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Abstract: In this study, a wide pool of lactic acid bacteria strains deposited in two recognized culture
collections was tested against ropy bread spoilage bacteria, specifically belonging to Bacillus spp.,
Paenibacillus spp., and Lysinibacillus spp. High-throughput and ex vivo screening assays were per-
formed to select the best candidates. They were further investigated to detect the production of active
antimicrobial metabolites and bacteriocins. Moreover, technological and safety features were assessed
to value their suitability as biocontrol agents for the production of clean-label bakery products.
The most prominent inhibitory activities were shown by four strains of Lactiplantibacillus plantarum
(NFICC19, NFICC 72, NFICC163, and NFICC 293), two strains of Pediococcus pentosaceus (NFICC10
and NFICC341), and Leuconostoc citreum NFICC28. Moreover, the whole genome sequencing of the
selected LAB strains and the in silico analysis showed that some of the strains contain operons for
bacteriocins; however, no significant evidence was observed phenotypically.

Keywords: lactic acid bacteria; starter culture; organic acids; rope spoilage; bread spoilage; bakery products

1. Introduction

Bread is considered an essential staple food in many cultures, being a valuable source
of proteins, lipids, vitamins, and minerals [1]. Unluckily, bread and most of the bakery
products available on the market are characterized by short shelf life. Generally, bread
quality can be affected by physicochemical decomposition, known as staling, and mi-
crobiological contamination, with daily losses ranging from 9.7% to 14.4% [2]. Among
bread-spoilage bacteria involved in bakery product loss, those belonging to Bacillus spp., in-
cluding B. subtilis, B. licheniformis, B. cereus, B. amyloliquefaciens, B. mycoides, B. pumilus, and
a few species of the genera Paenibacillus and Lysinibacillus, contribute to two-thirds of total
food waste, along with fruit and vegetables [3–7]. Contamination by these microorganisms
leads to “ropy” bread, which is characterized by an unpleasant ripe fruity odor similar to
an overripe pineapple, melon, valerian, or honey, with a sticky, soft, and discolored crumb
due to enzymatic degradation of starch, proteins, and exopolysaccharides (EPS) [8]. These
bacteria are normally present in the bakery environment, surfaces, and atmosphere [9].
Furthermore, raw materials such as wheat, seeds, semolina, and brewer’s yeast during
harvesting and processing conditions are an optimal colonizing source for bacteria, which
can prosper during storage periods. Humidity and heat enable bacteria growth to reach
high levels of contamination in the flour after the milling process, leading to a higher speed
of the rotting process in bread (24–48 h) [7]. The successful colonizing ability of these bacte-
ria is associated with their endospores, a highly thermoresistant structure, which allows
retention of their viability during the baking process [10]. The ubiquitous presence and the
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spore-forming ability of these microorganisms, in combination with the increasing demand
for eco-friendly ways of handling food and food products themselves, make the elimination
of these spoilage agents a challenge, both at the artisanal and industrial levels. Furthermore,
the increasing trend of “green consumerism” demands to be met particularly by the food
industries. With this, chemical preservatives are now being rejected, which results in “new”
standards considered for food safety and extended shelf-life [11,12]. Ideally, the need for
alternative preservatives should be obtained from naturally occurring sources that can be
achievable using microorganisms or/and their metabolites [13]. In this context, selected
lactic acid bacteria (LAB) can be exploited to prevent spoilage of bread and contribute both
to the production of sensory properties and microbial safety of bakery products [14,15].
The use of LAB as a starter culture has a long history in a variety of fermented foods.
Particularly in sourdough, lactic acid fermentation is considered one of the most prominent
antispoilage “technologies” due to the production of lactic acid, acetic acid, fatty acids,
short peptides, and the pH reduction, which lead to the suppression of several spoilage
agents [16–18]. Several authors have already investigated different LAB cultures for sour-
dough as an additive-free method to avoid rope development in bakery products [19–22].
In this study, a wide pool of LAB strains, provided by two recognized culture collections in
Italy and Denmark, were tested against some common bread spoilage bacteria, specifically
belonging to Bacillus spp., Paenibacillus spp., and Lysinibacillus spp. High-throughput and
ex vivo screening assays were performed to select the best candidates. They were further
investigated to detect the production of active antimicrobial metabolites and bacteriocins.
Moreover, the technological and safety features of the selected strains were assessed. The
final goal was the detection of candidate LAB strains with an inhibitory activity to be
potentially used as biocontrol agents for the production of clean-label bakery products.

2. Materials and Methods
2.1. Microorganisms Used in This Study
2.1.1. Lactic Acid Bacteria Strains

A total of 18 LAB strains from the Lactobacillus, Pediococcus, and Leuconostoc groups
were selected to be tested against bread spoilage agents (Table 1). Five strains were
provided by the Unimore Microbial Culture Collection (UMCC), University of Modena
and Reggio Emilia (Italy), and the remaining strains were provided by the National Food
Institute Culture Collection (NFICC), Technical University of Denmark (Table 1). UMCC
strains were identified and characterized by 16 s RNA gene sequencing in previous works
and selected for their antispoilage activity [14,15]. Regarding NFICC strains, they were
identified by using the MALDI Biotyper® sirius IVD System (BRUKER, Roskilde, Denmark)
or through whole-genome sequencing, and selected for their suitability to ferment plant-
based substrates [23]. The original culture of the strains is maintained in their respective
collections by cryopreservation at −80 ◦C in cryovials containing De Man, Rogosa, Sharpe
(MRS) broth (Oxoid, Milan, Italy) mixed with 25% (v/v) glycerol. An active culture of each
strain was used for all the reported screenings.

2.1.2. Spoilage Bacteria Strains

According to previous works by Saranraj and Gheeta [24] and Valerio et al. [6], a total
of 29 different bread spoilage bacterial strains were chosen for the screenings (Table 2).
They were provided by the NFICC collection and the German Collection of Microorganisms
and Cell Cultures (DSMZ).



Fermentation 2023, 9, 290 3 of 20

Table 1. Lactic acid bacteria strains tested in the present study. They were provided by the Na-
tional Food Institute Culture Collection (NFICC), Technical University of Denmark and by Unimore
Microbial Culture Collection (UMCC), University of Modena and Reggio Emilia (Italy).

Strain Code Species Isolation Source

NFICC10 Pediococcus pentosaceus Sourdough
NFICC19 Lactiplantibacillus plantarum Dill
NFICC27 Lactiplantibacillus plantarum Sourdough
NFICC28 Leuconostoc citreum Sourdough
NFICC58 Pediococcus pentosaceus Sourdough
NFICC72 Lactiplantibacillus plantarum Gooseberry
NFICC87 Leuconostoc citreum Beetroot
NFICC94 Leuconostoc citreum Spinach

NFICC103 Pediococcus pentosaceus Pumpkin
NFICC163 Lactiplantibacillus platarum Field pea
NFICC207 Lactiplantibacillus plantarum Glasswort
NFICC293 Lactiplantibacillus plantarum Dragsholm plant
NFICC341 Pediococcus pentosaceus Brewer’s spent grain

UMCC 2990 Fructilactobacillus sanfranciscensis Sourdough type I
UMCC 2996 Lactiplantibacillus plantarum Dough for Panettone
UMCC 3002 Furfurilactobacillus rossiae Dough for Panettone
UMCC 3010 Pediococcus pentosaceus Gluten-free sourdough
UMCC 3011 Leuconostoc citreum Dough for Panettone

Table 2. Selected bread spoilage bacteria tested in the present study. They were provided by the
German Collection of Microorganisms and Cell Cultures (DSMZ) and the National Food Institute
Culture Collection (NFICC).

Strain Code Species Isolation Source

DSM 2301 Bacillus cereus Food poisoning incident
DSM 4222 Bacillus cereus -
DSM 4312 Bacillus cereus Vomit

DSM 22905 Bacillus cytotoxicus Vegetable puree
NFICC119 Lysinibacillus fusiformis Beetroot
NFICC432 Paenibacillus polymyxa Walnut
NFICC503 Bacillus mycoides Beech leaves
NFICC510 Bacillus altitudinis Plant
NFICC526 Bacillus mycoides Red fir
NFICC528 Bacillus subtilis Sourdough
NFICC529 Lysinibacillus sphaericus Common Juniper
NFICC530 Bacillus pumilus Common Juniper
NFICC531 Bacillus simplex Common Juniper
NFICC532 Lysinibacillus fusiformis Common Juniper
NFICC740 Bacillus cereus Plant
NFICC781 Bacillus cereus Kombucha
NFICC816 Bacillus thuringiensis Animal feces
NFICC855 Bacillus weihenstephanensis Potato
NFICC869 Bacillus amyloliquefaciens Pasteurized BSG
NFICC871 Lysinibacillus sphaericus Pasteurized BSG
NFICC879 Lysinibacillus boronitolerans Potato
NFICC882 Lysinibacillus fusiformis Potato
NFICC889 Lysinibacillus boronitolerans Potato
NFICC906 Bacillus simplex Potato

NFICC1127 Bacillus amyloliquefaciens Pasteurized BSG *
NFICC1130 Bacillus amyloliquefaciens Pasteurized BSG
NFICC1525 Bacillus subtilis Herring Garum
NFICC1534 Bacillus subtilis Miso
NFICC1549 Bacillus licheniformis Apple pulp

* BSG: brewers’ spent grains.
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2.2. Screenings for Antibacterial Activity of the LAB Strains
2.2.1. High-Throughput Screening Assay with LAB Cell-Free Supernatants (CFS)

The preliminary screening of the selected LAB activity against 29 bread spoilage strains
was performed by using the LAB cell-free supernatants (CFS), following the protocol of
Inglin et al. [25] with some modifications. The different spoilage strains were inoculated
in a definite medium, specifically, brain heart infusion (BHI) broth (Oxoid, Milan, Italy)
(Bacillus spp.), M17 broth (Oxoid, Milan, Italy) (Lysinobacillus spp.), and potato dextrose
(PD) broth (Oxoid, Milan, Italy) (Paenibacillus spp.), and incubated at 30 ◦C for 24 h. The
LAB strains were incubated in MRS broth at 30 ◦C for 48 h. LAB supernatants were
obtained by centrifuge at 6000× g 15 min following sterile filtration (0.20 µm) in new
Eppendorfs (ThermoFisher, Waltham, MA USA). After 50 µL of BHI/M17/PD containing
0.5% of an overnight culture of the chosen spoilage agent was transferred to a 200 µL
clear-glass, flat-bottom 96-well microtiter plate (ThermoFisher, Waltham, MA, USA) using a
multichannel pipette. Then, 30 µL of LAB supernatant was transferred to each well. Optical
density at 600 nm (OD600) was measured at time zero (t0) using a plate reader infinite
M200PRO (Tecan, Männedorf, Switzerland), and results were analyzed using the formula
1.5 × OD600t0. Then, the plates were incubated at 30 ◦C (optimal condition for the spoilage
strains), and the OD600 was subsequently controlled after 24 h and 48 h. For each strain,
OD600 value below the formula threshold indicated an inhibition activity.

2.2.2. Double-Agar-Layer Screening Assay

The double-agar-layer screening assay was performed by adapting the protocol de-
scribed by Iosca et al. [15]. Briefly, spoilage strains were incubated in their respective
optimal media mentioned previously (BHI broth, M17 broth, and PD broth) at 30 ◦C for
24 h. After incubation, initial OD600 was measured and adjusted to a final concentration
of 105 CFU/mL. LAB strains were grown in MRS broth at 30 ◦C for 24 h, then OD600 was
measured and adjusted as needed to obtain 108 CFU/mL. After, 1 mL of MRS agar was
poured into 24-well plates (ThermoFisher, Waltham, MA, USA) and overlaid with 500 µL
of the specific growth medium of the spoilage strains (BHI agar for Bacillus spp.; M17 agar
for Lysinobacillus spp.; and PD agar for Paenibacillus spp.). After solidification, 10 µL of the
spoilage agents was spread on each well and left to dry. Subsequently, a hole of 4 mm was
made and 5 µL of each LAB strain was inoculated in the wells. Results were taken after
48 h of incubation at 30 ◦C, wherein growth inhibitions were noted. Scores were designated
as follows: complete inhibition of the spoilage agents was scored 3, strong inhibition was
scored 2, and moderate to weak inhibition was scored 1, while no inhibition was scored 0.

2.3. Confirmatory Assay of Antibacterial Activity in Bread Medium (BM)

To evaluate the ex vivo antibacterial activity of the LAB strains selected from the
previous screenings, a culture medium from plain wheat bread was simulated following
the protocol designed by Verni et al. [26] and Iosca et al. [17] with some modifications.
Briefly, 600 g of wheat bread was homogenized using a blender to facilitate the enzyme
treatment, and water was added in a 1:4 ratio (w/w). After the blended mixture, Neutrase, an
endoprotease (1.5 AU/g) from Bacillus amyloliquefaciens (Novozymes, Bagsværd, Denmark)
was used at 1.5 mL/L, while Amylase (Novozymes, Bagsværd, Denmark) was added
at 0.5 g/L. Proteolytic and amylolytic enzymes were then added to facilitate nutrient
compound availability. Bread suspensions were then incubated at 55 ◦C for 18 h, considered
the enzymes optimal conditions. After the incubation, mixtures were centrifuged (6000 rpm
for 20 min) and supernatants were collected. The medium pH was adjusted to around 5.7,
filtered, and sterilized at 121 ◦C for 15 min. Preselected lactic acid bacteria CFS, obtained
as previously described, were then tested in ex vivo conditions using BM to detect the
best performers. As above, Inglin et al.’s [25] protocol was performed. LAB and selected
Bacillus spp. spoilage agents were grown in BM. All screening assays were carried out
in triplicate. Data were analyzed and compared using a one-tailed t-test. Strains with
significant inhibitory activities were selected and further analyzed.
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2.4. Assessment of the LAB Bioactive Compounds
2.4.1. High-Performance Liquid Chromatography (HPLC) Detection of the Main
Compounds Produced in MRS Fermentation

To detect and identify the main compounds produced by the most prominent in-
hibitory LAB strains, the CFS of the evaluated strains were examined by HPLC after 14 h,
18 h, and 24 h of fermentation in MRS at 30 ◦C. HPLC was equipped with an Aminex HPX-
87H column (300 × 7.8 mm column) (Bio-Rad, Hercules, CA, USA), and a Shodex RI-101
refractive index detector was used. The flow rate of the mobile phase (5 mM H2SO4) was
0.5 mL/min, and the column oven temperature was maintained at 60 ◦C. All reagents were
analytically pure, standard curves were first identified individually, and retention times
were calculated. Oxalic acid, tartaric acid, formic acid, lactic acid, citric acid, acetic acid, and
succinic acid were the key acids chosen for the analysis, as suggested by Hui-Hu et al. [27].
All the samples were loaded in triplicate. MRS broth was also analyzed as a control. Statis-
tical analysis was performed using Kruskal–Wallis nonparametric analysis. A p-value of
<0.05 was considered statistically significant.

2.4.2. Bacteriocins Production

The potential bacteriocin production from the various LAB was evaluated by treating
LAB’s CFS with proteolytic enzymes, including proteinase K, trypsin, and α-chymotrypsin
at a final concentration of 0.1 mg/mL. The preparation of CFS was performed as previously
described. Subsequently, after 1 h incubation at 37 ◦C, heat treatment at 95 ◦C × 10 min
was performed to terminate the enzymatic processes before spotting it on a plate [28].

Moreover, another assay of CFS spotted on a BHI was performed according to the
method described by Fugaban et al. [28]. Briefly, the selected LAB were cultured in MRS
broth at 30 ◦C for 18 h, and the CFS was obtained by centrifugation (8000× g, 10 min).
Using sterile 1 M NaOH, supernatant’s pH was adjusted to 6.5 and heat treated at 80 ◦C
for 10 min to inactivate putative proteolytic enzymes and eliminated hydrogen peroxide.
The supernatant was then filtered with 0.2 µm syringe filters (Sartorius Ministart Syringe
hydrophilic Filter, Göttingen, Germany). Ten microliters of the CFS were then spotted on a
BHI plate with 1% agar seeded with appropriative test organisms at a final viable cell count
of ~105 CFU/mL and left to dry. Plates were then incubated for 24 h at 30 ◦C to observe the
formation of inhibition zones. The experiment was conducted in triplicate.

2.4.3. Kinetic Screening Assay

To further confirm that the antibacterial activity of the selected LAB inhibits spoilage
growth, the method proposed by Fugaban et al. [28] was followed. Test organisms, B. cereus
DSM 2301, B. thuringensis NFICC816, B. weihenstephanensis NFICC855, B. amyloliquefaciens
NFICC1130 and NFICC1127, and B. licheniformis NFICC1549, were grown individually in
sterile 96-well flat-bottom plates. After 3 h, LAB-CFS, obtained as previously described,
was added to the appropriate wells. Sterile BHI inoculated with 10% test organisms was
dispensed in the first 10 columns of the plate, leaving the last two for sterility control
and growth control. Experiments were performed in two independent set-ups for each
LAB-CFS, with the test organism being treated. Plates were incubated at 30 ◦C for 18 h and,
simultaneously, the OD600 nm were measured for 24 h.

2.5. Phenotypical Characterization of the LAB Strains
2.5.1. API Test

Carbohydrate utilization was characterized by using API 50 CHL panel test (bioMérieux,
Marcy l’Etoile, France) according to the protocol suggested by the manufacturers. Briefly,
all the LAB strains were initially grown in MRS broth for 18 h at 30 ◦C. Subsequently,
cells were collected by centrifugation and washed twice in 0.85% NaCl saline solution.
Cell concentrations were adjusted to 0.5 McFarland. Suggested volumes of inoculum
were added to each corresponding well. Set-ups were incubated at 30 ◦C, and color
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changes were monitored after 24 h and 48 h. Results were interpreted based on the
manufacturers’ recommendations.

2.5.2. Determination of Acidification Ability in BM USING ICINAC

Acidification profiles were generated for the antibacterial strain in BM. Exponentially
growing LAB, previously incubated in MRS at 30 ◦C for 18 h, were washed as mentioned
before, and 1 mL was inoculated in 40 mL of sterile BM, obtained as already described
in the previous paragraph. The fermentation was performed in 40 mL of liquid Bread
Media and monitored with the iCinac system (AMS alliance, Frepillon, France), which
allows monitoring of acidification kinetics during fermentation [29,30]. The cultures were
incubated in a water bath at 30 ◦C during all procedures, and sampling was recorded every
30 min for 48 h.

2.6. Safety Assessment
2.6.1. Hemolytic Activity

The hemolytic activity of the LAB present in this study was evaluated using Columbia
Blood Agar (Oxoid LTD, Basingstoke, UK) with 5% defibrinized horse blood according to
Fugaban et al. [31]. Strains grown for 18 h in MRS at 30 ◦C were spot-plated (10 µL) on
the agar surface. Positive hemolytic activity was indicated by clear yellow zones around
the bacterial growth (β-hemolysis). The reference strains used were Staphylococcus aureus
NFICC1477, B. cereus DMS 2301, and Lc. citreum NFICC88 as controls for α-, β-, and γ-
hemolysis, respectively. All experiments were performed in triplicate.

2.6.2. LAB Antimicrobial Susceptibility

The antimicrobial susceptibility testing (AST) was performed according to the sug-
gestions set by the European Food Safety Authority (EFSA) in the set guidelines for the
assessment of AST of human and veterinary significant microorganisms [32]. The assay was
performed in a 96-well microplate using microbroth dilution with specific antibiotics from
Sigma-Aldrich (ampicillin, chloramphenicol, ciprofloxacin, gentamycin, kanamycin, strep-
tomycin, and vancomycin) on cation-adjusted Mueller–Hinton broth supplemented with
MRS (5.0 g/L). The assay included 10 antibiotic dilutions in two-fold and controls (growth
and sterility controls). Inocula were adjusted to 0.5 McFarland units and disseminated
appropriately to obtain a final concentration of 105 CFU/mL. The plates were incubated
following EFSA guidance (35 ± 1 ◦C for 18 h). The lowest concentration with complete
bacterial inhibition was recorded as the MIC and analyzed according to the standards set
for LAB.

2.7. Whole-Genome Sequencing Analysis: In Silico Screening for Functional Genes and
Virulence Genes

Whole-genome sequencing of the selected LAB strains was performed using Illu-
mina technology. Libraries for paired-end sequencing were constructed using the Nex-
tera XT kit (Illumina, CA, USA) guide 15031942v01. The pooled Nextera XT libraries
were loaded onto an Illumina NextSeq reagent cartridge using the NextSeq 500/550
Mid Output Kit v2.5 (300 Cycles) with a standard flow cell. Raw FASTQ files were
trimmed using standard Trimmomatic settings, and genome assembly was performed
using Unicycler [33,34]. Subsequently, annotation and conversion of the genome in pro-
tein sequence were obtained using the Bacterial and Viral Bioinformatics Resource Center
(BV-BRCbeta, https://www.bv-brc.org/, accessed on 13 January 2023) [35,36]. To detect pu-
tative bacteriocins’ sequence and ribosomally synthesized and post-translationally modified
peptides (RiPPs), BAGEL4 (http://bagel4.molgenrug.nl, accessed on 15 December 2022)
was used in combination with UniProt Consortium and the National Center for Biotechnol-
ogy Information (NCBI, https://www.ncbi.nlm.nih.gov/, accessed on 1 December 2022)
using BLAST protein [37,38].

https://www.bv-brc.org/
http://bagel4.molgenrug.nl
https://www.ncbi.nlm.nih.gov/
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3. Results
3.1. Screening Assays
3.1.1. High-Throughput Preliminary Screening

The high-throughput screening assay suggested by Inglin et al. [25], which aims for
an efficient screening for putative antispoilage LAB, was conducted using 96-well plates.
The obtained results were analyzed based on the formula: 1.5 × OD600 t0. Results are
reported in Table S1. All the strains in which the OD600 value after 24 h and 48 h resulted
to be under the cut-off derived from the formula were considered to be putative inhibitory
candidates. All results obtained in this preliminary screening were further evaluated. In
this assay, the best antagonistic strains were L. plantarum UMCC 2996 and NFICC 19, 27, 72,
163, 207, and 293. Additionally, P. pentosaceus UMCC 3010 and NFICC 10, 58, 103, and 341,
along with Lc. citreum NFICC28 and NFICC94, demonstrated having the highest inhibitory
activity in the typical growth media used.

3.1.2. Antibacterial Activity of LAB Assessed by Double-Agar-Layer Screening Assay

Additional assessment of the antibacterial activity of the LAB strains was assessed
against Bacillus spp. using well diffusion assay in 24-well microtiter plates. Inhibitions were
analyzed and graded based on the scores previously mentioned, and results are indicated
in Table S2. Assessments of activities showed that the strain P. pentosaceus NFICC341 had
the broadest inhibition (66% of the spoilage agents), followed by 66% for P. pentosaceus
UMCC 3010 and 57% for Lc. citreum UMCC 3011 and F. sanfranciscensis UMCC 2990. A
strong inhibition was also detected for F. rossiae UMCC 3002 and L. plantarum NFICC207,
with a percentage inhibition of 52% for both strains. For the other evaluated strains, even
though inhibitory abilities were detected, due to a percentage under 50%, no significant
antagonistic activity was observed.

3.2. Antibacterial Activity of LAB by Confirmatory Assay in BM

To confirm the activities of the CFS of the selected LAB candidates, an ex vivo experi-
ment was performed using liquid BM. This is to mimic the nutritional bread conditions to
allow the evaluation of the actual antimicrobial potential of the candidates. Results obtained
after 48 h were investigated with the use of one-tailed t-test as reported in Figures 1–6.
Based on the results obtained by the first screenings, Bacillus cereus DSM 2301 was tested
against the CFS of five LAB (Figure 1). The set-up treated with L. plantarum NFICC19
showed the strongest inhibitory activity, with a significant difference compared with the
control DSM 2301 in BM.

Similar action was detected for L. plantarum UMCC 2996, Lc. citreum NFICC28, and
F. sanfranciscensis UMCC 2990. The lowest activity was shown by L. plantarum NFICC293.
B. thuringiensis NFICC816 was challenged with the CFS of six LAB strains, specifically, L.
plantarum NFICC19, 27, 293, Lc. citreum NFICC28, and P. pentosaceus NFICC341 (Figure 2).
Here, only Lc. citreum NFICC28 was able to significantly prevent the growth of the spoilage
organism. Additionally, B. weihenstephanensis NFICC855 was challenged with various LAB-
CFS, including L. plantarum strains (NFICC19, 27, 72, 207, and 293), F. sanfranciscensis UMCC
2990, Lc. citreum NFICC28, and P. pentosaceus strains (UMCC 3010, NFICC58, and 341). As
reported in Figure 3, significant results were obtained. Candidates from all four species
were able to inhibit pathogen growth, particularly L. plantarum NFICC72, NFICC163, and
P. pentosaceus NFICC58.

Two strains of B. amyloliquefaciens, NFICC1130 and NFICC1127, were used in these
experiments (Figures 4 and 5), recording completely different results even if challenged with
the same LAB-CFS strains. The majority of the LAB were able to inhibit B. amyloliquefaciens
NFICC1130; the highest inhibitory activities were recorded for P. pentosaceus NFICC10
and L. plantarum NFICC19. On the contrary, B. amyloliquefaciens NFICC1127 showed no
inhibition with the same LAB-CFS. The CFS of different LAB strains, including L. plantarum,
Lc. Citreum, and P. pentosaceus, were tested against B. licheniformis NFICC1549, as reported
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in Figure 6. L. plantarum NFICC72 and NFICC293 appear to be the best inhibitory agents,
along with Lc. citreum NFICC94.
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plantarum NFICC19, 27, 293, Lc. citreum NFICC28, and P. pentosaceus NFICC341 (Figure 2). 
Here, only Lc. citreum NFICC28 was able to significantly prevent the growth of the spoil-
age organism. Additionally, B. weihenstephanensis NFICC855 was challenged with various 
LAB-CFS, including L. plantarum strains (NFICC19, 27, 72, 207, and 293), F. sanfranciscensis 
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Figure 1. Antibacterial activity of the selected LAB’ cell-free supernatant in Bread Media (BM) against
B. cereus DSM 2301. One-tail t-test was performed comparing OD600 value after 48 h growth of
B. cereus DSM 2301 in BM and the same pathogens challenged with CFS of L. plantarum (UMCC 2996,
NFICC19, and 293), F. sanfranciscensis (UMCC 2990), and Lc. citreum (NFICC28). The mean value of all
the treated samples was significantly lower than the control sample (untreated sample); t(2) = −2.92
and p = 0.05. Bars with * are significantly different.
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Figure 2. Antibacterial activity of the selected LAB’s cell-free supernatant in Bread Media (BM)
against spoilage agents B. thuringensis NFICC816. One-tail t-test was performed on the obtained
triplicates comparing OD600 value after 48 h growth of NFICC816 in BM and the same pathogens
challenged with CFS of L. plantarum (NFICC19, 27, and 293) and P. pentosaceus (NFICC341). The mean
value of one treated sample of Lc. citreum (NFICC28) was significantly lower than the control sample
(untreated sample), while the other samples respected the null hypothesis; t(2) = −2.92 and p = 0.05.
Bars with * are significantly different.
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Figure 3. Antibacterial activities of the selected LAB’s cell-free supernatant in Bread Media (BM)
against spoilage agents B. weihenstephanensis NFICC855. One-tail t test was performed on the obtained
triplicates comparing OD600 value after 48 h growth of NFICC855 in BM and the same pathogens
challenged with CFS of L. plantarum (NFICC19, 27, 72, 207, and 293), F. sanfranciscensis (UMCC 2990),
Lc. citreum (NFICC28), and P. pentosaceus (UMCC 3010, NFICC 58, and 341). The mean value of
the samples represented by * was significantly lower than the control sample (untreated sample);
t(2) = −2.92 and p = 0.05.
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Figure 4. Antibacterial activity of the selected LAB’s cell-free supernatant in Bread Media (BM)
on spoilage agent B. amyloliquefaciens NFICC1130. One-tail t-test was performed on the obtained
triplicates comparing OD600 value after 48 h growth of NFICC1130 in BM and the same pathogens
challenged with CFS of L. plantarum (NFICC9, 27, 72, 163, 207, and 293), Lc. citreum (NFICC28), and
P. pentosaceus (UMCC 3010, NFICC10, 58, and 341). Bars with * are significantly different, with a
mean value significantly lower than the control sample (untreated sample), while samples NFICC 27,
163, 207, 293, and 341 respect the null hypothesis; t(2) = −2.92 and p = 0.05.
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Figure 5. Antibacterial activity of the selected LAB’s cell-free supernatant in Bread Media (BM)
on spoilage agent B. amyloquiefaciens NFICC 1127. One-tail t test was performed on the obtained
triplicates comparing OD600 value after 48 h growth of NFICC1127 in BM and the same pathogens
challenged with CFS of L. plantarum (NFICC19, 27, and 293), Lc. citreum (NFICC28), and P. pentosaceus
(NFICC341). No significant differences between the control and treated samples were observed at
t(2) = −2.92 and p = 0.05.
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Figure 6. Antibacterial activity of the selected LAB’s cell-free supernatant in Bread Medium (BM)
on spoilage agent B. licheniformis NFICC1549. One-tail t-test was performed on the obtained tripli-
cates comparing OD600 value after 48 h growth of NFICC1549 in BM and the same spoilage agent
challenged with CFS of L. plantarum (NFICC27, 72, 163, and 293), Lc. citreum (NFICC28 and 94),
and P. pentosaceus (UMCC 3010 and NFICC341). The * indicate measurements that are significantly
different, with a mean lower than the control samples; t(2) = −2.92, p = 0.05.
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3.3. Detection of Bioactive Compounds
3.3.1. Metabolites Detected by HPLC during Fermentation in MRS

LAB’s ability to produce organic acids, other potentially antimicrobial compounds,
and sugar consumption was assessed (Table 3). The CFS of the evaluated strains were
examined by HPLC after 14 h, 18 h, and 24 h of fermentation in MRS. Observation of the
results shows a corresponding ratio between amounts of lactic acid and acetic acid after
24 h. In congruence with the assessment for acidification, L. plantarum strains NFICC72,
163, 293, and 19 showed a strong and fast acidification activity. The present results also
show that the ethanol detected is too low or not produced at all. Other compounds such as
citric acid, oxalate, tartaric acid, and succinic were detected in trace amounts only.

3.3.2. Evaluation of the Bacteriocins Production and Kinetic Screening Assay

The screening of potential bacteriocin production revealed no antibacterial protein-
associated inhibitions. Moreover, the assay of CFS spotted on a BHI confirmed the inhibitory
activity of acids compounds and the absence of produced bacteriocins due to the nonformed
inhibition zones. The results obtained from the kinetics assay highlight the bacteriostatic
activity of the selected LAB. In fact, observations of the results demonstrates the presence of
an extended lag phase, supporting the presence of organic acids in the cell-free supernatants
and the absence of bacteriocins.

3.4. Assessment of Technological Features of the Candidate LAB Strains
3.4.1. Sugar Fermentation Profiling (API Test)

Sugar fermentation profiles obtained by API 50 CHL galleries were assessed for all the
selected LAB, as indicated in Table 4, wherein the most common sugars in bakery products
are highlighted (complete API profiles after 48 h are shown in Table S3). Results show that
the most utilized sugars by the strains include glucose, fructose, maltose, and cellobiose.

3.4.2. Acidification Ability in BM

To further assess the strains’ performance for dough fermentation, their acidification
ability was tested in BM during a period of 24 h. In Figure 7, only the best performers are
reported. A decrease in pH ≈ 4.5, which is considered to be safe, was noted. The strains
considered to be the fastest acidifiers were L. plantarum (UMCC 2996, NFICC19, and 163),
Lc. citreum NFICC28, and P. pentosaceus UMCC 3010, which reached a pH ≈ 4.5 with at
least 10 h of fermentation.
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Table 3. Different compounds (g/L) detected by HPLC after 14, 18, and 24 h of fermentation in MRS broth. The creation of the heat map is based upon the detected
MRS broth concentration: green color highlights the production, red color the consumption, and yellow color was used when the detected amount was equal to MRS
broth. The measurement were with three independent experiments, and Kruskal–Wallis statistical analysis was performed to detect the significant strains with
respect to plain MRS. The significance is marked with an *.
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OXALATE
14H 0.37 0.36 0.38 0.39 0.95 * 0.34 0.32 0.39 0.57 * 0.39 0.30 0.34
18H 0.37 0.33 0.34 0.40 * 0.93 * 0.39 * 0.38 0.38 0.29 0.36 0.63 * 0.39 *
24H

0.31
0.37 0.44 0.44 0.48 * 1.38 * 0.57 * 0.41 0.70 * 0.69 * 0.32 0.55 * 0.37

CITRIC ACID
14H 0.00 * 0.00 * 0.00 * 0.00 * 1.77 1.04 1.18 0.00 * 0.00 * 0.00 * 0.00 * 0.38 *
18H 1.13 0.00 * 1.06 1.12 1.05 1.05 1.86 0.92 * 0.09 * 1.04 0.00 * 0.00 *
24H

1.86
0.99 0.90 * 1.04 0.96 1.60 0.40 * 2.15 0.00 * 0.00 * 0.81 * 0.00 * 1.10

TARTARIC ACID
14H 1.12 * 1.08 1.13 * 1.12 * 1.17 1.47 * 1.00 1.10 * 1.07 1.19 * 0.97 1.08
18H 1.12 * 1.00 1.03 1.08 * 0.81 1.32 * 0.00 1.02 0.61 1.17 * 0.00 0.00
24H

0.00
0.00 0.00 0.00 0.00 1.22 * 0.00 0.00 0.00 0.00 0.00 0.00 0.00

GLUCOSE
14H 14.33 9.34 * 12.25 11.56 6.32 * 6.97 * 8.00 * 13.39 7.02 * 13.62 6.04 * 10.13
18H 14.99 7.06 * 11.19 * 11.13 * 0.95 * 5.37 * 5.67 * 11.28 4.87 * 11.74 5.23 * 8.59 *
24H

14.62
14.02 11.86 9.04 * 8.98 * 0.98 * 2.78 * 4.03 * 0.00 * 0.00 * 9.52 4.07 * 7.61 *

SUCROSE
14H 1.79 0.76 1.33 1.57 0.00 * 0.00 * 0.00 * 1.57 0.93 1.03 0.51 1.14
18H 1.68 0.75 1.26 1.25 0.71 0.00 * 0.00 * 0.49 * 0.51 * 0.92 0.49 * 0.95
24H

1.49
1.72 1.33 1.22 1.34 0.70 * 0.00 * 0.00 0.87 * 0.83 * 1.06 1.11 1.08

GLUTAMIC ACID
14H 0.08 * 0.25 0.06 * 0.07 * 0.00 * 0.23 0.15 0.08 * 0.10 0.00 * 0.17 0.18
18H 0.13 0.13 0.11 * 0.12 * 0.21 0.10 * 0.12 * 0.13 0.11 * 0.09 * 0.13 0.18
24H

0.23
0.09 0.00 * 0.00 * 0.00 * 0.23 0.00 * 0.00 * 0.20 0.20 0.00 * 0.00 * 0.00 *

SUCCINIC
14H 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.18 2.07 * 0.00 0.00
18H 0.75 * 0.59 0.70 * 0.74 * 0.00 0.00 0.07 0.44 0.48 1.10 * 0.44 0.00
24H

0.00
0.00 0.00 0.00 0.00 1.22 * 0.00 0.08 0.00 0.00 1.15 * 0.00 0.00

FORMIC ACID
14H 0.03 0.00 0.00 0.00 0.00 0.00 0.07 * 0.00 0.00 0.09 * 0.07 0.15 *
18H 3.76 * 0.01 0.13 * 0.15 * 0.00 0.00 0.11 * 0.03 0.00 0.03 0.00 0.08
24H

0.00
1.44 * 0.01 0.23 * 0.18 * 0.00 0.00 0.12 2.02 * 0.00 0.01 0.00 0.14

ACETIC ACID
14H 4.36 4.77 * 4.73 * 4.48 4.90 * 5.44 * 0.16 4.34 4.73 * 5.14 * 4.41 4.56
18H 4.56 * 4.45 * 4.38 * 4.50 * 4.86 * 5.52 * 2.23 4.35 4.49 * 4.89 * 4.49 * 4.47 *
24H

0.00
4.39 4.41 4.40 4.55 * 4.79 * 4.77 * 4.29 4.60 * 4.65 * 4.84 * 4.38 4.51 *

1,3 PROPANDIOL
14H 0.71 0.85 * 0.83 * 0.82 * 0.86 * 0.92 * 0.71 0.75 0.86 * 0.89 * 0.84 * 0.81
18H 0.79 0.78 0.81 0.82 0.89 * 0.86 * 0.81 0.53 0.85 * 0.83 * 0.88 * 0.75
24H

0.00
0.67 0.74 0.79 * 0.80 * 0.84 * 0.67 0.84 * 0.70 0.84 * 0.83 * 0.86 * 0.82 *

2,3 BUTANDIOL
14H 0.05 0.06 0.21 * 0.20 * 0.00 0.00 0.10 0.18 * 0.00 0.29 * 0.00 0.18 *
18H 0.18 * 0.00 0.16 * 0.18 * 0.00 0.00 0.13 0.14 0.00 0.26 * 0.00 0.06
24H

0.00
0.00 0.06 0.19 * 0.17 * 0.00 0.00 0.15 0.00 0.00 0.26 * 0.00 0.08
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Table 3. Cont.

Sample/time MRS
F. sanfran-
ciscensis

UMCC 2990

L.
plantarum

UMCC2 996

P.
pentosaceus
UMCC 3010

P.
pentosaceus

NFICC10

L.
plantarum
NFICC19

Lc. citreum
NFICC28

P.
pentosaceus

NFICC58

L.
plantarum
NFICC72

L.
plantarum
NFICC163

L.
plantarum
NFICC207

L.
plantarum
NFICC293

P.
pentosaceus
NFICC341

LACTIC ACID
14H 0.59 12.05 * 6.14 5.50 14.73 * 5.47 4.97 2.88 14.25 * 2.95 13.33 * 7.98 *
18H 0.86 13.08 * 5.59 6.34 19.78 * 6.16 7.91 * 6.56 16.14 * 3.13 14.77 * 9.18 *
24H

0.00
0.78 5.21 9.38 10.08 19.90 * 16.91 * 12.27 * 20.32 * 20.78 * 4.69 16.11 * 11.43

ETOH
14H 0.00 0.00 0.00 0.00 0.00 1.32 * 0.00 0.00 0.00 0.00 0.00 0.00
18H 0.00 0.00 0.00 0.00 0.00 1.58 * 0.00 0.00 0.00 0.00 0.00 0.00
24H

0.00
0.00 0.00 0.00 0.00 0.00 0.37 * 0.00 0.00 0.00 1.74 * 0.00 0.00

Table 4. Sugar fermentation profiles of the tested LAB strains obtained by API 50 CHL after 48 h of incubation at 30 ◦C.

LAB D(+)-Glucose D(−)-
Fructose

D(+)-
Cellobiose Maltose Lactose D(+)-

Melibiose Saccharose D(+)-
Raffinose Starch D(+)-Xylose

F. sanfranciscensis UMCC 2990 + + + + − − − − − −
L. plantarum UMCC 2996 + + + + + + + + − −
F. rossiae UMCC 3002 + +/− − + − +/− − − − +
P. pentosaceus UMCC 3010 + + + + − − − − − −
Lc. citreum UMCC 3011 + +/− − + − − − − − +
P. pentosaceus NFICC10 + + + + + + + + − −
L. plantarum NFICC19 + + + + + + + + − −
L. plantarum NFICC27 + + + + + + + + − −
Lc. citreum NFICC28 + + + + + + + + − +
L. plantarum NFICC58 + + + + + + + + − +
L. plantarum NFICC72 + + + + + + + + − −
P. pentosaceus NFICC87 + + + + − − + − − +
Lc. citreum NFICC94 + + + + − − + − − +
P. pentosaceus NFICC103 + + + + + + + +/− − −
P. pentosaceus NFICC163 + + + + + + + + − +/−
L. plantarum NFICC207 + + + + + + + + − +
L. plantarum NFICC293 + + + + + + + + − −
P. pentosaceus NFICC341 + + + + + + + + − +/−
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3.5. Safety Profile of the Selected LAB Strains
3.5.1. Hemolytic Activity Profile

Nonhemolytic activity is considered a safe prerequisite for the selection of new strains
for food starter culture [39,40]. Results indicate that all the examined strains did not show
signs of β-hemolytic activity when grown in Columbia Blood Agar (Table 5). Eleven
LAB strains exhibited green-hued zones around colonies showing α-hemolytic activity
(partial hemolysis), while seven strains including F. rossiae UMCC 3002, Lc. citreum UMCC
3011, NFICC28, NFICC94, and P. pentosaceus NFICC58 and NFICC341 were γ- hemolytic
(nonhemolysis).

Table 5. Hemolytic capacity * of the tested strains.

Tested Strains γ-Hemolysis α-Hemolysis β-Hemolysis

F. sanfranciscensis UMCC 2990 x
L. plantarum UMCC2996 x
F. rossiae UMCC 3002 x
P. pentosaceus UMCC 3010 x
Lc. citreum UMCC 3011 x
P. pentosaceus NFICC10 x
L. plantarum NFICC19 x
L. plantarum NFICC27 x
Lc. citreum NFICC28 x
L. plantarum NFICC58 x
L. plantarum NFICC72 x
P. pentosaceus NFICC87 x
Lc. citreum NFICC94 x
P. pentosaceus NFICC103 x
P. pentosaceus NFICC163 x
L. plantarum NFICC207 x
L. plantarum NFICC293 x
P. pentosaceus NFICC341 x
S. aureus NFICC1477 x
Lc. citreum NFICC88 x
B. cereus DMS 2301 x

* The occurrence of the specific hemolytic activity is marked by “x”.

3.5.2. Antimicrobial Susceptibility Profiles (AST)

The sensitivity of LAB strains was determined against various antibiotics (strepto-
mycin, ampicillin, vancomycin, gentamicin, kanamycin, and chloramphenicol), and the
obtained results were compared based on the cut-offs, as specified in the guidance on the
assessment of bacterial susceptibility to antimicrobials of human and veterinary importance
from EFSA [32]. Sensitivity profiles are shown in Table 6. Briefly, almost all of the tested
LAB show resistance against streptomycin (99%), except P. pentosaceus NFICC341 and
vancomycin (100%), as already reported by different studies. However, against ampicillin
(81%), kanamycin (76%), chloramphenicol (99%), and gentamycin (57%), the majority of
them were in accordance with the EFSA cut-off and could be considered susceptible.

3.5.3. In Silico Screening for Resistance Genes

All 18 isolates were analyzed for the presence of acquired resistance genes using
ResFinder version 4.2.3 and ResFinder database version 2.0.1 [41] using genome assemblies.
Parameters used for a matching identity on the database were required to be at least 80%,
whereas the coverage of a matching gene in the database was required to be at least 60%.

3.6. Whole-Genome Sequencing Analysis: Functional Gene and Potential Virulence In
Silico Screening

The presence of bacteriocins was initially tested following the protocol by Fugaban et al. [28]
with no positive results. In addition, to further confirm the possible absence of bacteriocins,
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sequences of the whole genome obtained from all the evaluated LAB were analyzed using
the web server BAGEL4. Although phenotypically no bacteriocin-associated inhibitions
were observed, in silico analysis showed the presence of bacteriocins belonging to class IIb
and Iic (particularly penocin and plantaricins A, E, F, K, J, and N) (Table 7). The structures
of the putative operons are shown in Figure S1.

Table 6. Minimum inhibitory concentration (MIC) (µg/mL) of the antibiotic susceptibility of the
selected LAB. The values reported in bold and blue color are under or equal to recommended EFSA
cut-offs and underline the susceptibility of the strains.

Tested LAB
Tested Antibiotics

Streptomycin Ampicillin Kanamycin Vancomycin Chloramphenicol Gentamycin

F. sanfranciscensis UMCC 2990 ≤128 ≤16 ≤32 512 ≤4 ≤4
L. plantarum UMCC 2996 ≤128 ≤32 ≤64 512 Resistant ≤256
F. rossiae UMCC 3002 ≤128 ≤4 ≤32 512 ≤4 ≤4
P. pentosaceus UMCC 3010 ≤128 ≤2 ≤16 512 ≤4 ≤4
Lc. citreum UMCC 3011 ≤128 ≤4 ≤32 512 ≤8 ≤8
P. pentosaceus NFICC10 ≤128 ≤1 ≤16 512 ≤4 ≤4
L. plantarum NFICC19 ≤64 ≤1 ≤16 512 ≤4 ≤4
L. plantarum NFICC27 ≤64 ≤1 ≤16 512 ≤4 ≤4
Lc. citreum NFICC28 ≤128 ≤1 ≤32 512 ≤4 ≤4
L. plantarum NFICC58 ≤128 ≤1 ≤32 512 ≤4 ≤4
L. plantarum NFICC72 ≤64 ≤1 ≤16 512 ≤4 ≤4
Lc. citreum NFICC87 ≤128 ≤1 ≤32 512 ≤4 ≤4
Lc. citreum NFICC94 ≤128 ≤1 ≤32 512 ≤4 ≤8
P. pentosaceus NFICC103 ≤128 ≤2 ≤32 512 ≤4 ≤4
P. pentosaceus NFICC163 ≤64 ≤1 ≤16 512 ≤4 ≤4
L. plantarum NFICC207 ≤64 ≤1 ≤16 512 ≤4 ≤4
L. plantarum NFICC293 ≤128 ≤1 ≤8 ≤8 ≤4 ≤4
P. pentosaceus NFICC341 ≤64 ≤2 ≤32 512 ≤4 ≤4

Table 7. Bacteriocins produced by the LAB strains displaying the highest inhibitory activity against
ropy agents.

Strain Species Bacteriocins Predicted by BAGEL4

NFICC28 Lc. citreum None

NFICC10 P. pentosaceus Penocin A

NFICC58 P. pentosaceus None

NFICC19 L. plantarum Plantaricin E, Plantaricin F Plantaricin K,
putative class IIc bacteriocin, putative class IIb bacteriocin

NFICC72 L. plantarum Plantaricin E, Plantaricin F Plantaricin K, putative class IIc
bacteriocin, putative class IIb bacteriocin

NFICC163 L. plantarum Plantaricin E, Plantaricin F Plantaricin K, putative class IIc
bacteriocin, putative class IIb bacteriocin

NFICC293 L. plantarum Plantaricin A, Plantaricin E, Plantaricin F, Plantaricin J,
Plantaricin K, Plantaricin N

UMCC 2996 L. plantarum Plantaricin A, Plantaricin E, Plantaricin F, Plantaricin J,
Plantaricin K, Plantaricin N

4. Discussion

Bacillus spp. are well associated with ropy bread and bakery product spoilage [6,7,42].
Clean-label strategies to control microbial spoilage in bakery industries are important,
accordingly, some starter cultures, including LAB, are promising alternative biocontrol
agents thanks to their ability to produce bacteriocins and organic acids [22,43]. To screen
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candidates efficiently, we adapted the high-throughput screening assay developed by
Inglin et al. [25], which was identified as a fast, low-cost, and accurate primary screening.
Based on the results, most of the LAB strains found to be active against Bacillus spp. strains
originated from fruits and vegetables (NFICC strains) or sourdoughs (UMCC strains).
Their ability to adapt to these highly variable and stressful environments has aided in their
capacity to grow into different niches, which can be exploited for their beneficial features,
such as acidification ability and competitiveness [11,44,45].

To further assess the ability of the strains, a well diffusion assay in 24-well microtiter
plates was conducted using live cells, confirming 18 active strains comprised of representa-
tives from Lactobacillus, Pediococcus, and Leuconostoc genera, from both screening assays.
Observations in this study were similar to those of Adesulu-Dahunsi et al. [46] against
Bacillus spp., Listeria monocytogenes, and Escherichia coli.

The capacity of the P. pentosaceus strain NFICC341 to inhibit the growth of the majority
of the spoilage microorganisms can be traced back to its origin, which was Brewers’ spent
grain. The potential of LAB strains isolated from the vegetable matrix was already demon-
strated by Puntillo et al. [47]. In accordance with previous studies, similar behavior can
be associated with strains of Lc. citreum, L. plantarum, and F. sanfranciscensis, isolated from
plants and sourdoughs, which exhibited promising inhibitory activity [48,49]. Furthermore,
it was noted that L. plantarum and P. pentosaceus are well-known species that are able to
produce antimicrobial compounds and organic acids, which can influence the safety of
food [44,45,50,51]. Differences between the activities of the strains from the same species
might be related to the isolation matrix of the strains and their adaptability to different
stress conditions [15,52]. While strains UMCC 2996, UMCC 2990, and NFICC28 were
isolated from sourdough and shared a similar antimicrobial activity, sample NFICC19
resulted to be the best acidifier.

A confirmation assay was conducted to further assess the activity of the bioactive
metabolites produced by the LAB; however, contrary to the initial observations obtained
on the high-throughput screening employed, only bacteriostatic activity was observed, in
accordance with the previous literature findings [53]. Thus, identification of the nature of
the bioactive compound was performed.

The evaluation of the metabolites in the CFS samples analyzed by using HPLC re-
vealed the presence of organic acids in the supernatant, and therefore suggests they may
play a significant role in the inhibition activity of the LAB strains tested [19,54]. Organic
acids, in particular lactic acid, reduce the matrix’s pH without causing a strong sour taste.
A fast acidification of the product is responsible for the inhibition of B. cereus, as showed
by Yang et al. [45], where a reduction in the initial CFU/mL of the pathogen was detected
after LAB fermentation. Treatment of proteolytic enzymes on the CFS showed no signif-
icant changes in the inhibitory activity of the bioactive strains—ruling out the possible
involvement of protein-based bioactive compounds, including bacteriocins and bacteriocin-
like inhibitory substances. Additionally, the elimination of heat-labile antimicrobials was
excluded by heat treatment (80 ◦C) of the CFS.

Even though no bacteriocinogenic inhibitions were detected based on the assays
performed, the necessity for further investigation of which other possible metabolites can
be further exploited, for future potential application of these studied LAB against different
types of Gram-positive pathogens and spoilage bacteria, is needed [55]. Therefore, in silico
search for possible antibacterial metabolites was conducted, identifying the presence of
Class IIb and Class IIc bacteriocin operons on some of the studied LAB strains.

Class II bacteriocins are nonlantibiotics, heat-stable, and small (≤10 kDa) hydrophobic
peptides divided into four subclasses. Albeit these strains are detected on the genome, one
of the possibilities for not observing bacteriocins from the CFS might be due to the presence
of nonsatisfactory environmental conditions or an incomplete expression of all operons
required for bacteriocin synthesis, transport, and regulation [56].

The effective biocontrol activity of the LAB strains evaluated would be associated
with their rapid rate of acidification, as this is fundamental in food processing to prevent
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and avoid spoilage contaminants. Sourdough’s pH varies depending on the state of
fermentation; however, it typically ranges between 3.5 and 5. Harmful microorganisms
such as botulism bacteria, E. coli, and spoilage fungi cannot develop in an environment with
a pH below 4.6, as this acidity keeps them away [5,57]. We observed that the majority of
the strains were able to lower the pH around 4–4.5 (considered a safe pH to avoid spoilage)
after 10 h, exhibiting a high acidification ability and underlining the massive production
of acids (lactic and acetic acid). In fact, low pH and high acidity are the major factors
for avoiding/delaying the growth of ropy bacterial agents, thus making the rate of pH
reduction during the early stage of fermentation crucial for optimum inhibition [45,53,58].
Organic acids were the key metabolites that were identified in this study. The significance of
pH reduction in food stability and preservation has been widely researched and recognized
by the scientific community [59,60]. Furthermore, pH value also impacts the pKa of the
various acids, leading them to a lower or higher dissociation, affecting the safety and taste
of the final product [61].

Before the application of any microorganisms in food systems, an assessment of
their safety and technological features is important. In this study, we profiled bioactive
strains, identifying their sugar fermentations and their ability to be functional for their
intended application in simulated ex vivo models. As observed, these strains can use a
wide array of carbohydrates primarily found in bakery products, allowing them to be
applied efficiently in this system. Consequently, acidification profiles highlight their ability
to thrive in bread and produce necessary metabolites for possible bio-protection [13,62].
On the other hand, safety features were assessed as follows: antimicrobial susceptibility
and hemolytic activity. Findings indicate that the evaluated strains have a broad range of
resistance against streptomycin and vancomycin. Although this might be concerning, it
should be noted that resistance to antibiotics in the majority of LAB is intrinsic. Additional
assessment, particularly the identification of the location of associated resistance genes,
should be performed to identify the occurrence of acquired resistance [63,64]. However,
an in silico search for the presence of antibiotic resistance genes showed no matches on all
the genomes of the 18 strains evaluated. Evaluation of hemolytic activity is one of the key
factors that should be considered when assessing the safety of functional strains [39]. In this
study, we identified partial hemolysis (α-hemolysis) on 11 out of 18 strains, whereas the
rest showed no hemolysis. Thus, further confirmation, particularly the presence of genes
involved in these putative virulence factors, should be investigated to assess potential risk
for the application of the strains, especially for food consumption.

5. Conclusions

Cereals and bakery goods are a fundamental part of the human diet, and their higher
susceptibility to microbial spoilage could lead to economic losses and health issues. Gener-
ally, LAB starter cultures and their metabolites are found to be promising for controlling
spoilage agents. In this study, several LAB strains able to contrast the growth of some com-
mon rope spoilage agents were selected by using high-throughput and ex vivo screening
assays. Specifically, L. plantarum NFICC19, NFICC72, NFICC293, Lc. citreum NFICC28,
and P. pentosaceus NFICC58 and NFICC341 showed the best inhibitory activity. The assess-
ment of their technological and safety features supported their suitability for fermentation
processes and the production of bakery products. Moreover, the whole-genome sequenc-
ing of the selected LAB strains and the in silico analysis showed that some of the strains
contain operons for bacteriocins, yet no significant evidence was observed phenotypi-
cally, suggesting that additional analysis needs to be performed to better understand the
inhibitory mechanisms involved and validate the application of the strains as potential
biocontrol agents.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fermentation9030290/s1, Figure S1: Gene encoding for bacteriocins
detected in the genome of the best candidate strains. Table S1: Results of the high-throughput
preliminary screening of LAB-CFS against spoilage bacteria in common media. Table S2: Results of

https://www.mdpi.com/article/10.3390/fermentation9030290/s1
https://www.mdpi.com/article/10.3390/fermentation9030290/s1


Fermentation 2023, 9, 290 18 of 20

the dual-plate agar high-throughput screening. Table S3: Results of the complete API test profile after
48 h of incubation at 30 ◦C.
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