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Abstract
Polymicrobial communities lead to worsen the wound infections, due to mixed biofilms, increased antibiotic 
resistance, and altered virulence production. Promising approaches, including enzymes, may overcome the 
complicated condition of polymicrobial infections. Therefore, this study aimed to investigate Staphopain 
A-mediated virulence and resistance alteration in an animal model of Staphylococcus aureus and Pseudomonas 
aeruginosa co-infection. S. aureus and P. aeruginosa were co-cultured on the L-929 cell line and wound infection 
in an animal model. Then, recombinant staphopain A was purified and used to treat mono- and co-infections. 
Following the treatment, changes in virulence factors and resistance were investigated through phenotypic 
methods and RT-PCR. Staphopain A resulted in a notable reduction in the viability of S. aureus and P. aeruginosa. 
The biofilm formed in the wound infection in both animal model and cell culture was disrupted remarkably. 
Moreover, the biofilm-encoding genes, quorum sensing regulating genes, and virulence factors (hemolysin 
and pyocyanin) controlled by QS were down-regulated in both microorganisms. Furthermore, the resistance to 
vancomycin and doripenem decreased following treatment with staphopain A. According to this study, staphopain 
A might promote wound healing and cure co-infection. It seems to be a promising agent to combine with 
antibiotics to overcome hard-to-cure infections.
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Introduction
Biofilm formation is a significant characteristic of poly-
microbial communities in infections such as wounds, 
diabetic foot, and cystic fibrosis. Hence, decreased effi-
cacy of chemotherapies, immune evasion, and enhanced 
pathogenicity provoke complicated consequences. 
Staphylococcus aureus and Pseudomonas aeruginosa are 
isolated most frequently from polymicrobial infections. 
Moreover, S. aureus and P. aeruginosa indicate a unique 
adaptation capacity, which consequences in appear-
ance of persisting strains and complicate the infection 
condition. The mentioned properties are regulated by 
some neat and complex signaling pathways, which are 
controlled by Quorum sensing systems [1–3]. Beyond 
the partial antagonism or synergism, the relationship 
between these two microorganisms seems to be an over-
whelming cooperation [4].

The biofilm structure provides a protecting area for the 
microorganisms to evade the host’s immune system and 
antibiotic therapy. The antibiotic efficacy reduces due to 
the biofilm condition, including low oxygen, decreased 
metabolism of microorganisms, and extracellular matrix 
[5]. Therefore, degradation of biofilm integrity leads to 
metabolism activation and increased susceptibility to 
antibiotics [6, 7].

Virulence production and antibiotic resistance are 
influenced during co-infection. Alginate overproduc-
tion by P. aeruginosa increases the tolerance of S. aureus 
to vancomycin [8]. The cell-free suspensions of P. aeru-
ginosa result in tolerance to β-lactams, aminoglycosides, 
macrolides, and glycopeptides. On the contrary, P. aeru-
ginosa promotes the susceptibility to fluoroquinolones 
and antiseptics, including chloroxylenol [9]. The same 
effect has been reported for S. aureus, which resulted in 
increased resistance to different antibiotics in P. aerugi-
nosa. Alteration in resistance gene expression or releas-
ing some metabolites are the most common reasons for 
changes in antibiotic susceptibility.

Antibiotic susceptibility is not the sole target of coop-
eration during polymicrobial infections. Significant alter-
ations also occur in virulence and metabolism. Virulence 
factors, including toxins and degrading enzymes, are 
downregulated due to biofilm formation. The quorum 
sensing (QS) systems, including LasI/R, RhlI/R, PQS (in 
P. aeruginosa), RNAII, and RNAIII (in S. aureus) are up-
regulated to synchronize the process among microor-
ganisms involved in the biofilm. Some studies reported 
various combinations, including quaternary ammonium 
compounds, curcumin, chlorquinaldol, 2(5 H)-furanone, 
and enzymatic components, to improve the effect of anti-
microbials on mixed biofilms [10].

Staphopain (scpA encoding enzyme) is a papain-like 
cysteine protease secreted by S. aureus. It lyses proteins 
in the host’s connective tissue, including fibrinogen, elas-
tin, fibronectin, and kininogen [11]. Moreover, stapho-
pain B degrades LL-37, an immune peptide in the skin. 
Therefore, the degraded peptide fails to inhibit biofilm 
formation [12]. In addition to the host proteolytic activ-
ity of staphopain, it exerts the capability to degrade the 
biofilm structure in S. aureus [13].

The current study aimed to investigate the effect of sta-
phopain A on the dispersal of the dual-species biofilm in 
a wound infection in an animal model. Moreover, degra-
dation of biofilm structures and microorganism release 
to the planktonic form might influence the QS-mediated 
virulence factor production. Therefore, the staphopain A 
mediated alteration to virulence were investigated.

Methods
Strains and growth condition
S. aureus and P. aeruginosa strains used in this study 
(obtained from microbial bank of Hamadan Univer-
sity of Medical Sciences) are listed in Table 1. S. aureus 
strain was tested to not produce staphopain A using 
casein digestion spectrophotometric method (Supple-
mentary file 1). The ethics committee of Hamadan Uni-
versity of Medical Sciences approved this study and was 
conducted under the ethical approval code IR.UMSHA.
REC.1396.694.

Table 1 Strains used in this study
Strains used for mono- and co-infectionss
Strains Species Source Characteristics

Virulence Antibiotic 
Susceptibility

PA-1 P. aeruginosa Wound Toxin-producing 
strain/
Pyoverdine 
Producer

MDR strain

SA-1 S. aureus Wound PVL (Panton-Val-
entine Leukocidin) 
producing/ biofilm-
forming strain/ Sid-
erophore producer/ 
Non- staphopainA 
producer

MDR strain

Staphylococ-
cus aureus 
ATCC25923

control strains

Pseudo-
monas 
aeruginosa 
PAO1

control strains

Strains used for production of recombinant Staphopain A
Strains Characteristic
E.coli TOP10 Host for cloning DNA vectors
E.coli BL21 Host for expression recombinant 

vectors
pET26b His tagged C-terminal, Kanamycin 

resistant, PelB sequence
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Mannitol salt agar (MSA) (Merck, Germany) and 
Columbia agar (Merck, Germany) containing 5% sheep 
blood were used for isolation of S. aureus. Also, P. aeru-
ginosa was cultivated using cetrimide agar (CA) (Merck, 
Germany). The plates were incubated at 37 °C and ambi-
ent air unless it is mentioned in the text.

Recombinant staphopain a production
Recombinant Staphopain A was produced using the 
cloning method in pET26b vector and E. coli BL21 as an 
expression host. Primers for cloning were designed based 
on the sequence of the scpA gene in the Gene Bank. Two 
restriction enzymes, BamHI and XhoI (Thermofisher, 
USA), were used to provide sticky ends in vector and 
insert sequences. The double-digested sequences were 
ligated using T4 ligase (Thermofisher, USA). Then, the 
ligated vector was transformed to the competent E. coli-
Top10. The recombinant vector was proved using colony 
PCR and sequencing the extracted recombinant vector.

The isolated recombinant vector was transformed to 
the expression host (E. coli BL21), and the protein was 
expressed in exposure to Isopropyl ß-D-1-thiogalacto-
pyranoside (IPTG). The recombinant protein was con-
firmed using sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS-PAGE) and Anti His-tagged 
western blotting. Finally, staphopain A was purified using 
immobilized metal affinity chromatography by cobalt 
resin (Talon, Takara). The protein purity was measured 
by High-Performance Liquid Chromatography (HPLC), 
and the functionality of the recombinant enzyme was 
determined using the casein digestion spectrophotomet-
ric method. The detailed description of cloning, expres-
sion, protein purification, and enzyme confirmation is 
present in supplementary file (Supplementary file 1).

Cell culture
The mouse fibroblast cell line (subcutaneous connective 
tissue) - L929 acquired from the Pasteur Institute of Iran 
was used to investigate the staphopain effect on the co-
culture of S. aureus and P. aeruginosa. The cell line was 
cultured as described in the study of Tahmasebi et al. [4]. 
Briefly, 10% FBS (Invitrogen, USA) and 50–100 IU/mL 
penicillin-streptomycin (Sigma, USA) were added to the 
DMEM medium (DNA BioTech, Iran) to culture the cell 
line in 24-wells plates for other investigations.

Cytotoxicity test
MTT test (DNA BioTech, Iran) was carried out to deter-
mine the cytotoxicity of staphopain A. L929 cells were 
sub-cultured in a 96-well plate at a density of 5 × 103 cells/
well, and incubated at 37 °C and 5% CO2. Then, cells were 
treated using different concentrations of staphopain A for 
16 h, incubated as previously. Following the incubation, 
cells were washed by PBS, fresh media and MTT solution 

were added. After 4  h of incubation, dimethyl sulfoxide 
was added to each well. Then, the absorbance was mea-
sured at 570  nm using a microplate reader (Bio-Rad, 
USA) Supplementary file 2) [14]..

Co-culture on fibroblast cell line
As the monolayer reached 90% confluency, the DMEM 
medium was removed, and 100µL of bacterial sus-
pensions (at exponential phase) with the OD600: 0.1 
were added to each well containing 1mL MEM supple-
mented with L-Glutamine. The plates were incubated at 
37  °C and 5% CO2 for 24  h. At 1, 6, 12, and 24  h after 
incubation, the media were aspirated, and fresh MEM 
media containing L-Glutamine were added to each well. 
The aspirated media were diluted in PBS and plated on 
MSA and CA to recover P. aeruginosa and S. aureus. 
After 24 h, the media were aspirated and the plates were 
washed with PBS twice. Then, each well was treated with 
200 µl of 0.1% Triton X-100, the plate gently agitated for 
30 min. Next, the cells were scraped to disrupt the bio-
film. The bacteria were diluted and plated as described 
for the planktonic co-culture [15]. Each experiment was 
done in triplicate.

The activity of staphopain A was assessed on the L-929 
cell line. As described previously, after the biofilm was 
established on the cell line, 16µL/mL of staphopain A was 
added to each wells of co- and mono-cultures. The media 
were replaced with fresh media containing staphopain A 
every 2 h. Then, the colonies were counted as mentioned 
above.

The combination of staphopain A/vancomycin (16µL/
mL: 16µL/mL) and staphopain A/doripenem (16µL/
mL:32µL/mL were investigated on the L-929 cell line as 
described for staphopain A.

Animal model and ethical issues
All experiments were done according to the guidelines 
for maintenance, surveillance and usage of laboratory 
animals published by the National Institute of Health 
United State (NIH publication No. 85 − 23, revised 1985). 
Moreover, the study was approved by the ethics commit-
tee of the Hamadan University of Medical Sciences (No: 
IRUMSHA. REC. 1396.694).

The male, pathogen-free Balb/C mice which purchased 
from laboratory animal center of Hamadan university of 
medical sciences, were used in this study. Four groups 
(5 mice in each group) of 25 ± 2 gr male mice aged 6–8 
weeks were selected, as the minimum sample size for ani-
mal models, according to Grada and et al. [16]. Groups 
were divided to mono-infection groups (S. aureus and P. 
aeruginosa separately) and co-infection group (infected 
with both species). Then, each groups were categorized 
as control and treated ones (mono- and co-infection). 
Twelve hours of light/dark cycle and free access to chows 
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and water were maintained for animals, and they were 
kept in sterile cages individually. All the experiments on 
animal model were performed based on the international 
Ethical Conduct in the Care and Use of Nonhuman Ani-
mals in Research.

Wound infection in an animal model and staphopain 
treatment
The Staphopain A activity was evaluated using a Balb/C 
mouse model of wound infection. To establish a wound 
model in an animal, a full thickness excisional wound of 
1  cm diameter was created using a sterile punch. Then, 
the wound was infected with 50 µL of 105 CFU/mL sus-
pension of S. aureus and/or P. aeruginosa. Afterward, 
the wound was covered aseptically with semi-permeable 
polyurethane film (Hydrofilm, Hartmann, GB). The mice 
were monitored and the dressing was changed daily.

Staphopain A was directly applied to the wound twice 
a day in a volume of 25 µL (200 ng/mL). Swab samples 
were collected from the wound bed daily and after treat-
ment. Moreover, the dressings were transferred into ster-
ile PBS and plated on species-specific media to count the 
viable colonies. Then, antibiotic resistance and virulence 
factors production were determined as mentioned previ-
ously [17].

Total RNA isolation and RT-PCR
RNA isolation was carried out on swab and the dressing 
samples on days 0, 5, and 10 after treatment. RNA iso-
lation and cDNA synthesis were performed by GeneAll 
cDNA synthesis kit (GeneAll, South Korea) based on 
manufacturer’s instruction (GeneAll, South Korea). The 
quality of RNA and cDNA was measured using gel elec-
trophoresis and spectrophotometric method (Thermo-
fisher, USA).

The expression levels of lasI/R, rhlI/R, rpoN, kpc, 
RNAII, RNAIII, sigB, walK/R were investigated using 
primers listed in Table 2. gmk and rpoD were used as ref-
erence genes [13]. The reactions of a final volume of 20 µl 
were prepared using 2X Syber Green PCR Master Mix 
(Amplicon, Denmark), primers (20 pmol), and cDNA, 
and DEPC-treated water. The following program was 
applied for amplification: 95  °C for 15 min, 40 cycles of 
95 °C for 20 s, and 56 °C for 30 s. All the tests were per-
formed in triplicate and three days.

Statistical analysis
One-way ANOVA, two-way ANOVA, and Student’s 
t-test were performed for all the collected data by Graph-
Pad Prism 6.0 (Graph Pad Software, USA). The Tukey 
and Holm-sidak tests were done as multiple comparison 
tests where was appropriate, based on a p-value of 0.05, 
as significant. All data were shown as mean ± SEM.

Results
Dual effect of Staphopain A on the wound infection
As depicted in Fig. 1, a dual-impact of staphopain A was 
observed, (1) disruption of the mixed biofilm formed in 
the wound, and (2) decrease the viability of S. aureus and 
P. aeruginosa.

The biofilm disrupting property of Staphopain A was 
observed in co-culture experiments on the L929 cell line 
and an in vitro model of biofilm using the crystal violet 
method. The colony counts of S. aureus and P. aeruginosa 
reduced significantly in the biofilm phase in comparison 
to the planktonic one (Fig. 1a and b) Supplementary file 
2).

Based on the data demonstrated in Fig. 1c, the colonies 
released to the planktonic phase have increased during 
five days post-treatment compared to the co-infection 
control group. According to Fig. 1d, a remarkable reduc-
tion in viability was detected in the mono-infection of 
S. aureus and P. aeruginosa. A steady decline in colony 
counts was noticed for mono-infections of S. aureus and 
P. aeruginosa in treated groups. Although biofilm for-
mations in mono-infection groups were not detected as 
strong as co-infection ones (higher initial colony counts), 
the weak, established biofilm was damaged in these 
groups (Fig.  1d). Also, a significant decrease in viable 
colonies was observed in co-infection groups during 

Table 2 Primers list
Gene Function Primer sequence Reference
RNAIII S. aureus QS 

gene
F:  G C A C T G A G T C C A A G G A A A 
C T A A C T C T
R:  A G C C A T C C C A A C T T A A T A A 
C C A T G T

1

rhlI P. aeruginosa 
QS gene

F:  T T C A T C C T C C T T T A G T C T 
T C C C′
R:  T T C C A G C G A T T C A G A G A G C

2

rhlR P. aeruginosa 
QS gene

F:  T G C A T T T T A T C G A T C A G G G C
R:  C A C T T C C T T T T C C A G G A C G

2

lasI P. aeruginosa 
QS gene

F:  T T T G G A T C C T A T A C T C T C 
T G A
R:  A C G C A A C T T G T G G A T C C 
C G C

12

lasR P. aeruginosa 
QS gene

F:  A A G T G G A A A A T T G G A G T 
G G A G
R:  G T A G T T G C C G A C G A C G A 
T G A A G

2

algD P. aeruginosa 
virulence 
gene 
(alginate 
production)

F:  A T G C G A A T C A G C A T C T T 
T G G T
R:  C T A C C A G C A G A T G C C C T 
C G G C

12

rpoD P. 
aeruginosa

P. aeruginosa 
housekeep-
ing gene

F:  G G G C T G T C T C G A A T A C G 
T T G A
R:  A C C T G C C G G A G G A T A T 
T T C C

11

nucA S. 
aureus

S. aureus ref-
erence gene

F:  A G C C A A G C C T T G A C G A A C 
T A A A G C
R:  G C G A T T G A T G G T G A T 
ACGGTT

28
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Fig. 1 Investigation of the effect of staphopain A on viability and biofilm disruption in cell line and animal model. a: The viable colony counts of S. aureus 
and P.aeruginosa on L-929 cell line in treatment and control groups. The recovered colonies from co- and mono-cultures were counted in the planktonic 
condition. b: The viable colony counts of S. aureus and P.aeruginosa on L-929 cell line in treatment and control groups. The recovered colonies from co- 
and mono-cultures were counted in the biofilm condition. c: The viable colonies recovered from the wound co-infected with S. aureus and P. aeruginosa 
during 10 days of treatment with staphopain A. It seems that the biofilm was disrupted during 5 days of treatment and the viable colonies were increased, 
then the killing effect of staphopain A led to a decrease in colony counts. d: The viable colonies recovered from the wound infected with S. aureus and 
P. aeruginosa (mono-infection group) during 10 days of treatment with staphopain A S. aureus and P. aeruginosa strains used in this study weakly formed 
biofilm and the higher initial counts seem to be due to weak single biofilms. e: The wound healing process during 10 days of experiment in co-infections 
groups of control and treatment. Panel e1 indicated the co-infection group during days 1 to 10 after treatment. As depicted, the wound drainage 
decreased, the wound diameter reduced significantly, and the infection healed successfully. While in the control group (row e2) the wound infection 
worsened during 10 days. f: The wound healing process during 10 days of experiment in groups infected with S. aureus. The wound healing process in the 
treatment group (row f1) improved successfully during 10 days in comparison to the control group (row f2). g: The wound healing process during 10 days 
of experiment in groups infected with P. aeruginosa. The wound healing process in the treatment group (row g1) improved successfully during 10 days in 
comparison to the control group (row g2). Each data set was analyzed using the two-way ANOVA, and the Holm-Sidak method for multiple comparisons. 
The data were presented as Mean + SEM. * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; **** p-value < 0.0001
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days 5 to 10 (Fig.  1c), in which the wound closure pro-
cess improved, and finally, any isolates of S. aureus and P. 
aeruginosa were not recovered. In control groups (mono- 
and co-infection), a substantial increase in colony counts, 
purulent drainages, and spread to healthy adjacent tissue 
were discovered (Fig. 1e and g).

Staphopain a altered the expression levels of genes 
involved in QS and reduced the biofilm formation
According to Fig. 2a and b, the expression level of RNA 
II– a regulator for agr locus- indicated a remarkable 
decrease in the co-infection group during days 1, 5, and 
10 after treatment as compared to the control group. 
Moreover, RNA III was gradually reduced in the treated 
group compared to the control one, which was more 
remarkable on day 10th. In contrast to co-infection, the 
expression level of RNA II and RNA III increased in the 
mono-infection group after treatment with staphopain 
on days 5 and 10; however, the expression level was sig-
nificantly low compared to the control group.

As depicted in Fig.  2a and b, the expression level of 
lasI and rhlI dramatically reduced on days 5 and 10 after 
treatment in the co-infection group in comparison to the 
control one. However, lasR and rhlR are up-regulated to 
respond to the low expression of autoinducers. Moreover, 
feoB, as a regulator of biofilm formation and iron homeo-
stasis in P. aeruginosa, downregulated in days 5 and 10 
after treatment in dual-species biofilm compared to the 
control group.

Contrary to co-infection, lasI/R and rhlI/R downregu-
lated in the treated mono-infection group to approxi-
mately 5-fold lower than the control group. Consensus 
with gene expression levels, the stereomicroscope images 
indicated the changes in the appearance of colonies 
after treatment with staphopain A compared to the con-
trol group. The treated groups showed a rough appear-
ance, while in the control groups, smooth colonies were 
observed (Fig. 2c-f ).

Moreover, the disruption of mixed biofilm was 
observed during the treatment in comparison to the 
control group. The TEM microscope images from the 
infected tissue of the mouse demonstrated biofilm dis-
ruption in the staphopain A treated group versus control 
groups (Fig. 2g and h).

The authors investigated genes involved in biofilm 
formation to determine the effect of staphopain A on 
biofilm formation. Staphopain A led to repressing the 
biofilm encoding genes in both S. aureus and P. aeru-
ginosa. According to Fig. 2i and j, ica locus in S. aureus 
and algD, pslD and pelF in P. aeruginosa downregulated 
remarkably in treated co-infection groups. The same 
repression to a lower extent was observed in mono-infec-
tion groups. Moreover, the biofilm formation reduced 
significantly after treatment with Staphopain A. As 

depicted in Fig. 2k, the optical density (570nm) of biofilm 
in the treated mono- and co-culture groups decreased in 
comparison with control groups.

Phenotypic plasticity during the co-infection
According to Fig. 3a, the expression level of sigB signifi-
cantly decreased following treatment with staphopain A 
in the co-infection group versus control. Contrary to the 
treated group, sigB up-regulated steadily from day1 to 
day 10 in the control group, simultaneous with intensify-
ing infection and persistence of S. aureus isolates. As sigB 
down-regulated in the treated group, the recovered iso-
lates from the wound normally grew on MSA. While, the 
recovered isolates in the control group slowly grew on 
MSA and indicated average growth on BHI agar supple-
mented with 6% NaCl and Columbia agar containing 5% 
sheep blood, incubating in 5% CO2 (Fig. 3b and c). More-
over, the same effect was observed in the mono-infection 
group to a lesser extent. The expression level of sigB was 
regularly reduced in the treated group in comparison to 
the control.

During the co-culture in the L929 cell line, P. aerugi-
nosa isolates deprived the ability for phenazine produc-
tion. Interestingly, the pigment was produced again after 
treatment with staphopain A (Fig. 3d and e). In addition, 
slow-growing colonies of S. aureus were detected after 
co-culture on the L929 cell line and in the co-infection 
model in mice. As the wound and cell line were treated 
with staphopain A, the morphology of S. aureus colonies 
returned to the standard type (Fig. 3b and c).

QS-mediated virulence changed due to staphopain a 
treatment
As depicted in Fig.  4a, the hemolysis zone around S. 
aureus isolates decreased in the treated group compared 
to the control. However, hemolysin inactivation was 
observed in co-infection control groups, which might 
occur due to the persistence of S. aureus strains in expo-
sure to P. aeuginosa.

QS-mediated virulence factors of P. aeruginosa, includ-
ing proteases, pyocyanin and pyoverdine, were inves-
tigated. Based on Fig.  4b, protease production slightly 
increased in the treated co-infection group compared to 
the control. In contrast, a reverse effect was detected in 
the treated mono-infection group. The increased pro-
duction of proteases (LasB and LasA) in the co-infection 
group synergistically raised the mortality of S. aureus. 
Staphopain A led to the down-regulation of pyocyanin in 
both co-infection and mono-infection groups.

Although pyoverdine production reduced remarkably 
in the mono-infection group after treatment with sta-
phopain A, a slight, non-significant decline was observed 
in the co-infection group following treatment. Regard-
ing the increase of LasA production and mortality in S. 
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Fig. 2 The bacterial gene expression levels in treated and control groups in animal models. a: The expression level of RNAII, RNAIII of S. aureus and lasI/R, 
rhlI/R of P.aeruginosa co-infection groups. C1, C5, and C10 indicate the control groups on days 1, 5, and 10 after infection. T1, T5, and T10 indicate the treated 
groups in days 1, 5, and 10 after infection. b: The expression level of RNAII, RNAIII of S. aureus and lasI/R, rhlI/R of P.aeruginosa mono-infection groups. C1, 
C5, and C10 indicate the control groups in days 1, 5, and 10 after infection. T1, T5, and T10 indicate the treated groups on days 1, 5, and 10 after infection. c: 
The stereomicroscope images of P. aeruginosa isolates recovered from the treated group on co-infection. The rough edge of the colony indicated the up-
regulation of Rhl QS system. d: The stereomicroscope images of P. aeruginosa isolates recovered from the control group on co-infection. The smooth edge 
of the colony indicated the down-regulation of Rhl QS system. e and f: The stereomicroscope images of P. aeruginosa isolates recovered from treated (c) 
and control (d) groups on mono-infection. An effect similar to co-infection was observed in the mono-infection group, as well. g and h: The TEM images 
of animal tissue co-infected with S. aureus and P. aeruginosa in treatment (g) and control (h) groups. The bacteria embedded in the biofilm structure were 
indicated by red arrows. The magnification of the images was 2 μm. i: The expression level of genes regulated biofilm formation in S. aureus and P. aerugi-
nosa in co-infection groups (treatment and control). C1, C5, and C10 indicate the control groups in days 1, 5, and 10 after infection. T1, T5, and T10 indicate 
the treated groups on days 1, 5, and 10 after infection. j: The expression level of genes regulated biofilm formation in S. aureus and P. aeruginosa in mono-
infection groups (treatment and control). C1, C5, and C10 indicate the control groups on days 1, 5, and 10 after infection. T1, T5, and T10 indicate the treated 
groups in days 1, 5, and 10 after infection. k: The biofilm formation capacity of S. aureus and P. aeruginosa in co- and mono-culture experiments on L-929 
cell line in control and treatment groups. Each data set was analyzed using the two-way ANOVA, and the Holm-Sidak method for multiple comparisons. 
The data were presented as Mean + SEM. * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; **** p-value < 0.0001
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Fig. 3 The sigB expression levels in treated and control groups in animal models. a: The expression level of sigB in S. aureus in co- and mono-infection 
groups. C1, C5, and C10 indicate the control groups in days 1, 5, and 10 after infection. T1, T5, and T10 indicate the treated groups in days 1, 5, and 10 after 
infection. b and c: S. aureus isolates were recovered in BHI agar (b) and Columbia agar supplemented with sheep blood (c). A heterogeneous population 
of the slow-growing, tiny isolates, and normal isolates were indicated on the plates. d and e: The pigment inactivation in P. aeruginosa isolates. The dark 
blue arrow shows pigment production in the treated co-infection group. The black and green arrows show colonies without pigment in co- and mono-
infection control groups. Each data set was analyzed using the two-way ANOVA, and the Holm-Sidak method for multiple comparisons. The data were 
presented as Mean + SEM. * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; **** p-value < 0.0001
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aureus, iron release to the environment caused the stabil-
ity of pyoverdine in co-infection.

Staphopain a treatment altered acquired vancomycin and 
carbapenem resistance
Acquired vancomycin resistance has been previously 
reported in S. aureus and P. aeruginosa co-infection. 
Resistance to vancomycin was detected in the co-cul-
ture of S. aureus and P. aeruginosa on the L-929 cell line 
and animal model. Following treatment with staphopain 
A, the efficacy of vancomycin for the eradication of S. 
aureus increased. In the co-culture model, the combina-
tion of staphopain A and vancomycin indicated a remark-
able synergistic effect. Moreover, the expression level of 
walk/R diminished, survival of S. aureus was reduced in 
both mono-culture and co-culture groups versus con-
trols. Interestingly, the MIC of vancomycin (for the col-
onies recovered from the wound) was decreased after 
treatment with staphopain A in the animal models, too 
(Fig. 5).

Resistance to carbapenems variously changed after 
co-culture in the L-929 cell line and animal model. 

Doripenem as the most preferred antibiotic for the 
treatment of P. aeruginosa infections was inactivated 
by the microorganism in both in vitro and in vivo mod-
els. Whereas, the survival of P. aeruginosa was reduced 
in the co-culture model due to the synergistic effect 
of doripenem and staphopain A. The expression level 
of kpc, mexAB-oprM, and oprD changed in favor of 
doripenem susceptibility. Also, a synergistic relationship 
was detected between staphopain A and doripenem in 

Fig. 5 Staphopain A treatment influence on antibiotic resistance. a: The 
combination of vancomycin and Staphopain A, doripenem, and Sta-
phopain A in co-culture group. The MIC of vancomycin and doripenem 
is shown in combination with Staphopain A. b: The expression level of 
kpc, oprD, and mexA-mexB-oprM in co- and mono-infection groups after 
treatment with Staphopain A. c: The viable colony counts of S. aureus and 
P.aeruginosa isolates after combination therapy in the co-culture model. 
The data were presented as Mean + SEM. * p-value < 0.05; ** p-value < 0.01; 
*** p-value < 0.001; **** p-value < 0.0001

 

Fig. 4 The virulence factor production in S. aureus and P. aeruginosa iso-
lates after treatment with staphopain A. a: Hemolysin and siderophore 
production in S. aureus isolates on co- and mono-infection groups. b: 
Protease, Pyocyanin, and pyoverdine production in P. aeruginosa isolate 
on co- and mono-infection groups. Each data set was analyzed using the 
one-way ANOVA, and the Holm-Sidak method for multiple comparisons. 
The data were presented as Mean + SEM. * p-value < 0.05; ** p-value < 0.01; 
*** p-value < 0.001; **** p-value < 0.0001
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the L-929 cell line. According to the data of the animal 
model, the MIC of doripenem was declined in treated 
groups comparing control groups (for the colonies recov-
ered from the wound) (Fig. 5).

Discussion
Biofilm formation plays a vital role in polymicrobial infec-
tion as a property to resist antimicrobial compounds, 
host’s immune system, and persist in competition strat-
egy [18]. Therefore, anti-biofilm or biofilm-disrupting 
compounds could contribute to curing the polymicrobial 
infection. The current study focused on the effect of sta-
phopain A- a staphylococcal cysteine protease- on dual-
species biofilms in an animal model.

Enzymes secreted from bacteria play a double-edged 
sword, i.e., the secreted enzyme and physiological roles 
sometimes damage the adjacent bacteria. Nuclease 
hydrolyzes the eDNA and manipulates the biofilm of 
community-acquired S. aureus [19]. DNaseI also inhib-
its the cell aggregation of P. aeruginosa and S. aureus 
due to the role of eDNA as an intercellular adhesion [20, 
21]. Moreover, previous studies reported that the biofilm 
disrupting property of staphylococcal cysteine prote-
ases destroyed the established biofilm of S. aureus [13]. 
According to Fig.  1, two effects of staphopain A were 
observed. First, biofilm was significantly disrupted on 
days 1 to 5 after treatment, and the colony counts of S. 
aureus and P. aeruginosa increased 5–6 fold. That is sug-
gested the noticeable biofilm-degrading effect of stapho-
pain A on dual-species biofilm. Regarding the proteinous 
structure of mixed biofilm, the disrupting role of staph-
opain A is rational [22]. A similar effect was described 
for Dispersin B -a hexoaminidase secreted by Aggrega-
tibacter actinomycetemcomitans, which hydrolyzes poly-
(β-1,6)-n-acetylglucosamine (PNAG) of gram-positive 
bacteria, and inhibits the biofilm formation [23]. Second, 
staphopain A decreased the viability of S. aureus and P. 
aeruginosa during days 5 to 10. Enzymes are promis-
ing agents to overcome antibiotic-resistant and biofilm-
forming bacteria. An extended-spectrum of enzymes 
including proteases, α-amylase, metalloproteases, and 
etc., kill bacteria through the degradation of vital macro-
molecules [24, 25].

As a communication system, QS translates and sig-
nals the cells to regulate biofilm formation, virulence, 
and resistance. Microorganisms are communicated by 
QS either cooperatively or competitively. In vitro mod-
els of polymicrobial infection suggested that QS leads to 
the competitive interspecies behavior. At the same time, 
other studies explained the cooperative relationship 
among different species. As depicted in Fig.  2, RNA II 
downregulated after treatment with staphopain A in both 
co- and mono-infection models. Likewise, rhlI and lasI 
expression levels in P. aeruginosa noticeably decreased 

following treatment. Despite the down-regulation of 
autoinducers, the response receptor– rhlR and lasR up-
regulated compared to control groups. QS in P. aerugi-
nosa is regulated positively or negatively in different 
ways, including vqsR, vfr, rmsA, etc. VqsR controls lasI 
transcription and AHL production through a positive 
feedback response [26].

Furthermore, agr expression level decreased as RNAII 
down-regulated. Although this alteration in gene expres-
sion level was detected in the abiotic and cell culture 
models as it was reported elsewhere [27, 28], RNAII up-
regulated in the animal wound model, particularly in 
days 5 to 10 of co-infection. In contrast, in the staphopain 
treated group, the expression level of RNAII dramatically 
reduced, and virulence factor production decreased.

Biofilm formation plays a critical role in polymicro-
bial infections and contribution to antimicrobial resis-
tance. Therefore, a biofilm-degrading compound might 
aid in curing the infection. Staphopain A degrades 
Staphylococcal biofilms [13]. In the current study, bio-
film degradation through cysteine protease function 
was observed in dual-species. Staphopain A effectively 
degraded established biofilms and decreased the biofilm 
formation in the animal models, cell culture, and abiotic 
surfaces. DNase I and trypsin mixture contributed to bio-
film dispersal in a wound-like media and decreased the 
minimum biofilm eradication concentration of merope-
nem and amikacin [22]. On the other hand, staphopain 
A treatment decreased the expression level of genes 
involved in P. aeruginosa and S. aureus biofilm formation. 
However, staphopain A has no regulatory effect on bac-
teria, it seems that it influenced some regulatory systems 
leading the biofilm formation.

In addition to QS and biofilm formation, alternative 
sigma factors’ expression level usually alters in dual-
species interactions. The important sigma factor of S. 
aureus- sigB up-regulates in polymicrobial infections and 
critical regulators, especially in chronic biofilms [29, 30]. 
Although sigB and agr are regulated reciprocally and in 
an ica-independent manner (also observed in the control 
group), staphopain A effectively down-regulated all of 
them. sigB functions upstream of agr operon and regu-
lates biofilm formation and appearance of small-colony 
variants (SCV) [29]. Based on the phenotypic investiga-
tions, some tiny, slow-growing S. aureus colonies were 
detected in the co-culture with P. aeruginosa, which were 
hemolysis negative; however, these colonies were not 
confirmed as SCVs. The mentioned phenotypes were not 
observed after treatment with staphopain A, whether in a 
murine model of wound or cell culture. Furthermore, sigB 
up-regulated slightly in the so-called isolates in murine 
wound infection and L-929 models. The acute wound 
model suggested that sigB expression is not as crucial as 
in the chronic models, as similar findings were reported 
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on the ability of sigB mutants to co-colonize with P. aeru-
ginosa. The authors concluded that sigB might be more 
critical in chronic infections rather than acute ones [31].

The interaction of S. aureus and P. aeruginosa leads 
to alteration in virulence and antibiotic resistance. As 
depicted in Fig. 4, the production of pyocyanin and Las 
proteases (LasA and LasB) decreased significantly fol-
lowing treatment with staphopain A in both mono- and 
co-infection groups. The mentioned virulence factors are 
QS-regulated, and down-regulation of QS systems led to 
a reduction in virulence factor production [14]. Further-
more, antibiotic susceptibility changed after staphopain 
A treatment.

In the current study, S. aureus isolates extensively 
resisted vancomycin following the co-culture with P. 
aeruginosa. Moreover, resistance to doripenem increased 
after co-culture with S. aureus. Various studies described 
the stimulatory effect of P. aeruginosa exoprod-
ucts, including 2-heptyl-4-hydroxyquinoline-N-oxide 
(HQNO) and LasA, on antibiotic resistance in S. aureus. 
For illustration, HQNO draws S. aureus forward tobra-
mycin resistance [32]. Likewise, alginate produced by 
P. aeruginosa leads to reduced susceptibility to vanco-
mycin [8]. S. aureus exoproducts such as peptidoglycan 
particles cause resistance to tobramycin and aminogly-
cosides in P. aeruginosa [33]. Interestingly, staphopain A 
treatment caused a reduction in resistance to doripenem, 
which was mediated by a change in the expression level 
of kpc, mexAM-oprM, and oprD in favor of susceptibility. 
Although P. aeruginosa isolate was resistant to carbapen-
ems, staphopain A treatment contributed to carbapen-
emase down-regulation. Strikingly, S. aureus isolate used 
in this study, was susceptible to vancomycin. When the 
isolate was co-cultured with P. aeruginosa, it became 
vancomycin-resistant (MIC: 128  µg/mL). The expres-
sion level of walk/R system altered, which resulted in 
the production of thick peptidoglycan and resistance to 
vancomycin [34]. Regarding the alteration of vancomycin 
susceptibility, it is suggested that staphopain A resulted 
in suppression of P. aeruginosa exoproducts mediated 
resistance to this antibiotic. However, the exact mecha-
nism is not clear.

Concludingly, staphopain A might be a promising com-
pound to combine with antibiotics to cure polymicrobial 
infections. However, many questions remain to answer 
about it. Many polymicrobial infections are strain-depen-
dent, and the efficacy of staphopain A on biofilm in such 
infection should be evaluated.
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