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virulence

Shuji Gao'*?", Chenlong Mao'", Shuo Yuan'?, Yingying Quan'?, Wenjie Jin'3, Yamin Shen'?,
Xiaoling Zhang'?, Yuxin Wang', Li Yi**" and Yang Wang'*"

Abstract

Bacteria utilize intercellular communication to orchestrate essential cellular processes, adapt to environmental
changes, develop antibiotic tolerance, and enhance virulence. This communication, known as quorum sensing (QS),
is mediated by the exchange of small signalling molecules called autoinducers. Al-2 QS, regulated by the metabolic
enzyme LuxS (S-ribosylhomocysteine lyase), acts as a universal intercellular communication mechanism across gram-
positive and gram-negative bacteria and is crucial for diverse bacterial processes. In this study, we demonstrated
that in Streptococcus suis (S. suis), a notable zoonotic pathogen, Al-2 QS enhances galactose utilization, upregu-

lates the Leloir pathway for capsular polysaccharide (CPS) precursor production, and boosts CPS synthesis, leading
to increased resistance to macrophage phagocytosis. Additionally, our molecular docking and dynamics simulations
suggest that, similar to S. pneumoniae, FruA, a fructose-specific phosphoenolpyruvate phosphotransferase system
prevalent in gram-positive pathogens, may also function as an Al-2 membrane surface receptor in S. suis. In conclu-
sion, our study demonstrated the significance of Al-2 in the synthesis of galactose metabolism-dependent CPS in S.
suis. Additionally, we conducted a preliminary analysis of the potential role of FruA as a membrane surface receptor
for S. suis Al-2.
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Introduction

Streptococcus suis (S. suis), a zoonotic gram-positive
bacterium, is part of the normal microbial flora in the
upper respiratory tract of swine. Additionally, S. suis is
a significant human pathogen that causes diseases such
as meningitis and toxic shock-like syndrome following
infection via wounds or the respiratory tract [1]. Since
its initial documentation as a cause of human infection
in Denmark in 1968, global research interest in S. suis
has consistently increased. Notable public health inci-
dents involving human infections with S. suis serotype
2 occurred in China in 1998 and 2005. These incidents
are characterized by streptococcal toxic shock syndrome
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(STSS), resulting in a grim prognosis and high mortality
[2].

The survival of S. suis in the respiratory tract, a key fac-
tor in its transmission and infection, is primarily associ-
ated with its virulence factor, capsular polysaccharide
(CPS) [3]. CPS plays a role in adhesion and is a crucial
virulence factor facilitating bacterial invasion of host cells
[4, 5]. In 2001, Magee and Yother highlighted the role of
CPS in Streptococcus pneumoniae (S. pneumoniae) colo-
nization, noting that mutants producing only 20% CPS
exhibited reduced invasive and lethal capabilities [6].
Deletion of frwC (encoding hypothetical fructose-spe-
cific enzyme II C) in Klebsiella pneumoniae was found
to enhance magA (encoding a polymerase essential for
capsule synthesis) transcription, thereby increasing CPS
synthesis [7]. In group B streptococci (GBS), the AcpsE
mutant was shown to secrete fewer carbohydrates than
the wild-type strain (WT), leading to a reduction in
CPS synthesis. Concurrently, the AcpsE mutant showed
increased susceptibility to ingestion by human placental
macrophages [8]. Furthermore, CPSs are instrumental in
bacterial niche adaptation, drug resistance evolution and
penetration of the blood-brain barrier [9-11].

Quorum sensing (QS) represents a cell-to-cell com-
munication process occurring both within and among
bacterial species [12]. QS can be categorized into three
major groups: (i) LuxI/R-type QS in gram-negative bac-
teria, (ii) oligopeptide two-component QS in gram-pos-
itive bacteria, and (iii) the interspecies communication
system known as LuxS-mediated AI-2 QS found in vari-
ous microbial communities [13]. Our research has estab-
lished the global regulatory impact of AI-2 QS on S. suis
virulence [14—16], although the specific regulatory path-
way involved remains elusive. Ongoing analysis of QS
regulatory mechanisms has revealed a connection to CPS
production. For instance, rgg/shp QS is involved in the
synthesis of the CPS matrix hyaluronic acid in Strepto-
coccus zooepidemicus. Both Ashp and Argg-shp exhibited
reduced CPS synthesis and impaired biofilm formation
[17]. Zhi et al. confirmed Rgg/Shpl44 and Rgg/Shp939
as additional QS agents in S. pneumoniae. Microarray
analysis revealed that Rgg939 regulates the SPD_0940-
SPD_0949 locus, with mnaA- and wmnaB-encoded
proteins participating in the synthesis of N-acetylman-
nosaminuronic acid (UDP-ManNAcA), a component
of the serotypes 12F and 12A CPS [18]. It is known that
in gram-negative bacteria, AI-2 uptake is mediated by
the Lsr transporter and is subsequently phosphorylated.
Phosphorylated AI-2 cannot traverse the cell membrane,
leading to the accumulation of AI-2-P, ultimately trig-
gering a density-dependent cellular response [19, 20].
However, a significant knowledge gap exists in the under-
standing of AI-2 transport within gram-positive bacteria.
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AI-2 is fundamentally a pentose sugar with two ketone
groups. Low-G+ C gram-positive bacteria exhibit a sub-
stantial presence of carbohydrate transporters on their
cell surface. These proteins are prime candidates for
potentially serving as AI-2 transporters, in addition to
their role in binding extracellular polysaccharides [21].
To date, the sole reported AI-2 receptor among gram-
positive bacteria is S. pneumoniae. Trappetti et al. dem-
onstrated that AI-2 enhances S. pneumoniae’s ability
to use galactose as a carbon source and upregulates the
Leloir pathway through the phosphotransferase FruA,
impacting CPS production and increasing toxicity [22].
However, the specific mechanism by which AI-2 QS reg-
ulates the CPS in S. suis remains uncertain. CPS is pivotal
for host invasion and constitutes a fundamental aspect of
S. suis pathogenesis. Consequently, further exploration of
the regulatory pathways of S. suis CPS is imperative. This
study investigated the potential interplay between AI-2
QS and CPS synthesis in S. suis from a bacterial meta-
bolic perspective and preliminarily evaluated the poten-
tial of FruA as a membrane surface receptor for S. suis
that senses AI-2 signalling molecules to regulate the Lel-
oir pathway, aiming to provide a theoretical foundation
for the prevention and control of S. suis infection.

Materials and methods

Bacterial strains and growth conditions

The S. suis wild-type (WT) and AluxS (luxS gene
mutant) strains were constructed previously [23]. Cap-
sule quantification, metabolomic analysis, and metabolic
experiments were carried out using cells cultivated in
chemically defined medium (CDM). Glucose (Glc) and
galactose (Gal) served as the respective carbon sources
[24, 25]. In animal challenge experiments, S. suis was
cultured in nutrient broth enriched with 10% (v/v) fetal
bovine serum. The AI-2 precursor molecule DPD was
obtained from Omm Scientific, Inc., TX. Unless other-
wise specified, the experimental concentration used was
4 uM [26].

Growth assays

The assessment of the growth kinetics of S. suis was con-
ducted using the established methodology outlined by Li
et al. [16]. Briefly, the bacterial cultures were incubated at
37 °C. Subsequently, the samples were diluted and plated
on TSB agar for colony-forming unit (CFU) enumeration.

Capsular polysaccharide formation assay

S. suis was grown in CDM-Gal, and CPS was extracted
and quantified following the protocol detailed by Li et al.
[16]. The sample was prepared to achieve a solution con-
centration of 5 mg/mL. The optical density at 490 nm
was measured and substituted into the standard curve
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equation to calculate the CPS content, as detailed in
Additional file 1.

PMP-HPLC analysis

According to previous methods and with slight adjust-
ments [27], high-performance liquid chromatography
(HPLC) (Waters, Shanghai, China) was used to analyse
the effect of AI-2 QS on the composition of S. suis CPS.
The chromatographic conditions were as follows: chro-
matographic column: Waters XBridge C18 column 5 pm,
4.6X250 mm (Waters, Shanghai, China); mobile phase:
phosphate buffer (pH 6.7)/CH;CN (80:20); flow rate:
1 mL/min; column temperature: 30 ‘C; injection volume:
20 pL; and detector: UV detector (245 nm). The propor-
tion of each monosaccharide component was obtained
according to the peak area of each monosaccharide
component.

Transmission electron microscopy (TEM)

S. suis (10° CFU/mL) grown in CDM-Gal was fixed in
2.5% glutaraldehyde (1 mL). Then, the cells were treated
with 2% osmium tetroxide for 2 h. After dehydration, the
cells were embedded in epoxy resin, and their morphol-
ogy was evaluated using an H-7650 transmission electron
microscope (Hitachi, Tokyo, Japan) [28].

Anti-phagocytosis assay

Following a slightly modified methodology from Hui
et al. [29], the RAW264.7 murine macrophage cell line
was used to assess the antiphagocytic properties of S.
suis. RAW?264.7 cells were cultured overnight in DMEM
supplemented with 10% fetal bovine serum (FBS) at
37 °C in a 5% CO, atmosphere to form monolayers, and
10° cells were seeded per well in a 24-well plate. S. suis
(10° CFU/mL) was added to infect the cells for 2 h, 4 h,
or 8 h. Subsequently, DMEM supplemented with 0.1 mg/
mL penicillin and streptomycin was added to the wells.
After 2 h of incubation, the cells were lysed using an ice-
water mixture, followed by serial dilution and plating
onto TSB agar. CFU were quantified after a 24-h incuba-
tion at 37 °C.

Metabolomic analysis based on LC-MS/MS

The impact of AI-2 on the metabolome of S. suis was
assessed following a method based on Husna et al. [30,
31], with some adjustments. S. suis was cultured in
CDM-@Gal for 8 h and rapidly quenched with liquid nitro-
gen. Subsequently, the bacterial cells were combined,
and ultrasonic crushing was carried out in a cold extract
(methanol:acetonitrile:-water, 2:2:1). After centrifuga-
tion for 15 min at 4 °C and 12 000 rpm, the supernatant
was collected and analysed. Each experimental group
included six biological replicates.
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Untargeted metabolite profiling was performed utiliz-
ing a Thermo-Fisher UPLC system (Thermo-Fisher, San
Jose, CA, USA) coupled with an LTQ XL mass spec-
trometer. Mobile phase B consisted of methanol (HPLC
grade, Merck, Germany) with a flow rate of 0.3 mL/
min. An injection of 2 pL of sample was made, and the
gradient profile proceeded as follows: 0-8 min (5% B),
8-18 min (35% B), 18—22 min (35% B), 22—28 min (90%
B), 28—30 min (90% B), and 30—32 min (50% B). For mass
spectrometry, the conditions were configured as follows:
an ESI ion source with a spray voltage of 3700 V (positive
ion mode) or —3000 V (negative ion mode), a scanning
range spanning from 65 to 995 m/z, a first-level resolu-
tion of 70 000 and a secondary resolution of 17 500. Col-
lision energy was applied incrementally with values of 3,
20 eV, 40 eV, and 60 eV. The scanning rate was set at 7 Hz.

Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted via the TRIzol method, and
c¢DNA was synthesized via reverse transcription follow-
ing the protocol described by Wang et al. [32]. Specific
primers targeting 16S rRNA were used as internal con-
trols. The amplification data were subjected to analysis
using the comparative critical threshold (2724CTy method
and are expressed as the overall expression relative to
that of the 16S rRNA. Comprehensive primer details can
be found in Table 1.

Virtual molecular docking assays

The three-dimensional (3D) structure of AI-2 was
obtained from PubChem [33]. The protein sequences of
FruA (QOE30179.1 and VDG78558.1) were retrieved
from the NCBI database. The 3D structure of FruA was

Table 1 Primers used for the quantitative RT-PCR analysis.

Genes Primer sequence

16S rRNA-1 GTTGCGAACGGGTGAGTAA
16S rRNA-2 TCTCAGGTCGGCTATGTATCG
galR-1 CGGTCAGCGTATCAGAGTCC
galR-2 CTCCAAGAAGTGGACGGCAT
galKk-1 AGGCGGATAACTGGACCAAC
galk-2 ACAAGCCTGAACCGTTTGGA
galT-1 CGGGTGGCTCTATCTTGACC
galT-2 GGGCCATTTGACAATGCCAG
galE-1 TGGGCACCGATTGGATTGAA
galE-2 TATGCCAACTAGCGCAACGA
cps2G-1 AGGCTCTTGTCATTGGTATG
cps2G-2 TACTCGCCACTCTTCTCC
cps2E-1 CCATTACCGCTCTATTATTCTG
Cps2E-2 GCCTACATCAATACCTAACAAC
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generated using the SWISS-MODEL website [34]. To
assess quality, the Ramachandran diagram was gener-
ated through SAVES v6.0 [35], and the results were ana-
lysed by QMEAN [36, 37]. Virtual molecular docking
experiments were conducted utilizing AutoDock 4 and
AutoDock Vina, in accordance with the methodologies
outlined by Joshi et al. [38] and Wang et al. [39]. The
docking results were visualized using PyMOL.

Molecular dynamics simulation analysis

As previously described by Gao et al. [27], topology files
for AI-2 and FruA were generated using acpype with
the GAFF force field. This process produced itp and gro
files that were subsequently used for simulation. To cre-
ate a neutral aqueous solution system, protein and sol-
vent components were constructed using the amber99sb.
ff/tip3p force field. The entire complex was positioned
within a cubic periodic box, guaranteeing a minimum
distance of 1 nm between the complex and the box edges.
Adequate chloride ions were introduced to neutralize
the charge of the protein. Energy minimization, NVT
temperature control simulations, NPT pressure con-
trol simulations, and a 50 ns kinetics simulation were
subsequently carried out. The simulations and analyses
were performed using the GROMACS 2021.2 software
package.

Animal experiments

Determination of the median lethal dose (LDs)

All procedures involving animals adhered to the guide-
lines stipulated in the Administration of Laboratory
Animals of China (2017 revision) and received approval
from the Experimental Animal Monitoring Committee of
Henan University of Science and Technology under the
auspices of approval number SKKUIACUC-20-04-14-3.
S. suis cultured for 8 h was subsequently diluted to con-
centrations of 10% 10° 10% 10’ and 10® CFU/mL. In
each group, twenty specific pathogen-free (SPF) female
BALB/c mice, aged 4-6 weeks, were intraperitoneally
injected. Each group was further subdivided into two
segments. At 0 h, 12 h, 24 h, and 48 h, one segment
received a 50 pL injection of AI-2 via the tail vein, while
the other segment was intravenously injected with 50 pL
of PBS. The mortality of the mice was documented after a
7-day period (Figure 6A (panel a)).

Tissue bacterial load detection

The WT and AluxS strains were suspended in PBS and
further diluted to a concentration of 5x10® CFU/mL.
SPF female BALB/c mice aged 4—6 weeks were intraperi-
toneally injected with 200 pL of the bacterial solution in
each group. Each group was subsequently subdivided into
two segments. At O h, 12 h, 24 h, and 48 h, one segment
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received a 50 pL injection of AI-2 via the tail vein, while
the other segment was intravenously injected with 50 uL
of PBS as a negative control. All mice were euthanized
3 days later by intravenous injection of pentobarbital.
Homogenates of the brain, lung, liver, spleen, and kidney,
standardized by weight, were diluted and plated on TSB
agar. The CFUs were counted after 24 h (Figure 6A (panel

b)).

Histological examination

The remaining organs were immobilized in 4% paraform-
aldehyde (pH=7) for 36 h. After fixation, the tissue spec-
imens were embedded in paraffin, followed by sectioning
into 4 pm-thick slices. Subsequently, these sections were
stained utilizing the haematoxylin—eosin method.

Statistical analysis

All experiments were repeated three times, and a total
of three independent experiments were performed. Stu-
dent’s ¢ test and two-way analysis of variance were per-
formed utilizing GraphPad Prism Software (ver. 9.0,
Graph-Pad Software Inc., La Jolla, CA, USA). A signifi-
cance threshold of *P<0.05 was used.

Results

Al-2 complements AluxS growth phenotypes

S. suis primarily colonizes the human upper respiratory
tract, which predominantly utilizes galactose as a carbon
source [40]. Consequently, we first examined the growth
characteristics of the WT and AluxS strains in CDM sup-
plemented with either glucose (CDM-Glc) or galactose
(CDM-@Gal). For CDM-Glc, the growth kinetics of both
the WT and AluxS strains were similar, with only minor
growth retardation in the WT strain observed (Fig-
ure 1A). In contrast, in CDM-Gal, the AluxS strain exhib-
ited a significantly increased generation time and notably
lower final cell density than the WT strain (Figure 1B).
This suggests that /uxS deletion negatively impacts S.
suis survival in CDM-Gal. To corroborate the role of
AI-2 deficiency in this effect, we assessed the ability of
AI-2 to mitigate growth defects in AluxS. Supplementing
AI-2 effectively reversed the growth defect in the AluxS
strain in CDM-Gal (Figure 1B). In summary, these find-
ings indicate that extracellular AI-2 can stimulate the
metabolism of galactose by S. suis, possibly by enhanc-
ing bacterial transport and the intracellular processing of
galactose.

Al-2 promotes CPS production

The capacity of S. suis to resist macrophage phagocytosis
is crucial for its pathogenicity. Consequently, we quan-
tified the CPS content of S. suis cultured in CDM-Gal.
Compared with that in the WT strain, CPS production
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Figure 1 S. suis growing in CDM Glc (A) and CDM Gal (B).

in the AluxS strain decreased by approximately 20%,
whereas exogenous AI-2 supplementation increased the
CPS content in the AluxS strain by 12% (Figure 2A). TEM
revealed that the WT strain exhibited a tightly enveloped
CPS layer, in contrast to the significantly thinner CPS
layer in the AluxS strain (Figure 2B). CPS, known for its
antiphagocytic properties, is essential for the infectivity
of S. suis [41]. Subsequently, we evaluated the bacterial
load within macrophages at 2 h, 4 h, and 8 h post infec-
tion with S. suis to determine the influence of AI-2 on
bacterial resistance to phagocytosis. The findings showed
that the phagocytosis of the AluxS strain was significantly
greater than that of the WT strain at all time points, sug-
gesting a diminished antiphagocytic capability in the
AluxS strain (Figures 2C, D). Concurrently, supplementa-
tion with exogenous AI-2 reduced macrophage phagocy-
tosis by the AluxS strain, thereby restoring its resistance
to macrophage engulfment. This observation aligns with

Page 5 of 15

1x10°
@ WT
O Alux$S
o 1x10%+ O AluxS+AI-2
g
=
=
© 1x1074
1x10°G T T T T 1
0 2 4 6 8 10 12

Time (h)

the alterations in CPS levels. These experiments demon-
strated that Al-2-regulated growth and CPS-associated
activities in S. suis are linked to galactose utilization.

Al-2 QS upregulates galactose metabolism in S. suis
Metabolomics has been extensively applied to elucidate
the behavioral characteristics of pathogenic microor-
ganisms [42]. This study further explored the regulation
of S. suis metabolic activity by AI-2 QS through untar-
geted metabolomics. The PCA score plot demonstrated
excellent aggregation and reproducibility within each
group (Additional files 2A and B). Notably, there was a
distinct separation between the WT and AluxS strains,
underscoring metabolic differences. Similar results were
obtained via PLS-DA and OPLS-DA (Additional files 2C
and D). These findings confirmed robust reproducibility
between replicates and a well-validated model without
overfitting (Additional files 2G and H).
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Figure 2 Al-2 QS affects the production of CPS in S. suis grown in the presence of CDM-Glc. A Total CPS production by the WT, AluxS,
and AluxS+ Al-2 strains grown in CDM-Gal. B Transmission electron micrographs of bacteria; the bars represent 200 nm. C-E Number of bacteria
engulfed by RAW264.7 cells after 2 h (C), 4 h (D) and 8 h (E) of infection with S. suis.
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Using a fold change (FC) threshold greater than 2, we
identified 116 upregulated and 153 downregulated com-
pounds in positive ion mode (Figure 3A). In negative
ion mode, 91 upregulated and 218 downregulated com-
pounds were identified (Figure 4B). Further refinement
using criteria such as VIP values>1, p<0.001, and FC>2
revealed 103 and 70 distinct metabolites in positive and
negative ion modes, respectively (Figures 3C, D). Signifi-
cantly upregulated and downregulated metabolites were
separately extracted for enrichment analysis. The analy-
sis indicated that compared with those in the WT strain,
the upregulated metabolites in the AluxS strain were
primarily involved in glutamate metabolism, fatty acid
biosynthesis, and alanine metabolism. Conversely, down-
regulated metabolites were enriched in pathways such
as methionine metabolism, betaine metabolism, nucleo-
tide sugar metabolism, purine metabolism, and galac-
tose metabolism (Figures 3E, F). We further analysed the
expression of genes in the Leloir pathway, namely, galR
(transcriptional regulator), galK (galactokinase), galE and
galT (galactose-1-phosphate uridyltransferase), which
are central to galactose metabolism. The results demon-
strated significantly lower expression of galR, galE, galK,
and galT in the AluxS strain than in the WT strain (Fig-
ures 4A-D), suggesting that AI-2 QS impacts galactose
transport and breakdown. Additionally, supplementa-
tion with AI-2 increased the expression of Leloir pathway
genes, further confirming that the deficiency in galactose
metabolism due to luxS deletion is mediated by AI-2 QS
via the modulation of the Leloir pathway.

Galactose serves as the preferred carbon source for
pulmonary respiratory pathogens and is a critical raw
material for bacterial capsule synthesis. Bacteria generate
glucose-1-phosphate (G1P) via the Leloir pathway, subse-
quently producing various UDP-activated sugar precur-
sors essential for CPS synthesis. This process facilitates
bacterial capsule formation and enhances resistance
against the immune system [7, 43]. Consequently, we
also examined the expression of CPS side-chain transfer
regulatory genes (cps2G and cps2E) linked to the Leloir
pathway. Our findings indicate that AI-2 QS significantly
regulates ¢ps2G, but not ¢ps2E, in S. suis (Figures 2D, E).
The ¢ps2G gene is responsible for transferring galactose
to the side chain of S. suis CPS [44, 45]. Consequently,
we employed HPLC to determine the molar ratios of the

(See figure on next page.)
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individual sugar components in CPS. Deletion of /uxS led
to reduced molar proportions of Gal and GlcN (Table 2)
(Figure 4G). Notably, the most significant decrease was
observed for galactose, suggesting that Leloir pathway
inhibition results in reduced synthesis of galactose side
chain precursors. Overall, AI-2 QS enhances CPS syn-
thesis by upregulating galactose metabolism, thereby
increasing the transfer of side chain monosaccharides,
which in turn augments the virulence of S. suis.

Molecular docking and dynamic simulation

AI-2, as a signalling molecule, either activates or inhib-
its bacteria-related activities by interacting with specific
target proteins. The fructose PTS component IIABC,
known as FruA, plays a crucial role in AI-2 signalling in S.
pneumoniae [44]. FruA is responsible for recognizing and
internalizing AI-2, potentially leading to its phosphoryla-
tion to form AI-2-P. Subsequently, AI-2-P influences the
galactose transcriptional regulatory protein GalR, modu-
lating its activation or repression within the Gal operon.
This cascade mechanism is pivotal in regulating galac-
tose metabolism in S. pneumoniae. SWISS-MODEL was
used to construct a FruA (fructose PTS transporter) 3D
model. The model with high sequence similarity is con-
sidered to be the best [36]. Therefore, FruA (V6Z463.1.
A) (Additional file 3) and FruA (Q8DQ95.1. A) (Addi-
tional file 4) were selected for further analysis. Most of
the amino acid scores of the model were greater than
0.6 in the local mass map (Additional files 5-6A). In the
comparison score map (Additional files 5-6B and C), the
QMEANTZ score reflects the quality of the model, and the
closer it is to 0, the better the match between the tested
protein and the template protein. The red star represents
the model built. Furthermore, the Ramachandran plots
show that 95.83% (Additional file 5F) and 95.99% (Addi-
tional file 6F) of the residues exist in favourable regions,
indicating that the protein structure is highly reason-
able. In summary, the FruA models are of good quality.
Subsequently, we compared the binding affinity of these
proteins with that of the AI-2 signalling molecule. The
docking results indicated that AI-2 binds to FruA of S.
suis, showing a greater affinity than to FruA of S. pneumo-
niae (Additional file 7). The interaction between AI-2 and
FruA in S. suis involves conventional hydrogen bonds and
carbon-hydrogen bonds. As depicted in Figure 5, AI-2

Figure 3 Metabolomic analysis (AluxS/WT). A-B Volcano plot of differentially detected metabolites between the WT and AluxS strains in the ESI
(4) (left) and ESI (=) (right) modes. C-D Venn diagram of differentially detected metabolites between the WT and AluxS strains in the ESI (+) (left)
and ESI (=) (right) modes. E Detailed upregulated pathways enriched with the differentially detected metabolites. F Detailed downregulated
pathways enriched in differentially expressed metabolites. G Overview of upregulated pathway enrichment of differentially expressed metabolites.
H Overview of downregulated pathway enrichment of differentially expressed metabolites.
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Figure 4 Al-2 QS regulates galactose metabolism. A-F Relationships between the expression of galR, galk, galK, galT, cps2G, and cps2E in S. suis
grown in CDM-Gal with or without 4 uM Al-2 were quantified by gRT—PCR with 16S rRNA as an internal standard. *P < 0.05; **P<0.01; ***P < 0.001
(Student’s unpaired t test). G, (panel a) The CPS components of S. suis (WT). G, (panel b) The CPS components of S. suis (AluxS). G, (panel ¢) The CPS
of S. suis (AMuxS+Al-2).

Table 2 Molar ratio of each monosaccharide of S. suis CPS. forms conventional hydrogen bonds with ASN471 and
Rha s Gal Glen  LEU412 in FruA of S. suis (Figure 5A, panel a). The prox-

imity of hydrogen donors and acceptors within a distance

WT 1 11 25 0.9 of less than 3 A indicates the likelihood of strong hydro-
AluxS 1 11 1.9 07 gen bond formation [46, 47]. Conversely, AI-2 forms only
AluxS+Al-2 1 11 24 09 one carbon-hydrogen bond with FruA in S. pneumoniae
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docking results between Al-2 and the FruA protein model of S. pneumoniae. B RMSD distribution map. € RMSF distribution map. The black line
represents the complex of FruA (S. pneumoniae) and Al-2, while the red line represents the complex of FruA (S. suis) and Al-2.

(Figure 5A, panel b). This indicates that compared to the
FruA protein of S. pneumoniae, Al-2 has a better docking
effect with the FruA protein of S. suis.

We simulated the binding dynamics of FruA and AI-2
over 50 ns using the root mean square deviation (RMSD)
and root mean square fluctuation (RMSF). In MD simu-
lations, RMSD measures the equilibrium and flexibility
of protein—small molecule interactions and monitors the
distances between protein backbones and atoms. Minor
fluctuations and lower RMSD values suggest a more sta-
ble interaction between the protein and its ligand [48].
The results indicated that the final RMSD values for
AI-2 binding to FruA were approximately 0.7 nm and
1.0 nm for S. pneumoniae and S. suis, respectively (Fig-
ure 5B). However, the lower final RMSD of the FruA (S.

pneumoniae)-Al-2 complex compared to that of the
FruA (S. suis)-Al-2 complex does not necessarily imply
a stronger binding affinity. The stability of the FruA (S.
suis)-Al-2 complex is attributed to the lower fluctuation
observed (0.25 nm) during the simulation compared to
that of the FruA (S. pneumoniae)-Al-2 complex, which
exhibited a larger fluctuation of 0.5 nm (Figure 5B). RMSF
predicts atomic displacements under specific conditions,
indicating changes in protein flexibility upon ligand bind-
ing and determining residue fluctuations during MD sim-
ulations. The data presented in these figures demonstrate
greater flexibility in protein fragments within the 0—-200
region of the FruA (S. suis)-Al-2 complex than within the
FruA (S. pneumoniae)-Al-2 complex, suggesting signifi-
cant amino acid activity during the binding process of S.
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suis to Al-2 (Figure 5C). In the remaining sections, the
effects of FruA (S. suis)-Al-2 and FruA (S. pneumoniae)-
AI-2 were consistent.

Exogenous Al-2 increases S. suis virulence

Our previous research indicated that the AluxS strain of
S. suis displayed reduced virulence in zebrafish compared
to the WT strain [49]. In this study, LD;, experiments
revealed that the AluxS strain also exhibited decreased
virulence in mice, a condition reversible by external
AI-2 supplementation. The LDg, for the WT strain was
5.77x10° CFU, in contrast to the 8.91x10° CFU for the
AluxS strain, which was 15 times greater than that of the
WT strain. Following the addition of exogenous Al-2, the
LD, for the AluxS strain decreased to 5.54x10° CFU,
comparable to that of the WT strain (Table 3). Organ
bacterial load experiments demonstrated that mice
infected with the AluxS strain had significantly lower
bacterial loads across various organs than those infected
with the WT strain. External AI-2 supplementation
resulted in increased bacterial loads in all tested organs
(Figure 6B).

The pathological findings are presented in Figure 6C.
Mice in the WT-infected group displayed meningeal
congestion and shedding, accompanied by inflammatory
cell infiltration. Brain tissue lesions in the AluxS strain-
infected group were milder and were characterized by
limited inflammatory cell infiltration. The lesions in the
AluxS+AI-2 group were similar to those in the WT
group. In lung tissues, the WT-infected group exhibited
severe alveolar structure disruption, characterized by
shedding of epithelial cells, the presence of inflammatory
cells, and red blood cell infiltration in alveolar spaces.
Mice infected with the AluxS strain exhibited less severe
lung tissue damage, with limited mucus and detached
epithelial cells in some alveoli. In the AluxS+AI-2
group, lung tissue damage was exacerbated, character-
ized by alveolar spaces filled with red blood cells and
neutrophils, disrupting alveolar structures. In the spleen,
WT-infected mice experienced severe congestion, sig-
nificant inflammatory cell infiltration, white pulp atro-
phy, and reduced lymphocyte counts. Conversely, mice
infected with the AluxS strain exhibited milder splenic
tissue damage. However, spleen tissue damage in the
AluxS+AI-2 group mirrored that in the WT group,

Table 3 Calculation of LD, of S. suis in mice.
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indicating a more severe condition. In WT-infected mice,
liver tissues showed disrupted lobules, central vein and
hepatic sinus congestion, extensive inflammatory cell
infiltration, and hepatocyte granular or vacuolar degen-
eration. Mice infected with the AluxS strain showed liver
lobule disruption but relatively intact hepatocytes, cen-
tral vein congestion, and less pronounced hepatic sinus
congestion. The AluxS+ AI-2 group exhibited liver lobule
disruption with infiltration of neutrophils, lymphocytes,
and macrophages in the hepatic sinus. In kidney tissues,
WT-infected mice exhibited fragmented glomerular cap-
illary endothelial cells, central granulocyte infiltration,
vascular rupture, and reduced renal tubule volume. Renal
tubular epithelial cells exhibited granular degeneration
with thread-like reddish cytoplasm and inflammatory
cell infiltration. Mice infected with the AluxS strain dis-
played swelling of glomerular capillary endothelial cells,
vascular congestion, and inflammatory cell infiltration in
renal tubules. In the AluxS+ AI-2 group, renal pathology
resembled that of the WT-infected group, with wrinkled
glomeruli, inflammatory cell infiltration, and granular
degeneration in renal tubular epithelial cells.

Discussion

S. suis, a significant zoonotic pathogen, is typically clas-
sified based on its serotypes. The distribution of S. suis
serotypes in clinical cases varies geographically; how-
ever, serotype 2 strains predominate in swine and human
infections globally. This has led to serotype 2 being his-
torically considered the most prevalent and virulent
[50]. QS plays a vital role in bacterial behavioral regu-
lation, with AI-2 QS, which is based on AI-2 signalling
molecules, acknowledged universally as a “language”
for bacterial communication [13]. However, it remains
uncertain whether AI-2 QS solely activates the methyl
cycle or participates in other bacterial metabolic activi-
ties. Furthermore, limited knowledge of AI-2 recep-
tors in gram-positive bacteria impedes research into the
transduction of AI-2 signalling molecules. Nonetheless,
it is evident that [uxS is central to the regulatory system
governing bacterial life activities. The absence of /uxS in
S. suis impacts several functions, notably antibiotic tol-
erance and virulence [26, 51, 52]. Presently, the in vitro
synthesis of DPD has advanced, allowing for its self-cycli-
zation to form active AI-2, which is useful in phenotypic

Group CFU per mouse Mortality LD;,/CFU
WT 2979%10’ 2967x10° 2.587x10° 3.173x10* 10/10 8/10 3/10 1/10 577x10°
AluxS 2.832x108 2776 %10 2432%10° 3.203x10° 9/10 7/10 4/10 0/10 891x10°
AluxS+Al-2 2.776x10 2.335x10° 2967x10° 285710 9/10 8/10 3/10 2/10 554x10°
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complementation experiments for the AluxS strain. Syn-
thetic AI-2 is utilized to correct growth and CPS pro-
duction deficiencies in S. suis and to rectify the impaired
galactose metabolism of the AluxS strain.

This study highlights the significance of AI-2 QS in the
utilization of galactose by S. suis. In the upper respira-
tory tract, galactose is scarce, making galactose the prin-
cipal carbon source for pathogens [53]. For respiratory
pathogens such as S. suis, the ability to utilize galactose is
crucial for survival and successful infection. The growth
phenotypes of S. suis were compared in media supple-
mented with galactose as the sole carbon source (CDM-
Gal), revealing that [uxS deletion results in a galactose
metabolic defect, which is reversible with exogenous
AI-2. This observation aligns with the noted reduction
in CPS synthesis in the AluxS strain. TEM further con-
firmed this phenomenon, indicating that a CPS defect
in AluxS was rectifiable with exogenous AI-2. In inva-
sive bacterial infections, the interplay between the bac-
terial capsule and the host immune system is pivotal in
determining the infection outcome [54]. CPSs may mask
antigen binding sites on the bacterial surface, thereby
hindering the attachment of immunoglobulin G (IgG) to
bacteria. Feng et al. noted that CPS deficiency increases
the susceptibility of S. suis to phagocytosis, accelerating
the release and secretion of proinflammatory cytokines
and interleukin-8 (IL-8) in the host [4]. Moreover, the
capsule of Francisella tularensis (E tularensis) inhibited
the increase in lactic acid secretion triggered by R848.
This inhibition disrupts the shift in phagocytic metab-
olism from oxidative phosphorylation to glycolysis,
ultimately reducing cytokine secretion [55]. Cell phago-
cytosis tests revealed that compared with that in the WT
strain, the resistance of the AluxS strain to CPS defi-
ciency in RAW264.7 cells decreased, leading to increased
phagocytosis of AluxS.

These observations indicate a strong correlation
between AI-2 QS and galactose metabolism in S. suis.
The metabolic differences between the WT and AluxS
strains were analysed using HPLC-MS/MS to study their
growth in CDM-Gal. Enrichment analysis revealed down-
regulation of the galactose metabolic pathway in AluxS
compared to that in WT. Further analysis of the impact
of AI-2 QS on Leloir pathway-related genes revealed
significant downregulation of galR, galE, galK, and galT
in AluxS compared to that in WT. Gal is converted to
G1P via the Leloir pathway, yielding the UDP-activated
sugar precursors essential for CPS synthesis [25, 40].
Furthermore, variations in the configuration of the CPS,
including the arrangement and proportion of monosac-
charides, influence its chemical structure and functional
activity. For example, in Vibrio cholerae, the substitution
of the a-D-Glc moiety in the polysaccharide component
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with a-D-GlcNAc increases viscosity, promoting biofilm
formation [56]. Consequently, the measurement of CPS
components revealed a reduced ratio of Gal and GlcN in
CPS. Investigation of the expression of CPS side chain
regulatory genes linked to galactose metabolism revealed
a notable decrease in the expression of ¢ps2G, which is
responsible for the transfer of Gal to the side chain, com-
pared to that of ¢ps2E, which is responsible for the syn-
thesis of the main chain of CPS. This finding supports
our hypothesis that S. suis can influence CPS synthesis by
modulating galactose metabolism and the expression of
CPS side chain transfer genes via AI-2 QS (Figure 7).

The mechanism of AI-2 signal transmission within
cells is crucial, especially since AI-2 has been shown to
enhance CPS production and virulence in S. suis. The
AI-2 receptors identified to date include LuxP, LsrB, and
TlpB in gram-negative bacteria and RbsB in gram-posi-
tive bacteria [57—59]. LuxP in Vibrio harveyi and LsrB in
Escherichia coli have been extensively studied. In Vibrio
harveyi, LuxP, a periplasmic receptor, binds AI-2 to form
an AI-2/LuxP complex, inhibiting LuxQ autophospho-
rylation. This inhibition decreases QrrI-5 expression
and mediates /uxR mRNA translation, affecting biolumi-
nescence [60]. In Salmonella Typhimurium, LsrB binds
AI-2, and the resulting AI-2/LsrB complex is internal-
ized through an ABC transport system. This complex is
phosphorylated by the kinase LsrK, increasing the inhibi-
tory effect of LsrR on the Isr operon and leading to the
expression of [srK, IsrR, and IsrACDBFGE [20]. Never-
theless, a substantial gap remains in our understanding
of the recognition and transmission of LuxS-mediated
AI-2 in S. suis. Drawing on the study by Trappetti et al.
in S. pneumoniae, we speculated that AI-2 recognition in
S. suis might involve FruA [40]. Consequently, we com-
pared the affinity of AI-2 for FruA in both S. suis and S.
pneumoniae. The results indicated that AI-2 exhibited a
favourable docking score with S. suis FruA compared to
S. pneumoniae. Moreover, molecular dynamics simula-
tions revealed that the binding of AI-2 and FruA in S. suis
was more stable than that in S. pneumoniae. The stable
fluctuation of FruA binding in S. suis indicates that FruA
may be the membrane surface receptor of AI-2 in this
species. However, more experiments are needed to clar-
ify the AI-2 receptor and its mode of action in S. suis.

Our findings provide strong evidence that S. suis
enhances galactose utilization via AI-2 QS, especially
in the biosynthesis of CPS precursors. This increased
CPS production leads to enhanced macrophage resist-
ance and greater tissue invasion in S. suis. Furthermore,
our study provides initial support for the hypoth-
esis that the FruA protein in S. suis acts as a receptor
for AI-2 signalling molecules. Considering the high
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Figure 7 Al-2 QS regulates galactose metabolism and promotes CPS synthesis.

conservation of FruA in gram-positive bacteria, FruA
is a potential target for novel antibacterial agent devel-
opment. Receptor proteins such as FruA could be
exploited to design or identify new antibacterial drugs
that weaken bacterial colonization and prevent sys-
temic infection. These agents are anticipated to lack
bactericidal effects, ensuring a controlled impact on the
host’s microbial ecology. Moreover, these agents are not
expected to exert selective pressure, leading to the evo-
lution of resistance.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513567-024-01335-5.

Additional file 1. Standard curve equation.

Additional file 2. Multivariate statistical analysis of metabolomic
profile. PCA score plot (A-B). PLS-DA analysis (C-D). OPLS-DA (E-F).
There are six replicates in each group. Red and green represent WT and
AluxS groups, respectively. Permutation test (G-H).

Additional file 3. Structures of FruA protein models of S. suis.
Additional file 4. Structures of FruA protein models of S. pneumoniae.

Additional file 5. Quality evaluation results of FruA model of S. suis
(A-D). (A) Local quality estimate. (B) QMEAN4 scores of the compari-
son with a nonredundant set of PDB structures. (C) QMEAN Z Scores.
(D) Ramachandran plots.

Additional file 6. Quality evaluation results of FruA model of S. pneu-
moniae (A-D). (A) Local quality estimate. (B) QMIEAN4 scores of the
comparison with a nonredundant set of PDB structures. (C) QMEAN
Z Scores. (D) Ramachandran plots.

Additional file 7. Docking results of Al-2 with FruA.

Acknowledgements

This research was financially supported by the National Natural Science
Foundation of China (32172852), Excellent Youth Foundation of Henan Scien-
tific Committee (222300420005), He'nan Provincial Science and Technology
Research Project (232102110095), Program for Innovative Research Team (in
Science and Technology) in University of Henan Province (24IRTSTHNO33)
and Key Scientific Research Projects of Higher Education Institutions of Henan
Province (24A230013).

Authors’ contributions

Conceptualization: Yang W and Yuxin W. Methodology: SG and CM. Software:
YS. Formal analysis: XZ. Investigation: SY. Data curation: WJ. Writing—original
draft preparation: SG and YQ. Writing—review and editing: Yang W and LY.
Funding acquisition: Yang W and LY. All the authors have read and approved
the final manuscript.

Availability of data and materials
The datasets generated during and analysed during the study are available
from the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate

The animal protocol and euthanasia procedures employed in this study
involved thorough review and received approval from the Experimental Ani-
mal Monitoring Committee of Henan University of Science and Technology,
with the assigned approval number SKKUIACUC-20-04-14-3.

Competing interests

The authors declare that they have no competing interests.

Received: 21 March 2024 Accepted: 29 May 2024
Published online: 17 June 2024


https://doi.org/10.1186/s13567-024-01335-5
https://doi.org/10.1186/s13567-024-01335-5

Gao et al. Veterinary Research

(2024) 55:80

References

1.

Fan Q, Zuo J, Wang H, Grenier D, Yi L, Wang Y (2022) Contribution of quo-
rum sensing to virulence and antibiotic resistance in zoonotic bacteria.
Biotechnol Adv 59:107965

Tang J,Wang C, Feng Y, Yang W, Song H, Chen Z, Yu H, Pan X, Zhou X,
Wang H, Wu B, Wang H, Zhao H, Lin Y, Yue J, Wu Z, He X, Gao F, Khan AH,
Wang J, Zhao GP, Wang Y, Wang X, Chen Z, Gao GF (2006) Streptococcal
toxic shock syndrome caused by Streptococcus suis serotype 2. PLoS Med
3:e151

Wang Y, Wang Y, Sun L, Grenier D, Li Y (2018) Streptococcus suis biofilm:
regulation, drug-resistance mechanisms, and disinfection strategies. Appl
Microbiol Biotechnol 102:9121-9129

FengY, Cao M, Shi J, Zhang H, Hu D, Zhu J, Zhang X, Geng M, Zheng F,
Pan X, Li X, Hu F, Tang J, Wang C (2012) Attenuation of Streptococcus suis
virulence by the alteration of bacterial surface architecture. Sci Rep 2:710
Gao S, JinW, Quan', LiY, Shen, Yuan S, YiL, Wang Y, Wang Y (2024)
Bacterial capsules: occurrence, mechanism, and function. NPJ Biofilms
Microbiomes 10:21

Magee AD, Yother J (2001) Requirement for capsule in colonization by
Streptococcus pneumoniae. Infect Immun 69:3755-3761

Lin D, Fan J,Wang J, Liu L, Xu L, Li F, Yang J, Li B (2018) The fructose-spe-
cific phosphotransferase system of Klebsiella pneumoniae is regulated by
global regulator CRP and linked to virulence and growth. Infect Immun
86:00340-18

Noble K, Lu J, Guevara MA, Doster RS, Chambers SA, Rogers LM, Moore
RE, Spicer SK, Eastman AJ, Francis JD, Manning SD, Rajagopal L, Aronoff
DM, Townsend SD, Gaddy JA (2021) Group B Streptococcus cpsE is
required for serotype V capsule production and aids in biofilm formation
and ascending infection of the reproductive tract during pregnancy. ACS
Infect Dis 7:2686-2696

Nucci A, Rocha EPC, Rendueles O (2022) Adaptation to novel spatially-
structured environments is driven by the capsule and alters virulence-
associated traits. Nat Commun 13:4751

Tenenbaum T, Papandreou T, Gellrich D, Friedrichs U, Seibt A, Adam R,
Wewer C, Galla HJ, Schwerk C, Schroten H (2009) Polar bacterial invasion
and translocation of Streptococcus suis across the blood-cerebrospinal
fluid barrier in vitro. Cell Microbiol 11:323-336

. FanZ FuT, LiuH, Li Z, Du B, Cui X, Zhang R, Feng Y, Zhao H, Xue G, Cui

J,Yan C, Gan L, Feng J, Xu Z,Yu Z,Tian Z, Ding Z, Chen J, Chen Y, Yuan J
(2023) Glucose induces resistance to polymyxins in high-alcohol-pro-
ducing Klebsiella pneumoniae via increasing capsular polysaccharide and
maintaining intracellular ATP. Microbiol Spectr 11:¢0003123

. Fan QY,Wang HK, Mao CL, Li JB, Zhang XL, Grenier D, Yi L, Wang Y (2022)

Structure and signal regulation mechanism of interspecies and interking-
dom quorum sensing system receptors. J Agric Food Chem 70:429-445

. ShenY, Gao S, Fan Q, Zuo J,Wang Y, Yi L, Wang Y (2023) New antibacterial

targets: Regulation of quorum sensing and secretory systems in zoonotic
bacteria. Microbiol Res 274:127436

. Wang, Liu B, Grenier D, Yi L (2019) Regulatory mechanisms of the LuxS/

Al-2 system and bacterial resistance. Antimicrob Agents Chemother
63:e01186-19

. YiL, Fan Q Wang H, Fan H, Zuo J, Wang Y, Wang Y (2023) Establishment

of Streptococcus suis biofilm infection model in vivo and comparative
analysis of gene expression profiles between in vivo and in vitro biofilms.
Microbiol Spectr 11:20268622

. Li JP Fan QY, Jin MY, Mao CL, Zhang H, Zhang XL, Sun LY, Grenier D, Yi

L, Hou XG, Wang Y (2021) Paeoniflorin reduce luxS/Al-2 system-con-
trolled biofilm formation and virulence in Streptococcus suis. Virulence
12:3062-3073

. Xie Z, Meng K, Yang X, Liu J, Yu J, Zheng C, Cao W, Liu H (2019) Identifica-

tion of a quorum sensing system regulating capsule polysaccharide
production and biofilm formation in Streptococcus zooepidemicus. Front
Cell Infect Microbiol 9:121

. Zhi X, Abdullah IT, Gazioglu O, Manzoor |, Shafeeq S, Kuipers OP, Hiller

NL, Andrew PW, Yesilkaya H (2018) Rgg-Shp regulators are important for
pneumococcal colonization and invasion through their effect on man-
nose utilization and capsule synthesis. Sci Rep 8:6369

. Ha JH, Hauk P, Cho K, Eo Y, Ma X, Stephens K, Cha S, Jeong M, Suh JY,

Sintim HO, Bentley WE, Ryu KS (2018) Evidence of link between quorum
sensing and sugar metabolism in Escherichia coli revealed via cocrystal
structures of LsrK and HPr. Sci Adv 4:eaar7063

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33
34.

35.

36.

37.

38.

39.

40.

Page 14 of 15

Taga ME, Miller ST, Bassler BL (2003) Lsr-mediated transport and process-
ing of Al-2 in Salmonella typhimurium. Mol Microbiol 50:1411-1427
Deutscher J, Francke C, Postma PW (2006) How phosphotransferase
system-related protein phosphorylation regulates carbohydrate metabo-
lism in bacteria. Microbiol Mol Biol Rev 70:939-1031

Trappetti C, McAllister LJ, Chen A, Wang H, Paton AW, Oggioni MR,
McDevitt CA, Paton JC (2017) Autoinducer 2 signaling via the phospho-
transferase FruA drives galactose utilization by Streptococcus pneumoniae,
resulting in hypervirulence. MBio 8:€02269-16

Wang Y, Zhang W, Wu ZF, Zhu XL, Lu CP (2011) Functional analysis of luxS
in Streptococcus suis reveals a key role in biofilm formation and virulence.
Vet Microbiol 152:151-160

Horsburgh MJ, Carvalho SM, Kuipers OP, Neves AR (2013) Environmental
and nutritional factors that affect growth and metabolism of the pneu-
mococcal serotype 2 strain D39 and its nonencapsulated derivative strain
R6. PLOS One 8:258492

Carvalho SM, Kloosterman TG, Kuipers OP, Neves AR (2011) CcpA ensures
optimal metabolic fitness of Streptococcus pneumoniae. PLoS One
6:26707

Wang V, Liu B, LiJ, Gong S, Dong X, Mao C, Yi L (2019) LuxS/Al-2 system is
involved in fluoroquinolones susceptibility in Streptococcus suis through
overexpression of efflux pump SatAB. Vet Microbiol 233:154-158

Gao S, Shen Y, Yuan S, Quan Y, Li X, Wang Y, Yi L, Wang Y (2023) Methyl
anthranilate deteriorates biofilm structure of Streptococcus suis and
antagonizes the capsular polysaccharide defence effect. Int J Antimicrob
Agents 62:106996

Gao T, Tan M, Liu W, Zhang C, Zhang T, Zheng L, Zhu J, Li L, Zhou R (2016)
GidA, a tRNA modification enzyme, contributes to the growth, and
virulence of Streptococcus suis serotype 2. Front Cell Infect Microbiol 6:44
Hui X, Xu Z, Cao L, Liu L, Lin X, Yang Y, Sun X, Zhang Q, Jin M (2021)
HP0487 contributes to the virulence of Streptococcus suis serotype 2 by
mediating bacterial adhesion and anti-phagocytosis to neutrophils. Vet
Microbiol 260:109164

Husna AU, Wang N, Cobbold SA, Newton HJ, Hocking DM, Wilksch

JJ, Scott TA, Davies MR, Hinton JC, Tree JJ, Lithgow T, McConville MJ,
Strugnell RA (2018) Methionine biosynthesis and transport are function-
ally redundant for the growth and virulence of Salmonella Typhimurium.
J Biol Chem 293:9506-9519

Ma'Y, Shi Q, He Q, Chen G (2021) Metabolomic insights into the inhibition
mechanism of methyl N-methylanthranilate: a novel quorum sensing
inhibitor and antibiofilm agent against Pseudomonas aeruginosa. Int J
Food Microbiol 358:109402

Wang Y, Wang Y, Liu B, Wang S, LiJ, Gong S, Sun L, Yi L (2019) pdh modu-
late virulence through reducing stress tolerance and biofilm formation of
Streptococcus suis serotype 2. Virulence 10:588-599

PubChem. https://pubchem.ncbi.nlm.nih.gov/. Accessed 5 Sep 2023
Waterhouse A, Bertoni M, Bienert S, Studer G, Tauriello G, Gumienny R,
Heer FT, de Beer TAP, Rempfer C, Bordoli L, Lepore R, Schwede T (2018)
SWISS-MODEL: homology modelling of protein structures and com-
plexes. Nucleic Acids Res 46:W296-W303

SAVE v6.0. https://saves.mbi.ucla.edu/. Accessed 7 Sep 2023

Benkert P, Biasini M, Schwede T (2011) Toward the estimation of the
absolute quality of individual protein structure models. Bioinformatics
27:343-350

LiT,Wang D, Liu N, Ma, Ding T, Mei Y, Li J (2018) Inhibition of quorum
sensing-controlled virulence factors and biofilm formation in Pseu-
domonas fluorescens by cinnamaldehyde. Int J Food Microbiol 269:98-106
Joshi SD, Dixit SR, Kirankumar MN, Aminabhavi TM, Raju KV, Narayan R,
Lherbet C, Yang KS (2016) Synthesis, antimycobacterial screening and
ligand-based molecular docking studies on novel pyrrole derivatives
bearing pyrazoline, isoxazole and phenyl thiourea moieties. Eur J Med
Chem 107:133-152

Wang L, Wang Y, Yang W, He X, Xu S, Liu X, He Y, Hu Q, Yuan D, Jin T (2021)
Network pharmacology and molecular docking analysis on mechanisms
of Tibetan Hongjingtian (Rhodiola crenulata) in the treatment of COVID-
19. J Med Microbiol 70:001374

Paixdo L, Oliveira J, Verissimo A, Vinga S, Lourengo EC, Ventura MR, Kjos M,
Veening JW, Fernandes VE, Andrew PW, Yesilkaya H, Neves AR (2015) Host
glycan sugar-specific pathways in Streptococcus pneumoniae: galactose as
a key sugar in colonisation and infection. PLoS One 10:e0121042


https://pubchem.ncbi.nlm.nih.gov/
https://saves.mbi.ucla.edu/

Gao et al. Veterinary Research (2024) 55:80

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

Agrahari G, Liang Z, Glinton K, Lee SW, Ploplis VA, Castellino FJ (2016)
Streptococcus pyogenes employs strain-dependent mechanisms of C3b
inactivation to inhibit phagocytosis and killing of bacteria. J Biol Chem
291:9181-9189

Zampieri M, Zimmermann M, Claassen M, Sauer U (2017) Nontargeted
metabolomics reveals the multilevel response to antibiotic perturbations.
Cell Rep 19:1214-1228

Hyams C, Camberlein E, Cohen JM, Bax K, Brown JS (2010) The Streptococ-
cus pneumoniae capsule inhibits complement activity and neutrophil
phagocytosis by multiple mechanisms. Infect Immun 78:704-715

Van Calsteren MR, Gagnon F, Lacouture S, Fittipaldi N, Gottschalk M (2010)
Structure determination of Streptococcus suis serotype 2 capsular polysac-
charide. Biochem Cell Biol 88:513-525

Kuttel MM (2022) Comparative molecular modelling of capsular polysac-
charide conformations in Streptococcus suis serotypes 1,2, 1/2 and 14
identifies common epitopes for antibody binding. Front Mol Biosci
9:830854

Baker EN, Hubbard RE (1984) Hydrogen bonding in globular proteins.
Prog Biophys Mol Biol 44:97-179

Bissantz C, Kuhn B, Stahl M (2010) A medicinal chemist’s guide to molecu-
lar interactions. J Med Chem 53:5061-5084

Sargsyan K, Grauffel C, Lim C (2017) How molecular size impacts RMSD
applications in molecular dynamics simulations. J Chem Theory Comput
13:1518-1524

Wang Y, Zhang W, Wu Z, Lu C (2011) Reduced virulence is an important
characteristic of biofilm infection of Streptococcus suis. FEMS Microbiol
Lett 316:36-43

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

Wang Y, Wang Y, Sun L, Grenier D, Yi L (2018) The LuxS/Al-2 system of
Streptococcus suis. Appl Microbiol Biotechnol 102:7231-7238

Wang Y, Yi L, Zhang ZC, Fan HJ, Cheng XC, Lu CP (2014) Biofilm formation,
host-cell adherence, and virulence genes regulation of Streptococcus suis
in response to autoinducer-2 signaling. Curr Microbiol 68:575-580

Terra VS, Homer KA, Rao SG, Andrew PW, Yesilkaya H (2010) Characteriza-
tion of novel beta-galactosidase activity that contributes to glycoprotein
degradation and virulence in Streptococcus pneumoniae. Infect Immun
78:348-357

An H, Qian C, Huang Y, Li J, Tian X, Feng J, Hu J, Fang Y, Jiao F, Zeng Y,
Huang X, Meng X, Liu X, Lin X, Zeng Z, Guilliams M, Beschin A, Chen Y, Wu
Y, Wang J, Oggioni MR, Leong J, Veening JW, Deng H, Zhang R, Wang H,
Wu J, CuiY, Zhang JR (2022) Functional vulnerability of liver macrophages
to capsules defines virulence of blood-borne bacteria. J Exp Med
219:220212032

Wyatt EV, Diaz K, Griffin AJ, Rasmussen JA, Crane DD, Jones BD, Bosio CM
(2016) Metabolic reprogramming of host cells by virulent Francisella tula-
rensis for optimal replication and modulation of inflammation. J Immunol
196:4227-4236

Yildiz F, Fong J, Sadovskaya |, Grard T, Vinogradov E (2014) Structural
characterization of the extracellular polysaccharide from Vibrio cholerae
O1 El-Tor. PLoS One 9:e86751

Armbruster CE, Pang B, Murrah K, Juneau RA, Perez AC, Weimer KE,
Swords WE (2011) RbsB (NTHI_0632) mediates quorum signal uptake

in nontypeable Haemophilus influenzae strain 86-028NP. Mol Microbiol
82:836-850

Lowery CA, McKenzie KM, Qi L, Meijler MM, Janda KD (2005) Quorum
sensing in Vibrio harveyi: probing the specificity of the LuxP binding site.
Bioorg Med Chem Lett 15:2395-2398

Pereira CS, de Regt AK, Brito PH, Miller ST, Xavier KB (2009) Identification
of functional LsrB-like autoinducer-2 receptors. J Bacteriol 191:6975-6987
Waters CM, Bassler BL (2006) The Vibrio harveyi quorum-sensing system
uses shared regulatory components to discriminate between multiple
autoinducers. Genes Dev 20:2754-2767

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 15 of 15



	AI-2 quorum sensing-induced galactose metabolism activation in Streptococcus suis enhances capsular polysaccharide-associated virulence
	Abstract 
	Introduction
	Materials and methods
	Bacterial strains and growth conditions
	Growth assays
	Capsular polysaccharide formation assay
	PMP–HPLC analysis
	Transmission electron microscopy (TEM)
	Anti-phagocytosis assay
	Metabolomic analysis based on LC‒MSMS
	Quantitative RT‒PCR (qRT‒PCR)
	Virtual molecular docking assays
	Molecular dynamics simulation analysis
	Animal experiments
	Determination of the median lethal dose (LD50)
	Tissue bacterial load detection
	Histological examination

	Statistical analysis

	Results
	AI-2 complements ΔluxS growth phenotypes
	AI-2 promotes CPS production
	AI-2 QS upregulates galactose metabolism in S. suis
	Molecular docking and dynamic simulation
	Exogenous AI-2 increases S. suis virulence

	Discussion
	Acknowledgements
	References


