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Abstract: Probiotics are living microorganisms used as nutritional additives that confer health benefits
on the host. Their use in food products is very attractive, especially if they could also inhibit important
foodborne pathogens. In this study, antimicrobial activity against several foodborne pathogens was
screened for 280 lactic acid bacteria (LAB) isolated from different food products and the probiotic
characteristics of bacteriocinogenic isolates were evaluated. Seven out of 280 LAB isolates were
selected due to their bacteriocinogenic properties and identified by 16S rRNA gene sequence analysis
as Pediococcus pentosaceus (n = 6) and Lactobacillus plantarum (n = 1). Virulence factors and antibiotic
resistances were not detected for any of the isolates. Except for L. plantarum R23, all the isolates were
able to survive through the simulated gastrointestinal tract conditions. Only P. pentosaceus CFF4
was able to adhere to Caco-2 cells after the simulated gastrointestinal tract passage. In conclusion,
even though in vivo studies should be performed, P. pentosaceus CFF4, which was also able to inhibit
the growth of foodborne pathogens in vitro, seems to be a potential probiotic to be used in the
food industry.
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1. Introduction

Probiotics are defined as “live microorganisms that, when administered in sufficient amounts,
confer health benefits on the host”, according to the Food and Agriculture Organization of the United
Nations/World Health Organization [1].

Lactic acid bacteria (LAB) are considered the major group of probiotic bacteria, with Lactobacillus,
Lactococcus, Carnobacterium, Enterococcus, Streptococcus, Pediococcus, Propionibacterium and Leuconostoc
being the most common genera used [2,3]. Their ingestion as probiotics has been acknowledged to
confer a range of health benefits, including the normalization of disturbed gut microbiota, prevention
or alleviation of several intestinal disorders, prevention of heart diseases by lowering blood cholesterol
levels, immune system stimulation, prevention of infectious diseases, among others [4,5]. Previous
studies reported that probiotic bacteria may adhere and survive in the gastrointestinal (GI) tract in
order to provide health benefits, where they act on the stability and protection of this ecosystem [6,7].

Most of the lactic acid bacteria/probiotics are ingested by the consumption of fermented foods,
like dairy products, meat, vegetables and others [8]. Besides their use as biopreservatives, these
microorganisms also enhance the texture and flavor of these kinds of products [9]. The levels associated
with significant outcomes in clinical trials and found in probiotic products are in the range of 1-10
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billion Colony Forming Units (CFU)/dose, which is within the recommended effective dose: more than
100 million CFU/dose [10,11]. However, food products containing potential probiotics should also meet
the guidelines established by FAO/WHO [1]. In general, for commercial purposes, and depending
on the product, potential probiotics that are species- or strain-dependent should also meet a number
of requirements, including (i) safety: isolation from suitable habitats, screening and selection of
probiotics in terms of phenotype and genotype pathogenicity, correct identification and antimicrobial
susceptibility; (ii) functional: probiotics should be tolerant to the GI environment and possess intestinal
epithelial adhesion properties; (iii) beneficial: lactic acid production and antagonism against pathogens;
(iv) technology: tests for genetically stable strains are required for large-scale production and (v)
physiological: immunomodulation, cholesterol metabolism, antimutagenic and anticarcinogenic
properties are required assays [1].

A beneficial but non-mandatory criterion for the selection of probiotic strains may be the
production of substances active against foodborne pathogens. The number of studies involving
different bacteriocinogenic probiotic LAB that are active against foodborne pathogens—~Pediococcus
pentosaceus [9], Pediococcus acidilactici [12], Lactobacillus plantarum [13,14], Lactobacillus lactis [14] or
Enterococcus faecium [15]—has been increasing continuously.

This study aimed to select different bacteriocinogenic LAB isolated from different food products
and to evaluate their probiotic characteristics regarding safety, functional and physiological properties.

2. Materials and Methods

2.1. Microorganisms and Growth Conditions

In this study, 280 LAB isolates previously isolated from different food matrices (e.g., fermented
meat sausages, fermented fish and vegetables) and belonging to the culture collection of Escola Superior
de Biotecnologia, Porto, Portugal were characterized (Table S1). Each LAB isolate was grown on de Man,
Rogosa and Sharpe (MRS) agar (Lab M, Bury, UK) at 37 °C for 48 h.

Thirty-two microorganisms were used as targets (Table 1) to test the inhibitory effects of LAB
isolates. Each microorganism was grown on TSAYE—tryptic soy agar (ISA, Pronadisa, Madrid, Spain)
with 6 g/L of yeast extract (YE, Lab M) at 37 °C for 24 h.

All microorganisms were stored at —20 °C in tryptic soy broth (TSB, Lab M) with 6 g/L of YE
or MRS broth (Lab M) containing 30% (v/v) glycerol (Sigma, Steinheim, Germany), and sub-cultured
twice before being used in assays.

Table 1. Microbial strains used in this study.

Microorganisms Species Source

Bacillus cereus
Bacillus subtilis
Bacillus stearothermophilus
Listeria innocua 2030c
Staphylococcus aureus 18N (methicillin-resistant >
Gram-positive Staphylococcus aureus-MRSA)
Staphylococcus aureus 2037 M1 (methicillin- sensitive Staphylococcus
aureus-MSSA)

Enterococcus faecalis ATCC 29212

ESB culture collection

Staphylococcus aureus ATCC 29213 ATCC
Enterococcus faecalis DSMZ 12956 Enterococcus faecium DSMZ 13590
Enterococcus flavescens DSMZ 7370 Enterococcus casseliflaviis DSMZ DSMZ

20680
Enterococcus gallinarum DSMZ 20628

Listeria monocytogenes L7946

Listeria monocytogenes L7947 MecLauchlin et al. [16]
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Table 1. Cont.

Microorganisms Species Source

Acinetobacter baumannii R
Acinetobacter baumannii S-1
Acinetobacter baumannii S-2
Acinetobacter calcoaceticus R
Acinetobacter calcoaceticus S

Klebsiella pneumoniae
Proteus mirabilis ESB culture collection
Gram-negative Proteus vulgaris
Pseudomonas aeruginosa
Salmonella Braenderup
Salmonella Enteritidis
Salmonella Typhimurium
Yersinia enterocolitica

Escherichia coli ATCC 25922 ATCC
Yersinia enterocolitica NCTC 10406 NCTC
Yeasts Candida albicans ESB

Saccharomyces cerevisiae

ESB: culture collection of Escola Superior de Biotecnologia; DSMZ: German Collection of Microorganisms and Cell
Cultures; ATCC: American Type Culture Collection; NCTC: National Collection of Types Cultures—Culture
Collection of Public Health England. S—Sensitive to several tested antibiotics; R—Resistant to several antibiotics

2.2. Screening of Antimicrobial Activity of each LAB Isolate

Each target microorganism was grown in TSBYE (tryptic soy broth with 6 g/L of yeast extract) and
spread on TSAYE and drops (10 pL) of each LAB culture (grown in MRS broth) were spotted on the
lawns of targets and incubated overnight at 37 °C. Inhibition was recorded as positive if a translucent
halo zone was observed around the spot [15].

To determine the nature of the inhibition for positive strains, each LAB suspension was centrifuged
at 7000 rpm for 10 min at 4 °C (Hettich Zentrifugen, Rotina 35R, Tuttlinegen, Germany) and
cell-free-supernatants (CFS) were adjusted to pH 6.0 with sterile NaOH (1 M) (Pronalab, Lisbon,
Portugal; CFSn) and aliquots were treated for 1 h with 0.1 mg/mL of catalase (500 IU/mL, sterile; CFSnC)
and 0.1 mg/mL of trypsin (CFSnCT), both from Sigma. After these treatments, each supernatant was
spotted against target bacteria [15]. Pediococcus acidilactici HA-6111-2 was used as an anti-listeria
control strain [17].

2.3. LAB Identification

2.3.1. 165 rRNA Sequencing

Deoxyribonucleic acid (DNA) of LAB isolates with antimicrobial activity was extracted according
to the protocol for total DNA purification from Gram-positive bacteria of the GRS genomic DNA
kit-Bacteria -#GK07.0100 (Grisp, Porto, Portugal).

PCR amplification of the 16S rRNA gene fragments was performed using primers 27F
(5’-AGAGTTTGATCCTGGCTCAG-3") and 1492R (5’-GGTTACCTTGTTACGACTT-3’), as described
by Vaz-Moreira et al. [18]. Products of PCR were purified with the GenElute PCR Clean-Up
Kit (Sigma) and used as templates. Sequences obtained from an automatic DNA sequencer
were subjected to BLAST analysis and similarities were determined using the National Center
of Biotechnology Information databases (http://www.ncbi.nlm.nih.gov) [19]. The nucleotide sequences
determined in the present study have been deposited in the GenBank database under the accession
numbers MK999954-MK999960.
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2.3.2. Whole-Genome Sequencing

When 165 rRNA sequencing was not sufficient for species identification, whole-genome sequencing
(WGS) was performed (2 x 150 bp) in an Illumina NovaSeq platform. Genome de novo assembly was
performed with the INNUca v4.0.1 pipeline (https://github.com/B-UMMI/INNUca). Parsnp v1.2 was
used for comparison with other publicly available (NCBI) genomes of the same genus with species
inferred from the core genome phylogeny [20].

2.4. Safety Criteria of Potential Probiotics

All the tests described in Section 2.4. were performed in duplicate for each LAB isolate showing
inhibition by the presence of proteinaceous compounds.

2.4.1. Presence of Virulence Factors

Screening-Test of Biogenic Amines Production

This study was carried out according to the method developed by Bover-Cid and Holzapfel [21]
for the detection of amino acid decarboxylase-positive microorganisms. The production of tyramine,
histamine, putrescine, and cadaverine was assessed. Before the screening test, LAB isolates were
sub-cultured seven times in MRS broth containing 0.1% of each precursor amino acid (all from
Sigma): tyrosine-free base for tyramine, histidine monohydrochloride for histamine, ornithine
monohydrochloride for putrescine and lysine monohydrochloride for cadaverine, and all were
supplemented with 0.005% of piridoxal-5-phosphate.

Plates without amino acid were used as a negative control. A reaction was considered positive
when a purple color appeared, or tyrosine precipitate disappeared around the colonies.

Production of Hydrolytic Enzymes

Gelatinase activity was assessed according to Tiago et al. [22] using the modified Luria—Bertani
(MLB) broth supplemented with 50.0 g/L of gelatin. The presence of gelatinase was considered if the
medium could no longer solidify at 4 °C.

DNase activity was tested as described by Ben Omar et al. [23] by using the medium DNase agar
(Pronadisa) with 0.05 g/L of methyl green (Sigma). A clear halo around the colonies was indicative of a
positive result.

The hemolytic activity was determined by streaking isolates on Columbia Agar plates with 5%
defibrinated sheep blood (Oxoid, Hampshire, United Kingdom). Positive hemolytic activity was
considered when the presence of clear halos around the colonies occurred (3-hemolysis) and negative
hemolytic activity was considered when greenish zones (x-hemolysis) or the absence of clear zones (y-
hemolysis) around the colonies were observed.

Staphylococcus aureus ATCC 25213 was used as a positive control in all experiments.

Presence of Virulence Genes

The presence of virulence genes agg (aggregation substance), gelE (gelatinase), esp (enterococcal
surface protein), efaAfs and efaAfm (cell wall adhesins) and cylA, cylB, cylM, cylL; and cylLg (cytolytic
activity) was detected, as described by Barbosa et al. [24]. PCR amplifications were performed in a
ThermoCycler (Bio-Rad, Richmond, CA, USA) in 0.2 mL reaction tubes each with 25 pL of mixtures
using 0.5 mM of each primer, 0.1 mM of deoxynucleoside triphosphates (ANTP’s, ABGene, Surrey,
United Kingdom), 1X of PCR Buffer (MBI Fermentas, Mundolsheim, France), 2.5 mM of MgCl, (MBI
Fermentas), 2U of Taq polymerase (MBI Fermentas) and 100 ng/uL of DNA (extracted as described in
Section 2.3). The PCR program consisted of an initial denaturation step at 94 °C for 1 min, 35 cycles
at 94 °C for 1 min, primer annealing at 55 °C for 1 min, 72 °C for 2 min, and a primer extension step
at 72 °C for 7 min. After the last cycle, the products were cooled to 4 °C. The PCR products were


https://github.com/B-UMMI/INNUca

Microorganisms 2020, 8, 393 50f 13

analyzed by electrophoresis in 0.8% agarose gels with 1X TAE buffer (Bio-Rad). For each PCR reaction,
a negative control (sample without template) and a positive control (sample with DNA from each
strain according to the studied gene) were included.

2.4.2. Antibiotic Resistance

The antibiotics used were ampicillin and chloramphenicol (Fluka, Steinheim, Germany),
erythromycin, tetracycline and gentamicin (all from Labesfal, Tondela, Portugal), streptomycin
and kanamycin (Sigma), as recommended by European Food Safety Authority [25]. The concentrations
tested were based on the microbiological cut-off values established by the Panel on Additives and
Products or Substances in Animal Feed (FEEDAP) of the EFSA [25], which allowed for distinguishing
resistant from susceptible LAB isolates. Microbiological cut-off values (ug/mL) were determined by the
agar dilution method, according to the Clinical and Laboratory Standards Institute [26]. All isolates
were grown in Muller-Hinton Agar (MHA, BioMérieux, Marcy I'Etoile, France) with no added antibiotic
as a negative control. The quality control strain E. faecalis ATCC 29212 was used to monitor the accuracy
of MICs [26].

2.5. Functional Criteria of Potential Probiotics

2.5.1. Inoculum

One colony of each LAB isolate (grown on MRS agar, 37 °C, 24 h) was transferred to 10 mL of
MRS broth and incubated overnight at 37 °C. For the final inoculum, 0.1 mL of the last culture was
transferred to 10 mL of fresh MRS broth and incubated in the same conditions. Cells were centrifuged
at 7000 rpm for 10 min (Hettich Zentrifugen, Rotina 35R) and resuspended in 10 mL of sterile quarter
strength Ringer’s solution to obtain an inoculum of approximately 107 CFU/mL.

2.5.2. Ability to Resist pH 2.5, pH 2.5 with Pepsin and Bile Salts

Survival of each LAB isolate was tested for different conditions in MRS broth: (i) adjusted to pH
2.5 (with 1M HCl), (ii) adjusted to pH 2.5 (with 1M HCI) and with the addition of 1000 U/mL of a
sterilized solution of pepsin (Sigma) and, (iii) with no pH adjusted and with 0.3% (w/v) of bile salts
(Pronadisa). For all these conditions, 1% of each inoculum, prepared as described above, was added to
each solution. All the samples were kept at 37 °C and taken at time 0 (the time of inoculation) and
every hour, until 4 h. Each experiment was done in duplicate and the growth of each inoculum in MRS
broth was used as control. Serial decimal dilutions of each sample were made in sterile quarter strength
Ringer’s solution (Lab M) and plated on MRS agar for enumeration by the drop count technique [27].
Microbial counts were transformed to logarithmic reduction using the equation: log (N/NO), where N
is the microbial cell count after 4 h of exposure and NO is the initial cell density.

2.5.3. Resistance to Simulated Gastrointestinal Tract Conditions

The simulation of GI tract conditions was performed according to Barbosa et al. [28]. Aliquots of
0.5 mL of inoculum (prepared as described in Section 2.5.1) were placed into glass flasks with 49.5 mL
of buffered peptone water (BPW; LabM, Lancashire, UK) adjusted to pH 2.5 with hydrochloric acid
(1 M HCl) and with 1000 units/mL of a filter-sterilized solution of pepsin (Sigma). The glass flasks
were kept at 37 °C and samples were taken at time O (time of inoculation) and every 30 min until a
total of 60 min to simulate the conditions of the stomach. For the simulated conditions of the small
intestine, a filter-sterilized solution of sodium hydroxide (1 M NaOH) was added to each glass flask in
order to increase the pH from 2.5 to 7.0 and a sterile solution of bile salts (Pronadisa) was also added to
achieve a final concentration of 0.3% (w/v). The flasks were held at 37 °C and samples were taken at
time 0 (time of bile salts addition) and every 30 min for a total of 60 min.

Each experiment was done in duplicate and enumeration was performed as described in
Section 2.5.2.



Microorganisms 2020, 8, 393 60f 13

2.5.4. Ability to Adhere to Human Colon Adenocarcinoma Cell Lines Caco-2

Preparation of Cell Lines Caco-2

The human colon adenocarcinoma cell lines Caco-2 (American Type Culture Collection ECACC
86010202) were cultured in Eagle’s minimal essential medium (Lonza, Verviers, Belgium) supplemented
with 1% (v/v) of non-essential amino acids (Biosera, Boussens, France), 1% (v/v) of pyruvate (Lonza)
and 20% (v/v) of fetal bovine serum (FBS; Biowest, Nuaillé, France) and were incubated at 37 °C and at
5% CO,-95% air atmosphere. The growth medium was replaced with fresh every second day.

Preparation of LAB

Cells of each LAB isolate, previously exposed to simulated GIT conditions, were centrifuged at
7000 rpm for 10 min at 4 °C (Hettich Zentrifugen, Rotina 35R), washed twice and resuspended in
phosphate-buffered saline (PBS, 0.1M, pH 7.4; Sigma) to reach a level of approximately 10° CFU/mL
(volume of diluent was adjusted based on initial ODgq reading).

In Vitro Adherence Assays

Adhesion assays were performed with cells at late post-confluence (15 days in culture) and
according to the method described by Guglielmotti et al. [29], with some modifications. In brief,
2 x 10° Caco-2 cells/well were seeded in 24-well microplates and cultured in fresh EMEM media
until appropriate confluence (90%) reached. Three wells of Caco-2 monolayers were inoculated with
approximately 2 X 107 of each LAB culture cells/well and the plates incubated at 37 °C with 5% CO,~5%
air atmosphere. After 1 h of incubation, the monolayers were washed carefully three times with PBS
and the Caco-2 cells were lysed with 1 mL of 0.2% (v/v) Triton-X 100 cold solution (Sigma) and vigorous
pipetting. The Caco-2 cell lysates and respective LAB culture were serially diluted, plated on MRS
agar and incubated at 37 °C for 72 h.

The colonies of all viable LAB cultures were counted and the CFU/mL calculated. Adhesion
values (%) were calculated as follows: % Adhesion = (V1/V0) x 100, where V0 is the viable count of
bacteria added initially and V1 is the viable bacteria count that adhered to Caco-2 cells, at the end of
the experiment. Two independent assays were carried out. For each experiment, a positive control was
performed with an adherent probiotic strain, Lactobacillus rhamnosus GG (ATCC), and wells without
bacterial cells were used as a negative control.

2.6. Physiological Criteria of Potential Probiotics

Screening of the Isolates for Bile-Salt Hydrolase (BSH) Activity

Bile-salt hydrolase (BSH) activity was tested on MRS agar supplemented with 0.5% (w/v) sodium
salt taurodeoxycholic acid or taurocholic acid (TCA) (Alfa aesar, Karlsruhe, Germany) and 0.37 g/L
CaCl2. Sterile filter discs (6 mm) were placed on top of the culture medium and impregnated with 5 pL
of each overnight LAB culture. As a negative control, 5 uL. of MRS broth was used. All the plates were
incubated anaerobically at 37 °C for 72 h. After incubation, the diameter of the precipitation zones was
measured [30].

2.7. Statistical Analysis

An analysis of variance (one-way ANOVA) was performed for each isolate to test any significant
effects of its exposure for 4h to different conditions (pH 7, pH 2.5, pH 2.5 with pepsin and bile salts).
Also, differences between simulated gastrointestinal tract conditions on the survival of each isolate
were assessed. Multiple comparisons were evaluated by Tukey’s post-hoc test and all analyses were
performed using IBM SPSS Statistics, 25 (IBM Corporation, USA). The mean difference was considered
significant at the 0.05 level.
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3. Results and Discussion

3.1. Screening of Antimicrobial Activity of each LAB Isolate and Its Identification by 16S YRNA Sequencing

From 280 LAB isolates, 85 inhibited some target microorganisms by cell to cell competition, 31
inhibited by low pH and only seven inhibited by the presence of proteinaceous compounds—CFF4,
CFF5, CFF51 and CFF202, all isolated from fermented fish [31]; R23, isolated from arugula; and Q42
and (43, isolated from cheese. These isolates showed bacteriocinogenic activity against five out of the
31 target pathogens: Bacillus subtilis, Listeria monocytogenes 7946, Listeria monocytogenes 7947 and Listeria
innocua 2030 C. Enterococcus faecalis ATCC 29212 was also inhibited by isolate R23. Thus, only these
seven isolates were selected for further experiments and identified by 16S rRNA gene sequencing,
which led to the identification of six Pediococcus pentosaceus (Q42, Q43, CFF4, CFF5, CFF51 and CFF202)
and one Lactobacillus plantarum (R23). The identification of these isolates to the species level revealed
that all presented 165 rRNA gene sequence similarity values higher than 99%. In Figure S1 is shown
the phylogenetic relationship of the partial 165 rRNA gene sequences representing the isolates used in
this study.

Since the species L. plantarum, Lactobacillus pentosus and Lactobacillus paraplantarum are genotypically
related, the 16S rDNA sequencing alone is not sufficient to conclude that isolate R23 belonged to
L. plantarum species [32]. Thus, its total genome was sequenced, which allowed us to confirm its
identification as L. plantarum and the reads of L. plantarum R23 genome sequence were submitted to the
European Nucleotide Archive—ENA; https://www.ebi.ac.uk/ena---provided from EMBL-EBI, under
Bioproject Accession number: PRJEB32816 and Sample Accession number: ER53473554).

Many strains belonging to the LAB group are extensively isolated from a great variety of fermented
products since, besides having many improved nutritional and technological features, they also have
generally recognized as safe (GRAS) status. In addition, a beneficial feature is the production of
antimicrobial substances that allow the prevention of foodborne pathogens and bacteriocinogenic
activity of several LAB against foodborne pathogens such as Listeria monocytogenes, Bacillus cereus or
Staphylococcus aureus have continuously been reported [9,13,15,33,34].

Worldwide, there is an increasing consumer demand for healthy, chemical preservatives-free and
safe products.

Due to this high demand, the number of studies trying to prove the potential of LAB isolates as
probiotics has also been increasing [15,35-37].

3.2. In Vitro Screening of Probiotic Properties of Selected LAB

Biogenic amines and hydrolytic enzymes were not produced by the seven LAB studied, as well
as none of the virulence genes tested. To be considered as probiotic, the bacterium must be free of
virulence determinants in order to ensure that it will not cause any harm to the consumers. Other
authors have also found other LAB isolates, such as Pediococcus and Lactobacillus, to be absent of
virulent determinants [16,38,39].

Candidate probiotic bacteria should not act as reservoirs for antibiotic resistance genes [40].
According to the microbiological cut-off values defined by FEEDAP Panel (Table 1 in [25]), all LAB
isolates were inhibited at concentrations equal to or lower than the established cut-off value for all
antibiotics tested, i.e., no antibiotic resistances were observed in all isolates (Table 2). Regarding
antibiotic resistances and according to FEEDAP Panel, these LAB isolates are considered as acceptable
and may be used as a feed additive [25]. Furthermore, since the selected isolates belong to genera
Lactobacillus and Pediococcus, they are included in the list of QPS status (Qualified Presumption of
Safety) determined by the Food Safety Authority [41,42].
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Table 2. Minimum inhibitory concentrations (MIC; ug/mL) of seven antibiotics for seven lactic acid
bacteria (LAB) isolates.

Amp Gen Kan Str Ery Chl Tet

R23 0.5 <4 <16 nr. <05 <2 <4

Q42 1 <4 <16 <32 <0,5 <2 <4

Q43 2 <4 <16 <32 <05 <2 <4

CFF4 2 <4 <16 <32 <05 <2 <4

CFF5 2 <4 <16 <32 <05 <2 <4

CFF51 1 <4 <16 <32 <05 <2 <4
CFF202 1 <4 <16 <32 <05 <2 <4

Amp—ampicillin; Gent—gentamicin; Kan—kanamycin; Str—streptomycin; Ery—erythromycin;

Chl—chloramphenicol; Tet—tetracycline; n.r.—not required.

As already stated, probiotics should resist several conditions and remain viable to exert health
benefits on the host. Logarithmic reduction to each exposed condition is presented in Figure 1, for
all LAB isolates. All isolates showed good tolerance to bile salts after 4 h compared to the control,
with significant differences (p < 0.05) obtained only for isolates L. plantarum R23 and P. pentosaceus
(Q43. Regarding the exposure to acidic conditions and acidic condition with pepsin, no significant
differences were obtained between both conditions (p > 0.05) and only isolates L. plantarum R23 (~0.6 log
cycles) and P. pentosaceus Q43 (~0.5 log cycles) showed a slight reduction. Despite these, no reduction
exceeded 1 log cycle, meaning that it is possible to assume that these isolates, even L. plantarum R23
and P. pentosaceus Q43, remained viable. Several studies showed similar results in the screening of
probiotic properties [43,44].
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Figure 1. Effect of exposure to different conditions for 4 h on the survival of seven LAB isolates.
Logarithmic reduction in comparison with the initial cell concentration. The results are means based
on data from two replicates and standard deviations are indicated by error bars. Equivalent lowercase
letters, per isolate, mean no significant differences between each condition (p > 0.05).

To guarantee that potential probiotics were able to survive through the GI tract, each LAB isolate
was exposed to simulated sequential GI tract conditions. The results obtained are shown in Table 3.
During the exposure to conditions of the stomach (pH 2.5 with pepsin) for 60 min, significant differences
(p < 0.05) were only obtained for L. plantarum R23 which exhibited a reduction of 2.4 log cycles. Isolates
P. pentosaceus Q42, CFF4, CFF5 and CFF202 were also reduced, but with lower log reductions, (<0.5
log CFU/mL). After subsequent exposure to bile salts, i.e., to conditions of the small intestine, slight
decreases were also recorded for all LAB, with no significant differences observed (p < 0.05). This means
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that after GI tract passage, all LAB (except L. plantarum R23) were able to survive, maintaining their
initial number (about 107 CFU/mL). Other authors have reported the ability of different strains of
P. pentosaceus to tolerate the Gl tract conditions [9,45,46]. However, it is important to highlight that these
experiments were done without the protection of a food matrix and in a real situation the behavior of
the sensitive L. plantarum R23 could be different. Barbosa et al. [15] reported that an E. faecium strain,
which was reduced to values below the detection limit of the enumeration technique by the end of
GI passage simulated in BPW, showed a reduction of only ca. one log cycle by the end of the same
conditions simulated in alheira food matrix.

Table 3. Survival of seven LAB isolates through simulated gastrointestinal (GI) tract conditions.

Log CFU/mL (*)
Isolate 0 min 60 min (#) 120 min (1)

L. plantarum R23 6.82 + 0.0642 4.49 + 0.0482 4.56 + 0.0552

P. pentosaceus Q42 7.16 + 0.0242 6.82 + 0.064P 6.64 + 0.094P
P. pentosaceus Q43 6.87 + 0.2042 7.18 + 0.204P 6.65 + 0.094P
P. pentosaceus CFF4 7.25 +0.1242 7.12 + 0.034P 6.90 + 0.22Ab¢
P. pentosaceus CFF5 7.25 + 0.0342 7.02 + 0.17AP 7.17 £ 0.13A¢
P. pentosaceus CFF51 7.06 + 0.2742 7.30 + 0.194P 7.04 + 0.054b¢
P. pentosaceus CFF202 7.12 £ 0.0742 7.07 + 0.16P 6.87 + 0.06Ab¢

(*) Survival is represented as the mean of the log CFU/mL + the standard error of the mean. (#) Survival after
exposure to pH 2.5 in the presence of pepsin. (1) Survival after exposure to pH 2.5 in the presences of pepsin and
subsequent exposure to bile salts at pH 7.0. Equivalent capital letters, per line, mean no significant differences
between each condition (p > 0.05) Equivalent lowercase letters, by column, mean no significant differences between
isolates at each condition (p > 0.05).

After exposure to GI tract conditions, none of the studied isolates was able to adhere to Caco-2 cells,
with the exception of P. pentosaceus CFF4, for which 11% adhesion was observed. Adhesion of LAB is a
complex process involving contact between the bacterial cell membrane and interacting surfaces and is
strain-specific [47], which could explain the different behaviors among the six P. pentosaceus isolates.
The same was observed for different P. pentosaceus strains studied by other authors; Damodharan
et al. [45] found high adherence (~34%) of P. pentosaceus KID7 to Caco-2 cells, while Han et al. [46]
found similar results (~11%) for P. pentosaceus R1. The ability to adhere can provide information about
the ability of candidate probiotics to colonize and may modulate the host immune system. Therefore,
only P. pentosaceus CFF4 achieved this prerequisite.

Bile-salt hydrolase activity was not found for the seven LAB isolates tested. Tsai et al. [30] also
screened the BSH activity by 800 LAB strains and only found 22 with positive results. The microbial
activity of BSH in the host results in the reduction in cholesterol levels, which despite being desirable,
is not an essential characteristic of probiotics [48,49].

4. Conclusions

Among the 280 LAB isolates screened, only seven (six identified as P. pentosaceus and one as
L. plantarum) showed bacteriocinogenic activity and were selected for further studies. All the isolates
lacked virulence determinants or antibiotic resistance. They were also able to survive through the
simulated GI tract conditions, except for L. plantarum R23, which was reduced by more than two log
cycles at the end of the small intestine conditions. Pediococcus pentosaceus CFF4 was the only isolate
able to adhere to Caco-2 cells (11% of adherence after the simulated GI tract passage).

This study demonstrated that at least one isolate, P. pentosaceus CFF4, presented characteristics of
a potential probiotic and also inhibited the growth of foodborne pathogens. Even though this probiotic
candidate complies with the QPS standards of EFSA and is considered safe, additional tests should be
performed to validate in vivo the potential of this strain.
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acidiphilum were used as outgroup. Trees were constructed using the neighbour-joining method, using the MEGA-7
software. The scale bar indicates 0.1 nucleotide substitution per sequence position. Table S1: Origin of LAB
isolates used in this study.
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