comD might have the effect of delaying
the response to bacterial density, thereby reducing adhesion
and biofilm formation. These observations thus indicate that

GrpE and ComD play important roles in the adhesion phase
of S. suis and consequently the subsequent biofilm forma-
tion process. However, the mechanisms whereby these two
proteins contribute to this process await further elucidation.

Given that biofilms play a key role in the pathogen-
esis and persistence of certain infectious bacteria, we also
investigated whether the deletion of GrpE and ComD has
an effect on the virulence of S. suis, based on a previously
described mouse infection model (Wang et al. 2020b).
Mice have been used as a suitable model for predicting the
pathogenicity and virulence of S. suis isolates (Wang et al.
2020b). In the present work, we aim to characterize the role
of GrpE and ComD in pathogenicity to deepen our insights
of the zoonotic pathogen streptococcus suis by investigating
changes between the wild-type strain and grpE and comD
deletion strains. Bacterial invasion and colonization capaci-
ties in host tissues and bloodstream are considered as criti-
cal events in S. suis pathogenesis (Li et al. 2021). Bacte-
rial Burden was measured on related tissues and blood, as
expected, we found that compared with mice infected with
the wild-type S. suis, those infected with the grpE or comD
deletion strain developed lower bacterial burdens, as well
as incurring less severe organ lesions, thus providing evi-
dence that GrpE and ComD are important virulence factors
of §. suis, and that inhibition of these two proteins might
weaken the adhesion of S. suis, thereby affecting the forma-
tion of biofilms and attenuating virulence. These observa-
tions would thus tend to confirm our speculation that grpE
and comD may be virulence factors or play important roles
in virulence and can be considered candidate vaccine anti-
gens (Kim et al. 2018) and drug targets that could be used
in the treatment of S. suis infection. Further in vivo assays
showed that deletion of grpE and comD significantly inhib-
ited the histopathological lesions in a S. Suis infection model
in BALB/c mice. In the tissues examined by clinical autopsy,
the deletion of grpE and comD attenuated the organ-invasive
capacity of S. suis. Moreover, in order to better understand
the histopathological changes, we used histopathological
examination. Histopathological examination revealed that
deletion of grpE and comD reduced the severity of patholog-
ical progression in a mouse model of S. suis infection. These
results clearly indicate that GrpE and ComD are necessary
for successful infection of S. suis and they play an important
role in the virulence of S. suis.

The inhibition of bacterial growth by cytokines is an
important facet of the host defense mechanism. It has been
reported that pro-inflammatory immune response dominates
in the early stages of S. Suis infection (Wang et al. 2022b;
Li et al. 2023). Among these cytokines, IL-1f, the major
secreted form of IL-1, is a regulatory protein that plays an
important role in inflammation and autoimmune diseases,
and TNF-a is an important pro-inflammatory cytokine
produced primarily by activated monocyte macrophages,
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whereas IL-6 is a pro-inflammatory cytokine that stimu-
lates B cells to produce a variety of inflammatory media-
tors involved in immune regulation, three of which are most
closely associated the inflammation caused by bacterial
infection. S. suis infection modulates pro-inflammatory
cytokine dynamics (Wang et al. 2020a), and upon infec-
tion, we observed rapid increases on the production of the
inflammatory factors IL-1f, TNF-«, and IL-6 in model
mice. However, whereas grpE and comD deletion strains
also induced the expression of IL-1p, TNF-a, and IL-6, the
levels were significantly lower than those detected in the
wild-type-infected mice until 12 hpi. These observations
thus revealed that deletion of the grpE and comD genes sig-
nificantly reduced the pro-inflammatory cytokine induction
capacity of S. suis. Taken together, GrpE and ComD was
essential for the virulence of the zoonotic pathogen S. suis
in mouse infection model.

The present study firmed that GrpE and ComD play
important roles in bacterial adherence, biofilm formation,
they are required for the virulence of S. suis. Our results
provide useful insights into the biological functions of GrpE
and ComD in the pathogenesis of S. suis infection. Among
these, future in vitro studies using porcine cells and in vivo
studies in pigs will be necessary to confirm the results
obtained herein using mice. Further studies are needed to
explore the molecular mechanism of GrpE and ComD, and
provide new ideas for the treatment of S. suis biofilm.

Conclusions

In this study, we investigated the roles of GrpE and ComD
during the process of S. suis infection, and accordingly found
that these two proteins play important roles in bacterial
adherence, biofilm formation, virulence, and pro-inflamma-
tory cytokine modulation, thereby indicating their potential
utility as suitable drug targets and candidate vaccine anti-
gens. But much work remains to be done to understand their
pathogenicity in S. suis.
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