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Staphylococcus epidermidis and Pseudomonas aeruginosa are the two most commonly detected bacteria.
Pseudomonas aeruginosa exerts significant impacts on pathogenesis through quorum-sensing regulation,
while S. epidermidis role has always remained a matter of interest due to its frequent presence in most of
the hospitalized samples and even inside the body during operation procedures. In this study, the effect of
S. epidermidis cells on P. aeruginosa pathogenesis was analyzed. The effect of S. epidermidis cells on P,
aeruginosa growth was analyzed by using microtiter plate assay, Colony forming unit (CFU), and microscopy.
The effect of virulence factors including protease, rhamnolipid, and swarming motility was also investigated.
Escherichia coli p]N105LpSC11, a bioreporter strain, was used to analyze the effect of S. epidermidis on P.
aeruginosa quorum-sensing. The growth of P. aeruginosa did not affect S. epidermidis cells of 5.5x10°, 6x10°,
7x10% 8.5x10° and 1.5x10'* CFU/ml, and microscopy results are consistent with the findings. P. aeruginosa-
associated virulence factors show that with increasing S. epidermidis counts, P. aeruginosa-associated
virulence factors were reduced. No effect of S. epidermidis on P. aeruginosa quorum-sensing was observed.
The outcomes suggest that S. epidermidis can be used as an alternative to reduce Pseudomonas aeruginosa-

associated virulence factors and its pathogenesis.

1. INTRODUCTION

Naturally, bacterial species coexist in a multicellular community.
Staphylococcus epidermidis is a typical bacterium of human
skin flora that shows recurrent presence inside the human and
has been frequently reported with Pseudomonas aeruginosa
in infections [1]. These two species are repeatedly found in the
urinary tract, medical devices, and hydrogel ocular lenses. In
a mixed community, P. aeruginosa is identified as the most
virulent pathogen in comparison with other bacteria and fungi.
Pseudomonas  aeruginosa secretes quorum-sensing (QS)-
regulated virulence factors. QS is a microbial communication
process in which microbes sense threshold cell density and start
secreting QS molecules. Gram-negative class of bacteria has an
acyl-homoserine lactone (AHL)-based QS-signaling system.
Pseudomonas aeruginosa has two major AHL-based QS systems,
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including lasI/R and rhlI/R, involving (N-(butanoyl)-L-homoserine
lactone) (C,-HSL) and 3-O-C, -HSL (N-(3-oxododecanoyl)-L-
homoserine lactone) molecules, respectively [2].

These QS systems regulate various virulence factor expressions,
including proteases, rhamnolipids, pyocyanin extracellular
polysaccharides, and swarming [3]. The virulence factors play a
vital role in the survival, colonization of the bacteria inside the
host, the invasion of tissues, and provide protection against the
human immune system. Pseudomonas aeruginosa-associated
virulence factors such as pyocyanin, rhamnolipid, extracellular
polysaccharide, and Las A protease exert anti-staphylococcal
activity [4].

Pseudomonas aeruginosa and its associated factors continue their
efforts to lead over other bacterial species, such as S. epidermidis
[4]. Recently, it was shown that the viability of Bacillus subtilis,
Burkholderia cepacia, Escherichia coli, Stenotrophomonas
maltophilia, Staphylococcus aureus, and Candida albicans was
impaired in the presence of P. aeruginosa in mixed culture by
secretion of virulence factors such as pyocyanin, proteases, and
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alginate [5—8]. A microbial species can modulate the virulence
of other microbes. The role of S. epidermidis in P. aeruginosa-
associated virulence factors secretion has not been studied so far.
In this study, we investigated how S. epidermidis alters virulence
factor secretions from P. aeruginosa. This study will provide more
insight into the interaction between two bacterial species. The
interactions therein will be essential to design effective therapeutic
strategies to combat multispecies infection.

2. MATERIALS AND METHODS

2.1. Bacterial Strains and Growth

Staphylococcus epidermidis 435 and P. aeruginosa PAOI1 strains
were procured from the MTCC IMTECH, Chandigarh. Bioreporter
strain E. coli pJN105L pSCI11 was a generous gift by Dr. Peter
Greenberg (University of Washington). Azocasein, trichloroacetic
acid (TCA), gentamycin, ampicillin, and C,,-HSL (3-oxo0-C ,
homoserine lactone) were procured from Sigma-Aldrich, India.
Crystal violet (CV) agar media and Pseudomonas isolation
agar media were purchased from Himedia, India. Pseudomonas
aeruginosa was cultivated in Luria-Bertani (LB; Himedia, India)
medium, S. epidermidis strain was cultivated in Tryptic Soy Broth
(Himedia, India) and maintained at 37°C for 24 hours.

2.2. Preparation of Single and Mixed Cultures

Different concentrations of S. epidermidis with a fixed
concentration of P. aeruginosa in mixed culture was prepared [9].
Overnight-grown cultures of S. epidermidis and P. aeruginosa
were centrifuged. The pellets were rinsed with (phosphate buffer
saline, pH 7.4), and desired OD,, was set as per experimental
requirements, and the corresponding CFU/ml was counted using
selective media. To analyze the impact of different cell numbers
of S. epidermidis on P. aeruginosa-associated virulence factors,
different numbers of S. epidermidis cells with 0.5, 0.6, 0.7, 0.8
and 0.9 OD,, corresponding to 5.5x10°, 6x10°, 7x10°, 8.5x107,
and 1.5x10'°CFU/ml, respectively, was added to 0.5 OD,, culture
of P. aeruginosa corresponding to 5.5x10° (CFU/ml), and these
mixed cultures were termed as M1, M2, M3, M4, M5 (M1-M5),
respectively. LB broth medium was used for the preparation of
single and mixed cultures.

2.3. Effect of S. epidermidis Cells Concentration on the
P. aeruginosa Growth

Pseudomonas aeruginosa growth in single and mixed cultures
was studied using microtiter plate assay. Briefly, mixed cultures
ranging from M1 to M5 were added to a 96-well polystyrene flat-
bottom plate. The microtiter plate was then kept for 24 hours at
37°C (100 rpm) in a shaking incubator. At different time intervals
(2,4, 6,8, 10, and 24 hours), OD, , was recorded and the growth
curve was plotted [8].

2.4. Microscopic Study

2.4.1. Light microscopy

For microscopic analysis, PAOL and S. epidermidis alone and
PAOLI along with SE in mixed cultures were grown in LB broth
and incubated for 24 hours at 37°C. After incubation, 20 pl of

PAOI and S. epidermidis alone, along with mixed culture, was
visualized under the light microscope at 100x after Gram-staining.

2.4.2. Scanning electron microscope (SEM) and viability of
co-culture

Briefly, mixed cultures were in LB broth and incubated for 24
hours at 37°C. After 24 hours incubation, cell suspensions were
centrifuged at 10,000 rpm for 10 minutes, and the pellets washed
thrice with 0.1 M phosphate buffer (pH 7.4). Then, they were
fixed with 4% paraformaldehyde and 2.5% glutaraldehyde (0.1 M
phosphate buffer). The fixative was discarded after centrifugation
and the pellets were dehydrated with 10%, 30%, 50%, 70%,
and 100% ethanol for 30 minutes and kept for drying. After
the completion of drying, the samples were coated with gold—
palladium and observed under SEM [10].

2.5. Estimation of Virulence Factors

2.5.1. Pyocyanin extraction

Pyocyanin extraction was carried out according to the described
methods with some modifications [5]. Briefly, the supernatant of
control and mixed cultures was mixed with chloroform, followed
by hydrogen chloride. The pink layer obtained after the addition of
HCI was taken, and absorbance was taken at 520 nm [6].

2.5.2. Azocasein assay

Azocasein assay was used to estimate the protease production by
P. aeruginosa alone and in mixed culture. Azocasein was added to
the culture supernatant and incubated for 1 hour. TCA was used to
stop the reaction, followed by centrifugation [6]. The supernatant
was collected and mixed with one molar sodium hydroxide. The
protease activity was then measured by a spectrophotometer at
440 nm [11].

2.5.3. Alginate production

The CV glycolipid method was used to quantify alginate. Calcium
chloride was added to the culture supernatant of all mixed and
control sets of experiments, followed by centrifugation to obtain
a pellet of alginate. The pellet was then stained with CV. The
extra stain was removed and acetic acid was used to extract the
absorbing dye. The OD was taken at 600 nm [12].

2.5.4. Rhamnolipid production

Rhamnolipid production was determined in the P aeruginosa
alone and mixed culture by Siegmund and Wagner [13] agar plate
method. The cultures were grown in LB broth for 24 hours, and
then agar plates were prepared. Then, inoculums of single and
mixed cultures were loaded into wells. The plates were kept in
an incubator for 48 hours. The diameter of the blue halo formed
around each well was measured.

2.5.5. Swarming assay

Swarming motility was assessed on agar plates containing 1%
glucose, 0.5% peptone, 0.5% bactoagar, and 0.2% yeast extract.
Exactly 5 pl of the single and mixed culture were spotted in the
middle of the swarming agar plate and kept for 24 hours at 37°C.
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The swarming motility was determined by the length and direction
of the tendrils formed [6,14].

2.6. Autoinducer Bioassay

Escherichia coli pJN105L pSC11 was used as a bioreporter strain
to quantify QS molecule (C ,-HSL) produced by P. aeruginosa
and diluted E. coli p]IN105LpSC11 was grown in the presence
of sterilized culture supernatant of all mixed cultures along with
control (1:1) and was incubated for 2 hours. After incubation, 1
ml cells was diluted in Z-buffer (pH 7.0, 1:1), and B-galactosidase
activity was measured by using Miller assay [15].

2.7. Statistical Analysis

The analysis was carried out in triplicate. The acquired outcomes
are presented as average and standard deviation. All statistical
analyses were calculated by the Prism5 software. One-way
analysis of variance and Dunnett’s multiple comparison test was
used for comparison, and the p-value less than 0.05 was considered
significant.

3. RESULTS AND DISCUSSION

3.1. Co-Survival Studies

The primary focus of this research work was to assess the growth of
P. aeruginosa in mixed cultures. Figure 1 shows the SEM images
of M1 mixed culture at different time intervals ranging from 2 to
24 hours. In all time frames of M1 mixed culture, the number of P,
aeruginosa cells was higher than S. epidermidis. In the M1 mixed
culture, initially, the number of S. epidermidis cells was increased
in a time-dependent manner from 2 to 6 hours. However, after 8
hours onward, the cell numbers decreased, up to 24 hours. At 24
hours, no or negligible growth of S. epidermidis was found when
compared to P. aeruginosa.

On the contrary, cells of P. aeruginosa increased with time,
indicating that there is no inhibitory effect of S. epidermidis
over P. aeruginosa cells in mixed culture. Furthermore, the CFU
was analyzed after 24 hours of growth. When single species and
mixed species culture (M1) were compared, it was observed that
S. epidermidis was negatively affected in mixed cultures, and the
occurrence of P. aeruginosa was comparatively higher than S.
epidermidis (Figure 2).

3.2. Effect of S. epidermidis Cells Concentration on the
Growth of P. aeruginosa

Next, the growth curve analysis was carried out in mixed cultures
from M1 to MS5. The increased growth rate was observed in the
case of S. epidermidis alone than that of P. aeruginosa alone. M1—
M3 showed growth similar to P. aeruginosa alone, but in M4-M5
upward, a shift in the growth curve was observed (Figure 3). A
significant decline in the growth of S. epidermidis was observed in
co-culture and showed lesser persistence than P. aeruginosa. On the
other hand, at different time periods, the growth of P. aeruginosa
was not affected in the presence of S. epidermidis. The results reveal
that the P. aeruginosa outcompeted S. epidermidis [7].

Further study was continued in the M1-M5 mixed culture. The
data depicted that the growth rate was not affected in M1-M3

Figure 1: Scanning electron microscopy images of M1 mixed culture at
different time intervals (2—24 hours) with scale bars (3 pm).
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Figure 2: Viability of M1 co-culture at different time intervals (0, 2, 4,
6, 8, and 24 hours). Error bars indicate the +standard deviations of the
measurements.

mixed culture and was the same as in the case of P. aeruginosa.
However, an elevated growth curve in the M4-M35 mixed culture
was found due to the increased co-survivability of S. epidermidis.

3.3. Microscopic Study

For confirmation, the microscopic analysis (Gram-staining
and SEM) was carried out to investigate the survivability of S.
epidermidis after 24 hours growth in an M1-MS5 mix. Figure 4A
and B shows the microscopic images of P. aeruginosa alone and
Figure 4C and D shows the images of S. epidermidis alone. Light
microscopy and SEM data depicted that in the M1-M3 mix, P,
aeruginosa was dominated, while only a few cells of S. epidermidis
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Figure 3: Growth patterns of P. aeruginosa (PAO1) and S. epidermidis (SE)
in single and mixed (M1-M5) cultures. Error bars indicate the +standard
deviations of the measurements.

were observed (Figure 4E-J). In the case of M4 and M5 mixed
cultures, the significant presence of S. epidermidis and sporadic
presence of P. aeruginosa was observed (Figure 4K—N); thus, further
studies were carried out by taking the M1-M3 mixed culture only.
Microscopic analysis revealed the trivial presence of S. epidermidis
in the M1-M3 mixed and significant presence in the case of M4—
M5 mixed. But co-survivability of P. aeruginosa was affected in
M4-M35 mixed culture [14]. The present study also suggested that
the antagonistic effect of P. aeruginosa on S. epidermidis, as well as
P, aeruginosa, outcompeted S. epidermidis in planktonic conditions.

3.4. Effect of S. epidermidis on P. aeruginosa-Associated
Virulence Factors

Pseudomonas aeruginosa dominates over other species, including
S. epidermidis, through the secretion of various factors and QS
molecules. The secretion of virulence factors by P. aeruginosa
can be affected by environmental conditions. Thus, the production
of P. aeruginosa-associated virulence factors in the presence of
S. epidermidis was investigated against different cell numbers
from mixed cultures (M1-M3). Since P. aeruginosa-associated
virulence factors depend upon its growth, Figures 3 and 4K-N
show that the growth of P. aeruginosa was negatively affected in
M4 and MS. Therefore further studies for evaluation of virulence
factors were carried out by taking the M1-M3 mixed cultures only.

3.4.1. Pyocyanin production

Pseudomonas aeruginosa secretes many virulence factors that help
them dominate over other species, like Pyocyanin, that exert an
antibiotic effect, helping to persist in the same environment. Pyocyanin
is an extracellular secondary metabolite and harbors antibiotic activity.
In the current study, pyocyanin production was assessed, and it was
found that in comparison to PAO1 alone, pyocyanin production was
decreased from M1 to M3 (Figure SA) mixed cultures [7].

Figure 4: Scanning electron microscopy and light microscopy (Gram-staining)
observation of P. aeruginosa (A and B) and S. epidermidis (C and D) alone and
mixed cultures M1 (E and F), M2 (G and H), M3 (I and J), M4 (K and L), and
M5 (M and N). Purple/blue, spherical shapes indicate S. epidermidis, pink rod
shapes denote P. aeruginosa (Gram-staining B, D, F, H, J, L, and N), images
captured at 100x. SEM images (A, C, E, G, I, K, and M) of planktonic mixed
cultures with scale bars (3 um).

3.4.2. Azocasein assay

Pseudomonas aeruginosa-associated protease has a well-known
function in ocular infections and sepsis, where they are able to
interrupt epithelial tight junctions and break immunoglobulin and
fibrin. Proteases are among the common virulence factor which
helps in co-survival and pathogenicity. Total protease activity
was examined by using skimmed milk agar plate assay, and it
was observed that in comparison to P. aeruginosa alone, protease
activity reduced significantly in M1-M3 mixed cultures (Figure
5B), which might be due to adaptation and competition for nutrient
resources and persistence in a mixed culture environment [16].

3.4.3. Alginate production

Alginate is among the major components of exopolysaccharide
produced by P aeruginosa and contributes to biofilm matrix
formation and bacterial colonization during infection and is thought
to provide protection against antibiotic opsonophagocytosis. The
alginate production was investigated, and its production was
reduced, notably with different mixed cultures in comparison to
PAOL1 alone (Figure 5C). This finding was in contrast to the earlier
investigation, which stated that the expression of virulence factors,
especially alginate and alkaline protease gene, was upregulated in
P. aeruginosa and S. maltophilia co-cultures [8].
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Figure 5: Virulence factors production by P. aeruginosa during interaction
with S. epidermidis. (A) pyocyanin production, (B) protease activity
(azocasein assay), (C) alginate production, (D) rhamnolipid production in
mixed cultures (M1-M3). Error bars indicate the standard deviations for
three measurements.*p < 0.05 compared with the control. **p < 0.001 when
compared with the control.

Figure 6: Swarming motility of P. aeruginosa alone and in mixed cultures. (A)
P. aeruginosa alone and (B—D) M1-M3 mixed cultures.

3.4.4. Rhamnolipid production

Rhamnolipids are involved in the development of biofilm and also
play an important role in surface-associated modes of bacterial
motility. The rhamnolipids production was demonstrated by the
dense blue zone around the wells. The production of rhamnolipids
in mixed cultures was reduced in comparison to PAO1 alone. The
diameter of the blue ring of rhamnolipids produced around the
wells was measured. It was found to be 1.8 £0.11, 1.3 +0.14, 0.9
+ (.10, and 0.6 £ 0.11 cm for P. aeruginosa alone, M1, M2, and
M3 mixed cultures, respectively (Figure 5D).

3.4.5. Swarming assay

Swarming motility is widespread among flagellated bacteria and is
a multicellular phenomenon involving the colonization and rapid
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Figure 7: Detection of 3-oxo-C,, HSL level (long-chain QS molecules)
produced by P. aeruginosa in mixed cultures supernatant with respect to
control. Error bars indicate the +standard deviations of the measurements.

movement of a bacterial population across a semisolid medium. It
is highly dependent on bacterial cell density, nutrients, and surface
conditions. Swarming movement is distinguished by tendril formation
(expanding irregular branching pattern) where microorganisms
relocate from the point of inoculums to precisely defined medium,
and this movement facilitates the transmission of P aeruginosa
infection. Swarming motility of P. aeruginosa alone and in mixed
culture was tested on a 0.5% agar plate, and the length of tendrils
in all the directions (x, y, and z-axis) was measured. Swarming
colony morphology of P. aeruginosa alone and in M1 mixed culture,
expanding and irregular branching pattern was observed, but in the
mixed cultures M2 and M3, swarming colony morphology of P
aeruginosa was affected; it remained localized to form expanding and
irregular branching patterns in few directions only (Figure 6A-D). In
mixed culture media, reduction in bud-like projections, expanding, and
irregular branching pattern was observed as compared to control. This
indicates the decrease in cell-to-cell contact, consequently reducing
the spreading of infection. The findings showed that S. epidermidis
presence could reduce P. aeruginosa-associated virulence factors and
hence may effectively contribute to control infection, pathogenesis,
and motility PAO1 [17].

3.5. Detection of QS Molecules Using Bioreporter Strain

It was reported that the virulence factors produced by P. aeruginosa
are majorly regulated by the C ,-HSL signal molecule [18].
Therefore, the production of C, -HSL in the pure and mixed culture
supernatants using bioreporter strain E. coli pJN105L pSCI11 was
studied. The expression of P aeruginosa-associated virulence
factors is majorly regulated by the QS systems. C, -HSL acts as a
master regulator in the P. aeruginosa AHL-based QS pathway. The
production of C ,-HSL was studied in mixed cultures supernatant
using bioreporter strain E. coli pJN105L pSC11. No significant
change was observed in Miller units of mixed cultures M1-M3 in
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comparison to PAO1 alone. The results indicate that the production
of C,-HSL in M1-M3 mixed cultures was similar to the PAO1
alone (Figure 7). This indicates that the production of C,,-HSL in
P. aeruginosa was not affected in the presence of S. epidermidis.
Our findings are consistent with the finding of various researchers
who reported quorum-independent expression/repression of P
aeruginosa-associated virulence factors [8]. Besides, earlier studies
have shown that the Las system’s repressor is a global regulator
that controls various QS-regulated genes at the transcription level
without affecting C ,-HSL production [19,20].

4. CONCLUSION

The study concludes that competitive interaction was found between
P. aeruginosa and S. epidermidis. Pseudomonas aeruginosa inhibits
the growth of S. epidermidis, while S. epidermidis reduced the
virulence factors production of P. aeruginosa independent of C, -
HSL molecules production. The study demonstrated the significant
role of S. epidermidis in reducing P. aeruginosa-associated infection
and virulence factors for the first time.
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