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Abstract
Staphylococcal wound infections range from mild to severe with life-threatening complications. The challenge of controlling
such infections is related to bacterial biofilm formation, which is a major factor contributing to antibiotic resistance and infection
recurrence. In this study, four clinical isolates of staphylococci species; two isolates of methicillin-resistant Staphylococcus
aureus (MRSA) and two methicillin-sensitive Staphylococcus aureus (MSSA) isolates. The identification of bacterial species
based on cell morphology, initial biochemical tests, and the VITEK2 system were used to confirm the clinical microbiological
diagnosis. Antibiotic sensitivity testing showed that the isolated staphylococci were highly resistant to the following antibiotics,
amoxicillin, penicillin G, cefotaxime, and methicillin. Combinations of cefotaxime with the cell-free supernatants (CFS) of
Bacillus subtilis KATMIRA1933 and Bacillus amyloliquefaciens B-1895, each one separately showed complementary activity
against the tested staphylococci. The co-aggregation capability of the tested bacilli as beneficial bacteria against isolated staph-
ylococci was also evaluated. The data showed a strong co-aggregation with scores (+ 3, + 4) which were reported between the
bacilli strains and the isolated staphylococci. Furthermore, the CFS of bacilli strains showed an inhibitory effect against biofilm-
associated MRSA and MSSA. These findings confirmed the ability of beneficial bacteria to compete with the pathogens at the
site of colonization or for the source of nutrients and, eventually, lead to inhibition of the pathogens’ capability of causing a
wound infection. Such beneficial bacteria could play an important role in future pharmaceutical and industrial applications.
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Introduction

Wound infections come from three sources, (i) wound con-
tamination by exogenous pathogens, predominantly,

Staphylococcus aureus , (ii) the skin’s commensal
(endogenous) microbiota, especially Staphylococcus
epidermidis, and (iii) endogenous microbial sources such as
from the intestinal or urogenital system [1]. In addition to
wound infections, Staphylococcus aureus is associated with
other health challenges, such as urinary tract infections and
toxic shock syndrome [2]. S. aureus–associated wound infec-
tions range from mild skin abscesses to severe, life-
threatening infections when extending to the surrounding
bones and soft tissues [3]. Bacterial pathogenesis is linked to
enzymes and toxins such as hemolysin, hyaluronidase,
leucocidene, and DNase [3]. In addition, there is an evidence
of staphylococcal infections in poultry [4], and with the grow-
ing interest in backyard poultry farming, there is a growing
threat for the transfer of pathogenic staphylococci from birds
to humans, similar to what is observed in the case of salmo-
nella [5].

About 20–25% of staphylococci species are capable of
persistent colonization on various surfaces and causing
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foreign body-related infections, which facilitates the initiation
of biofilm formation [6]. Once an S. aureus biofilm is
established, it exhibits high antibiotic resistance and trans-
forms the infection from an acute condition to a chronic, and
then recurrent infection [7].

The control of biofilm-associated infections is a challeng-
ing issue because of the antibiotic resistance and high rates of
infection recurrence after treatment [8]. Therefore, an urgent
effort is needed to find and develop alternative and effective
antimicrobials against biofilm-associated antibiotic-resistant
pathogens. In this regard, our study investigates the antimicro-
bial potential of Bacillus subtilis KATMIRA1933 and
Bacillus amyloliquefaciens B-1895 against wound infection–-
associated staphylococci.

B. subtilis KATMIRA1933 was isolated from a milk prod-
uct called YoguFarm™, which has been safely consumed by
people for several years without any reported harmful side
effects [9]. The strain’s capability of producing subtilosin A
was reported in several studies [9–11]. B. amyloliquefaciens
B-1895 is a soil isolate capable of producing numerous pro-
teolytic enzymes and other antimicrobial substances that can
inhibit the growth of certain foodborne and human pathogens
[12, 13]. The strain has also been shown to have probiotic
potential and antimicrobial properties in royal fish [14]. The
B. amyloliquefaciens B-1895 solid-state fermented soybean
acts as an immunomodulator substance and food additive for
improving the muscle mass of poultry [15]. Both Bacillus
strains and their metabolites have antioxidant and DNA pro-
tective activities [16] and act as probiotics in poultry [17, 18].

Co-aggregation is an interaction of microorganisms aimed
at enhancement of their integration into a biofilm [19].
Aggregation and co-aggregation of probiotics play an impor-
tant role in human health by preventing colonization of path-
ogens at the site of infection, and competing with them for the
nutrients [20]. Auto-aggregation of beneficial bacteria is im-
portant for their adhesion onto the body surfaces and the skin
epithelium [20]. Biofilm is a complex community of microor-
ganisms embedded in a self-produced matrix, which com-
posed of exopolymeric substance. The process of biofilm for-
mation includes five steps. Briefly, when the correct condi-
tions are provided, the planktonic cells swim toward and ad-
here to the conditioning surfaces to initiate primary biofilm.
The adherent cells start to produce an extracellular polymeric
substance (EPS) leading to microbial aggregation and matrix
formation. Later, microcolonies and water channel are
established while more layers are added to produce a fully
mature biofilm with a maximum cell density. Then,
microcolonies will be able to migrate and established a new
biofilm mass in the other locations [21]. The extracellular
matrix of fully mature biofilm is chemically composed of a
mixture of proteins, lipids, extracellular DNA, and polysac-
charides [22]. Therefore, effective anti-biofilm agents are re-
quired to interrupt and damage biofilm-associated pathogens.

The anti-biofilm activity of cell free supernatants (CFS) of
the tested bacilli strains was previously evaluated against
Proteus mirabilis isolated from humans and sheep having
urinary tract infections [13]. In addition, subtilosin A pro-
duced by B. subtilis KATMIRA1933 showed anti-biofilm ac-
tivity against Escherichia coli and Listeria monocytogenes
[23]. The goal of this study was to explore whether
B. subtilis KATMIRA1933 and B. amyloliquefaciens B-
1895 and their CFS possess anti-microbial and anti-biofilm
activity against staphylococci isolated from wound infections.
Co-aggregation ability and anti-biofilm activity of B. subtilis
KATMIRA1933 and B. amyloliquefaciens B-1895 against
S. aureus may assist with decreasing the likelihood of recur-
ring of staphylococcal infections.

Materials and Methods

Bacterial Growth Conditions

Clinical isolates of staphylococci (MRSA and MSSA) were a
gift from the Educational Laboratories, Baqubah Teaching
hospital in Diyala, Iraq. The bacterial isolates named as
MRSA Th57, Th79 and MSSA Th43, Th85 were maintained
on blood agar (HiMedia Laboratories Pvt. Ltd., Mumbai,
India) and their ability to ferment mannitol was assessed using
mannitol salt agar (HiMedia). The agar plates were incubated
under aerobic condition at 37 °C for 24–48 h.

Tryptone Soya Broth (TSB) (Oxoid, ThermoScientific,
Hampshire, UK) was used for supporting the growth of staphy-
lococci species and when performing antimicrobial and biofilm
inhibition assay. Bacterial isolates were stored in the refrigerator
at 4 °C for a short period (7–10 days) on TSA (Oxoid) slants and
periodically sub-cultured until they were used.

The sporulated stocks of B. subtilis KATMIRA1933 and
B. amyloliquefaciens B-1895 were maintained in De Man,
Rogosa, and Sharpe (MRS) culture medium (Oxoid) and in-
cubated aerobically for 24–36 h at 37 °C.

Bacterial Identification

The identification of staphylococci species was confirmed using
VITEK ® 2 COMPACT system (BioMérieux, Marcy-l’Étoile,
France). According to the manufacture, the Vitek 2 (30 card
capacity) system is based on the fluorogenic methodology and
biochemical reactions for organism identification using a 64-well
card that is barcoded. The card type, expiration date, lot number,
and unique card identification number are clearly mentioned in
card. The test kits available for the microbial identification in-
clude gram-negative bacillus and gram-positive cocci. The Vitek
2 which is used for gram-positive cocci identifies 124 species of
staphylococci, streptococci, enterococci, and a select group of
gram-positive organisms within 8 h or less.
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Antibiotic Susceptibility of Isolated Staphylococci

The antibiotic susceptibility of isolated staphylococci was
evaluated using the Kirby-Bauer method and following cur-
rent Clinical and Laboratory Standards Institute (CLSI) guide-
lines [24] with minor modifications. Briefly, 3–5 colonies
grown on the TSA plates were transferred by sterile inoculat-
ing loop to a tube containing 5 mL of phosphate-buffered
saline (PBS) (Bilaney Consultants Ltd., Sevenoaks, UK).
Using a spectrophotometer (Molecular Diagnostics,
Sunnyvale, CA, USA), the bacterial growth was diluted and
adjusted to an optical density (OD600) of 0.1 which correlated
with 106 CFU/mL. A 100-μL aliquot of the last bacterial di-
lution (106 CFU/mL) was inoculated by streaking onto
Muller-Hinton (MHA) (Himedia) agar in three directions.
The tested antibiotics were chosen based on the recommenda-
tion of a local physician, as commonly prescribed antimicro-
bials for staphylococcal wound infections. The tested antibi-
otic discs (Mast Group Ltd., Bootle, UK), including amoxicil-
lin (10 μg/disk), penicillin (10 IU/disk), cefotaxime (30 μg/
disk), and methicillin (5 μg/disk), were placed on the previ-
ously inoculated MHA with staphylococci species. The agar
plates were incubated for 24 h at 37 °C. The radius of each
zone of inhibition was measured in millimeters (mm). MRSA
or MSSA were identified by measuring their sensitivity to the
oxacillin (1 μg/disk). Bacterial sensitivity and/or resistance to
the tested antibiotics were determined based on the standard
chart approved by the CLSI [24] (Table 1).

Antibiotics in Combination with Bacillus CFS

The Kirby-Bauer method, CLSI [24] was applied to identify
staphylococci sensitivity to antibiotics in combination with
CFS of tested bacilli. The bacterial suspension in PBS was
diluted and adjusted to 106 CFU/mL using a spectrophotom-
eter (Molecular Diagnostics), to anOD600 of 0.1. Then, a swab
saturated with the bacterial suspension was streaked over the
MH agar plate in 3 directions. The entire surface of the dish
was covered with the bacterial cells. Each antibiotic disk was
saturated with 20 μL of CFS of the tested bacilli. Sterile for-
ceps were used to pick up the antibiotic disks, and three

different disks were prepared: Antibiotic disk only, antibiotic
disk saturated with bacilli CFS, and a blank disk saturated
with Bacillus CFS only. A blank disk was used as a control.
All disks were placed on the surface of MH agar previously
inoculated with the isolated pathogen. The antibiotic disks
were placed 15 mm from the edge of the dish. The agar plates
were left for 30 min, until the antibiotic was diffused from the
disks into the surrounding agar surface, and then incubated
aerobically at 37 °C for 16–18 h. After incubation, the bacte-
rial growth prevention was evaluated by measurement of in-
hibition zones, and the results were represented as sensitive
(S) or resistant (R) according to a standard chart for antibiotic
susceptibility testing (Table 1).

Preparation of CFS of the Tested Bacilli

The CFS of bacilli strains was prepared according to Sutyak
et al. [9]. The overnight grown B. subtilis KATMIRA1933
and B. amyloliquefaciens B-1895 on MRS agar were inocu-
lated into MRS broth and incubated under aerobic condition
for 24 h at 37 °C. Bacterial cells were precipitated by centri-
fugation (5000g at 4 °C for 30 min). The CFS was sterilized
by filtration using 0.45-μm polytetrafluoroethylene (PTFE)
syringe filter, (Fisher Scientific, Ottawa, Ontario, Canada)
and kept at 4 °C in the sterile tubes until use.

Antimicrobial Activity of the Bacilli CFS

This assay was performed following Algburi et al. [23] with
somemodifications. After the CFS of the bacilli was prepared,
staphylococci were grown aerobically in TSB for 24 h at
37 °C, and their number was adjusted to an OD600 of 0.1
(106 CFU/mL). The bacterial cells were spread on TSA agar.
By using a wide end of a 200-μL micropipette tip, wells were
made in the TSA and 150 μL of CFS of B. subtilis
KATMIRA1933, and B. amyloliquefaciens B-1895 was
added separately into each well, in duplicate. The agar plates
were incubated aerobically for 24–36 h at 37 °C, and the
diameter of the inhibition zones was measured using a digital
caliper.

Table 1 Standard chart for
antibiotic susceptibility testing Antibiotic Symbol Concentration/disk Diameter of the inhibition zone in millimeters

Resistant Intermediate Sensitive

Amoxicillin AMOX 10 μg ≤ 28 – ≥ 29
Penicillin G P 10 IU ≤ 28 – ≥ 29
Cefotaxime CTX 30 μg ≤ 14 15–17 ≥ 18
Methicillin ME 5 μg ≤ 9 10–13 ≥ 14
Oxacillin OX 1 μg ≤ 10 11–12 ≥ 13
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Auto-aggregation and Co-aggregation Test

This assay was conducted to assess co-aggregation of
B. subtilis KATMIRA1933 and B. amyloliquefaciens B-
1895 with the isolated staphylococci following the
methods of Cisar et al. [25] with minor modifications.
Briefly, bacterial cells were grown and harvested after
aerobic incubation for 24 h at 37 °C by centrifugation
(5000×g for 15 min at 25 °C). Then, the cells were
washed twice with PBS. After the two wash steps, the
cells were suspended in PBS again, and the optical den-
sity OD600 nm was adjusted to 0.25. Then, 3 mL of each
staphylococci species was gently mixed with 3 mL of
either Bacillus strain, while 6 mL of each washed bacte-
rial cells suspension in single culture was used as con-
trols. Test and control tubes were incubated at 30 °C,
and 20-μL samples were taken from each sample after
2, 4, 24 h for gram staining to observe co-aggregation
between bacteria using a microscope. The experiment
was performed in triplicates.

Bacterial interaction was visualized after 2 h on the
slide using a light microscope after cells had been stained
using the gram-staining method. Pictures were taken with
a microscope camera (Kopacam, Guangzhou Ostec
Electronic Technology Co., Ltd., Guangzhou, China)
using the × 100/1.0 oil objective. The images showing
bacterial interaction were analyzed using the Kopacam,
NIS- Elements D3.0 software. The quantity of co-
aggregation was analyzed visually and scored using a
scoring system following Algburi et al. [12], with a 0
when there is no co-aggregation and 4 for the highest
amount of co-aggregation (Fig. 1). In regard to the calcu-
lation of aggregation, the scoring system was based on the
strength of microscopic auto-aggregation and co-
aggregation observed by the naked eyes.

Biofilm Inhibition by Bacilli CFS

The biofilm inhibition assay with bacilli CFS was per-
formed following the method of Sutyak Noll et al. [10]
with some modifications. Briefly, the CFS of B. subtilis
KATMIRA1933 and B. amyloliquefaciens B-1895
(100 μL) were twofold diluted with fresh TSB containing
1% glucose (TSBG1%) in a 96-well tissue culture plate
(Greiner Bio-One GmbH, Kremsmünster, Austria). The
overnight culture of staphylococci at 3 ± 2 × 109 CFU/
mL was diluted and adjusted in TSBG1% to a final con-
centration of 5 × 106 CFU/mL using spectrophotometer at
OD600 nm. An aliquot of 100 μL of bacterial culture (5 ×
106 CFU/mL) was inoculated in the well contacting fixed
amount of CFS. All plates were incubated aerobically at
37 °C for 24–36 h.

Determination of Biofilm Inhibition by Staining with
Crystal Violate

Biofilms inhibition was quantified according to Algburi et al.
[23], the non-adsorbed cells (planktonic cells) were aspirated
with a micropipette from each well after a 24-h incubation,
and the number of cells were adjusted using a spectrophotom-
eter (OD600). Then, each well was gently washed 3 times with
200 μL of TSB. Heat fixation (at 60 °C for 1 h) was used for
fixation of the biofilm mass which was then stained with crys-
tal violet (CV) according to Borucki et al. [26]. In each well,
50 μL of 0.2% CV was added to the washed biofilm and kept
at room temperature (24–28 °C) for 25 min. Each well was
then washed three times with 200 μL of distilled water and left
for 10 min to dry inside the incubator at 37 °C. For solubili-
zation of the CV stain attached to the biofilm, 200 μL of
ethanol 95% was added into each well. Absorbance was mea-
sured using a microplate spectrophotometer at 630 nm
(Molecular Diagnostics).

Statistical Analysis

The antibiotic susceptibility test and antimicrobial potential assay
of CFS of bacilli strains were performed at least twice in tripli-
cate. Co-aggregation and auto-aggregation assays were per-
formed three times, and their results were represented and scored
using visual analysis. Student’s t test with two-tailed distribution
(Sigmaplot 11.0, Systat Softwarem Inc., San Jose, CA, USA)
was used in antibiotic sensitivity testing and to compare the
planktonic growth (%) and biofilm formation (%) by the staph-
ylococci species in the presence of CFS of bacilli.

Results

Antibiotic Susceptibility of Staphylococci Species

The antibiotic susceptibility of the isolated staphylococci, MRSA
andMSSA, was investigated in this study. Our data illustrated that
MRSA isolates were resistant to all tested antibiotics whileMSSA
isolates were resistant to amoxicillin, penicillin, and methicillin
with one isolate was sensitive to cefotaxime. (Table 2).

Antibiotic Combination with CFS of the Tested Bacilli

Table 2 shows the susceptibility of the staphylococci isolates
to antibiotics alone and in combination with the CFS of
B. subtilis KATMIRA1933. The staphylococci strains, which
were cefotaxime-resistant, showed sensitivity to cefotaxime in
the presence of the CFS of B. subtilis KATMIRA1933.
However, neither the CFS of B. subtilis KATMIRA1933
alone, nor cefotaxime individually had an antimicrobial effect
on the growth of S. aureus (MRSA or MSSA).
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Complementary activity was observed when the tested bacilli
CFS were added to the cefotaxime disks (Table 2).

In addition, the antimicrobial tolerance of the staphylococci
isolates to antibiotics was evaluated when antibiotics were com-
bined with the CFS of B. amyloliquefaciens B-1895. The
cefotaxime-resistant isolates showed sensitivity to cefotaxime
when it was combined with the CFS of B. amyloliquefaciens
B-1895. In addition, the isolates of MRSA and MSSA showed
resistance to amoxicillin when it was used alone, but only one
isolate of MSSA became sensitive when amoxicillin was com-
bined with the CFS of B. amyloliquefaciens B-1895. Neither the
CFS of B. amyloliquefaciensB-1895 alone nor using cefotaxime
or amoxicillin individually had an antimicrobial effect on the
growth of S. aureus (MRSA orMSSA). Complementary activity
was noticed when the antibiotics cefotaxime and amoxicillin
were combined with the CFS of the tested bacilli (Table 2).

Auto-aggregation and Co-aggregation of Tested
Bacilli

In our study, the auto-aggregation of the tested bacilli and their
co-aggregation with the staphylococci isolates were evaluated
by the gram-staining technique (Fig. 1). The results were

expressed as (0) when no interaction was observed between
the tested bacilli and the pathogens, and scored as + 1, + 2, + 3,

a

c d

e

bbbFig. 1 Auto-aggregation and co-
aggregation of the tested bacilli. a
Auto-aggregation of B. subtilis
KATMIRA1933, b auto-
aggregation of
B. amyloliquefaciens B-1895, c
auto-aggregation of S. aureus, d
co-aggregation of B. subtilis
KATMIRA1933 with S. aureus, e
co-aggregation of
B. amyloliquefaciens B-1895
with S. aureus

Table 2 Antibiotic susceptibility test; antibiotics in combination with
CFS of B. subtilis KATMIRA1933, and antibiotics in combination with
CFS of B. amyloliquefaciens B-1895

Antimicrobials MRSA1 MRSA2 MSSA1 MSSA2

AMX R R R R

AMX + BSK CFS R R R R

AMX + BAB CFS S R R R

PEN R R R R

PEN + BSK CFS R R R R

PEN + BAB CFS R R R R

CFX R R S S

CFX +BSK CFS S S S S

CFX +BAB CFS S S S S

MET R R R R

MET + BSK CFS R R R R

MET + BAB CFS R R R R

BSK CFS R R R R

BAB CFS R R R R
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or + 4 based on the strength of microbial interactions. Auto-
aggregation was reported between the same species of the
tested bacteria as follows: staphylococci (+ 2), B. subtilis
KATMIRA1993 (+ 2), and B. amyloliquefaciens B-1895 (+
3). Both B. subtilisKATMIRA1993 and B. amyloliquefaciens
B-1895 strongly co-aggregated (+ 4 and + 3, respectively)
with isolated S. aureus. In Fig. 1, the tested bacilli appeared
as gram-positive bacilli aggregated with S. aureus, the gram-
positive cocci.

Biofilm Inhibition by the CFS of the Studied Bacilli

The anti-bacterial activity of the CFS of the studied bacilli
strains was determined against biofilm-associated S. aureus
isolated from wound infection. Compared with the control,
25% and 50% of the CFS of B. subtilis KATMIRA1933 di-
luted in TSB inhibited 55% and 61%, respectively, of biofilm-
associated MRSA. In addition, 57% and 60%, respectively, of
MSSA biofilm was inhibited when the same concentrations of
CFS (25 and 50%) were used. Regarding bacterial growth,
MRSA viability were 95% and 60%, while MSSA viability
were 96% and 56% when 25% and 50%, respectively, of CFS
of B. subtilis KATMIRA 1933 were applied (Fig. 2). In a
separate assay, the anti-biofilm effect of the CFS of
B. amyloliquefaciens B-1895 was also assessed against isolat-
ed staphylococci. Our findings showed that MRSA biofilm
inhibition, compared with the control group, was 48% and
55%, while MSSA biofilm prevention was 45% and 59%
when 25% and 50% of the CFS of B. amyloliquefaciens B-
1895 were used, respectively. In regard to cell viability, 25%
and 50% of the CFS of B. amyloliquefaciens B-1895 caused
planktonic growth inhibition (85%, 58%, respectively) of
MRSA cells and (91%, 53%, respectively) of MSSA
(Fig. 3). Our data showed no significance differences in the

biofilm prevention activity of CFS of B. subtil is
KATMIRA1933 and B. amyloliquefaciens B-1895 against
isolated MRSA or MSSA.

Discussion

Wound infection is predominantly caused by S. aureus, which
is related to several infections [1]. S. aureus–associated
wound infection is life threatening when extended to bone
and soft tissues [3]. Bacterial pathogenesis is linked to their
capability of producing enzymes and toxins in addition to
biofilm formation [3]. The capability for β-lactamase produc-
tion by S. aureus enables them to develop antibiotic resistance
to β-lactam antibiotics [27].

In the current study, the sensitivity of staphylococci isolates
was investigated for four commonly used antibiotics: amoxi-
cillin, penicillin, cefotaxime, and methicillin. All isolated
S. aureus were resistant to amoxicillin, penicillin, and only
one isolate of MSSA was also sensitive to cefotaxime
(Table 2). Our data were close to the observation of Naimi
et al. [28] who reported that 99.05% of S. aureus isolates were
resistant to penicillin G and 91.4% of them were multi-drug
resistant. A high percentage of S. aureus resistance to penicil-
lin, methicillin, and cephalexin (95.2, 86, and 84.6%) was also
noticed by Chinnambedu et al. [29]. The authors referred to
the progressive change in the antibiotic resistance profile of
the isolated MRSA from 51.8% in 2012 to 86% in 2017.

Alternative strategies are urgently required for controlling
the antibiotic resistance of bacterial pathogens. In this work,
we evaluated antimicrobial combination of the CFS of
B. subtilis KATMIRA1933 and B. amyloliquefaciens B-
1895 with the conventional antibiotics. Complementary activ-
ity was noticed when the tested bacilli CFS were combined

Amount of CFS of B. subtilis KATMIRA1933 
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120Fig. 2 Anti-biofilm activity of
CFS of B. subtilis
KATMIRA1933 against isolated
MRSA and MSSA. MRSA
Biofilm formation % is
represented by black bar while
MSSA Biofilm formation % is
represented by gray bar. MRSA
planktonic growth % is
represented by black circle (●),
while MSSA planktonic growth
% is represented by white circle
(○)
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with cefotaxime against isolated S. aureus. The CFS of vari-
ous beneficial bacteria has been reported as having antibacte-
rial activity against infections-associated pathogens, including
Clostridium difficile, Listeria monocytogenes, Salmonella
spp., and S. aureus [30, 31]. Furthermore, antibiotic activity
in combination with the CFS of beneficial bacterial against
pathogenic microorganisms has been shown in several reports
[32, 33]. Aminnezhad et al. [32] noticed a significant antimi-
crobial activity of probiotic CFS on P. aeruginosa growth.
Additionally, synergism was reported when the CFS from
L. casei was combined with aminoglycoside antibiotics
against P. aeruginosa. The CFS of Lactobacillus strains was
reported to contain acetic acid, lactic acid, and hydrogen per-
oxide (H2O2) using (RP-HPLC) [32]. Comparedwith using an
antibiotic or probiotic individually, the antimicrobial effect of
tetracycline against P. aeruginosa was higher when it was
combined with probiotic strains [33]. In the same study, pro-
biotic L. plantarum, L. salivarius, and L. routeri demonstrated
antimicrobial potential against P. aeruginosa growth that was
greater than two commonly used antibiotics, tetracycline, and
gentamicin. However, an antagonistic effect was reported for
some tested antibiotics, indicating that not all antibiotics will
have a synergistic activity with probiotics against bacterial
pathogens [33]. Regarding S. aureus , the CFS of
L. paraplantarum effectively inhibited bacterial growth [34].
The authors noticed that MRSA, which were resistant to am-
picillin and oxacillin, showed a sensitivity to the same antibi-
otics when they were combined with the CFS of
L. paraplantarum, indicating a synergistic activity of these
combinations against MRSA strains. The antimicrobial activ-
ity of the tested Lactobacillus was related to the presence of
organic acids (acetic acid and lactic acid) in CFS of
L. paraplantarum which was confirmed by HPLC analysis.
The findings of the abovementioned studies suggest that the
CFS of beneficial microbes in combination with antibiotics

may be viable alternative therapies to the use of conventional
antibiotics alone for the treatment of multi-drug-resistant path-
ogens. We have designated the observed antimicrobial effect
in this study as a complementary activity [35]. However, there
are some studies reporting the results of antimicrobial disk
impregnated CFS antibiotic combination studies as “synergis-
tic” [36, 37]. Still, we are hesitant following these investiga-
tors without having the observed synergy confirmed using
FICI (fractional inhibitory concentration indices) and/or
isobolograms (see Algburi et al. [13] and Algburi et al.
[38]). Further studies are required to investigate the nature of
each antimicrobial interaction on pathogenic bacteria.

The capability of bacteria for auto-aggregation and co-
aggregation with other microbes reflects the desirable proper-
ties of the beneficial bacteria. The probiotics interaction with
pathogens can prevent their adhesion onto living tissues and
help to eliminate them from the body. Moreover, self-
aggregation of probiotics plays a role in their survival in a
competitive environment.

The antimicrobial capability of probiotics against patho-
gens linked to aggregation has also been mentioned in some
reports. Using atomic force microscopy, Younes et al. [39]
noticed a strong adhesion force between the probiotic
L. reuteri RC-14 and the virulent toxic shock syndrome toxin
producing S. aureus. Significantly large bacterial co-
aggregates were identified indicating the rapid anti-
pathogenic effects of L. reuteri RC-14 against isolated
S. aureus. The two lactobacilli, L. fermentum and
L. pentosus isolated from milk showed maximum auto-
aggregation and co-aggregation with S. aureus and E. coli
[40]. The study of Soleimani et al. [41] reported a strong co-
aggregation (88.4 and 76%) between L. plantarum and two
S. aureus isolated from mastitis. The adhesive and anti-
microbial attributes of probiotics, in addition to their capabil-
ity of establishing a hostile micro-environment for pathogens,
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could be utilized in therapeutic formulations for controlling
dangerous infection-associated pathogens.

Biofilm formation was previously reported as an important
factor of bacterial pathogenesis and a major factor leading to
therapeutic failure. Several studies have been conducted to
determine the most effective strategies for controlling biofilm
formation (see the review of Algburi et al. [8]). One of these
methods is the use of probiotics and their metabolites as safe
alternatives to traditional antibiotics. The tested probiotics in
t h i s s t u d y , B . s u b t i l i s KATM IRA1 9 3 3 a n d
B. amyloliquefaciens B-1895, were reported to have antimi-
crobial activity against a wide range of microbial pathogens
due to the production of antimicrobial substances, most nota-
bly subtilosin and subtilin [12]. In a previous study, Algburi
et al. [23], we evaluated the antimicrobial potential of
s ub t i l o s i n , a pep t i d e p roduced by B . sub t i l i s
KATMIRA1933, as a quorum sensing (QS) inhibitor in
gram-positive and gram-negative bacteria. The authors report-
ed that subtilosin at sub-MIC concentrations reduced the level
of autoinducer-2 (AI-2) produced by the tested gram-positive
bacteria. The biofilm-prevention and anti-biofilm activities
reported here for the CFS of the studied bacilli probiotics
was accompanied by some reduction in the number of viable
cells of the targeted pathogen. However, the observed reduc-
tion in numbers of staphylococci was less than one log, which
is insufficient for the reduction in viable cells to be considered
as playing any significant role in the observed effect on the
biofilms. Recently, the anti-biofilm activity of the CFS of
B. subtilis KATMIRA1933 and B. amyloliquefaciens B-
1895 were evaluated against P. mirabilis isolated from
humans and sheep having urinary tract infections [13]. The
authors noticed that both tested bacilli were strongly co-
aggregating with the P. mirabilis isolates. Microbial co-
aggregation is an indication of the environmental competition
between the tested bacilli and pathogenic bacteria and could
possibly interfere with their adhesion to the eukaryotic host
and prevent their biofilm formation.

The CFS of L. plantarum species isolated from Siahmazgi
cheese, showed an anti-biofilm (reducing and disrupting) ac-
tivity against multi-drug-resistant S. aureus, E. coli, and
P. aeruginosa [42]. In the same report, the authors found that
the anti-biofilm potential was stable at high temperatures (80
and 100 °C) and was not influenced by EDTA, SDS, or
Tween 80. Biofilms of the pathogens P. aeruginosa and
B. cereus were remarkably reduced in the presence of the
CFS of the lactobacilli species L. pentosus and L. plantarum
[43]. In addition, the anti-biofilm and anti-adhesion activity of
cell-free biosurfactant (CFBS) produced by L. acidophilus
NCIM 2903 was evaluated against several pathogens includ-
ing E. coli NCIM 2065, S. aureus NCIM 2079, and
P. vulgaris NCIM 2027 [44]. The authors found that CFBS,
which was validated through a microfluidic assay, exhibited
antimicrobial, anti-adhesive, and anti-biofilm effects against

the tested pathogens. Furthermore, the CFS of L. plantarum
isolated from fresh vegetables exhibited a strong inhibitory
effect on the growth of S. aureus. Based on scanning electron
microscopy data, the CFS of lactic acid bacteria are able to
attack the bacterial membrane leading to a rough and wrinkled
membrane that may lead, eventually, to the inhibition of bio-
film formation by S. aureus [45]. Koohestani et al. [46] eval-
uated the anti-biofilm activity of L. acidophilus and L. casei
on 2-day-old biofilm of food borne pathogen, S. aureus. The
authors reported that long-acting CFS (for 28 days at 4 °C)
showed a significant biofilm removal potential in a
concentration-based manner. Fluorescence microscopy con-
firmed that the CFS of L. acidophilus had more anti-biofilm
killing effect compared with L. casei CFS, making them suit-
able agents for controlling such food-borne pathogens. In a
separate study, lactic acid bacteria and bifidobacteria showed
an inhibitory effect on the growth of S. aureus, ranging from
0.5 to 34.2%. While a significant reduction in biofilm forma-
tion of S. aureus was also noticed when the CFS of
Lactobacillus bulgaricus 8611 was used [47]. Based on the
abovementioned data, Lactobacillus and spore-forming bacilli
are recommended as safe, bio-controlling agents, which are
capable of reducing and controlling biofilm formation, and as
such can be considered for biomedical applications due to
their capability of producing bacteriocins, lactic acid, acetic
acid, hydrogen peroxide, and diacetyl.

Conclusion

Antibiotic resistance and infection recurrence are among the
greatest treatment challenges for infection-associated biofilm
formation. Alternative antimicrobials and therapeutic proto-
cols are urgently required to control such serious infections.
The combination of a probiotic and/or its metabolites together
with antibiotics is an effective strategy for the inhibition of
biofilm formation by wound infection associated S. aureus
and for the improvement of antimicrobial activity of conven-
tional antibiotics, especially when targeting MRSA.
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