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Abstract
Background  Staphylococcus aureus is the predominant pathogen isolated in diabetic foot infections. Recently, 
the skin commensal bacterium, Helcococcus kunzii, was found to modulate the virulence of this pathogen in an in 
vivo model. This study aims to elucidate the molecular mechanisms underlying the interaction between these two 
bacterial species, using a proteomic approach.

Results  Our results reveal that H. kunzii can coexist and proliferate alongside S. aureus in a Chronic Wound Media 
(CWM), thereby mimicking an in vitro chronic wound environment. We noted that the secreted proteome of H. kunzii 
induced a transcriptional effect on S. aureus virulence, resulting in a decrease in the expression level of agrA, a gene 
involved in quorum sensing. The observed effect could be ascribed to specific proteins secreted by H. kunzii including 
polysaccharide deacetylase, peptidoglycan DD-metalloendopeptidase, glyceraldehyde-3-phosphate dehydrogenase, 
trypsin-like peptidase, and an extracellular solute-binding protein. These proteins potentially interact with the agr 
system, influencing S. aureus virulence. Additionally, the virulence of S. aureus was notably affected by modifications 
in iron-related pathways and components of cell wall architecture in the presence of H. kunzii. Furthermore, the 
overall metabolism of S. aureus was reduced when cocultured with H. kunzii.

Conclusion  Future research will focus on elucidating the role of these excreted factors in modulating virulence.

Keywords  Bacterial interactions, Chronic wound, Helcococcus kunzii, Staphylococcus aureus, In vitro model, Proteomic 
analysis
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Background
Chronic wounds pose a significant public health chal-
lenge, characterized by prolonged and complex manage-
ment, with a high risk of recurrence, and associated costs. 
Complications related to chronic wounds amplify the 
economic burden and deteriorate patients’ quality of life 
[1]. Among these complications, bacterial infections fre-
quently cause healing delays. Managing these infections 
remains challenging due to the difficulty in distinguishing 
between bacterial colonization and wound infections.

Chronic wounds display characteristics of a polymicro-
bial environment [2], where pathogenic and commensal 
bacteria form biofilm structures [3]. This biofilm forma-
tion contributes to wound healing delays [4]. Interactions 
between microorganisms play a crucial role in modu-
lating pathogen virulence, aiming to evade the host’s 
immune defenses. This organization fosters bacterial per-
sistence and contributes to the chronicity of the wound. 
The microbial community composition in chronic 
wounds exhibits considerable interpersonal variability 
[5], with no distinct pathogens but rather a combination 
of associated species that either worsen or improve the 
wound condition [6, 7]. The intricate network of interac-
tions among species in close contact elicits cooperative 
or antagonist effects [4]. Understanding this network of 
microbial crosstalk and cooperation between commensal 
and pathogenic bacteria is a priority to enhance the man-
agement of these challenging wounds.

S. aureus is the main pathogenic bacteria found in 
chronic wounds [8]. A study observed a coaggregation 
of S. aureus and a commensal Gram-positive cocci iso-
lated from cutaneous microbiota, Helcococcus kunzii [9]. 
We previously studied the virulence phenotypes of these 
species, both individually and in association, using a Cae-
norhabditis elegans model. While H. kunzii strains did 
not reduce worm survival, confirming their commensal-
ism, their association with S. aureus could modulate the 
virulence potential of the pathogen [10]. This attenuation 
was linked to the ability of certain H. kunzii strains to 
downregulate the key virulence regulator of S. aureus, the 
agr system [10].

The agr system is induced during the transition from 
late exponential growth to the stationary phase, and is 
sustained throughout the stationary phase, enabling the 
production of several virulence factors [11]. We recently 
conducted a genomic comparison study to elucidate 
potential interaction mechanisms. Two main hypoth-
eses were explored: (i) H. kunzii proteins secretion with a 
direct effect on the agr system through ligand antagonis-
tic competition for AgrC and (ii) modulation of bacterial 
metabolism, specifically targeting iron-related metabo-
lism [12]. Of the five potential candidates identified, three 
were produced by the H. kunzii strain with the in silico 
capacity to attenuate S. aureus virulence [13].

The objective of this study was to identify potential pro-
teins (from intracellular or secreted fractions) produced 
by H. kunzii involved in decreasing S. aureus virulence, 
and to describe the impact of H. kunzii on the S. aureus 
virulence regulatory network and global metabolism.

Materials and methods
Strains and media
The strains used were isolated from Grade 3 infected 
foot ulcers in patients living with diabetes. The NSA739 
strain is an S. aureus strain belonging to ST8 [14]. H13 is 
an H. kunzii strain known for its potent activity against 
S. aureus virulence [9, 10]. All strains are part of the col-
lection of the Department of Microbiology at Nîmes 
University Hospital (France). This study was submitted 
to the Institutional Review Board (IRB) of University 
Hospital, Nîmes, France which deemed it unnecessary 
to obtain a patient consent to participate according to 
national regulation. In fact, the analysis of biological 
samples was obtained in the context of medical care and 
was considered as non-interventional research. More-
over, this study only uses bacterial strains and does not 
involve human specimens or explore clinical data. In this 
context, the IRB judged that only the non-opposition of 
the patient during sampling was required according to 
articles L1221-1.1, L1211-2, and N°DC-2020-4155 of the 
French Public Health Code. The consent to participate 
was waived by the IRB of University Hospital, Nîmes.

Cultures of the strains were obtained using Luria Ber-
tani broth Agar (LBA) for isolating S. aureus and Tryp-
ticase Soy supplemented with 5% sheep blood (TSS, 
Biomerieux, Marcy l’Etoile, France) agar media for isolat-
ing both S. aureus and H. kunzii. Additionally, we used 
an in vitro modified Chronic Wound Medium (CWM) 
[15] that mimics conditions encountered in wounds. This 
medium initially contained 20% serum, 0.5% blood, and 
79.5% Bolton broth. However, it was adapted here with 
5% serum, 0.125% blood, and 94.87% Bolton broth to 
reduce contamination from human-origin proteins for 
the proteomic analysis.

Mono- and coculture assays
Coculture experiments and their corresponding mono-
cultures were conducted using the modified CWM. 40 
mL of NSA739 and H13 precultures were grown for 24 h 
at 37 °C with shaking at 250 rpm under aerobic or anaer-
obic conditions, respectively. The cultures were then cen-
trifuged at 4000 rpm for 150 s. Bacterial interactions were 
monitored during exponential and stationary phases. Cell 
pellets were resuspended in 6 mL of Bolton base broth 
(Sigma-Aldrich, Saint-Quentin-Fallavier, France), and the 
optical density (OD600nm) was adjusted to 0.1 (± 0.02) (to 
evaluate the exponential and early stationary phase, in a 
1 to 3 ratio in favor of H. kunzii, and 1 (± 0.3) to evaluate 
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the stationary phase. The resulting bacterial suspensions 
were added on top of a 6 mL layer of solid CWM in 25 
cm3 flasks. Cultures were anaerobically incubated for 
24 h at 37 °C under constant agitation at 50 rpm. In paral-
lel, to assess the number of viable bacteria after H. kunzii 
and S. aureus cocultures, CFU counts were performed at 
0, 6, 16, and 24 h on LBA and TSS agar media. Colonies 
grown on TSS were differentiated based on their mor-
phology: H. kunzii colonies appeared as pinhead trans-
lucent grey, while S. aureus formed hemolytic, yellowish, 
and larger ones. In addition, the CFU counts of S. aureus 
were compared between LB and TSS agar medium.

After 24  h, bacterial suspensions were collected in 15 
mL tubes and centrifuged for 10  min at 4,000  rpm at 
+ 4  °C. The bacterial pellets were washed with 1 mL of 
PBS 1X (Sigma-Aldrich), centrifuged at 10,000  rpm for 
180 s, and then resuspended in 60 µL of LDS 1X (Lithium 
duodecylsulfate; NuPAGE, ThermoFisher, Waltham, MA, 
USA) supplemented with 5% β-mercaptoethanol (Sigma-
Aldrich) before being stored at -20 °C. To obtain the exo-
proteome, the culture supernatants were filtered through 
a 0.22  μm membrane (syringe filter; VWR, Rosny sous 
Bois, France). Aliquots of 200 µL were then transferred 
into 2 mL tubes (Sarstedt, Marnay, France). Proteins were 
precipitated by chloroform-methanol extraction, as pre-
viously described [16]. The resulting protein pellet was 
air-dried before being resuspended in 30 µL of LDS 1X 
supplemented with 5% β-mercaptoethanol and stored at 
-20 °C.

Hemolysin test assay
NSA739 and H13 precultures were grown for 24  h and 
48 h at 37  °C with shaking at 250 rpm under aerobic or 
anaerobic conditions, respectively. S. aureus and H. kun-
zii were diluted at 1/10,000 and 1/100, respectively. The 
resulting bacterial suspensions were cultivated together 
and adjusted to a 1:1 ratio. Cultures were anaerobically 
incubated for 24  h at 37  °C under constant agitation at 
250 rpm. Serial dilutions of the monoculture and cocul-
ture suspensions were performed and 100 µL of each cul-
ture was plated on TSS agar media for 24 h in anaerobic 
conditions. Hemolysin colonies were counted and the 
percentage of hemolysis was calculated and compared 
between mono and coculture. Colonies grown on TSS 
were differentiated based on their morphology.

Medium enriched with H. kunzii exoproteome (MEHkE) 
preparation and agrA transcriptomic study
To study the role of H. kunzii secreted proteome on 
the agrA gene at the transcriptomic level, S. aureus was 
growth in a medium containing this secreted proteome, 
adapted from [17]. Briefly, a preculture of H. kunzii H13, 
described above, was centrifugated. The supernatant was 
precipitated in chloroform-methanol and resuspended 

in LDS 1 × (2.2 mL supernatant in 500 µL LDS 1X) to 
concentrate secreted proteins. This MEHkE solution 
was stored at -20 °C. Then, 5 mL of modified CWM was 
inoculated with NSA739 at the OD adjusted to 0.1 or 1 
and supplemented with 0.1 mL LDS 1X MEHkE solu-
tion. A negative control with LDS 1X alone was per-
formed. Cultures were incubated for 24 h at 37 °C under 
250 rpm. After centrifugation (10 min at 4,000 rpm and 
4 °C), S. aureus pellets were stored at -80 °C before RNA 
extraction.

Cell pellets from MEHkE exposed S. aureus culture 
and coculture were treated in the same way, following an 
adapted protocol from [18]. The bacterial fraction was 
washed once with 1 mL Tris Triton EDTA (TTE) 1X and 
then extracted according to the RNAeasy Plus kit (Qia-
gen, Courtaboeuf, France), following the manufacturer’s 
recommendations with two extra-steps. Culture samples 
were resuspended in 200 µL TTE1X added to 10 µL of 
a solution of lysozyme (10 µg/mL), lysostaphin (1  mg/
mL), and mutanolysin (62.5 µg/mL) (Sigma-Aldrich) 
and were further incubated for 30 min at 37°C. After the 
first column wash, a DNAse treatment was performed 
using 10µL of DNAse (Qiagen) and 70µL of DNAse Buf-
fer (Qiagen). Extracted RNAs were quantified using an 
ELISA plate reader (ThermoFisher) and further normal-
ized at 50 ng/µL. Reverse transcription was performed 
using iScript™ Reverse Transcription Supermix for RT-
qPCR (BioRad, Marne La Coquette, France). Reverse 
transcription products were quantified and normalized 
to 50 ng/µL. Quantitative PCR assay was performed 
using 2 µL of normalized cDNA (50ng/µL), 1.2 µL of each 
target primers (10 mM), 2.4 µL LightCycler® RNA Mas-
ter SYBR Green I kit (Roche Applied Science, Meylan, 
France) for a total of 10 µL per well in a LightCycler®480 
device (Roche Diagnostics, Meylan, France). Primers 
used were agrA-F (5ʹ- CAA AGA GAA AAC ATG GTT 
ACC ATT ATT AA‐3’), agrA-R (5ʹ‐ CTC AAG CAC 
CTC ATA AGG ATT ATC AG‐3’) [19], gyrB-F (5’‐ GGT 
GGC GAC TTT GAT CTA GC‐3’), gyrB-R (5’‐ TTA TAC 
AAC GGT GGC TGT GC‐3’) [20]. 35 PCR cycles were 
programmed with 30s of denaturation, 30s of hybridiza-
tion at 52  °C and 1  min of elongation. Cycle threshold 
(Ct) values of the different target genes were compared 
with the Ct-values of the house-keeping gene (gyrB) [21]. 
Amplifications were performed in triplicate from three 
different RNA preparations. The ΔΔCt were calculated 
following the equation [22]: 2−ΔΔCt (ΔΔCt = (Ctgene − 
CtgyrB)NSA739 exposed to H. kunzii − (Ctgene − CtgyrB)NSA739 alone).

Whole genome sequencing
The H. kunzii and S. aureus genomes were sequenced 
according to the Illumina library preparation protocol 
using 250 ng of the extracted DNA following the DNA 
Prep kit library paired-end protocol (Illumina, San Diego, 
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USA) and sequenced in a 39-h run providing 2 × 250-bp 
reads on a Miseq sequencer (Illumina), as previously 
described [23]. Both genomes were de novo assembled 
using Spades software (version 3.15.4) and annotated 
using DDBJ Fast Annotation and Submission Tool online 
platform (https://dfast.ddbj.nig.ac.jp/), then compared by 
Pangenome analysis using Roary tools (Version 3.13.0).

Proteomic study during the H. kunzii and S. aureus 
interaction
Tryptic peptides were obtained and identified from 
the exoproteome and proteome samples as previously 
described [13]. Briefly, peptides were identified using 
an UltiMate 3000 nano-LC system (ThermoFisher Sci-
entific) coupled to a Q Exactive HF mass spectrometer 
(ThermoFisher Scientific). Peptides were desalted on a 
reverse-phase PepMap 100 C18 µ-precolumn (5 μm, 100 
Å, 300 μm i.d. × 5 mm, ThermoFisher Scientific) before 
separation on a nanoscale PepMap 100 C18 nano-LC 
column (3 μm, 100 Å, 75 μm i.d. × 50 cm, ThermoFisher 
Scientific) using a 90 min gradient (75 min from 4 to 25% 
solvent B, and 15 min from 25 to 40% of solvent B) at a 
flow rate of 0.2 µL per min. Solvent A was 0.1% formic 
acid in water, while solvent B was 80% acetonitrile, 0.1% 
formic acid in water. The mass spectrometer was oper-
ated in Top 20 mode, acquiring full MS from 350 to 
1500 m/z, and selecting the 20 most abundant precursor 
ions for fragmentation, with a 10-s dynamic exclusion 
window. Ions with charge 2 + and 3 + were chosen for MS/
MS analysis, and secondary ions were isolated within a 
2.0-m/z window. Data were interpreted using the Mas-
cot Daemon software version 2.6.0 (Matrix Sciences, 
Chicago, IL, USA) by searching a database comprising 
82,248 polypeptide sequences, representing the anno-
tated genomes of H. sapiens, H. kunzii H13 strain (NZ_
CP048105.1) and S. aureus Newman strain (AP009351.1) 
as detailed in [13]. Newman strain is closely similar to 
NSA739 exhibiting > 99% genome coverage and identity. 
The coding ratios are closely similar Pangenome compar-
ison yielded that the totality of proteins predicted in the 
NSA739 genome was found in the Newman strain, justi-
fying the choice of this strain.

Regulator and virulence genes transcriptomic study
Mono and cocultures, RNA extractions, and qRT-PCRs 
were made with the same protocol described in previous 
sections. Primers used were hla-F (5’- TCC AGT GCA 
ATT GGT AGT CA-3’), hla-R (5’- GGC TCT ATG AAA 
GCA GCA GA -3’), spa-F (5’- TAT GCC TAA CTT AAA 
TGC TG -3’), spa-R (5’- TTG GAG CTT GAG AGT CAT 
TA -3’), sarA-F (5’- TGT TTG CTT CAG TGA TTC GT- 
3’), sarA-R (5’ CAG CGA AAA CAA AGA GAA AG -3’, 
sigB-F (5’- TGG CGA AAG AGT CGA AAT CAG C-3’), 

sigB-R (5’- TCA GCG GTT AGT TCA TCG CTC AC -3’) 
[20].

Statistical and bioinformatic analysis
Comparison of agrA expression in S. aureus with and 
without the presence of H. kunzii was analyzed using the 
Student’s t-test with GraphPad Prism (v9.2.0) (San Diego, 
CA, USA). Regarding the proteomic analysis, normaliza-
tion of spectral counts, their variation, and visualization 
were carried out using an R script [24–28]. Statistical 
analysis of proteomic data was performed using Perseus 
software (v1.6.5.0) [29] allowing for permutated FDR cor-
rection; this correction accounted for both fold change 
and p-values through a nonlinear weighting.

Results
Validation of coculture conditions to proteomic assays
The coculture growth potential of H. kunzii and S. 
aureus was evaluated. At an initial OD600 = 1, the CFU 
at T0 were, on average, 2.82 × 108 CFU/mL and 3.4 × 108 
CFU/mL for S. aureus and H. kunzii, respectively (n = 3). 
After 24  h of contact time, these counts increased to 
1.14 109 and 4.23 108 CFU/mL, respectively, indicating 
stability over the duration of the contact time (Fig. 1A). 
When the initial OD600 was set at 0.1, H. kunzii began 
at 1.2 107 CFU/mL, and reached 7.6 108 CFU/mL after 
24 h. In contrast, S. aureus started at 2.86 107 CFU/mL 
and reached 1.8 109 CFU/mL, suggesting that both spe-
cies had entered an exponential growth phase (Fig. 1B). 
By the 24 h mark, the proportions of both species were 
comparable.

The growth kinetics of the coculture were investigated 
at an initial OD600 of 0.1 (Fig. 1C). Both S. aureus and H. 
kunzii started at 1.77 107 and 3.9 107 CFU/mL, respec-
tively. The exponential phase of S. aureus commenced 
immediately and concluded after 5  h, reaching a sta-
tionary phase at 1.9 108 CFU/mL. In contrast, H. kunzii 
displayed a different growth profile, with an initial lag 
phase of 16  h (6 107 CFU/mL), followed by an expo-
nential phase that led to its stationary state at 21 h with 
1.03 108 CFU/mL. At 24  h, both strains were found in 
equivalent ratios, with 2.46 108 and 2.1 108 CFU/mL for 
S. aureus and H. kunzii, respectively. Interestingly, the H. 
kunzii strain in coculture began active replication when 
the S. aureus strain had already reached its stationary 
phase. In monoculture, with a starting inoculum at 4.66 
107 CFU/mL, H. kunzii’s lag phase was shorter, resolv-
ing after 5 h (6 107 CFU/mL), and reaching a stationary 
phase (4 108 CFU/ml) by 16 h. Additionally, the growth 
kinetics of S. aureus remained unchanged, whether culti-
vated alone or in combination with H. kunzii (Figure S1). 
These results demonstrate that, at 24 h in both mono and 
coculture conditions, the two species underwent a com-
plete exponential phase and entered the stationary phase 

https://dfast.ddbj.nig.ac.jp/
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(activation phase of the agr system and production of 
virulence factors in S. aureus). At 24  h, each strain was 
present in the same proportion (2 108 CFU/mL, in both 
mono and coculture), enabling a comparison of these two 
conditions in term of protein production.

Downregulation of agrA in S. aureus in the presence of H. 
kunzii Exoproteome
As previously reported, H. kunzii can modulate the viru-
lence of S. aureus by downregulating the transcription of 
the agrA gene [10]. The expression of agrA in S. aureus 
was monitored in two ways: (i) post-coculture, and (ii) 
after exposure to the H. kunzii exoproteome (MEHkE). 
The aim was to validate the hypothesis of a contact-
independent interaction between the two species, which 
is sufficient to induce the downregulation of agrA gene 
expression and reduce the virulence of S. aureus.

Under all conditions tested, we observed a consis-
tent decrease in agrA expression (Fig.  2). Notably, this 
reduction was statistically significant (p < 0.05) when S. 
aureus, in the stationary phase (OD600 = 1), was exposed 
to MEHkE. This observation supports the notion that H. 
kunzii H13 may secrete proteins that downregulate the 
expression of agrA in S. aureus.

Identification of candidate H. kunzii secreted proteins 
decreasing S. aureus virulence
To identify the proteins secreted by H. kunzii, whether in 
the presence or absence of S. aureus, we conducted a pro-
teomic study under two conditions: an initial inoculum 
of H. kunzii and S. aureus at OD600 = 1 (interaction dur-
ing only the stationary phase) and OD600 = 0.1 (interac-
tion during both the exponential and stationary phases). 
H. kunzii alone secreted a limited number of proteins at 

Fig. 1  Growth kinetics of coculture experiment. This figure presents the endpoint CFU counts at 0 and 24 h for S. aureus and H. kunzii, with the initial 
OD600 set at A. 1 and B. 0.1. C. Growth curves in coculture (with an initial inoculum OD600 of 0.1) of S. aureus and H. kunzii over a 24 h period. The initial 
ratio was set at 1:3 in favour of H. kunzii to achieve an equal quantity of bacteria at 21 h. The curves were smoothed using a linear model, with each point 
representing CFU counts according to time in hours. Colonies grown on TSS were differentiated based on their morphology: H. kunzii colonies appeared 
as pinhead translucent grey, while S. aureus formed hemolytic, yellowish, and larger ones. In addition, the CFU counts of S. aureus were compared be-
tween LB and TSS agar medium
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all stages of its growth (n = 42 at OD600 = 1 and n = 44 at 
OD600 = 0.1). A similar limited number of secreted pro-
teins was also described in the presence of S. aureus 
(n = 55 at OD600 = 1 and n = 18 at OD600 = 0.1) (Figure S2).

Given the significant downregulation of agrA gene 
expression observed after exposure to MEHkE, we 
searched for proteins secreted by H. kunzii that inter-
act with S. aureus. As the agr system is activated at the 
end of the exponential phase and sustained throughout 
the stationary phase [11], proteins interacting with this 
system are potentially secreted by H. kunzii during the 
stationary phase. Among the initial list of 75 proteins 
recovered from the H. kunzii exoproteome, 55 belonged 
to the exoprotein fraction from coculture at OD600 = 1, 
corresponding to this stationary phase. Of these 55 can-
didates, 17 were associated with transcriptional activity, 
including eight ribosomal subunits. Surprisingly, RsmB 
(Ribosomal Subunit B) (GUI37_RS04270), a genomic 
candidate previously identified [12], was found only in 
the proteome and not in the exoproteome. In addition, 
17 of the 55 exoproteins found were linked to carbohy-
drate metabolism, including the type 3 glyceraldehyde-
3-phosphate dehydrogenase protein (GPAH), already 
described as protein with variable independent biologi-
cal activities [30]. At OD600 = 0.1 (both exponential and 
stationary phases), 18 proteins candidates were identi-
fied. Ultimately, 16 proteins were definitively included 

because they were present in all conditions (Table  1). 
Interestingly, four of these proteins were associated with 
a potential to alter cell wall architecture: the polysac-
charide deacetylase family protein (WP_212661168.1), 
peptidoglycan DD-metalloendopeptidase family pro-
tein (WP_212661263.1), and the aforementioned type I 
GPAH (WP_005397984.1 and WP_005398187.1). Two 
of the 16 proteins included presented a stronger inter-
est: the trypsin-like peptidase domain-containing pro-
tein (WP_212661130.1) with a serine protease domain, 
previously described for their potential in S. aureus-S. 
epidermidis interaction [31] and the extracellular solute-
binding protein (WP_212660510.1), which could impact 
nutritional competition [32].

H. kunzii exoproteome impacts regulation of S. aureus 
virulence factors during stationary growth phase
To investigate the influence of the H. kunzii exoproteome 
on S. aureus virulence, we focused on the regulatory gene 
network that governs S. aureus during stationary growth 
phase (OD = 1) (Fig. 3).

Table 1  List of proteins secreted by Helcococcus kunzii under 
all conditions. These conditions include an OD600 of 0.1, where 
both strains underwent the exponential growth phase and 
reached the stationary growth phase, and an OD600 of 1, where 
both strains remained continuously in the stationary phase. 
The proteins listed in this table show the most potential for 
attenuating the virulence of S. Aureus
Locus_tag Protein_id Protein
GUI37_RS00090 WP_005396836.1 hypothetical protein
GUI37_RS00890 WP_005397107.1 formate C-acetyltransferase
GUI37_RS01090 WP_212661130.1 trypsin-like peptidase 

domain-containing protein
GUI37_RS01425 WP_212661168.1 polysaccharide deacetylase 

family protein
GUI37_RS01930 WP_212661252.1 2-dehydropantoate 

2-reductase
GUI37_RS02030 WP_212661263.1 peptidoglycan DD-metallo-

endopeptidase family protein
GUI37_RS02985 WP_005397814.1 HU family DNA-binding 

protein
GUI37_RS03540 WP_005397984.1 type I glyceraldehyde-

3-phosphate dehydrogenase
GUI37_RS03545 WP_212661385.1 phosphoglycerate kinase
GUI37_RS03555 WP_005397990.1 2,3-bisphosphoglycerate-

independent phosphoglycer-
ate mutase

GUI37_RS03560 WP_005397992.1 phosphopyruvate hydratase
GUI37_RS04205 WP_005398187.1 type I glyceraldehyde-

3-phosphate dehydrogenase
GUI37_RS05200 WP_212660510.1 extracellular solute-binding 

protein
GUI37_RS06220 WP_212660639.1 flavocytochrome c
GUI37_RS07030 WP_212660710.1 hypothetical protein
GUI37_RS07980 WP_005399120.1 IMP dehydrogenase
Shortlisted candidates are highlighted in gray

Fig. 2  Level of agrA gene expression in Staphylococcus aureus after a 24 h 
exposure to either Helcococcus kunzii cells (in coculture) or MEHkE (a pro-
tein extract from the supernatant of H. kunzii culture media). The Initial 
inoculum of S. aureus was set at an OD600 of 1 (for the stationary phase), 
and an OD600 of 0.1 (for both the exponential and stationary phases). 
MEHkE refers to a medium enriched with the exoproteome of H. kunzii. A 
p-value < 0.05 is indicated by *
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The production of both the RNAIII-activating regu-
lator AgrA (NWMN_1946) and the RNAIII-activating 
protein TRAP (NWMN_1726) was reduced, with TRAP 
showing a significant reduction (p = 0.0068). The log2 
fold change (log2FC) for AgrA and TRAP was − 0.69 and 
− 0.68, respectively. Both proteins are associated with 
the induction of RNAIII, a stable regulatory RNA that 
enhances hemolysin production [33].

Previous studies have indicated that AgrA production 
could be positively regulated by SarA (NWMN_0588) 
and SarV (NWMN_2167), and negatively regulated by 
SarX (NWMN_0637) and CodY (NWMN_1165) [34–
36]. In coculture experiments, the production of SarA 
and SarV was non-significantly reduced (log2FC= -0.49, 
p = not significant (NS) and log2FC =-0.09, p = NS, respec-
tively), potentially accounting for the decrease in AgrA 
production. Interestingly, the production of CodY was 
also significatively reduced in coculture experiments 
(log2FC= -0.91, p = 0.0269) while SarX, another nega-
tive regulator of AgrA, was non-significatively increased 
(log2FC = 1.59, p = NS). In summary, the virulence regula-
tory network of S. aureus appears to be impaired upon 
coculture potentially explaining a significant intracellular 
reduction of alpha hemolysin production (NWMN_1073, 
Log2FC=-2.45, p = 0.0079)).

Additionally, the regulatory network of the stress 
response pathway was also affected. The production of 
Sigma B (NWMN_1970) was non-significantly reduced 
in coculture (log2FC=-0.53, p = 0.1430), as well as the 
production of its repressor, the anti-sigmaB, RsbW 
(NWMN_1971) with a log2FC=-0.32 (p = 0.0869). Sigma 
B is inactivated when it complexes with RsbW, this inac-
tivated form loses the ability to bind DNA and exert its 
role as transcriptional regulator. Furthermore, the pro-
duction of the anti-RsbW factor, RsbV (NWMN_1972), 
leads to the liberation of the free form of SigmaB. The 
coculture induced a significant reduction in RsbV pro-
duction, which would translate into a reduced potential 
to find the free and thus active form of Sigma B (Fig. 3).

To corroborate these findings, we tested several viru-
lence genes that are supposed to be regulated by agrA 
expression in S. aureus using qRT-PCR after coculture 
with H. kunzii  (Fig S3). The genes tested included hla 
and sarA, which are up-regulated by RNAIII, and spa and 
sigB, which are down-regulated by agr. As anticipated, we 
observed a significant downregulation of hla (p < 0.0001) 
and sarA (p < 0.01) in NSA739 when associated with H13. 
Consequently, the sigB and spa genes demonstrated a sig-
nificant overexpression in the presence of H. kunzii H13 
(p < 0.01).

Fig. 3  Regulatory network of S. aureus virulence within the proteome fraction of the stationary growth phase (OD1). Triangle shape arrows in green 
indicate activating interactions, while blunt head arrows in red indicate inhibiting activity. Blue double-headed arrows represent the dynamics of protein 
complexation. Proteins are depicted in boxes with solid black borders (to denote statistical significance), or dashed borders (to indicate trends). Red-filled 
boxes indicate proteins less produced in coculture, whereas green-filled boxes denote proteins with increased production. The associated log2 fold 
change (FC) values are presented above each box
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Virulence factors with cytolytic activity need to be 
secreted, particularly during the stationary phase. 
Therefore, we investigated the exoproteome fraction of 
S. aureus in this phase. In coculture, only two proteins 
were statistically less produced: a threonyl-tRNA syn-
thetase (NWMN_1576) and an ATP-binding subunit 
ClpC (NWMN_2448), with a log2FC of -1.92 (p = 0.0048) 
and − 2.69 (p = 0.0020), respectively. The presence of the 
H. kunzii exoproteome impacted some virulence effec-
tors. The production of gamma hemolysin components 
ABC (NWMN_2318-2320-2319, log2FC=-0.82, -1.2, 
-0.82 respectively; p = NS), leukocidin/hemolysin toxin 
family F (NWMN_1927, log2FC=-1.53; p = NS) and 
S (NWMN_1928, log2FC=-1.42; p = NS) subunits, as 
well as the alpha hemolysin precursor (NWMN_1073, 
log2FC=-0.36; p = NS), were non-significantly reduced in 
the exoproteome fraction of the coculture.

To determine whether this decrease in virulence fac-
tors from the exoproteome was associated with a defect 
in their production or export, we analyzed the proteomic 
fraction. As mentioned earlier, the production of the 
alpha hemolysin precursor was significantly reduced in 
the proteomic fraction, with a log2FC=-2.45 (p = 0.0079), 
explaining the reduced production of alpha hemolysin in 
the exoproteome. However, the production of leukoci-
din/hemolysin toxin family F (log2FC = 0.62; p = NS) and 
S (log2FC = 0.30; p = NS) subunits and gamma hemoly-
sin component B (log2FC = 0.24; p = NS) were increased 
upon coculture within the proteome. This suggests that 
they are either retained intracellularly or that their stabil-
ity was affected once they were released extracellularly.

S. aureus hemolysin production is reduced in the presence 
of H. kunzii
In order to investigate the influence of H. kunzii on the 
production of hemolysin by S. aureus, we conducted a 
test for hemolysin production. This involved comparing 
the hemolytic capacity of S. aureus alone and in cocul-
ture with H. kunzii. As depicted in Figure S4, the hemo-
lytic activity was observed in 100% of the monocultured 
S. aureus (Figures S4A and B). In contrast, the coculture 
exhibited a significant decrease in hemolysin production 
in the presence of H. kunzii (p < 0.0001) (Figures S4A and 
C). This suggests that the virulence of S. aureus is altered 
by the exoproteome of H. kunzii, and this modification 
occurs independently of the agr system.

S. aureus virulence is modified by H. kunzii exoproteome 
independently of the agr system
As previously established, bacteria acquire iron through 
ABC transport, transferrin binding, or siderophore pro-
duction to sustain their metabolism [37]. Our study, as 
revealed by KEGG analysis, shows that one S. aureus 
siderophore biosynthetic pathway was impeded by two 

proteins (NWMN_2080-82, SfnaB and D, respectively) 
involved in the conversion of D-ornithine to staphylofer-
rin A [38]. More specifically, the biosynthesis of staphy-
loferrin A involves a cascade of enzymatic reactions, 
starting with the metabolite 2-oxaloglutarate as a precur-
sor. This precursor goes through D-ornithine to finally be 
converted into staphyloferrin A, a process that requires 
the aforementioned SfnaBD enzyme (Figure S5A). These 
proteins were only detected in monoculture samples. 
Additionally, a staphyloferrin precursor, 2-oxalogluta-
rate, previously described to be produced by the citrate 
cycle through acetate oxidation (TCA) [39, 40], was also 
affected in its biosynthetic pathway, with the entire TCA 
being negatively impacted in coculture (Figure S5B). We 
also observed that the production of six proteins involved 
in iron metabolism were significantly impacted in the 
coculture experiment. The production of Ferrochelatase 
(NWMN_1724) was enhanced (log2FC = 0.77; p = 0.030), 
while the production of five others was decreased: the 
iron compound ABC transporter, the iron compound-
binding protein (NWMN_2185, log2FC=-1.37; p = 0.0045, 
and NWMN_0581, log2FC=-2.73; p = 0.0007), the sid-
erophore compound ABC transporter binding protein 
(NWMN_0059, log2FC=-2.24; p = 0.0006), and two fer-
richrome ABC transporter lipoproteins (NWMN_2078, 
log2FC=-2.16, p = 0.0003 and NWMN_0705, 
log2FC=-5.23; p = 0.0002). The latter exhibited the most 
significant decrease in the coculture experiment.

Finally, proteins involved in cell wall formation and 
virulence effectors of S. aureus were directly inhibited 
(Figure S6). The cell wall formation was affected at the 
biosynthesis level of wall teichoic and lipoteichoic acids, 
with the production of TagAE, TarL, and LtaS found 
exclusively in monoculture samples (Figure S6A). More-
over, staphyloxanthin production (Figure S6B), a pro-
tein protecting S. aureus from neutrophils clearance [41, 
42], was impaired due to the absence of CrtM and CrtP 
enzymes in coculture samples (Figure S6B).

Impact of H. kunzii exoproteome on S. aureus metabolism
Upon exposure to H. kunzii exoproteome, the protein 
production capability of S. aureus was reduced. This is 
evidenced by the higher absolute diversity of proteins 
recovered from monoculture samples compared to those 
from coculture. Furthermore, the coculture in the station-
ary phase exhibited the lowest diversity of S. aureus pro-
teins (Fig. 4). Out of the 775 proteins identified during the 
stationary phase, which constitute the S. aureus proteome 
under coculture conditions, 315 (40.6%) were significantly 
differentially produced (p-values ranged from 0.00023 
to 0.2651, with the latter achieving significance through 
Perseus statistical treatment). Among these differentially 
produced proteins, only 10 (1.3%) were overproduced in 
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the coculture. This underscores the potential of H. kunzii 
presence to repress metabolic activity.

Discussion
The results from our clinical and microbiological obser-
vations corroborate the in vivo findings obtained pre-
viously, suggesting a potential interaction between S. 

aureus and H. kunzii in chronic wounds, particularly in 
diabetic foot ulcers. The frequent co-isolation of these 
two species underscores their proximity within the 
wound bed [9]. Our prior study demonstrated a pheno-
typic variation in S. aureus when cocultured with H. kun-
zii [10]. This commensal bacterium was found to reduce 
the virulence of S. aureus in an in vivo C. elegans model 

Fig. 4  Distribution of proteins in proteome (A) and exoproteome (B) of Staphylococcus aureus and their associated pathways. It compares the proteome 
and exoproteome of S. aureus identified at the exponential (OD600 = 0.1) and stationary (OD600 = 1) phases of growth in both mono-culture (NSA) and 
coculture conditions. The data are visualized using an UpSet matrix layout and plotted horizontally. Each column in the layout represents a set of proteins, 
indicated by the dark circles, and illustrates the associated pathways
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[10] by acting on the agr system, a key regulator of vir-
ulence. Building on these findings, the aim of this study 
was to replicate the environmental conditions in an in 
vitro model that lead to a decrease in S. aureus virulence 
in the presence of H. kunzii, and to identify the proteins 
involved in this molecular interaction.

To investigate the in vitro molecular interactions 
between S. aureus and H. kunzii, we utilized CWM [15]. 
In traditional in vitro experiments, bacteria are typically 
cultured in an artificial medium, which significantly dif-
fers from the clinical environment. This discrepancy can 
influence bacterial virulence and often limits the clinical 
relevance of the findings. The use of CWM, designed to 
mimic the environmental conditions of a chronic wound 
(including the presence of blood and serum), was cru-
cial for facilitating the growth of H. kunzii in a liquid 
medium. This contrasts with traditional culture media 
like LB media, which do not support the growth of H. 
kunzii. Our results confirm that S. aureus and H. kunzii 
can coexist and proliferate together in this environment, 
overcoming challenges observed in other studies focus-
ing on bacterial interactions. Notably, studies investigat-
ing interactions between S. aureus and Pseudomonas 
aeruginosa have reported difficulties in coculturing them 
in vitro, thereby hindering a comprehensive understand-
ing of their interaction [43]. So, Traditional culture 
media were found to obstruct the simultaneous growth 
of P. aeruginosa and S. aureus [43]. In such an artificial 
environment, bacteria primarily compete for nutrients 
like iron, leading to the dominance of one species over 
the other. We have previously demonstrated that CWM 
enables the concurrent growth of P. aeruginosa and S. 
aureus without either species dominating [15]. The fea-
sibility of coculturing H. kunzii and S. aureus in this 
medium is confirmed in this study.

Further analysis of the growth curves revealed that, 
despite H. kunzii exhibiting a delayed exponential phase, 
both S. aureus and H. kunzii reached the stationary phase 
in similar proportions after 24 h. The growth curves sug-
gested that H. kunzii only enters its exponential phase 
once S. aureus has reached the stationary phase. This 
indicates that H. kunzii could potentially utilize resources 
(such as nutrients) and space once S. aureus ceases to 
multiply [44, 45].

Moreover, we found that exposure to the secreted 
proteome of H. kunzii significantly reduced the expres-
sion of the agrA gene in vitro. This finding aligns with 
our previous in vivo results and is particularly noticeable 
when S. aureus is in the stationary phase. Given that the 
agr system is activated during the late exponential phase 
and maintains a lower level during the stationary phase 
(first 6–7 h) [11], this interaction likely impacts the main-
tenance of the agr loop rather than its initial activation 
[11]. This effect on the agr system is more pronounced 

after exposure to MEHkE than in coculture, as previously 
demonstrated by Ramsey et al.. These authors highlighted 
that exposure to the culture supernatant of Corynebac-
terium striatum was sufficient to alter the expression of 
Agr-dependent genes in S. aureus during the stationary 
phase [17].

We further investigated the potential molecular inter-
actions between H. kunzii and S. aureus through an exo-
proteome analysis, which identified several candidate 
proteins that could explain the interaction (Table 1). For 
instance, GPAH, previously described in Lactobacillus 
as causing cell wall damage [17, 46] and playing a role 
in iron uptake, may also contribute to the interaction 
between H. kunzii and S. aureus [47]. Additionally, pro-
teins such as the peptidoglycan DD-metalloendopepti-
dase family protein and polysaccharide deacetylase family 
protein, both implicated in membrane damage, suggest a 
redundant activity. The combined catalytic activities of 
these proteins could impair membrane function, poten-
tially inducing a stress response that contributes to the 
alteration of virulence factors regulation. The remain-
ing potential targets, a trypsin-like peptidase domain-
containing protein and an extracellular solute-binding 
protein, may also adversely affect cell wall function and 
compete for resources. As mentioned in previous publi-
cations, extracellular serine proteases have already been 
described as being involved in the interaction between S. 
aureus and S. epidermidis, with a negative impact on bio-
film formation [31] and cell wall-associated proteins [48]. 
The extracellular solute-binding protein is also an inter-
esting candidate, as solute binding proteins are involved 
in nutrient acquisition, potentially leading to alterations 
in S. aureus feeding behaviour [32, 49].

Shifting our focus to the regulatory network of S. 
aureus virulence (Fig.  3), we observed a significant 
reduction in the production of TRAP and AgrA (RNA 
III activators), leading to a decrease in alpha hemolysin 
production. However, the regulatory network governing 
alpha hemolysin production showed some inconsisten-
cies. For instance, CodY, which is expected to negatively 
influence virulence factor production, was found in lower 
abundance in the coculture at the stationary phase. How-
ever, its involvement appears to be most relevant during 
the exponential phase [35]. The stress response SigmaB 
regulon also appeared to be altered, with the produc-
tion of SigmaB and its regulators being reduced. Sig-
maB, known for its pleiotropic role, plays a central role 
in adaptation [50], impacting virulence factor production 
through the activation of SarA, which in turn activates 
AgrA [51]. As previously described, the transcriptional 
activity of Sigma B is dependent on the phosphoryla-
tion status of RsbV; only the unphosphorylated RsbV 
can release Sigma B from RsbW [52]. Sigma B is associ-
ated with osmotic stress [53] and cell wall alteration, as a 
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result of the inhibition of the wall teichoic acid synthesis 
pathway, has been linked to osmotic stress [54–56]. The 
overall result is a disruption in the regulation factor coor-
dinating virulence factor production. These results have 
been confirmed by the evaluation of the expression of 
these genes by qRT-PCR and by a hemolysis test.

Several metabolic pathways of S. aureus were impacted 
by the interaction with H. kunzii, particularly during 
the stationary phase. For instance, the production of 
staphyloxantin and staphyloferrin, proteins involved in 
staphylococcal virulence [57], were repressed. These pro-
teins play a direct role in escaping the immune system 
response (Reduction of Oxidative Stress, ROS) and facili-
tating iron uptake [57, 58]. Nutrient uptake, especially 
co-factors like iron, is a limiting factor in bacterial viru-
lence [58], particularly in S. aureus through fur regulation 
[59]. Cell wall components of S aureus, including wall 
teichoic and lipoteichoic acids, were also affected. These 
alterations can impact both virulence [60, 61] and surface 
colonization (D-alanin incorporation) [62]. The collective 
results suggest a metabolically repressed state of S. aureus 
when associated with H. kunzii. The profound remodel-
ing of the S. aureus proteome, indicated by a decrease in 
proteomic diversity during coculture, suggests an adapta-
tion to the presence of H. kunzii. A total of 279 proteins 
were no longer produced at an OD600 of 1 in coculture 
with H. kunzii compared to S. aureus monoculture, with 
212 associated with the proteomic fraction and 67 with 
the exoproteome (Fig. 4). Additionally, the exoproteome 
of S. aureus has been extensively studied under various 
conditions [64, 65], revealing a range of proteins identi-
fied from 186 to 1404. These proteins are predominantly 
associated with virulence, metabolism, and carbohydrate 
functions [62]. Aligning the reconstructed pathways 
revealed that those affected at an OD600 of 0.1 were even 
more impacted at an OD600 of 1. This suggests that the 
fine-tuning of S. aureus metabolism is more affected after 
reaching the stationary state. This could be attributed to 
impaired nutrient and cofactor uptake, highlighting the 
tight connection between metabolic capacities and viru-
lence [32].

Conclusion
This study offers valuable insights into the in vitro molec-
ular interactions between S. aureus and H. kunzii, elu-
cidating the mechanism that leads to a reduction in S. 
aureus virulence when H. kunzii is present. The findings 
shed light on the potential proteins involved in this inter-
action at a molecular level, unraveling a complex inter-
play that influences the regulatory network and overall 
metabolism of S. aureus. The decrease in S. aureus vir-
ulence is not linked to cell-cell contact, but is primarily 
dependent on proteins secreted by H. kunzii. Our pro-
teomic approach suggests that these secreted proteins 

may be involved in attenuating virulence, which is asso-
ciated with a significant metabolic remodeling that alters 
the S. aureus virulence regulatory network. Finally, we 
identified a shortlist of six proteins produced by H. kunzii 
that hold high potential for anti-virulence therapy. Future 
investigations will explore the phenotypic impact of the 
excreted factors potentially involved in this virulence 
modulation. This work contributes to a better under-
standing of the dynamics between bacterial species in 
chronic wound environments, laying the groundwork for 
further research into therapeutic interventions and strat-
egies for managing diabetic foot infections.
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