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Abstract
The study aimed to evaluate the safety and probiotic properties of selected Lactobacillus strains, which are intended to be fed to
monogastric animals. The Lactobacillus spp. appeared to be safe since they did not degrade mucus and did not exhibit β-
haemolysis. Moreover, the survival of Caco-2 cells in the presence of metabolites of the selected strains was high, which also
indicated their safety. The analysed strains showed moderate or strong antagonistic activity against Salmonella spp., Listeria
monocytogenes, Campylobacter jejuni and Campylobacter coli, which was tested with the usage of the agar slab method.
Furthermore, the strains showed high survivability in an acidic environment and the presence of bile salts (~90%). High
resistivity or moderate susceptibility to antibiotics was also observed, as a result of the disc diffusion method. The strains were
mostly moderately hydrophilic (hydrophobicity: 10.43–41.14%); nevertheless, their auto-aggregation capability exceeded 50%
and their co-aggregation with pathogens varied between 12.12 and 85.45%. The ability of the selected strains to adhere to Caco-2
cells was also analysed; they were found to bemoderately adhesive (85.09–95.05%) and able to hinder pathogens attaching to the
cells (up to 62.58%). The analysed strains exhibit probiotic properties, such as high survivability and adherence to epithelial cells;
therefore, they are suitable for administration to monogastric animals. Since the overuse of antibiotic growth promoters in
livestock leads to the spread of antibiotic-resistant pathogens and accumulation of chemotherapeutic residues in food of animal
origin, it is of vital importance to introduce alternative feed additives.
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Introduction

The Lactobacillus genus consists of Gram-positive, non-
spore-forming and facultatively anaerobic or microaerophilic
rod-shaped bacteria which belong to the Lactobacillales order
and constitute one of the lactic-acid-producing bacteria genera
(LABs) [1]. LABs are comprised of over 200 species and
subspecies of Lactobacillus sp., as well as Lactococcus sp.,

Streptococcus sp., Enterococcus sp., etc., which can be used
as probiotics [2–4].

Live microorganisms that can contribute to the improve-
ment of host health, when administered in the proper amounts,
are called probiotics [5, 6]. Prior to their in vivo administra-
tion, the beneficial functionality and safety of the isolated
microorganisms must be assessed [7]. The human gastrointes-
tinal tract (GIT) is considered a safe environment to isolate
potentially probiotic microorganisms. Nevertheless, alterna-
tive habitats are screened to obtain new beneficial strains
[8]. Nowadays, novel probiotics are isolated from various nat-
ural sources, such as plants, soil, animals’ GITs and dairy
products [9].

One of the most important probiotic properties is the ability
to survive passage through the digestive tract, as well as the
ability to adhere to the intestinal epithelium, which can allow
them to colonize the GIT of the host [4, 10]. Probiotics’ ad-
hesion can be related to their cell surface characteristics, such
as hydrophobicity, which if it is high enough can result in
strong interaction with mucose. However, not only the hydro-
phobicity of probiotic cells’ surfaces is responsible for their
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attachment to epithelial cells but also more specific mecha-
nisms involving lipoteichoic acid, extracellular components
(exopolysaccharides or proteins) or surface proteins [11, 12].
Furthermore, the auto-aggregation capacity of probiotic mi-
croorganisms, which is defined as the ability of cells of the
same kind to self-adhere, is related to their adhesive properties
[8, 13]. Auto-aggregations of probiotic cells ensure microor-
ganisms can reach a higher population density and stability in
the host GIT, as a result of reduced exposure of the cells to
unfavourable conditions [8, 14]. In addition to that, the co-
aggregation capability, which is defined as the binding of
organisms of diverse species, is considered a vital probiotic
feature, since it can prevent the GIT of the host from being
colonized by pathogens [13, 15]. The antimicrobial activity of
probiotics is also attributed to the competitive exclusion of
pathogens through antagonism for the binding site and nutri-
ents, production of inhibitory metabolites against
unfavourable microbes and stimulation of the host’s immune
system [16].

Pathogenic bacteria, such as Salmonella enterica subsp.
enterica serovar Typhimurium, Salm. enterica subsp. enterica
serovar Choleraesuis or enterotoxigenic Escherichia coli
strains (ETEC), are often responsible for infections in live-
stock animals, which can lead to inflammation in their GITs,
diarrhoea and even sepsis. Moreover, Campylobacter sp. and
Listeria monocytogenes can reside in GITs of monogastric
animals, which can cause infection; however, livestock can
also serve as an asymptomatic carrier of these pathogens
[17]. These potentially harmful bacteria can be transmitted
from animals to humans, causing diseases. Since livestock
animals are more susceptible to pathogens, the prevalence of
bacteria should be controlled at the farm level [18]. In order to
prevent pathogenic bacteria from spreading in animals’ GITs
antibiotics can be used, which helps improve carcass quality,
ensure economic production and improve breeding efficiency
[19]. Due to the widespread issue of bacterial antibiotic resis-
tance and the presence of drug residues in animals, alterna-
tives to antibiotic growth promoters (AGPs) are being sought,
for which probiotics are well-established substitutes [20, 21].

Assessment of the probiotic features of selected
Lactobacillus strains in vitro and their applicability to further
in vivo studies in monogastric animals was the main aim of
this research.

Materials and Methods

Microorganism, Medium and Propagation

Five Lactobacillus strains, with desirable probiotic features,
were selected from a collection of 53 lactobacilli isolates for
the present study. The bacterial strains were isolated with the
use of Rogosa Agar (BD Difco™, Detroit, MI, USA) from

plant silage (Lact. plantarum ŁOCK 0860), caecal content of
sow (Lact. paracasei ŁOCK 1091) or piglet (Lact. reuteri
ŁOCK 1092) and form poultry dung: broiler chicken (Lact.
pentosus ŁOCK 1094) or turkey (Lact. rhamnosus ŁOCK
1087). These strains are on deposit in the Lodz Collection of
Pure Cultures (ŁOCK) of the Institute of Fermentation
Technology and Microbiology (Lodz University of
Technology, Lodz, Poland).

Six pathogenic, enteric bacterial strains were also used for
the study: Salmonella enterica subsp. enterica serovar
Typhimurium ATCC 13311 (Salm. Typhimurium), Salm.
enterica subsp. enterica serovar Enteritidis ATCC 13076
(Salm. Enteritidis), Salm. enterica subsp. enterica serovar
Cho le raesu i s PCM 2565 (Sa lm . Cho le r aesu i s ) ,
Campylobacter jejuni NCTC 11322, Camp. coli PCM 2623
and Listeria monocytogenes ATCC 13932. The strains were
obtained from the American Type Culture Collection (ATCC;
Manassas , VA, USA), the Pol i sh Col lec t ion of
Microorganisms (PCM; Wroclaw, Poland) and The National
Collection of Type Cultures (NCTC; London, UK).

Cryobanks™ (Copan Diagnostics Inc., Murrieta, CA,
USA) were used to store the strains at a temperature of
−22 °C. Prior to analysis, activation and two passages of the
Lactobacillus and the pathogenic strains were made in de
Man, Rogosa and Sharpe broth (MRS; Merck Millipore,
Darmstadt, Germany) or nutrient broth (Merck Millipore),
respectively. The strains were incubated at 37 °C for 24 h,
without oxygen limitation—with the exception of the
Campylobacter spp. which were cultivated in anaerobic con-
ditions with the use of anaerostat (Oxoid™ AnaeroJar™;
Thermo Fisher Scientific Inc. Waltham, MA, USA) and
gaspak (Oxoid™ AnaeroGen™; Thermo Fisher Scientific
Inc.).

Caco-2 Cell Cultivation

Human colon adenocarcinoma cell line (Caco-2) was obtained
from the ATCC (lot no. 58844056). The cells were cultured in
Roux flasks as monolayers in Dulbecco’s Modified Eagle’s
Medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA) sup-
plemented with 10% foetal bovine serum (FBS; Gibco,
Thermo Fisher Scientific Inc.), 4 mM of GlutaMAX™
(Gibco, Thermo Fisher Scientific Inc.), 25 mM of HEPES
(Sigma-Aldrich), 100 μg/ml of streptomycin and 100 IU/ml
of penicillin (Sigma-Aldrich). Caco-2 cells were cultured at
37 °C in 5% CO2 for 7–10 days, during which time the ad-
herent cells were washed every 3 days with 0.1 M phosphate-
buffered saline (PBS; Calbiochem®, Merck Millipore) and
fresh medium was added. Subsequently, after the monolayer
was formed, the cells were detached by trypsinization with 1%
trypsin-EDTA (Sigma-Aldrich) for 2 min at 37 °C and the
cells suspension was centrifuged (187×g, 5 min). Fresh
DMEM was added to the biomass; afterwards, the cell count
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was performed with a haemocytometer; and cell viability was
determined by trypan blue exclusion.

Safety Assessment

Haemolytic Activity

Selected Lactobacillus strains were analysed for their
haemolytic activity on MRS agar with 5% (v/v) defibrinated
sheep blood (Graso® Biotech, Starogard Gdański, Poland),
based on the method previously described by Guerra et al.
[22]. Each strain was analysed in two modes of inoculation:
streaking and stabbing into the agar, in three repetitions. After
incubation at 37 °C for 48 h, the plates were screened for the
results of α-haemolysis (grey-green halo) or β-haemolysis
(transparent halo).

Mucin Degradation

Amucin degradation assay was performed in the agar medium
B, both without and with 1% (w/v) glucose, as well as with
0.3% (w/v) mucin from porcine stomach (Sigma-Aldrich),
following Zhou et al. [23].

The activated monocultures of Lactobacillus strains were
inoculated (10 μl) onto the surface of the medium and incu-
bated at 37 °C for 72 h. Afterwards, 0.1% (v/v) amido black in
3.5 M acetic acid was used to stained the plates, which after
30 min were washed with 1.2 M acetic acid. Mucin lysis was
observed as a discoloured halo around the colony.

Cytotoxic Activity of Bacterial Culture Supernatants
(BCS) Towards Caco-2 Cells

The active monocultures of Lactobacillus strains were centri-
fuged at 10,732×g relative centrifugal force (RCF) for 15 min
(Centrifuge MPW-352; MPW, Warsaw, Poland) to obtain the
cell-free filtrates. Subsequently, the 0.22 μm syringe filters
(Millex-GS, Merck Millipore) were used to filtered superna-
tants, which were then stored at −22 °C until use.

The cytotoxic potential of the bacterial culture supernatants
(BCS)was investigated by using a Neutral Red Uptake (NRU)
assay. Caco-2 cells in the complete culture medium were
placed in a 96-well plate (Corning Inc., Corning, NY, USA)
in the amount of 1 × 104 cells per well and incubated over-
night at 37 °C in 5% CO2 in order to attach. Afterwards, the
medium was removed by aspiration, and the cells were ex-
posed to the BCS at the final concentrations of 5, 10, 20 and
50% (v/v), in four repetitions. Caco-2 cells without tested
agent were used as a control sample. Incubation of the cells
was conducted in a CO2 atmosphere at 37 °C for 48 h, then the
medium with BCS was removed. Next, to each well 100 μl of
neutral red dye (50 μg/ml in PBS; Sigma-Aldrich) was added,
and plate was incubated at 37 °C under 5% CO2 for 3 h.

Thereafter, neutral red was extracted with 50 μl of acidified
ethanol solution (1% [v/v] acetic acid; 50% [v/v] ethanol; 49%
[v/v] distilled water). Microplate reader (TriStar2 LB 942,
Berthold Technologies GmbH & Co. KG, Bad Wildbad,
Germany) was used tomeasure the absorbance at 550 nmwith
a reference filter of 620 nm. Cell viability (%) was calculated
using the formula provided below:

Cell viability %ð Þ ¼ sample OD� control ODð Þ � 100%;

where the control sample constituted 100% Caco-2 cells’ vi-
ability. The results obtained were presented as the mean value
with standard deviation (SD) included.

Probiotic Properties Assessment

Antagonistic Activity of Lactobacillus Spp.
Against Pathogenic Bacteria

The antagonistic activity was investigated on MRS agar me-
dium using the agar slab method [24]. The Lactobacillus spp.
(108 cells/ml) were introduced into MRS agar medium,
poured into Petri dishes and incubated at 37 °C for 24 h.
Next, 10-mm-diameter slabs (in triplicate) were cut from the
solidified MRS medium overgrown with the probiotic strains
and applied to the prepared nutrient agar, containing test
strains of pathogenic bacteria (106 cells/ml). The plates were
incubated at 37 °C for 18 h without oxygen limitation in the
case of Salm. Choleraesuis PCM 2565, Salm. Enteritidis
ATCC 13076, Salm. Typhimurium ATCC 13311 and
L. monocytogenes ATCC 13932. Anaerobic conditions were
provided , by anaeros ta t (Oxoid™ AnaeroJar™ ;
ThermoFisher Scientific Inc.) and gaspak (Oxoid™
AnaeroGen™; Thermo Fisher Scientific Inc.), for the cultiva-
tion ofCamp. jejuniNCTC 11322 andCamp. coli PCM2623.
Following incubation, diameters of the pathogenic strains’
growth inhibition zones were measured, the slab diameter
was subtracted and the results were recorded in mm.

Determination of Lactobacillus Strains Resistance to
Bile Salts and Acidic Environment

Resistance to bile salts (Sigma-Aldrich; 1% and 2% w/v con-
centration) and low pH level (2 and 3) was analysed based on
the method by Zielińska et al. [25] with modifications. A
control sample was cultured in 0.85% (w/v) physiological
saline solution with a pH of 5.5.

After 24 h of incubation at 37 °C, the Lactobacillus strains
were centrifuged at 3468 × g RCF for 10 min (Centrifuge
MPW-251; MPW). The biomass was suspended in a physio-
logical saline solution with the addition of bile salts or at
specified pH levels and incubated at 37 °C without oxygen
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limitation. The control sample was also inoculated and incu-
bated under the same conditions.

In the beginning, and after 1, 2 and 4 h, serial dilutions were
prepared from each bile salt solution, physiological saline so-
lution with defined pH levels and the control sample. The
plate count method was used to determine the number of bac-
teria inMRS agar. The plates were incubated at 37 °C for 48 h
without oxygen limitation; after which time the colonies were
counted and the results were given in colony-forming units
per ml (CFU/ml).

The Lactobacillus spp. monocultures in physiological sa-
line solutions with a certain pH level or with the addition of
bile salts, as well as control samples, were conducted in three
repetitions.

Resistance to Antibiotics

In order to assess antibiotic resistance properties of the
Lactobacillus strains the disc diffusion method of Halder
et al. was used [26]. Antibiotic susceptibility was tested
against compounds categorized as β-lactams (amoxicillin,
penicillin G), tetracyclines (doxycycline, tetracycline),
macrolides (erythromycin) and aminoglycosides (kanamy-
cin). Oxoid™ paper discs (ThermoFisher Scientific Inc.) were
used, with doses of 30 μg of doxycycline, tetracycline, eryth-
romycin and kanamycin, 25 μg of amoxicillin and 10 U of
penicillin G.

The spread plate method was used to inoculate the MRS
agar with the activated Lactobacillus strains. After 30 min the
Oxoid™ discs were placed on the surface of the agar in three
replications. The plates were incubated for 48 h at 37 °C with-
out oxygen limitation. The susceptibility of the analysed
strains was expressed as a diameter of the growth inhibition
zone.

Hydrophobicity

The microbial adhesion to hydrocarbon (MATH) test was
used to evaluate the hydrophobic properties of selected
Lactobacillus strains based on the method first described by
Rosenberg et al. [27] with modifications.

Each activated Lactobacillus strain’s cells were washed twice
with PBS by centrifuging at 3468 × g RCF for 10 min.
Afterwards, they were suspended in PBS to yield a final optical
density of 1.0– 600 nm, as measured spectrophotometrically
(Beckman DU 640, Beckman Coulter Inc., Brea, CA, USA).
Each bacterial suspension (5 ml) was mixed with 1 ml of
hexadecane (apolar solvent; Sigma-Aldrich) and vortexed for
2 min to the emulsion formation. After 60 min of incubation at
room temperature, the PBS fraction absorbance was measured.

Hydrophobic properties of the strains were analysed in
three replications, and the cells’ adhesion to the hydrocarbon
was calculated by the formula provided by Chae et al. [28]:

Hydrophobicity %ð Þ ¼ A0−
�
A=A0

� �h i
� 100:

The Lactobacillus strains’ affinity to solvent was
classified—following Chae et al. [28] with modifications of
Ben Taheur et al. [29]—as hydrophilic (< 10%), moderately
hydrophilic (10–34%), moderately hydrophobic (35–70%) or
highly hydrophobic (71–100%).

Aggregation and Co-Aggregation Assay with
Pathogens

The aggregation assay was performed according to Kos et al.
[30]. Biomass of the Lactobacillus spp., as well as three
Salmonella strains and L. monocytogenes ATCC 13932, acti-
vated monocultures were obtained by centrifuging (3852 × g,
10 min) and then washed once and re-suspended in PBS. A
final optical density of cells suspensions was set at 1.0 at
600 nm. Next, the suspensions were vortexed (10 s) and incu-
bated at ambient temperature for 24 h. Afterwards, the absor-
bance of the upper suspension (100 μl) was measured at
600 nm. The auto-aggregation percentage was determined
using the equation:

Auto–aggregation %ð Þ ¼ 1− At=A0ð Þ½ � � 100;

where At represents the absorbance after the incubation,
whereas A0 represents the absorbance at t = 0 h.

For the co-aggregation assay, cell suspensions were pre-
pared in the same way as for the auto-aggregation test.
Equal volumes of monocultures of Lactobacillus spp. and
pathogenic bacterial suspensions were mixed by vortexing
(10 s), and after 24 h of incubation at ambient temperature,
their absorbance was measured (λ = 600 nm). The absor-
bances of monocultures suspensions from the auto-
aggregation assay constituted control samples.

The percentage of co-aggregation was calculated according
to Handley et al. [31]:

Co–aggregation %ð Þ ¼ Ax þ Ay
� �

= 2−A xþyð Þ
� �

Ax þ Ay
� �

=2
� 100;

where Axe and Ay stand for each of the two stsrains in the
control samples and A(x + y) represents their mixture. Each
experiment was performed in triplicate.

Adherence to Abiotic and Biotic Surfaces—Biofilm
Formation

The ability of the Lactobacillus spp. to form biofilm on abiotic
(polystyrene and glass) and biotic (collagen, gelatine, and por-
cine mucous) surfaces was also determined, according to the
methods published by Aleksandrzak-Piekarczyk et al. [32]
with slight modification.
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Suspension of each active Lactobacillus strain in PBS were
centrifuged at 3468 × g RCF for 10 min and washed, and then
the absorbance (A)was adjusted to 1.0 at awavelength of 630 nm.

The binding assay for polystyrene was performed on un-
modified 96-well polystyrene microplates (Corning Inc.),
whereas adhesion to glass was analysed with 6-well polysty-
rene microplates (Corning Inc.) with cover glass placed on the
bottom of each well. In order to assess the adhesion ability to
collagen, commercially available 96-well polystyrene micro-
plates with a collagen coating were used (Corning®
BioCoat™ Collagen I; Corning Inc.). To determine the
Lactobacillus strains’ adhesion to gelatine and porcine mu-
cous 24-well microplates (Corning Inc.) were coated
(60 min, 37 °C and 24 h, 4 °C) with 1% (w/v) sterile-filtered
gelatine (Sigma-Aldrich) or with 150 mg/ml of mucous from
porcine stomach solution in PBS (Type II; Sigma-Aldrich;
72 h, 4 °C), respectively. The excess of unbounded gelatine
or mucous was removed and wells were washed with PBS.

Bacterial suspensions were added to the microplates in 3
(6-well and 24-well plates) or 8 (96-well plates) repetitions.
Different volumes of samples were used depending on the
type of plate: 100 μl (96-well microplates), 1 ml (24-well
microplates) and 3 ml (6-well microplates). Afterwards, the
plates were incubated for 2 h at 37 °C, and unattached cells
were washed with PBS. Next, adhered cells were fixed with
80% (v/v) methanol (15 min, for polystyrene, glass and colla-
gen adherence assays) or at 60 °C (20 min, for gelatine and
porcine mucus adherence assays) and stained with 0.1% (w/v)
crystal violet for 15min. Subsequently, wells were rinsed with
PBS and then the pigment was washed out from attached cells
for 45 min on an orbital shaker (Chemland, Stargard
Szczeciński, Poland). For pigment removal, 96% (v/v) ethanol
(for polystyrene, glass and collagen adherence assays) or
20 mM of citrate buffer (for gelatine and porcine mucus ad-
herence assays) was used.

Absorbance was measured with a TriStar2 S LB 942 mi-
croplate reader (Berthold Technologies GmbH & Co. KG) at
wavelengths of 490 nm (for polystyrene, glass and collagen
adherence assays) or 570 nm (for gelatine and porcine mucus
adherence assays). The adhesion ratio was calculated based on
the equation:

Adhesion ratio ¼ Asample=Acontrol;

where Asample is the absorbance of the sample and Acontrol is
the control sample’s absorbance (PBS solution added to
wells).

Adherence of Probiotic Lactobacillus Spp. to Caco-2
Cells in the Competition Assay with Pathogens

The adherence assay was performed using Caco-2 cells,
which were cultured in 24-well tissue culture plates (Becton,

Dickinson and Co., Franklin Lakes, NJ, USA) to obtain con-
fluent monolayers of 2.5 × 105 cells per well. Prior to the ex-
periment, the Lactobacillus spp. and the pathogenic bacteria
strains—Salm. Choleraesuis PCM 2565, Salm. Enteritidis
ATCC 13076, Salm. Typhimurium ATCC 13311 and
L. monocytogenes ATCC 13932 — were grown for 24 h at
37 °C in MRS broth or nutrient broth, respectively. Next, they
were centrifuged (3852×g RCF, 10 min), washed with sterile
PBS and re-suspended in fresh DMEM without antibiotics
and supplements. Bacterial suspensions were deposited on
Caco-2 cell monolayers in the amount of 107 CFU/ml as a
single strain (control) or as combinations of monocultures
Lactobacillus strain and pathogen (1:1, v/v) and incubated at
37 °C in an atmosphere of 5%CO2 for 2 h. To ensure the same
number of bacteria was added to the wells each time, standard
curves comparing the amount of each strain and its absorbance
(λ = 540 nm) were performed. Each experiment was per-
formed in three replications. After incubation, the unbound
microorganisms were aspirated. Caco-2 cells with adhered
bacteria were removed from the bottom of wells with 1%
(w/v) trypsin-EDTA (Sigma-Aldrich) for 10 min at 37 °C
and sterile cell scrapers (Greiner Bio-One International
GmbH, Kremsmünster, Austria), additionally. Subsequently,
cells were centrifuged (3852×g RCF, 10 min) and exposed to
0.1% (v/v) Triton X-100 (Sigma-Aldrich) for 5 min to lyse
Caco-2 cells. The adhered microorganisms were enumerated
by the pour plate method onMRS agar (Lactobacillus spp.) or
nutrient agar (pathogens) media (incubation for 48 h at 37 °C).
A ratio of the number of adhered pathogens to the initial num-
ber of total pathogenic bacteria added to each well expressed
the adherence inhibition rate (%) caused by the Lactobacillus
spp. presence, which was calculated according to the formula:

Adherence inhibition %ð Þ

¼ log adherence of the tested sampleð Þ � 100

log adherence of the controlð Þ
� �

�100:

The above procedure for assessing adherence was per-
formed in the Nunc 8-well Lab-Tek TM Chamber Slides
system (Thermo Fisher Scientific Inc.). After removing
non-adhered microorganisms, wells were washed with
PBS and Caco-2 cells were fixed with 80% (v/v) methanol
(15 min). After air-drying, the 0.1% (w/v) crystal violet
was added to each chamber for 10 min to stain the prep-
arations. Afterwards, wells were washed with 70% (v/v)
ethanol until full discolouration and were dried overnight.
A phase-contrast microscope (Nikon, Tokyo, Japan)
connected to a digital camera (Nikon Digital Sight DS-
U3; Nikon) with compatible imaging computer software
(NIS-elements BR 3.0; Nikon) was used to observe
adherence under 1000× magnification.
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Statistical Analysis

XLSTAT software (Addinsoft, SARL, Paris, France) was
used to perform statistical analysis. The data showed herein
constitute the arithmetic means of values from three or more
repetitions, depending on the assay in question. Before
performing analysis of variances (ANOVA; at a significance
level of p < 0.05), normal distribution (Shapiro-Wilk test) and
homogeneity of variances (Bartlett’s test) of the data were
confirmed. For antiproliferation activity of metabolites pro-
duced by the selected strains towards Caco-2 cells, the results
were analysed using one-way ANOVA. The same test was
performed to describe the results of the auto-aggregation assay
and single probiotic strains’ adhesion to Caco-2 cells. Multi-
way ANOVA was carried out for the statistical analysis of
data on resistivity to an acidic environment and bile salt con-
centration, as well as in the case of the co-aggregation assay
(two-way ANOVA). Moreover, Tukey’s post hoc test was
used after each ANOVA.

Results

Safety Assessment

Haemolytic Activity

Green halos, with diameters of 21.67 ± 1.53, 21.33 ± 1.53 and
19.67 ± 1.53 mm, were observed when Lact. pentosus ŁOCK
1094, Lact. reuteri ŁOCK 1092 and Lact. rhamnosus ŁOCK
1087, respectively, were grown on the MRS agar with the
addition of 5% (v/v) defibrinated sheep blood, which indicated
α-haemolytic activity. On the other hand, haemolysis was not
shown by Lact. paracasei ŁOCK 1091 and Lact. plantarum
ŁOCK 0860.

Mucin Degradation

Based on the fact that no visible discoloured halos around the
colonies were observed, it was found that selected
Lactobacillus strains cannot degrade mucin.

Cytotoxicity of BCS towards Caco-2 Cells

The effect of the Lactobacillus strains’ metabolites on the
survivability of Caco-2 cells was analysed, the results are pre-
sented in Fig. 1.

Metabolites produced by most of the analysed strains, ex-
cept Lact. reuteri ŁOCK 1092, showed weak or no cytotoxic
potential towards Caco-2 cells when the BCS was used in
concentrations of 5% and 10% (v/v), the effect was compara-
ble to that of the control (un-inoculated MRS). The

survivability of human colon adenocarcinoma cells exceeded
54% (Figs. 1a and 1b).

The survivability of Caco-2 cells varied from 58.95 ±
13.70% to 86.22 ± 3.31% when the 20% (v/v) BCS of most
of the selected strains was incorporated. This was significantly
higher than that of the control (34.64 ± 3.16%). The cytotoxic
effect of Lact. reuteri ŁOCK 1092 BCS at a concentration of
20% (v/v) was similar to the one observed for pure MRS
(Fig. 1c).

The effect of higher BCS concentration (50% v/v) of all
strains on Caco-2 cells’ survivability was comparable to that
observed for un-inoculated MRS (Fig. 1d). Hence, in compar-
ison to the cytotoxicity of pure (un-inoculated) MRSmedium,
the tested BCS demonstrated no or weak cytotoxic action
towards Caco-2 cells.

Probiotic Properties Assessment

Antagonistic Properties of Probiotic Lactobacillus Spp.
Against Pathogenic Bacteria

All Lactobacillus strains, in the study, demonstrated strong
antagonistic activity towards the Salmonella strains and
L. monocytogenes ATCC 13932. The exception was Lact.
plantarum ŁOCK 0860 which showed only moderate inhibi-
tion of Salm. Choleraesuis PCM 2565. Camp. jejuni NCTC
11322 growth was weakly inhibited by Lact. plantarum
ŁOCK 0860 and Lact. pentosus ŁOCK 1094 which, along
with Lact. rhamnosus ŁOCK 1087, also had a slight effect
on Camp. coli PCM 2623 growth. However, moderate antag-
onistic properties of Lact. rhamnosus ŁOCK 1087 were ob-
served against Camp. jejuni PCM 2623. Both of analysed
Campylobacter strains growth was moderately influenced by
Lact. paracasei ŁOCK 1091 and Lact. reuteri ŁOCK 1092.
The results are presented in Fig. 2.

The Resistance of the Lactobacillus Spp. to Bile Salts
and Acidic Environment

Based on the results obtained, it was noted that the resistivity
of analysed probiotic strains to an acidic environment was
high, the survival of the bacteria exceeded 88% up to 4 h of
incubation (Table 1). The resistance of the strains to an acidic
environment was strain-specific, and significantly higher re-
sistivity was observed for Lact. plantarum ŁOCK 0860 and
Lact. rhamnosus ŁOCK 1087. In addition, selected probiotic
strains demonstrated greater capability of surviving in pH 3.0
rather than pH 2.0. Moreover, the strains were able to survive
in the presence of 1% (w/v) and 2% (w/v) bile salts in which
the bacterial population density was reduced by no more than
10% after 4 h of incubation (Table 2).
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Antibiotic Susceptibility of the Lactobacillus Strains

Selected Lactobacillus strains displayed various levels of
antibiotic resistance, ranging from strong resistivity to
moderate susceptibility (Fig. 3). All of the Lactobacillus
strains showed resistivity against kanamycin. Each of the
probiotic strains was moderately susceptible to amoxicil-
lin and penicillin, which caused a growth inhibition zone
ranging between 13 and 19 mm (mean: 17 mm) and 12–
20 mm (mean: 18 mm), respectively. Lact. rhamnosus
ŁOCK 1087 was highly sensitive to erythromycin, which

did not affect Lact. paracasei ŁOCK 1091, Lact. reuteri
ŁOCK 1092 and Lact. pentosus ŁOCK 1094. A moderate
inhibition zone, with a diameter of 17 mm, was observed
when erythromycin interacted with Lact. plantarum
ŁOCK 0860. Furthermore, Lact. rhamnosus ŁOCK
1087, Lact. paracasei, ŁOCK 1091 and Lact. reuteri
ŁOCK 1092 were moderately susceptible to doxycycline
and tetracycline, except Lact. paracasei ŁOCK 1091
strain, which was resistant to tetracycline. Neither of these
antibiotics had an impact on the growth of Lact.
plantarum ŁOCK 0860 or Lact. pentosus ŁOCK 1094.

Fig. 1 The survivability of Caco-2 cells in the presence of bacterial cul-
ture supernatants (BCS) of Lactobacillus spp. in different concentration,
namely A – 5% (v/v), B – 10% (v/v), C – 20% (v/v) and D – 50% (v/v).

Moreover, different statistic analysis were used, for each data set, viz. A –
Welsh-ANOVA test, B – ANOVA test, C and D – Kruskal-Wallis test,
where lowercase letters (a-d) represents significantly different outcomes.

Fig. 2 Antagonistic activity of
Lactobacillus spp. strains against
pathogenic bacteria. Inhibition
type: above the dashed line
(≥23 mm) - strong; between dot-
ted (≥17 mm) and dashed
(<23 mm) lines - moderate; be-
tween continuous (≥11 mm) and
dotted (<17 mm) line - weak; be-
low continuous black line
(<11 mm) - no inhibition. Data
from three replicates (± SD). The
strength of inhibition was evalu-
ated according to Tsai et al.
(2005) [33].
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Hydrophobicity

The hydrophobicity of selected Lactobacillus strains was var-
ied, ranging from 12.80% ± 1.77% to 41.14% ± 0.83% (mean:
24.39%). Lact. rhamnosus ŁOCK 1087, Lact. paracasei
ŁOCK 1091, Lact. plantarum ŁOCK 0860 and Lact. pentosus
ŁOCK 1094 were classified as moderately hydrophilic with
the adherence to hexadecane of 25.12% ± 1.33%, 12.80% ±
1.77%, 27.17% ± 0.84% and 33.50% ± 1.49%, respectively.
Only Lact. reuteri ŁOCK 1092 exhibited moderate hydropho-
bicity towards hexadecane (41.14%).

Auto- and Co-Aggregation Assessment

Analysed Lactobacillus strains, as well as the pathogenic
ones, demonstrated the ability to auto-aggregate after 24 h of
incubation with an auto-aggregation rate over 50% (Table 3).

Among all of the selected strains, the strongest auto-
aggregation was observed for Lact. plantarum ŁOCK 0860
(95.46% ± 1.51%). Auto-aggregation of the tested pathogens
was high, reaching an average of 71.61% and significantly
stronger than capability observed for Lact. paracasei ŁOCK
1091 (56.56% ± 4.71%), Lact. reuteri ŁOCK 1092 (54.65%
± 2.97%) and Lact. rhamnosus ŁOCK 1087 (54.85% ±
2.44%). The exception was Salm. Choleraesuis PCM 2565
which auto-aggregation ability was comparable (60.63% ±
0.93%) to the one exhibited by the above-mentioned strains.

Furthermore, the Lactobacillus strains’ co-aggregation
with pathogenic bacteria was evaluated (Table 4). Most of
the probiotic strains exhibited the highest degree of co-
aggregation with Salm. Choleraesuis PCM 2565 ranging be-
tween 66.64% ± 4.08% and 87.75% ± 0.88% (mean: 76.84%).
However, Lact. rhamnosus ŁOCK 1087 showed the highest
co-aggregation with L. monocytogenes ATCC 13932

Table 2 Probiotic Lactobacillus strains survival in the presence of bile salts

Lactobacillus strain Bile salt concentration [% w/v]

1 2

Time [h]

0 1 2 4 0 1 2 4
Cell survival rate [%] ± SD *

paracasei ŁOCK 1091 100 b 96.96 ± 2.63 a, b 95.73 ± 3.22 a, b 95.33 ± 1.19 a, b 100 b 95.86 ± 2.21 a, b 94.61 ± 2.52 a, b 93.68 ± 1.31 a, b

pentosus ŁOCK 1094 98.09 ± 2.32 a, b 95.95 ± 1.03 a, b 92.87 ± 1.78 a, b 95.85 ± 3.39 a, b 93.84 ± 2.74 a, b 90.93 ± 1.17 a

plantarum ŁOCK 0860 99.67 ± 1.37 a, b 98.60 ± 1.91 a, b 96.64 ± 4.45 a, b 98.99 ± 3.28 a, b 97.83 ± 3.52 a, b 94.74 ± 3.62 a, b

reuteri ŁOCK 1092 99.14 ± 2.98 a, b 98.71 ± 3.62 a, b 97.70 ± 2.14 a, b 98.13 ± 3.31 a, b 96.85 ± 2.09 a, b 92.37 ± 1.62 a, b

rhamnosus ŁOCK 1087 98.35 ± 4.46 a, b 96.65 ± 1.86 a, b 95.97 ± 2.84 a, b 97.16 ± 1.00 a, b 95.27 ± 2.23 a, b 93.28 ± 2.85 a, b

*Mean values labelled by various lowercase letters (a, b) were significantly different (multi-way ANOVA with post hoc Tukey’s test; p < 0.05). Multi-
way ANOVA included the influence of used strain, bile salts concentrations and time of incubation, as well as interactions of these explanatory variables
on the survival of analysed probiotics in the acidic environment

Fig. 3 Susceptibility of selected
Lactobacillus strains to
antibiotics. Diameter of growth
inhibition zone <15 mm (below
continuous black line) indicated
to antibiotic resistance; if ranged
between continuous line (≥
15 mm) and dashed line (<
21mm) –moderate susceptibility;
growth inhibition zone diame-
ter ≥ 21 mm (above dashed line)
suggested strain being prone to
antibiotic [26]. Results are the
mean diameter of growth
inhibition zone from three /
repetitions (± SD) with antibiotic
disc diameter being included.
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(70.90% ± 0.91%). The co-aggregation ability of the
Lactobacillus spp. with Salm. Typhimurium ATCC 13311
and Salm. Enteritidis ATCC 13076 was significantly weaker,
varying from 12.12% ± 2.55% to 65.24% ± 3.28% (mean:
40.10%) and from 34.16% ± 1.52 to 66.60% ± 4.72% (mean:
46.87%), respectively.

Biofilm Formation by Lactobacillus Spp.

Based on the results, it can be concluded that selected
Lactobacillus strains showed weak or moderate adherence to
the tested surfaces (Table 5). The probiotic strains’ adhesion
to polystyrene and collagen was weak except for Lact.
rhamnosus ŁOCK 1087 which did not form a biofilm on the
polystyrene surface. The binding of the probiotic cells to glass
and porcine mucus ranged from weak to moderate adhesion
strength. Nevertheless, all of the analysed strains exhibited
strong adhesion to gelatine.

Adherence of Probiotic Lactobacillus Strains to Caco-2
Cells

In this assay, bacteria were incubated with Caco-2 cells mono-
layers for 2 h—during that time nomorphological changes (no
cytotoxicity) were observed (with the inverted microscope),
either in the cells or in the monolayer.

The number of adhered bacteria per Caco-2 cell is the basis
of the adhesion type classification described by Saidi et al.
[34] according to which Lact. pentosus ŁOCK 1094 and
Lact. plantarum ŁOCK 0860 were classified as moderately
adhesive (Table 6). On the other hand, on average 16.35 and
14.97 cells of Lact. rhamnosus ŁOCK 1087 and Lact. reuteri
ŁOCK 1092, respectively, adhered to one Caco-2 cell, which
was classified as weak adhesion. Lact. paracasei ŁOCK 1091
were classified as non-adhesive. Nevertheless, the adhesion
rates of the Lactobacillus spp. were high, exceeding 85%.
The results of the microscopic observations of adhesion are
presented in Fig. 4.

Table 4 Co-aggregation of probiotic Lactobacillus strains with pathogenic bacteria from Salmonella genus and L. monocytogenes

Pathogen Probiotic strain

Lact. paracasei ŁOCK
1091

Lact. pentosus ŁOCK
1094

Lact. plantarum ŁOCK
0860

Lact. reuteri ŁOCK
1092

Lact. rhamnosus ŁOCK
1087

Co-aggregation [%] ± SD *

L. monocytogenes ATCC
13932

58.97 ± 6.00 e, f 82.19 ± 3.62 i 67.55 ± 0.61 f, g 70.31 ± 2.93 g, h 70.90 ± 0.91 g, h

Salm. Choleraesuis PCM
2565

67.09 ± 7.06 f, g 85.45 ± 1.23 i 79.02 ± 2.14 h, i 75.12 ± 2.65 g, h, i 66.64 ± 4.08 f, g

Salm. Enteritidis ATCC
13076

40.17 ± 3.38 b, c, d 49.94 ± 0.60 e 34.16 ± 1.52 b, c 66.60 ± 4.72 f, g 43.50 ± 4.50 c, d

Salm. Typhimurium ATCC
13311

65.24 ± 3.28 f, g 30.80 ± 4.70 b 12.12 ± 2.55 a 47.37 ± 3.38 d 44.99 ± 3.64 c, d

*Significantly different results were labelled with a various lowercase letter (a – i) according to data obtained from two-way ANOVA (p < 0.05) with the
post hoc Tukey’s test. Two-way ANOVA considered the interaction between categorical variables, namely, probiotic and pathogenic strain

Table 3 Auto-aggregation ability of Lactobacillus spp., L. monocytogenes and Salmonella spp. Data from three experiments (± SD)

Probiotic strains Strain Auto-aggregation [%] ± SD *

Lact. paracasei ŁOCK 1091 56.56 ± 4.71 a

Lact. pentosus ŁOCK 1094 73.97 ± 3.75 b

Lact. plantarum ŁOCK 0860 95.46 ± 1.51 c

Lact. reuteri ŁOCK 1092 54.65 ± 2.97 a

Lact. rhamnosus ŁOCK 1087 54.85 ± 2.44 a

Pathogens L. monocytogenes ATCC 13932 70.02 ± 1.57 b

Salm. Choleraesuis PCM 2565 60.63 ± 0.93 a

Salm. Enteritidis ATCC 13076 73.68 ± 2.94 b

Salm. Typhimurium ATCC 13311 74.82 ± 1.09 b

*Mean values marked with different lowercase letters (a, b, c) were significantly different (one-way ANOVA with post hoc Tukey’s test; p < 0.05)
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Competition Assay

In the competition test with pathogens, all of the tested probi-
otic strains reduced the adhesion of all pathogenic bacteria.
The attachment of Salm. Choleraesuis PCM 2565 was
inhibited the most significantly (up to 62.58%), while
L. monocytogenes ATCC 13932 adhesion was prevented the
least (from 23.94 ± 5.27% to 38.48 ± 6.28%). The adherence
of pathogenic strains was hindered to the greatest extent by
Lact. pentosus ŁOCK 1094, while Lact. paracasei ŁOCK
1091 caused the poorest reduction of pathogen attachment
(Fig. 5).

Discussion

The overuse of antibiotics in livestock breeding has led to the
emergence of antimicrobial resistance as a consequence of
which the legislative prohibition of AGPs was introduced in
the European Union in 2006 [35]. Removing AGPs from an-
imals’ diets has put them at a higher risk of being infected by
pathogens; therefore, alternatives to control their prevalence in
livestock are being sought [18, 36]. In this paper, the probiotic
properties of selected Lactobacillus strains intended to be used
in monogastric animals (swine and poultry) are described.

Even though the bacteria belonging to Lactobacillus spe-
cies are ‘generally recognized as safe’ (GRAS), in recent
years, in vitro assessment of newly introduced probiotics has
become necessary [37, 38]. Haemolytic activity and mucous
degradation should be evaluated as safety aspects of probiotic
candidates [18]. As opposed to α-haemolysis, β-haemolytic
activity is considered harmful. Strains exhibiting this capabil-
ity are known for the production of exotoxin, which lyses
blood cells and therefore impacts the immune system [39].
Tested Lactobacillus spp. did not show β-haemolytic activity
or mucinolytic activity, a finding which is in line with the data
described by Adimpong et al. [39] and Ficoseco et al. [40] and
that of Nallala et al. [41] and Abouloifa et al. [42], respective-
ly. Moreover, the survivability of Caco-2 cells in the presence
of metabolites produced by selected Lactobacillus strains was
analysed using the NRU test. Our results indicated that only
metabolites (BCS) of Lact. reuteri ŁOCK 1092 in concentra-
tions of 5% (v/v), 10% (v/v) and 20% (v/v) showed a signif-
icantly higher anti-proliferative effect towards Caco-2 cells,
compared with the control. Bhat et al. [38] reported that
Caco-2 cells were not affected by Lact. rhamnosus MTCC-
5897, a finding which the researchers perceived as the evi-
dence of the strain’s safety and which is in line with our results
if compared with pure MRS. Therefore, it can be concluded
that the Lactobacillus strains can be considered safe since they

Table 5 Biofilm formation properties of probiotic Lactobacillus strains

Lactobacillus strain Adhesion ± SD to different surfaces *

polystyrene glass gelatine collagen porcine mucus

paracasei ŁOCK 1091 1.01 ± 0.15 + 2.44 ± 0.14 ++ 7.16 ± 0.16 +++ 1.16 ± 0.14 + 1.87 ± 0.07 +

pentosus ŁOCK 1094 1.33 ± 0.12 + 1.18 ± 0.27 + 2.92 ± 0.06 +++ 1.23 ± 0.15 + 2.06 ± 0.10 ++

plantarum ŁOCK 0860 1.21 ± 0.10 + 2.15 ± 0.12 ++ 8.31 ± 0.28 +++ 1.34 ± 0.13 + 2.70 ± 0.09 ++

reuteri ŁOCK 1092 1.14 ± 0.14 + 2.32 ± 0.16 ++ 5.50 ± 0.13 +++ 1.20 ± 0.14 + 2.02 ± 0.08 ++

rhamnosus ŁOCK 1087 0.95 ± 0.08 - 1.95 ± 0.10 + 6.03 ± 0.24 +++ 1.04 ± 0.15 + 2.10 ± 0.12 ++

*Ability of Lactobacillus spp. to adhere to different surfaces and thus forming biofilm was evaluated based on do Carmo et al. (2016). Adherence of the
tested sample (Asample) was compared with adherence of the control (Acontrol) and strains were classified as follows: “-“non-adherent – Asample < Acontrol;
“+” weakly adherent – Acontrol < Asample ≤ (2 × Acontrol); “++” moderately adherent – (2 × Acontrol) < Asample ≤ (4 × Acontrol); “+++” strongly adherent –
(4 × Acontrol) < Asample

Table 6 Adherence of Lactobacillus spp. to the human colon adenocarcinoma cell line Caco-2. Data from three independent experiments (± SD)

Strain Adherence rate [%] ± SD Number of adhered bacterial cells / 1 Caco-2 cell Adhesion type classification *

Lact. paracasei ŁOCK 1091 85.09 ± 4.08 6.53 NA

Lact. pentosus ŁOCK 1094 95.05 ± 3.66 34.80 M

Lact. plantarum ŁOCK 0860 92.40 ± 2.58 22.28 M

Lact. reuteri ŁOCK 1092 90.03 ± 1.36 14.97 W

Lact. rhamnosus ŁOCK 1087 90.55 ± 0.72 16.35 W

*Lactobacillus strains were classified as non-adhesive (NA: 0–10), weakly adhesive (W: 10–20), moderately adhesive (M: 20–50) and strongly adhesive
(S: > 50), according to Saidi et al. [34]
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exhibited no or only weak cytotoxic potential towards human
intestinal Caco-2 cells when compared with a pure MRS
medium.

Probiotic microorganisms have to be able to survive the
internal environment of the host, including gastric acids and
bile salts, in order to reach and colonize the small intestine and
the colon, as well as to be metabolically active [43]. The
selected strains demonstrated high survivability in the pres-
ence of bile salts and an acidic environment (above 88%). The
probiotic strains in the current study were able to survive in
higher levels of bile salts than lactobacilli strains analysed by
Owusu-Kwarteng et al. [44] or Gharbi et al. [45].

Microbial isolates intended to be used as probiotics should
also display some antibiotic resistance, to survive in the GIT
of the host and to exert beneficial activities on it [46]. Five
selected Lactobacillus strains showed high resistance to kana-
mycin, which was in line with the results obtained by Mejri
and Hassouna [47] and by Casarotti et al. [48]. In addition to
that, Hyacinta et al. [49] and Casarotti et al. [48] observed that
Lactobacillus isolates were sensitive to erythromycin and

tetracycline, while this was noted for Lact. rhamnosus
ŁOCK 1087 in our studies. Nevertheless, Lact. reuteri
ŁOCK 1092 was also moderately susceptible to tetracycline
and Lact. plantarum ŁOCK 0860—to erythromycin.
Furthermore, it was established that most of the strains under
study are moderately sensitive to β-lactams, amoxicillin and
penicillin, which was similar to the data presented byHyacinta
et al. [49] and Rao et al. [50]. Moreover, Lact. plantarum
ŁOCK 0860 and Lact. pentosus ŁOCK 1094 were resistant
to doxycycline, whereas the rest of the strains were moderate-
ly susceptible; these results differed from those obtained by
Sharma et al. [51]. Based on the results of the present study, it
can be inferred that selected probiotic strains are more suscep-
tible to antibiotics that inhibit bacterial cell wall synthesis,
such as β-lactams (amoxicillin and penicillin G), rather than
macrolides (erythromycin), tetracyclines (tetracycline and
doxycycline) or aminoglycosides (kanamycin), which inter-
fere with protein biosynthesis in cells [52, 53].

Moreover, the strains were screened for their capability to
suppress the growth of pathogenic bacteria, one of the crucial

Fig. 4 Adherence of (A) Lact.
plantarum ŁOCK 0860, (B) Lact.
paracasei ŁOCK 1091, (C) Lact.
reuteri ŁOCK 1092, (D) Lact.
pentosus ŁOCK 1094, (E) Lact.
rhamnosusŁOCK1087 to human
colon adenocarcinoma cell line
Caco-2 (F: control), after a 2 h
incubation (1000 ×, Nikon –
Eclipse, Japan) stained with crys-
tal violet.
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factors which determine whether the candidate microbes
could be considered for use as probiotics [54]. Dec et al.
[55] observed that Camp. jejuni strains were more susceptible
to Lactobacillus isolates thanCamp. coli in an agar slab assay;
however, the sensitivity of the pathogens was mostly moder-
ate, which was similar to our results. Furthermore, Klose et al.
[56], who used the agar spot test, noted varied growth inhibi-
tion of Salm. Choleraesuis DSM 554, Salm. Enteritidis USDA
59 and Salm. Typhimurium USDA 554 caused by
Lactobacillus isolates of animal origin. Most of the strains,
analysed in that study, exhibited the strongest antagonism
towards Salm. Choleraesuis DSM 554, whereas in our study,
the selected strains showed the strongest inhibition of Salm.
Typhimurium ATCC 13311 and Salm. Enteritidis ATCC
13076 growth [56]. Nonetheless, among the pathogens
screened, the highest antagonistic activity by Lactobacillus
spp. was displayed against L. monocytogenes ATCC 13932,
which is comparable to the results obtained by Shokryazdan
et al. [57] despite different methods used to assess antimicro-
bial activity.

Antagonistic properties of probiotic strains are also relat-
ed to auto- and co-aggregation capabilities, as well as to the
ability to attach to the intestine with the potential of adhesion
inhibition of pathogenic microorganisms [58]. The ability to
auto-aggregate is a vital feature, in that it allows probiotics to
maintain a significant number of cells in the environmental
niche, such as GIT mucose, and to form a barrier against
pathogenic microbes [59, 60]. In comparison to the results
obtained byAit Seddik et al. [61], as well as Saini and Tomar
[62], the probiotic strains used in our studies exhibited
higher auto-aggregation capabilities, even up to 95%.

Furthermore, the formation of co-aggregates with pathogens
hinders their adhesion to the intestinal epithelium and forms
a microenvironment, which helps probiotics to eliminate
pathogenic microorganisms [63]. The probiotics aggregated
with L. monocytogenes ATCC 13932 at the level of 69.98%
on average, which was in line with the data described by de
Souza et al. [64]. However, strains analysed by Kaktcham
et al. [65] exhibited a significantly lower predisposition to
co-aggregate with L. monocytogenes CFQ-103 (up to
19.15%), which indicates the strain-specific character of this
feature. Co-aggregation of the selected probioticswith Salm.
Enteritidis ATCC 13076 (up to 66.60%) was substantially
lower than in case of L. monocytogenes ATCC 13932, sim-
ilar to the results of Tareb et al. [66] but contrary to the results
presented by Campana et al . [67]. Moreover, the
Lactobacillus strains analysed by the above-mentioned re-
search teams showed less ability to aggregate with Salm.
Enteritidis ATCC 13076, not surpassing 26% [66, 67].
Addit ional ly, Gómez et al . [68] performed a co-
aggregation assay for Lactobacillus isolates with Salm.
Typhimurium ATCC 14028 and L. monocytogenes ATCC
7644. These researchers’ results indicated the higher aggre-
gation efficiency of lactobacilli with L. monocytogenes
ATCC 764 than with Salm. Typhimurium ATCC 14028,
which was comparable to our results [68]. Nevertheless, in
contrast to the data described by Sirichokchatchawan et al.
[7], we noted that selected probiotic strains exhibited the
highest co-aggregation ability with one of the tested
Salmonella strains, namely, Salm. Choleraesuis PCM 2565
(on average, 74.66%), which confirms that the aggregation
properties are strain-related.

Fig. 5 The effect of Lactobacillus strains on the adhesion of pathogenic
bacteria to human colon adenocarcinoma cell line – Caco-2 expressed as
the inhibition rate (%). Displayed data constitute the mean value from
three repetitions (± SD). Mean values, which were significantly different
were marked with various lowercase letters (a – g), according to the
performed two-way ANOVA (p < 0.05) results with the post hoc

Tukey’s test (p < 0.05). Both explanatory variables, namely probiotic
and pathogenic strain bring significant information, as well as the inter-
action of these categorical variables (probiotic strain*pathogenic strain),
therefore results should not be considered separately. Nonetheless, from
all explanatory variables, the pathogenic strain was the most influential in
competition assay results.
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The adhesion of bacterial cells to the intestinal mucose is of
vital importance, not only because of intestinal colonization
and the exclusion of pathogens but also in terms of
immunomodulation and the synthesis of beneficial bacterial
molecules [61]. The adherence rate of the Lactobacillus
strains in our study exceeded 85% and was substantially
higher than that observed for the isolates studied by Feng
et al. [69]. However, the rates were comparable to the de-
scribed by Archer et al. [70], which suggested that the adher-
ence ability of Lactobacillus spp. bacteria is strain-specific.
Furthermore, selected probiotic strains not only exhibited a
predisposition to adhere to epithelial cells but also to hinder
the attachment of pathogenic bacteria to Caco-2 cells by up to
approximately 60%. Campana et al. [67], as well as Jessie Lau
and Chye [71], observed the capability of different
Lactobacillus isolates to inhibit the adherence of Salm.
Enteritidis ATCC 13076 and L. monocytogenes ATCC 7644
or ATCC 13932, respectively, to varying degrees. These re-
sults were partially in line with ours; although, the strains used
in our studies showed significantly higher inhibition proper-
ties towards Salm . Enterit idis ATCC 13076 than
L. monocytogenes ATCC 13932, which was not noted by
the above-mentioned researchers. Albeit, the strongest com-
petition for adherence to Caco-2 cells was observed between
the probiotic strains and Salm. Choleraesuis PCM 2565, as
well as Salm. Typhimurium ATCC 13311. The Caco-2 cell-
binding assay suggested that the Lactobacillus strains possess
the potential to compete with pathogens in the GIT, thus fa-
cilitating their excretion.

The first contact between microorganisms and the host’s
cell walls might be facilitated by features of the microbes’ cell
surfaces, such as hydrophobicity; however, this does not en-
sure strong adhesion. Nevertheless, this characteristic can be
influential on aggregation and adhesion capabilities [64].
Although selected probiotic strains were mostly hydrophilic,
with a hydrophobicity below 40%, we observed strong auto-
and co-aggregation capacities, as well as the ability to attach to
Caco-2 cells strongly enough to inhibit pathogens’ adhesion,
which was in line with the data described by Ramos et al. [72]
and Kim and Baik [73].

Additionally, biofilm formation on biotic (gelatine, colla-
gen and porcine mucin) and abiotic (glass and polystyrene)
surfaces was studied, since they have been proposed as alter-
native models to study the adhesion of microorganisms
in vitro [74]. It was observed that the attachment capabilities
of selected probiotic strains differ between surfaces, which
were in agreement with the results of Aleksandrzak-
Piekarczyk et al. [32]. Based on the results obtained, it was
concluded that the simplified model of adhesion assay would
not bring results comparable to those acquired through the
usage of an epithelial cell line, such as Caco-2, though they
might provide a basic overview of biofilm formation
properties.

Conclusions

Based on the results obtained, it was concluded that selected
Lactobacillus strains possess some desirable features which
indicate their potential as probiotics. Five strains—Lact.
rhamnosus ŁOCK 1087, Lact. paracasei ŁOCK 1091, Lact.
reuteri ŁOCK 1092, Lact. plantarum ŁOCK 0860 and Lact.
pentosus ŁOCK 1094—are suitable candidates for the devel-
opment of new probiotic preparations or to serve as a compo-
nent in synbiotics, along with a suitable prebiotic.

These probiotics are mostly isolated from monogastric an-
imals which is why they can be recommended for use in pig or
poultry feeding, after in vivo testing. The strains are consid-
ered able to survive gastrointestinal passage and to colonize
the intestines as a result of their adhesion to epithelial cells and
mucose. Moreover, the selected strains can prevent pathogen-
ic bacteria colonization and thus to prevent the spread of in-
fections. That is why the usage of the probiotic Lactobacillus
strains could result in the improvement of safety and quality of
meat or food products of animal origin.
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