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A B S T R A C T

Streptococcus suis is a zoonotic pathogen that affects pigs and humans. In this study, we characterised ShgH, a 
predicted substrate-binding component of an ABC transporter. Immunoassays confirmed that ShgH is expressed, 
secreted and surface-exposed in S. suis, in agreement with its proposed transporter function. Isothermal titration 
calorimetry demonstrated that ShgH binds glutamine and histidine, with a higher affinity for histidine. Deletion 
of the shgH gene significantly impaired uptake of both radiolabelled amino acids confirming its role as part of a 
transporter. Functional analysis revealed that shgH deletion results in a marked reduction in virulence in a 
murine infection model, while host colonization remained unaffected. ShgH contributes to infection by facili
tating evasion of phagocytosis and resistance to oxidative stress through impaired nutrient acquisition and 
reduced capsule production. In addition, ShgH regulates biofilm formation and architecture. Notably, ShgH is 
highly conserved among pathogenic streptococci, suggesting a broader functional relevance. Altogether, our 
findings identify ShgH as a dual glutamine/histidine- binding protein essential for nutrient uptake and virulence 
in S. suis, and a promising target for future therapeutic interventions.

1. Introduction

Streptococcus suis is a Gram-positive bacterium commonly found as 
part of the commensal microbiota in the upper respiratory tract of swine. 
However, it can also act as a pathogen, causing bacteremia, endo
carditis, arthritis, pneumonia, and meningitis (Haas and Grenier, 2018). 
Although the disease primarily affects weaning pigs; nursery pigs, 
fattening pigs and sows are also frequently affected. In Europe, 
approximately 80 % of pig production units are clinically affected by 
S. suis infections (Neila-Ibáñez et al., 2021). S. suis is also a zoonotic 
pathogen (Goyette-Desjardins et al., 2014) (Dong et al., 2021). Human 
infections often occur through raw or undercooked pork consumption or 
direct contact with infected pigs. It is one of the leading causes of bac
terial meningitis in Vietnam, Thailand and China (Goyette-Desjardins 
et al., 2014; Tan et al., 2019), while incidence rates in Europe range from 

0.1 to 4.9 cases per 100,000 individuals (Brizuela et al., 2024).
Treatment of S. suis infections relies primarily on antibiotics. How

ever, due to its constant exposure to antimicrobials, both as a 
commensal and pathogen, clinical isolates often exhibit high levels of 
antimicrobial resistance, particularly to macrolides, lincosamides and 
tetracyclines (Uruén et al., 2022, 2023). Thus, alternative preventive 
strategies are urgently needed. Vaccination remains a promising 
approach, although current strategies are limited. Autogenous vaccines 
are widely used, but exhibit reduced efficacy due to the high genetic and 
antigenic diversity of S. suis. To date, more than 4200 Sequences Type 
(STs) have been identified by Multi Locus Sequence Type (MLST), which 
evidences the high genetic variability of this bacterium, complicating 
the development of broadly protective vaccines. Subunit vaccines tar
geting conserved antigens are under active investigation, but no effec
tive commercial vaccine is currently available.
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S. suis produces over 70 virulence factors, several of which have been 
extensively studied as potential vaccine targets (Segura, 2015). How
ever, the expression of many of these factors is restricted to particular 
genetic lineages or geographic regions (Uruén et al., 2024). The 
best-characterized virulence factor is the polysaccharide capsule that 
plays a crucial role in evading phagocytosis. Up to 29 capsule types have 
been identified so far, which is the basis for serotyping. Nevertheless, 
only a few capsule types are associated with clinical disease (Votsch 
et al., 2018). The high variability of capsule types and limited long-term 
protection generated by capsule vaccines, have so far reduced its 
application as an effective vaccine component. As a result, the identi
fication of novel and broadly protective antigens remains critical. In an 
effort to identify new virulence factors in S. suis with vaccine potential, 
our group previously conducted a transposon mutagenesis screen to 
identify conditionally essential genes for S. suis survival during experi
mental infection in pigs (Arenas et al., 2020). Among the genes identi
fied was SSU0503, encoding a putative substrate-binding protein (SBP). 
This protein is part of an operon encoding a typical ABC transporter, 
which has not been characterized to date.

ABC transporters are membrane-spanning protein complexes that 
mediate the uptake of nutrients and export of molecules. A canonical 
ABC transporter is composed of two transmembrane domains (TMDs), 
two nucleotide-binding domains (NBDs) and one SBP, which may be 
membrane-anchored via a lipid or directly associated with the TMDs 
(Davidson et al., 2008). The transport begins when SBP binds its sub
strate, triggering a change in the conformation of TMD, which act as a 
permease, leading to the importing of the substrate through the mem
brane. Then, NBDs, which functions as an ATPase, lead to a return of the 
native conformation of the TMD (Davidson et al., 2008). Some ABC 
transporters have been shown to be essential for bacterial virulence, 
being key in host colonization (Akhtar and Turner, 2022), and few have 
even been proposed as vaccine candidates (Akhtar and Turner, 2022). In 
this work, we aimed to identify the biological function of 
SSU0503-encoding protein and determine its role in streptococcal dis
ease. Our findings show that this protein functions as a histidine and 
glutamine binding protein that is conserved across multiple strepto
coccal species. Therefore, we propose to name it Streptococcal Histidi
ne/Glutamine binding Protein (ShgH).

2. Material and methods

2.1. Bioinformatics

The signal peptide of ShgH encoded by SSU0503 in the reference 
strain of S. suis P1/7 was predicted using SignalP 5.0 (https://services.he 
althtech.dtu.dk/services/SignalP-5.0/). The surface exposed region of 
the protein was identified using TMHMM (https://services.healthtech. 
dtu.dk/services/TMHMM-2.0/), while the tertiary structure of was 
predicted using AlphaFold (https://alphafold.ebi.ac.uk/) and Phyre2 
(https://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index). 
Sequence alignments were performed by the BLAST tool provided by 
NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and the online MAFFT 
version 7 (https://mafft.cbrc.jp/alignment/server/index.html). For ge
netic conservation analyses, sequences from phylogenetically distant 
complete genomes were chosen. To avoid misinterpretations, only the 
assembled genomes at the chromosomal level were used. The number of 
analysed sequences was proportional to the total of sequences obtained 
for each specie. For comparative genomic analyses and conservation 
across species, Easyfig was used (https://mjsull.github.io/Easyfig/). 
Recombination points in Streptococcus DNA sequences were identified 
using RDP4 software suite (http://web.cbio.uct.ac.za/~darren/rdp. 
html). Break points were considered when at least three algorithm 
tests were positive. Molecular docking simulations between ShgH and its 
putative ligands were performed using SwissDock (http://old.swissdoc 
k.ch/docking), selecting the conformation with the lowest predicted 
binding energy. Docking images were adapted using PyMOL (http 

s://www.pymol.org/).

2.2. Bacterial strains and growth conditions

The bacterial strains used in this study are listed in Table 1. S. suis 
strain P1/7 is considered a reference strain and its genome sequence is 
publicly available (Clifton-Hadley, 1984). It produces a serotype 2 
capsule, and belongs to the ST1. S. suis strain P1/7Δgfp+ is a derivative 
of P1/7 that expresses a Green Fluorescent Protein (GFP) (manuscript in 
preparation) and P1/7Δcps2E-F is an unencapsulated mutant derivative 
(Jurado et al., 2023). S. suis strains were grown in Todd-Hewitt Broth 
(THB, Condalab) supplemented with 5 g/L of peptone (Oxoid Ltd.). For 
solid media, THB was supplemented with 15 g/L of agar (Biokar Di
agnostics) (THA). When required, antibiotics (Sigma-Aldrich) were 
added to the culture media, namely 100 µg/mL spectinomycin, 
25 µg/mL chloramphenicol and 10 µg/mL tetracycline. For liquid cul
tures, S. suis was grown in THB at an initial optical density at 600 nm 
(OD600) of 0.05 and incubated at 37ºC in a 5 % CO2 atmosphere until 
reaching an OD600 of 0.5, which corresponds to the exponential growth 
phase. To evaluate S. suis growth under amino acid limited conditions, it 
was grown in a chemically defined medium (CDM) with varying con
centrations of amino acids to which S. suis is auxotrophic (histidine, 
glutamine/glutamate, arginine, tryptophan and leucine), following the 
formulation previously described (Willenborg et al., 2015). All CDM 
components were obtained from Sigma-Aldrich. S. suis was growth 
overnight in THB, and then subcultured into fresh THB at an initial 
OD600 of 0.05 until reaching the logarithmic phase. Cells were harvested 
by centrifugation at 2500 g during 10 min, washed with Phosphate 
Buffer Saline (PBS, 7.7 mM Na2HPO4, 2.3 mM NaH2PO4, 145.5 mM 
NaCl, pH 7.35), and inoculated in CDM with varying amino acid con
centration in 24-well plates at an initial OD600 of 0.05. Cultures were 
incubated at 37ºC during 24 h in a microplate reader (GENios Pro, 
Tecan) with OD600 measurements every 30 min. To asses bacterial 
growth under oxidative stress, S. suis was cultured in THB supplemented 
with 0.2 mM hydrogen peroxide (Panreac) at an initial OD600 of 0.02 in 
96-well plates at 37ºC. Growth was monitored during 8 h using the 
microplate reader. The commercial Escherichia coli strain BL21 (DE3) 
(Invitrogen) was used for protein production. This bacterium was grown 

Table 1 
Strains used in this study.

Strain or 
Plasmid

Relevant characteristics Source or 
reference

Strains ​ ​
S. suis ​ ​
P1/7 S. suis reference strain, serotype 2, ST1 (Clifton-Hadley, 

1984)
P1/7Δcps2E-F P1/7 strain with capE/G genes replaced 

by specR
(Jurado et al., 
2023)

P1/7ΔshgH P1/7 strain with SSU0503 replaced by 
specR

This study

P1/7ΔshgHc P1/7shgH strain with spec replaced by 
shgH gene and a catR

This study

P1/7Δgfp+ P1/7 expressing GFP with tetR Laboratory 
collection

P1/ 
7Δgfp+ΔshgH

P1/7Δgfp+ with SSU0503 replaced by 
specR

This study

E. coli ​ ​
BL21 (DE3) Overexpression strain Laboratory 

collection
BL21- pET16b- 

ssShgH
BL21 (DE3) strain with pET16b-ssShgH, 
blaR

This study

Plasmids ​ ​
pET16b Plasmid for expression of N-terminally 

His-tagged recombinant proteins in E. coli
Laboratory 
collection

pET16b-ssShgH pET16b derivative encoding recombinant 
S. suis ShgH

This study

specR: spectinomycin-resistance cassette; catR: chloramphenicol-resistance 
cassette; tetR: tetracycline-resistance cassette; blaR: ampicillin resistant cassette.
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at 37ºC in Luria Broth medium (LB, Sigma-Aldrich) or LB supplemented 
with 15 % of bacteriological agar (LBA), and, when required, with 
100 µg/mL ampicillin. For liquid cultures, colonies from LBA plates were 
propagated in LB medium starting at an initial OD600 of 0.05, and 
incubated in a shaker incubator at 100 rpm until reaching an OD600 of 
0.6–0.8. When required, 0.1 mM isopropyl β-D-1-thiogalactopyranoside 
(IPTG) was added to the culture medium to induce protein expression.

2.3. DNA constructs and preparation of mutants

All primers used in this study are listed in Table S1. To prepare 
knock-out mutants, DNA fragments upstream and downstream of the 
SSU0503 locus were amplified from chromosomal DNA of S. suis P1/7 
using a High-Fidelity DNA Polymerase (Thermo Fisher Scientific). These 
fragments were fused to a spectinomycin-resistant cassette by overlap 
extension PCR using primers targeting the outermost regions following 
protocols described by us (García López et al., 2024). For genetic 
complementation, an additional fragment, containing the upstream re
gion and the intact SSU0503, were amplified and fused to the down
stream region of SSU0503 and a chloramphenicol-resistant cassette by 
PCR. Fluorescent mutants were generated by amplifying a DNA frag
ment encoding GFP protein from the fluorescent strain P1/7Δgfp+. PCR 
reactions were initiated with 5 min incubation at 98ºC for DNA dena
turation, 30 cycles of 10 s at 98ºC, 30 s at 55ºC, an elongation at 72ºC 
(duration depending on the target amplicon, Table S1), and a final 
extension at 72ºC during 7 min. PCR products were separated in 1 % 
agarose gels and visualized using GelGreen nucleic acid strain (Biotium) 
in a bioimaging system. DNA fragments were purified using a silica 
column (QIAGEN) and used to transform S. suis P1/7, following previ
ously described protocols (Zaccaria et al., 2014). Briefly, S. suis P1/7 was 
cultured overnight in THB at 37ºC, subcultured to an initial OD600 of 
0.04, and mixed with 1.2 µg of transforming DNA and 250 µM of a 
ComX-Inducing Peptide (XIP) pheromone (GenScript) in a final volume 
of 100 µL. The mixture was incubated at 37ºC for 2 h, centrifuged 
(2500 g during 10 min), and plated on THA supplemented with antibi
otics. Transformants were screened by PCR and confirmed by 
sequencing.

2.4. Purification of recombinant ShgH and antiserum production

The surface-exposed region of ShgH (amino acids 22–279) produced 
by S. suis strain P1/7 was produced as a recombinant protein using a 
heterologous expression system in E. coli. The DNA sequence encoding 
the mature protein was codon optimized for E. coli expression, cloned 
into the expression vector pET-16b (GenScript) with a 10-histidine tag 
added to its N-terminus to enable protein purification, and confirmed by 
sequencing. The resulting plasmid, called pET16b-ssShgH, was used to 
transform E. coli strain BL21 (DE3), and protein production was stimu
lated as described above. The recombinant ShgH was purified from 
bacterial lysates using Ni-NTA agarose affinity chromatography (QIA
GEN GmbH), and dialyzed against PBS. Protein concentration was 
determined using the BCA Protein Assay kit (EMD Millipore Corp). 
Successful protein production and purification was assessed by SDS- 
PAGE, and the protein identity was verified by Western blotting using 
an anti-His tag antibody (as described below).

The purified recombinant ShgH was used to generate specific poly
clonal sera in BALB/c mice (Janvier Labs) using a described protocol 
(Bosch et al., 2025). Briefly, 6 weeks old mice were immunized intra
peritoneally with 50 µg of ShgH emulsified in a 1:1 ratio with 50 µg 
TiterMax Gold Adjuvant (Sigma-Aldrich) and administrated in two 
doses spaced two weeks apart. Two weeks after the final injection, mice 
were euthanized via CO2 asphyxiation followed by cervical dislocation, 
and blood samples were collected. These animal experiments were 
approved by the Animal Welfare Committee of CITA (2019–03) and 
conducted in accordance with its guidelines and policies. Mice were 
housed in level II facilities at CITA, and fed and cleaned by certified 

personnel.

2.5. Sample preparation, SDS-PAGE and Western blotting

For all bacterial preparations, cells from logarithmic-phase cultures 
were used. For whole-cell lysate preparation, bacterial cells were har
vested by centrifugation at 2500 g during 10 min. The resulting pellet 
was resuspended in PBS and adjusted to an OD600 of 10 for S. suis and 1 
for E. coli. Cell envelope preparations and supernatants were obtained 
using previous described protocols (Arenas et al., 2015, 2016). Briefly, 
overnight cell cultures were centrifuged at 2500 g during 10 min. The 
pellet was resuspended in Tris-HCl (2 mM, pH 7.6), sonicated, centri
fuged at 2500 g during 30 min and harvested by ultracentrifugation 20, 
000 g during 3 h to obtain cell envelopes. Supernatants were precipi
tated with 10 % trichloroacetic acid (TCA) during 30 min on ice and 
centrifuged 10 min at full speed as previously described (Arenas et al., 
2015). The pellet was washed with pure acetone, stored at − 20ºC and 
resuspended in PBS. Samples were diluted in 4x sample buffer (0.25 M 
Base tris, 0.28 M SDS, 40 % glycerol, 6 mM bromophenol blue, 3 % 
ß-mercaptoethanol), denatured at 100ºC for 10 min, and subjected to 
SDS-PAGE using 12 % polyacrylamide gels. Electrophoresis was per
formed at 200 V during 45 min. Gels were either stained with Coomasie 
brilliant blue G250 (Thermo Fisher Scientific) or transferred to nitro
cellulose membranes (Thermo Fisher Scientific) at 100 V for 60 min for 
Western blotting. Membranes were stained with Ponceau S (Sigma-Al
drich) to verify transfer efficiency, washed in PBS, and blocked for 1 h at 
room temperature with 3 % non-fat dry milk in PBS. Blots were incu
bated overnight at 4ºC with primary antibodies at working dilutions, 
including a commercial mouse monoclonal anti-GFP serum (Invitrogen), 
a commercial mouse monoclonal anti-His tag serum (Invitrogen), a 
mouse polyclonal anti-ShgH serum (this study), and a mouse polyclonal 
serum against the membrane protein GlnP (laboratory collection). After 
three washes in PBS, membranes were incubated for 1 h at room tem
perature with an HRP conjugated anti-mouse secondary antibody (Sig
ma-Aldrich). Signal detection was performed using Pierce ECL Western 
Blotting Substrate (NZYtech) and visualized in an iBright 1500 imaging 
system (Invitrogen).

2.6. Proteinase K accessibility assays

The surface accessibility of proteins was evaluated as previously 
described (Arenas et al., 2016), with minor modifications. S. suis strain 
P1/7Δgfp+ was cultured in THB to exponential phase and harvested by 
centrifugation at 2500 g during 10 min. Bacterial pellets were resus
pended in PBS containing or not proteinase K (Invitrogen) at different 
concentrations, and incubated during 1 h at 37ºC. Bacterial cells were 
then centrifuged, washed with PBS, lysed, separated by SDS-PAGE and 
analysed by Western blotting.

2.7. Isothermal titration calorimetry assays

The interaction of ShgH with its potential ligands was assessed using 
an automated Auto-iTC200 high-sensitivity calorimeter (MicroCal, 
Malvern-Panalytical) following previous protocols (Bosch et al., 2025). 
Briefly, 200 µM of either L-histidine or L-glutamine were loaded into the 
injection syringe and titrated into a 40 µM solution of purified ShgH in a 
calorimetric cell. A standard titration consisted of a series of 19 
sequential 2 µL injections at a rate of 0.5 μL/s, with a 150 s interval time 
spacing between injections. A reference power of 10 μcal/s and a stirring 
speed of 750 rpm were maintained throughout the experiment. Mea
surements were performed at 15ºC in PBS buffer. The binding isotherm 
was generated by integration of the thermogram after baseline correc
tion. The association constant (Ka) and enthalpy change (ΔH) estima
tions were determined by fitting the data to a single-site binding model 
(1:1 stoichiometry) using non-linear least-squares regression data 
analysis with Origin 7.0 (OriginLab). The dissociation constant (Kd) was 
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calculated as the reciprocal of Ka. Gibbs free energy (ΔG) and entropy 
change (ΔS) were derived from Kd and ΔH, using standard thermody
namic equations. The background injection heat was accounted by 
including an adjustable constant parameter in the fitting function. The 
concentration of purified ShgH was determined spectrophotometrically 
using its theoretical extinction coefficient (ε280 nm = 45,380 M− 1cm− 1).

2.8. Radiolabelled isotopes uptake assays

For radiolabelling experiments, bacterial strains from logarithmic 
phase cultures were harvested by centrifugation (2500 g during 10 min), 
washed twice with PBS, and subsequently cultured in CDM supple
mented with 5 mg/L of histidine or glutamine and 1 µCi of 3H-L-histidine 
or 3H-L-glutamine adjusted at an OD600 of 0.1. Cultures were incubated 
during 1 h at 37ºC. Bacterial cells were then recovered and resuspended 
at an OD600 of 1 in histidine or glutamine deprived CDM to a final OD600 
of 1, and mixed with Ultima Gold scintillation liquid (Sigma-Aldrich) at 
a 1:25 dilution. The incorporation rate of radiolabelled amino acid was 
quantified by measuring the ß-emission counts per minute (CPMB) using 
a Tri-Car 4810 TR Liquid Scintillation Analyzer (PerkinElmer) operated 
with QuantaSmart for Tri-Carb 5.2 software. Measurement parameters 
were optimized for 3H with 1 min counting time and energy discrimi
nation set between 2 keV (lower limit) and 18.6 keV (upper limit).

2.9. Macrophage cultures and phagocytosis assays

Phagocytic assays were performed using the murine macrophage cell 
line J774A.1, as previously described (Bosch et al., 2025). Shortly, cells 
were grown in DMEM medium supplemented with 1 % L-glutamine 
(GlutaMAX), 10 % foetal calf serum, and 1 % Penicillin/Streptomycin, 
all from Gibco. Macrophages were cultured at 37ºC in 5 % CO2 in 25 cm2 

tissue-culture flasks (Nunc) until approximately 80 % confluence. Cells 
were detached by trypsinization and seeded in 24-well plates (Jet Biofil). 
After 24 h, cells were washed with Dullbecco’s PBS (Invitrogen) and 
cultured for another 24 h in antibiotic-free DMEM supplemented with 
1 % GlutaMAX, 1 % foetal calf serum and 1 ng/mL lipopolysaccharide 
from E. coli (Sigma-Aldrich) to activate the macrophages. S. suis from 
logarithmic-phase cultures were added to the activated macrophages at 
a multiplicity of infection (MOI) of 100 and incubated at 37ºC for 1 h. 
Before incubation, plates were centrifuged 800 g during 5 min to 
enhance macrophage-bacteria interaction. After incubation, 
non-adherent bacteria were removed by washing twice with commercial 
Dullbecco’s PBS. To assess total macrophage-associated bacteria, cells 
were lysed with 1 % saponin in Dullbecco’s PBS during 20 min, followed 
by mechanical disruption. Lysates were serially diluted and plated on 
THA plates for colony forming units (CFUs) counting. To assess intra
cellular bacteria, before saponin treatment, extracellular bacteria were 
killed by treatment with 120 µg/mL gentamicin during 1 h. To deter
minate intracellular survival, after 1 h gentamicin treatment, infected 
macrophages were washed and incubated for additional 2 h. The num
ber of viable intracellular bacteria was determined by saponin treatment 
and CFU counting. The data are the average of three independent ex
periments with technical replicates. Results were expressed as a per
centage of the initially inoculated bacteria.

2.10. Animal infections

Six-week-old CD1 mice (Janvier Labs) were housed in level II facil
ities at CITA and fed and cleaned by CITA personnel. After one-week 
adaptation, they were randomly assigned into 5-mice groups. Mice 
where shortly exposed to 1 % of acetic acid to irritate nostrils (Seitz 
et al., 2012). One hour later, the animals were intranasally inoculated 
with 1 × 107 CFUs of S. suis strains. Health, behaviour and weight were 
monitored daily to track clinical signs of streptococcal infection 
(depression, swollen eyes, rough hair coat, prostration and lethargy). 
Three days post infection, animals were euthanized using CO2, followed 

by cervical dislocation. Nostrils and internal organs (lungs, heart, 
spleen, brain) were extracted, weighed, and homogenized in a Stom
acher 80 (Seward). The number of viable bacteria was determined by 
serial dilution of samples in PBS and CFUs counting on THA plates. All 
animal experiments were approved by the Animal Welfare Committee of 
CITA (2023–01), and conducted in accordance with its guidelines and 
policies.

2.11. Biofilm formation

S. suis biofilm assays were performed as previously described (Jurado 
et al., 2023). Briefly, bacterial cells from logarithmic-phase cultures 
were resuspended in CDM with varying histidine and glutamine con
centrations, adjusted at an OD600 of 1, and incubated in 24-well plates 
(Techno Plastic Products) at 37ºC during 24 h. Then, the supernatant 
was removed, and wells were washed with PBS. To quantify biofilm 
biomass, crystal violet staining was performed as described (Jurado 
et al., 2023). To examine biofilm by microscopy, biofilms were formed 
on glass, washed with PBS, and fixed in PBS containing 2 % formalde
hyde for 1 h. Fixed samples were washed with PBS and visualized using a 
Leica TSC SP5 inverted microscope with an HCX PLAPO 40x/0.85 
objective (Leica Microsystems). Image Z-stacks were acquired at 0.4 µm 
intervals and used to study biofilm architecture and structural param
eters using COMSTAT software (Heydorn et al., 2000).

2.12. Determination of sialic acid

To demonstrate capsule loss in S. suis, sialic acid present on bacterial 
cell surface was quantified as described (Feng et al., 2012). Cell enve
lopes were extracted as described above, and adjusted to 2.5 mg/mL 
using a commercial BCA assay kit (Sigma-Aldrich). The sialic acid con
tent was quantified using a commercial colorimetric kit (AssayGenie) 
following manufactureŕs instructions.

2.13. Statistical analyses

For statistical comparisons, data were obtained from at least three 
independent experiments, each performed in duplicate. Statistical ana
lyses were performed using an unpaired multiple t-test in GraphPad v6 
software. Differences between groups were considered statistically sig
nificant when p < 0.05. P values were indicated with asterisks as 
*p < 0.05, **p < 0.01 or ***p < 0.001.

3. Results

3.1. Characterization and distribution of the shgH gene

Genomic analyses of the S. suis P1/7 genome indicates that SSU0503 
locus is part of an operon, hereafter referred to as histidine/glutamine 
uptake operon (hguo). From 5 ́ to 3 ́ , hguo consists of three genes: 
SSU0501 (shgP), encoding a TMD; SSU0502 (shgQ), encoding a NBD; and 
SSU0503 (shgH), presumably encoding a SBP. Together, these genes 
likely form a classical ABC transporter. Upstream of the hguo operon, the 
SSU0500 (glmS) is located, which encodes a glutamine transaminase. A 
152 bp intergenic region separates glmS from hguo. Within this region, 
we identified putative promoter elements, including a Pribnow box 
(TATACT) and a conserved − 35 region (TTGAAA) (Figure S1). Multiple 
predicted transcription factor binding sites were also detected, including 
LrP, Fnr and RpoD (Figure S1). Interestingly, the region harbours 
consensus sequences recognized by amino acid responsive regulators, 
including GlnR (TGTTAAATTTATTAAA), involved in glutamine meta
bolism regulation (Kloosterman et al., 2006; Chen et al., 2010) 
(Figure S1). In addition, within the glmS gene, a consensus HisR 
sequence (CACTTTTGAGCAAAAAGCC) was detected, involved in his
tidine metabolism regulation (Ashniev et al., 2022) (Figure S1). The 
glmS gene is preceded by SSU0499 (lepB), encoding an endopeptidase, 
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SSU0498 (axeA1), encoding a GDSL lipase/esterase, and SSU0497 (thi0), 
encoding a FAD-binding oxidoreductase involved in amino acid trans
port. Downstream of hguo, SSU0506 encodes a metallo-hydrolase, and 
SSU0507, a bifunctional exonuclease/helicase. Between shgH and 
SSU0506, two pseudogenes encoding disrupted transposases belonging 
to the IS110 and ISL3 families were identified.

BLASTn analyses using the hguo as a query revealed hits in all 192 
public S. suis genomes tested, with 100 % query coverages. Among these, 
183 genomes exhibited sequence identities above 97.6 %, while the 
remaining nine ranged from 79.1 % to 95.4 % (Table 2). Homologous 
hguo operons were identified in other streptococcal species, including 
pathogens such as S. pneumoniae or S. parasuis, and non-pathogenic 
species like S. mitis and S. cristatus. In the selected genomes, the hguo 
operon showed a coverage of 91 % and sequence identities ranging from 
66.5 % to 83 % (Table 2). Notably, the S. suis hguo shared high sequence 
identity (>80 %) with S. parasuis and S. ruminantium, but lower simi
larity (60 %-80 %) with S. thermophilus, S. oriscaviae, S. pneumoniae, and 
S. oralis (Table 2). The genetic context of the hguo operon in represen
tative streptococcal species is illustrated in Fig. 1. The upstream region is 
relatively conserved among several species, including S. suis, S. rumi
nantium, S. parasuis, S. oriscaviae, S. respiraculi, S. marmotae, and 
S. thermophilus, particularly around the glmS gene. The region varies in 
length (2–4.55 kb) and sequence identity (71–84 %). In contrast, S. oralis 
and S. pneumoniae, display a divergent upstream region encoding genes 
such as ATP-synthase subunits (atpB, F, H, A, G, D, C), 6-phosphogluco
nolactonase (pgl), and an assembly-enhancing protease (bepA). The 
downstream region is highly variable across species. Some gene con
servation was observed among S. ruminantium and S. parasuis, or 
S. oriscaviae and S. respiraculi, whereas S. suis shared no homology with 
other species in this region. Interestingly, hguo-like operons were iden
tified in non-streptococcal species, such as Clostridium butyricum, Clos
tridium perfringens or Clostridioides difficile, although with low query 
coverage (<26 %).

The GC content of the hguo operon in S. suis was 39.1 %, closely 
matching the average GC content of the S. suis P1/7 genome (41.5 %). 
Prediction of recombination events within streptococcal sequences 

detected up to 12 recombination events in regions flanking the operon 
(indicated by thin arrows in Fig. 1). Three events were located down
stream the hguo, involving pepT and yidA genes in S. parasuis H35 and 
S. marmotae HTS5, and mtlD and fieF in S. respiraculi HTS25 (Fig. 1). Six 
events were found upstream, generally spanning the region between thi0 
and glmS (Fig. 1). Within the hguo operon, three recombination events 
were identified in S. suis, S. ruminantium and S. thermophilus. In S. suis, 
the event involved the glmS gene and the intergenic region downstream 
shgH, with S. thermophilus 1 A or S. parasuis H35 as potential donors 
(Table S2). In S. ruminantium GUT183, the thi0, axeA1, lepB and glmS 
genes and the hguo operon appeared recombinant, with S. parasuis 
SUT380 and S. suis SC183 as likely sources (Table S2). In S. thermophilus 
1 A recombination points flanked hguo, with S. suis P1/7 and S. parasuis 
H35 as potential donors (Table S2). No recombination events were 
detected in S. oralis FDAARGOS_885, S. pneumoniae 3641/15, and 
S. oriscaviae HKU75. Together, these data evidence that hguo is highly 
conserved in Streptococcus genus and suggest that horizontal gene 
transfer among certain streptococcal species has undergone.

3.2. Three-dimensional model of S. suis ShgH

ShgH is a predicted lipoprotein of 278 amino acid residues in the 
S. suis reference strain P1/7. Its N-terminal extreme contains a signal 
peptide (residues 1–21) recognized by the Sec translocation machinery 
for crossing the membrane, followed by a conserved lipobox at position 
22 (Fig. 2A, Figure S2), which becomes acylated to anchor the protein to 
the membrane. The mature lipoprotein contains an amino acid-binding 
domain spanning residues 38–268. Tertiary structure prediction using 
AlphaFold revealed that ShgH adopts a bipartite fold composed of two 
subdomains, S1 and S2, connected by a flexible linker (Fig. 2B). The N- 
terminal subdomain S1 contains six α-helices and seven β-sheets ar
ranged in mixed orientations, while subdomain S2 consists on seven 
α-helices and five β-sheets forming a globular structure (Fig. 2B). Both 
subdomains contain small surface-accessible cavities, and a prominent 
central cavity located at their interface (Fig. 2C). This central cavity 
exposes multiple residues, suggesting a role in substrate binding. To 
investigate potential substrate specificity, structural homology searches 
were performed using Phyre2. ShgH exhibited high structural similarity 
to amino acid-binding proteins from other bacteria, including 74 % 
identity to a histidine-binding protein from S. pneumoniae (PDB: 4ohn), 
65 % to a polar amino acid ABC uptake transporter from S. thermophilus 
(PDB: 3hv1), and 32 % to AncQR, a synthetic glutamine-binding protein 
(PDB: 4zv2). These results suggest that histidine and glutamine are 
likely substrates of ShgH.

To further investigate substrate binding of ShgH, molecular docking 
analyses were performed using ShgH in complex with histidine and 
glutamine (Fig. 2D). Polar interactions were assessed by identifying 
residues within 5 Å of each ligand in the central cavity of ShgH. Histi
dine was positioned to form polar interactions with four residues: 
Gly107, Ser109, Ser157 and Asp202. Additionally, hydrogen bonds 
were predicted between Ser109 and Arg114 with the oxygen atoms at 
positions 15 and 13 of histidine (Fig. 2E), respectively. These residues 
are also involved in ligand binding in the histidine-binding protein of 
S. pneumonie (PDB: 4ohn), confirming our predictions. In the glutamine- 
ShgH complex, six residues, including Asn106, Gly107, Ser109, Arg114, 
Ser157 and Asp202, were positioned for potential polar interactions. 
Notably, Arg114 and Ser157 were also predicted to form hydrogen 
bonds with the carbonyl oxygen of glutamine (Fig. 2E). All these resi
dues involved in ligand binding were fully conserved in ShgH homolo
gous from multiple Streptococcus species, including S. oralis, S. 
pneumoniae, S. parasuis, S. oriscaviae, S. respiraculi, S. marmotae, and 
S. thermophilus (Figure S2).

To further validate the role of specific residues in substrate binding, 
we compared predicted binding sites of ShgH with those of structurally 
characterized histidine- and glutamine-binding proteins from E. coli. In 
the crystal structure of the histidine-binding protein HisJ, nine residues 

Table 2 
Distribution of hguo operon within 367 genome sequences of streptococcal 
species. hguo of S. suis P1/7 was used as query in BLAST searches. All tested 
genomes showed a query cover higher than 91 %.

Specie Host Pathogenic Strains 
analysed

Identity 
percentage

S. suis Swine, human Yes 192 79.1–100
S. parasuis Swine, human Yes 4 82.1–82.4
S. ruminantium Swine, human Yes 2 82.9–83.1
S. respiraculi Marmot No 1 75.6
S. oriscaviae Guinea pig No 1 73.2
S. marmotae Marmot No 1 74
S. oralis Human No 6 67.6–71.1
S. pneumoniae Human Yes 30 71.2–71.6
S. mitis Human No 3 69.5–69.9
S. cristatus Human No 2 69.3–69.5
S. anginosus Human Yes 6 69.7–70.1
S. canis Dog, cat, human Yes 2 68.8
S. dysgalactiae Swine, fish, 

cow, human, 
horse, seal

Yes 15 66.5–67.6

S. equi Horse, swine, 
human, sheep

Yes 10 67.5–68.1

S. salivarius Human No 7 68.5–69.1
S. uberis Cow, horse Yes 2 69.2–69.4
S. pyogenes Human Yes 35 67.2–67.9
S. agalactiae Cow, fish, 

human, camel, 
horse

Yes 20 67.5–68.7

S. iniae Fish, dolphin, 
human

Yes 6 67.8–67.9

S. mutans Human No 8 68.6–68.8
S. thermophilus Donkey, human No 14 67.6–68.6
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(Tyr14, Leu52, Ser69, Ser70, Ser72, Arg77, Leu117, Thr121, Asp161) 
were identified as critical for histidine interaction (Oh et al., 1994). The 
functional importance of several of these residues was confirmed 
through mutational analysis, demonstrating that Tyr14, Ser69 and 
Arg77 are involved in initial ligand binding, whereas Thr121 and 
Asp161 would contribute to ligand stabilization (Oh et al., 1994). 
Similarly, Yao et al. (1994) reported twelve histidine-binding residues 
(Tyr14, Leu52, Ser69, Ser70, Leu71, Ser72, Arg77, Leu117, Thr120, 
Thr121, Gln122, Asp161) in the active site of a histidine-binding protein 
from E. coli K12. D’Auria et al. (2008) identified nine residues (Asp7, 
Ala64, Gly65, Thr67, Arg72, Lys112, Gly116, His153, Asp154) relevant 
for glutamine recognition in GlnBP of E. coli. Thus, these three studies 
evidenced that two serine, an arginine and an aspartic acid appear 
critical for histidine binding, while an arginine, a threonine, a serine, 
and an aspartic acid are involved in glutamine binding. Notably, all 
these residues are conserved in S. suis ShgH (Figure S2). Together, these 
observations support the presence of a well-defined substrate-binding 
pocket in ShgH.

3.3. ShgH is located at the bacteria cell surface

To gain experimental insights into the production and location of 
ShgH in S. suis reference strain P1/7, we generated a recombinant 
version of the mature ShgH protein (residues 38–268), excluding the 
signal peptide. The recombinant protein was produced in E. coli and 
purified via Ni-NTA agarose affinity chromatography (Figure S3). The 
purified recombinant ShgH protein (28.9 kDa) was used to raise a spe
cific polyclonal antiserum in mice. Western blot analysis confirmed that 
the antiserum specifically recognized recombinant ShgH (Fig. 3A). A 
band of similar size was detected in whole cell lysates of S. suis P1/7, in 
agreement with the expected molecular weight of native ShgH 
(31.1 kDa), and was absent in whole cell lysates from P1/7ΔshgH 
mutant (Fig. 3A). These results confirm that ShgH is indeed expressed by 
S. suis P1/7 under laboratory growth conditions.

To determinate the subcellular location of ShgH, whole-cell lysates, 
cell envelopes, and culture supernatants were prepared from P1/7 
grown in THB. ShgH was detected in all three fractions, with the highest 
abundance in the culture supernatants (Fig. 3B). No substantial differ
ences in molecular weight were detected across fractions. As a control, 

Fig. 1. Genomic context of hguo operon. Comparative analyses of the genomic context surrounding the hguo operon across various Streptococcus species. Gene 
names for S. suis P1/7 and homologous genes in other species are labelled. The hguo operon genes are coloured in pink (SSU0501), green (SSU0502), and blue 
(SSU0503). Transposases are indicated in violet. Gene conservation between species are shaded in grey. Thin arrows denote putative recombination events (R), 
further detailed in Table S2.
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the samples were probed with antiserum against the transmembrane 
protein GlnP, a membrane-associated permease (Arenas et al., 2020). 
GlnP was detected in whole-cell lysates and cell envelopes but not in 
culture supernatants (Fig. 3B). To investigate whether ShgH is 
surface-exposed, proteinase K accessibility assays were performed. 
Intact S. suis cells were treated with proteinase K, which degrades 
surface-exposed proteins but cannot penetrate intact bacterial mem
branes, preserving the integrity of cytosolic proteins. As a control, we 
used the S. suis strain P1/7Δgfp+, which produces a cytosolic recombi
nant GFP protein detectable by commercial anti-GFP antibodies. 
P1/7Δgfp+ cells were treated with 0.2 and 20 mg/L of proteinase K. 
ShgH was partially degraded at 0.2 mg/L and completely degraded at 
20 mg/L, while GFP remained intact under both conditions (Fig. 3C). 
These results demonstrate that ShgH is indeed surface-exposed. Its 

presence in the extracellular medium suggests it may be released from 
the bacterial surface via an unknown mechanism.

3.4. ShgH binds histidine and glutamine

To experimentally probe the role of ShgH in histidine and glutamine 
transport, we took advantage of the fact that S. suis strain 10 is auxo
trophic for both amino acids (Willenborg et al., 2015). We hypothesized 
that deletion of shgH would impair bacterial growth of S. suis strain P1/7 
under histidine- and glutamine-limiting conditions. As a control, P1/7 
and P1/7ΔshgH were grown in enriched THB medium, where exhibited 
similar growth (Fig. 4A). Growth was then compared in CDM. P1/7 grew 
well in CDM supplemented with 100 mg/L of histidine but failed to grow 
in the absence of histidine (Fig. 4B), confirming histidine auxotrophy. 

Fig. 2. In silico prediction of ShgH structure. (A) Schematic representation of domain distribution in the ShgH primary sequence. The N-terminal signal peptide 
(21 amino acids) is shown in red, and is followed by the conserved lipobox cysteine coloured in turquoise (amino acid 22). The predicted cleavage site as determined 
by SignalP2.0, located between amino acids 21 and 33 is shown in yellow. The amino acid-binding domain, comprising 230 amino acids, is shown in green. (B) 
Tertiary structure of mature ShgH generated using AlphaFold. Structural subdomains, designated as subdomain S1 and subdomain S2, are interconnected by a linker 
region. Secondary structure elements, including α-helices and β-sheets, are labelled and numbered. (C) Predicted surface cavities of ShgH are highlighted in grey. The 
major central cavity is indicated with an arrow. (D) Molecular docking of ShgH with histidine and glutamine. (E) Close-up view of 3D interactions of ShgH active site 
(green) with histidine (purple) or glutamine (magenta). Amino acid residues involved in ligand binding are labelled. Polar interactions and hydrogen bonds are 
shown in violet. Nitrogen atoms are depicted in dark blue, and oxygen atoms in red. Docking simulations were performed using SwissDock, and structural visu
alizations were generated and adapted in PyMOL.
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Fig. 3. Cellular localization and surface exposure of ShgH. (A) Western blot analysis of recombinant ShgH and whole-cell lysates of S. suis strain P1/7 and its 
derivative P1/7ΔshgH mutant against anti-ShgH serum. (B) Western blot analysis of whole-cell lysates, cell envelopes and supernatant preparations of S. suis strain 
P1/7 probed with anti-ShgH and anti-GlnP antibodies. GlnP serves as a membrane protein control. (C) Western blot analysis of whole-cell lysates from intact P1/ 
7Δgfp+, which produces a recombinant cytoplasmic GFP protein serving as an internal control, after treatment with different concentrations of proteinase K. Blots 
were probed with anti-ShgH and anti-GFP antibodies to assess protein accessibility.

Fig. 4. ShgH is involved in glutamine and histidine uptake. (A) 15 h growth curve of S. suis P1/7 and the P1/7ΔshgH mutant in THB enriched medium. (B-C) 
Endpoint growth (measured after 12 h of incubation) of P1/7, P1/7ΔshgH, and the complemented strain P1/7ΔshgHc in chemical defined medium (CDM) with 
decreasing concentrations of (B) histidine or (C) glutamine. (D) ß-emission counts per minute (CPMB) from lysates of P1/7 and P1/7ΔshgH cultured in the presence of 
radiolabelled 3H-L-histidine (left) and 3H-L-glutamine (right). (E-F) Analysis of the interaction between purified ShgH and (E) histidine or (F) glutamine by 
isothermal titration calorimetry (ITC). Protein concentrations were determined by UV–visible spectrophotometry. ShgH (40 µM) was titrated with 200 µM of his
tidine and glutamine at 15ºC in PBS buffer. (G-H) Western blot analysis of whole-cell lysates of P1/7Δgfp+, which produces a cytoplasmic GFP protein as a control of 
loading, grown in CDM with decreasing concentrations of (G) histidine or (H) glutamine. Blots were probed with anti-ShgH serum. Data represent the mean ±
standard deviation of three independent experiments with technical replicates. Statistical significance was assessed using an unpaired t-test. Asterisks show statis
tically significant differences between groups as *p < 0.05, **p < 0.01.
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P1/7ΔshgH exhibited growth comparable to P1/7 in CDM at high his
tidine concentrations, but showed significantly reduced growth at lower 
histidine concentrations (Fig. 4B, and growth curve in Figure S4A). This 
phenotype was nicely restored when the shgH gene was reintroduced 
into the chromosome (P1/7ΔshgHc in Fig. 4B), confirming that the 
observed phenotype was not caused by adverse effects during trans
formation. Next, we monitored glutamine-dependent growth. Reduction 
of glutamine had no effect on P1/7 growth, probably due to the activity 
of glutamine synthetase, which enables glutamine synthesis from 
glutamate (Kloosterman et al., 2006). However, P1/7ΔshgH showed 
significantly reduced growth at lower concentrations of glutamine in a 
dose-dependent manner (Fig. 4C, and representative curve in 
Figure S4B). This phenotype was fully restored in the complemented 
strain (P1/7ΔshgHc in Fig. 4C). Notably, no growth differences were 
observed between P1/7 and P1/7ΔshgH under limiting conditions for 
other amino acids such as glutamate, leucine, arginine and tryptophan 
(Figure S4C-F), indicating the specificity of ShgH for histidine and 
glutamine transport.

To directly assess the role of ShgH in glutamine/histidine acquisi
tion, we performed radiolabelled amino acid uptake assays. S. suis 

strains P1/7 and P1/7ΔshgH were cultured under histidine and gluta
mine restricted conditions and supplemented with 3H-L-histidine or 3H- 
L-glutamine. After incubation, cells were washed, lysed, and intracel
lular radioactivity was quantified. P1/7 accumulated significantly 
higher levels of 3H-L-histidine (1536 ± 89 counts per minute of ß- 
radioactivity, CPMB) compared to the P1/7ΔshgH mutant (700 ± 12 
CPMB) (Fig. 4D). Similarly, P1/7 showed markedly higher uptake of 3H- 
L-glutamine (220,684 ± 12,520 CPMB) compared to P1/7ΔshgH 
(124,712 ± 18,032 CPMB) (Fig. 4D). These results confirm that ShgH is 
an essential component of the transporter system mediating the uptake 
of both amino acids.

To further characterize ShgH-ligand interactions, ITC assays were 
performed using purified recombinant ShgH (40 µM) titrated with either 
200 µM L-histidine or L-glutamine at 15ºC in PBS (Fig. 4E, F). ShgH 
bound L-histidine with high affinity showing a dissociation constant (Kd) 
of 0.17 µM and a binding enthalpy (ΔH) of − 20.9 kJ/mol, indicating a 
dominant contribution of polar interactions such as hydrogen bonding 
and electrostatics. In contrast, binding to L-glutamine was weaker, with 
a Kd value of 3.5 µM, and a positive ΔH of 5.9 kJ/mol, suggesting a 
relevant role for hydrophobic interactions. These results confirm that 

Fig. 5. Role of ShgH in S. suis virulence and phagocytosis. (A) Bacterial load of S. suis P1/7 and P1/7ΔshgH recovered from the nostrils and internal organs (lung, 
heart, spleen, brain) of CD1 mice following experimental infection. Colony-forming units (CFUs) were quantified, with each dot representing an individual mouse, 
and vertical lines indicating group averages. (B) Interaction of P1/7 and P1/7ΔshgH with J774 macrophage cells. The data show the percentages of cell-associated 
bacteria and intracellular bacteria at time 0 and after 2 h of gentamicin treatment, relative to the initial inoculum. (C) Sensitivity to oxidative stress measured by 
survival of P1/7 and P1/7ΔshgH in THB supplemented with 2 µM H2O2, expressed relative to survival in untreated control conditions. (D) Quantification of sialic acid 
in cell envelopes of P1/7, P1/7ΔcapE/G, and P1/7ΔshgH determined using a colorimetric assay. Statistical analysis was performed using unpaired t-test and sig
nificant differences between groups are indicated with asterisks as follows: *p < 0.05, **p < 0.01, ***p < 0.001.
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ShgH binds both histidine and glutamine.
Finally, we hypothesized that ShgH expression is regulated in 

response to histidine and glutamine availability, given the presence of 
predicted amino acid-responsive transcriptional regulators upstream of 
the hguo operon (Figure S1). To test this, ShgH production levels were 
analysed by Western blotting using whole cell lysates from P1/7Δgfp+

cultured in CDM with varying concentrations of histidine and glutamine. 
As shown in Fig. 4G, ShgH production increased about 2.5 folds at 5 mg/ 
L of histidine compared to 100 mg/L, while GFP expression remained 
constant (internal control). In contrast, under glutamine-limiting con
ditions, ShgH expression decreased about four folds (Fig. 4H). Our data 
point out that ShgH expression is regulated by the concentrations of both 
amino acids.

3.5. ShgH is essential for S. suis virulence in a mouse infection model

Our previous transposon mutagenesis analyses identified shgH as 
conditionally essential gene for S. suis strain 10 virulence in pigs (Arenas 
et al., 2020). To further understand its role during infection, we per
formed intranasal challenge experiments using a murine model. Thus, 
CD1 mice were intranasally infected with equal doses of S. suis P1/7 or 
P1/7ΔshgH. Three days post-infection, bacterial loads were quantified in 
nostrils and internal organs. In the nasal cavity, about 107 and 106 

CFU/g were recovered from P1/7- and P1/ΔshgH-infected mice, 
respectively. Notably, about 105 CFU/g of P1/7 disseminated to internal 
organs (lungs, heart, spleen, brain), in almost every infected mouse. In 
contrast, P1/7ΔshgH was hardly recovered from internal tissues 
(Fig. 5A). These results demonstrate that ShgH is essential for systemic 
dissemination of S. suis.

3.6. ShgH confers protection against phagocytosis and oxidative stress

We then wanted to gain insight into the mechanisms behind the role 
of ShgH in virulence. Phagocytosis is key in bacterial clearance by the 
host (Chabot-Roy et al., 2006), and, therefore, important in S. suis sur
vival and infection capacity. Phagocytosis assays were performed using 
J774A.1 murine macrophages infected with S. suis P1/7, P1/7ΔshgH and 
a capsule-deficient control strain (P1/7Δcps2E-F), as capsule type 2 
protect S. suis against phagocytosis (Brazeau et al., 1996; Smith et al., 
1999; Benga et al., 2008). After infection, cell-associated bacteria and 
intracellular bacteria were analysed by CFUs counting. About 
1.47 × 106 CFUs/mL of P1/7 adhered to macrophages (about 10 % of 
the inoculum), which is significantly lower than 3.46 × 106 and 
3.52 × 106 CFUs/mL of P1/7ΔshgH and P1/7ΔcpsE-F, respectively 
(Fig. 5B). At time 0, the number of intracellular P1/7 was 2 × 105 

CFUs/mL (1.9 % of the inoculum), decreasing to 8.06 × 104 CFUs/mL 
(0.74 % of the inoculum) after 2 h. For P1/7ΔshgH, intracellular CFUs 
were 2.16 × 104 CFUs/mL (0.59 %) and dropped to 2.16 × 104 

CFUs/mL (0.21 %) at 2 h. P1/7Δcps2E-F showed 1.4 × 105 CFUs/mL 
and 5.64 × 104 CFUs/mL at time 0 and 2 h, respectively. Thus, deletion 
of shgH enhances bacterial adhesion to macrophages but impairs intra
cellular survival, similar to the capsule-deficient strain, suggesting a role 
for ShgH in resistance to phagocytic killing. Considering that P1/7ΔshgH 
showed a similar pattern as the unencapsulated derivative 
P1/7Δcps2E-F (Fig. 5B), we hypothesized that shgH mutation could, 
somehow, alter capsule production. S. suis capsule 2 is composed of 
glucose, galactose, N-acetylglucosamine, rhamnose, and N-acetylneur
aminic acid (a.k.a. sialic acid) (Van Calsteren et al., 2010). Quantifica
tion of sialic acid has been effectively used to demonstrate capsule loss in 
S. suis serotype 2 (Feng et al., 2012, Zhang et al., 2016). So, we quan
tified sialic acid in cell envelope fractions using a colorimetric assay. 
While P1/7 showed clear accumulation of sialic acid, both P1/7ΔcpsE-F 
and P1/7ΔshgH mutants showed only residual levels (Fig. 5C). These 
findings indicate substantial reduction in capsule production when 
absence of shgH. Given the importance of capsule in resisting phagocytic 
killing, we further hypothesized that reduced intracellular survival of 

P1/7ΔshgH could also result from increased sensitivity to oxidative 
stress, as previously observed in glutamine transporter mutants of 
S. pneumoniae (Hartel et al., 2011). To test this, we assessed bacterial 
survival in THB medium supplemented with 2 µM of H2O2. Indeed, 
P1/7ΔshgH showed a significant lower survival capacity (34.9 %) 
compared to the P1/7 strain (50.5 %) (Fig. 5D), supporting a role for 
ShgH in oxidative stress resistance.

3.7. ShgH modulates biofilm formation

Biofilm formation is important in bacterial colonization of the host, 
and in many pathogens is stimulated under nutrient-limited conditions 
(Ning et al., 2013; Raad et al., 2022). Furthermore, the absence of 
capsule stimulates biofilm formation in several species, including S. suis 
(Tanabe et al., 2010). Considering the relevant role of ShgH in nutrition 
acquisition and capsule production, we investigated whether it in
fluences biofilm formation. First, biofilm formation was assessed in CDM 
supplemented with 100 mg/L of histidine or 200 mg/L of glutamine. 
Under these conditions, P1/7ΔshgH showed a modest but not statisti
cally significant increase in biofilm formation compared to the wild-type 
strain (Fig. 6A). However, under nutrient-limited conditions (25 mg/L 
of histidine and 50 mg/L of glutamine) P1/7ΔshgH exhibited a signifi
cant enhanced biofilm formation relative to P1/7 (Fig. 6A). This 
phenotype was fully restored in the complemented mutant under histi
dine limitation and partially restored under glutamine limitation 
(Fig. 6A). To further characterize the effect of ShgH on biofilm archi
tecture, confocal laser microscopy was performed at 24 h old biofilms 
formed by our GFP producing strains P1/7Δgfp+ and P1/7Δgfp+ΔshgH. 
The wildtype formed sparse, discrete clusters, while the shgH mutant 
developed dense, interconnected biofilms covering a significantly larger 
surface area (Fig. 6B). Quantitative analysis of biofilm architecture using 
COMSTAT evidenced that P1/7ΔshgH biofilms had significantly greater 
biomass, increased average thickness, and lower roughness coefficient 
compared to P1/7 (Fig. 6C). Together, these data show that ShgH 
modulates biofilm formation in S. suis.

4. Discussion

The SSU0503 gene was previously identified as essential for S. suis 
virulence in pigs (Arenas et al., 2020) but its specific biological function 
remained uncharacterized. In this study, we demonstrate that SSU0503 
encodes ShgH, a SBP that is part of a dual ABC transporter system 
involved in the uptake of histidine and glutamine. This conclusion is 
supported by multiple experimental and in silico evidences. First, 
SSU0503 is located within an operon together with genes encoding a 
transposase and an ATPase (Fig. 1), consistent with the organization of a 
canonical ABC transporter. Second, in silico predictions, subcellular 
fractionation, and proteinase K accessibility assays revealed that ShgH is 
a lipoprotein exposed on the bacterial cell surface (Figs. 2A and 3), in 
agreement with its localization as a SBP involved in substrate recogni
tion. Third, structural modelling predicted binding specificity for histi
dine and glutamine (Fig. 2B-D), which was experimentally validated 
using ITC (Fig. 4E, F). The functional role of ShgH in amino acid uptake 
was further supported by impaired growth of the shgH mutant under 
histidine- and glutamine-limited conditions (Fig. 4B, C), as well as 
reduced intracellular accumulation of 3H-labelled substrates in uptake 
assays (Fig. 4D). Finally, ShgH production varied in response to external 
histidine and glutamine concentrations (Fig. 4G), which agrees with the 
presence of sequences for regulatory elements for amino acid-responsive 
transcription factor upstream of the operon (Figure S1).

Metagenomic studies of S. suis isolates from England, Vietnam and 
Spain have revealed extensive genomic diversity, with the core genome 
distributed across multiple Bayesian clusters and frequent signatures of 
recombination events (Weinert et al., 2015; Uruén et al., 2024). Many 
accessory genes encode virulence factors associated with specific line
ages (Uruén et al., 2024), showing the evolutionary pressure to adapt to 
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hosts and environments. In contrast, hguo is highly conserved across 
globally distributed S. suis genomes, showing minimal sequence varia
tion (Table 2). This conservation supports its critical role in bacterial 
physiology and pathogenesis consistent with our TnSeq-based findings 
(Arenas et al., 2020). Homologous hguo operons were also found in 
multiple Streptococcus species, although the surrounding genomic 
context varies and includes transposase genes and recombination sig
natures, suggesting that the operon has undergone genetic mobilization 
from a common ancestor. In species such as S. suis, S. parasuis, 
S. ruminantium, S. oriscaviae or S respiraculi, hguo is co-located with 
conserved genes (glmS, thi0, axeA1 and lepB) involved in cell wall 
biosynthesis (Kawada-Matsuo et al., 2012), biofilm formation 
(Aynapudi et al., 2017), signal peptide processing (Peng et al., 2001), 
and amino acid transport and metabolism (Molgaard et al., 2000; 
Kawada-Matsuo et al., 2016; Hammerstad and Hersleth, 2021). These 
streptococci share ecological niches as commensals or opportunistic 

pathogens of the upper respiratory tract. Thus, conservation of hguo and 
its genomic context likely reflects a shared role in nutrient acquisition 
and host colonization.

Our growth assays demonstrated that ShgH is essential for S. suis 
proliferation under histidine- and glutamine-limiting conditions, but 
dispensable when these amino acids are abundant. Radiolabelling up
take assays further revealed that ShgH contributes to 44 % of glutamine 
uptake (Fig. 4D), which is notably lower than glutamine transport sys
tems in other species. For example, in S. mutans, the glnQHMP operon 
accounts for approximately 95 % of 3H-glutamic uptake (Krastel et al., 
2010). This lower efficiency may result from residual activity of the 
intact permease in the hguo operon, which was not inactivated in our 
mutant strain. The binding affinity of ShgH for L-glutamine (Kd=3.5 µM) 
is also lower than that reported for glutamine-binding proteins in other 
bacteria, such as S. lactis and S. cremoris (Kd=2.5 µM) (Poolman et al., 
1987), or E. coli GlnBP (Kd=0.1 µM) (Chen et al., 2022). This relatively 

Fig. 6. Impact of ShgH on biofilm formation. (A) Biofilm biomass formed by P1/7, P1/7ΔshgH mutant, and the complement strain P1/7ΔshgHc after 24 h of 
growth in CDM or CDM with limiting concentrations of histidine or glutamine as indicated. (B) Spatial organization of 24h-biofilms formed by P1/7Δgfp+ and P1/ 
7Δgfp+ΔshgH visualized through confocal laser scanning microscopy. (C) Quantitative parameters of the biofilm architecture of P1/7Δgfp+ and P1/7Δgfp+ΔshgH, 
including biomass, biomass thickness, roughness coefficient, surface to volume ratio and area thickness, determined using COMSTAT. Data represent individual 
measurements and mean values from five image stacks obtained from representative experiments. Statistical analysis was performed using unpaired t test. Asterisks 
indicate significant differences between both strains as *p < 0.05, **p < 0.01, *** p < 0.001. ns indicates non-significant differences (p > 0.05).
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lower affinity, combined with its endothermic binding profile, suggest 
that ShgH may function as part of a broader network of specific gluta
mine uptake transporters rather than as a primary transporter, as occurs 
in S. pneumoniae, where up to six glutamine transporters contribute 
distinctly to virulence and immune modulation (Hartel et al., 2011). 
Conversely, ShgH binds histidine in an exothermic manner with high 
affinity (Kd=0.17 µM), similar to well-characterized histidine-binding 
proteins such as E. coli HisJ (Kd=0.064–0.114 µM) (Chu et al., 2013; 
Paul et al., 2017), S typhimurium LAOBP (Kd=1.9 µM) and Geobacillus 
stearothermophilus ArtJ (Kd=0.42 µM) (Vahedi-Faridi et al., 2008; Pulido 
et al., 2015). Taken together, ShgH exhibits the characteristic profile of a 
dual-SBP with thermodynamically distinct binding modes, high-affinity 
exothermic binding for histidine, and lower-affinity endothermic bind
ing for glutamine. This thermodynamic asymmetry is a hallmark of 
other dual transporters (Pulido et al., 2015; Paul et al., 2017), and likely 
reflects functional prioritization of histidine under limiting conditions, 
while glutamine uptake may represent a secondary or adaptive role 
under specific environmental conditions.

Our study shows that ShgH is present in extracellular fractions, and 
the molecular weight is nearly identical to that of the full-length protein. 
This suggest that ShgH is released from the bacterial surface rather than 
being proteolytically processed during secretion. This phenomenon is 
not novel, other S. suis lipoproteins, such as PrsA, have also been 
detected in extracellular fractions (Jiang et al., 2019). One putative 
mechanism involves variation at the conserved + 2 position of the 
lipobox motif, which influences membrane anchoring. In Staphylococcus 
aureus, substitutions at this position, particularly glycine or serine, have 
been associated with increased lipoprotein release into the exoproteome 
(Kumari et al., 2017). Notably, ShgH contains a glycine at this position 
(Figure S2), supporting this hypothesis. Alternatively, extracellular 
release could result from protease-mediated cleavage, a mechanism 
described for other bacterial lipoproteins such as NHBA (Serruto et al., 
2010) or LbpB (Roussel-Jazede et al., 2010) in Neisseria meningitidis. 
Although the biological significance of ShgH release was not explored in 
this study, our ITC analysis, performed using a non-lipidated recombi
nant form of ShgH, demonstrated that its substrate-binding activity is 
retained. This suggest that extracellular ShgH may remain functional, 
sequestering amino acids from the environment, similarly to extracel
lular SBPs in Gram-negative bacteria (Davidson et al., 2008). Addi
tionally, the release of ShgH could contribute to immune evasion, 
reducing antibody-binding to the membrane, as described for LbpB in 
N. meningitidis (Roussel-Jazede et al., 2010).

In this study, we elucidated the role of ShgH in S. suis infection. ShgH 
was essential for full virulence in a murine infection model (Fig. 5A). 
Glutamine is critical for protein and nucleotide synthesis, plays an 
important role in ammonium assimilation and serves as nitrogen donor 
in various biosynthetic reactions. Histidine is involved in protein and 
metabolite biosynthesis, and contributes to cellular pH maintenance and 
metal ion chelation. S. suis relies on environmental acquisition of both 
amino acids to grow (Willenborg et al., 2015). Previous studies have 
reported the concentrations of these amino acids in porcine serum and 
cerebrospinal fluid, resulting in 19.5 mg/L of histidine and 92 mg/L of 
glutamine in porcine serum, and 2 mg/L of histidine and 64.5 mg/L of 
glutamine in cerebrospinal fluid (Koczula et al., 2017). These concen
trations are within the range where the shgH mutant displayed signifi
cant growth defects (Fig. 4B, C), supporting the hypothesis that ShgH 
contributes to virulence by facilitating nutrient uptake under 
host-relevant conditions. This is further supported by transcriptomic 
data showing shgH upregulation in porcine fluids (Koczula et al., 2017). 
In addition, ShgH impaired phagocytosis and intracellular survival in 
murine macrophages, likely due to high sensibility against oxidative 
stress conditions imposed by the macrophage in agreement with find
ings in S. pneumoniae glutamine transporter mutants (Hartel et al., 
2011). Given the importance of phagocytosis in controlling S. suis in
fections (Chabot-Roy et al., 2006), this sensitivity likely contributes to 
attenuated virulence of the mutant. Furthermore, glutamine is required 

for β-D-N-acetylgalactosamine production in capsule biosynthesis 
(Kawada-Matsuo et al., 2016). Our sialic acid quantification assays 
confirmed that shgH deletion severely reduced capsule production 
(Fig. 5D), which is a known determinant of immune evasion in S. suis 
(Smith et al., 1999; Feng et al., 2012). This explains the similar phe
notypes observed in the shgH mutant regarding macrophage adhesion, 
phagocytosis, intracellular survival and oxidative stress sensitivity 
(Fig. 5B), compared to uncapsulated mutant derivatives reported 
(Brazeau et al., 1996; Liu et al., 2020). Altogether, ShgH influences 
S. suis virulence through multiple mechanisms, including nutrient up
take, resistance to host immunity, and capsule biosynthesis.

The capsule has also been related to biofilm formation, an important 
factor in host colonization. Capsule deficient S. suis mutants form more 
robust biofilms than their wildtype (Ma et al., 2025), likely due to 
increased cell surface hydrophobicity, which promotes bacterial aggre
gation through adhesins and hydrophobic interactions (Tanabe et al., 
2010). Nutrient limitation is another known trigger for enhanced bio
film formation in various organisms, including Candida albicans (Ning 
et al., 2013), E. coli (Culotti and Packman, 2014), and Burkholderia 
contaminans (Díaz et al., 2023). The enhanced biofilm formation ca
pacity of the shgH mutant may be explained by the loss of capsule or 
reduced nutrient availability. Similar phenotypes have been reported for 
mutated glutamine transporters in other streptococci, such as SUB1152 
in S. uberis (Crowley et al., 2011) or GlnP in S. mutans (Morikawa et al., 
2020), with increased biofilm formation.

In conclusion, we have identified and characterized, for the first 
time, a novel SBP in S. suis, ShgH, and demonstrated its essential role in 
virulence and host colonization and the underlying molecular mecha
nisms. Considering its high level of conservation across multiple Strep
toccoccus species, ShgH may represent a common virulence factor within 
the genus. These findings highlight ShgH as a promising target for the 
development of therapeutic or preventive strategies against strepto
coccal infections.
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