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Abstract

The aim of this study was to present a systematic approach to select lactic acid bacteria
strains to be added in food products and with antimicrobial properties against Listeria
monocytogenes and Staphylococcus aureus. A total of 73 lactic acid bacteria was selected
and tested for their antimicrobial activity against the target pathogens. A subgroup of 44
isolates was selected applying the Principal Component Analysis and tested for co-
aggregation and inhibition of biofilm forming ability against the two target pathogens. Based
on the latter properties and Heat Map Analysis, 10 strains were submitted to whole genome
sequencing to achieve the species identification and explore the presence of genes coding
virulence factors and for bacteriocin. The application of the systematic approach presented
in this study resulted in the final selection of one Lactobacillus paracasei and four
Lactobacillus fermentum strains promising as strains to be added in food products.
Keywords: Fermented milk, Lactic acid bacteria, Foodborne pathogens, Mathematical

approach, Next generation sequencing
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1. Introduction

Foodborne pathogens in raw and processed foods represent a major challenge for food bio-
preservation and public health guarantees. Poor hygienic conditions have been identified as
major risk factors due to transport, environment, and workers’ practices, inducing the transfer
and the spread of pathogenic bacteria along the food chain (Olaimat et al., 2021). Among
foodborne pathogenic bacteria, Listeria monocytogenes and Staphylococcus aureus are
considered the most critical due to the severity of the caused and the number of resulting illness
cases (EFSA-ECDC, 2021). These pathogenic bacteria are frequently detected in dairy,
vegetable, and meat products (Gungor et al., 2021) and have the ability to grow on both biotic
and abiotic surfaces. In food processing, biofilms formed by pathogenic bacteria can lead to the
deterioration of food products and economic losses. The main approaches used to control
pathogenic bacterial growth and biofilm formation include physical and thermal methods (e.g.,
pasteurization, radiation, ultrasound, and UV) and chemical preservatives (e.g., benzoates,
sorbates, and nitrites) (Hossain et al., 2019). During the last few decades, consumer preferences
for fresh, chemical preservative-free, and less-processed foods have greatly increased. In this
regard, purified or semi-pure forms of natural antibacterial products and natural antagonists
including essential oils, active peptides, polyphenols, enzymes, and microorganisms, have been
added to food matrices for bio-preservatives purposes (Lencova etl al., 2022).

Lactic acid bacteria (LAB) are widely used in the food industry to contribute to principal
product quality attributes such as acidity, texture, aroma, and flavor as well as for to shelf-life
increase (Mkadem et al., 2022). Owing to their wide application in food processing and
biopreservation, many LAB have been recognized as Generally Recognized as Safe (GRAS)
by the US Food and Drug Administration (FDA) and “Qualified Presumption of Safety (QPS)”
by the European Food Safety Authority (EFSA). The GRAS and QPS criteria include lactic

acid bacteria belonging to the Lactococcus and Lactobacillus genera, while Enterococcus spp,
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safety properties must be considered given their usual association with infections and toxin
production. Therefore, virulence factors should be investigated for the potential use of lactic
bacteria in food products using in vitro and in silico tests.

LAB are active in preventing the growth of pathogenic bacteria through different mechanisms
such as lowering the pH due to the production of organic acids and other metabolites (Léonard
et al., 2015). Numerous studies have documented the inhibitory effect of LAB isolated from
dairy products against L. monocytogenes during the production and storage of end-products and
have reported their ability to establish protective positive biofilms on food industry surfaces
such as stainless steel and polytetrafluoroethylene supports (Panebianco et al., 2020; Pérez
Ibarreche et al., 2014). LAB continue to gain renewed interest in the production of surface-
active metabolites, such as neutral lipids, fatty acids, phospholipids, by strongly inhibiting
protein-like substances, polysaccharide proteins, lipopeptides, and glycolipids, which exhibit
numerous biological activities such as anti-adhesive, antimicrobial, and anti-biofilm activities.
These molecules have been reported to be effective against Staphylococcus aureus by strongly
inhibiting in vitro formed biofilm (Nataraj et al., 2021; Yan et al., 2019).

Fermented goat milk products represent a preserved culinary heritage linked to local cultural
traditions in the sub-Saharan area. Spontaneous fermentation of milk is usually performed
anaerobically in clay pots at around 25+ 2°C for 2-3 days to produce homemade fermented
milk (Maleke et al., 2021). Microorganisms involved during the fermentation process are
responsible for the unsweetened taste and smooth texture similar to those of yogurt. In addition
to nutritional aspects, the final product can be considered one of the best dairy sources for
isolating LAB (Maleke et al., 2021).

In this context, this study aimed at selecting LAB with in vitro antimicrobial properties against
Listeria monocytogenes and Staphylococcus aureus from spontaneously fermented cow and

goat milk using an integrated mathematical and whole genome sequencing (WGS) approach.
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The latter was applied to get insights regarding the safety of the selected LAB isolates for their
potential use in food products. To the best of our knowledge, this is the first work reporting a
systematic approach by means of a conventional experimental selection, a mathematical
approach, using Principal Component Analysis and Heat Map Analysis, followed by WGS, to
select lactic acid bacteria strains to be added in food products and with antimicrobial properties
against Listeria monocytogenes and Staphylococcus aureus.

2. Material and methods

2.1. Sampling and isolation of LAB

Goat milk was collected aseptically from goats of an experimental farm belonging to the Arid
Land Institute (IRA Medenine, Tunisia) at EI-Fjé in the south of Tunisia. Cow milk samples
were collected aseptically from cows on local farms in sterile bottles stored at 5°C and
immediately transferred to the laboratory.

Raw goat milk and cow milk fermentations were conducted in the laboratory according to the
traditional procedure in glass containers and clay pots, respectively at both 37°C and 42°C for
24 h. In total, four batches were performed for each type of milk by modifying the container
and the temperature of fermentation. For LAB isolation, milk sampling was conducted at 0, 6,
12, 18, and 24 h time-point during milk fermentation. Different fermentation conditions were
used to promote microbial diversity among LAB isolates. Decimal dilutions were performed in
sterile physiological saline solutions and plated on MRS agar with Tween 80 (Biolife Italiana
Srl, Milan, Italy) and M17 agar (Biolife Italiana Srl, Milan, Italy) to identify presumptive
lactobacilli and lactococci, respectively. After anaerobic incubation at 35°C for 48h, each single
selected bacterial colony was streaked on MRS or M 17 agar three times to obtain pure cultures
and then maintained in the respective broth with 20% glycerol for further analyses.

2.2. Screening of LAB with anti-Listeria monocytogenes and anti-Staphylococcus aureus

potential
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2.2.1. Pre-screening of presumed LAB

To select LAB with putative biopreservation potential against L. monocytogenes and/or S.
aureus three stages of screening were performed. The adopted methodology is shown in Figure
1. In the prescreening step, 154 bacterial isolates were examined for Gram staining and cell
morphology under a phase-contrast microscope (E200, Nikon, Tokyo, Japan). Subsequently,
the catalase reaction was assessed for the presence of catalase enzyme using 3% H20;. Gram
positive, catalase-negative, and rod-shaped colonies were selected as presumed LAB strains
(Albayrak & Duran, 2021). LAB isolates were then tested for hemolytic activity, coagulase test
and gelatinase hydrolysis test. Moreover, carbohydrate fermentation patterns were determined
for lactose, glucose, fructose, D-saccharose, D-xylose and L-rhamnose. Finally, milk
acidification potential was evaluated.

Hemolytic activity was assessed by streaking on blood sheep agar (Biolife Italiana Srl, Milan,
Italy) followed by anaerobic incubation at 37°C for 48h. Hemolytic isolates colonies were
surrounded with a complete transparent halo for beta hemolytic or green to brown partial
transparent halo for alpha hemolytic. Colonies without halo are negative or gamma hemolytic
isolates.

The coagulase test was performed using coagulase Plasma EDTA (Biolife Italiana Srl, Milan,
Italy) according to the manufacturer’s instructions. Gelatinase hydrolysis test was performed
using the nutrient gelatin plate method. Overnight LAB isolates were spotted onto nutrient
gelatin plates, prepared according to the method described by Fuochi et al. (2019). A clear zone
around the colonies indicated a positive reaction after incubation at 35°C for 24 h.

The carbohydrates fermentation ability was tested using a fermentation broth base (Biolife
Italiana Srl, Milan, Italy) mixed with different carbohydrates. After incubation at 37°C for 24h,
the change of the broth color to yellow indicated a positive reaction. Milk acidification potential

was determined as described by Oussaief et al. (2020). The final pH for which milk clotting
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was recorded for each LAB isolate. The 73 isolates presumptively identified as LAB were
selected for evaluation of their anti-L. monocytogenes and anti-S. aureus potential.
2.2.2. Screening of LAB with anti-Listeria monocytogenes and anti-Staphylococcus aureus
properties
The antagonist properties of the selected LAB isolates were tested against L. monocytogenes
(ATCC 19117) and S. aureus (ATCC 25923) by the “spot on-the-lawn” method and by bacterial
growth inhibition assay.
The spot on-the-lawn method was performed according to Ramos-Pereira et al. (2021) with
some modifications. LAB isolates were cultured overnight in MRS or M 17 broths, after which
10 uL aliquots were spotted onto the surface of the respective growth medium agar plates.
After incubation for 24h at 37°C, plates with grown LAB spots were covered with an overlay
of TSA soft agar (TSA broth supplemented with 0.75% agar) seeded at a 1% level
(inoculum/agar ratio) of 10® cells of each pathogenic strain separately. After solidification, the
plates were incubated at 37°C for 24 h and the diameters of the inhibition halos against Listeria
monocytogenes (SOTL-L) and Staphylococcus aureus (SOTL-ST) were measured in
millimiter.
Antibacterial activity was also evaluated based on the growth inhibition potential of cell-free
supernatants (CFSs) using a microtiter plate assay according to Venegas-Ortega et al. (2020)
and Jrad et al. (2019). CFSs were prepared by centrifugation of overnight LAB cultures at 10
000xg for 20 min at 4°C using a Sorvall LYNX 6000 centrifuge (Thermo Scientific, USA).
Samples of 100 pl of brain heart infusion (BHI) broth were poured in each of the 96 well of a
microplate and 70 pL of CFS was added in triplicate for each LAB isolate. Then, 30 uL of the
target pathogenic bacteria (~10° CFU/mL) was added to wells and incubated for 24 h at 37°C.
The inhibition rate (%) was determined by measuring the ODegoo nm using a Multiskan Sky

microplate spectrophotometer (Thermo Scientific, Vantaa, Finland) as follows:
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Inhlbltlon (%) — Apositive control ~Atest sample X100 (1)

Apositive control

Where: A positive control: @bsorbance value at 600 nm of the target pathogenic strain in the absence
of CFSs and A test sample: absorbance value at 600 nm of the target pathogenic strain in the
presence of CFSs. The percentage of inhibition is expressed as: % Inhib L and % Inhb ST for
Listeria monocytogenes and Staphylococcus aureus respectively. All the tests described above
were performed in triplicate for each LAB isolate.

2.2.3. Screening for LAB ability to co-aggregate with L. monocytogenes and S. aureus and to
inhibit of biofilms forming capacity

LAB isolate groups characterized by higher and lower showing the highest antibacterial activity
against L. monocytogenes (ATCC 19117) and S. aureus (ATCC 25923) were further tested to
assess their ability to co-aggreagate with L. monocytogenes and S. aureus and inhibit their
ability to form biofilms. All the tests described below were performed in triplicate for each
LAB isolate.

Coaggregation of LAB isolates was carried as described by Oussaif et al. (2020) and results

are expressed as theco-aggregation percentage as follows:

) = [(ALaB+Apat) /2] —A
(ALAB +Apat) /2

Coaggregation(% nXx100 (2)

where Arap and Apa represent the absorbance of the LAB strains and pathogen at 600 nm
respectively, and Amix represents the absorbance of the cell suspensions of each LAB strain and
pathogen. Inhibition of biofilm formation by L. monocytogenes and S. aureus was assessed as
described by Cui et al. (2018). For each pathogenic strain, 100 uL were transferred to each of the
96 well of a microtiter plate. Thereafter, 100 pL of CFS were added and incubated at 37°C for
24h. After incubation, the medium was discarded and planktonic cells were removed from each
well by gently washing twice with sterile phosphate-buffered saline (PBS; pH=7.4). Subsequently,
200 pL of methanol were added for 10 min to fix the biofilm formed, then well stained with 200

pL of 0.1% (m/v) crystal violet solution for 20 min, and rinsed gently with distilled water. Crystal

8



192  violet attached to the biofilm samples was dissolved in 200 pL of 33% (v/v) glacial acetic acid and
193  absorbance was determined at Asoonm using a Multiskan Sky Microplate Spectrophotometer

194  (Thermo Scientific, Vantaa, Finland). The percentage biofilm inhibition was calculated as follows:

195  Biofilm inhibition (%) = “eentrol=Amix) xq 3)

Acontrol

196  Where Acontrol and Amix represent absorbance in the absence and presence of CFSs, respectively.
197  Blank sample of BHI broth without the addition of microorganisms was used as a negative
198  control.

199  2.2.4. Statistical analyses

200  Results of experiments of spot- on- the lawn acitivities represented by the obtained mean values
201  of the diameters of inhibition (SOTL-L and SOTL-ST) and the inhibition percentages of L.
202  monocytogenes (Inhib-L) and S. aureus (Inhb-ST) respectively were used to run Principal
203  Component Analysis (PCA) based on Pearson correlation and varimax rotation. In second step,
204  aselection of LAB isolates obtained from the PCA analysis was further subjected to Heat Map
205  Analysis, which was applied to the independent variables represented by the percentages of co-
206  aggregation and percentages of inhibition of forming biofilm by target pathogens. Data
207  visualization was treated by a color scale from red to green through black using a defined value
208  scale varying from 0 to 100 percent for the obtained results. For clustering, different groups
209 were obtained based on Euclidean distance. Both multivariate statistical analyses PCA and
210  cluster Heat Map were built using XLSTA software version 2019 (Addinsoft, Paris, France) to
211 evaluate and to visualize results based on correlation patterns and clustering of the data
212  matrices.

213  2.3. Whole Genome Sequencing and bioinformatics analysis

214 2.3.1. DNA extraction and sequencing

215 LAB isolates selected as previously described were identified and characterized by Whole

216 Genome Sequencing (WGS). Samples of 1.2 mL from an overnight LAB culture (10 LAB
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isolates from selection 2, Figure 1) were pipetted into sterile microcentrifuge tubes and
centrifuged for 10 min at 5000xg at room temperature. The bacterial pellet was used for
genomic DNA extraction using the MagAttract HMW DNA Kit (Qiagen, Hilden, Germany)
following the manufacturer’s manual for Gram-positive bacteria. To estimate the quantity and
the quality of the extracted DNA, the absorbance at Az¢o nm and absorbance ratio A2so/280 Nm
of all samples were measured using a BioSpectrometer fluorescence (Eppendorf, Hamburg,
Germany). Libraries were built using the Nextera® XT DNA Library Preparation Kit (Illumina,
Milan, Italy) and sequenced on the Illumina MiSeq Platform which generates tagged 251 bp
paired end reads.

2.3.2. Bioinformatic and taxonomy analysis

After the DNA quality check, the paired-end reads obtained from WGS were de novo assembled

using the genome assembler Platanus B (http://platanus.bio.titech.ac.jp/platanus-b). The
function “assemble” with the default options, followed by 10 iterations, was adopted to perform
scaffolding.

The scaffold sequences were analyzed with Ribosomal Multilocus Sequence Typing (rMLST)
with the aim of identifying the bacterial species based on variations in ribosome protein subunits

(https://pubmlst.org/species-id). Scaffold sequence files were also used as input for the

JSpeciesWS web tool to perform pairwise comparisons among isolates based on Average
Nucleotide Identity (ANI) calculation. Specifically, the ANI Blast based calculation (ANIb)

function was adopted (http://jspecies.ribohost.com/jspeciesws).

2.3.3.8afety assessment

2.3.3.1. Antibiotic susceptibility

Antibiotic susceptibility of LAB strains was performed by disk diffusion method according to
the Clinical and Laboratory Standards Institute (CLSI). Six antimicrobials were tested:

ampicillin (10 pg), gentamicin (10 pg), kanamycin (30 pg), erythromycin (15 pg), tetracycline
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(30 pg), and vancomycin (5 pg). The LAB strains were described as sensitive (S) or resistant
(R) according to the inhibition zone diameters (mm); for ampicillin (S > 17 ;R < 14), gentamicin
(S>15; R<12), kanamycin (S > 18; R < 12), erythromycin (S > 23; R < 13), tetracycline (S >
19 ; R <£14), and vancomycin (S > 17; R < 14).

2.3.3.2. Safety assessment and potential bacteriocins production

Safety assessment of the selected LAB strains was performed in terms of the presence of genes
associated to virulence factors, antimicrobial resistance (AMR) genes, and amino acid
decarboxylase production. Gene predictions and translation in proteins from the WGS data were
conducted using the GeneMarkS program. Virulence factors were searched using the virulence
factor database (VFDB), and other refrences genes were obtained from the UniProt database.
Protein-protein similarity was confirmed using the Protein Basic Local Alignment Search Tool
(Protein BLAST) with a cut-off E value < 0.001 and sequence identity over 30%. Bacteriocins
were screned in LAB strains from similar sequences from UniProt database and aligned with
the same cut-off and E value used for virulence factors.

2.3.4. Comparative genome analysis

The DNA of Limosilactobacillus fermentum strains isolated and identified in this work were
compared to 30 complete genomes of reference strains downloaded from the Assembly
National Center for Biotechnology Information (NCBI) RefSeq database with the following
query: "Limosilactobacillus fermentum"[Organism] AND ("latest refseq"[filter] AND
"complete genome"[filter]). Phylogenetic analysis was performed through CSI Phylogeny 1.4

(https://cge.cbs.dtu.dk/services/CSIPhylogeny), which was used to identify and filter single

nucleotide polymorphisms (SNPs) from WGS data. The Clustal omega package was used for
multiple sequence alignment and phylogenetic distance calculations

(https://www.ebi.ac.uk/Tools/msa/clustalo). The generated phylogenetic tree was edited using

the online tool Interactive Tree Of Life (ITOL; https://itol.embl.de).
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3. Results and discussion

3.1. Isolation and preliminary selection of lactic acid bacteria

A total of 154 bacterial isolates were obtained from the eight tested fermentation batches and
prescreened based on the criteria of being Gram-positive, catalase-negative, hemolytic
negative, lactose fermenting positive and with milk acidifying potential. After checking the
absence of gelatinase and coagulase enzymes production (Supplementary Table S1) and based
on the above criteria, 73 isolates with phenotypic properties associated with LAB were
considered for further experimental analysis. All included LAB isolates fermented glucose,
fructose and saccharose. Among them, 14 isolates were negative for xylose and 20 isolates for
rhamnose (Supplementary Table S1).

Among the 73 LAB isolates: 59 isolates were pre-selected from goat milk and 14 were pre-
selected from cow milk. The majority of the LAB isolates were isolated at fermentation times
between 12 and 24 h. A total of 41 isolates were sampled from milk fermented at 37°C and
32 isolates from milk fermented at 42°C. A total of 55 isolates were obtained from fermented
milk using clay pots, and 18 isolates were obtained from glass flasks (Table 1).

3.2. Anti-Listeria monocytogenes and anti-Staphylococcus aureus activities of the LAB
isolates

Principal component analysis (PCA) was plotted based on the spot-on-lawn assay and
inhibition results, as shown in Figure 2.a and Figure 2.b. The first principal component (PC1)
covered the maximum variation of 49.78% of the variability in bacterial discrepancy among
the tests adopted. The second principal component (PC2) explained 38.34% of the variance,
with a cumulative total variance of 88.12% for the two retained PCs. The higher value of the
total variance indicated that the variables were significantly represented by the retained first
PCs. The correlation graph showed that all variables were far from the center (Figure 2.a).

The LAB isolates showed significant discrimination based on the two adopted tests, and their

12
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projections in the PCA plot were differentiated into four quadrants (Figure 2.b). Anti-L.
monocytogenes, and anti-S. aureus activities revealed by both methods were positively
correlated in quadrant B according to PC 1 and PC2 (Figure 2.a). The results revealed that
PC1 was mainly explained by antibacterial activity using a growth inhibition assay against
S. aureus (coordinates in quadrant B: 0.910 (PC1), 0.304 (PC2)) and PC 2 separated LAB
mainly based on the spot —on- the lawn method (coordinates in quadrant B: 0.308 (PC1),
0.904 (PC2)). According to these observations (Figure 2.b) a total of 22 LAB isolates
displaying the strongest activities against the two target pathogens are grouped in quadrant
B. In contrast, a total of 22 LAB isolates with the lowest activities against the target
pathogens were grouped in quadrant C. Finally, LAB isolates characterized by moderate
activity shown by the spot method are positioned in quadrant A, whereas quadrant D shows
LAB isolates correlated with moderate activity, as indicated by the growth inhibition assay.
Various studies have reported that LAB strains belonging to the Lactobacillus, Lactococcus,
Pediococcus, and Leuconostoc species are active against pathogenic bacteria through similar
assays (Arrioja-Breton et al., 2020; Kaya & Simsek, 2019). The LAB isolates clustered in
quadrant B showed mean inhibition values of 65 and 61% against L. monocytogenes and S.
aureus, respectively. Previous studies have suggested that the effect of LAB against
pathogenic bacteria is mainly attributed to the production of organic acids especially lactic
acid, which is synthesized as primary or extracellular metabolite found in cell free extracts
that modifies pH and hydrogen peroxide activity. This effect was reported by Yazgan et al.
(2021) and Kostelac et al. (2020), who compared the antimicrobial activities of non-
neutralized and neutralized supernatant cell-free extracts.

It has been reported that the inhibitory potential of LABs depends on the biological source
of'isolation (Annuk et al., 2003; Sharma et al., 2021). According to Islam et al. (2021), LABs

isolated from goat milk belonging to the species Lacticaseibacillus casei, Leuconostoc

13
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mesenteroides, Pediococcus pentosaceus, and Enterococcus faecalis show high inhibitory
activities against L. monocytogenes, S. aureus, and Gram-negative pathogenic bacteria.
However, other species, as L. acidophilus and L. delbrueckii subsp. bulgaricus, show lower
levels of inhibition. In dairy products in situ application of LAB or their metabolites has
been proven not only to act synergistically with synthetic preservatives or to substitute them.

In cheese, the addition of L. plantarum 1QB77 reduced about 2.26 and 2.52 log CFU/g of S.
aureus and L. monocytogenes respectively, after 21 days of cheese ripening (Margalho et al.,
2020). Antifungal properties were also observed for the cell-free extract of L. plantarum
against Aspergillus fumigatus for more than 6 weeks in tomato paste, bread, grapes, and
black olives (El oirdi et al., 2021).

3.3. Coaggregation and biofilm inhibition activities by LAB isolates

The coaggregattion and biofilm inhibition activities of the 22 LAB isolates with the higher
antibacterial activity (presented in blue in PCA, Figure 2.b) and those of the 22 LAB isolates
characterized by the lower antibacterial activity (presented in green in PCA, Figure 2.b) were
tested. The lowest antibacterial activity isolates were analyzed in order to validate the efficacy
of the different used tests.

The investigation of cell-surface properties of LAB against pathogenic microorganisms is
crucial to evaluate their effectiveness and to select promising candidates to control foodborne
pathogens. The coaggregation activity of LAB, particularly probiotics, is considered as an
important attribute for competitively inhibiting adherence of pathogenic bacteria, and this also
applies to the intestinal tract (Bhushan et al., 2021). The variability in the coaggregation
capacity among LAB indicates that the coaggregation properties are strain-specific (Kumari et
al., 2022). LAB can co-aggregate with pathogenic bacteria depending on the presence of
specific molecules on their surface that act as ligands for pathogen binding, such as

carbohydrates, proteins, and lipoteichoic acid associated with the cell surface. In the current
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study, LAB isolates exhibited different coaggregation potentials, varying from 10 to ~54%
which confirm that the coaggregation potency is strain-specific (Kumari et al., 2022). Isolates
named OWS23 (53.62% = 0.86), OWS107 (46.54% + 0.25), and OWS33 (47.73% =+ 0.18)
exhibited promising co-aggregation potential with L. monocytogenes, and isolates OWS23 and
OWS33 showed promising coaggregation potential with S. aureus (41.04% + 1.25 and 42.89
% =+ 0.30, respectively). Low coaggregation ability was exhibited by OWS38 against L.
monocytogenes (4.23% + 0.11) and by OWS116 against S. aureus (4.28% + 0.41). Obtained
results agree with reporting that coaggregation capacity depends on the target pathogenic strain
(Vijayalakshmi et al., 2020).

The LAB isolates selected in this study also showed remarkable ability to inhibit the biofilm
formation of the target pathogens. The isolate OWS78 displayed the highest inhibition of
biofilm formed by L. monocytogenes (73.7% + 0.94), while OWS153 displayed the highest
inhibition of biofilm formed by S. aureus (66.95% + 0.13). The results regarding biofilm
inhibition and c-aggregation properties of LAB are in agreement with previous studies, where
an inhibition percentage higher than 50% of L. plantarum against biofilms formed by S. aureus
was showed (Cui et al., 2018). The results of biofilm inhibition and coaggregation properties
of LAB isolates were evaluated by clustering using heat map analysis. In Figure 2c¢, bright red
colors correspond to values lower than 10% coaggregation or biofilm inhibition , and bright
green colors correspond to values above 70%. Heat map analysis revealed that LAB isolates
were clearly clustered into two groups. Moreover, the two groups were further sub-grouped
into four groups of LAB with different abilities against L. monocytogenes and S. aureus. The
cluster grouping of LAB strains named OWS38, OWS116, OWS120, and OWS64 had the
lowest activities (10-15%) against both target pathogens. The cluster consisting of LAB strains
(OWS23, OWS33, OWS107, OWS78, OWS96, and OWS153) showed higher potential to

inhibit L. monocytogenes and S. aureus (35-70%). Other clusters represented by LAB strains
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were characterized by a distinctive range of co-aggregation and biofilm inhibition properties.
None of the tested isolates had effective simultaneous anti-L. monocytogenes and anti-S. aureus
activity. In food matrices, the surface adhesion properties of LAB can be correlated with
different factors, such as surface topography, physicochemical characteristics, organic acid
content of the food, and resistance mechanisms of pathogenic bacteria (Hossain et al., 2019).

In accordance with the above-mentioned work, the anti-adherence ability of LAB has also been
reported against S. aureus biofilms by LAB-derived molecules, such as glycolipid
biosurfactants from L. rhamnosus (Patel et al., 2021) and the XJSO1 peptide from L. salivarius
(Li et al., 2021). A wide range of LAB applications have been described against biofilms
formed by L. monocytogenes on stainless steel coupons, MBEC™ microplates, microtiter
plates, and food surfaces, especially on vegetable leaves and fruit surfaces. It has been reported
that LAB isolates deployed an inhibitory effect of approximately 1.07-1.62 log CFU/cm? on
lettuce leaves stored at 25°C. Moreover, more than 5 log CFU/cm? of L. monocytogenes on
stainless steel coupons has been reduced by L. lactis and E. durans (Hossain et al., 2019). LAB,
with antimicrobial properties against pathogenic microorganisms, can release antimicrobial
metabolites and inhibitory polysaccharides. The bactericidal effect can be attributed to
pathogenic cell death caused by the formation of pores in the membrane by bacteriocins or by
interference with targeted bacterial DNA replication. Moreover, organic acids have been
reported to be effective in the development of unfavorable acidic conditions that can inhibit the
growth of pathogenic microorganisms that are not suited to highly acidic conditions. To
understand the mechanisms involved in inhibitory mechanisms, researchers focused on a set of
genes potentially responsible for the antimicrobial potential of LAB using whole-genome
sequencing. For example, four proteins identified by WGS analysis of Lactiplantibacillus

plantarum were 100% identical to class II bacteriocins (Barbosa et al., 2021).
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391  Overall, the coaggregation and inhibition of biofilm formed by L. monocytogenes and S. aureus
392  showed that isolates named OWS23, OWS33, OWS153, OWS96, OWS78, and OWS107 were
393 the most effective against target pathogens. In contrast, isolates OWS38, OWS116, OWS120,
394 and OWS64 were less effective. These two clusters (10 LAB isolates) were subjected to WGS.
395  3.4. Identification and genome features of LAB isolates

396 Complete genomic sequences of isolates OWS107, OWS33, OWS96, OWS120, OWS153,
397 OWSI116, OWS38, OWS64, OWS78, and OWS23 were de novo assembled and the
398  corresponding scaffolds were analyzed for taxonomic identification (Table 2). The average
399 number of sequenced bases of the strains obtained by WGS analysis was 426 Mbases and a
400 guanine and cytosine (GC) content ranging from 38 to 50%. This variability complies with
401  the amount of raw data generated by the WGS analysis, which suggests that a large number
402  of input sequences produce a more complete scaffold. The rMLST analysis revealed that
403  four strains were L. fermentum (OWS107, OWS33, OWS96, and OWS120) and three strains
404  were E. faecium (OWS116, OWS64, and OWS38). Moreover, OWS23 was identified as L.
405  paracasei, OWST8 as E. faecalis, and OWS153 as E. durans. All strains showed high
406  sequence identity (> 99%) with strains downloaded from the MLST database. The
407  correlation pattern based on the ANI values was determined and is presented on the heat
408 map in Figure 3. According to the ANI values, five clusters composed of the closest strains
409 were delineated similarly to the rMLST typing. Relatedness analysis grouped OWS107,
410 OWS33, OWS96, and OWS120 in the same cluster of L. fermentum with the highest ANI
411  values for all the strains, which were above the cutoff value of 95% for species delimitation.
412  The second cluster was represented by E. faecium species represented by OWS116, OWS64
413  and OWS38, with a higher relative correlation forming a clade with an ANI value of 100%.

414  In addition, for OWS23, OWS78, and OWS153, the ANI values were below 95%,
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confirming that these strains belonged to species different from the other groups and were
presented in three distinct groups.

Among the identified species, five strains belonging to the genus Lactobacillus were
recognized in the QPS list of EFSA and received the qualification GRAS from the US FDA
(Nakibapher Jones Shangpliang & Tamang, 2021). However, the LAB species identified as
Enterococcus require further investigation to evaluate their safety and efficacy.
Enterococcus spp are widely recognized for their roles in shaping the sensory properties of
traditional dairy products and as biological biopreservatives regarding their bioactive
properties (Chessa et al., 2021; Choeisoongnern et al., 2021; Sharma & Ghosh, 2021).
Therefore, Table 2 shows that the microbial profile and species distribution could be related
to the milk type and composition profile as affected by fermentation conditions. This may
explain why the LAB isolates developed different competitive potential against the target
foodborne pathogens.

3.5. Safety assessment of the identified lactic acid bacteria

The antibiotic susceptibilities of the LAB strains are shown in Table 3. All strains were
sensitive to ampicillin and tetracycline, and resistant to kanamycin, vancomycin, and
gentamicin. Among the ten LAB strains, only Lacticaseibacillus paracasei OWS 23 was
sensitive to erythromycin. The results showed that all isolated LAB were resistant to the
same class of aminoglycoside antibiotics (i.e., kanamycin and gentamicin) and all of them
were sensitive to relevant clinical antibiotics, such as tetracycline and ampicillin. These
results are consistent with those reported in the literature for these LAB species (Jin et al.,
2021, Oussaif et al., 2020). For enterococcal bacteria, resistance to antibiotics might be
disadvantageous because resistance genes can be transferred to pathogenic bacteria.
However, for lactobacilli species, resistance to vancomycin and gentamicin are naturally

intrinsic and are non transmissible characteristics (Ruiz-Moyano et al., 2019).
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A total of 18 virulence factor-related genes were analyzed in the 10 LAB strains selected in
this study (Table 4). Gelatinase (gelE), collagen adhesin (ace), enterococcal surface protein
(esp), and serine protease (sprE) genes have been detected in E. faecalis OWS78. These
results confirmed those reported by Baccouri et al. (2019) using both genomic and PCR
assays for E. faecalis isolated from traditional Tunisian cheese. Despite the presence of gelE
genes, negative gelatinase production was observed on gelatin plate medium for OWS78
(Supplementary Table S1). Therefore, genes may be silent or expressed at low levels. The
presence of hyaluronidase (4y/) in E. faecium OWS 38, OWS 116 and OWS 64 excludes the
possibility to add these isolates in food products. Genes coding for tdcA relevant in biogenic
amines production were also detected in E. faecalis OWS78 and E. faecium OWS 38,
OWS116 and OWS 64.

The asal gene encoding the aggregation substance, was detected in L. paracasei OWS 23
and L. fermentum OWS 107 and OWS 33. Genes responsible for enterococcal surface
proteins (esp) were identified in L. fermentum OWS 107 and OWS 120. These results are in
agreement with experimental results discussed above. These proteins (i.e., asal and esp) are
associated with bacterial adherence, colonization, and persistence in the gastrointestinal
tract, which are the main characteristics of probiotics. Arellano et al. (2020) have reported
the presence of asal in L. plantarum strain. The absence of surface virulence determinants,
as the absence of cytolysin, hyaluronidase, gelatinase, amino acid decarboxylase genes, and
antibiotic resistance genes, mainly aminoglycoside phosphotransferase, are good
characteristics in order to consider L. paracasei OWS 23, L. fermentum OWSI107, L.
fermentum OWS96, L. fermentum OWS33, and L. fermentum OWS 120 for food applications.
Genes encoding for bacteriocins production were only detected in L. paracasei OWS23 for

LSEI 2386 and bacteriocin immunity protein (Table 4). These two bacteriocins were the

19



464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

most abundant in L. paracasei spp and described to have anti-Listeria spp growth (Surachat
etal., 2017).

3.6. Genome comparison between Limosilactobacillus fermentum strains

L. fermentum is a heterofermentative LAB species with broad-spectrum activity. L.
fermentum 1is characterized by probiotic properties, showed by a high resistance to acidic
environment and high bile concentrations, and the production of antimicrobial and
antioxidative compounds (Pakroo et al., 2022). Recently, strains belonging to this species
have shown an effective potential against intestinal infection caused by the novel SARS-
CoV2 (Soloveva et al., 2021). In this study, four strains were identified as L. fermentum
(Table 2). A phylogenetic tree was constructed to compare firstly L. fermentum isolated from
fermented milk (this study) among each other and with a set of 30 complete L. fermentum
genomes from the NCBI assembly database (Figure 4). Phylogenetic tree analysis showed
that the strains clustered into two clades. The first was formed by L. fermentum AGR1487
isolated from the oral cavity and the second clade was represented by 29 strains originating
from food samples (e.g., raw milk, fermented milk, sausage meat, etc.), constituting the
largest clade in the tree. Clade 2 can be subdivided into different sub-clusters. Therefore, the
L. fermentum strains isolated in this study belong to the same cluster included in clade 2.
The phylogenetic analysis showed that the isolated strains were more closely related to
strains L. fermentum 3872 and ACA-DC 179. These strains have been reported to possess
probiotic and antimicrobial properties (Lehri et al., 2017).

4. Conclusion

This study presents an original integrated systematic experimental and mathematical
approach to isolate and characterize LAB from fermented goat milk and cow milk with
antimicrobial properties against L. monocytogenes and S. aureus. Strains OWS23, OWS33,

OWS153, OWS96, OWS78 and OWS107 were the most effective against the target pathogens
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and were identified as L. fermentum, E. faecium, L. paracasei, E. faecalis and E. durans
species. The determination of antibiotic susceptibilities of the isolated LAB and their safety
assessment based on the analysis of whole genome sequencing (dectection of genes related
to antimicrobial resistance, virulence, biogenic amines production) and dectection of genes
coding for bacteriocin confirmed that L. paracasei OWS 23, L. fermentum OWS 107, OWS
96, OWS 33 and OWS 120 are the most interesting isolates for further applications in
fermented foods.
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Figure 2. Antimicrobial features of the LAB isolates against Listeria monocytogenes and
Staphylococcus aureus evaluated by principal component analysis, variables projection on
the factor plane (a), Observations projection on the factor plane (b) and heat map plot
with dendrogram representation of included co-aggregation and biofilm inhibition
abilities (c).

(a) SOTL, Spot on the lawn Method; Inhib-L, Inhibition Listeria monocytogenes (%); Inhib-ST, Inhibition Staphylococcus aureus (%). The
blue font color represents the projection of LAB isolates with higher anti-Listeria and anti-Staphylococcus activities,

(b) The green font color represents the projection of LAB isolates with lower activity by the two adopted assays (c) The change of color from
bright red (<10%) towards the bright green (>70%) indicated the higher potential effect against Listeria (L) or Staphylococcus (ST). The blue

rectangle represented cluster with higher capacity and the orange clustered isolates with lower potential. These two clusters were chosen for
the molecular analysis.
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comparison of LAB isolated strains.
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different ANI values among analyzed strains.
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743  Table 1. Origin and number of the retained LAB isolates from each time-point during goat and cow milk fermentation

Sampling time during milk fermentation (h)

Fermentation batches

to toh ti2n tigh t24n
Goat milk clay pot 37°C 5 10 16
Goat milk clay pot 42°C 8 5 5
Goat milk glass flask 37°C
Goat milk glass flask 42°C 4 6
Cow milk clay pot 37°C - - 5 -
Cow milk clay pot 42°C - - 1 -
Cow milk glass flask 37°C - - - 5- -
Cow milk glass flask 42°C - - - -- 3
744
745
746
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747  Table 2. Isolation information (type of milk, sampling time and type of container used for milk fermentation) and genome features of the
748  selected LAB isolates
Information regarding fermentation conditions Number of
- Total contigs
LAB Time .Of Container . Total number number of GC matching Taxon Identity  Accession
. sampling Fermentation of sequenced Content . o
isolates . . : used for sequenced o with (%) number
Milk during milk . temperature reads (%) .
. milk bases (Mb) Ribosomal
fermentation . (°O) P .
(h) processing roteins
OWS 78  Goat taan Glass flask 37 2.214.108 555.74 38,1% 56 Enterococcus 100 SAMNZT
faecalis 689331
OWS 23  Goat taan Clay pot 37 1.949.018 489.20 46,1% 52 Lacticaseibacil ., SAMN27
lus paracasei 689332
Limosilactobac
OWS 107 Goat t1on Clay pot 4 1.929.326 48426  503% 52 illus 100 8%1\92\3%7
fermentum
OWS 153  Goat toan Glass flask 42 2.018.300 506.59 38,8% 52 Enterococcus 100 SAMNZT
durans 689334
Limosilactobac
OWS33  Cow tion Clay pot 37 1.964.806 49317 502% 52 illus 100 8%1\9431\31?57
fermentum
Limosilactobac
OWS 9  Goat ton Clay pot 4 111.704 28.04 50,1% 28 illus 100  SAMNZ7
689336
fermentum
OWS 38  Cow tign Glass flask 37 2.332.118 585.36 38,6% 54 Enterococcus 100 SAMNZT
faecium 689337
Enterococcus SAMN27
0
OwS 116 Goat t12n Clay pot 42 2.069.214 519.37 38,7% 52 Jaecium 100 689338
OWS 64  Goat taan Glass flask 37 2.275.202 571.08 38,6% 53 Enterococcus 100 SAMNZT
faecium 689339
Limosilactobac
OWS 120 Goat taan Clay pot £ 124.898 31.35 50,3% 39 illus 100 SAMN27
689340
fermentum
749
750
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751  Table 3. Antibiotic susceptibility of the identified LAB

Strains AMP ERY TET GEN VAN KAI\Z‘jz

Enterococcus faecalis, OWS78 S R S R R oo
Lacticaseibacillus paracasei, OWS 23 S S S R R 754
Limosilactobacillus fermentum, OWS 107 S R S R R R 795
Enterococcus durans, OWS 153 S R S R R R 756
Limosilactobacillus fermentum, OWS 33 S R S R R R ;g;
Limosilactobacillus fermentum, OWS 96 S R S R R R 759
Enterococcus faecium, OWS 38 S R S R R R 760
Enterococcus faecium, OWS 116 S R S R R R ;g;
Enterococcus faecium, OWS 64 S R S R R R 763
Limosilactobacillus fermentum, OWS 120 S R S R R R ng‘_‘
700

766 AMP, ampicillin (10 pg); ERY, erythromycin (15 pg); KAN, kanamycin (30 pg);TET, tetracycline (30 pg); VAN, vancomycin (5 pg); GEN, gentamicin (10 pg); R, resistant; S, Susceptible.
767
768
769
770
771
772
773
774
775
776
7
778
779
780
781
782
783

784
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785
786

Table 4. Presence/ absence of genes associated with virulence factors, biogenic amine production, antibiotic resistance and bacteriocins identified

in the lactic acid bacteria by Whole Genome Sequencing analysis

Lactic bacteria strains

Entero- Lacti- Limosi- Entero- Limosi- Limosi- Entero-  Entero- Entero- Limosilacto
Gene Sequence Function coceus casei lacto coccus lacto lacto coccus  coccus coceus bacillus
source faccalis bacillus bacillus durans bacillus bacillus  faecium  faecium faecium fermentum
owsyg Paracase fermentum OWS  fermentum  fermentum Oows Oows OWS 64 OWS 120
iOwsS23 Ows 107 153 ows 33 ows 96 38 116
gelE VFG002174 Gelatinase + - - - - - - - - -
hyid - VEGOossge | elwomdase ] i ] ] ] . R . ]
IyiB  VEGOssg4 velwromdase i ) i i ] . . . ]
Aggregation
asal VFG002173 substance - + + - + - - - + -
esp  VFGOo2179 ~ Dnterococcal + ] + + ] ] ] ) . .
surface protein

“ cylA VFG002177 Cytolysin - - - - - - - - - -

[«5]

S Collagen

(]

f ace VFG002166 adhesin protein + - - - - - - - - -

Q

S etk VFG016223 Cytotoxin K - - - - - - - - - -

E Non-hemolytic

= _ _ - - - - - - - -

S nheA VFG016268 enterotoxin A
nheB  VFGOl6276  Ton-hemolytic i i i i ) i i ] i

enterotoxin B

hblA VFG016254 Hemolysin A - - - - - - - - - -
hblD  VFG016260 Hemolysin D - - - - - - - - - -
hbIC  VFG016263 Hemolysin C - - - - - - - - - -
cesD VFG050112 Cereulide D - - - + - - - - - -
cesT VFGO050116 Cereulide T - - - - - - - - - -
cesP VFGO050117 Cereulide P - - - - - - - - - -
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cesH

sprE

Amino acid
decarboxylases

genes

hdcA

HdcB

tdc
(tdcA)

Antibiotic resistance genes

vanA

vanB
(vanB2

vanCl

vanC?2

ermA

ermC

tetK

aacA-
aphD

IC7 01
478

Bacteriocins

LSEI
2386

LSEI
2163

VFGO050118 Cereulide H
VFGO002191  Serine protease
Histidine
P00862 decarboxylase
proenzyme
Histidine
POSTII decarboxylase
L-tyrosine
Q838D6 decarboxylase
P25051 Vancomycin A
Q06893 Vancomycin B
Vancomycin
J1IIWT7 resistance
protein C1
Vancomycin
QSIFG8 resistance
protein C2
POAOH2 Erythromycin
P23130 Erythromycin
AOA368 S14Y Tetracycline
Gentamycin
POAOC2 (aac(6')-Ie-
aph(2")-Ia)
Aminoglycoside
R8HZG3 phosphotransfer
ase
QO035J6 Bacteriocin
Bacteriocin
Q036G0 leader d.or.nam—
containing
protein
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787
788
789
790
791
792
793
794

FAMIO0
859 02
184

K6RWTO

Bacteriocin
immunity
protein

bviAd

QYZGP5

Butyrivibriocin

gaaAd

024790

Gassericin A

Q48500

L.acidophilus
acdB acidocin B

VI9ZAK2

Gassericin T

gasA

Q7X3T4

Acidocin
LF221A
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