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Abstract: The lactic fermentation of fruit and vegetable juices by well-characterised probiotics remains
relatively underexplored. We have investigated the stability and impact of Lactiplantibacillus plantarum
KABP051 fermentation on orange, apple, and peach juices by microbiological, physicochemical, and
sensory evaluation means. For each fruit juice, three different samples were analysed: original fruit
juice without probiotic as blank (B), fruit juice inoculated with 107 CFU/mL of probiotic without
fermentation (P), and fruit juice inoculated with 107 CFU/mL of probiotic and fermented at 37 ◦C for
24 h (PF). P samples displayed good stability throughout the study, and PF samples showed an initial
increase in CFUs accompanied by a change in pH, confirming the ability of the probiotic to ferment
these juices. After 60 days of refrigeration, PF samples contained >107 CFU/mL. Total phenolic con-
tent and antioxidant capacity were equivalent in F, P, and PF. Remarkably, deep metabolomic analyses
confirmed malolactic fermentation and revealed the production of several bioactive compounds in-
cluding the antimicrobial substance phenyllactic acid, the immunomodulatory and anti-fatigue amino
acid N-acetyl glutamine, the vitamin B3 form nicotinic acid, the monoterpene (−)-β-pinene, and
the neurotransmitter acetylcholine, among others, during probiotic fermentation. Finally, a hedonic
analysis involving 51 participants showed that probiotic fermented orange juice is well accepted by
panellists, with scores comparable to those of the control juice. Overall, we here show that fruit juices
are excellent carriers for the delivery of the probiotic L. plantarum KABP051 and its non-alcoholic
fermentation can result in tasty functional fruit juices enriched with health-promoting compounds.

Keywords: probiotics; fermentation; functional foods; bioactive compounds; fruit juices

1. Introduction

In recent years, and especially after the pandemic period, consumers have gained
awareness about the importance of preventive health. In this context, gut microbiota is
gaining momentum, with increasing evidence on the importance of maintaining its balance
for human health [1,2]. It is known that gut microbiota composition not only influences
the digestive system but also has an impact on distant organs and systems by the different
gut–organ axes, including the so-called gut–brain, gut–liver, gut–lung, gut–muscle and
gut–skin axes [3–8]. Different probiotics have shown efficacy in the modulation of these
axes, exerting beneficial effects beyond the digestive tract [9].

The term “functional food”, apparently coined in Japan in the 1980s–90s, defines a
food that, beyond basic dietary benefits, exerts additional health effects in the body [10].
Probiotics, in line with the latter term, are defined as “live microorganisms that, when
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administered in adequate amounts, confer a health benefit on the host” [11]. Recently,
the International Scientific Association for Probiotics and Prebiotics (ISAPP) has defined
the terms “fermented food” and “probiotic fermented food” [12]. According to ISAPP,
“fermented foods” are “foods made through desired microbial growth and enzymatic
conversions of food components”, and “probiotic fermented food” are “food fermented by
or containing probiotic(s) with strain-specific evidence”. As per definition, the number of
live probiotic cells must be sufficient to exert the beneficial effects validated in preclinical
and clinical studies throughout the shelf life of the product [12,13].

Fermented foods are the oldest and most traditional version of functional foods and
have been part of the human diet for millennia [14–16]. Several bioactive metabolites
have been identified as a result of bacterial protein, lipid, and carbohydrate metabolism
during the fermentation process. The production of vitamins and antioxidants as well
as an increase in the bioavailability of minerals has been reported for many lactic acid
bacteria species [17]. A wide assortment of biologically active peptides of bacterial origin
has also been described in fermented products displaying antioxidant, anti-microbial, anti-
fungal, anti-inflammatory, anti-diabetic, and anti-atherosclerotic activity, among others [18].
Thus, fermented probiotic products, which contain active bacteria and biomolecules, exert
health-promoting effects by modulating the intricated network that involves probiotic-,
biomolecules- gut microbiota-, and host interactions.

Food and beverage matrices are a combination of countless sets of physicochemical
parameters and conditions (pH, water activity, temperature, etc.) that may affect probiotic
viability. Moreover, each probiotic strain has different traits and growth and survival
needs [11]. Therefore, every probiotic strain should be individually investigated and
selected according to the characteristics of the food and the microbe.

Historically, most marketed probiotic fermented foods have been of dairy origin,
limiting their utilisation by consumers following strict vegetarian or vegan diets, as well
as those with food intolerances. Therefore, the addition of probiotics to fruit juices, a
plant-based matrix, could not only increase the nutritional value of the product but also
benefit a wider population [19].

Fruits are naturally rich in minerals, vitamins, dietary fibers, antioxidants, and many
other beneficial nutrients that make them essential components of a healthy and balanced
diet. Due to new healthy trends, sales of fruit and vegetable juices have increased in recent
years [20].

Lactiplantibacillus plantarum is frequently used as a starter or adjunct cultures in fer-
mentation of raw materials from plant and animal origin because of its environmental
resilience and metabolic versatility [21]. L. plantarum strains display a high level of genome
diversity, yet their shared core genome reveals a remarkably nomadic lifestyle, ranging
from fruits and vegetables to the intestinal tract of herbivores and omnivores, stools, urine,
or milk [22]. L. plantarum KABP051 is one such nomadic strain, independently isolated
both from human faeces and cow’s milk, which has shown a beneficial effect in various
clinical trials [23–26] and been subjected to extensive characterisation. For these reasons,
we selected this strain to investigate its behaviour in natural fruit juices.

The aim of the present study was to assess the stability (viability) of the probiotic
L. plantarum KABP051 in orange, apple, and peach juices during two months of refrigerated
storage, and to investigate the impact of its presence and fermentation on the physico-
chemical, nutritional, and organoleptic characteristics of the juices by microbiological,
metabolomic, and sensory evaluation approaches.

2. Materials and Methods
2.1. Materials
2.1.1. Bacterial Strains

A freeze-dried culture of the probiotic lactic acid bacteria Lactiplantibacillus plantarum
KABP051 (CECT7481, DR7TM) was supplied by AB-Biotics SA (KANEKA Corp., Barcelona,
Spain) and stored at −20 ◦C in a sealed aluminium bag until use.
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2.1.2. Fruit Juices

Three different commercial UHT 100% fruit juices were purchased in local super-
markets in Barcelona, Spain, from local brands: orange (“Orange juice without pulp”,
Hacendado, Barcelona, Spain), apple (“Organic apple juice”, Bonpreu, Barcelona, Spain),
and peach (“Organic peach juice”, Bonpreu, Barcelona, Spain).

2.2. Methods
2.2.1. Inoculation and Fermentation of Fruit Juices

To obtain an initial probiotic concentration of 107 CFU/mL (corresponding to 109 CFU/serving
in 240 mL), all juices were inoculated with the freeze-dried L. plantarum strain KABP051 under
aseptic conditions. For each fruit juice, three different samples were prepared: original fruit juice
without probiotic as blank (B), fruit juice with 107 CFU/mL of probiotic without fermentation (P),
and fruit juice inoculated with 107 CFU/mL and fermented at 37 ◦C for 24 h (PF). Samples were
stored at 4 ◦C for 60 days (Figure S1).

2.2.2. Stability Analyses

Microbiological and physicochemical changes in the fruit juices were determined at
days 0 (before and after inoculation), 1, 7, 30, and 60 to assess product quality and probiotic
stability as follows:

Physicochemical Analyses

B, P, and PF juices were tempered to 20 ◦C before physicochemical analyses. pH was
measured using a pH-Meter (Basic 20 Crison Instruments, S.A., Barcelona, Spain), and total
soluble solids (TSS) were analysed using an optical refractometer (Analogue hand-held
refractometer PREF-B32-001, Labbox Labware, S.L., Barcelona, Spain), and the results were
reported as ºBrix [27].

Bacterial Viable Count

CFU enumeration was determined by the standard plate count method in triplicate.
Serial dilutions of probiotic juices were prepared using a peptone buffer, and 100 µL of
the appropriate dilutions were seeded onto de Man, Rogosa, and Sharpe (MRS) agar and
incubated anaerobically at 37 ◦C for 48 h. To discard bacterial contamination, samples were
analysed before probiotic inoculation and at the end of the study. The presence of coliforms,
mesophilic aerobic bacteria, psychrotrophic bacteria, and yeasts/moulds was investigated
by seeding samples onto Chromogenic Coliform Agar, Plate Count Agar, and Rose-Bengal
Chloramphenicol Agar. These plates were incubated 24 h at 37 ◦C, 72 h at 30 ◦C, 7 days at
7 ◦C, and 7 days at 30 ◦C, respectively.

2.2.3. Determination of Total Phenolic Content

Total phenolic content in B, P, and PF samples was determined by using an adaptation
of the Folin–Ciocalteu (F-C) assay [28]. In brief, 1.97 mL of Milli-Q water and 175 µL of
Folin & Ciocalteu’s phenol reagent were added to 100 µL of the appropriate filtered and
diluted sample, standard or blank. Milli-Q water, instead of juice, was used for the control.
After 8 min of incubation at room temperature, 375 µL of 20% Na2CO3 solution were added,
and the mixture was incubated for 30 min in complete darkness at 40 ◦C. The final mixture
absorbance was measured using a spectrophotometer at 765 nm.

A gallic acid standard calibration curve (0–500 mg/L) was used for the quantification
of total phenolic compounds, and the results were expressed as gallic acid equivalent (GAE)
using units of mg/L.

2.2.4. Determination of DPPH Radical Scavenging Activity In Vitro

To infer the potential antioxidant activity (AC) of B, P, and PF juices, an adaptation
of the 2,2-difenil-1-picrilhidrazil (DPPH) radical scavenging method [29,30] was followed.
Fifty µL of each juice sample was filtered and diluted until absorbance values within the
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calibration curve were obtained. Juice samples, standards, and blank were mixed with
1.95 mL of methanolic DPPH 0.1 mM solution and kept at complete darkness for one hour
at room temperature. Methanol instead of juice was used for the blank. The final mixture
absorbance was measured using a spectrophotometer at 515 nm.

A Trolox five-point standard calibration curve (0.1–0.7 mM) was used for the quantifi-
cation of antioxidant capacities, and the results were expressed as Trolox equivalent (TE)
using units of µmols/L.

2.2.5. Metabolomic Analyses

Metabolomic analyses of B, P, and PF juices were carried out to investigate the produc-
tion of potential bioactive compounds by L. plantarum KABP051 during fermentation. Juice
samples were centrifuged (14,000× g), filtered (0.2 µm), and stored at −20 ◦C until needed.
Metabolomic analyses were performed by MS-Omics (Copenhagen, Denmark) as follows.

For the short chain fatty acids (SCFA) analyses, samples were acidified using hy-
drochloride acid, and deuterium labelled internal standards were added. Samples were
analysed in a randomised order without extraction. Analysis was performed using a high
polarity column (Zebron™ ZB-FFAP, GC Cap. Column 30 m × 0.25 mm × 0.25 µm) in-
stalled in a GC (7890B, Agilent, Madrid, Spain) coupled with a time-of-flight MS (Pegasus®

BT, LECO, Madrid, Spain). The system was controlled by ChromaTOF® (LECO Instrumen-
tos S.L., Madrid, Spain). Raw data were converted to netCDF format using Chemstation
(Agilent), before the data were imported and processed in Matlab R2014b (Mathworks Inc.,
Natick, MA, USA) using the PARADISe software version 6 described by Johnsen et al. [31].

The semi-polar metabolite analysis was carried out using a Thermo Scientific Van-
quish LC coupled to an Orbitrap Exploris 240 MS, Thermo Fisher Scientific (Madrid, Spain).
Samples were extracted as follows: 75 µL samples were mixed with 25 µL aqueous solu-
tion of zink nitrate hexahydrate (5% w/v) and ammonium thiocyanate (20% w/v). After
centrifugation at 15,000× g for 15 min at 4 ◦C, supernatant was filtered through a 0.22 µm
filter. An electrospray ionisation interface was used as ionisation source. Analysis was
performed in polarity switching ionisation mode.

The UPLC was performed using a slightly modified version of the protocol described
by Doneanu et al. [32]. Peak areas were extracted using Compound Discoverer 3.2 (Thermo
Scientific). The identification of compounds was performed at four levels; Level 1: iden-
tification by retention times (compared against in-house authentic standards), accurate
mass (with an accepted deviation of 3 ppm), and MS/MS spectra; Level 2a: identification
by retention times (compared against in-house authentic standards) and accurate mass
(with an accepted deviation of 3 ppm); Level 2b: identification by accurate mass (with an
accepted deviation of 3 ppm), and MS/MS spectra; and Level 3: identification by accurate
mass alone (with an accepted deviation of 3 ppm).

Finally, a targeted metabolomic analysis following the same semi-polar metabolite
method was conducted to verify the identity and the concentration of the following com-
pounds: Nicotinic acid (CAS: 59-67-6), Phenyllactic acid (CAS: 828-01-3), Acetylcholine
(CAS: 51-84-3) and N-Acetyl-L-glutamine (CAS: 2490-97-3).

2.2.6. Consumer Acceptability

A sensory evaluation with 51 untrained panellists recruited amongst faculty staff
and students (27 females and 24 males; aged 23–63 years old) was conducted to assess
whether the average consumer could detect differences between the products. Prior to
the tasting, the panellists were provided with detailed instructions regarding the product,
the evaluation parameters, and the methodology to be followed during the assessment.
Consumers were asked to evaluate the intensity and acceptability of different parameters as
well as the purchase probability of fermented probiotic orange juice. Two different samples
were tested: original orange juice without probiotic and orange juice with not less than
107 probiotic CFU/mL fermented at 37 ◦C for 24 h.
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The evaluation sessions took place 52 h after the inoculation and the juices were served
at 5 ± 3 ◦C, poured in portions of 25 mL into white cups, identified with random three-digit
codes and offered simultaneously to panellists. Bottled water was available to rinse the
mouth between samples. A nine-point scale was used for the evaluation of acceptability
and intensity of aroma, colour, bitterness, sweetness, acidity, and strange flavours, with
1 = Dislike extremely/Extremely low intensity and 9 = Like extremely/Extremely intense.
The parameter “Purchase probability” was evaluated with a five-point scale, 1 = Definitely
will not buy and 5 = Definitely will buy. The parameter “Overall preference” was evaluated
by placing the three samples in order of preference: 1 = Worst; 2 = Intermediate; 3 = Best.

2.2.7. Statistical Analysis

All experiments were carried out in triplicate, and values are reported as mean
± standard deviation (SD). Physicochemical, microbiological, and sensory evaluation
tests were analysed using t-test. Metabolomic results were analysed using t-test, and the
Benjamini–Hochberg correction was applied to control the false discovery rate (FDR = 0.1).
The principal components analysis (PCA) models and their loading plots were calculated
on the relative concentrations of the variables annotated on levels 1, and 2a.

Differences with a two-sided p value < 0.05 were considered statistically significant.
Statistical analyses were performed with software PAST v4 (PCA and loading plots) and
GraphPad PRISM v8 (all other analyses).

3. Results
3.1. Lactiplantibacillus plantarum KABP051 Stability in Supplemented and Fermented Orange,
Apple and Peach Juices During 60 Days at 4 ◦C

The initial inoculum was calculated to reach the clinical dose (not less than 109 CFU)
per serving, defined as 240 mL/day of 100% fruit juices [33]. As shown in Figure 1A,
CFU counts of orange and apple supplemented (non-fermented) juices maintained good
stability throughout the study, while peach juice showed a remarkable reduction in bacterial
viability after 4 weeks. Initial counts were 7.12 ± 0.00 log CFU/mL in orange juice,
7.02 ± 0.03 log CFU/mL in apple juice, and 7.08 ± 0.05 log CFU/mL in peach juice. After
60 days of cold storage, the bacterial load was 6.65 ± 0.06 log CFU/mL in orange juice,
6.41 ± 0.01 log CFU/mL in apple juice, and 5.69 ± 0.05 log CFU/mL in peach juice. No
bacterial/fungal contamination was detected throughout the study.

The initial pH values of orange, apple, and peach juices were 3.69 ± 0.01, 3.51 ± 0.01
and 3.95 ± 0.01, respectively. pH remained stable in all juices throughout the two months of
storage (Figure 1A). The average of total soluble solids that initially measured 10.1 ± 0.1 ◦Bx
in orange juice, 9.6 ◦Bx in apple and 10.7 ± 0.1 ◦Bx in peach juices showed a similar trend
to pH, without significant changes throughout the study (Figure 1A).

In the 24 h-fermented samples (Figure 1B), the number of CFU/mL in all three
juices was significantly higher than the initial inoculum. The initial average count was
7.11 ± 0.04 log CFU/mL in orange juice, 7.00 ± 0.04 log CFU/mL in apple juice, and
6.99 ± 0.02 log CFU/mL in peach juice. After fermentation, L. plantarum KABP051 concen-
tration increased up to 7.98 ± 0.04 log CFU/mL in orange juice, 8.18 ± 0.05 log CFU/mL in
apple juice, and 8.17 ± 0.04 log CFU/mL in peach juice. After 60 days of cold storage, CFU
counts were 6.86 ± 0.07 log CFU/mL in orange juice, 7.95 ± 0.02 log CFU/mL in apple
juice, and 8.11 ± 0.03 log CFU/mL in peach juice.

The pH of orange and peach juices significantly decreased after fermentation from
3.70 ± 0.02 to 3.54 ± 0.01 and from 4.00 ± 0.01 to 3.80 ± 0.01, respectively (both p ≤ 0.0001).
In contrast, the pH of apple juice showed a slight but significant increase after fermentation
from 3.50 to 3.62 ± 0.05 (p = 0.017). The pH of the three juices remained stable during the
two months of cold storage. No major changes were noted for total soluble solids (TSS)
in the three juices after fermentation, although a slight decrease was observed for orange
and apple juices and a small increase was noted for the apple juice. These results indicate
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that L. plantarum KABP051 is stable and can ferment fruit juices, increasing CFU counts
and modifying the pH of the matrix.

Foods 2024, 13, 3851 6 of 16 
 

 

CFU/mL in peach juice. After fermentation, L. plantarum KABP051 concentration in-
creased up to 7.98 ± 0.04 log CFU/mL in orange juice, 8.18 ± 0.05 log CFU/mL in apple 
juice, and 8.17 ± 0.04 log CFU/mL in peach juice. After 60 days of cold storage, CFU counts 
were 6.86 ± 0.07 log CFU/mL in orange juice, 7.95 ± 0.02 log CFU/mL in apple juice, and 
8.11 ± 0.03 log CFU/mL in peach juice. 

The pH of orange and peach juices significantly decreased after fermentation from 
3.70 ± 0.02 to 3.54 ± 0.01 and from 4.00 ± 0.01 to 3.80 ± 0.01, respectively (both p ≤ 0.0001). 
In contrast, the pH of apple juice showed a slight but significant increase after fermenta-
tion from 3.50 to 3.62 ± 0.05 (p = 0.017). The pH of the three juices remained stable during 
the two months of cold storage. No major changes were noted for total soluble solids (TSS) 
in the three juices after fermentation, although a slight decrease was observed for orange 
and apple juices and a small increase was noted for the apple juice. These results indicate 
that L. plantarum KABP051 is stable and can ferment fruit juices, increasing CFU counts 
and modifying the pH of the matrix. 

 
Figure 1. Results of stability analysis (log CFU/mL, pH and total soluble solids (°Bx)) in orange, 
apple, and peach juices inoculated with Lactiplantibacillus plantarum KABPTM 051 and stored 60 
days at 4 °C without fermentation (A) and after a fermentation of 24 h at 37 °C (B). 

3.2. Total Phenolic Content and DPPH Radical Scavenging Activity 
Table 1 shows the results of the total phenolic content (TPC) and DPPH radical scav-

enging activity of day 1 samples. Among blank samples, apple juice showed the lowest 
TPC, followed by peach juice and orange juice. After fermentation, only orange juice 
showed a TPC increment (from 709.9 ± 22.5 to 746.1 ± 27.6 mg GAE/L), although it did not 
reach statistical significance. The DPPH radical scavenging activity of blank juices corre-
lated with their TPC, as the apple sample showed the lowest potential antioxidant capac-
ity, followed by peach and orange juice. As for TPC results, no statistically significant dif-
ferences in antioxidant potential were noted in fermented juices. 

  

Figure 1. Results of stability analysis (log CFU/mL, pH and total soluble solids (◦Bx)) in orange,
apple, and peach juices inoculated with Lactiplantibacillus plantarum KABPTM 051 and stored
60 days at 4 ◦C without fermentation (A) and after a fermentation of 24 h at 37 ◦C (B).

3.2. Total Phenolic Content and DPPH Radical Scavenging Activity

Table 1 shows the results of the total phenolic content (TPC) and DPPH radical scav-
enging activity of day 1 samples. Among blank samples, apple juice showed the lowest
TPC, followed by peach juice and orange juice. After fermentation, only orange juice
showed a TPC increment (from 709.9 ± 22.5 to 746.1 ± 27.6 mg GAE/L), although it did
not reach statistical significance. The DPPH radical scavenging activity of blank juices
correlated with their TPC, as the apple sample showed the lowest potential antioxidant
capacity, followed by peach and orange juice. As for TPC results, no statistically significant
differences in antioxidant potential were noted in fermented juices.

Table 1. Total phenolic compounds (TPC) and DPPH radical scavenging activity (DPPH-RSA) of
orange, apple, and peach juices.

Orange Juice Apple Juice Peach Juice

TPC DPPH-RSA TPC DPPH-RSA TPC DPPH-RSA
(Gallic Acid mg/L) (Trolox µmols/L) (Gallic Acid mg/L) (Trolox µmols/L) (Gallic Acid mg/L) (Trolox µmols/L)

B 709.9 ± 22.5 2309 ± 127.5 262.8 ± 21.3 137.7 ± 16.1 314.4 ± 2.3 783.1 ± 4.9
P 682.3 ± 2.9 2722.9 ± 131.4 264.8 ± 1.1 136.4 ± 31.5 320.5 ± 23.6 782.2 ± 18.5

PF 746.1 ± 27.6 2731.3 ± 190.3 269.7 ± 14.9 139.5 ± 59.5 312.4 ± 8.6 790.8 ± 23.6

DPPH: 2,2-difenil-1-picrilhidrazil. B: Blank; P: probiotic (non-fermented); PF: probiotic fermented.

3.3. Metabolome Profiling of Fruit Juices

To further characterise the functionality of fruit juices, metabolomic analyses were
conducted in day 1 samples. First, the presence of short-chain fatty acids (SCFA) was
investigated by targeted approaches (Figure 2). Formic acid was the most abundant SCFA
in blank juices at around 10, 7, and 12 mM concentration in orange, apple, and peach
juices, respectively (Table S1). Acetic acid was also detected in the three juices at lower
concentration: around 1, 2, and 2 mM in orange, apple, and peach juices, respectively. The
other SCFAs analysed were found at very low concentrations. The presence of probiotic did
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not modify the concentration of any of the SCFAs, but probiotic-assisted fermentation sig-
nificantly increased levels of acetic acid in orange (from 0.98 ± 0.1 mM to 1.96 ± 0.11 mM)
and peach (from 2.12 ± 0.19 mM to 3.51 ± 0.32 mM) juices (Figure 2C).
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An untargeted semi-polar metabolite analysis was also conducted to identify addi-
tional beneficial compounds produced by L. plantarum KABP051 during the fermentation of
fruit juices. A total of 672 compounds were detected, of which 32 metabolites could be iden-
tified as level 1; 56 compounds were annotated as level 2a; 21 were annotated as level 2b,
and, with less certainty, 128 compounds were detected in level 3. Finally, 439 compounds
were distinguished from the background but remained unknown. The first two principal
components explained 51.69% (PC1) and 26.51% (PC2) of the total variation (Figure 3A,B).

The presence of L. plantarum KABP051 in fruit juices, with or without fermentation,
modified the concentration of 22 compounds (Table S2). Eleven compounds significantly
increased in some of the P or PF samples, while the concentration of the rest of the com-
pounds decreased, evidencing some metabolic pathways. For instance, in PF samples,
the concentration of malic acid drastically decreased in favour of lactic acid (Figure 3C),
confirming that malic acid is a major carbon source for L. plantarum KABP051 growth.
Likewise, nicotinamide decreased while nicotinic acid increased in PF samples, indicating
that L. plantarum KABP051can modify vitamin B forms, changing the vitamin profile of the
juices. Moreover, probiotic fermentation raised the concentration of additional bioactive
compounds including n-acetyl glutamine (NAG), phenyllactic acid (PLA), (−)-β-pinene,
and acetylcholine (ACh) (Figure 3C), among others (Table S2). In addition to malic acid, the
nucleosides adenosine, guanosine, and cytidine were amongst the top reduced compounds
in juices supplemented with L. plantarum KABP051 (Table S2).
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(PF) fruit juices. * p < 0.05.

The precise concentration of nicotinic acid, ACh, PLA, and NAG was determined by
targeted metabolomic analysis (Table 2). These results validated those observed for the
untargeted analyses (Figure 3C) and confirmed that L. plantarum KABP051 can significantly
synthesise these biomolecules at µM range. While nicotinic acid, ACh, and PLA were
already present at detectable concentrations in the blank juices, the amino acid NAG was
not detected in any blank sample but was produced during fermentation in the three juices,
up to a maximum of 11.26 ± 0.39 µM in orange juice.

Table 2. Concentration (average ± SD) in µM of Nicotinic acid, Acetylcholine, Phenyllactic acid, and
N-Acetyl-L-Glutamine detected in fruit samples by targeted metabolomics.

Apple Orange Peach

B P PF B P PF B P PF

Nicotinic
acid 1.56 ± 0.10 2.36 ± 0.03 * 3.42 ± 0.09 * 2.42 ± 0.06 3.9 ± 0.22 * 5.85 ± 0.09 * 13.82 ± 0.17 20.21 ± 0.37 * 19.24 ± 0.51 *

Acetylcholine 0.09 ± 0.00 0.29 ± 0.00 * 2.41 ± 0.11 * 0.09 ± 0.00 0.29 ± 0.01 * 0.51 ± 0.01 * 0.09 ± 0.00 0.32 ± 0.00 * 0.64 ± 0.02 *
Phenyllactic

acid 0.23 ± 0.04 1.32 ± 0.01 * 5.16 ± 0.15 * 0.5 ± 0.05 1.34 ± 0.05 * 7.57 ± 0.29 * 1.56 ± 0.07 3.68 ± 0.24 * 12.04 ± 0.40 *

N-Acetyl-L-
Glutamine <LOD <LOD 0.3 ± 0.01 * <LOD <LOD 11.26 ± 0.39 * <LOD 0.16 ± 0.02 1.28 ± 0.19 *

B: Blank; P: probiotic (non-fermented); PF: probiotic fermented. LOD: Limit Of Detection. * p < 0.05; t-test PF vs. B.
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3.4. Sensory Evaluation

A total of 51 independent panellists were enrolled to evaluate the organoleptic proper-
ties (intensity and acceptability) of the original orange juice (Blank; B) and the fermented
version (PF).

As shown in Figure 4, probiotic fermentation did not alter colour perception by panel-
lists. The intensity of the aroma was not significantly altered in probiotic-fermented juice,
but its acceptability was significantly reduced. Strange flavour perception significantly
increased in fermented samples without affecting its acceptability. Although a significant
increase in bitter and acid intensity was noted for the fermented version, it did not trans-
late into a reduced acceptability. The intensity of sweet taste significantly decreased in
fermented juices, but it did not affect acceptance scores. Finally, and in line with sensory
results, similar purchase probability was declared by participants between original and
24 h-fermented orange juices (Figure 4B). These results indicate that, although fermentation
for 24 h affected different organoleptic parameters, overall acceptance is comparable to the
original orange juice.
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Figure 4. Results of the sensory evaluation involving 51 untrained panellists. (A) Results of
organoleptic parameters and (B) score of the purchase probability of blank juices (B) and probiotic-
fermented (PF) orange juices. A nine-point scale was used for the evaluation of acceptability and
intensity of aroma, colour, bitterness, sweetness, acidity, and strange flavours, with 1 = Dislike
extremely/Extremely low intensity and 9 = Like extremely/Extremely intense. The parameter
“Purchase probability” was evaluated with a five-point scale, with 1 = Definitely will not buy and
5 = Definitely will buy. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

4. Discussion

The fermentation of fruit and vegetable juices by well-documented probiotics repre-
sents a promising nutritional approach for the development of novel non-dairy functional
beverages. It is paramount to select the best probiotic strains that combine excellent in vitro,
in vivo, and clinical evidence with an adequate stability. Lactiplantibacillus plantarum is one
of the most used species for vegetable fermentation [34], likely because of its metabolic
versatility and environmental resilience. Our results demonstrate that probiotic strain
L. plantarum KABP051 displays an excellent viability in orange, apple, and peach juices,
both in probiotic-fermented and non-fermented forms, throughout 60 days of cold storage.
Only the non-fermented peach sample displayed probiotic CFU counts below the recom-
mended 106–107 CFU/mL dose [19,35] at day 60, indicating this is the most unfavourable
condition for probiotic stability tested in our study. Nonetheless, this problem could be
solved by increasing the initial inoculum. Interestingly, probiotic fermentation increased
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CFU counts of L. plantarum KABP051 in all juices, reaching CFUs per serving of 240 mL [33]
higher than the therapeutic dose (>109 CFUs) [23,24] in the three fermented juices for up
to 60 days of cold storage (Figure 1B), thus qualifying as “probiotic fermented foods” [12].
These results suggest that the L. plantarum KABP051 fermentation of fruit juices might
reduce probiotic production costs while maximising its viability and health benefits.

Different studies have investigated the stability of some probiotic strains in non-
fermented fruit juices. For instance, the popular probiotics L. rhamnosus GG (ATCC53103),
L. casei DN-114 001, and B. lactis Bb-12 as well as L. paracasei NFBC43338 showed good
survival in orange and pineapple juices, with CFUs above the recommended dose for up
to 12 weeks under refrigeration [36]. On the contrary, L. salivarius strains UCC118 and
UCC500 showed very poor viability (<106 CFU/mL) in orange and pineapple juices after
only two weeks [36].

Regarding probiotic viability in fermented fruit juices, it was found that L. casei NRRL
B442 was able to survive (>106 CFU/mL) in fermented pineapple juice for 42 days in
refrigerated conditions, while the addition of sucrose reduced L. casei NRRL B442 viability
to 28 days [37]. Interestingly, when L. casei NRRL B442 was used to ferment cashew apple
juice, high CFU counts (>108 CFU/mL) were recorded throughout the storage period of
42 days at 4 ◦C [38]. Likewise, Dimitrovski et al. [39] also found apple juice to be a suitable
matrix for probiotic fermentation and viability using L. plantarum strain PCS 26. Our
results are in accordance with previous studies, confirming that apple juice is an excellent
medium for the growth and stability of L. plantarum KABP051, as fermented apple samples
maintained ~108 CFU/mL after 60 days of refrigerated storage. While similar counts were
noted in the fermented peach sample, a more marked CFU reduction was observed in
the fermented orange samples at the end of the study. Taken together, probiotic viability
in fermented juices seems to be significantly influenced by many aspects including the
composition of the matrix and the strain specificity. Therefore, probiotic stability in fruit
juices cannot be taken for granted and should be determined on a case-by-case basis.

While the pH of fermented orange and peach juices decreased compared to unfer-
mented and control juices, the pH of fermented apple juice, where malic acid is the most
abundant organic acid [40], showed a slight increment. This can be explained by the malo-
lactic fermentation (transformation of malic acid into lactic acid), as lactic acid (pKa = 3.86)
is a weaker acid than malic acid (pKa1 = 3.40) and therefore, reduction of malic acid in
favor of lactic acid translates into a slight increase of apple juice pH [41].

In a previous study, Yuasa et al. [42] reported that L. plantarum SI-1 and L. pentosus
MU-1 exclusively utilise L-malic acid to produce lactic acid, without affecting total sugar
concentration of citric juices. Our results confirm this notion and show that malolactic
fermentation is the main energy metabolic pathway of strain KABP051 not only in orange
and apple but also in peach juices.

TPC and antioxidant (DPPH-RSA) capacity remained unaltered in all fermented and
unfermented juices (Table 1). Although an increase in TPC and DPPH-RSA was noted for
the probiotic-fermented orange juice, it did not reach statistical significance. In this line,
only the flavanones naringin and hesperidin, but not their aglycone forms, were detected
in orange juice. Probiotic introduction and fermentation did not modify flavanone’s
profile. In a previous work, de la Fuente et al. [43] showed that L. brevis strain POM and
L. plantarum strains TR-71 and TR-14 were able to ferment orange-juice milk beverages
resulting in increased antioxidant capacity, which was in part attributed to the production
of phenyllactic acid (PLA) by lactobacilli. Although we also detected a great increase in the
phenolic compound PLA after probiotic fermentation, it did not translate into a significant
increase in TPC and antioxidant capacity. Of note, de la Fuente et al. [43] conducted a 72 h
fermentation in milk-based beverages with different conditions from those assessed in our
work, which may explain discrepancies in antioxidant and TPC results.

In order to identify metabolic products of interest, different metabolomic approaches
were performed. The results showed that the fermentation not only increased the probiotic
biomass but also allowed for the production of molecules of medical, nutraceutical, and
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biotechnological interest. The short-chain fatty acid (SCFA) profile was enhanced with a
significant increment in the acetic acid content in all fermented beverages. SCFAs play
an important role in human health; therefore, introducing a fortified food, rich in these
compounds, could contribute to maintaining a correct endogenous SCFA balance [44].
Acetic acid has antioxidant, antibacterial, anti-diabetic, and anti-tumour properties and
prevents cardiovascular disorders [45,46]. Moreover, acetic acid in the gut is the preferred
substrate for the butyrate-producing bacteria Roseburia spp. and Faecalibacterium prausnitzii
to produce butyric acid, the major carbon source of enterocytes [47].

Semi-polar metabolite profiling confirmed malolactic fermentation, typically used in
wine production [48], and revealed the production of several additional bioactive com-
pounds. Among the common compounds produced by the probiotic fermentation of all
juices, nicotinic acid, acetylcholine (ACh), phenyllactic acid (PLA), and n-acetyl glutamine
(NAG) were verified and quantified by targeted approaches (Table 2).

Nicotinic acid is a form of vitamin B3 and is an essential human nutrient. According
to EFSA [49], dietary reference values for niacin range between 13 to 19 mg/day for adults.
Among the juices investigated, nicotinic acid was particularly high in peach (1.7 mg/L),
and the presence of the probiotic significantly increased its concentration up to ~2.4 mg/L.
Some probiotic lactobacilli have been reported to produce a number of vitamins belonging
to the B-complex, such as folate, vitamin B12, and thiamine [50,51]. However, to our
knowledge, this is the first time that the synthesis of niacin during fruit juice fermentation
by L. plantarum has been described.

Acetylcholine is a neurotransmitter that has a wide variety of functions in the brain
and other organs. ACh production has been described in many gram-negative and gram-
positive bacteria including lactobacilli [52]. It is well known that some lactobacilli can
produce ACh [53], but to our knowledge this is the first time that a L. plantarum strain has
shown the ability to synthesise this neurotransmitter in orange, peach, and apple juices.
Intestinal ACh exerts a localised immunomodulatory effect [54] and can improve intestinal
barrier function [53,55]. The highest levels of ACh were found in the probiotic-fermented
apple juice.

PLA is typically produced during fermentation of dairy products [56] but has been
also detected in supernatants of different Lactobacillus spp. strains grown in the pres-
ence of pomegranate extract [57] and in fermented orange juices containing milk [43]. It
has demonstrated broad spectrum antimicrobial activity against spoilage organisms and
pathogens, both bacteria and fungi, which prolongs fermented food shelf life [56,58]. PLA
content drastically increased in all probiotic-fermented juices, peach juice being the most
concentrated sample.

Glutamine is very abundant in the human body, but it is unstable in liquid media,
and N-acetyl-l-glutamine (NAG) has been used as supplement to avoid instability and
intolerance issues [59]. Different clinical studies have reported that enteral or parenteral
nutrition formulas containing this amino acid help maintain the structural and functional
integrity of the gut [60,61]. Supplements containing glutamine forms are widely used
in sports nutrition, especially because of its immunomodulatory role, but recent studies
have also evidenced some improvement in fatigue markers including increased glycogen
synthesis and reduced ammonia accumulation [62]. Interestingly, NAG was only detected
in probiotic-fermented juices, while its concentration in probiotic-supplemented and blank
samples was below the limit of detection. These results suggest that fermentation assisted
by L. plantarum KABP051 de novo produces this interesting amino acid, which was absent
from original juices.

Besides the production of interesting bioactive compounds, the fermentation of fruit
juices also evidenced the ability of L. plantarum KABP051 to consume some nutrients
(Figure 3 and Table S2). Of note, the probiotic consumed the purines adenosine, guanosine,
and cytidine in all fermented juices. Purines are the major substrate for uric acid formation
and crystallisation, which could lead to gout [63]. Therefore, the consumption of a probiotic
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that has the ability to reduce dietary purines in the gut could be of interest for patients
prone to hyperuricemia [64], as reported for Lactobacillus gasseri strain PA-3 [65].

For the sensory evaluation, orange juice was selected because it is the most popular
and consumed juice worldwide [66] and Spain is the leading orange producer in the EU,
according to USDA (2020). A sensory evaluation study was conducted to gain insights into
consumers’ perception and acceptability. The fermentation of orange juice by the probiotic
KABP051 only reduced aroma acceptability and increased the intensity of strange flavours
and bitter and acid taste, whereas that of sweet taste was reduced. Similarly, Yuasa et al. [42]
reported that the fermentation of mandarin and orange juices by L. plantarum SI-1 increased
sourness and acidic bitterness due to an increase in lactic acid and total organic acids, which
is also observed in our analyses.

The present study has certain limitations. First, as an attempt to evaluate the func-
tionality of probiotic juices, DPPH-RSA capacity and TPC experiments were performed,
and results showed no differences compared to commercial beverages. Therefore, although
L. plantarum KABP051 has shown probiotic effects in several trials [23–26], future in vitro,
in vivo, or clinical studies are required to confirm that fermented fruit juices retain and
improve probiotic properties. Second, as proof of concept, only probiotic fermented orange
juices were assessed in a sensory evaluation study. Thus, additional sensory experiments
are required for peach and apple fermented beverages to confirm that their organoleptic
parameters and overall acceptance fit consumer tastes. Finally, the metabolomic analyses
performed in our study were not suitable for the detection of medium- and long-chain
fatty acids (LCFA), and therefore it is unknown whether L. plantarum KABP051 metabolism
could influence the composition of these relevant compounds. Future targeted approaches
should be conducted to elucidate if probiotic fermentation may improve the profile of
LCFA, such as conjugated linolenic acid, which displays remarkable beneficial effects [67].

In conclusion, we here show that fermentation of fruit juices by L. plantarum KABP051
may result in tasty functional probiotic juices that are enriched with a number of health-
promoting compounds. Thus, the development of these functional juices may have a dual
function to the host: the delivery of a well-characterised probiotic combined with fruit
juices with increased nutritional value.
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