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Abstract
Given that Staphylococcus aureus, an opportunistic pathogen, is one of the main etiological agents that causes various hos-
pital and community infections associated with the production of virulence factors, emerging treatment strategies target to 
attenuate the activity of these factors can be promising to combat antibiotic-resistant strains. In this perspective, we investi-
gated the antipathogenic potential against three S. aureus strains of chloroform extracts of cell-free culture supernatant from 
the probiotic bacteria Lactobacillus casei and Lactobacillus acidophilus, as well as its suitability as an alternative antimuta-
genic agent. Both extracts did not display antibacterial activity but significantly reduced the bacterial biofilm formation at 
different stages 3 h (up to 73%), 6 h (up to 45%), and 24 h (up to 46%). Moreover, the extracts decrease the virulence factors 
production, hemolysin (up to 67%), and coagulase (delayed coagulation), as well as the cell metabolism in the biofilm (up 
to 65%), disrupting a preformed biofilm (up to 46%), all devoid of affecting its growth suggesting that the inhibition could 
be mediated by Quorum sensing (QS). The extract’s effect on biofilm disruption and metabolic activity seems to be strain 
dependent. The 2,5-diketopiperazines present in the extracts showed the ability to bind to the QS regulatory proteins SarA 
and AgrA in molecular docking studies. In the mutagenicity assay, both probiotic bacteria were able to remove the mutagen, 
and this capacity increased with the bacteria concentration. 
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1 Introduction

Staphylococcus aureus, an opportunistic pathogen, is one 
of the primary pathogens that cause various community 
and hospital-acquired infections associated with medical 
care [1]. This bacterial pathogen remains a leading cause of 
mild to severe and sometimes life-threatening infections. Its 
pathogenicity is associated with the secretion of an impres-
sive collection of virulence factors such as toxins, enzymes, 
and biofilm regulated by bacterial Quorum sensing (QS) [1, 
2]. Infectious capacity is dependent on the bacterial ability 
to form a biofilm, which is a significant source of hospital 
infections due to inadequate disinfection of medical devices 
[3]. Additionally, S. aureus is the bacteria mostly found in 
contaminant biofilms on surfaces, usually in contact with 
food, even on stainless steel [4].

Bacterial biofilms are complex communities of bacteria 
embedded in a self-produced matrix and attached to inert or 
living surfaces [5]. These communities of microorganisms 
are more resistant to the immune system and antibiotics than 
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planktonic or free-floating bacteria. The emergence of S. 
aureus strains resistant to most antibiotics is becoming a 
serious public health threat, stimulating the development of 
novel antibacterial agents [6]. A new approach is needed 
for antibiotic therapy. Several studies proposed an indirect 
attack on bacteria as an antimicrobial strategy by interfer-
ing with their communication, known as QS [7]. Microbial 
communication coordinates many of the virulence and 
pathogenesis pathways through these systems. Therefore, 
QS inhibitors could be the key to controlling the pathogen 
[8] and improving therapeutic results when used together 
with existing antibiotics lines. In addition to that, consider-
able attention is currently addressed to probiotics, prebiotics, 
or their combined use as symbiotics, naturally to improve 
human health. FAO/WHO defines probiotics as “live micro-
organisms that, when administered in adequate amounts, 
confer a health benefit on the host” [9]. Human probiotics 
should include human origin bacteria with several desirable 
properties and present no health risks [10].

Probiotics are considered an ideal option as new antiviru-
lence agents. Unlike conventional antibiotics, they do not 
possess the ability to induce an intense selective pressure on 
resistant bacteria, and they are also less cytotoxic than the 
QS suppressing agents used [11]. Probiotics or their deriva-
tives have been reported to prevent QS, biofilm formation, 
and survival of biofilm pathogens, interfere with biofilm 
integrity/quality, and ultimately lead to biofilm eradication. 
Some of these mechanisms include the secretion of antago-
nistic substances such as bacteriocins, exopolysaccharides, 
surfactants, organic acids, lactic acid, fatty acids, enzymes 
(amylase, lipase), and hydrogen peroxide [11]. Recently, 
we reported that metabolites of L. casei and L. acidophilus 
(diketopiperazines) could combat the pathogenicity of P. 
aeruginosa by inhibiting the biofilm biomass and biofilm 
metabolic activity and also the production of the virulence 
factors (elastase and pyocyanin) as well as by interfering 
with the QS and disrupting a preformed biofilm [12]. How-
ever, the effect of these metabolites on the virulence of S. 
aureus, a Gram-positive bacterium, has not been studied.

Another thing, the human diet may contain a wide range 
of natural mutagenic compounds due to contamination of 
the raw material or the formation of toxic metabolites pro-
duced by pathogenic bacteria (such as chloramines) [13] or 
during the processing, cooking, and storage of food [14]. 
The accumulation of these mutagens and pro-mutagens in 
the body can produce alterations or damage to the DNA, 
leading to a cancer mutation and initiation [15]. Lactic acid 
bacteria and bifidobacteria exhibit antimutagenic activities 
against heterocyclic-amines, N-nitroso compounds, sodium 
azide, benzo[a]pyrene, and aflatoxin B [16–18]. One pos-
sible mechanism for the antimutagenic properties of lactic 
acid bacteria involves a physical binding of the bacterial cell 

wall’s mutagenic compounds. Also, some of their products 
of fermentation are antimutagenic [19].

This work investigates whether supernatant extracts of 
lactic acid bacteria of human intestinal microbiota contain-
ing diketopiperazines as principal components could inter-
fere with growth, biofilm formation and disruption, meta-
bolic activity, and virulence factor production of S. aureus 
strains. Docking tests were also performed with the SarA 
and AgrA proteins (regulators of this bacterium’s QS). On 
the other hand, we also investigate the mutagen-binding abil-
ity of human probiotics against sodium azide. Two strains 
isolated from infant human feces, Lactobacillus casei CRL 
431 and Lactobacillus acidophilus CRL 730, have been 
selected to study because of their widely documented pro-
biotic properties [20].

2  Materials and Methods

2.1  Strains and Bacterial Growth Conditions

The bacterial strains S. aureus ATCC 6538, S. aureus LVP 
90 (methicillin-resistant clinical isolate), and S. aureus LVP 
95 were grown in Müller–Hinton (MH) broth at 37 °C under 
aerobic conditions at 150 rpm in a mechanical shaker. The 
probiotic strains L. casei CRL 431 and L. acidophilus CRL 
730 (CRL: Culture Collection of Centro de Referencia para 
Lactobacilos, CERELA-CONICET, Tucumán, Argentina) 
isolated from feces of healthy children [20] were cultured at 
37 °C in LAPTg broth (peptone, 15 g/L; tryptone, 10 g/L; 
yeast extract, 10 g/L; glucose, 10 g/L; Tween 80, 0.1%, v/v) 
under microaerophilic conditions.

Salmonella typhimurium TA 100 [21] was grown in 
Nutrient Broth II (Oxoid Australia, West Heidelberg, Aus-
tralia) in the presence of 25 µg/mL of ampicillin. Tests of 
histidine requirement, rfa mutation, uvrB mutation, and 
R-factor were carried out to confirm the genotypes of S. 
typhimurium TA 100. Before each mutagenicity test, S. typh-
imurium cells were grown at 37 °C for 16 h until reaching 
1.2 ×  109 UFC/mL.

2.2  Preparation of Lactic Acid Bacteria Culture 
Supernatant Extracts

A previously described protocol was employed to prepare 
the chloroform extract from L. casei CRL 431 and L. acido-
philus CRL 730 culture [12]. The obtained extracts (CELc 
and CELa) were kept at 4 °C in a caramel-colored flask until 
further experimental use.

Each extract was dissolved with dimethylsulphoxide 
(DMSO, Sigma-Aldrich) to obtain stock solutions (4 mg 
dry weight/mL) for the biological assays.
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2.3  Bioassay of Antibacterial Activity

Bacterial growth inhibition was determined after 3, 6, and 
24 h of incubation at 37 °C with and without the extracts, 
as stated previously by Díaz et  al. [12]. Overnight cul-
tures of the three S. aureus strains were diluted 1/100 v/v 
in Müller–Hinton (MH) fresh medium (OD560  nm: 
0.08 = 1.2 ×  106  CFU/mL). 195  µL of each culture was 
inoculated into the wells of a polystyrene microplate. Then, 
5 µL of each extract solution (CELc and CELa) was added to 
the wells to reach final concentrations of 10 and 100 µg/mL. 
As growth control, a bacterial culture added with 5 µL of 
DMSO (2.5% final concentration in the well) instead of the 
extract was employed. The positive control was ciprofloxacin 
(5 µg/mL). Bacterial growth was monitored at OD 560 nm 
using a microplate spectrophotometric reader (Multiskan 
Go, Thermo).

2.4  Antibiofilm Activity

2.4.1  Biofilm Formation Assay

For biofilm quantification, a micromethod based on a proto-
col previously reported was employed [22]. Biofilms formed 
after 3-, 6-, and 24-h incubation of bacterial cultures in the 
presence of 10 and 100 µg/mL of CELc and CELa were 
determined as stated previously [12]. A cell suspension with 
DMSO at 2.5% was used as a negative control. Ciprofloxacin 
was used in the same bioassay as a positive control at 5 µg/
mL.

2.4.2  Biofilm Disruption Assay

The wells were incubated with 200 µL of the three S. aureus 
strains (OD560 nm 0.08 ± 0.02) for 24 h. The biofilm formed 
after that time was washed twice and air-dried. Then, 5 µL of 
extracts (CELc or CELa) (10 and 100 µg/mL final concentra-
tions in the wells, 2.5% DMSO) and 195 µL of phosphate-
buffered saline (PBS) were added and incubated by 24 h at 
37 °C. In the control wells, 5 µl DMSO (2.5% final concen-
tration) or ciprofloxacin (5 µg/mL) was added instead of the 
extract. As the final step, the microplate was washed twice, 
and the total biofilm biomass was stained with crystal violet, 
as mentioned previously (see 2.4.1.).

2.4.3  Biofilm Metabolic Activity Assay

The metabolic activity of the bacteria in the biofilm was 
evaluated using the reduction assay of 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) with 
some modifications [23]. The biofilm was developed on the 
polystyrene microplate as previously described (see 2.4.1.) 
and then was washed twice with distilled water to remove 

the planktonic cells. Then 5 µL of CELc and CELa (final 
concentrations in the well 10 and 100 μg/mL, 2.5% DMSO) 
was added into each well containing 195 µL of PBS (pH 6.5) 
and incubated for 24 h at 37 °C. As a final step, the micro-
plate was rewashed, and 100 µL of MTT solution (500 μg/
mL) was added to each well and incubated again for 6 h at 
37 °C. The insoluble purple formazan dissolved in DMSO 
was measured at 570 nm using a microplate reader (Multi-
skan Go, Thermo).

2.5  Virulence Factors Inhibition

2.5.1  Hemolysin Assay

Hemolysis was quantified by red cell lysis, as described pre-
viously with some modifications [24]. All S. aureus strains 
were grown in MH broth for 24 h at 37 °C in the presence of 
different concentrations of the extracts (10, 100, and 500 µg/
mL). A culture control with DMSO (1%) was also carried 
out (null hemolysis). Afterward, 200 µL of the cultures 
mixed with 25 µL of red blood cells (obtained from centrifu-
gation of whole blood at 4 °C for 10 min at 3000 rpm and 
washed twice with PBS buffer) and 775 µL of PBS buffer 
(pH = 7.4) were incubated at 37 °C with shaking (150 rpm) 
for 1 h. Then the supernatants obtained by centrifugation at 
3000 rpm for 10 min were measured spectrophotometrically 
at 450 nm. The positive control for hemolysis was 1% Triton 
X-100 (100% hemolysis).

2.5.2  Coagulase Assay

For coagulase, the method of Bae et al. [25] with slight mod-
ifications was used. Plasma coagulation capacity by the S. 
aureus strains was evaluated by first incubating the culture 
in MH broth for 24 h at 37 °C in the presence of the extracts 
(10, 100, and 500 µg/mL). A control culture was carried 
out with 1% DMSO. After 24 h of incubation, 500 µL of 
each culture was taken and added to tubes containing 500 
µL of plasma (previously obtained by centrifugation whole 
blood at 3000 rpm for 10 min at 4 °C) that were incubated 
at 37 °C. Every half an hour, it was checked whether the clot 
formation occurred.

2.6  Molecular Docking Calculations

Autodock 4.1 [26] was used to perform the molecular dock-
ing studies of the 2,5 diketopiperazines with two S. aureus 
proteins, SarA and ArgA, which structures were downloaded 
from the PDB Database with identification codes 2FNP 
[27] and 3BS1 [28], respectively. Missing heavy atoms 
and hydrogens atoms were added, and titratable amino acid 
states were adjusted at pH 7.4 with PDB2PQR Server [29, 
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30]. AutodockTools was used to prepare proteins and com-
pounds for docking.

Two types of docking calculations were performed: 
blind and regular docking. The blind docking involves con-
structing a large grid around the whole protein to explore 
the whole surface for putative binding sites. A grid spac-
ing of 0.5 Å, and a medium number of energetic evalua-
tions (2.5 million) was used. For the regular docking, a grid 
was constructed around a specific region with a spacing of 
0.375 Å and a large number of energetic evaluations (25 mil-
lion). A Lamarckian genetic algorithm (GA) was used to 
generate 200 docking poses for each compound. Confor-
mations were clusterized according to a root-mean-square 
deviation value of 2 Å. The best-docked conformation was 
selected based on binding energy and cluster population.

PyMol (PyMOL) was used to visualize, analyze, and pre-
pare figures of the docked structures.

2.7  Antimutagenic Activity

2.7.1  Bacterial Concentration Used for the Assay

The probiotic cultured solutions were centrifuged at 
3500 rpm at 4 °C for 15 min. The cells were washed twice 
with sterile phosphate buffer (pH 7, 100 mM, 0.85% NaCl) 
and resuspended in the same buffer. The cell suspensions 
were adjusted to 0.1, 0.4, and 0.9 at 560 nm, which cor-
respond to 1.2 ×  106, 1.2 ×  108, and 1.2 ×  1011 CFU/mL, 
respectively.

2.7.2  Dose‑Response Curves for Mutagen

Dilutions of sodium azide ranging from 0.25 to 5 µg/mL 
were tested to prepare the curves used to determine the 
appropriate concentration of mutagen for the Salmonella 
mutagenicity assay [21]. Based on dose–response curves, a 
concentration of 0.5 µg/plate of sodium azide can be used.

2.7.3  Assessing the Ability of Probiotics to Bind Mutagens

The antimutagenic activity of L. casei CRL 431 and L. aci-
dophilus CRL 730 against sodium azide was determined 
as described previously [21], measuring the inhibition 
of S. typhimurium TA 100 mutation. One hundred µL of 
the probiotic bacterial suspensions (1 ×  106, 1 ×  108, and 
1 ×  1011 CFU/mL) was mixed with 100 µL of the mutagen 
solution (10 µg/mL final concentration). A positive control 
(100% revertants) was prepared with mutagen and without 
probiotic bacteria. Each suspension was incubated at 37 °C 
for 2 h and then was centrifuged at 5000 rpm at 4 °C. Then 
the supernatants containing the mutagen not bind to lactic 
acid bacteria (residual mutagen) were separated.

2.7.4  Salmonella Mutagenicity Assay

Aliquots of 100 µL from an overnight culture of S. typh-
imurium TA 100 (approximate 2 ×  108 CFU/mL) were incu-
bated with 100 µL of the supernatants obtained above at 
150 rpm for 30 min at 37 °C in a shaker and, afterward, 
were mixed with 2 mL top agar (0.6%, w/v) supplemented 
with 0.5% (w/v) NaCl, 0.5 mM L-histidine (Sigma-Aldrich) 
and 0.5 mM D-biotin (Merck, Germany). The mixture was 
then gently mixed and finally poured onto a plate contain-
ing minimum glucose agar (glucose 2% w/v plus agar 1.5% 
w/v). The plates were incubated at 37 °C for 48 h, and  HIS+ 
revertant colonies were counted.

Antimutagenic activity of each probiotic bacteria was 
determined as the reduction in the number of colonies on the 
Petri plates (plates prepared with mutagen solution treated 
with probiotic bacteria) compared to the control (plates pre-
pared with mutagen and without probiotic bacteria). The 
antimutagenic activity was expressed as a percentage of inhi-
bition of S. typhimurium TA 100 mutation [31]

A = Number of  His+ revertants induced by the mutagen 
(positive control), B = number of  His+ revertants with bac-
teria and mutagen, and C = number of spontaneous  His+ 
revertants (negative control) without bacteria and mutagen.

2.8  Statistical Analysis

Results are means of at least three independent experi-
ments. The data obtained were subjected to statistical treat-
ment with the analytical software INFOSTAT for Windows 
program. The differences in mean absorbance values were 
evaluated by analysis of variance (ANOVA). The Tukey test 
was used to compare between pairs. The level of significance 
was p ≤ 0.05.

3  Results

3.1  Effect of Extracts on Bacterial Growth 
and Biofilm Formation

At both concentrations assayed, the bacterial culture super-
natant extracts (CELc and CELa) did not modify signifi-
cantly (p ˃  0.05) the growth of any S. aureus strain at differ-
ent incubation times (Fig. 1 Supplementary material).

Figure 1 shows the effect of 10 and 100 µg/mL of CELc 
and CELa on the biofilm formation of S. aureus ATCC 6538 
(Fig. 1a), LVP 90 (Fig. 1b), and LVP 95 (Fig. 1c) at different 
incubation times. CELc and CELa had a significant potential 

Inhibition (%) =
[

(A − B)∕(A − C)
]

× 100%
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to inhibit biofilm formation of all S. aureus strains at differ-
ent contact times. In S. aureus ATCC 6538 and LVP 95, the 
biofilm inhibition was significant (p ≤ 0.05) for both extracts 
at 100 µg/mL in the three biofilm formation phases. In the 
adhesion stage (3 h), the reduction was similar to the antibiotic 
(between 61 and 73%) for both extracts. In the biofilm develop-
ment stage (6 h), the inhibition values were between 31 and 
45% for both extracts. Finally, in the third stage (24 h), the 
mature biofilms formed were 19 and 40% lesser than control 
(DMSO) for S. aureus ATCC 6538 and 31 and 33% lesser 
for S. aureus LVP 95 (Fig. 1a, c). CELc was the most active 

extract to inhibit the biofilm formation of S. aureus ATCC 
6538 in a dose-dependent manner at different incubation times 
(Fig. 1a). However, S. aureus LVP90 is sensitive to both Lac-
tobacillus extracts since the lowest concentration significantly 
inhibited (p ≤ 0.05) the three phases of biofilm formation (3, 
6, and 24 h) (Fig. 1b).

Fig. 1  Biofilm formation by Staphylococcus aureus ATCC 6538 
(a), LVP 90 (b), and LVP 95 (c), at 3, 6, and 24 h of incubation in 
presence and absence of 10 and 100 µg/mL of chloroformic extracts: 
CELc (filled square) and CELa (square), and ciprofloxacin (5 µg/mL). 

Values represent the means ± SD of at least three independent experi-
ments. *values are significantly different at p ≤ 0.05, compared to the 
respective DMSO control
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3.2  Biofilm Disruption and Metabolic Activity 
of Cells in the Biofilm

The disruption of performed biofilm and the cell metabolic 
activity into biofilm in the presence and absence of the 
chloroformic extracts are shown in Fig. 2a, b. At 10 and 
100 µg/mL, both extracts were able to decrease the estab-
lished 24-h-old biofilms of S. aureus ATCC 6538 between 
25 and 43%, of S. aureus LVP 90 between 33 and 53%, and 
S. aureus LVP 95 between 26 and 33% (Fig. 2a).

Likewise, the extracts decreased the biofilm metabolic 
activity of the LVP 90 and LVP 95 strains. Values ranged 
from 25 to 40% for 10 µg/mL and between 48 and 58% for 
100 µg/mL. However, the extracts were little active in the 
biofilm metabolic activity of the ATCC 6538 strain (Fig. 2b). 

The extract’s effect on biofilm disruption and metabolic 
activity seems to be strain dependent.

3.3  Effects of Supernatant Extracts Against 
Hemolysin Activity of S. Aureus Strains

It was observed that CELc and CELa decreased the hemoly-
sin activity of the three S. aureus strains in a dose-dependent 
manner (Fig. 3). S. aureus ATCC 6538 was the most sensible 
strain. At 100 μg/mL, both extracts blocked 50% or more 
of its production. Besides, the diminution of the hemolysin 
activity of all S. aureus strains tested against the probiotic 
culture extracts was between 42 to 67% at 500 µg/mL. It is 
important to highlight that bacterial growth was not affected 
in any condition.

Fig. 2  Biofilm disruption (square) and biofilm metabolic activity 
(filled square) of Staphylococcus aureus ATCC 6538, LVP 90, and 
LVP 95, at 24 h of incubation in the absence and presence of 10 and 
100  µg/mL of chloroformic extracts (CELc and CELa), and cipro-

floxacin (5 µg/mL). Values represent the means ± SD of at least three 
independent experiments. According to the Tukey test, different let-
ters mean significant differences than the respective control (DMSO) 
(p ≤ 0.05)



247Arabian Journal for Science and Engineering (2022) 47:241–253 

1 3

3.4  Effects of Supernatant Extracts Against 
Coagulase Activity of S. aureus Strains

The inhibition of the coagulase activity of S. aureus strains 
is represented in Table 1. The ability to retard plasma clot 
formation was observed by CELc and CELa extracts com-
pared to the control without extract. The time required for 
human plasma coagulation was higher in S. aureus ATCC 
6538, observing a concentration-dependent effect but not 
extract dependent. The capacity of 100 µg/mL of the CELa 
and CELc extract to avoid complete plasma coagulation in 
all the strains studied is notable. In neither case, the bacterial 
growth was affected.

3.5  Molecular Docking of 2,5 Diketopiperazines 
to SarA and AgrA

Blind docking of the four 2,5 diketopiperazines into SarA 
revealed two major binding sites: the DNA-binding motifs 
(that includes the helix-turn-helix region and the beta-hair-
pin or winged region) and the divalent cation binding pocket 
(Fig. 4, Table 2).

The subsequent refinement of docking simulations cen-
tered on each major site showed that two binding subregions 
within the SarA DNA-binding region could be identified. 
DNA subregion 1, located between the helix-turn-helix 
of chain A and chain B’s interface (concave side), is more 
populated and presents docking poses with more negative 
binding energy. It is interesting to note that these compounds 
bind this subregion from the concave side, and there is an 
equivalent binding pocket that can be reached from the 
convex side of the dimer. On the other hand, DNA subre-
gion 2, less represented, is located between the winged and 

Fig. 3  Effect of lactic acid bacteria culture supernatant extracts 
on hemolysin activity by Staphylococcus aureus ATCC 6538 
(square), LVP 90 (black square), and LVP 95 (grey square). Values 
(mean ± SD, n = 3) followed by a different letter are significantly dif-
ferent (ANOVA corrected by Tukey test, p ≤ 0.05). DMSO samples 
have been used as a control
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helix-turn-helix motifs of chain A. The lower number of 
docking poses found for the latter region could be due to the 
reduced space limiting the interactions capable of stabilizing 
any bound ligand.

The docked molecule cyclo-Pro-Gly located within subre-
gion 1 of the SarA DNA-binding region is mainly stabilized 
by three hydrogen bonds formed by side-chain amido moiety 
GLN-66A, the backbone carbonyl oxygen of GLN-61A, and 
the side chain of THR-17B. Within DNA subregion 2, only 
two hydrogen bonds are established with backbone NH of 
PHE-53A and backbone carbonyl of VAL-92A (Fig. 5).

Cyclo-Leu-Pro extends its leucine side chain toward 
hydrophobic residues (such as PHE-34A, LEU-13B, and 
LEU-60A) that help hold the monomers together as a dimer 
in subregion 1. Besides, three hydrogen bonds strengthen 
the interaction: side-chain amido moiety of GLN-66A, back-
bone carbonyl oxygen of LEU-60A, and the side chain of 

THR-17B. The docking cluster in subregion 2 is far less 
populated, and the molecule acquires an orientation with 
lower binding energy. It fits into a pocket with hydrophobic 
interactions from VAL-68A and VAL-92A reinforced by one 
hydrogen bond with backbone NH of VAL-92A (Fig. 5).

With regard to cyclo-Leu-Leu, the conformation and 
orientation adopted by this compound in subregion 1 are 
almost identical to cyclo-Leu-Pro diketopiperazine. In fact, 
the molecular superposition is large, and it presents the same 
hydrophobic and hydrogen bond interactions. The slight 
energy difference is due to a higher torsional free energy in 
cyclo-Leu-Leu. On the other hand, the binding complex in 
subregion 2 results more stable as one of the Leu side chains 
gets closer to the hydrophobic protein side, chains, and at 
least three hydrogen bonds are established (Fig. 5).

Cyclo-Phe-Pro presents the Phe side chain located within 
the same pocked as Leu side chain from the latter two com-
pounds when bound in subregion 1. Amido group of GLN-
66A and carboxylate group of ASP-20B interact with this 
diketopiperazine through hydrogen bonds. In addition, Pi-Pi 
interactions with PHE-34A and TYR-62A enhance the bind-
ing (Fig. 5).

The second major binding site is the SarA divalent cation 
binding pocket located at the convex side of the dimer, by 
the N terminus of chain B and C terminus of chain A where 
all bounded compounds belong to the most populated dock-
ing cluster. Cyclo-Pro-Gly and cyclo-Phe-Pro present a 
similar orientation deeper in the pocket towards TYR-18A, 
whereas the other two 2,5 diketopiperazines molecules are 
slightly displaced facing GLU-11A. Hydrogen bonds from 
the side chain of THR-4A and THR-4B and backbone atoms 
of the surrounding amino acids ILE-3A, THR-4A, and LYS-
5A stabilize the docking complexes (Fig. 6).

On the other hand, docking of cyclic dipeptides into 
AgrA (PDB ID:3BS1) revealed a common binding site of 

Fig. 4  SarA homodimer binding sites detected by blind docking. Pro-
tein is displayed as a cartoon. Chain A is colored in cyan and chain B 
in green. Bounded compounds are shown as sticks

Table 2  Most populated binding clusters for each 2,5 diketopipera-
zines docked into SarA (PDB ID:2FNP)

Compound Site Binding Free 
Energy (kcal/
mol)

Cyclo-Pro-Gly DNA, subregion 1  − 4.94
DNA, subregion 2  − 4.90
Cation pocket  − 4.89

Cyclo-Leu-Pro DNA, subregion 1  − 6.28
DNA, subregion 2  − 5.20
Cation pocket  − 6.09

Cyclo-Leu-Leu DNA, subregion 1  − 6.12
DNA, subregion 2  − 5.91
Cation pocked  − 5.95

Cyclo-Phe-Pro DNA, subregion 1  − 6.45
DNA, subregion 2 –
Cation pocked  − 6.98

Fig. 5  Docking complexes of compounds in both DNA-binding site 
subregions. Protein is displayed as a cartoon. Chain A is colored in 
cyan and chain B in green. Bounded compounds are shown as sticks
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all studied compounds located by a β hairpin motif that 
protrudes into the major groove of the double-stranded 
DNA (Fig. 7). All compounds present the same overall 
orientation that maximizes the interactions towards the 
protein and the nucleic acid. In addition to the hydrogen 
bond interactions collected in Table 3, the hydrophobic 
side chain of compounds (Leu and Phe) faces towards the 
base of the protein pocket, where nonpolar side chains of 
LEU-171 and LEU-186 provide a suitable environment to 
reinforce binding (Fig. 7).

3.6  Antimutagenic Activity of Probiotic Bacteria

The antimutagenic activity of L. casei CRL 431 and L. 
acidophilus CRL 730 against the mutagen sodium azide 
is shown in Table 4. As can be seen, the inhibition in the 
reversion of S. typhimurium by probiotics was strain and 
cell concentration dependent. The percentages of anti-
mutagenicity at different cell concentrations were 89, 97, 
and 100% for L. casei and 31, 61, and 99% for L. acido-
philus at  106,  108, and  1011 CFU/mL, respectively. It is 
essential to highlight that at a cell concentration in the 

Fig. 6  Docking complexes within cation binding pocket. Protein is 
displayed as a cartoon. Chain A is colored in cyan and chain B in 
green. Bounded compounds are shown as sticks and interacting pro-
tein residues as lines

Fig. 7  AgrA binding sites detected by docking. Macromolecules are 
displayed as a cartoon, interacting residues as lines and compounds 
as sticks

Table 3  Docking energy and main interactions of each 2,5 diketopip-
erazines with AgrA (PDB ID:3SB1)

Compound Interactions Distance (Å) Binding free 
energy (kcal/
mol)

Cyclo-Pro-Gly DA-12, H-don 2.8  − 5.16
SER-168, H-don 2.1
SER-165, H-don 2.2
SER-165, H-acc 2.2

Cyclo-Leu-Pro DA-12, H-acc 2.3  − 5.97
DA-12, H-don 1.9
SER-168, H-don 2.4
SER-165, H-don 3.0

Cyclo-Leu-Leu DA-12, H-acc 2.1  − 6.93
DA-12, H-don 2.2
SER-168, H-don 2.8
SER-165, H-acc 2.3

Cyclo-Phe-Pro DA-11, H-acc 1.9  − 6.80
DA-12, H-don 2.2
SER-168, H-don 2.4

Table 4  Revertants of S. typhimurium TA 100 versus different con-
centrations of probiotic cells in the presence of sodium azide as muta-
gen

Revertants values are expressed as means ± SD. Different letters indi-
cate significant differences (p ≤ 0.05). Negative control: spontaneous 
 His+ revertants without Sodium azide and probiotic cells. Positive 
control:  His+ revertants induced by sodium azide without probiotic 
cells

Strain Probiotic concen-
tration (CFU/ mL)

Revertants 
(colonies/
plate)

Lactobacillus casei CRL 431 1.2 ×  106 84 ±  12c

1.2 ×  108 70 ±  8b,c

1.2 ×  1011 16 ±  2a

Lactobacillus acidophilus CRL 730 1.2 ×  106 208 ±  5e

1.2 ×  108 132 ±  14d

1.2 ×  1011 49 ±  9b

Control (-) 61 ±  12b,c

Control ( +) 273 ±  8f
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order of  106, the L. casei showed a remarkable antimuta-
genic potential.

4  Discussion

Due to the increase in antibiotic resistance of human patho-
gens, the search for alternative strategies to combat them has 
begun. Among these alternatives, the attenuation/interfer-
ence in the expression of virulence factors regulated by QS 
is an interesting new approach for developing a new genera-
tion of antipathogenic agents [23]. Unlike antibiotics, these 
agents target bacteria’s virulence factor rather than its plank-
tonic growth [24]. S. aureus often exhibits antibiotic resist-
ance and is responsible for numerous outbreaks of nosoco-
mial infections. Besides antibiotics resistance, it produces an 
arsenal of virulence factors regulated by QS like hemolysins, 
staphyloxanthin, lipase, protease, leukocidin, coagulase, and 
biofilm, among others [25].

This work evaluated the antipathogenic potential of com-
pounds present in chloroformic extracts from the super-
natants of two lactic acid bacteria with known probiotic 
activity. The extracts CELc and CELa did not display anti-
bacterial activity; however, they had antipathogenic capacity. 
The chloroformic extracts affected virulence factors (coagu-
lase, hemolysin, and biofilm) without modifying planktonic 
bacterial growth. Furthermore, when the biofilm had already 
formed, the extracts were more effective in disrupting it and/
or inhibiting sessile cell metabolism than the antibiotic used. 
All of these results suggested a QS inhibition mechanism.

Coagulase, also known as agglutination factor, which 
is part of what is known as microbial surface component 
recognition adhesive matrix molecules (MSCRAMM), is 
necessary for S. aureus to infect host tissue in the initial 
adhesion and subsequently in biofilm formation [7]. In the 
present study, both extracts could delay plasma clot forma-
tion compared to the control group. We also appreciate that 
the highest biofilm inhibition in our assays occurred in the 
initial adhesion stage (3 h) for all the strains tested, which 
could be correlated with the decrease observed in coagulase 
activity.

Hemolysin, another virulence factor, has strong patho-
genicity; for example, S. aureus alpha-hemolysin can medi-
ate the death of several different types of cells, including 
erythrocytes, endothelial cells, and an array of immuno-
logical cells such as T cells, B cells, and monocytes [32]. 
Accordingly, the development of drugs targeting hemolysin 
is a new way to treat S. aureus infection. This work demon-
strated that CELc and CELa could inhibit hemolysin activity 
by S. aureus strains.

Previous studies have shown that Lactobacillus has 
antipathogenic potential against S. aureus and P. aerugi-
nosa [33]; however, these properties were attributed to polar 

metabolites present in the cell-free supernatant like organic 
acids suggesting that the inhibition could be pH dependent. 
On the contrary, our work focuses on studying intermedium 
polarity metabolites (extracted with chloroform) secreted 
by probiotic Lactobacillus to recognize other metabolites 
responsible for the antipathogenic activity.

The gas chromatography-mass spectrometry (GC–MS) 
of these extracts showed that they are rich in four 2,5 dike-
topiperazines: cyclo-Pro-Gly, cyclo-Leu-Pro, cyclo-Leu-
Leu, and cyclo-Phe-Pro [12]. Diketopiperazines are the 
smallest cyclic peptides known, commonly biosynthesized 
from amino acids by many organisms, including bacteria, 
fungi, and mammals [34]. Previous studies identified these 
compounds in lactic acid bacteria. They found that Lac-
tobacillus reuteri RC-14 produces two diketopiperazines, 
cyclo-Phe-Pro (also present in our extract) and cyclo-Tyr-
Pro, both capable of interfering with the staphylococcal agr 
QS system, a key regulator of virulence genes in S. aureus 
[35]. Also, cyclo-Leu-Pro (also present in our extract) was 
found to be the chief compound in the chloroform extract 
of the Bacillus amyloliquefaciens cell-free culture super-
natant responsible for the significant reduction in biofilm 
formation and virulence genes expression by the cariogenic 
pathogen, Streptococcus mutans, without affecting its via-
bility [36]. Thus, the cis-cycle dipeptide Leu-Tyr can also 
inhibit the biofilm formation in Staphylococcus epidermidis 
[37]. Gowrishankar et al. [7] found that the cyclic dipeptide-
cyclo (L-leucyl- L-prolyl) secreted by B. amyloliquefaciens 
could inhibit biofilm production and virulence factors of 
methicillin-resistant Staphylococcus aureus and disrupt a 
mature biofilm.

The QS autoinducers in S. aureus are peptides, a type 
of macrocyclic thiolactone whose amino acid sequence 
is highly variable. The macrocycle structure is critical to 
autoinducer peptide (AIP) function since linear peptides do 
not activate QS [38, 39]. Several QS inhibitors have been 
described, with activity against S. aureus, with a cyclic 
structure or conjugated aromatic rings [39]. Given the cycli-
cal structure of the diketopiperazines produced by the lactic 
acid bacteria under study and the inhibition of biofilm and 
virulence factors by the extracts containing them, our results 
agree with previous studies indicating that competitive inhi-
bition of AIP constitutes a therapeutic approach that allows 
the attenuation of bacterial virulence. In line with this sub-
ject, Piewngam et al. [40] observed that the probiotic bac-
terium B. subtilis isolated from human feces could interfere 
with the colonization of S. aureus in the intestine. B. subtilis 
produces fengycin, a cyclic lipopeptide able to interfere with 
the QS of S. aureus, competing with the natural autoinducer 
for AgrC binding sites [33].

SarA, a 14.7-kDa protein (124 residues), is a global regu-
lator that controls in a cell density-dependent manner that 
expresses several virulence factors and biofilm formation 
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process and plays an essential role in antibiotic resistance 
of various strains of S. aureus and acts as a transcriptional 
activator of the genes encoding, among others, for fibronec-
tin-binding proteins (fnbA and fnbB), hemolysins (hla, hld, 
hlgB, and hlgC), serine proteases (splA, splB, splD, and 
splF), and of the bap gene, which is essential for biofilm 
development in some strains [41, 42]. The docking stud-
ies carried out on the SarA protein revealed that the four 
2,5-diketopiperazines interact with SarA protein in regions 
that should disturb its normal function either by prevent-
ing the DNA binding or by disrupting the association of 
multiples homodimers required for activation [27], which 
is observed in the reduction of biofilm production and other 
virulence factors such as hemolysin. This result falls in 
line with a recent study’s finding, indicating the significant 
down-regulation of the virulence gene sarA upon exposure 
to cyclo (L-leucyl- L-prolyl) secreted by mangrove rhizos-
phere Bacterium-B. amyloliquefaciens [7].

AgrA constitutes a two-component signaling system that 
responds to the autoinductive peptide presence that can 
positively regulate the expression of many virulence factors 
genes, such as hla [43]. Virulence and biofilm are differently 
regulated by agr system in S. aureus, and it is known that 
mutations in the agr quorum-sensing system are known to 
improve biofilm development [43]. Docking results showed 
that the four diketopiperazines could bind to both DNA and 
protein AgrA sites.

To our knowledge, this study is the first report of the 
interaction of diketopiperazines isolated from human probi-
otic bacteria with the SarA and AgrA receptors of Staphy-
lococcus aureus through docking studies. The 2,5 diketo-
piperazines demonstrate interesting interactions with the 
studied targets, consistent with the observed antivirulence 
and antibiofilm activities.

Mutagens removal is an additional property that improves 
the food safety of the probiotic. Both probiotic strains 
assayed in this work were able to remove the mutagen. The 
percentage of antimutagenicity was rose significantly due 
to the increase in the number of L. casei or L. acidophilus 
cells. The correlation between lactic acid bacteria concen-
tration and the mutagen removal ability is in concordance 
with previous reports. A mixture of goat probiotics formed 
by L. reuteri DDL 19, Lactobacillus alimentarius DDL 48, 
Enterococcus faecium DDE 39, and Bifidobacterium bifidum 
DDBA presented antimutagenic capacity against sodium 
azide and benzo[a]pyrene, and this detoxifying capacity 
increased when the concentration of probiotic bacteria was 
higher [14, 15]. Ambalam et al. [44] postulated that the 
antimutagenic capacity is due to the interaction between 
the mutagen and the low molecular weight glycopeptides 
of the lactic acid bacteria wall. The retention power could 
be specific for each mutagen and also strain dependent [31]. 
Besides, the dipeptide combination cyclo-Leu–Pro plus 

cyclo-Phe–Pro extracted from Streptomyces strains exerted 
significant antimutagenic activity in S. typhimurium TA98 
and TA100, where a low concentration of the dipeptides 
(1 µg/plate) inhibited mutant colony formation by 42 and 
51%, respectively, upon exposure to the mutagen 2-(2-furyl)-
3-(5-nitro-2-furyl) acrylamide [45]. Besides, the dipeptides 
did not have mutagenic activity when used alone, even at 
high concentrations (around 10 mg/plate) [45].

This research determined that both probiotic strains stud-
ied have promising potential to remove the mutagens incor-
porated in the feed. Furthermore, it suggests the potential 
of the diketopiperazines secreted by Lactobacillus strains to 
combat S. aureus infections by inhibiting the formation of 
biofilm and virulence factors. These results prompt future 
preclinical and clinical investigations to fully demonstrate 
proof of principle.
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