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Featured Application: The CFSs of lactic acid bacteria can be proposed as an eco-friendly
biopreservative for minimally processed fruit with a clean label.

Abstract: The global market for fresh, ready-to-eat products has grown rapidly, leading
to some microbiological safety concerns. Lactic acid bacteria (LAB), along with their
metabolites, represent a green alternative to chemical preservatives. For this purpose, the
cell-free supernatant of LAB strains previously isolated from fruits and their potential
antibacterial effects against pathogens commonly found in minimally processed fruit were
evaluated. Based on the preliminary results, a mix of cell-free supernatants (CFSs) was
applied as a postbiotic solution in minimally processed orange slices packed in a passive
atmosphere. Different pathogenic strains were intentionally inoculated to evaluate their
antimicrobial effect, and their trend was monitored. Microbiological and physico-chemical
analyses were carried out at different times (3, 8, and 10 days) during cold storage. The CFSs
obtained from Lactiplantibacillus plantarum and Leuconostoc mesenteroides strains highlighted
an antibacterial activity against Escherichia coli and Staphylococcus aureus in both in vitro and
in vivo tests, showing a reduction of 1 Log CFU/mL for E. coli and the disappearance of
vital S. aureus. In conclusion, the CFSs can be proposed as an eco-friendly biopreservative
for orange slices with a clean label, although their stability needs to be evaluated and their
limits of application need to be ruled by specific legislation.

Keywords: cell-free supernatant; citrus; lactic acid bacteria; Lactiplantibacillus plantarum;
Leuconostoc mesenteroides; ready-to-eat fresh fruits

1. Introduction
In accordance with consumption trends, the demand for ready-to-eat fresh-cut pro-

duce has grown significantly, especially in Europe [1]. The term ready-to-eat fresh produce
refers to ‘any food normally consumed in its raw state or any other food, including pro-
cessed food, for which it is reasonably foreseeable that the food will be consumed without
further processing that would significantly minimise biohazards’ [2]. The growth of this
global market segment, and specifically of ready-to-eat vegetables and fruits, has led to
some concerns related to microbiological safety, as these products represent a favourable
matrix for the growth of pathogens that can lead to product spoilage and health risks for
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consumers [3]. Currently, chemical agents, including chlorine; organic acids; or physical
treatments, such as heat treatments, ultraviolet light, and ozone, have been widely used
to reduce the microbial density in fruits and vegetables [4]. Cheap green alternatives to
chemical preservatives, provided by microorganisms or their metabolites, are known as
‘postbiotics’ and are recognised as biopreservatives. In detail, postbiotics represent a com-
plex mixture of different substances, such as organic acids, bacteriocins, exopolysaccharides,
peptides, enzymes, etc. [5], that are suitable as biopreservatives, protective cultures, or
food additives in various forms (dipping, coating, spraying, edible films, and wrapping)
due to their interesting traits [6]. When postbiotics are obtained from lactic acid bacteria
(LAB), which are included in the Generally Recognised as Safe (GRAS) species, they can
be considered as safe for human health [7]. In particular, when cells are grown in a liquid
medium, the derived metabolites and residual nutrients constitute the cell-free supernatant
(CFS), a complex matrix characterised by a high antimicrobial activity [8].

Citrus is among the most significant tree fruit crops globally, both in terms of economic
value and total production, with approximately 140 million tons/year produced. The
Italian production is about 3 million tons, concentrated mainly in Sicily, where Citrus fruits,
especially blood oranges, represent an important source of income. Oranges exhibit a
high nutraceutical value thanks to the high content of vitamin C and flavonoids, the most
abundant phenolic compounds in Citrus fruit [9]. Oranges suitable for processing can be
valorised as juice or ready-to-eat orange slices, complying with market demands.

Therefore, this study aimed to evaluate the functional and antibacterial effects of
LAB strains isolated from minimally processed fruit. The mix of the CFS from the most
promising strains was applied to minimally processed oranges to assess its impact on
shelf-life extension. Orange fruits were chosen for their global economic relevance and,
as an ideal matrix for harbouring a poor native microbiota, due to their intrinsic charac-
teristics, which make them a suitable model for evaluating the efficacy of antimicrobial
postbiotic compounds.

2. Materials and Methods
2.1. Isolation and Identification of LAB Strains

LAB were isolated from endocarp of Tarocco orange cultivar (named as AS1, AS3,
and AS4), white melon (Cucumis melo L. Indorus group) (named as MEL1 and MEL3), and
fruit salad (named as MAC1). All sampling products were purchased at a local market in
Sicily. The isolates were phenotypically and biochemically characterised by conventional
tests (microscopic observation, catalase test, and Gram stain) and API 50 CHL Medium kit
(BioMerieux, Florence, Italy), respectively. Subsequently, the isolates were stored at −80 ◦C
in Man, Rogosa, and Sharpe (MRS) broth (Oxoid, Milan, Italy) supplemented with 20%
(w/v) glycerol (AppliChem, Darmstadt, Germany).

2.1.1. Molecular Identification of LAB Isolates

The presumptive L. plantarum and Ln. mesenteroides isolates were identified through
PCR colony analysis. Briefly, each colony was picked up and diluted in 20 µL of dis-
tilled water, which served as DNA template. Two separate reaction mixes (25 µL) were
prepared in 1.5 mL microcentrifuge tubes by combining DreamTaq™ Green PCR Master
Mix 2X (Thermo Fisher Scientific, Waltham, MA, USA), the genus-specific primers Lu1r
(CCACAGCGAAAGGTGCTTGCAC) and Lu2 (GATCCATCTCTAGGTGACGCCG), and
the species-specific primers L. mesF (AACTTAGTGTCGCATGAC) and L. mesR (AGTC-
GAGTTACAGACTACAA), targeting the 16S rRNA gene, ultrapure water, and 2 µL of DNA
template. The amplification programme for both genus- and species-specific identification
was conducted as previously reported by Cenci-Goga and coworkers [10]. Similarly, the
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recA gene-based primers paraF (5′-GTC ACA GGC ATT ACG AAA AC-3′), pentF (5′-CAG
TGG CGC GGT TGA TAT C-3′), planF (5′-CCG TTT ATG CGG AAC ACC TA-3′), and pREV
(5′-TCG GGA TTA CCA AAC ATC AC-3′) were used in a multiplex PCR assay (25 µL)
following the protocol of Torriani and coworkers [11]. Amplicons were visualised on a
1.5% TAE 1X agarose gel containing 3 µL of Red Nucleic Acid gel stain (Biotium, Fremont,
CA, USA), and the DNA molecular weight marker 100 bp (Invitrogen-Life Technologies,
Carlsbad, CA, USA) was used as a standard for DNA sizes.

2.1.2. Pulsed Field Gel Electrophoresis (PFGE) Analysis

The PFGE analysis was carried out using the protocol described by Coudeyras and
coworkers [12] to analyse the clonal relationships among the Lactobacillus group and the
protocol of Behare et al. [13] for Ln. mesenteroides isolates. Briefly, the digestion of the
plugs, prepared as reported by Russo and coworkers [14], was carried out using 2 µL of
SmaI restriction enzyme and AscI (New England Biolabs, Ipswich, MA, USA) for 16–20 h
at 25 ◦C and 37 ◦C for Leuconostoc and Lactobacillus genus, respectively. DNA fragments
were electrophoresed through a 1.0% agarose gel in 0.5X TBE buffer at 14 ◦C, using the
CHEF-DR III system (Bio-Rad Laboratories, Hercules, CA, USA). The applied runtime was
17.5 h, with a constant voltage of 6 V/cm, using a linear pulse ramp of 1–20 s for Leuconostoc
strains, and 18.8 h with an interpolation ramping from 1.6 to 20.9 s for lactobacilli. A
lambda ladder (successively larger concatemers of 48.5 kb DNA fragments) was used as
the molecular size marker, and PFGE patterns were visually compared according to the
criteria of Tenover et al. [15].

2.2. Safety Evaluation
2.2.1. DNase, Gelatinase, and Hemolytic Assays

DNase agar medium (Merck KGaA, Darmstadt, Germany) was employed to assess
the DNase activity of isolates. Specifically, each isolate was streaked in duplicate on the
medium and incubated at 37 ◦C for 48 h [16,17]. The DNase production was indicated
by the appearance of a clear pink zone surrounding the colonies following flooding with
1 N HCl.

Nutrient agar medium (Liofilchem, Teramo, Italy) supplemented with 3.0% (w/v)
gelatine (Merck KGaA, Darmstadt, Germany) and Columbia agar medium (Biolife, Milan,
Italy), enriched with 5.0% sheep blood, were used to assess the gelatinase and hemolytic
activity, respectively. Each analysis was repeated twice. In the hemolysis assay, the absence
of green zones (α-hemolysis) and clear zones (β-hemolysis) surrounding the inoculum was
examined. Only γ-hemolysis, characterised by the absence of any hemolytic zone, was
considered safe. The results were evaluated visually after incubation at 37 ◦C for 24 h.

2.2.2. Antimicrobial Susceptibility Test

Eight antimicrobial molecules (Oxoid, Basingstoke, Hampshire, UK), including ampi-
cillin (15 µg), gentamicin (10 µg), kanamycin (30 µg), streptomycin (30 µg), erythromycin
(15 µg), clindamycin (2 µg), tetracycline (30 µg), and chloramphenicol (30 µg), were used to
assess the susceptibility of LAB strains by using the agar disc diffusion method. Briefly,
single LAB colonies, previously streaked on Mueller–Hinton agar (Oxoid, Basingstoke,
Hampshire, UK), were diluted in a saline solution to reach the final density of 0.5 Mc-
Farland (approx. 1.5 × 108 CFU/mL). The suspension was then thickly swiped on the
surface of agar plates through a cotton swab, and the antimicrobial discs were manually
placed on the smear surface. The plates were anaerobically incubated for 24–48 h [18].
Susceptibility to antimicrobials was expressed in millimetres of inhibition zones, and based
on EFSA criteria [18], for which a bacterial strain is considered phenotypically resistant
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when its growth is not affected by a specific antimicrobial concentration with reference to
its breakpoint or epidemiological cut-off value (ECOFF).

2.3. Bacterial Growth and Cell Suspension Standardisation

LAB isolates were cultivated in MRS broth at 32 ◦C for 24 h. Following incubation, the
bacterial cultures were centrifuged at 12,000 rpm for 2 min at 4 ◦C (Giorgio Bormac, Carpi,
Italy). The resulting cell pellets were then resuspended in 0.9% (w/v) NaCl solution until
the suspension reached a turbidity equivalent to the 0.5 McFarland standard (approximately
1.5 × 108 CFU/mL). The standardised cell suspension was used for further tests. From the
same growth conditions, the cell-free supernatant (CFS), separated from the pellet through
a 0.22 µm cellulose acetate membrane filter (Merk, Darmstadt, Germany), was obtained.

2.4. Antibacterial Activity

The disc diffusion method was used to assess the antibacterial activity of both LAB iso-
lates and their respective CFS against four target bacterial strains: Listeria innocua DSM 20649,
Escherichia coli DSM 1103, Staphylococcus aureus DSM 30862, and Pseudomonas aeruginosa
DSM 1117 (Leibniz-Institute DSMZ, German collection). All the target bacteria were re-
vitalised in Muller Hinton (MH) broth (Liofichem, Roseto degli Abruzzi, Italy) at 37 ◦C.
Specifically, LAB isolates in both single and mixed cultures were adjusted to a turbidity
corresponding to 0.5 McFarland standard solution, while the target bacteria were diluted to a
final concentration of approximately 1 × 106 CFU/mL. Each MH agar plate was inoculated
with 1 mL of target bacteria suspension and allowed to dry. Sterile cellulose discs (Ø 6 mm,
Oxoid, Milan, Italy) soaked with each tested LAB cell or respective CFS, at different dilution
rates, were placed on the surface. Distilled water served as a negative control. Plates were
incubated at specific temperatures for 48 h, and the antibacterial effect was determined by
measuring the diameter (mm) of the inhibition halo formed around the discs [9].

2.5. Evaluation of Functional Traits of Strains
2.5.1. Tolerance to Acidic Conditions and Low Temperatures

Each LAB isolate was inoculated into MRS broth adjusted to pH 3.0 and 4.0 (using
citric acid) at a final concentration of 1.5 × 108 CFU/mL and incubated at 4 and 8 ◦C. The
growth kinetics of the isolates were monitored at specific time intervals (0, 4, 8, 24, and 48 h
of incubation) by viable cell counting on MRS agar. Each experiment was conducted in
triplicate, and results were reported as Log CFU/mL ± standard deviation.

2.5.2. Acidification Capacity Test

The acidifying potential of the selected strains was assessed. Specifically, 100 µL of the
standardised cell suspension was inoculated into 5 mL of MRS broth. The pH variation
(∆pH) was assessed by monitoring the pH value in triplicate at 2, 4, 6, 24, and 48 h of
incubation at 37 ◦C, through a pH metre (MettlerDL25, Mettler-Toledo International Inc.,
Columbus, OH, USA).

2.5.3. Production of Organic Acids

The organic acid production was detected by filtering the samples (0.45 µm PTFE
filters, Merk, Rome, Italy) and then injecting them into a Waters Alliance 2695 HPLC liquid
chromatography, equipped with a Waters 996 photodiode array (PDA) set at 210 nm, and
with Waters Empower software (Waters Corporation, Milford, MA, USA). A Rezex ROA
Organic Acid H+ column (Phenomenex, Torrence, CA, USA) was used with 5 mN H2SO4

mobile phase at 0.6 mL/min in isocratic mode. Different pure external standards (lactic
acid, citric acid, acetic acid, propionic acid, and butyric and isobutyric acid) at different
concentrations were injected (all purchased from Sigma-Aldrich, Milan, Italy). All analyses
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were performed in triplicate. Limits of detection (LODs) and quantification (LOQs) were
estimated from 5 replicated injections of a solution of the different organic acid standards.
LOD and LOQ were calculated at signal-to-noise ratios of 3 and 10, respectively. LOD
ranged from 0.15 to 1.0 ppm while LOQ ranged from 1.5 to 10.0 ppm for acetic acid and
lactic acid, respectively.

2.6. Processing and Treatments of Orange Slices
2.6.1. Vegetal Matrix

The orange fruits of the Valencia cultivar, harvested in the summer of 2023, were
kindly provided by the CREA experimental orchard, located in Palazzelli (Siracusa, SR,
Italy). The fruits were immediately processed at the CREA laboratory (Acireale, CT, Italy).

2.6.2. Fruit Treatments

The oranges were washed with water, dried, peeled, and cut into slices under ster-
ile conditions. Subsequently, the slices (100 g) were placed in containers under aseptic
conditions, in an ordinary atmosphere (Figure S1), in PS 6 transparent polystyrene bags
(code: V00501/OPS) with the following characteristics: L: 127 × 115 mm; 1: 45 mm; and
0.08 m3 [16]. The CFS was used as a mix (obtained from a cell growth of each tested LAB at
1.5 × 108 CFU/mL), while the target bacteria were inoculated immediately after CFS, at
a final density of 1 × 106 CFU/mL on 100 g slices, with a 2:1 ratio (CFS: target bacteria),
based on in vitro antibacterial test results. Therefore, 10 trials were set up: 4 experimental
treatments inoculated with each single target bacterium and 4 experimental treatments
inoculated with the single target bacteria added with the CFS. In addition, one control (un-
treated) and one treated sample were prepared only with CFS. All samples were packaged
and kept under refrigerated conditions (4 ◦C) and analysed at the following times: initial
time (T0), after 3 (T3), 8 (T8), and after 10 (T10) days of storage. Physical, chemical, and
microbiological analyses were carried out at each sampling time (Figure 1).

Figure 1. Experimental design.

2.6.3. Physical Analyses

Weight loss (WL), colour, and texture were evaluated in all orange samples at dif-
ferent times. The WL of the samples was determined with an accuracy of two decimal
places on a scale (Gibertini EU-C 2002 RS, Novate Milanese, Italy) and expressed with the
following equation:

WL = (W0 − W1)/W0 × 100 (1)
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where W0 was the initial weight (g) and W1 the final weight (g).
For orange slices, the firmness was determined using a texture machine (DO-FB0.5

TS 2002 model, ZwickRoell, Genova, Italy) and measured as the maximum force required
for breaking the fruit skin. The instrument was provided with a 6.4 mm diameter cylinder
probe (P8); the test parameters were set as follows: pre-test speed of 2 mm/s, test speed
of 0.5 mm/s, and distance of 2 mm, post-test speed of 4 mm/s, and a maximum force
threshold of 1 N. For each treatment, three replicates, each consisting of five orange slices,
were measured. The maximum force peak recorded during orange tissue breakage was
registered as a firmness indicator and expressed in Newton (N) [16].

In addition, colorimetric analysis was performed at different times of storage, accord-
ing to the Commission Internationale de l’Éclairage (CIE). L* (brightness), a* (green–red
component), and b* (blue–yellow component) coordinates were measured using a Minolta
Spectrophotometer CM-2500d (Minolta, Milan, Italy), according to the CIELAB scale. The
values were obtained by the average of three transmittance measurements per replicate.

2.6.4. Microbiological Analyses

For the microbiological analyses, the samples were first placed in sterile bags (Bag-
Mixer 400 model, Interscience, Puycapel in Cantal, France) and homogenised for 2 min.
using a stomacher (LabBlender, Seward, Worthing, UK). The homogenates were then se-
rially diluted and inoculated on different selective agar media and incubated in specific
conditions, depending on the target microorganisms: mesophilic aerobic bacteria into Plate
Count Agar (PCA, Oxoid, Milan, Italy), incubated for 48 h at 32 ◦C; yeasts and moulds
into Sabouraud Agar, added with chloramphenicol (50 mg/L) (Bio-Rad, Milan, Italy),
incubated for 48 h at 25 ◦C; MRS agar, supplemented with cycloheximide (5 mL/L), anaer-
obically incubated for 24–48 h at 32 ◦C, for LAB count; EC X-gluc (Biolife, Milan, Italy) for
Escherichia coli count for 48–72 h at 37 ◦C; Staphylococcus spp. into Mannitol Salt Agar (MSA,
Oxoid, Milan, Italy) incubated for 72 h at 32 ◦C; Agar Listeria Ottaviani Agosti (ALOA,
Biolife, Milan, Italy) incubated for 24 ± 2 h at 37 ◦C for Listeria spp.; and Pseudomonas
CN Agar Base (PAB) for enumeration of Pseudomonas aeruginosa for 44 ± 4 h at 36 ± 2 ◦C.
Results were reported as the mean of Log CFU/mL ± standard deviation (SD), based on
three independent replicates.

2.6.5. Chemical Analyses

At each sampling time, the pH of the orange slice juice was measured using a DL25 pH
metre (Mettler-Toledo International Inc., Columbus, OH, USA). Additionally, total soluble
solids (TSS) were measured in the differently treated samples using a refractometer (Atago,
RX-5000, Fisher Scientific, Rodano, Italy), with results expressed as Brix degrees (◦Brix).

The total phenolic content was assessed using the Folin–Ciocalteu (FC) colorimetric
method. Briefly, 5 mL of FC reagent (Labochimica, Padova, Italy) and 4 mL of 7.5%
sodium carbonate solution were added to each sample. The mixtures were then incubated
at room temperature, protected from light. Absorbance was measured at 740 nm with
a spectrophotometer (Cary 100 Scan UV–Visible, Agilent, CA, USA). The results were
expressed as mg of gallic acid equivalents (GAEs)/L of sample. For the determination of
organic acid content, the filtered samples were analysed by HPLC, following the procedure
described in Section 2.5.3.

2.7. Statistical Analysis

Statistical analysis was performed using one-way analysis of variance (ANOVA)
to evaluate differences among treatments, followed by Tukey’s HSD post hoc test for
multiple comparison of means (at a significance level of p ≤ 0.05). The analyses were
carried out using SPSS Statistics software for Windows, version 20 (IBM Corp., Armonk,
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NY, USA). Additionally, Pearson’s correlation analysis was conducted using R software
(version 4.2.3, R Foundation for Statistical Computing, Vienna, Austria) to assess relation-
ships among variables.

3. Results and Discussion
3.1. Phenotypic and Genotypic Characterisation of LAB Isolates

Overall, 20 g-positive bacilli-shaped bacteria were obtained from commercial ready-
to-eat products. Based on phenotypic and biochemical tests, three isolates were identified
as belonging to L. plantarum and three as Ln. mesenteroides species, with a 99.9% and 96.3%
sequence similarity, respectively. For the remaining isolates, the exhibited features made
them unattributable to the LAB group.

The species-specific PCR confirmed the membership of strains to Ln. mesenteroides
species. Moreover, the results of the PFGE pattern provided evidence that one strain per
species was unique, differing from the AS1 and AS4 clones for L. plantarum species and
MEL1 and MEL3 clones for Ln. mesenteroides. Indeed, the PFGE pattern of the AS1 and
AS4 strains showed a profile containing 15 distinct bands, with the first band located at
about 194 kb. In contrast, the first band of the unique pulsotype was positioned at the
beginning of the gel, suggesting the presence of a large DNA fragment. Regarding the
Ln. mesenteroides strains, the unique pulsotype showed a profile with 13 bands, positioned
much higher in the gel than the two clones, which displayed a higher number of bands.

3.2. Safety Evaluation Results

The tested strains did not exhibit hemolytic, DNase, or gelatinase activities. Addi-
tionally, although all isolates demonstrated a high susceptibility against the tested antimi-
crobials, a strain-dependent variability was detected for some antimicrobials, mainly for
a L. plantarum strain that, based on EFSA criteria [18], shows a resistance to tetracycline
(MIC ≥ 32 µg/mL). The same pattern of resistance was observed for Ln. mesenteroides
strains, which showed a resistance against streptomycin (MIC > 64 µg/mL).

3.3. Antimicrobial Activity of LAB Isolates

The antimicrobial activity was evaluated against different target bacteria—including
L. innocua DSM 20649, P. aeruginosa DSM 1117, E. coli DSM 1103, and S. aureus DSM 30862,
the latter is known to produce biofilms in the food industry—on surfaces and equipment
that come into contact with food [19]. In this study, the cells and CFS of the different strains
were tested, both in single and in mixed cultures. Overall, the results of the antimicrobial
activity showed that the CFS, used as it was, exhibited greater inhibitory activity compared
to the cells. In detail, the CFS mix obtained from L. plantarum AS1 and AS3 showed the
highest inhibitory activity against E. coli, P. aeruginosa, and S. aureus (Table S1). These results
confirm the findings reported by Yolmeh and coworkers [20], who proposed the application
of a CFS mix as a new approach to increase antimicrobial activity.

The antimicrobial activity of the CFS from LAB appeared to be mainly related to the
acidic content and, in particular, to the lactic and acetic acid content. In addition, the
antimicrobial activity could rely on the presence of other compounds, such as bioactive
peptides and bacteriocins.

3.4. Evaluation of Functional Traits of Isolates

The strains were evaluated for their pro-technological aspects, such as their acidifying
capacity, growth at different stresses (pH and temperature), and organic acid production.
Regarding the acidifying test, all strains showed good acidifying properties (Figure 2).
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Figure 2. The acidification capacity of the LAB isolates tested.

The highest acidifying activity was detected after 24 h for AS1 and AS3 L. plantarum
strains, reaching pH values of 3.83 and 3.77, respectively. This result may be attributed to the
high concentration of organic acids, mainly lactic acid (Figure 3). Indeed, while the concen-
tration of acetic and citric acid was found to be similar among the tested strains, the concen-
tration of lactic acid was significantly different between L. plantarum and Ln. mesenteroides
strains, reaching concentrations of 13.76 g/L and 13.69 g/L in AS1 and AS3 and 6.25 g/L
and 5.31 g/L in MEL1 and MAC1, respectively.

Figure 3. Organic acids detected through HPLC analysis.

The type and level of organic acids produced are linked to the microbial species,
the culture medium composition, and the growing conditions [21,22]. In addition, the
different productions of organic acids, especially of lactic acid, are related to the metabolic
pathway of LAB and whether it belongs to the homo- or heterofermentative group. As
reported by Mani-Lòpez and coworkers [8], Leuconostoc, Pediococcus, Oneococcus, Weisella,
and Lactibacillus genera induce the production of lactic acid isomers (D-, L-, or the racemic
mixture) in relation to several factors, such as the growth phase, presence of specific sub-
strates, nutrients, and oxygen. The generation time and lag phase are strongly influenced
by the pH and temperature [23]. Therefore, the ability of the selected strains to tolerate
different pH values (3.0 and 4.0) and their ability to grow at low temperatures (4 and 8 ◦C)
(Figure 4) were tested.
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Figure 4. Growth of strains under specific stress conditions: (A) MRS broth pH 3.0; (B) MRS
broth pH 4.0; (C) MRS broth pH 6.0 (control); (D) temperature of 4 ◦C; (E) temperature of 8 ◦C;
and (F) temperature of 32 ◦C (control). Data are reported as means of values and expressed as
Log CFU/mL.

Several studies focused on L. plantarum species have already confirmed their high
versatility, adaptability, and tolerance to acidic environments and different temperature
values [24]. In this study, both L. plantarum strains showed a good resistance to both the
tested pH and temperatures, highlighting a greater susceptibility for the lowest tested
values (pH 3.0 and 4 ◦C). Specifically, concerning a pH of 3.0, the strains showed a sta-
ble cell density reaching the highest value after 8 h of incubation, reaching a density of
8.02 and 8.00 Log CFU/mL, respectively. A different trend was observed at a pH of 4.0,
where both strains reached the highest cell density after 24 h of incubation, with values of
9.30 Log CFU/mL and 9.0 Log CFU/mL for AS1 and AS3, respectively. A similar trend was
observed for the lowest tested temperature. Indeed, whereas AS1 showed a slight increase
up to 24 h of incubation, a decrease in the cell density of AS3 was observed, reaching a
value of 6.26 Log CFU/mL. On the contrary, an increase in viable cells at 8 ◦C was observed
with a cell density of 10.5 Log CFU/mL and 10.0 Log CFU/mL after 48 h of incubation.
Regarding Ln. mesenteroides (MEL1 and MAC1), the results showed that both strains were
affected by the lowest tested pH value. A good adaptation was observed at a pH of 4.0,
where an increase in cell density was observed, with values of 9.23 Log CFU/mL and
9.40 Log CFU/mL for MEL1 and MAC1, respectively. Regarding the effect of temperature,
the cell density remains quite constant at the lowest tested temperature, while the cell
density increased with the highest temperatures for both Ln. mesenteroides strains, reaching
values of 9.90 and 8.06 Log CFU/mL after 48 h at 8 ◦C, respectively.

3.5. Physico-Chemical Analyses of Minimally Processed Orange Slices Treated Differently During
Refrigerated Storage

During storage at refrigerated conditions (after 3, 8, and 10 days), physico-chemical
analyses were performed. Looking at the results, in all samples, the weight of the orange
slices constantly decreased (Figure 5), particularly starting from the third day. Notably,
a difference in the percentage of WL was revealed after 8 days of storage in all samples
between controls and samples treated only with the CFS. The graph shows that the sample
inoculated with L. innocua differed greatly starting from the third day, showing a loss
of 0.45% at the end of the refrigeration. Several authors have demonstrated how strains
belonging to Listeria spp. can contribute to enhanced transpiration (water loss), increasing
the metabolism of the fruit and the release of the ethylene content [25].

During the different refrigerated storage times, the physico-chemical parameters
(Table 1 and Supplementary Table S2) of the samples were monitored.
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Table 1. Colour and texture coordinates of orange slice samples treated differently during
refrigerated storage.

Sample Time L*(D65) a*(D65) b*(D65) Firmness (N)

Fresh orange slices 0 49.88 ± 1.74 −2.30 ± 2.29 30.23 ± 3.23 3.47 ± 0.64

Control 3 46.07 ± 1.44ab −3.68 ± 0.14 28.20 ± 1.21abcd 2.02 ± 0.67
CFS 3 47.26 ± 0.39ab −2.28 ± 0.03 29.64 ± 0.79abc 2.39 ± 0.65

E. coli 3 50.15 ± 1.64a −3.33 ± 0.16 30.83 ± 1.58ab 1.67 ± 0.61
E. coli+CFS 3 50.12 ± 3.23a −2.74 ± 1.61 32.73 ± 2.78a 2.24 ± 1.03
P. aeruginosa 3 46.43 ± 1.53ab −3.20 ± 1.02 25.68 ± 3.44bcd 2.22 ± 0.45

P. aeruginosa+CFS 3 46.03 ± 1.03ab −2.60 ± 0.17 24.76 ± 1.53bcd 2.56 ± 0.97
S. aureus 3 44.69 ± 0.14b −3.36 ± 0.20 23.07 ± 0.10cd 1.96 ± 0.37

S. aureus+CFS 3 43.77 ± 0.40b −3.06 ± 0.12 22.73 ± 2.21d 2.15 ± 0.71
L. innocua 3 46.70 ± 0.10ab −2.52 ± 1.39 27.04 ± 3.73abcd 2.75 ± 1.28

L. innocua+CFS 3 47.37 ± 1.62ab −2.47 ± 0.77 28.10 ± 1.75abcd 5.03 ± 6.90
** n.s. *** n.s.

Control 8 46.58 ± 0.27b −2.64 ± 0.02ab 26.36 ± 1.80ab 2.37 ± 0.69
CFS 8 45.58 ± 0.17b −3.59 ± 0.24abc 23.36 ± 0.71ab 2.18 ± 0.68

E. coli 8 45.89 ± 0.26b −2.21 ± 0.30a 26.65 ± 0.08ab 2.21 ± 0.62
E. coli+CFS 8 45.90 ± 1.40b −3.92 ± 1.22abc 23.62 ± 0.64ab 2.14 ± 0.63
P. aeruginosa 8 45.79 ± 1.50b −2.83 ± 0.13ab 25.56 ± 2.08ab 2.53 ± 0.81

P. aeruginosa+CFS 8 45.22 ± 0.54b −3.99 ± 0.00abc 22.16 ± 0.55b 2.61 ± 0.7
S. aureus 8 45.14 ± 0.30b −3.29 ± 0.53abc 24.92 ± 0.73ab 1.96 ± 0.77

S. aureus+CFS 8 45.97 ± 0.10b −2.74 ± 0.03ab 27.18 ± 0.03ab 2.15 ± 0.88
L. innocua 8 52.32 ± 0.68a −4.84 ± 0.54c 27.49 ± 0.27ab 2.75 ± 0.91

L. innocua+CFS 8 51.35 ± 0.62a −4.41 ± 0.64bc 29.05 ± 5.54a 5.03 ± 1.12
** *** *** n.s.

Control 10 47.60 ± 0.16bc −3.70 ± 1.06ab 27.44 ± 0.57ab 2.52 ± 0.38abc
CFS 10 48.36 ± 0.87bc −4.47 ± 0.38ab 26.95 ± 2.71ab 1.91 ± 0.91bc

E. coli 10 50.11 ± 4.03abc −4.02 ± 0.35ab 32.30 ± 6.96a 2.04 ± 0.77bc
E. coli+CFS 10 49.65 ± 3.72abc −4.50 ± 0.40ab 26.62 ± 1.52ab 1.78 ± 0.71bc
P. aeruginosa 10 47.70 ± 0.34bc −3.26 ± 0.33ab 26.66 ± 3.32ab 1.59 ± 0.93c

P. aeruginosa+CFS 10 50.02 ± 1.12abc −4.53 ± 0.02ab 28.65 ± 0.37ab 2.70 ± 0.37abc
S. aureus 10 47.09 ± 0.07bc −3.10 ± 0.79a 27.93 ± 0.79ab 2.84 ± 0.79ab

S. aureus+CFS 10 45.50 ± 1.35c −3.12 ± 0.22a 24.82 ± 1.45b 2.62 ± 0.60abc
L. innocua 10 51.36 ± 0.58ab −4.39 ± 0.49ab 26.37 ± 0.68ab 1.99 ± 0.77bc

L. innocua+CFS 10 53.75 ± 0.06a −5.12 ± 0.32b 29.91 ± 0.41ab 3.43 ± 1.16a
** *** ** *

Data are expressed as means ± SD. Different letters in the same column for each sampling time indicate significant
differences between the means (n = 3) based on Tukey’s test (p ≤ 0.05). L* (brightness), a* (green–red component),
and b* (blue–yellow component). n.s. not significant. * Significance at p ≤ 0.05; ** Significance at p ≤ 0.01; and
*** Significance at p ≤ 0.001.

Figure 5. Weight loss (%) in orange slice samples treated differently during storage at refrigerated conditions.
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The pH value of the initial fresh oranges was 3.77, while in treated samples, it slightly
varied between 3.45 and 4.00 (time 10 and time 3, respectively). No significance was found
for total soluble solids during the first two times of refrigeration (times 3 and 8). Overall, the
value of the TTS decreased in most samples, indicating that the treatment with pathogenic
bacteria generally leads to a reduction in the TSS related to an increased consumption of
available sugars. A significance was detected exclusively at time 10, showing the highest
value around 12◦Brix in the control, E. coli, P. aeruginosa, and P. aeruginosa with CFSs.

Overall, zooming in on the phenol content, it is interesting to highlight that samples
treated with the CFS alone showed a significantly higher value than the controls, showing
a phenol content of 779.09 mg/L. These results agree with those reported by Kho and
coworkers [26], who established the antioxidant activity of the CFS produced by LAB. The
authors demonstrated how the application of the CFS obtained from LAB and, in particular,
from Pediococcus acidilactici in food packaging increased the antioxidant properties and
inhibited the growth of pathogenic microorganisms, such as S. aureus and L. monocytogenes.

For the physical analysis (Table 1), the colour and texture showed only a slight variation
between treated and control samples at any storage time. For the colour coordinates L* and
b*, despite the statistical differences, no evident trend was detected between the different
treatments and analysis time. For the a* coordinate (red to green indicator), a significant
difference can be seen after 8 days of refrigeration, with a general value reduction in
almost all samples at time 10 (from −5.12 to −3.10 for Listeria+CFS and S. aureus samples,
respectively). Regarding the firmness of the orange slices, there was no significant difference
among the samples after 3 and 8 days of storage. A slight difference was found only at the
last sampling point (with a firmness ranging from 1.59 N for P. aeruginosa sample to 3.43 for
L. innocua+CFS one), confirming that the consistency is not only related to the weight loss
and the metabolism of the inoculated microorganisms [16].

Zooming in on the acid content, citric and lactic acids were the most prevalent com-
pounds detected in all tested samples (Figure 6).

Figure 6. Organic acids expressed as mg/L: (A) citric acid and (B) lactic acid. Data are expressed as
mean (n = 3).

In detail, regarding citric acid, there was an increase in CFSs and E. coli and P. aeruginosa
samples with and without CFSs, reaching values between 11 and 12 g/L. The citric acid
content is related to the matrix, exhibiting values similar to those reported by Carballo
et al. [27], as 9.7 and 15.1 g/L, and to the microbial metabolism, storage temperature, and
transcription factors involved [28]. As far as lactic acid is concerned, the starting value was
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found to be between 0.8 and 1.5 g/L in all samples and remained slightly constant over
time, with values between 0.9 and 1.6 g/L at the end of storage, with the lowest value in
S. aureus and the highest in CFS samples, respectively.

3.6. Dynamics of the Main Microbial Groups in Minimally Processed Orange Slices Treated
Differently During Storage at Refrigerated Conditions

Several pathogens are associated with the contamination of fresh fruit, such as E. coli,
Listeria spp., Pseudomonas spp., and S. aureus [29]. Therefore, any proposal for new strategies
must consider these microbiological risks to comply with hygienic parameters. In this
scenario, the antagonistic effect of mixed CFSs, obtained from L. plantarum spp. and
Ln. mesenteroides, was evaluated at different storage times (Figure 7).

Figure 7. Microbial counts (Log CFU/mL) detected at different times: (A) after 3 days of storage;
(B) after 8 days of storage; and (C) after 10 days of storage. Different letters indicate statistical
differences within the same microbial group (at p ≤ 0.05).
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The just-peeled fresh fruit (time 0) showed a moderate microbial population com-
posed of total aerobic mesophilic counts, yeasts, and LAB with a value of 4.71, 4.96, and
3.64 Log CFU/mL, respectively.

The results showed that at the end of the storage period, the applied CFS induced a
decrease of 1.19 Log CFU/mL of E. coli, while S. aureus was not detected by conventional
plating. These results confirmed the in vitro test findings, where the greatest antimicrobial
activity of the mixed CFS was found with E. coli and S. aureus. These results align with those
reported by several authors, underlining the importance of the pool of substances (organic
acids, bacteriocin-like compounds, and other metabolites) in the antimicrobial activity
against pathogens [30–32]. To better understand the correlation among the microbial
groups, the Pearson correlation was calculated (Figure 8).

Figure 8. Correlation plot between different microbial groups using Pearson correlation index.

A negative correlation was observed for LAB, mesophilic aerobic bacteria, and yeast
against Pseudomonas spp. and, although to a lesser extent, versus Staphylococcus spp. There-
fore, as already reported, the predominance of some microbial groups over others can in-
hibit the growth of pathogenic microorganisms, representing a promising bio-preservation
strategy [33].

Furthermore, the correlations between the different microbial groups at different
refrigeration times were analysed (Figure 9).

As shown in the graph, some correlations were very high, such as those with
R2 values > 0.8 (0.866, 0.820, and 0.862), indicating a strong relationship between the vari-
ables’ total mesophilic aerobic load, LAB, yeasts, and moulds, indicating that their growth
is linked to common or interacting factors. Furthermore, after 3 days, a positive correlation
between Staphylococcus spp., Listeria spp., and Pseudomonas spp. was found, indicating that
these target bacteria thrive under similar conditions, such as low-acidic environments or
specific environmental stressors. In contrast, a strong negative correlation, R2 < −0.6, is
observed, indicating an inverse association between Pseudomonas spp. and the total aerobic
mesophilic load (−0.671), LAB (−0.695), and yeast (−0.736).



Appl. Sci. 2025, 15, 6736 14 of 16

Figure 9. Correlation plot of different microbial groups using Pearson correlation index at different
times (* Significance at p ≤ 0.05; ** Significance at p ≤ 0.01; and *** Significance at p ≤ 0.001).

4. Conclusions
This study aimed to validate a new approach based on a postbiotic application on

minimally processed orange slices. The results showed that the CFS mix obtained from
L. plantarum and Ln. mesenteroides strains showed an antibacterial activity against S. aureus
and E. coli in fresh-cut orange slices. Therefore, the application of the CFS as an antimicro-
bial exhibited an important potential as additives or ingredients in the food industry for
prolonging the shelf-life of fruit products without modifying the main physico-chemical
parameters of the final products or impacting the environment. This last aspect should
increasingly guide the choice of food additives in the future.

In conclusion, the CFS can be proposed as a biopreservative for orange slices with a
clean label, although its stability needs to be evaluated, and its limit of application is ruled
by specific legislation.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/app15126736/s1: Figure S1: Orange slices prepared at a lab scale
in polystyrene containers; Table S1: Antimicrobial activity of cells and CFS of tested strains; and
Table S2: Chemical analyses of orange slice samples treated differently during storage.
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