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Human probiotic bacteria attenuate Pseudomonas aeruginosa biofilm and
virulence by quorum-sensing inhibition

Myriam Anabel D�ıaza, Silvia Nelina Gonz�aleza,b, Mar�ıa Rosa Albertoa,b and Mario Eduardo Arenaa,b

aInstituto de Biotecnolog�ıa Farmac�eutica y Alimentaria (INBIOFAL), CONICET–UNT, Tucum�an, Argentina; bFacultad de Bioqu�ımica,
Qu�ımica y Farmacia, Universidad Nacional de Tucum�an (UNT), Tucum�an, Argentina

ABSTRACT
This work investigated chloroform extracts from culture supernatants of two human probiotic
bacteria, Lactobacillus casei CRL 431 and Lactobacillus acidophilus CRL 730 for the production of
virulence factors and quorum sensing (QS) interference against three Pseudomonas aeruginosa
strains. Both extracts inhibited biofilm biomass (up to 50%), biofilm metabolic activity (up to
39%), the production of the enzyme elastase (up to 63%) and pyocyanin (up to 77%), and
decreased QS, without presenting any antibacterial acgivity. In addition, the chloroform extracts
of both strains disrupted preformed biofilms of the three strains of P. aeruginosa analyzed (up
to 40%). GC-MS analysis revealed that the major compounds detected in the bioactive extracts
were four diketopiperazines. This study suggests that the metabolites of L. casei and L. acidoph-
ilus could be a promising alternative to combat the pathogenicity of P. aeruginosa.
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Introduction

Pseudomonas aeruginosa is an opportunistic human
pathogen responsible for acute and chronic infections,
particularly in individuals with compromised immune
systems and defenses (Pachori et al. 2019). It is a
common environmental bacteria capable of infecting
virtually all tissues due to its ability to form a biofilm
on cell surfaces and as a consequence, it is frequently
implicated in nosocomial infections (Taylor et al.
2014; Yadav et al. 2017). The pathogenicity of P. aeru-
ginosa involves biofilm formation and the production
of several virulence factors (Pang et al. 2019). A cell
density-dependent signaling mechanism known as
quorum sensing (QS) regulates biofilm and virulence
factors such as pyocyanin and elastase in P. aerugi-
nosa (Eickhoff and Bassler 2018).

It is an intercellular signaling system in which bac-
teria communicate and regulate gene expression by
releasing small compounds called autoinducers
(Kariminik et al. 2017). Because it controls processes
related to bacterial pathogenesis, recent research high-
lights the potential of QS inhibitors (QSIs) as power-
ful agents that can be effective for anti-virulence
therapeutic approaches (Lu et al. 2014; Kumar et al.
2015). QS inhibition can also improve the perform-
ance of antibiotics, favoring the use of lower doses,

and avoiding the widespread prescription of broad-
spectrum antibiotics (Castillo-Juarez et al. 2013).
Since QS controls the production of several key viru-
lence factors, the disruption of this process by QSIs is
becoming a relevant subject (Hansen et al. 2015).
However, most of the QSIs identified using combina-
torial chemistry cannot be used in humans due to
their toxic profile, poor stability, and lack of bioavail-
ability (Silva et al. 2016). Thus, the search for new
QSIs from natural sources has been increasing
(Luciardi et al. 2016, 2020). Among alternative thera-
pies, the use of probiotics defined as live microorgan-
isms which when administered in adequate amounts
confer a health benefit on the host (Hill et al. 2014)
has increased as an alternative that prevents the use
of antibiotics and, therefore, reduces the appearance
and spread of bacteria resistant to antibiotics as well
as residual antibiotics in dairy products, meat and
milk (Cheng et al. 2014).

Lactic acid bacteria produce secondary metabolites
with antimicrobial activity, such as hydrogen perox-
ide, acids, and bacteriocins (Srivastava et al. 2017).
They also synthesize biosurfactants that interfere with
the adhesion and biofilm formation by pathogens on
medical devices (Ceresa et al. 2015). Lactobacillus
acidophilus secretes molecules that either act as a QS
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signal inhibitor or directly interacts with bacterial
transcriptional regulators, controlling the transcription
of Escherichia coli O157:H7 genes involved in colon-
ization (Medellin-Pena et al. 2007). Only a few inves-
tigations have determined the compounds produced
by lactic acid bacteria whichh affect the virulence and
chemical communication of pathogens. Eight groups
of molecules: esters, fatty acids, alcohols, acids, surfac-
tants, barbiturates, phenolic compounds, autoinducers
type 2, and derivatives were found in a dichlorome-
thane extract of Lactobacillus plantarum (Ramos et al.
2015) with an anti-QS capacity of P. aeruginosa.

This work investigates whether compounds of
intermediate polarity present in supernatants of
Lactobacillus casei CRL 431 and Lactobacillus acidoph-
ilus CRL 730, strains of human origin, could interfere
with bacterial growth, formation and disruption of
biofilm, virulence factor production and the QS sig-
nals of P. aeruginosa. The chemical composition of
the bioactive extracts was also determined.

Materials and methods

Strains and bacterial growth conditions

The bacterial strains used were Chromobacterium viola-
ceum CV026, P. aeruginosa PAO1, P. aeruginosa PA14,
and P. aeruginosa LVP 60 water isolated (Molina et al.
2020). P. aeruginosa strains were grown in Luria
Bertani (LB) broth at 37 �C, and C. violaceum CV026
was grown in LB tryptone broth at 28 �C, with shaking
at 150 rpm. The probiotic strains used were L. casei
CRL 431 and L. acidophilus CRL 730 (CRL: Culture
Collection of Centro de Referencia para Lactobacilos,
CERELA-CONICET, Tucum�an, Argentina), both of
human origin (isolated from feces of healthy children)
and were cultured at 37 �C in LAPTg broth (peptone,
15 g l�1; tryptone, 10 g l�1; yeast extract, 10 g l�1; glu-
cose, 10 g l�1; and Tween 80, 0.1%, v/v) under micro-
aerophilic conditions.

Preparation of lactic acid bacteria culture
supernatant extracts

For the preparation of the extracts, L. casei CRL 431
and L. acidophilus CRL 730 were grown in 5 l of
LAPTg broth. After 24 h, the supernatants were sepa-
rated by centrifugation for 15min at 3,000 x g and fil-
tered. The supernatants were then extracted three
times with an equal volume of chloroform. In each
extraction, the phases were allowed to separate, and
in case an emulsion was formed, phase separation
was facilitated by the addition of NaCl (0.05 g l�1

aqueous phase). The chloroform extracts were
brought to dryness under reduced pressure using a
rotary vacuum evaporator and were designated as
CELc for L. casei and CELa for L. acidophilus. Each
extract was dissolved with dimethyl sulfoxide (DMSO
100%, Sigma-Aldrich) to obtain stock solutions. The
solutions were kept at 4 �C for further experimen-
tal use.

Bioassay of antibacterial activity

One hundred ninety-five ml of overnight cultures of
each P. aeruginosa strain (diluted 1/100) were inocu-
lated (OD560nm: 0.08¼ 1.2� 106 CFU ml�1) into the
wells of a polystyrene microplate. Then, 5 ml of each
extract solution (CELc and CELa) were added to
reach final concentrations of 100 and 500mg ml�1 in
the wells. As a control for growth, 5 ml of DMSO
(2.5% final concentration in the well) were added
instead of extract. Ciprofloxacin, a known P. aerugi-
nosa growth inhibitor (Viola et al. 2018), was used as
a positive control (5 mg ml�1). Bacterial growth was
monitored at OD560nm, using a microplate spectro-
photometric reader (Multiskan Go, Thermo). The
bacterial growth inhibition after incubation for 3, 6,
and 24 h at 37 �C in the presence of the extracts was
determined with reference to the DMSO control.

Biofilm formation assay

For biofilm quantification, a micro method was
employed (O’Toole and Kolter 1998). The three P.
aeruginosa strains were cultured as described in the
previous paragraph (see subsection Bioassay of anti-
bacterial activity) in the presence and absence of the
extracts. After incubation for 3, 6, or 24 h, the culture
supernatant was discarded, and the biofilm formed
was washed with 200 ll of distilled water (twice) and
stained with 200ll of an aqueous solution of crystal
violet (0.1% w v�1) for 30min. After that, the liquid
was removed from the wells, and the biofilm was
washed twice with water. Afterwards, 200 ml of abso-
lute ethanol were added with gentle agitation at 37 �C
for 15min. The absorbance at 595 nm was measured
in a microplate reader (Multiskan Go, Thermo).
Controls wells with DMSO or ciprofloxacin instead of
extract were also included.

Biofilm disruption assay

Briefly, 200 ml cultures of the three P. aeruginosa
strains (OD560nm 0.08 ± 0.02) were incubated for 24 h
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at 37 �C. After that time, the biofilm formed that
remained fixed to the polystyrene was washed twice
and air-dried. Then, 5 ml of extracts (CELc or CELa)
(100 and 500 mg ml�1 final concentrations in the
wells, 2.5% DMSO) and 195 ml of phosphate-buffered
saline (PBS) (pH 6.5) were added and incubated for
24 h at 37 �C. In the control wells, 5 ml DMSO (2.5%
final concentration) or ciprofloxacin (5 mg ml�1) were
added instead of the extract. As the final step, the
microplate was washed twice, and the total biofilm
biomass was stained with 200ml of crystal violet solu-
tion as mentioned previously (see Biofilm formation
assay subsection).

Biofilm metabolic activity assay

The metabolic activity of the bacteria in the biofilm
was evaluated using the reduction assay of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) with some modifications (Jadhav et al. 2013).
The amount of blue formazan produced by mitochon-
drial enzymes is directly proportional to the number
of living cells. The biofilm was developed on the poly-
styrene microplate as previously described (see sub-
section Biofilm disruption assay) and washed twice
with distilled water to remove the planktonic cells.
After this 195 ml PBS and 5 ml CELc or CELa (100
and 500lg ml�1, final concentrations) were added
into each well before incubation for 24 h at 37 �C.
Then, the microplate was washed again, and 100 ml of
MTT solution (500lg ml�1) were added to each well
and followed by incubation again for 6 h at 37 �C.
The insoluble purple formazan was further dissolved
in 200ml of DMSO. Finally, the absorbance was meas-
ured at 570 nm.

Biosensor assay

The detection of QS inhibition by the extracts was
tested by the biosensor assay using the reporter strain
Chromobacterium violaceum CV026 (McClean et al.
1997). This strain is a mutant that does not produce
bacterial virulence autoinducer but responds to exogen-
ous autoinducers, forming the violacein pigment.

The indirect test consisted of adding the QS auto-
inducer of Gram-negative bacteria N-hexanoyl homo-
serine lactone (HHL, Sigma-Aldrich), which was
dissolved in absolute ethanol. If the extracts had a
compound that competes for the active site with the
added autoinducer, then, the production of violacein
decreases or is inhibited, indicating its potential as an
anti-QS compound. Briefly, 2% of nutritive agar was

placed on the plates and allowed to solidify so that it
formed the base of the well. Next, LB tryptone 0.75%
agar was inoculated with C. violaceum CV026 and
supplemented with 50 mg ml�1 of HHL (0.1mg ml�1).
Once the medium was solidified, the wells were made
using a 6mm diameter punch. The wells were filled
with 10, 20, or 50ll of each extract (dose of 1, 2, and
5mg, respectively) and incubated at 28 �C. After incu-
bation for 24 h, the inhibition zones were observed. If
a growth inhibition area (no development) was
observed around the well, the effect was antimicrobial,
while QS inhibition was detected by the presence of a
colorless zone (pigment inhibition) around the well
without growth inhibition. DMSO was included as a
vehicle-only control.

The direct test was similar to the indirect test but
without the addition of an exogenous autoinducer.
The wells filled with each P. aeruginosa strain (20ll)
supernatant were incubated at 28 �C for 24 h in the
absence or presence of 100 or 500 lg ml�1 of CELc
and CELa. When an extract inhibited the QS system
of P. aeruginosa, a pigment inhibition (colorless zone)
but viable halo was observed around the well, indicat-
ing that the compounds present in the extract could
inhibit the synthesis of autoinducer.

Elastase B activity assay

The elastolytic activity (Las B) of each P. aeruginosa
strain was assessed using elastin-Congo red conjugate
(Sigma Aldrich, Ireland), a specified substrate for elas-
tase (Rudrappa and Bais 2008). Briefly, 500 ll of the
substrate 10mg ml�1 dissolved in Tris–HCl (pH 8.0)
buffer were mixed with 500ll of cell-free culture
supernatant from each P. aeruginosa strain (OD560nm

of 0.08) grown for 16 h in LB medium with 1, 0.5,
and 0.1mg ml�1 of CELc and CELa or DMSO 1%
(negative control). The resulting solution was incu-
bated at 37 �C for 24 h. After incubation, the samples
were centrifuged (10,000 x g for 10min), and the
absorbance of the supernatant was measured at
495 nm using a microplate reader (Multiskan Go,
Thermo). A control assay was carried out in parallel
with a mixture of LB- Tris–HCl buffer (1:1). The IC50

value was defined as the extract concentration neces-
sary to produce 50% elastase inhibition.

Pyocyanin quantification assay

Cultures of each strain of P. aeruginosa (OD560nm
0.08) prepared in the presence of DMSO (1%, nega-
tive control) or extract (0.1, 0.5, and 1mg ml�1) were
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incubated at 37 �C for 24 h. After incubation, 10ml of
cell-free supernatant from the treated or untreated
cultures were extracted with 5ml of chloroform and
re-extracted into 1ml of 0.2M HCl to obtain a pink
to a deep red solution (Musthafa et al. 2012). The
pyocyanin concentration was measured at 520 nm.
The IC50 value was defined as the extract concentra-
tion necessary to produce 50% inhibition of pyocya-
nin-release.

Gas chromatography-mass spectrometry (GC-SM)

The CELc and CELa extracts were studied by gas
chromatography (ThermoElectron Model trace GC
ultra, Thermo Electron Corp, Madison, WI) in tan-
dem with mass spectrometry (ThermoElectron Model
Polaris Q, Thermo Electron Corp, Madison, WI).
Each sample was injected and separated into their
components by gas chromatography (injector 250 �C
mode split 1/10; gas carrier: He, constant flow: 1.0ml
min�1; column DB-5 30m x 0.25mm; initial tempera-
ture: 60 �C for 4min, temperature ramp: 60–300 �C at
10 �C min�1; final temperature: 300 �C for 2min).
When possible, components were identified by mass
spectrometry (mass analyzer: ion trap; ionization type:
electron impact at 70 eV; method of acquisition: full
scan: 50–500 a.m.u.; ionization-time: 0.25min). For
identification, the mass spectra library NIST MS
Search 2.2 was used.

Statistical analysis of the results

The results are means of at least three independent
experiments. The data obtained were subjected to
statistical treatment with the Analytical Software
INFOSTAT for the Windows program. The differen-
ces in the mean absorbance values were evaluated by
analysis of variance (ANOVA). The Tukey test was
used to compare between pairs. The level of signifi-
cance was a¼ 0.05.

Results

Effect of chloroform extracts on bacterial growth
and biofilm formation

Figure 1 shows the effect of 100 and 500mg ml�1 of
CELc and CELa on the growth and biofilm formation
of P. aeruginosa PAO1 (Figure 1A), PA14 (Figure 1B)
and LVP 60 (Figure 1C), at different incubation times.
The results indicate that at both concentrations assayed
the culture supernatant extracts of lactic acid bacteria
(CELc and CELa) did not modify significantly (p >

0.05) the growth of any strain of P. aeruginosa during
the incubation period. However, CELc and CELa had a
significant potential to inhibit biofilm formation in P.
aeruginosa strains, at different times of contact. In all
conditions, the inhibitory effect was less than that of
the antibiotic used as a control.

P. aeruginosa PAO1 biofilm inhibition was signifi-
cant (p� 0.05) after 6 h incubation (between 27 and
29%) with CELc and CELa at both concentrations.
This effect was even higher after 24 h (43 and 55% for
CELc; and 31 and 39% for CELa at 100 and 500 mg
ml�1, respectively). The CELc at 500 mg ml�1 was the
most active extract, able to inhibit > 50% of the bio-
film formed by P. aeruginosa PAO1 (Figure 1A).

In P. aeruginosa PA14 at the initial adhesion step
(3 h), both extracts affected biofilm formation signifi-
cantly (p ˂ 0.05) by between 29 and 41% at 100 and
500 mg ml�1, respectively. Such inhibition was main-
tained throughout the incubation time. After 6 h, the
biofilm decrease was between 25 and 32%, and at 24 h
was between 28 and 39% at all the concentrations
assayed. In all cases, the inhibition increased with the
extract concentration (Figure 1B).

With respect to P. aeruginosa LVP 60, biofilm
inhibition after 3 h was not significant (p > 0.05) in
the presence of either of the extracts, while a signifi-
cant (p ˂ 0.05) inhibition (18 to 37%) was observed
after 6 h at both extract concentrations. Moreover,
after 24 h, a dose-dependent effect was observed for
both extracts. At the lower concentration, the inhib-
ition was 13 and 22%, and at 500mg ml�1 was 33 and
38% for CELc and CELa, respectively (Figure 1C).

The relationship between biofilm production
(measured at 595 nm)/bacterial growth (measured at
560 nm) was defined as the specific biofilm produced,
that is to say, the amount of biofilm each bacterium
formed. When it was lower than the control, this
indicated an inhibitory effect on the specific produc-
tion of biofilm (Amaya et al. 2012). Since the chloro-
form extracts were able to affect biofilm formation by
the three P. aeruginosa strains studied whilst none of
them was able to inhibit their growth, it is postulated
that the specific biofilm inhibition observed is medi-
ated by QS.

Biofilm disruption and the metabolic activity of
cells in a biofilm

Figure 2 shows the effects of chloroform extracts
CELc and CELa on previously formed P. aeruginosa
biofilms. Both extracts disrupted the biofilm of P. aer-
uginosa PAO1 (between 29 and 35%), PA14 (between
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26 and 30%), and LVP 60 (between 19 and 40%). The
effect did not significantly increase when the extract
concentrations increased. It is important to emphasise
that the extracts were more effective in disrupting the
biofilm previously formed by all P. aeruginosa strains
than the antibiotic used as a control.

In addition, the metabolic activity of the P. aerugi-
nosa PAO1 and LVP 60 preformed biofilm decreased
between 18 and 39% after 24h exposure to both
extracts at both concentrations. However, only at
500mg ml�1, did both extracts show a slight ability to
inhibit the metabolic activity of the PA14 strain (11%).

Figure 1. Growth and biofilm formation by P. aeruginosa PAO1 (A), PA14 (B) and LVP 60 (C), after incubation for 3, 6, and 24 h in
the presence and absence of 100 and 500mg ml�1 of chloroformic extracts (CELc and CELa) and ciprofloxacin (5mg ml�1). Values
represent the means± SD of at least three independent experiments. Different letters indicate significant differences compared
with the control (DMSO), according to the Tukey test (p� 0.05).
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The antibiotic was more active against all strains than
the extracts (64-74% inhibition) (Figure 2).

The relationship between the biofilm and the meta-
bolic activity of the cells present in it (the specific via-
bility of the sessile cells) could be defined as the ratio
between the metabolic activity (measured at 570 nm)
and the biofilm biomass (measured at 595 nm). This
index indicates whether the effect is against the bio-
film structure or specifically against the cells present
in it. When it is lower than the control, it indicates
an inhibitory effect on the cells’ metabolic activity.

Since chloroform extracts caused biofilm disruption
of the three P. aeruginosa strains assessed more than
their metabolic activity, their use is suggested to elim-
inate biofilm after contamination. On the contrary,
the antibiotic only diminished the cell viability in the
biofilm but could not disrupt it.

Anti-Q effect by agar diffusion using C.
violaceum CV026

In the indirect assay the supernatant extracts CELc
and CELa (1, 2, and 5mg ml�1) inhibited violacein
production by C. violaceum compared with the con-
trol exposed to only DMSO (Figure 3). The halo of
inhibition in the production of violacein increased in
diameter and was more evident as the concentration
of each extract increased. In this work, the inhibition
by the extracts of violacein produced in the presence
of an autoinducer suggests that they are competitive

inhibitors of the active sites that induce the virulence
factor, violacein.

In the direct assay the supernatants obtained after
incubation of the three P. aeruginosa strains con-
tained AHLs that induced the production of violacein
by the reported strain. However, the supernatants of
P. aeruginosa PAO1, PA14, and LVP 60 previously
treated with CELc and CELa at a concentration of
100 and 500 mg ml�1 did not induce violacein produc-
tion by C. violaceum CV026. Furthermore, the
extracts did not have the ability to induce the produc-
tion of violacein. These results suggest that the com-
pounds present in the chloroform extracts can inhibit
the production of AHL by all the P. aeruginosa strains
studied (Figure 4).

Effects of supernatant extracts against elastase
activity by P. aeruginosa strains

The CELc decreased the elastase activity of P. aerugi-
nosa PAO1 by 24% to 33% at a concentration
between 0.1 and 1mg ml�1. In the case of P. aerugi-
nosa PA14, the decrease in elastase activity was 18
and 33% at concentrations of 0.5 and 1mg ml�1,
respectively. P. aeruginosa LVP 60 elastase activity
decreased by 51 to 62% at the concentrations assayed.
On the other hand, CELa decreased the elastase activ-
ity of P. aeruginosa PAO1 by 24 to 48%, P. aeruginosa
PA14 by 38 to 40% and in P. aeruginosa LVP 60; the
percentage inhibition in elastase activity was 47, 63,

Figure 1. Continued.
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and 61% at a concentration of 0.1, 0.5 and 1mg ml�1,
respectively. The highest inhibitory effect was for
LVP60 elastase activity with IC50 values of 0.1 and
0.125mg ml�1 for CELc and CELa, respectively. In all
conditions, the inhibition was lower than that of the
control ciprofloxacin (Table 1).

Effects of supernatant extracts on pyocyanin
production by P. aeruginosa strains

The CELc decreased pyocyanin production by P. aer-
uginosa PAO1 (57 to 77%) and PA14 (22 to 48%) at
all the concentrations assayed. Also, CELa inhibited
this virulence factor production from 33 to 55% for
PAO1, and from 35 to 50% for strain PA14, at all
concentrations studied (Table 1). Conversely, P. aeru-
ginosa LVP60 did not produce pyocyanin until after
incubation for 18 h. The highest inhibitory effect on
pyocyanin production was observed for PAO1 with
IC50 values of 0.10 and 0.66mg ml�1 for CELc and
CELa, respectively. However, none of the samples was
as effective as the antibiotic used as a control.

GC-MS analysis

GC-MS identified nine and ten compounds in the
CELc and CELa bioactive extracts, respectively (Table

2). The major bioactive compounds detected in both
extracts were four diketopiperazines (Figure 5): cyclo-
Pro-Gly (compound 6), cyclo-Leu-Pro (compound
7), cyclo-Leu-Leu (compound 11) and cyclo-Phe-Pro
(compound 12) representing between 32 and 33% of
the total peak area.

Discussion

The rapid emergence of ‘superbugs’ that resist the
most commonly used antibiotics has emphasized the
need to develop new antibiotics and novel strategies
against microbial pathogens (Williams 2002;
Livermore 2004). Among the new strategies is the
quorum-quenching (QQ) approach, also known as
antipathogenic or signal interference, which abolishes
bacterial infection by interfering with microbial cell-
to-cell communication (Zhang 2003). P. aeruginosa
has known QS systems that control biofilm formation
and virulence factor production, such as LasB elastase,
LasA protease, pyocyanin, rhamnolipids, and exotox-
ins (Schuster and Greenberg 2006).

Previous studies have shown that probiotics have
properties which inhibit the growth and virulence fac-
tors in P. aeruginosa; however, these properties were
attributed to the production of organic acids such as
lactic and acetic acids (Alexandre et al. 2014), all of

Figure 2. Biofilm disruption and biofilm metabolic activity of P. aeruginosa PAO1, PA14, and LVP 60, after incubation for 24 h in
the absence and presence of 100 and 500mg ml�1 of chloroformic extracts (CELc and CELa) and ciprofloxacin (5mg ml�1). Values
represent the means± SD of at least three independent experiments. Different letters indicate significant differences compared
with the control (DMSO), according to the Tukey test (p� 0.05).
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these obtained in an aqueous medium. This work has
demonstrated the potential properties of intermediate
polarity compounds obtained by chloroform extrac-
tion of two lactic acid bacterial supernatants with

known probiotic activity (Gonz�alez et al. 1994;
Perdig�on et al. 2002; Arag�on et al. 2015). The
chloroform extracts CELc and CELa did not show
antibacterial activity; however, they had a

Figure 3. Violacein production by Chromobacterium violaceum CV026 in the presence of lactic acid bacterial culture supernatant
extracts (CELc and CELa) at 1, 2, and 5mg ml�1 and the control (DMSO). Indirect Assay.

Figure 4. Production of violacein by C. violaceum CV026 induced by supernatants of P. aeruginosa PAO1, PA14, and LVP60 growth
in the presence of 100 and 500mg ml�1 of lactic acid bacterial culture supernatant extracts (CELc and CELa) and the control
(DMSO). Direct assay.
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higherantipathogenic capacity. In this way, the com-
pounds present in the extracts inhibit the production
of biofilm as well as the cell’s metabolism into a bio-
film, the elastase activity, and pyocyanin production
by P. aeruginosa strains. According to previous stud-
ies, these results suggest that the inhibition effects dis-
played by the CELc and CELa did not conform to
their action on growth and that the QS mechanism
was involved (Amaya et al. 2012).

In C. violaceum Tn5-mutant CV026, violacein pro-
duction depends on auto-inducer exogenous addition
(McClean et al. 1997). It allows simultaneous discrim-
ination of compounds that act as quenchers of the
acyl homoserine lactone (AHL) signal from those that
inhibit AHL synthesis (McLean et al. 2004). In the C.

Table 1. Effect of lactic acid bacterial culture supernatant
extracts on elastase b activity and pyocyanin production by P.
aerguninosa PAO1, PA14 and LVP60.

Sample

Elastase activity (%) Pyocyanin production (%)

PAO1 PA14 LVP 60 PAO1 PA14 LVP 60

CELc
0.1mg ml-1 76 ± 2a 100 ± 5a 49 ± 2a,b 43 ± 1a 78 ± 1a ND
0.5mg ml-1 76 ± 2a 82 ± 0.4a,b 39 ± 1a 29 ± 0.2b 74 ± 0.5a ND
1mg ml-1 67 ± 2a 67 ± 0.6b 38 ± 1a 23 ± 0.3b 52 ± 0.6b ND
CELa
0.1mg ml-1 76 ± 4a 100 ± 1a 53 ± 1b 67 ± 1c 65 ± 1a ND
0.5mg ml-1 74 ± 0.6a 62 ± 1b 37 ± 0.2a 47 ± 0.3a 52 ± 1b ND
1mg ml-1 52 ± 0.3b 60 ± 0.5b 39 ± 1b 45 ± 1a 50 ± 0.5b ND
Ciprofloxacin
5 mg ml-1 3 ± 1c 5 ± 1c 10 ± 1c 9 ± 1d 10 ± 1c ND
Control 100 ± 1d 100 ± 5a 100 ± 1d 100 ± 3e 100 ± 1d ND

ND¼Not detected. Different letters in the same column show significant
differences among each treated group, according to Tukey’s
test (p� 0.05).

Table 2. GC-MS of chloroform extracts of L. casei (CELc) and L. acidophilus (CELa).
Number Compound Retention time (min) Molecular formula CELc CELa

1 Cyclopentaneundecanoic acid 7.72 C16H30O2 þ –
2 9,12-Octadecadienoic acid (Z,Z)-, phenylmethyl ester 9.5 C25H38O2 þ –
3 2-Hydroxy-2-(5-methylfuran-2-yl)1-phenylethanone 10.82 C13H12O3 þ –
4 b-1,5-O-Dibenzoyl-ribofuranose 11.08 C19H18O7 – þ
5 4-(Benzyloxy)-5-methoxy-2-nitrobenzoic acid 12.09 C15H13NO6 – þ
6 Cyclo -Pro-Gly-diketopiperazine 18.75 C7H10N2O2 þ þ
7 Cyclo-Leu-Pro-diketopiperazine 19.58 C11H18N2O2 þ þ
8 Oxiraneoctanoic acid, 3-octyl-, methyl ester 20.21 C18H34O3 – þ
9 6-Octadecenoic acid 21.79 C18H34O2 – þ
10 2,3-Dihydroxypropyl elaidate 21.8 C21H40O4 þ
11 Cyclo-Leu-Leu-diketopiperazine 23.04 C12H22N2O2 þ þ
12 Cyclo-Phe-Pro-diketopiperazine 23.93 C14H16N2O2 þ þ
13 9-Octadecenoic acid (Z)-, 2-hydroxy-1-(hydroxymethyl)ethyl ester 26.26 C21H40O4 þ –
14 4-Methyl-10-(1-phenyl-ethylidene)-2,4,6-triaza-tricyclo[5.2.1.0(2,6)]decane-3,5-dione 26.52 C16H17N3O2 – þ
15 1,9-Dioxacyclohexadeca-4,13-diene-2-10-dione, 7,8,15,16-tetramethyl 27.38 C18H28O4 – þ
(þ) presence, (-) absence

Figure 5. Chemical structure of diketopiperazines identified in CELc and CELa extracts by GC-MS.
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violaceum CV026 indirect bioassay, the extracts were
able to inhibit QS system-associated pigment produc-
tion probably by modulation of the interaction
between the HHL and the CviR receptor. When
antagonist molecules bind to receptor instead of the
natural ligand, virulence genes expression is inhibited.
On the other hand, in the C. violaceum CV026 direct
bioassay, the compounds present at the chloroform
extract of each probiotic bacterium (CELc and CELa)
were able to inhibit the production of autoinducers in
supernatants of P. aeruginosa. Both effects of chloro-
form probiotic extracts could partially explain the
diminution of virulence factors.

On the other hand, virulence factors play essential
roles during host cell invasion. Elastase enzyme
degrades several components in both the innate and
adaptive immune systems; for this reason, its inhib-
ition makes the bacteria susceptible to attack by the
host immune system. Thus, LasB inhibition by natural
products could be a key strategy for controlling
Pseudomonas virulence in bacterial infections. The
results of the present work show that both extracts
could inhibit P. aeruginosa elastase B activity at all
the concentrations tested. The inhibitory capacity on
LasB elastase was slightly higher (74%, 0.5mg ml�1)
than the crude extract of Aspergillus ochraceopetalifor-
mis SSP13, exhibiting 66% inhibition at a concentra-
tion of 0.5mg ml�1 against P. aeruginosa PAO1
(Pattnaik et al. 2018). Pyocyanin is a blue-pigmented,
redox-active phenazine compound that alters the host
immune response (O’Malley et al. 2003). This work
demonstrated that CELc and CELa could inhibit pyo-
cyanin production by P. aeruginosa.

Diketopiperazines are small cyclic dipeptides, com-
monly found in many natural resources such as fungi,
and Gram-positive and Gram-negative bacteria. These
pyrrole molecules exhibit multiple biological functions
such as antibacterial, antifungal, antiviral, antitumor,
and antihyperglycaemic activities (El-Gendy and Rateb
2015; Marrez et al. 2019) and also are recognized as
QS inhibitors that influence cell-to-cell communication
(Sun et al. 2016). The possible mechanism of anti-QS
activity might be the interaction with the QS receptors
and further preventing the binding of effector mole-
cules to DNA, therefore, interfering with the transcrip-
tion of virulence genes (Parasuraman et al. 2020).

The cyclo-Phe-Pro diketopiperazine (compound
12) present in the ethyl acetate extract of Blastobotrys
parvus exhibited anti-biofilm and anti-QS activity
against P. aeruginosa PAO1 (Parasuraman et al.
2020). In addition, cyclo Phe-Pro produced by a
Lactobacillus plantarum strain showed weak

antifungal activity (Str€om et al. 2002). The cyclo-Leu-
Leu diketopiperazine (compound 11), produced by a
L. plantarum AF1 isolated from kimchi, was active
against Aspergillus flavus ATCC 22546 (Yang and
Chang 2010). The ethyl acetate extract of the entomo-
pathogenic fungus Nomuraea rileyi containing the
diketopiperazines cyclo-Leu-Pro (compound 7),
cyclo-Phe-Pro (compound 12) and cyclo-Pro-Val was
insecticidal against three insect pests (Marcinkevicius
et al. 2017). Also, the diketopiperazines, particularly
cyclo-Leu-Pro (compound 7), is a chemical signal in
the communication between a Gram-negative bacter-
ium (Cronobacter sakazakii) and a Gram-positive bac-
terium (Bacillus cereus) (Bofinger et al. 2017).

The chloroform extract of a culture of Pseudomonas
fluorescens inhibited the growth of Gram- positive and
Gram-negative bacteria. The diketopiperazine concen-
tration in this extract was 75.8%, nearly two fold
higher than that produced by the lactic acid bacteria
studied in this work. The pyrrolo cyclo-Leu-Pro (com-
pound 7), was described as the major product (41.3%)
(Marrez et al. 2019). The same compound was isolated
from the supernatant of Bacillus sp. strain N associated
with a rhabditid entomopathogenic nematode, that dis-
played Gram-positive antibacterial and antifungal prop-
erties (Kumar et al. 2012).

Another diketopiperazine (3-isobutyl 2,5 piperazi-
nedione) identified in ethyl acetate extract of
Lactobacillus plantarum supernatant has proved to
possess pro-healing and virulence factor inhibition
properties (elastase, pyocyanin, biofilm, QS, rhamnoli-
pids) of P. aeruginosa (Ramos et al. 2015). Likewise,
five diketopiperazines: cyclo-Leu-Pro (compound 7),
cyclo-Phe-Pro (compound 12), cyclo-Val-Pro, cyclo-
Trp-Pro, and cyclo-Leu-Val isolated from the deep-
sea bacterium Streptomyces fungicidicus demonstrated
antifouling properties (Li et al. 2006). In addition, the
culture supernatant of a L. plantarum strain isolated
from infant feces partially inhibited Salmonella typhi-
murium and Escherichia coli growth. This supernatant
contained 39.6% of several organic acids (acetic, lac-
tic, succinic, palmitic, 5-chlorobenzimidazole-2-car-
boxylic, oleic, and pyroglutamic acids), and 37.3% of
the diketopiperazines cyclo-Pro-Gly (compound 6)
and cyclo-Leu-Pro (compound 7) (Kanjan and
Hongpattarakere 2016). It is important to emphasise
that the amount of diketopiperazines produced by
this lactic acid bacterium is similar to the amount
found in the present work (about 32%). Also, in both
studies, compounds 6 and 7 were found. However, in
the current study growth inhibition of P. aeruginosa
was not observed; this could be because the
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organicacids reported in the culture supernatant of L.
plantarum were not found in the CELc and
CELa extracts.

Several diketopiperazines were isolated in superna-
tants from Gram-negative bacteria, including P. aerugi-
nosa (Degrassi et al. 2002, Park et al. 2006). The
physiological function of these compounds is not clear;
some authors have indicated their potential participa-
tion in bacterial communication systems or QS (Park
et al. 2006, Campbell et al. 2009). However, there are
controversies regarding their activity. In agreement
with the results of the present work, some authors
report that the Leu-Pro (compound 7) and Phe-Pro
(compound 12) diketopiperazines inhibit the QS sys-
tem in Gram- negative bacteria (Degrassi et al. 2002,
Park et al. 2006). In contrast, Campbell et al. (2009)
found no activity of the same diketopiperazines in QS
systems. The fact that Phe-Pro diketopiperazine (com-
pound 12), is produced both by Gram-positive and
Gram-negative bacteria, suggests the existence of cross-
talk between different bacterial signaling systems (Li
et al. 2011).

To the authors’ knowledge, there are no earlier
studies describing the presence of the bioactive com-
pounds identified in this study from probiotic lactic
acid bacteria with anti-biofilm and antivirulence activ-
ities against P. aeruginosa.

Conclusion

In conclusion, the compounds present in CELc and
CELa interfere with the normal functioning of the P.
aeruginosa QS system, which inhibits biofilm meta-
bolic activity, biofilm biomass, and virulence factor
(elastase and pyocyanin) formation. Notably, the abil-
ity of both extracts to disrupt a preformed biofilm is
emphasized. The findings of the present study suggest
that the metabolites from L. casei and L. acidophilus
could be promising alternatives to combat the patho-
genicity of P. aeruginosa.
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