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Abstract

In this study, the characterization, production, and application of antifungal metabolites
obtained from the Levilactobacillus (L. brevis S27) and two Lactiplantibacillus (L. pentosus S42
and L. plantarum S62) strains were evaluated. The lactic acid bacteria (LAB) cells showed
antifungal activity against molds. The cell-free supernatant (CFS) of Levilactobacillus and
Lactiplantibacillus presented antimicrobial activity against fungi and foodborne pathogenic
bacteria, and the antifungal activity was significantly (p < 0.05) higher than that of the
antibacterial activity. Moreover, the antifungal metabolites were characterized as pro-
teinaceous compounds that remained stable under both high and low temperatures and
demonstrated activity across a broad pH range. Additionally, metabolite production was
significantly higher (p < 0.05) at an initial pH of 5 when incubated at either 25 °C or 37 °C.
All strains and their CFSs exhibited strong bio-preservative effects against Penicillium digita-
tum in yogurt and against Aspergillus niger on orange fruit. Consequently, these Lactobacilli
strains and their antifungal metabolites represent a novel approach to biocontrol in the
agri-food industry and agricultural products.

Keywords: antifungal; proteinaceous; compounds; lactic acid bacteria; bio-preservation

1. Introduction

Fungal growth, caused by organisms like Aspergillus, Penicillium, and Fusarium, can
spoil a vast array of foods, including grains, nuts, fruits, and dairy products. Fungal
spoilage is one of the most significant barriers to the widespread acceptance of food prod-
ucts by consumers, resulting in substantial economic losses and significant food waste.
Fungal contamination can occur at various steps in food processing [1], and beyond their
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negative impact on food quality, some fungal genera, such as Aspergillus, Penicillium, Al-
ternaria, and Fusarium, can produce dangerous metabolites, such as mycotoxins, that can
have a toxic effect on humans and animals [2]. Mycotoxins represent a major problem in
food security and can induce liver cancer, reduce immunity, and have a negative economic
impact [3,4]. Moreover, controlling fungi spoilage and prolonging product shelf life through
the application of chemical preservatives can increase fungi resistance, harming health
and the environment [5]. Chemical preservatives can pose several health risks, including
allergic reactions; asthma; hypersensitivity; digestive disturbances; disruption of gut micro-
biota; potential neurotoxicity in certain compounds; and potential long-term carcinogenic,
mutagenic, or genotoxic effects [6]. The interest in research on a biological alternative to
chemical preservation to control spoilage and mycotoxin production caused by fungi has
increased in recent years. Consequently, lactic acid bacteria (LAB) are commonly applied
for bio-preservation approaches.

Recently, Zheng [7] reclassified the LAB genera into 25 new genera and distin-
guished between different lactobacilli. Many LAB species are generally recognized as
safe (GRAS) [8] and do not have any risks to human health [9]. The application of lactic
acid bacteria in the food, agricultural, and human health industries should be further
guided by research [9]. Thus, these microorganisms have been applied to various food
products [10] and influence the various biotechnological and techno-functional properties
of food products [11]. Moreover, LAB species could improve the safety properties and
prolong the shelf life of fermented products based on their ability to inhibit spoilage mi-
crobes [12]. Therefore, LAB have the ability to produce various antimicrobial compounds
such as bacteriocins, organic acids, hydrogen peroxide (H>O,), exopolysaccharides (EPSs),
and other compounds [13]. They also improve nutritional content and sensory attributes
and extend the shelf life of various food products [13,14]. The antifungal metabolites from
LAB can be used as biocontrol agents and are one of the best approaches applied in food
preservation [15,16].

Generally, the production of antifungal metabolites by LAB is influenced by many
factors reported in previous works, including the growth temperature, initial pH, growth
medium, nutritional factors, and other factors [17-19]. Moreover, the effectiveness of
the bio-conservation effect can be influenced by these factors [20]. Therefore, studies
on factors influencing the production of antifungal metabolites from LAB strains are
still lacking. Based on this research approach to a new natural preservative, this work
aims to characterize antifungal metabolites and highlight the main factors influencing the
production of antifungal metabolites by Lactobacilli strains and their application to yogurt
and orange fruit as bio-preservation agents against fungi.

2. Materials and Methods
2.1. Microorganisms and Growth Conditions

Levilactobacillus (L. brevis S27) and Lactiplantibacillus (L. pentosus S42 and L. plantarum
562) strains, selected from fermented olives [21], were used in this work and grown in de
Man Rogosa Sharpe Medium (MRS) broth (Biokar, Allonne, France) for 24 h at 30 °C before
experimental use.

The indicator fungal strains (Aspergillus niger, Penicillium digitatum, Fusarium oxys-
porum, and Rhizopus oryzae) were grown on YEGA medium (10 g/L glucose, 10 g/L
yeast extract, and 20 g/L agar) at 25 °C for 2-5 days, and yeasts (Candida pelliculosa and
Rhodotorula glutinis UMP 22) were grown on YEG medium (10 g/L glucose and 10 g/L
yeast extract) at 25 °C for 48 h before experimental use.
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Pathogenic bacteria (Staphylococcus aureus ATCC 6538, Pseudomonas aeruginosa ATCC
49189, Listeria monocytogenes ATCC 19117, and Salmonella enterica ATCC 14028) were grown
on Muller-Hinton broth (MH) at 37 °C for 24 h before experimental use.

2.2. Antifungal Activity of Levilactobacillus and Lactiplantibacillus Cells

The antifungal activity of cells from Levilactobacillus and Lactiplantibacillus strains was
conducted using the method described by Magnusson and Schnurer [22]. Two streaks, 2 cm
each, of strains were inoculated on MRS agar and then incubated at 37 °C for 48 h. The
resulting colonies were overlaid with soft YEGA (0.75% agar) containing 10° spores/mL of
mold after incubation at 37 °C for 48 h. The inhibition zones were determined around each
Lactobacillus strain streak after incubation at 25 °C for 72 h, based on the following criteria:
(—), absence of inhibition zone around each steak; (+), inhibition zone between 0.1 and 3%
of the surface of Petri dishes; (++), inhibition zone between 3 and 8% of the surface of Petri
dishes; and (+++), inhibition zone greater than 8% of the surface of Petri dishes. All tests
were performed in triplicate.

2.3. Fermentation and Preparation of the Cell-Free Supernatant (CFS)

The fermentation was carried out by inoculating MRS broth (500 mL) with 1% (v/v) of
each Lactobacilli strain and incubating for 48 h at 30 °C. The cell-free supernatant (CFS)
of Levilactobacillus and Lactiplantibacillus was obtained after centrifugation at 8000x g for
10 min and sterilized using a 0.20 um pore size filter.

2.4. Antimicrobial Activity of CFS from Levilactobacillus and Lactiplantibacillus
2.4.1. Well Diffusion Assay

The antimicrobial activity of CFS from the Levilactobacillus and Lactiplantibacillus strains
was determined using a well diffusion assay. Briefly, 10> CFU/mL of R. glutinis UMP 22 or
C. pelliculosa and pathogenic bacteria (S. enterica, S. aureus, L. monocytogenes, or P. aeruginosa)
were evenly spread on YEG or Mueller-Hinton (MH) broth (Biokar, France). The wells,
cut in the agar using a sterile filter pipette tip, were charged with 100 uL of the CFS.
The measurement of inhibition zones was determined in mm after incubation for 24 h at
25 °C/37 °C for yeast and bacteria, respectively. All tests were conducted in triplicate.

2.4.2. Mycelium and Biomass Inhibition

The mycelium and biomass inhibition of fungi was evaluated in the presence of CFS.
Briefly, 10% (v/v) of CFS from Levilactobacillus and Lactiplantibacillus strains was added to
the YEGA and YEG medium and inoculated with 10° spores/mL of mold, and the medium
without CFS was used as a control. All tests were incubated at 25 °C for 5 days, and the
mycelium and biomass inhibition was calculated, in triplicate, using the formula:

Mycelium or Biomass inhibition (%) = (1 — (Fungal colony diameter (mm)
in assay/Fungal biomass (g) in assay)/(Fungal colony diameter (mm) in control/
Fungal biomass (g) in control)) x 100

2.5. Characterization of Antifungal Metabolites from Levilactobacillus and Lactiplantibacillus

The CFS from Levilactobacillus and Lactiplantibacillus strains was adjusted with the
solutions of sodium hydroxide (2 M) and hydrochloric acid (2 M) to different pH values
(4.5,5,55,6,6.5,and 7.0). In total, 1 mg/mL each of different enzymes (Sigma-Aldrich,
St. Louis, MO, USA), including catalase, protease, and proteinase K, was added to neutral
CFS. The stability of the antifungal metabolites was measured by the heat treatments of
the CFS at 80 °C and 100 °C for 10 min, placed under sterile conditions (121 °C, 15 min),
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and stored at 4 °C for 4 weeks. The antifungal activity of all treated CFSs was measured
in triplicate.

2.6. Production of Antifungal Metabolites from Levilactobacillus and Lactiplantibacillus
2.6.1. Influence of Temperature

Levilactobacillus and Lactiplantibacillus strains were inoculated in MRS broth (100 mL)
with 1% (v/v) of each strain and incubated at different temperatures (25 °C, 30 °C, 37 °C,
and 45 °C) for 24 h. The antifungal activity of all CFSs was measured in triplicate.

2.6.2. Influence of pH

Levilactobacillus and Lactiplantibacillus strains were inoculated in MRS broth adjusted
at initial pH values of 4, 5, 6, 7, and 8, adjusted with solutions of sodium hydroxide (2 M)
and hydrochloric acid (2 M) with 1% (v/v) of each strain. The antifungal activity of all CFSs
was measured in triplicate after incubation at 30 °C for 24 h.

2.6.3. Influence of Agitation

The overnight cultures of the Levilactobacillus and Lactiplantibacillus strains were in-
oculated in MRS broth with 1% (v/v) of each strain, and the culture was incubated in
an incubator shaker under the agitation of 50, 100, and 200 rpm at 30 °C for 24 h. The
antifungal activity of all CFSs was realized in triplicate.

2.6.4. Influence of NaCl

The overnight culture of Levilactobacillus and Lactiplantibacillus strains was inoculated
with 1% (v/v) in MRS broth containing 2, 4, 6, 8, 10, and 12% (w/v) of sodium chloride and
incubated at 30 °C for 24 h. The antifungal activity of CFS was measured in triplicate.

2.7. Application of Levilactobacillus and Lactiplantibacillus and Their CES as
Bio-Preservative Agents

2.7.1. Application of CFS from Levilactobacillus and Lactiplantibacillus to Yogurt

The application of the bio-preservation effect of the Levilactobacillus and Lactiplantibacil-
lus strains was conducted and comprised four yogurt products. Raw cow milk, 200 mL, was
mixed with 3% (w/v) skim milk and then homogenized and pasteurized at 80 °C for 10 min.
After cooling to 43 °C, the control yogurt was produced with an inoculation of 1% (w/v)
commercial yogurt as a starter culture. The treatment yogurt received a combination of 1%
(w/v) starter culture with a final concentration of 107 colony-forming units (CFUs)/mL of
L. brevis S27, L. pentosus S42, and L. plantarum S62, 1% (w/v) as bio-preservative cultures. All
the yogurt treatments were inoculated with 10° spores/mL of P. digitatum and incubated at
43 °C for 6 h; then, the yogurt treatment was cooled and stored at 4 °C for 15 days.

2.7.2. Application of Levilactobacillus and Lactiplantibacillus to Orange Fruit

The potential application of CFS as a bio-preservation agent was conducted using
the orange fruit model. The orange fruits were washed, dried, and disinfected with an
ethanol solution (90%) with UV exposition for 20 min. Briefly, a volume of 50 puL of
10° spores/mL of A. niger and 50 uL. CFS of L. brevis S27, L. pentosus S42, and L. plantarum
562 was introduced into small wounds (3 mm wide x 5 mm deep), created aseptically with
a sterile puncher. The control was maintained using sterile distilled water instead of CFS
and inoculated in the same conditions as the assays. The growth of A. niger on orange fruits
was examined visually during storage at room temperature for 15 days. All treatments
were applied in triplicate.
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2.8. Statistical Analysis

The GraphPad Prism 8 software (San Diego, CA, USA) was used to perform the one-
way ANOVA analysis, which compared the means with a significant difference of p < 0.05.
Additionally, the data were displayed as means + standard deviation, and the groups of
means were determined by using the Student-Newman-Keuls (S-N-K) comparison post
hoc test.

3. Results
3.1. Antifungal Activity of Levilactobacillus and Lactiplantibacillus Cells

The results for the antifungal activity of the Levilactobacillus and Lactiplantibacillus
strains producing antifungal metabolites are presented in Table 1 and Figure 1a. The cells of
L. pentosus S42 and L. plantarum S62 presented high inhibition against A. niger, P. digitatum,
and F. oxysporum and moderate inhibition against R. oryzae. However, the cells of L. brevis
S27 presented moderate inhibition against A. niger and P. digitatum, low inhibition against
F. oxysporum, and no activity against R. oryzae.

Table 1. Antifungal activity of Levilactobacillus and Lactiplantibacillus strains against fungi using the
overlay method.

Inhibition Zone

LAB Strain - —
A. niger P. digitatum E oxysporum R. oryzae
L. brevis S27 ++ ++ + _
L. pentosus S42 +++ +++ +++ ++
L. plantarum S62 +++ +++ +++ ++

(—), absence of an inhibition zone around each steak; (+), inhibition zone between 0.1 and 3% of the surface of
Petri dishes; (++), inhibition zone between 3 and 8% of the surface of Petri dishes; (+++), Inhibition zone greater
than 8% of the surface of Petri dishes.

Figure 1. Antifungal activity of Levilactobacillus and Lactiplantibacillus strains. (a) Antifungal activity of
L. brevis S27 against A. niger. (b) Antifungal activity of CFS from Levilactobacillus and Lactiplantibacillus
strain against R. glutinis UMP22.

3.2. Antimicrobial Activity of CES from Levilactobacillus and Lactiplantibacillus

The results of the antimicrobial activity obtained for CFS from the Levilactobacillus and
Lactiplantibacillus strains against yeasts and molds are presented in Table 2 and Figure 1b.
All the CFSs of each Lactobacilli strain demonstrated antifungal activity, with the inhibition
diameter ranging between 22.78 and 23.63 mm and 19.78 and 20.63 mm against R. glutinis
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and C. pelliculosa, respectively (Figure 1b). However, Table 3 presents the inhibition per-
centage of biomass and mycelium growth obtained with the CFS of the Levilactobacillus
and Lactiplantibacillus strains. The inhibition of the biomass values ranged between 80.00
and 84.50%, 74.69 and 78.82%, 78.90 and 86.13%, and 57.66 and 60.44% against P. digitatum,
F. oxysporum, A. niger, and R. oryzae, respectively. Moreover, the inhibition of mycelium
growth ranged between 47.55 and 55.59%, 43.28 and 49.57%, 42.50 and 50.08%, and 40.15
and 45.64% against P. digitatum, F. oxysporum, A. niger, and R. oryzae, respectively. On
the other hand, the results for the antibacterial activity against the foodborne pathogenic
bacteria presented in Table 2 revealed the significant antibacterial activity of CFS from
Levilactobacillus and Lactiplantibacillus against all pathogenic bacteria tested, with inhibition
diameters ranging between 17.1 and 17.15 mm, 16.7 and 16.85 mm, 17.05 and 17.1 mm, and
16.53 and 16.9 mm against S. aureus, S. enterica, L. monocytogenes, and P. aeruginosa, respec-
tively. Furthermore, these strains showed a capacity to produce extracellular antifungal
and antibacterial metabolites, showing high activities against yeasts and a broad spectrum
of molds and bacteria. Among these strains, 562 exhibited the highest (p < 0.05) antifungal
and antibacterial activity against all indicator strains (yeasts, molds, and bacteria).

Table 2. Antibacterial and antifungal activity of CFS from Levilactobacillus and Lactiplantibacillus
strains against pathogenic bacteria and yeast.

LAB
Strain

Inhibition Zone (mm)

Pathogenic Bacteria Yeast
monocgft'ogenes S. aureus ATCC  P. aeruginosa S. enterica R. glutinis C. pelliculosa
ATCC 19117 6538 ATCC 49189 ATCC 14028 UMP22

L. brevis S27
L. pentosus S42

L. plantarum S62

17.052 4+ 0.07 17.12 +0.14 16.7 3P +0.14 16.53° + 0.39 2278 +021  19.78°P +0.73
17.052 + 0.07 17.152 + 0.07 16.752 + 0.35 16.653° £ 021  23.06%P +0.07 20.06° + 0.34

1712 £0.14 17.152 £ 0.07 16.852 £ 0.07 1692 +£0.14 23.632 +0.14 20.632 £0.40

Values are mean + standard error of triplicates. *® Means in the same column for each parameter with different
lowercase letters differed significantly (p < 0.05).

Table 3. Biomass and mycelium inhibition of mold using CFS from Levilactobacillus and Lactiplan-
tibacillus strains.

Inhibition (%)

LAB Strains Biomass Mycelium
A. niger P. digitatum F. oxysporum R. oryzae A. niger P. digitatum F. oxysporum R. oryzae
L. brevis S27 78.90¢ +0.71 80.00 € + 0.54 74.69° 4+ 0.72 57.66° + 0.63 42.50¢ +0.14 47.55¢ +0.07 43.28¢° 4 0.49 40.15° +0.14
L. pentosusS42 82.77° 4+ 0.45 82.20° +0.45 75.26° 4 0.56 57.19% 4+ 0.52 48.70° 4 0.07 49.25% +0.28 4455 +0.28 40.07° +0.28
L. plantarum S62  86.13° +0.13 84.50° 4 0.50 78.822 +0.71 60.44° 4 0.61 50.08° 4 0.14 55.59 4 0.64 49572 40.07  45.64° +0.49

Values are mean + standard error of triplicates. *P< Means in the same column for each parameter with different
lowercase letters differed significantly (p < 0.05).

3.3. Characterization of Antifungal Metabolites from Levilactobacillus and Lactiplantibacillus

The results of antifungal metabolites characterization from the Levilactobacillus and
Lactiplantibacillus strains are presented in Table 4. The CFS of each Lactobacilli strain
exhibited the highest and similar antifungal activity at acidic pH (4, 4.5, and 5), with
inhibition diameters ranging between 19.78 and 20.63 mm, 19.5 and 20.2 mm, and 18.30 and
19.05 mm, respectively. However, the inhibition diameters of CFS at pH 7 (neutralized)
decreased to a diameter between 13.85 and 15.1 mm (Table 4). The antifungal activity
showed a significant (p < 0.05) reduction after the neutralization of pH and showed high
activity at acidic pH. Consequently, the antifungal activity was reduced at neutral pH
and was highly active at acidic pH. Moreover, the inhibition activity of CFS from the
Levilactobacillus and Lactiplantibacillus strains was resistant to treatments of 80 °C and
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100 °C for 10 min and sterilization conditions, and it was nearly stable during storage in a
refrigerator (Table 4). However, the catalase enzyme treatment of the CFS did not affect
the activity, which confirms that the antifungal metabolites, other than hydrogen peroxide,
and the antifungal activity disappeared after the treatment of the CFS with protease and
proteinase K.

Table 4. Characterization of antifungal metabolites produced by Levilactobacillus and Lactiplantibacil-

lus strains.

Conditions

LAB Strains

L. brevis S27

L. pentosus S42

L. plantarum S62

CFS without treatment

19.78 +0.73 20.06 Y + 0.34 20.63 2 + 0.40
(pH 4)
Effect of pH
45 19.52 4+ 0.69 19.82 +0.28 20.22 +0.28
5 1830 +0.42 18.6b +0.28 19.052 + 0.07
5.5 159P +0.28 16.05° + 0.07 16.252 + 0.07
6 14.1° +0.14 15.253 + 0.35 15.353 4+ 0.4
6.5 13.85¢ + 0.07 14.6° +0.42 15.12 4+ 0.14
7 13.8¢+0.14 144% +0.14 15.05 @ 4 0.07
Effect of Temperature
80 °C/10 min 19.78 +0.73 20.06® + 0.34 20.63 2 + 0.40
100 °C/10 min 19.6° +0.42 20.0P +0.28 20.632 £+ 0.28
Sterilization 19.5° +0.42 19.8P +0.28 20.52 +0.42
Effect of storage (4 °C)
Week 1 19.78 +0.73 20.06P +0.34 20.63 2 + 0.40
Week 2 19.552 + 0.63 19.852 + 0.35 2033 4+ 0.14
Week 3 18.6° +0.28 19.02 +£04 19.23 4+ 0.14
Week 4 17.6° +0.28 18.02 +0.14 1822 4+ (.14
Effect ofenzymes
pH7 + Catalase 13.75¢ + 0.07 1445b +0.21 15.12 4+ 0.14
pH7 + Protease ND ND ND
pH7 + Proteinase K ND ND ND
pH?7 + Lipase 13.7¢ 4+ 0.42 1448 +0.17 15.08 @ + 0.02

Values are mean + standard error of triplicates. abc Means in the same rows (Lactobacilli strains) for each
parameter with different lowercase letters differed significantly (p < 0.05). ND: not detected.

3.4. Production of Antifungal Metabolites from Levilactobacillus and Lactiplantibacillus

The results for the influence of different factors on antifungal metabolite produc-
tion from Levilactobacillus and Lactiplantibacillus are presented in Figure 2. The results in
Figure 2A show the highest production (p < 0.05) at 25 °C from L. brevis S27 and L. pentosus
542; meanwhile, L. plantarum S62 has a higher production (p < 0.05) at 37 °C. However, all
strains showed that high production was detected at an initial pH of 5 (Figure 2B). The
production was significantly higher (p < 0.05) at pH 4 and 5, with inhibition diameter
ranges of 23.3-251 mm and 25.8-27.4 mm, respectively, compared with the control (pH 6.5)
at 19.78-20.62 mm. Also, no significant difference (p < 0.05) in the production of antifungal
metabolites was observed between the control and pH 7 and 8. Our results show that
maximum production was detected at an initial pH of 5 and at a temperature of 25 °C for
527 and S42 and 37 °C for S62. On the other hand, the results for the effect of agitation
(Figure 2C) clearly showed a decrease in antifungal metabolite production with an increase
in agitation for all Levilactobacillus and Lactiplantibacillus strains. The inhibition diameters
between the control (without agitation) and the cultures that underwent agitation (50 rpm,
100 rpm, and 200 rpm) were significantly different (p < 0.05). Hence, the agitation affected
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the production of antifungal metabolites unfavorably. However, the presence of NaCl
concentration in the medium, until 8% NaCl was added, had a negative effect on antifungal
metabolite production by reducing inhibition (Figure 2D). However, none of the Levilac-
tobacillus and Lactiplantibacillus strains produced antifungal metabolites in 10% and 12%
NaCl (Figure 2D), and the production of antifungal metabolites was reduced significantly

&
w
=1
1

(p < 0.05) by an increase in the NaCl concentration in the MRS medium.

&
w
S
1

_ N mm 25°C = == Control (pH 6.5)
£ 25- b = 30°C £ 259 =3 pH4
£ a =
so0{ M= 2o L25 . a D=3 37C g 20 = pHS
£ mm 45°C H =3 pH6
g = 15+
£ 154 ; mm pH7
;_‘.%. 10+ - 10+ mm pHS
: E
% 54 E 5
0- T T T 0-
Y\ V] 9
.‘S'l‘ b S‘c'
c“\, & \\\‘\
o Q\\\ °\\\(
N
\% )
v
D)
C) 254 ) 25+
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g 15 = =200 pm E 15- B3 6% NaCl
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Figure 2. Factors influencing the production of antifungal metabolites with Levilactobacillus and
Lactiplantibacillus strains. (A) Temperature, (B) initial pH, (C) agitation, and (D) NaCl concentration.
ab¢ Means of each parameter with different lower case letters differed significantly (p < 0.05).

3.5. Application of Levilactobacillus and Lactiplantibacillus Strains on Yogurt

The antifungal properties of the Levilactobacillus and Lactiplantibacillus strains were
further evaluated on yogurt contaminated with P. digitatum, and the results are presented in
Figure 3. The control without the addition of Lactobacillus strains showed a total spoilage
of yogurt after storage at 4 °C for 15 days. By contrast, in the presence of L. pentosus 542
and L. plantarum S62, no turquoise mycelia or spores were observed in yogurt over 15 days
of storage at 4 °C, except for the presence of L. brevis S27; a small amount of spoilage was
observed, suggesting that the Levilactobacillus and Lactiplantibacillus strains could effectively
inhibit the growth of P. digitatum on yogurt.
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L. plantarum S62 L. pentosus S42 L. brevis S27
+ P. digitatum + P. digitatu + P. digitatum
P !

P. digitatum

Figure 3. Bio-preservative effect of probiotic Levilactobacillus and Lactiplantibacillus strains against
P. digitatum obtained on yogurt after 15 days of incubation at 4 °C.

3.6. Application of CFS from Levilactobacillus and Lactiplantibacillus on Orange Fruit

Figure 4 reports the results of the application of antifungal metabolites from the
Levilactobacillus and Lactiplantibacillus strains on orange fruits against A. niger and during
storage at room temperature. After 15 days of incubation, the fruits in the control (without
CFS) were spoiled by A. niger. However, the CFS shows a reduction in A. niger growth
after storage for 15 days. The use of CFS from L. plantarum S62 led to high inhibition of
A. niger on orange fruits after storage for 15 days. Nevertheless, in the presence of CFS from
L. pentosus S42 and L. brevis S27, a small amount of spoilage from A. niger was present on
the surface of the orange fruits. All CFSs of the Levilactobacillus and Lactiplantibacillus strains
demonstrated a bio-preservation effect in the orange models against A. niger during storage.

A. niger A. niger + CFS of 4. niger + CFS of A. niger + CFS of
L. brevis S27 L. pentosus S42 L. plantarum S62

Figure 4. Bio-preservative effect of CFS of probiotic Levilactobacillus and Lactiplantibacillus strains
against A. niger obtained on orange fruits after 15 days of incubation at room temperature.

4. Discussion

The Levilactobacillus and Lactiplantibacillus cells used in this study demonstrated anti-
fungal activity against molds. This result agrees with the result obtained by Magnusson
and Schnurer [22] and confirms those of Guimaraes [23] and Riolo [24], which exhibited the
inhibition of fungi by LAB cells. This study was conducted to exploit the high antifungal
activity of Levilactobacillus and Lactiplantibacillus cells to control spoilage caused by fungi.

The CFS of the Levilactobacillus and Lactiplantibacillus strains showed high inhibition
of yeast, molds (mycelia and biomass), and pathogenic bacteria. The studies of [5] and
Arrioja-Breton [25] demonstrated that the CFS of LAB strains inhibits fungi and highly
inhibits the growth of the mycelia and biomass of molds [26,27]. Luz [4] found that the
peptide reduced 58% and 73% of the biomass growth of fungi. Furthermore, these results
were obtained by Arena [28] and Gharbi [29], who confirmed that CFS exhibited high
antibacterial activity against pathogenic bacteria. These findings demonstrated that the
antifungal metabolites produced by Levilactobacillus and Lactiplantibacillus are responsible



Fermentation 2025, 11, 661

10 of 13

for antibacterial activity against pathogenic bacteria. Therefore, these metabolites showed
a large inhibition spectrum, including bacteria, yeast, and mold, and could be applied to
prevent the spoilage of different food products.

The characterization of antifungal metabolites shows activity at a high pH and temper-
ature and the disappearance of proteolytic enzymes. These results confirm those obtained
by Volentini [27] and Chen [30]. The reduction in antifungal activity at neutral pH can be
related to the neutralization of organic acids [16,31]. However, the activity was stable in hot
and cold temperatures, which agrees with the studies conducted by [16,32], and the anti-
fungal activity of LAB was greatly influenced by temperature and humidity [33]. Therefore,
the disappearance of antifungal activity after treatment with protease and proteinase K en-
zymes demonstrated the possibility that antifungal metabolites have a proteinaceous nature.
Furthermore, the Levilactobacillus and Lactiplantibacillus strains demonstrated a significant
reduction (p < 0.05) after the neutralization of pH and the treatment with protease and
proteinase K enzymes, suggesting that antifungal metabolites produced as proteinaceous
substances are stable and resist hot and cold conditions. Hence, our results demonstrated
that the antifungal metabolites we produced can be applied as bio-preservation agents
during food processing and storage.

LAB can produce several kinds of antifungal metabolites, and each metabolite has
its inhibitory properties regarding target microorganisms (yeasts and molds) [34]. The
antifungal mechanisms of CFS from LAB disrupt the cell membrane integrity and increase
cell membrane permeability [33]. Our study demonstrates that the antifungal metabolite
is a proteinaceous substance. Moreover, previous studies have shown that the action
mechanisms of peptide and proteinaceous compounds cause damage to the mycelial cell
wall and hyphal size reduction in fungi and dissipate the proton gradient across the cell
membrane [15,35].

High levels of antifungal metabolite production resulted at pH 5 and at 25 °C and
37 °C. Previous works based on initial pH and incubation temperature have shown that
maximum bacteriocin production takes place at an initial pH between 5.0 and 7.0 and a
temperature of 28 °C [36], and antifungal metabolites are at 30 °C and a pH range from
6.8 to 7.6 [37]. In addition, other works have shown that pH 7 and 37 °C allow for the high
production of antifungal metabolites [5,32,38]. Moreover, Lactobacillus plantarum produces
many antifungal metabolites at different temperatures and pH 6.5 [39,40]. Rouse [41]
demonstrated that temperatures between 25 °C and 30 °C and pH between 4 and 8 can lead
to optimal production of the antifungal metabolites. Our findings demonstrated that the
factors (initial pH and temperature) are dependent on Lactobacillus strains. In this context,
the production of antifungal metabolites decreased with an increase in NaCl concentrations
and agitation. Previous studies have demonstrated that NaCl reduces the production
of bacteriocin by LAB [37,42]. Consequently, our Levilactobacillus and Lactiplantibacillus
strains produced high concentrations of NaCl (8%), indicating their possible use as starter
cultures and bio-control agents in fermented vegetables such as olives. Hence, studies of
other factors and their combinations may lead to the optimization of antifungal metabolite
production for their applications as bio-preservative agents or bio-pesticides in controlling
post-harvest spoilage.

The application of Levilactobacillus and Lactiplantibacillus strains as a bio-preservative
agent in yogurt production demonstrated the total inhibition of P. digitatum spoilage. These
results confirm the bio-preservative effect of LAB strains against fungi (yeast and molds)
on yogurt. The inhibitory effects of Lactiplantibacillus strains against yeasts have been
determined in yogurt [26] and can improve the functional properties of the product [43].
In addition, the application of L. plantarum on yogurt has shown the total inhibition of
Penicillium sp. [44]. Mélo [45] demonstrates the ability of LAB strains to be natural bio-
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protective agents for large-scale yogurt manufacturing. Our findings indicate that the
Levilactobacillus and Lactiplantibacillus strains could be used as bio-preservative agents in
dairy products such as yogurt.

All CFSs of the Levilactobacillus and Lactiplantibacillus strains demonstrated a bio-
preservation effect in the orange models against A. niger during storage. This study
confirms the potential of the antifungal activity of CFS from Lactobacillus strains to control
the spoilage of orange fruits [30]. Other studies by Volentini [27] and Ma [46] showed
that LAB and its CFS inhibit the disease caused by Penicillium species in citrus fruits. The
antifungal metabolites of L. plantarum S62 appeared to be more effective than other strains
in orange against A. niger spoilage, and the high effectiveness of antifungal activity from
CFS against spoilage fungi may be due to the high activity of CFS in acidic pH and/or the
synergic effect between the essential oil in the orange peel and antifungal metabolites. Our
findings indicate the possibility of applying the antifungal metabolites of L. plantarum S62
as bio-preservative agents or bio-pesticides in controlling post-harvest spoilage.

5. Conclusions

The Levilactobacillus and Lactiplantibacillus strains exhibited an ability to reduce and
inhibit the growth of different microorganisms (mold, yeast, and bacteria). Their antifungal
metabolites were stable under stress conditions like hot and cold temperatures and acidic
pH. Therefore, their high production was obtained at an initial pH of 5 and at temperatures
of 25 °C and 37 °C. However, an increase in NaCl concentration and agitation decreased
the production of these metabolites. In addition, Levilactobacillus and Lactiplantibacillus
strains had highly effective antifungal activity against fungi on yogurt and orange fruits.
Consequently, this biological alternative (Lactobacillus strains or antifungal metabolites)
could be applied as a bio-preservative agent in the agri-food industry or as a bio-pesticide in
agriculture and could be developed as an active package to preserve foods during storage.
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