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Abstract

This study aimed to select lactic acid bacteria (LAB) strains based on their antagonistic ac-
tivity and mycotoxin mitigation capacity, develop a biocompatible multistrain consortium,
and evaluate its application for the fermentation of extruded wheat bran. The selected
strains were assessed for biocompatibility, and a four-strain consortium comprising Lactica-
seibacillus casei, Levilactobacillus brevis, Pediococcus acidilactici, and Latilactobacillus curvatus
was established. The consortium was propagated in supplemented sour whey and subse-
quently applied to wheat bran fermentation. Compared with the two-strain formulations,
the four-strain consortium reduced the total bacterial count by 1.6-fold and the yeast and
mold count by 1.75-fold after 36 h of fermentation. The consortium also produced the
most pronounced acidification of the substrate, reducing the pH from 5.65 to 3.82 and
increasing titratable acidity from 0.20 to 4.40 °N (22.0-fold). In contrast, fermentation with
the two-strain formulations reduced the pH to 4.02 &£ 0.01, while titratable acidity increased
by 20.5-20.6-fold. After 36 h of fermentation, the viable LAB count in the substrate fer-
mented with the four-strain consortium reached 7.23 + 0.11 log;y CFU/g, compared with
6.23 + 0.02 and 6.42 + 0.01 log;p CFU/g in the substrates fermented with the two-strain
formulations. These findings indicate that the developed four-strain consortium represents
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1. Introduction

A balanced intestinal microbiota is essential for maintaining animal health, produc-
tivity, and overall well-being [1]. Growing restrictions on the use of antibiotic growth
promoters have stimulated increasing interest in probiotic feed ingredients based on lactic
acid bacteria (LAB), which contribute to gastrointestinal health through pathogen inhi-
bition, modulation of the immune response, production of beneficial metabolites, and
competitive exclusion of undesirable microorganisms [2,3]. LAB belonging to the genera
Lactobacillus, Bifidobacterium, Pediococcus, and Leuconostoc are generally recognized as safe
(GRAS) and are widely used in food and feed production because of their documented
probiotic and antimicrobial properties [4-7]. However, despite extensive research, most
commercial probiotic preparations are still based on individual strains, whereas multistrain
consortia remain considerably less explored, although they may provide complementary
biological functions and synergistic interactions [8,9].

The biological activity of LAB is highly strain-dependent. Different strains vary
substantially in their ability to produce organic acids, bacteriocins, exopolysaccharides,
and other antimicrobial metabolites, as well as in their capacity to adsorb or biotransform
mycotoxins [10-12]. These functional differences are largely determined by cell wall
composition, surface characteristics, metabolic activity, and fermentation conditions [13].
Therefore, rational selection of strains possessing complementary functional properties
represents a critical step in the development of effective multistrain probiotic consortia [14].

Fermentation is an effective approach for improving the microbiological safety, nu-
tritional value, and functional characteristics of feed materials [15,16]. Wheat bran, one
of the major by-products of cereal processing, is an abundant source of dietary fiber and
prebiotic compounds that can serve as an excellent substrate for LAB fermentation [17].
Within the framework of the circular economy concept, the utilization of cereal processing
by-products, including wheat bran, as raw materials for the production of functional foods
and high-value feed ingredients has become increasingly important and is a promising
sustainable strategy [18,19]. Fermentation of wheat bran has been shown to enhance its
nutritional quality, increase the bioavailability of biologically active compounds, improve
intestinal health, suppress undesirable microorganisms, and reduce the concentrations of
certain mycotoxins [20-23].

Another promising by-product suitable for sustainable biotechnology is sour whey.
Produced in large quantities by the dairy industry, sour whey represents an inexpensive
nutrient source for LAB cultivation and may serve as an environmentally friendly alterna-
tive to conventional laboratory media [24,25]. Consequently, propagation of selected LAB
consortia in supplemented acid whey before feed fermentation may substantially improve
the economic feasibility and sustainability of industrial-scale production.

We hypothesized that a multistrain LAB consortium composed of microorganisms with
complementary biological functions would provide broader antimicrobial and mycotoxin-
mitigating activity than individual strains. Such functional complementarity may integrate
different mechanisms of pathogen inhibition and mycotoxin mitigation, including toxin
adsorption by cell wall components, enzymatic biotransformation, organic acid produc-
tion, synthesis of antimicrobial metabolites, and competitive exclusion of undesirable
microorganisms [26]. Previous studies have shown that Lacticaseibacillus casei is primarily
associated with organic acid production and pathogen inhibition, Levilactobacillus brevis
with bacteriocin production, Pediococcus acidilactici with pediocin-like antimicrobial com-
pounds and antimycotoxin activity, and Latilactobacillus curvatus with additional antifungal
and detoxification properties [27,28]. Consequently, combining strains with complementary
functional characteristics may improve fermentation stability and broaden the spectrum of
biological activity compared with individual cultures.
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Synergistic fermentation of extruded wheat bran using multistrain lactic acid bacteria
(LAB) consortia has been shown to outperform single-strain cultures by significantly in-
creasing the concentrations of phenolic compounds (up to 3.4-fold) and antioxidant activity
(up to 2.64-fold). This approach also promotes more effective detoxification, reducing
phytate content by up to 95% and mycotoxin concentrations to as low as 29.8 ug/kg, which
has been attributed to the enhanced activities of 3-glucosidase and feruloyl esterase [29].

In addition to microbial selection, substrate pretreatment plays an important role
in determining fermentation efficiency. Extrusion partially disrupts the lignocellulosic
structure of wheat bran, increases the availability of soluble dietary fiber and nutrients, and
improves substrate accessibility for microbial colonization [30]. Combined with LAB fer-
mentation, these structural modifications may promote bacterial growth, enhance organic
acid production, and facilitate mycotoxin binding or biotransformation [31].

Despite growing interest in LAB-mediated fermentation of cereal by-products, rela-
tively few studies have systematically developed multistrain consortia through the sequen-
tial evaluation of antimicrobial activity, mycotoxin mitigation capacity, strain compatibility,
biomass propagation, and subsequent application in wheat bran fermentation [32]. More-
over, information regarding the cultivation of selected LAB consortia in supplemented
sour whey before fermentation remains limited, although this approach offers considerable
economic and environmental advantages [33].

To the best of our knowledge, this is the first study to integrate sequential antimicrobial
and antifungal compatibility with sour whey-based cultivation for the development of a
LAB consortium intended for wheat bran fermentation.

Therefore, the aim of the present study was to develop a multistrain LAB consortium
through sequential functional screening based on antagonistic activity and mycotoxin miti-
gation capacity and to evaluate its application in the fermentation of extruded wheat bran.
Ten LAB strains (Lacticaseibacillus casei LUHS210, Latilactobacillus curvatus LUHS51, Levilac-
tobacillus brevis LUHS140, Pediococcus acidilactici LUHS29, Pediococcus pentosaceus LUHS183,
Lactiplantibacillus plantarum LUHS135, Liquorilactobacillus uvarum LUHS245, Lacticaseibacillus
paracasei LUHS244, Pediococcus pentosaceus LUHS22, and Pediococcus pentosaceus LUHS100)
were comparatively evaluated. The selected consortium was subsequently propagated in
supplemented sour whey and applied to the fermentation of extruded wheat bran, with
fermentation efficiency assessed by pH, titratable acidity, viable LAB counts, total bacterial
counts, Enterobacteriaceae, and yeast and mold populations.

The present study contributes to the field in three principal ways. First, it proposes
a systematic strategy for selecting LAB strains through the combined assessment of an-
tagonistic activity and mycotoxin mitigation capacity. Second, it establishes a functionally
complementary four-strain consortium integrating microorganisms with distinct antimi-
crobial and antifungal activity. Third, it demonstrates the feasibility of propagating the
selected consortium in supplemented sour whey and applying it to the fermentation of
extruded wheat bran, thereby providing an integrated and cost-effective, environmentally
sustainable approach for producing microbiologically safe valorization of wheat bran as a
cereal by-product into value-added feed material. Collectively, these findings provide a
practical framework for the rational development of multifunctional LAB consortia and
establish a foundation for future in vivo investigations.

2. Materials and Methods
2.1. Strains of LAB Used for Consortium Formation

The LAB strains: (Lacticaseibacillus casei (Lc. casei) LUHS210, Latilactobacillus curvatus
(Lat. curvatus) LUHS51, Levilactobacillus brevis (Lev. brevis) LUHS140, Pediococcus acidilactici
(P. acidilactici) LUHS29, Pediococcus pentosaceus (P. pentosaceus) LUHS183, Lactiplantibacillus
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plantarum (Lp. plantarum) LUHS135, Liquorilactobacillus uvarum (Lig. uvarum) LUHS245,
Lacticaseibacillus paracasei (Lc. paracasei) LUHS244, Pediococcus pentosaceus (P. pentosaceus)
LUHS22, Pediococcus pentosaceus (P. pentosaceus) LUHS100) were obtained from the collection
of the Lithuanian University of Health Sciences (Kaunas, Lithuania).

The studied LAB strains were inoculated into MRS broth (NICF LLC, Saint Peters-
burg, Russian Federation) and incubated at 30 £ 1 °C for 24 h. After incubation, 3 mL of
culture was transferred onto solid MRS agar and incubated under anaerobic conditions
for 24 h. Morphological and cultural characteristics of LAB were determined accord-
ing to standard methods [34,35]. Identification of LAB strains was performed using the
standard direct MALDI-TOF MS (MALDI Biotyper sirius, Bruker Daltonics, Bremen, Ger-
many) protocol [36], with isolated colonies. The identification results are presented in
Supplementary File S1, Table S1.

2.2. Determination of Antimicrobial Activity and Minimum Inhibitory Concentration
Determination of LAB Strains

Antimicrobial activity was determined using the agar well diffusion method described
by E. Bartkiene et al. [37]. Test microorganisms, including antimicrobial-resistant isolates
obtained from diseased animals, mostly horses obtained from the collection of the Re-
search Institute of Applied Biotechnology of Kostanay Regional University (Kostanay,
Kazakhstan): Klebsiella pneumoniae 229 (K. pneumoniae 229), Salmonella sp., Proteus vulgaris
1226 (P. vulgaris 1226), Escherichia coli 654 (E. coli 654), Staphylococcus aureus (MRSA) 701 (S.
aureus (MRSA) 701), Listeria monocytogenes 795 (L. monocytogenes 795).

A bacterial suspension of each pathogenic strain (0.5 McFarland standard (SIA Biosan,
Riga, Latvia), ~10% CFU/mL) was spread onto cooled Mueller-Hinton agar (Oxoid Limited,
Basingstoke, UK) using sterile cotton swabs. Wells (6 mm diameter) were cut into the agar
and filled with 50 pL of individual LAB strains or their combinations cultured in MRS broth.
Plates were incubated at 30 °C for 24 h. Results were evaluated by measuring inhibition
zone diameters (mm). All experiments were performed in triplicate.

The minimum inhibitory concentration (MIC) of LAB metabolites against opportunis-
tic pathogenic bacteria was determined according to standard protocols [38,39]. The ability
of LAB strains to inhibit pathogen growth in liquid medium was assessed as follows:
0.1 mL of pathogen suspension (adjusted to 0.5 McFarland standard) was added to tubes
containing 4.4 mL of Mueller-Hinton broth (Oxoid Limited, Basingstoke, UK), followed by
0.5 mL of LAB suspension (8.0 log1g CFU/mL). A parallel test using 1.0 mL LAB suspension
was conducted to evaluate the effect of different concentrations. Tubes were incubated at
35 °C for 24 h, then plated onto selective solid media. Results were assessed based on the
presence or absence of visible pathogen growth. Experiments were performed in triplicate.

2.3. Fungicidal Activity Evaluation of LAB Strains

Antifungal activity of LAB strains was determined using the standard agar diffusion
method [40]. The fungicidal properties of LAB were evaluated against eight species of
pathogenic molds: Aspergillus niger (F-22/269), Penicillium verruculosum (BIM-177), Al-
ternaria alternata (A12), Alternaria tenuissima (No. 5), Fusarium graminearum (FG No. 13),
Fusarium graminearum (F1).

The strains of test cultures of phytopathogenic mold fungi were obtained from the
museum collection of LLP “Republican Collection of Microorganisms” (‘QazBioPharm”
NHC, Astana, Kazakhstan).

LAB cultures grown in MRS broth were inoculated to assess their inhibitory properties
against fungi [41]. Mold strains were cultivated on Sabouraud agar (SSC AMB, Moscow,

Russia) and Czapek medium (S5SC AMB, Moscow, Russia) at 22 °C for 5 days.
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Inhibition of fungal growth and sporulation was evaluated by the presence of a clear
zone around the wells. Experiments were conducted in triplicate, and mean inhibition zone
diameters were calculated.

2.4. Mycotoxin Mitigation Capacity of LAB Strains

The mycotoxin mitigation capacity of individual LAB strains was evaluated at the
Mycotoxicology Laboratory, Department of Food Safety and Quality, Veterinary Academy,
Lithuanian University of Health Sciences (Kaunas, Lithuania). The concentrations of
mycotoxins in the samples were determined using modified quantitative thin-layer chro-
matography (TLC) methods. Aflatoxin B1 (AFB1) and zearalenone (ZEN) concentrations
were analyzed using the modified quantitative TLC method for aflatoxin Bl and zear-
alenone (ROMER™ Labs, Inc., Washington, MO, USA, method code: A/Z-T1-01-00.2).
Deoxynivalenol (DON) and T-2 toxin concentrations were determined using the modified
quantitative TLC method for Type A and B trichothecenes (ROMER™ Labs, Inc., method
code: CAM-000031-1). Ochratoxin A (OTA) concentration was determined using a mod-
ified quantitative TLC method (ROMER™ Labs, Inc.). The complete analytical protocol
and results for mycotoxin mitigation capacity are provided in Supplementary File 52
(Table S2). Because the analyses were performed by an external academic laboratory using
laboratory-modified TLC protocols, laboratory-specific validation data (LOD, LOQ, recov-
ery, repeatability, and reproducibility) were not available to the authors. This limitation
is acknowledged in the present study and further discussed in Supplementary File 52
(Table S3). The results of the analysis of variance (ANOVA) for mycotoxin mitigation capac-
ity and the Pearson correlation analysis are presented in Tables 54, S5 and S6, respectively.

2.5. Compatibility of Selected LAB Strains and Consortium Formation

Biosafety compatibility of the selected LAB strains was assessed using the drop method
described by G.S. Volkova [42]. The method of direct co-cultivation of test and indicator
strains on solid MRS-4 medium was employed. A 24 h bacterial culture was applied
onto the agar surface using a 3 mm loop and allowed to absorb in a room temperature
environment. A second drop of another culture was applied 2 mm from the first, allowing
partial overlap. The free areas of the drop serve as controls. After drying, plates were
incubated at 37 °C for 24 h. Results were evaluated at the interface of merging drops.
Compatible strains exhibited joint growth in the overlapping zone.

Antagonism was identified visually after 24 h by inhibition of one culture by another.
Clear boundaries indicated incompatibility. Partial overgrowth indicated weak/moderate
antagonism, while distinct inhibition zones indicated strong antagonism [43].

The inhibitory effect of the LAB consortium against opportunistic pathogenic microor-
ganisms (bacteria and molds) was determined using the delayed antagonism method via
diffusion of LAB metabolites in agar. The antimicrobial activity of the LAB consortium was
assessed by measuring the diameter of inhibition zones around agar wells.

2.6. Propagation of the LAB Consortium in Sour Whey and Solid-State Fermentation
of Wheat Bran

Whey was obtained from LP “Zenchenko and Co.” (Petropavlovsk, Kazakhstan). The
main chemical composition provided by the manufacturer was as follows: lactose 4.31%,
protein 0.8%, lactic acid 0.4%, minerals 0.61%, total solids 6.0%.

Before LAB propagation, the sour whey was sterilized by autoclaving at 121 °C for
20 min, then cooled to 20-22 °C. After cooling, glucose (LLP “Kelun-Kazpharm”, Almaty,
Kazakhstan), yeast extract (Titan Biotech Ltd., Rajasthan, India), and sucrose (“Armakhim”
LLC, Saint-Petersburg, Russia) were added at concentrations of 2.5%, 2.0%, and 0.5%,

respectively. The optimal component concentrations and fermentation duration were
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followed as previously described by Bartkiene et al. [24]. The fermentation duration data
are presented in Table S7 (Supplementary File S3).

Wheat bran (nonprocessed and extruded) was obtained from the ME “Best Kostanay
LTD” (Kostanay, Kazakhstan). Wheat bran was processed using a single-screw grain extruder
(Grain extruder PE, LLP “Agrotechnservice 12”, Kostanay, Kazakhstan) at an extrusion
temperature of 130 °C and a screw speed of 20 rpm. Prior to extrusion, the wheat bran
had an initial moisture of 22%. The temperature profile across the extrusion zones was
as follows: zone I (feeding zone), 40 °C; zone II (compression and plasticization zone),
85 °C; and zone III (metering zone), 130 °C. The feed rate was 7.0 kg/h (F = 7.0 kg/h), the
die diameter was 4 mm, and the average residence time in the barrel was approximately
40 s. The residual moisture content of the final wheat bran samples (after extrusion) was 11%.

The extruded wheat bran was ground and moistened with sterile water to achieve a
final moisture content of 60% (60% w/w; 60 mL of water per 100 g of wheat bran).

LAB biomass propagated in supplemented sour whey for 28 h was inoculated into
the extruded wheat bran at a 1:1:1:1 ratio (3% of each strain; 3% v/v). Prior to consortium
preparation, each LAB starter culture propagated in supplemented sour whey contained
8.3 £ 0.06 log1p CFU/mL viable cells.

The inoculated extruded wheat bran was transferred into sterile glass jars and fer-
mented under anaerobic static conditions at 30 & 2 °C for 36 h. The substrate moisture
content was adjusted to 60% prior to inoculation and was not further regulated during
fermentation.

The determination of viable LAB, total bacteria (TBC), Enterobacteriaceae (TEC), and
molds/yeasts (M/Y) in the samples was carried out according to Bartkiene et al. [22]. Total
viable bacterial counts were determined using the standard plate count method [44] and
expressed as logjg CFU/g. All phenotypic analyses were performed in triplicate.

The pH was measured using a pH electrode (PP-15; Sartorius, Gottingen, Germany).
Total titratable acidity (TTA, °N) was determined using a 10 g sample homogenized with
90 mL of distilled water, and the results were expressed as the volume (mL) of 0.1 mol/L
NaOH required to reach pH 8.2.

2.7. Statistical Analysis

All experiments were conducted in triplicate, and the results were expressed as
mean =+ standard error (SE). Statistical analysis was performed using IBM SPSS Statis-
tics 27.0 software program (SPSS Inc., Chicago, IL, USA). Differences in accuracy between
means were evaluated using Student’s t-test (p < 0.05). Differences were considered
statistically significant at p < 0.05.

3. Results and Discussion

The experimental workflow was designed as a sequential screening strategy. Only
strains meeting the predefined selection criteria at each stage were advanced to subsequent
experiments, ultimately leading to the development of the final four-strain consortium.

3.1. Antimicrobial Activity and Minimum Inhibitory Concentration Determination of LAB Strains

The results of growth inhibition of pathogenic and opportunistic bacteria by LAB
strains on solid media are presented in Table 1.

All tested LAB strains exhibited inhibitory activity against opportunistic pathogenic
bacterial strains (K. pneumoniae 229, Salmonella spp., P. vulgaris 1226, E. coli 654, S. aureus
(MRSA) 701, L. monocytogenes 795). The growth inhibition zone ranged from a minimum of
6.7 £ 2.8 mm to a maximum of 15.9 &= 0.2 mm (P. pentosaceus LUHS183 against Salmonella
spp. and P. acidilactici LUHS29 against L. monocytogenes 795, respectively).
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Table 1. Antagonistic activity of lactic acid bacteria against Pathogenic and opportunistic bacte-

rial strains.

Diameter of Inhibition Zone (DIZ), mm

Pathogenic and Opportunistic Bacterial Strains

LAB

Strains Escherichia coli  Proteus vulgaris Klebszel{u Staphylococcus Listeria Salmonella

654 1226 pneumoniae aureus (MRSA) monocytogenes spp.
229 701 795

Lc. casei LUHS210 114 +£0.7" 113+ 1.4P 114 +£05P 119+ 04P 148 +08¢ 8904022
Lat. curvatus LUHS51 11.3 + 142 1144072 11.0 +£0.82 11.0+0.12 13.8 +1.0° 103 +1.22
Lev. brevis LUHS140 11.9 4052 11.8+0.82 1254+0.1P 10.1 4+ 042 143+ 14°¢ 10.7 + 142
P. acidilactici LUHS29 11.9+0.5° 12.8 +0.7" 12.8 +0.8" 11.8 +1.0° 159 +0.2¢ 790 042
P. pentosaceus LUHS183 13.0+0.1¢ 10.0 £ 0.2° 1294+0.5¢ 129 +0.4° 10.8 £ 0.7P 6.70 2.8 2
Lp. plantarum LUHS135 10.8 +0.72 10.0+0.12 13.94+0.2¢ 11.8 £ 0.8° 11.9 4+ 0.5P 10.9 4+ 042
Lig. uvarum LUHS245 10.8 + 0.7 10.9 4+ 04° 9.10 £ 0.52 108 +1.0P 120+£0.1°¢ 89+052
Lc. paracasei LUHS244 1114022 1124072 1014052 11.34+1.2° 109+ 052 1024+ 1.0°
P. pentosaceus LUHS22 109 +0.2¢ 10.0 £ 0.1° 890+ 042 10.1+05P 11.24+0.7¢ 9.90 4+ 05"
P. pentosaceus LUHS100 11.24+0.7¢ 101+ 05P 10.0+0.1P 10.1+£0.4P 11.3+1.1°¢ 920+1.0°

LAB, lactic acid bacteria; DIZ, diameter of the inhibition zone. Lc. casei, Lacticaseibacillus casei; Lat. curvatus,
Latilactobacillus curvatus; Lev. brevis, Levilactobacillus brevis; P. acidilactici, Pediococcus acidilactici; P. pentosaceus,
Pediococcus pentosaceus; Lp. plantarum, Lactiplantibacillus plantarum; Liq. wvarum, Liquorilactobacillus wvarum;
Lc. paracasei, Lacticaseibacillus paracasei. Data are presented as mean =+ standard error of the mean (SEM) from
three independent experiments (n = 3). Different superscript letters indicate statistically significant differences
among LAB strains (p < 0.05).

High antimicrobial activity against all six tested pathogens was demonstrated by
Lat. curvatus LUHS51 (10.3 £ 1.2 to 13.8 &+ 1.0 mm), Lev. brevis LUHS140 (10.7 + 1.4 to
14.3 + 1.4 mm), Lp. plantarum LUHS135 (10.8 & 0.7 to 13.9 &+ 0.2 mm), and Lc. paracasei
LUHS244 (10.2 £ 1.0 to 11.3 £ 1.2 mm).

The largest inhibition zones were observed against Listeria monocytogenes 795 for the
following LAB strains: Lc. casei LUHS210, Lat. curvatus LUHS51, Lev. brevis LUHS140, and
P. acidilactici LUHS29 (14.8 £+ 0.8, 13.8 £ 1.0, 14.3 1.4, and 15.9 £ 0.2 mm, respectively).
A similar trend was observed for Klebsiella pneumoniae 229, where Lev. brevis LUHS140,
P. acidilactici LUHS29, P. pentosaceus LUHS183, and Lp. plantarum LUHS135 showed inhibi-
tion zones of 12.5 + 0.1, 12.8 + 0.8, 12.9 £ 0.5, and 13.9 £ 0.2 mm, respectively.

The lowest inhibition zones were recorded against Salmonella sp. for P. pentosaceus
LUHS183 and P. acidilactici LUHS29; the inhibition zones were 6.7 + 2.8 mm and
7.9 £ 0.4 mm, respectively. Weak antimicrobial activity of Pediococcus spp. against Salmonella
spp. was observed, with inhibition zones ranging from 6.7 & 2.8 t0 9.9 & 0.5 mm.

The antimicrobial activity of LAB strains at two different concentrations (0.5 mL or
1.0 mL of LAB suspension at 8.0 log;g CFU/mL) against 0.1 mL (0.5 McFarland units) of
opportunistic pathogenic bacteria in liquid medium is presented in Table 2.

Using a lower LAB volume (0.5 mL LAB + 0.1 mL pathogen), 4 out of 10 LAB strains
(Lat. curvatus LUHS51, Lev. brevis LUHS140, Lp. plantarum LUHS135, Le. paracasei LUHS244)
inhibited all tested pathogens. Additionally, Lc. casei LUHS210, P. acidilactici LUHS29,
and P. pentosaceus LUHS100 inhibited 6 out of 7 tested pathogens but did not inhibit
Salmonella spp. The lowest spectrum of antimicrobial activity was observed for P. pentosaceus
LUHS183, Lig. uvarum LUHS245, and P. pentosaceus LUHS22, which inhibited 5 pathogens
but did not suppress the growth of Salmonella sp., Staphylococcus aureus (MRSA), and
Klebsiella pneumoniae. Notably, 6 out of 10 LAB strains at the 0.5 mL volume did not inhibit
Salmonella spp.

When the LAB inoculum volume was increased (1.0 mL LAB + 0.1 mL pathogen), the
number of strains inhibiting all pathogens increased to 7 out of 10 tested. However, the
increased concentration of P. pentosaceus LUHS22 demonstrated insufficient activity against
Salmonella spp. and Klebsiella pneumoniae. Similarly, P. pentosaceus LUHS183 and Liq. uvarum
LUHS245 did not inhibit Salmonella spp., even at higher concentrations.
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Table 2. Antimicrobial activity of the tested lactic acid bacteria strains and the number of inhibited
pathogenic and opportunistic microorganisms in liquid medium.

Growth (+) or Growth Absence (—) of Pathogenic and Opportunistic Bacteria

Pathogenic and Opportunistic Bacterial Strains

0.5 1.0 05 10 05 1.0 05 1.0 0.5 1.0 05 1.0 0.5 1.0 0.5 1.0
LAB Number of the Inhibited

Strains 2 3 4 5 6 7 Pathogens, Units.
Lc. casei
LUHS210 B B B B B B B B B B * B B B 6 7
Lat. curvatus
LUHS51 B - - B B B h B B B B B B B 7 7
Lev. brevis
LUHS140 - - - - - - - - - - - - - 7 7
P. acidilactici
LUHS29 h - a B h - a B h a * B - a 6 7
P. pentosaceus
LUHS183 a h a B a h * B h a * * h h > 6
Lp. plantarum B B B B B B B B B B B B B B 7 7
LUHS135
Liq. uvarum
LUHS245 - - - - - - - - -+t +t = = 5 6
Lc. paracasei B B B _ B B B _ B B B _ B B 7 7
LUHS244
P. pentosaceus
LUHS22 - - - -+t - = - -+t = = - 5 6
P. pentosaceus
LUHS100 - - - - - - - - - -t 6 7
Pathogen control + + + + + + + + + + + + + + — —
LAB control + + + + + + + + + + + + + + — —

LAB, lactic acid bacteria; Lc. casei, Lacticaseibacillus casei; Lat. curvatus, Latilactobacillus curvatus; Lev. brevis,
Levilactobacillus brevis; P. acidilactici, Pediococcus acidilactici; P. pentosaceus, Pediococcus pentosaceus; Lp. plantarum,
Lactiplantibacillus plantarum; Liq. wvarum, Liquorilactobacillus uvarum; Lc. paracasei, Lacticaseibacillus paracasei.
0.5, Experiment 1 (0.5 mL LAB culture + 0.1 mL pathogen suspension); 1.0, Experiment 2 (1.0 mL LAB
culture + 0.1 mL pathogen suspension). “+” indicates pathogen growth; “—" indicates complete inhibition
of pathogen growth. Pathogenic test microorganisms: 1, Escherichia coli 654; 2, Proteus vulgaris 1226; 3, Klebsiella
pneumoniae 229; 4, methicillin-resistant Staphylococcus aureus (MRSA) 701; 5, Listeria monocytogenes 795; 6, Salmonella
spp.; 7, Pseudomonas aeruginosa. Pathogen control: pathogen cultured without LAB; LAB control: LAB cultured
without pathogen.

Thus, the results demonstrated that increasing LAB volume (concentration) enhances
their ability to inhibit a broader spectrum of pathogens.

Numerous studies have demonstrated the advantages of LAB application in various
sectors of the food industry and, more recently, in feed production [45,46]. Improved
microbiological safety of feed materials is associated with the presence of LAB, which
produce antimicrobial compounds such as organic acids, hydrogen peroxide, and bac-
teriocins [25,47]. The antimicrobial action of LAB bacteriocins involves disrupting cell
membrane integrity and inhibiting protein and nucleic acid synthesis, making the devel-
opment of resistance challenging [48,49]. Lactic, propionic, and acetic acids produced
by Lactobacillus species exhibit broad-spectrum antimicrobial activity against spoilage
microflora and inhibit bacterial growth, in addition to producing protease-sensitive bacte-
riocins [50,51]. The antimicrobial activity of the LAB strains against pathogenic bacterial
isolates obtained from animals was reported [52,53].

Antimicrobial activity differed among the evaluated strains and is consistent with
previous studies demonstrating that different Lactobacillus species possess pronounced
antimicrobial activity against both Gram-positive and Gram-negative pathogens, includ-
ing Listeria monocytogenes [54], Staphylococcus aureus [55], Escherichia coli [56], Salmonella
typhimurium [57], and Pseudomonas aeruginosa [58].

3.2. Antifungal Activity of LAB Strains
The antifungal activity of the tested LAB against mold fungi is presented in Table 3.
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Table 3. Antagonistic activity of LAB strains against microscopic molds.
Diameter of Inhibition Zone (DIZ), mm
Mold Fungi
LAB Penicillium Aspergillus . Alternaria Fusarium .
Strains . Alternaria . . Fusarium
verruculosum niger alternata A12 tenuissima graminearum FG caminearum F1
BIM-177 F22/269 No.5 13 g
C C C C C C
Le. casei LUHS210 8.67 +1.43 8.33 £1.43 8.67 +1.43 8.33 £1.43 8.67 +1.43 8.33 +1.43
+++ +++ +++ +++ +++ +++
a b c c b c
Lat. curoatus LUHS51 0.67 +2.87 4.00 £4.97 8.67 +1.43 9.17 £0.72 433 +£5.17 8.33 +1.43
+ ++ +++ +++ ++ +++
C C c C c C
Lew. brevis LUHS140 7.67 £1.43 8.67 £1.43 8.33 +1.43 8.17 £ 0.72 8.67 +1.43 7.67 £ 2.87
+++ +++ +++ +++ +++ +++
c b c a c c
P acidilactici LUHS29 833 +1.43 4.67 £2.87 8.67 +1.43 1.67 £ 2.87 8.33 +1.43 8.83 £0.72
+++ ++ +++ + +++ +++
c a a b a b
P. pentosaceus LUHS183 7.67 £1.43 1.67 - 1.43 1.33 £143 4.33 +1.43 1.67 £2.87 4.33 +£5.17
+++ + + ++ + ++
a a b a b
Lp. plantarum LUHS135 nfl 2.67 i:+l.43 1.33 i2.87 3.67 f+3.79 1.33 i2.87 4.0 i_'—f.?)()
a b a a a
Lig. woarum LUHS245 0.67 +1.43 nd 3.17 £1.90 2.17 £ 3.99 2.00 +4.30 1.00 £ 2.48
+ - ++ + + +
b a b a a
Le. paracasei LUHS244 433 +1.43 1.33 £ 2.87 nd 4.67 £ 5.74 1.33 £2.87 1.33 £ 2.87
++ + - ++ + +
a b a b b
P. pentosaceus LUHS22 1.17 £ 0.72 nd 3.33 £2.87 1.33 £2.87 433 +1.43 4.67 £1.43
+ - ++ + ++ ++
a b a b
P. pentosaceus LUHS100 1.33 i+1.43 n_d 4.0 i.,.j97 1.83 jiO.72 4.67 f+2.87 n_d

LAB, lactic acid bacteria; nd, no inhibition zone detected. Lc. casei, Lacticaseibacillus casei; Lat. curvatus, Latilacto-
bacillus curvatus; Lev. brevis, Levilactobacillus brevis; P. acidilactici, Pediococcus acidilactici; P. pentosaceus, Pediococcus
pentosaceus; Lp. plantarum, Lactiplantibacillus plantarum; Liq. uvarum, Liquorilactobacillus uvarum; Lc. paracasei,
Lacticaseibacillus paracasei; Numerical values represent the diameter of the inhibition zone (mm). Data are presented
as mean = standard error of the mean (SEM) from three independent experiments (1 = 3). Different superscript
letters indicate statistically significant differences among LAB strains (p < 0.05). Antifungal activity was classified
as follows: (—) no inhibition; (+) delay of spore formation; (++) delay of spore formation accompanied by a small
clear inhibition zone surrounding the agar well; (+++) strong inhibition of mycelial growth and sporulation with
a large clear inhibition zone surrounding the agar well.

The qualitative classification was assigned according to the diameter of the inhibition
zone and the degree of inhibition of mycelial growth and sporulation.

The most sensitive molds to the presence of LAB were Alternaria alternata (A12) and
Fusarium graminearum (FG No. 13). All ten LAB strains inhibited spore formation in these
fungi. However, the degree of fungicidal activity varied among LAB isolates, with 5 out of
10 strains showing lower activity and not inhibiting mycelial growth.

The most effective inhibition of both mycelial growth and sporulation (characterized
by the formation of a clear inhibition zone around the well) for all six fungal strains was
observed for Lc. casei LUHS210 and Lev. brevis LUHS140. The remaining LAB strains
demonstrated species-specific selectivity in mold inhibition.

High fungicidal activity against Penicillium verruculosum (BIM-177) was observed
in four LAB strains (Lc. casei LUHS210, Lev. brevis LUHS140, P. acidilactici LUHS29, P.
pentosaceus LUHS183), whereas Lp. plantarum LUHS135 showed no sensitivity to this mold.

No inhibition of Aspergillus niger (F-22/269) was observed for Lig. uvarum LUHS245, P.
pentosaceus LUHS22, and P. pentosaceus LUHS100.

Several LAB strains (Lc. casei LUHS210, Lat. curvatus LUHS51, Lev. brevis LUHS140, P.
acidilactici LUHS29) actively suppressed both growth and sporulation of Alternaria alternata
(A12), Alternaria tenuissima (No. 5), Fusarium graminearum (F1), and Fusarium graminearum
(FG No. 13).

Partial inhibition of sporulation, accompanied by small zones of growth suppression
around the well, was observed for Lp. plantarum LUHS135, Lig. uvarum LUHS245, Lc.
paracasei LUHS244, P. pentosaceus LUHS22, and P. pentosaceus LUHS100.
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These findings are consistent with studies of other scientists. Magnusson et al. re-
ported that 37 LAB isolates, including Lp. plantarum and P. pentosaceus, exhibited strong
or moderate antimicrobial activity against Aspergillus fumigatus, Aspergillus nidulans, Peni-
cillium commune, among others, and identified antifungal cyclic dipeptides produced by
LAB [59]. Qiao et al. [60] demonstrated that Lactobacillus strains produce several antifungal
compounds (lactic acid, acetic acid, 3-phenyllactic acid, and p-hydroxyphenyllactic acid)
that act synergistically to inhibit Penicillium growth. According to Shehata et al. [61], despite
variability in growth conditions and the chemical composition of fermentation media, the
antifungal activity of LAB remains relatively stable and consistent, being regulated by
parameters such as temperature, pH, and incubation time.

Thus, LAB strains exhibiting antifungal activity and recognized as microbiologically
safe represent an important tool for controlling or inhibiting mold growth across a wide
range of applications.

3.3. Mycotoxin Mitigation Capacity of the Tested Lactic Acid Bacteria Strains

The mycotoxin mitigation capacity of lactic acid bacteria varies considerably depend-
ing on the bacterial strain and the specific mycotoxin. The analysis of the mycotoxin-
reducing properties of LAB strains is presented in Table 4. Complete correlation matrices
and the results of the analysis of variance (ANOVA), including the interactions among
LAB strain, incubation time, mycotoxin type, and LAB concentration, are provided in the
Supplementary File S2 (Tables S4-56). Demonstrated higher concentration reduction results
were achieved for ZEN, DON, and T-2 toxin.

The results demonstrated that the mycotoxin mitigation capacity of the tested LAB
strains was influenced by incubation duration; however, this effect was both strain- and
mycotoxin-dependent. While several LAB strains exhibited measurable mycotoxin reduc-
tion after 24 h of incubation, prolonged incubation to 48 h enhanced the mitigation capacity
only for specific strain-mycotoxin combinations. In contrast, for some mycotoxins and
LAB strains, no additional reduction was observed after extending the incubation period.

These findings indicate that prolonged fermentation does not universally improve
mycotoxin mitigation but rather depends on the interaction between the bacterial strain
and the target mycotoxin. This behavior may be associated with gradual adsorption of
mycotoxins onto bacterial cell wall components (e.g., peptidoglycans and polysaccharides)
and, for selected strains, slower metabolic biotransformation processes. Similar strain- and
time-dependent patterns have been reported by Chlebicz and Slizewska [62].

Although the observed decrease in mycotoxin concentrations indicates that the se-
lected LAB strains possess mycotoxin mitigation capacity, the present experimental design
does not allow discrimination between physical adsorption to bacterial cell-wall com-
ponents and metabolic or enzymatic biotransformation. Heat-inactivated bacterial cells,
cell-free supernatants, desorption assays, and identification of transformation products
were not included in this study. Therefore, the contribution of each mechanism cannot be
quantified, and the observed detoxification should be interpreted as the overall reduction in
analytically detectable mycotoxin concentration rather than confirmation of a specific detox-
ification pathway. Similar limitations have been emphasized in recent reviews addressing
LAB-mediated mycotoxin detoxification.

The effect of the LAB strain on mycotoxin mitigation capacity was significant (p < 0.05)
but varied depending on the specific mycotoxin.

Among the tested microorganisms, the mycotoxin mitigation capacity varied consider-
ably among LAB strains and depended on the target mycotoxin. Several strains, including
P. acidilactici LUHS29, Lc. casei LUHS210, P. pentosaceus LUHS22, Lp. plantarum LUHS135,
Lat. curvatus LUHSS51, Le. paracasei LUHS244, and Lig. uvarum LUHS245, exhibited compar-
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atively higher mitigation capacity against specific mycotoxins, particularly ZEA and T-2
toxin, whereas no single strain demonstrated consistently high mitigation capacity across
all tested mycotoxins.

Table 4. Mycotoxin concentration reduction (in %) in media after 24 and 48 h.

Incubation Duration, h

24 48
LAB . . .
C of LAB (v/v) Strains Mycotoxin Concentration Reduction, %
Aflatoxin B1
0.3 ug/mL 0.3 ug/mL
I concentration Lc. paracasei LUHS244 0.3 0.15+0.12
I . Lp. plantarum LUHS135 0.3 0.15 + 0.12
concentration Le. paracasei LUHS244 03 0.15 £ 0.12
Zearalenone
15.015 pg/mL 15.015 pg/mL
P. acidilactici LUHS29 15.015 13.514 + 0.040 b
. Lc. paracasei LUHS244 15.015 7.510 £0.0172
I concentration Le. casei LUHS210 15.015 13.514 4 0.030
Lig. uvarum LUHS245 15.015 7510 +0.138 @
P. acidilactici LUHS29 15.015 13.514 + 0.040 4
Lp. plantarum LUHS135 15.015 7.510 + 0.043 P
1T concentration P. pentosaceus LUHS183 15.015 11.288 £0.122 ¢
Lc. paracasei LUHS244 15.015 3.763 £0.1492
Lev. brevis LUHS140 15.015 7.510 £ 0.837 P
P. pentosaceus LUHS22 15.015 14.298 + 0.255 €
Deoxynivalenol
15.015 pg/mL 15.015 pg/mL
P. pentosaceus LUHS183 15.015 7.510 +0.187°
) P. pentosaceus LUHS100 7510 +£0.0212 1.501 +0.0112
I concentration Lig. uvarum LUHS245 7510 £ 0.1132 7.510 +0.138 °
Lev. brevis LUHS140 13.550 + 0.113 b 7510 +0.212 P
P. pentosaceus LUHS183 7.510 +0.187 @ 7510 + 0.187P
Lc. casei LUHS210 11.260 + 0.089 b 11.290 + 0.065 €
II concentration P. pentosaceus LUHS100 7510 +0.021 2 3.763 +0.012 2
Lig. uvarum LUHS245 7510 +0.1132 11.290 +0.215¢
Lev. brevis LUHS140 15.015 7510 +0.212 b
T-2 toxin
15.015 pg/mL 15.015 pg/mL
Lp. plantarum LUHS135 11.261 + 0.086 € 11.261 + 0.086 ©
I concentration P. pentosaceus LUHS183 3.753 £0.1352 3.753 +0.135 P
P. pentosaceus LUHS100 7.058 4 0.022 ° 1.881 £0.012°
Lat. curvatus LUHS51 15.015 11.288 £ 0.029 ©
I concentration P. pentosaceus LUHS183 7.058 + 0.082 P 7.058 + 0.082 b
concentratio P. pentosaceus LUHS100 7.058 4 0.022 3.753 + 0.077 2
Lig. uoarum LUHS245 3.753 £0.1352 3.753 £0.1352
Ochratoxin A
1.5 ug/mL 1.5 pg/mL
I concentration Lp. plantarum LUHS135 0 0
I . Lp. plantarum LUHS135 1.125 £+ 0.232 0
concentration P. pentosaceus LUHS22 0 0

LAB, lactic acid bacteria; C, concentration; v/v, volume/volume. Lc. casei, Lacticaseibacillus casei; Lat. curvatus,
Latilactobacillus curvatus; Lev. brevis, Levilactobacillus brevis; P. acidilactici, Pediococcus acidilactici; P. pentosaceus,
Pediococcus pentosaceus; Lp. plantarum, Lactiplantibacillus plantarum; Liq. wvarum, Liquorilactobacillus uwvarum;
Lc. paracasei, Lacticaseibacillus paracasei. Data are presented as mean =+ standard error of the mean (SEM) from
three independent experiments (n = 3). Different superscript letters indicate statistically significant differences
among LAB strains within the same mycotoxin, inoculum concentration, and incubation time (p < 0.05).
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The observed variability can be explained by differences in cell wall composition, surface
charge and hydrophobicity, and the presence of binding sites for mycotoxins [63—65]. The
pronounced strain-dependent differences observed in the present study agree well with
previous reports demonstrating that the ability of LAB to reduce mycotoxins is largely
determined by the structural characteristics of the bacterial cell envelope. Variations in
peptidoglycan architecture, teichoic acids, exopolysaccharide production, cell-surface pro-
teins, hydrophobicity, and surface charge influence both the number and accessibility of
toxin-binding sites. Consequently, mycotoxin mitigation capacity cannot be generalized at
the species level and should instead be regarded as a strain-specific characteristic. Further-
more, differences in the metabolic activity of LAB strains may contribute to variations in
their biotransformation capacity, although this aspect was not directly investigated in the
present study.

These findings are consistent with previous studies by Adunphatcharaphon, which
demonstrated that the detoxification ability of LAB is highly strain-dependent and linked
to structural properties of the bacterial cell envelope [66].

The type of mycotoxin markedly influenced the mycotoxin mitigation capacity of the
tested LAB strains (p < 0.05). Marked differences were observed in the susceptibility of
individual mycotoxins to LAB treatment. ZEN, deoxynivalenol, and T-2 toxin displayed
the greatest reduction for selected strain-mycotoxin combinations, whereas AFB1 exhibited
only minimal changes in concentration under the tested conditions, irrespective of the
LAB strain or inoculum concentration. Similarly, OTA showed limited susceptibility to
LAB treatment, with measurable reduction observed only for specific strain—concentration
combinations. These findings indicate that the mycotoxin mitigation capacity of LAB is
strongly dependent on the chemical nature of the target mycotoxin.

Such results contrast with some reports of higher removal efficiency but align with
studies indicating that AFB1 binding is often reversible and condition-dependent [67].
According to Chlebicz and Slizewska [62], Aiko et al. [68], and Wang et al. [69], effective
AFB1 removal requires optimized environmental conditions, including pH and bacterial
density. The very limited reduction in AFB1 observed in the present study is consistent
with reports demonstrating that adsorption of aflatoxin by LAB is often weak, reversible,
and highly dependent on experimental conditions. Efficient AFB1 removal requires an
appropriate combination of bacterial biomass, physiological state of cells, pH, incubation
time, and toxin-to-cell ratio. Moreover, only selected LAB strains possess sufficient affinity
of their cell-wall components for stable AFB1 binding. Since the present work was de-
signed primarily as a comparative strain screening rather than a mechanistic study, these
parameters were not specifically optimized for maximal AFB1 removal, which probably
contributed to the low reduction efficiency observed.

The mycotoxin mitigation capacity against ZEN differed markedly among the tested
LAB strains and was influenced by the inoculum concentration. The highest mitigation
capacity was demonstrated by Lc. paracasei LUHS244, which reduced the residual ZEA
concentration to 3.763 ng/mL at the higher inoculum concentration after 48 h of incubation.
Relatively high mitigation capacity was also observed for Lig. uvarum LUHS245 and Lp.
plantarum LUHS135, whereas P. acidilactici LUHS29, Lc. casei LUHS210, and P. pentosaceus
LUHS22 resulted in comparatively lower mitigation capacity under the tested conditions.

These results indicate moderate susceptibility of ZEA to LAB treatment, likely due
to hydrophobic interactions with bacterial cell surfaces. Comparable findings have been
reported by Adunphatcharaphon [66], who observed efficient binding of ZEA by Lp.
plantarum strains.

The mycotoxin mitigation capacity against DON varied considerably among the
tested LAB strains and depended on both incubation duration and inoculum concentra-
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tion. Demonstrated higher values of mitigation capacity were observed for P. pentosaceus
LUHS100, which reduced the residual DON concentration to 1.501 pg/mL after 48 h of
incubation. In contrast, several other strains exhibited only moderate or limited mitigation
capacity, indicating that the ability to reduce DON was highly strain-dependent under
the applied experimental conditions. This confirms that DON is one of the most resistant
mycotoxins to LAB-mediated removal, likely due to its hydrophilic structure and limited
affinity for bacterial cell walls [70,71].

The mycotoxin mitigation capacity against T-2 toxin varied among the tested LAB
strains and depended on both the inoculum concentration and incubation duration. A
higher value for mitigation capacity was observed for P. pentosaceus LUHS100, which
reduced the residual T-2 toxin concentration to 1.881 ug/mL after 48 h at the lower inoculum
concentration. High mitigation capacity was also demonstrated by P. pentosaceus LUHS183
and Liq. uvarum LUHS245 under specific experimental conditions, whereas the remaining
strains exhibited more limited reductions in T-2 toxin concentration. These findings indicate
that the mitigation of T-2 toxin by LAB is strain-dependent and may involve adsorption
to bacterial cell wall components and, potentially, other strain-specific mechanisms, as
previously reported [72,73]. Previous studies have also confirmed that LAB can reduce T-2
toxin concentrations, although their mycotoxin mitigation capacity strongly depends on
the experimental conditions [74,75].

The mycotoxin mitigation capacity against OTA varied considerably among the tested
LAB strains and depended on the inoculum concentration. At the lower inoculum con-
centration, Lp. plantarum LUHS135 did not affect OTA concentration, with the residual
toxin concentration remaining unchanged at the initial level (1.500 pg/mL) after both
24 and 48 h of incubation. In contrast, at the higher inoculum concentration, the same strain
reduced the residual OTA concentration from 1.500 to 1.125 + 0.232 pg/mL after 24 h,
while after 48 h the OTA concentration decreased to below the analytical limit of detection.
A similar result was obtained for P. pentosaceus LUHS22, which reduced the residual OTA
concentration from 1.500 pg/mL to below the analytical limit of detection after 24 h of
incubation at the higher inoculum concentration, and this effect was maintained after 48 h.
This suggests negligible interaction between LAB and OTA under the tested conditions;
however, it should be noted that LAB may be more effective in preventing OTA production
rather than removing the toxin once formed, as reported in other studies [76].

Toxin binding (particularly ZEN) is most effective at pH 4.0-6.0. This is the natural
range for LAB, making them ideal for fermentation processes (e.g., in silage or dough
production) [77].

For Pediococcus and Lactobacillus strains, the optimal temperature range is 30-37 °C.
Maintaining a stable temperature is critical for the synthesis of biodegradation enzymes.
Enzymes such as laccase or peroxidase cleave the chemical ring of the toxin, rendering
it non-toxic [78,79]. However, this process requires a sufficient concentration of live and
metabolically active LAB cells within the medium [80].

Analysis of variance demonstrated that mycotoxin mitigation capacity was affected
by LAB strain, incubation time, mycotoxin type, and LAB suspension volume (all p < 0.001;
Supplementary File S2, Tables S4 and S5). Significant two-way and higher-order interactions
among these factors (all p < 0.001) indicated that the efficiency of mycotoxin mitigation
was determined by the combined effects of the experimental variables rather than by any
single factor alone. Pearson correlation analysis (Table S6) further characterized the linear
relationships among residual mycotoxin concentration, percentage reduction, incubation
time, and LAB suspension volume, revealing variable correlation strengths ranging from
weak to strong depending on the analyzed variable pair. These results indicate that the
mycotoxin mitigation capacity of LAB was strain- and mycotoxin-dependent, while the
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effects of incubation time and LAB suspension volume varied according to the specific
strain-mycotoxin combination.

Opverall, the present results demonstrate that mycotoxin mitigation by LAB represents
a complex, multifactorial process influenced by bacterial strain, toxin structure, incubation
time, and experimental conditions. The observed reductions most likely result from the
combined contribution of adsorption and possible metabolic transformation rather than
from a single mechanism. Although the observed reductions for some mycotoxins were
modest, these results were obtained after a single in vitro incubation under standardized
conditions. The present study should therefore be considered as an initial screening of
strain functionality rather than as evidence of complete detoxification. Optimization of
fermentation parameters, strain ratios, and incubation conditions may further improve
mycotoxin mitigation efficiency.

3.4. Compatibility of LAB Strains for Consortium Development

To formulate a consortium of LAB for wheat bran fermentation, cultures exhibiting
the most pronounced antimicrobial activity were selected: Lc. casei LUHS210, Lat. curvatus
LUHS51, Lev. brevis LUHS140, P. acidilactici LUHS29, Lp. plantarum LUHS135, P. pentosaceus
LUHS183, and Lc. paracasei LUHS244.

The compatibility study was conducted on seven promising strains Table 5.

Table 5. Compatibility of selected LAB strains.

LAB Lc. Lat. L . P. Lp. P. Lc.
. ev. brevis e .
Strains casei curvatus LUHS140 acidilactici  plantarum  pentosaceus  paracasei
LUHS210 LUHS51 LUHS29 LUHS135 LUHS183 LUHS244
Lc. casei LUHS210 + + + - + —
Lat. curvatus LUHS51 + + + + + +
Lev. brevis LUHS140 + + + — + _
P. acidilactici LUHS29 + + + — — —
Lp. plantarum LUHS135 - + — — - —
P. pentosaceus LUHS183 + + + — — +
Lc. paracasei LUHS244 — + — — — +

LAB, lactic acid bacteria; Lc. casei, Lacticaseibacillus casei; Lat. curvatus, Latilactobacillus curvatus; Lev. brevis,
Levilactobacillus brevis; P. acidilactici, Pediococcus acidilactici; Lp. plantarum, Lactiplantibacillus plantarum; P. pentosaceus,
Pediococcus pentosaceus; Lc. paracasei, Lacticaseibacillus paracasei. Compatibility was evaluated based on the
interaction between paired LAB strains as follows: (+), compatible; (4-), moderate antagonism; (—), incompatible
(strong antagonism).

The results allow us to conclude that strain No. 2 (Lat. curvatus LUHS51) has demon-
strated higher likelihood values for a successful combination. It is compatible with 4 out
of 7 strains and does not exhibit strong antagonism with any (only moderate antagonism
with No. 1—Lc. casei LUHS210 and No. 6—P. pentosaceus LUHS183) other strains.

Strains No. 2, No. 3, and No. 4 demonstrate good compatibility with each other and
with other cultures. Moderate antagonism was observed in certain pairs: between strains
No. 1 and No. 2, and No. 2 and No. 6. This indicates partial competition, but not at a
critical level.

Most strains appeared to be appropriate for use in combination; however, there were
some with pronounced antagonism. For example, strains No. 5 (Lp. plantarum LUHS135)
and No. 7 (Lc. paracasei LUHS244) appeared to be the least suitable for co-cultivation. Strain
No. 5 demonstrated antagonism toward five cultures (No. 1, No. 3, No. 4, No. 6, and
No. 7), whereas strain No. 7 was also incompatible in most cases (especially with No. 1,
No. 3, No. 4, and No. 5).

The qualitative compatibility assay indicated the absence of strong antagonistic inter-
actions among the four selected LAB strains (Lc. casei LUHS210, Lev. brevis LUHS140, P.
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acidilactici LUHS29, Lat. curvatus LUHS51), supporting their selection for inclusion in the
multistrain consortium (Figure 1).

(B)

Figure 1. Pictures of the co-cultivation of LAB strains on MRS medium to assess compatibility:
(A) mutually compatible strains Levilactobacillus brevis LUHS140, Lactobacillus casei LUHS210, Pediococ-
cus acidilactici LUHS29, and Lactiplantibacillus curvatus LUHS51 (when droplets merge, cultures are
considered compatible); (B) strains with weak antagonism and incompatibility. Note: Weak /moderate
antagonism—in the confluence zone, one culture comes to the surface of the other, without sup-
pressing the growth of the second culture. Along the edge of the crop droplets, the border is clearly
visible—biologically incompatible (strong antagonism). The free areas of the drop serve as controls.

It should be noted that the absence of a visible inhibition zone in the drop co-culture
assay should not be interpreted as evidence of equal growth of all strains, long-term
population stability, or persistence of each strain within the consortium. Rather, this assay
provides a qualitative indication of the absence of detectable strong antagonism under the
experimental conditions used.

Based on the qualitative assessment of LAB strain compatibility and the absence of
detectable strong antagonism under the experimental conditions, two LAB combinations
were selected for subsequent consortium development: Lev. brevis LUHS140 + Lc. casei
LUHS210 (Composition No. 1) and Lat. curvatus LUHS51 + P. acidilactici LUHS29 (Com-
position No. 2). The strains were selected through a screening procedure based on their
growth in supplemented acid whey, antagonistic activity, acidification capacity, and qual-
itative compatibility. The results of co-cultivation of individual strains and the selected
two-strain combinations are presented in Supplementary File S3 (Table S8). After 24 h of
incubation, the multistrain consortium (1:1:1:1; 3%, v/v) exhibited the highest viable cell
concentration (8.16 £ 0.05 log1g CFU/mL), whereas P. pentosaceus LUHS183 consistently
showed the lowest growth throughout the incubation period, reaching 7.10 & 0.01 logg
CFU/mL. Overall, the mixed cultures achieved total viable LAB counts comparable to or
higher than those of the corresponding monocultures. The four-strain consortium reached
the highest total viable LAB count after cultivation in supplemented acid whey. However,
these results represent total LAB populations and should not be interpreted as evidence
that all constituent strains proliferated equally or that quantitative strain compatibility
was confirmed.

The selected two-strain consortia and the multistrain LAB consortium were sub-
sequently evaluated for antagonistic activity against pathogenic microorganisms. The
inhibitory effects against the tested opportunistic bacterial isolates are presented in Table 6.

Comparing the two paired compositions of LAB, it was observed that Composition
No. 2 (Lat. curvatus LUHS51 + P. acidilactici LUHS29) (second column) in most cases
demonstrates higher activity in inhibiting Staphylococcus aureus (No. 6)—25.0 £ 0.5 mm
and Salmonella spp. (No. 7)—26.0 = 1.6 mm. At the same time, weaker activity was
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observed against Proteus vulgaris (No. 2), where the inhibition zone was 20.1 £ 0.6 mm.
Composition No. 1 (Lev. brevis LUHS140 + Lc. casei LUHS210) was more effective in
suppressing Pseudomonas aeruginosa (No. 4)—23.5 mm (compared to 21.7 mm in the second
group). For L. monocytogenes and S. aureus, the inhibition zone was approximately 24.0 mm.

Table 6. Antagonistic activity of the tested lactic acid bacteria compositions against opportunistic and
pathogenic bacterial isolates.

Diameter of Inhibition Zone (DIZ), mm

Or;:rslzsm Lev. brevis LUHS140 + Lc.  Lat. curvatus LUHS51 + P. Consortium
casei LUHS210 (1:1) acidilactici LUHS29 (1:1) (1:1:1:1; 3%, 0/v)

E. coli 21.0+ 0672 226+1.0°¢ 23.0+0.7P
P. vulgaris 21.0+ 052 20.1 £067 222+052
KI. pneumoniae 220+06P 225+14°¢ 231+05P
P. aeruginosa 235£05¢ 217 £15P 2444+12°¢
L. monocytogenes 240+04°¢ 234+07°¢ 2504024
S. aureus 240+0.7° 250+ 054 2554054
Salmonella spp. 25.0+0.34 260+ 164 27.04+04°¢

LAB, lactic acid bacteria; DIZ, diameter of the inhibition zone; Lev. brevis, Levilactobacillus brevis; Lc. casei,
Lacticaseibacillus casei; Lat. curvatus, Latilactobacillus curvatus; P. acidilactici, Pediococcus acidilactici. Consortium
consisted of Lev. brevis LUHS140, Lc. casei LUHS210, Lat. curvatus LUHS51, and P. acidilactici LUHS29 mixed at a
ratio of 1:1:1:1 and applied at 3% (v/v). Data are presented as mean + standard error of the mean (SEM) from
three independent experiments (n = 3). Different superscript letters indicate statistically significant differences
between laboratory strains (p < 0.05).

The consortium (a mixture of all four strains in a 1:1:1:1 ratio) demonstrates a syner-
gistic effect when strains are combined (the combined action of the components exceeds
the sum of their individual effects). In all cases (No. 1-7), it showed higher results than the
paired bacterial combinations alone. Demonstrated higher activity was observed against
Salmonella spp. (DIZ—27.0 =+ 0.4 mm).

The consortium compensates for the limitations of individual bacterial compositions. For
example, in Composition No. 2 (Lat. curvatus LUHS51 and P. acidilactici LUHS29), antagonism
against Proteus vulgaris reached 20.1 mm. Meanwhile, in Composition No. 1 (Lev. brevis
LUHS140 and Lc. casei LUHS210), low antagonism was observed against E. coli, with an
inhibition zone diameter of 21.0 mm. The LAB consortium, in both cases, balanced the results
to 22.2-23.0 mm, preventing a decrease in effectiveness below a certain threshold.

In this study, inhibition of spore formation was assessed by the presence of a clear
inhibition zone around the punctured well. The inhibitory effect of the selected LAB com-
positions against mold fungi is provided in Table 7. During the evaluation of the fungistatic
potential of LAB, it was established that mold fungi exhibit a moderate sensitivity threshold
to the tested compositions compared to bacterial pathogens. The zones of mycelial growth
inhibition with delayed sporulation ranged from 7.3 to 8.9 mm.

Among the tested LAB pairs, the most pronounced antifungal activity was demon-
strated by Composition No. 1 against Fusarium graminearum FG No. 13 (8.6 = 1.4 mm), P.
verruculosum BIM-177 (8.0 & 2.4 mm), and A. tenuissima No. 5 (8.3 £ 1.4 mm), while mod-
erate antagonism (7.6 £ 1.4 mm) was observed against A. niger (F-22/269) and Fusarium
graminearum (F1).

Differential sensitivity among fungal strains was identified. The Fusarium graminearum
FG No. 13 strain was the most sensitive to the Lev. brevis LUHS140 + Lc. casei LUHS210 com-
position (8.6 £ 1.4 mm), whereas the F. graminearum F1 strain exhibited greater resistance
(7.6 £ 1.4 mm). The LAB consortium yielded the most stable and highest results against
four out of five test cultures (A. niger, A. tenuissima, P. verruculosum, F. graminearum FG
No. 13), with an inhibition in the range of 8.7 &= 1.4 to 8.9 & 2.1 mm, respectively. The use
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of the 1:1:1:1 (each LAB suspension 3% v., containing 10° CFU/mL) consortium resulted in
statistically homogeneous outcomes (index “a” for all test cultures), indicating stabilization
of the antifungal effect when combining the four strains.

Table 7. Antagonistic activity of lactic acid bacteria compositions against mold fungi.

Diameter of Inhibition Zone (DIZ), mm

Or;aerS\;sm Lev. brevis LUHS140 + Lc. Lat. curvatus LUHS51 + P. Consortium
casei LUHS210 (1:1) acidilactici LUHS29 (1:1) (1:1:1:1; 3%, v/v)
Aspergillus niger (F-22/269) 76+14° 76+282 87+£14°7
Alternaria tenuissima (No. 5) 83+14Pb 83+28P 88+172
Penicillium verruculosum (BIM-177) 80+24Pb 76+142 89+072
Fusarium graminearum (FG. No. 13) 8.6+14Pb 73+£28%2 89£21%2
Fusarium graminearum (F1) 76+14%2 76+282 86+172

LAB, lactic acid bacteria; DIZ, diameter of the inhibition zone; Lev. brevis, Levilactobacillus brevis; Lc. casei,
Lacticaseibacillus casei; Lat. curvatus, Latilactobacillus curvatus; P. acidilactici, Pediococcus acidilactici. Consortium
consisted of Lev. brevis LUHS140, Lc. casei LUHS210, Lat. curvatus LUHS51, and P. acidilactici LUHS29 mixed at a
ratio of 1:1:1:1 and applied at 3% (v/v). Data are presented as mean =+ standard error of the mean (SEM) from
three independent experiments (n = 3). Different superscript letters indicate statistically significant differences
between laboratory strains (p < 0.05).

All mold species produced similar and pronounced sensitivity to the LAB consortium,
indicating the broad-spectrum effectiveness of the multicomponent mixture against com-
mon raw material contaminants. The relatively small inhibition zones (7—8 mm) for fungi
correlate with findings by Crowley et al. [81], who noted that effective mold suppression
requires high concentrations of organic acids (lactic, acetic) and specific phenylcarboxylic
acids. The antifungal effect of LAB is often associated with the production of low-molecular-
weight compounds and cyclic dipeptides [82,83].

According to Schniirer and Magnusson [84], strains such as L. coryniformis and L.
plantarum are among the most active against fungi of the Fusarium and Aspergillus genera.
The relative resistance of Fusarium graminearum to the tested LAB compositions is consistent
with the findings of Dalie et al. [85], who reported high adaptability of mycotoxigenic fungi
to acidic environments. The comparatively low activity of the Lb. curvatus + P. acidilactici
pair against F. graminearum (7.3 & 2.8 mm) may be explained by this fungus’s ability to
metabolize certain organic acids produced by pediococci.

The superiority of the LAB consortium over paired compositions can be explained
by an expanded metabolite profile and the accumulation of synergistic concentrations of
organic acids (lactic and acetic) [86,87].

According to Mateo et al. [88], it is the combined effect of acid mixtures, rather than
their total concentration alone, that determines the fungistatic effect against Aspergillus and
Fusarium. Bhattacharya et al. [89] also indicate that combining strains enables stable inhibi-
tion even when fungi exhibit low sensitivity to individual bacteriocins. The contribution of
bacteriocin-like inhibitory substances (BLIS) should also be considered [90-92]. As noted
by Dalie et al. [85], although LAB bacteriocins are primarily active against bacteria, some
cyclic dipeptides can affect the morphology of fungal hyphae, slowing their radial growth,
which corresponds to the observed inhibition zones of up to 8.6 mm.

Considerable variation was observed; results indicate the feasibility of co-cultivating
selected pairs of LAB strains to develop a multicomponent probiotic consortium with a
defined composition. Different LAB strains (Lev. brevis, L. casei, Lat. curvatus, P. acidilactici)
produce different types of organic acids and bacteriocins [93,94]. Within a consortium,
they act against pathogens through multiple mechanisms simultaneously, reducing the
likelihood of pathogen survival [95,96]. The obtained results support the selection of
these strains for further evaluation as a multistrain consortium. Under the experimental
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conditions of the present study, the consortium exhibited broader and generally stronger
antagonistic activity against the tested pathogens than the paired LAB combinations.

Our findings are consistent with those of Semenova et al. [97]: the consortium grown
on MRS medium exhibited a high cell titer (at least 10’2 CFU/g) and demonstrated greater
antagonistic activity compared to the individual LAB strains included in it.

According to our results, the tested LAB consortium is a promising candidate for
starter culture development and broader application in the feed industry. When a 3%
mixture of the four strains was used, the levels of all tested pathogens were markedly
reduced. Cultures of Lactobacillus and Pediococcus exhibited pronounced antibacterial
activity and effectively inhibited the growth of mold fungi, including phytopathogenic
species associated with cereal crops.

The compatibility assessment performed in this study was intended as a prelimi-
nary qualitative screening to identify LAB strains suitable for consortium development.
Although the drop co-culture assay enabled discrimination between compatible and antag-
onistic strain combinations, it does not provide quantitative information on the dynamics of
strain interactions during co-cultivation. Future studies will include quantitative evaluation
of strain interactions during co-cultivation, such as growth kinetics (ODggg) and viable
cell counts (CFU), to provide a more comprehensive validation of the compatibility and
stability of the developed LAB consortium.

3.5. Acidity and Microbiological Parameters of Fermented Wheat Bran

Acidity parameters and microbiological indicators of wheat bran are presented in
Table 8, and pH and viable lactic acid bacteria count in fermented wheat bran in Table 9.

Table 8. Acidity parameters and microbiological indicators during the fermentation of wheat bran.

Duration of Fermentation, h Number of Microorganisms, logio CFU/g
0 24 36 0 24 36 LAB TBC TEC M/Y
Tested Microbiological Ch istics Aff
Samples o icrobiologica aracteristics After
P pH TTA,°N 36 h Fermentation
Non-fermented wheat 5.6 + B B 0.20 + _ B 420 + 7.35 + 3.29 + 3.19 +
bran (control) 0.022 0.022 0.122 0.1b 0.12 0.11°b
FWb Lev. brevis LUHS140 + Le.  5.57 + 439 + 4.02 + 0.20 + 3724+ 411+ 6.42 + 6.88 & nd 291+
casei LUHS210 (1:1) 0.032 0.01° 0.012 0.022 0.01° 0.012 0.01° 0.06 2 0.122
FWb Lat. curvatus LUHS51 + P. 5574+ 440+ 4.01+ 0.20 + 3.71 + 410 + 6.23 + 6.79 + nd 299 +
acidilactici LUHS29 (1:1) 0.03 2 0.01° 0.012 0.022 0.01° 0.012 0.02° 0.022 0.112
FWb Consortium 565+ 407+ 3.82+ 0.20 + 390+ 440+ 7.23 + 6.67 & nd 2.75 +
(1:1:1:1; 3%, v/v) 0.022 0.03° 0.042 0.022 0.10° 0.12° 0.11° 0.132 0.122

LAB, lactic acid bacteria; FWb, fermented wheat bran; TTA, total titratable acidity; °N, Neiman degree; TBC, total
bacterial count; TEC, total Enterobacteriaceae count; M/Y, mold and yeast count; CFU, colony-forming units; nd,
not detected; —, not analyzed. Lc. casei, Lacticaseibacillus casei LUHS210; Lev. brevis, Levilactobacillus brevis LUHS140;
Lat. curvatus, Latilactobacillus curvatus LUHS51; P. acidilactici, Pediococcus acidilactici LUHS29; Data are presented as
mean = standard error of the mean (SEM) from five independent experiments (1 = 5). Different superscript letters
indicate statistically significant differences among fermentation times or treatments (p < 0.05).

The physicochemical and microbiological characteristics of fermented wheat bran are
presented in Tables 8 and 9. Fermentation with the selected four-strain LAB consortium
resulted in progressive acidification of the substrate throughout the incubation period. The
pH decreased from 5.65 £ 0.02 before fermentation to 4.07 £ 0.03 after 24 h and reached
3.82 + 0.04 after 36 h (p < 0.05). At the same time, total titratable acidity (TTA) increased from
0.20 £ 0.02 to 4.40 £ 0.12 °N, indicating active acid production during fermentation [98].

The viable LAB population increased throughout fermentation, reaching 7.23 4 0.11
logy9 CFU/g after 36 h (Table 9). Compared with the non-fermented wheat bran (control), the
fermented substrate contained approximately 3 log;g CFU/g more LAB (7.23 vs. 4.20 logo

https://doi.org/10.3390/fermentation12080371


https://doi.org/10.3390/fermentation12080371

Fermentation 2026, 12, 371

19 of 26

CFU/¢g). Higher LAB count values were observed after 36 h of fermentation, whereas a slight
decrease to 6.93 % 0.06 log;g CFU/g was recorded after 48 h.

Table 9. pH and viable lactic acid bacteria count in fermented wheat bran.

Lactic Acid

Bacteria (LAB) Strains

Duration of Fermentation, h
12 24 36 48
Viable LAB Count (log;9 CFU/g)

FWDb Consortium (1:1:1:1; 3%, v/v) 5.01 £0.08°¢ 6.11 £0.05b 723 +0.112 6.93 +£0.062

pH

FWb Consortium (1:1:1:1; 3%, v/v) 4.48 £0.02°¢ 4.07 £0.03° 3.82£0.042 4.02£0.022

LAB, lactic acid bacteria; FWb, fermented wheat bran; Lc. casei, Lacticaseibacillus casei LUHS210; Lev. brevis,
Levilactobacillus brevis LUHS140; Lat. curvatus, Latilactobacillus curvatus LUHS51; P. acidilactici, Pediococcus acidilactici
LUHS29. LAB counts are expressed as logl0 CFU/g. Data are presented as mean =+ standard error of the mean
(SEM) from three independent experiments (1 = 3). Different superscript letters indicate statistically significant
differences among fermentation times or treatments (p < 0.05).

Fermentation also affected the indigenous microbiota of wheat bran. Total bacterial
counts decreased from 7.35 &£ 0.10 to 6.67 = 0.13 log;o CFU/g, while Enterobacteriaceae
were not detected after fermentation. The numbers of molds and yeasts were reduced
from 3.19 & 0.11 to 2.75 £ 0.12 log;p CFU/g. Similar acidification patterns were observed
for both two-strain LAB combinations; however, the four-strain consortium produced the
lowest final pH (3.82 £ 0.04) and demonstrated higher TTA (4.40 £ 0.12 °N), accompanied
by higher viable LAB counts.

The decrease in pH together with the increase in titratable acidity indicates active
fermentation of wheat bran by the selected LAB strains. Acidification is one of the
principal technological effects of LAB fermentation because it suppresses the growth
of acid-sensitive microorganisms and contributes to improved microbiological quality of
fermented substrates.

The absence of detectable Enterobacteriaceae after fermentation and the reduction
in total bacterial, mold, and yeast counts are consistent with the inhibitory environment
created during LAB fermentation.

The concurrent increase in viable LAB counts together with progressive substrate
acidification suggests that these processes collectively contributed to the suppression
of undesirable microorganisms during fermentation. Besides lowering the pH through
the accumulation of organic acids, the growing LAB population may also have limited
the proliferation of competing microorganisms by competing for available nutrients and
ecological niches. In addition, previous studies have shown that some LAB strains are
capable of producing bacteriocins and other antimicrobial metabolites that may further
enhance microbial inhibition. However, these compounds were not determined in the
present study; therefore, their contribution to the observed reduction in Enterobacteriaceae
can only be discussed in the context of previously published literature.

Although antimicrobial metabolites such as organic acids, bacteriocins, and other
low-molecular-weight compounds have been reported as important contributors to the
antimicrobial activity of LAB in previous studies [99-101], these compounds were not de-
termined in the present work. Therefore, the relative contribution of individual metabolites
to the observed microbial changes cannot be established.

The four-strain consortium produced lower pH values and higher LAB counts than
either of the two-strain combinations, suggesting that this formulation performed more
efficiently under the experimental conditions used. However, because the study did not
include metabolomic characterization or strain-specific monitoring during wheat bran
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fermentation, the mechanisms underlying the observed differences between the consortium
and the paired cultures remain to be clarified.

Our findings are generally consistent with previous reports describing LAB fermen-
tation of cereal substrates. Priicker et al. [102] and Arte et al. [103] reported substantial
suppression of enterobacteria and molds during wheat bran fermentation by Lactiplantibacil-
lus plantarum, Levilactobacillus brevis, and Companilactobacillus humilis. Similarly, Bartkiene
et al. [2] and Vadopalas et al. [104] observed viable LAB counts of approximately 7.5 log1g
CFU/mL and final pH values close to 3.9 after fermentation of dairy by-products with LAB
strains. Previous studies have also reported progressive acidification of cereal substrates
during fermentation, accompanied by an increase in LAB populations and a concomitant
reduction in Enterobacteriaceae, coliforms, molds, and yeasts, thereby improving the mi-
crobiological quality of fermented cereal products [105,106]. Although direct comparisons
between studies should be made with caution because of differences in substrates, inocu-
lum composition, and fermentation conditions, the trends observed in the present study
are consistent with previously published data.

The nutritional characteristics of the fermented wheat bran, including its chemical
composition (e.g., crude protein, fiber fractions, metabolizable energy, and bioactive com-
pounds), were not evaluated in the present study. Therefore, the nutritional and functional
value of the fermented product requires further investigation before its application as a
functional feed ingredient can be substantiated.

The obtained results demonstrate the potential of the developed LAB consortium
for wheat bran fermentation and highlight its potential for the valorization of cereal by-
products into value-added feed material. Further studies under in vivo conditions are
required to confirm its efficacy and practical applicability.

4. Conclusions

This study demonstrated the feasibility of systematically selecting a multistrain lactic
acid bacteria (LAB) consortium based on antimicrobial activity, mycotoxin mitigation
capacity, and strain compatibility, followed by its propagation in supplemented sour whey
and application to the fermentation of extruded wheat bran. Compared with individual
LAB strains and two-strain combinations, the selected four-strain consortium provided
more effective substrate acidification, maintained high populations of viable LAB, and
improved the microbiological characteristics of the fermented wheat bran. These findings
support the potential application of the developed consortium as a starter culture for the
valorization of cereal by-products into value-added feed material.

Nevertheless, the results should be interpreted within the limitations of the present
study. All experiments were performed in vitro, and the mycotoxin mitigation capacity
of the consortium was evaluated only in liquid model systems rather than directly in the
fermented wheat bran matrix. In addition, metabolomic profiling was not performed;
therefore, the compounds responsible for the observed antimicrobial activity and myco-
toxin mitigation were not identified. Future studies should include controlled solid-state
fermentation experiments with appropriate control treatments comprising different strain
combinations, validated chromatographic assessment of mycotoxin degradation, strain-
specific monitoring of bacterial growth, and both targeted and untargeted metabolomic
analyses. Further research will also focus on scaling up cultivation of the selected consor-
tium in supplemented sour whey under pilot- and industrial-scale conditions, optimizing
the technological process, and evaluating its reproducibility. In addition, controlled feed-
ing trials in horses are planned to assess the safety of the developed feed additive, its
effects on nutrient digestibility, animal performance, intestinal microbiota composition,
immune responses, and biomarkers of mycotoxin exposure. These studies will provide a
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more comprehensive evaluation of the practical applicability of the developed technology
and support its potential use in the valorization of cereal by-products into value-added
feed material.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fermentation12080371/s1, Table S1. Identification of LAB strains
by direct MALDI-TOF MS; Table S2. Analytical protocol and results mycotoxin mitigation capacity.
Table S3. European Union performance criteria for validated analytical methods for mycotoxin
determination according to Commission Regulation (EU) No. 519/2014. Table S4. Residual mycotoxin
concentrations and percentage reduction. Table S5. Four-way ANOVA for residual mycotoxin
concentration. Table S6. Pearson correlation matrices; Table S7. LAB multiplication in sour whey by
time exposure (t =0, 6, 12, 24, 48 h); Table S8. LAB multiplication in sour whey by time exposure
(t =6, 12, 24 h); Supplementary File S1. Table S1_Identification of LAB strains by direct MALDI-
TOF MS; Supplementary File S2. Table S2-56_Analytical protocol and results mycotoxin mitigation
capacity; Supplementary File S3. Tables S7 and S8_LAB multiplication in sour whey by time exposure.
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