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Abstract: This study aims to investigate the probiotic properties of various isolated strains of Lacti-
plantibacillus plantarum. Specifically, the focus is on examining the expression of the glutamic acid
decarboxylase (GAD) gene and its role in the production of gamma-aminobutyric acid (GABA), a
promising postbiotic metabolite. The investigation includes comprehensive analyses of morphology,
genetics, resilience against bile, NaCl, and simulated pancreatin juice (SPJ), carbohydrate fermenta-
tion patterns, antibacterial activity, susceptibility to antibiotics, and the presence of β-D-galactosidase
and GAD enzymes. Six L. plantarum strains exhibited remarkable resilience against bile, NaCl, and
SPJ, as well as susceptibility to antibiotics and antagonistic behavior against pathogens. These strains
also showed the presence of β-D-galactosidase. Additionally, five L. plantarum strains were found
to harbor the gad gene. Further biochemical analysis of four specific L. plantarum strains revealed
promising profiles consisting of antibiotics, vitamins, hormones, and a diverse array of metabolites
with potential immunotherapeutic properties. This study highlights the substantial potential of
Lactiplantibacillus plantarum in generating beneficial postbiotic metabolites. The identified strains
offer exciting avenues for further exploration, with potential applications in functional foods and
pharmaceuticals. This research opens up possibilities for harnessing the probiotic and postbiotic
potential of L. plantarum to develop novel products with health-promoting properties.

Keywords: Lactiplantibacillus plantarum; postbiotic; γ-amino butyric acid; β-D-galactosidase; in vitro

1. Introduction

The gut microbiome, a complex community of microorganisms residing in the hu-
man gastrointestinal tract, establishes a symbiotic relationship with humans through the
gut–brain axis, enabling communication between the central nervous system and the enteric
neural system, contributing significantly to overall well-being [1]. Notably, the composition
of the gut microbiome is highly individualized, akin to a unique fingerprint, despite the
presence of a shared ‘core microbiome’ among individuals [2].

The brain–gut axis serves as a bidirectional communication system connecting the
central nervous system (CNS) and the gastrointestinal (GI) tract. Recent research highlights
the pivotal role of the gut microbiota and its interactions with the CNS in various aspects
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of human health, including mental health, cognition, and behavior. Complex signaling
pathways, encompassing neural, hormonal, and immunological mechanisms, underpin the
brain–gut axis, influencing both brain function and gut health [3].

Lactiplantibacillus plantarum, previously known as Lactobacillus arabinosus and Lacto-
bacillus plantarum [4], is one of the beneficial LABs commonly found in the gastrointestinal
tracts of humans and other mammals, as well as in saliva and various food products. It is
considered safe for consumption and possesses unique characteristics that make it highly
versatile. L. plantarum is Gram-positive, non-spore-forming, and catalase-negative. It can
thrive in both oxygen-free and low-oxygen environments and exhibits tolerance to acidic
conditions. With low G + C content, L. plantarum is extensively used in the food industry as
a starter culture and preservative, offering a wide range of applications [5].

Functional foods represent a significant domain in which probiotics have gained
widespread utilization. However, the realm of probiotics has expanded beyond this scope,
introducing emerging concepts such as paraprobiotics, postbiotics, and psychoactives.
These novel terms encompass non-living microbial cells, microbial components, or prod-
ucts derived from microbial cells, including lysates or metabolites. These elements offer
health benefits and therapeutic effects akin to those of probiotics. By incorporating these
concepts into the production of functional foods, a broader range of potential benefits can
be harnessed [6].

γ-amino butyric acid (GABA), a non-protein amino acid with diverse physiological
functions, has gained popularity in organic and psychological therapies as a postbiotic.
LABs, which are generally recognized as safe, play a pivotal role in GABA production. This
has led to the incorporation of LABs into GABA-enriched food products. However, GABA
production varies among LAB strains and is influenced by fermentation conditions [7].
Optimal GABA production in the food and nutraceutical industries is achieved through
biosynthesis using carefully manipulated fermentation processes [8]. The key factors for
successful GABA synthesis in LABs include maintaining a slightly acidic pH (4.5–6.0) to
create a favorable environment, utilizing glutamic acid as the primary precursor to enhance
GAD enzyme activity, controlling fermentation temperature (30–40 ◦C) for balanced GABA
production and LAB growth and ensuring sufficient nutrient availability to support LAB
growth and promote GABA formation [9].

There is growing evidence supporting the potential benefits of postbiotics, including
improved gut health, immunomodulation, anti-inflammatory effects, antimicrobial activity,
metabolic regulation, and even potential anti-cancer effects. However, more research is still
needed to fully understand their therapeutic applications and mechanisms of action [10].

Recently, gamma-aminobutyric acid (GABA) has gained significant attention in the
field of medical and pharmaceutical research. GABA, a non-proteinogenic amino acid,
serves as a well-established inhibitory neurotransmitter abundant in the central nervous
system of animals [11].

Emerging evidence suggests that oral administration of GABA can potentially exert
beneficial effects on the brain and psyche through the intricate gut–brain axis. GABA has
garnered widespread acceptance among consumers in various markets, with reported
positive effects on stress regulation and mood. Additionally, GABA has been associated
with multiple physiological benefits, including neuroprotection, stress relief, sleep promo-
tion, prevention of cell injury [12], antioxidant properties, blood pressure regulation [13],
antidiabetic activity [7], and cancer protection [14]. Consequently, the combination of
fundamental research and preliminary clinical findings positions GABA as an intriguing
neuro-nutritional compound that warrants further investigation through clinical studies
involving individuals with depression and other psychological problems [15].

GABA is a neurotransmitter that is synthesized from glutamate within the brain. It
plays a vital role as an inhibitory neurotransmitter in the central nervous system. Im-
balances in GABA levels have been linked to various neurological diseases, including
Alzheimer’s and Parkinson’s disease, as well as psychological disorders such as anxiety,
depression, and stress [16]. Until recently, it was widely believed that GABA could not cross
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the blood–brain barrier, leading to neglect of its potential effects on the brain [17]. Studies
have shown that certain GABA-producing Lactobacilli have the ability to reduce anxiety
behaviors and markers of depression in mice. These beneficial effects are accompanied by
alterations in the expression of GABA receptor subunits in key brain regions involved in
regulating mood and anxiety, such as the hippocampus and amygdala [18]. Based on the
potential benefits of GABA and Lactobacillus plantarum, this study aimed to screen various
lactic acid bacteria (LABs) from different sources to evaluate their potential as probiotics.
The evaluation focused on examining their phenotype, genotype, and biochemical charac-
teristics to investigate their ability to produce γ-amino butyric acid (GABA) as a common
postbiotic substance during their metabolic processes.

2. Materials and Methods
2.1. Samples

Table 1 provides information on the diverse samples obtained from Egypt and China
environments, including fermented dairy and non-dairy products, as well as fermented
vegetables like kimchi and fermented soybean curd (tofu). Furthermore, it includes mono-
gastric animals (ducks, horses), baby stool samples, and ruminant species (cows, camels,
sheep). Careful measures were taken during sample transportation to maintain their
integrity and prevent deterioration. The samples were stored in an ice chest at 4 ◦C to
preserve their quality.

Table 1. Source of candidate isolates and appropriate growth conditions.

Names of LAB-Isolated Strains Sources of Isolated Strains Growth Media Temperature

Lactiplantibacillus plantarum (Ne2-11) Processed cheese, Egypt

MRS 37, 45 ◦C

Lactiplantibacillus plantarum (23)
Camel manure, ChinaLactiplantibacillus plantarum (26)

Lactiplantibacillus plantarum (28)
Sand Lake Water, ChinaLactiplantibacillus plantarum (30)

Lactiplantibacillus plantarum (29) Baby stool, China

2.2. Isolation of LAB and Optimum Growth Conditions

One gram of each sample underwent the traditional pure culture method, involving
mixing with 9 mL of peptone water buffer. This mixture was streaked onto selective media
like MRS agar or M17 agar (Qingdao Hope Bio-Technology Co., Ltd., Qingdao, China) and
incubated under aerobic and anaerobic conditions at 30 ◦C, 37 ◦C, and 45 ◦C (Shanghai
Bluepard Experimental Instruments Co., Ltd., Shanghai, China) for 48 h. To ensure culture
purity, three successive transfers were made onto new MRS or M17 agar plates, targeting
colonies exhibiting a white and creamy appearance.

2.3. Phenotypic Characterization of LAB Isolates

The pure cultures derived from the samples underwent comprehensive characteriza-
tion, involving Gram staining to determine the Gram reaction, observing cell morphologies
and bacterial shapes by both light and electronic microscopy, and assessing the motility,
spore-forming ability, and catalase reaction of LAB isolates. Additionally, colonies were
scrutinized for attributes like color, size, and shape. Post-characterization, Gram-positive
and catalase-negative isolates were chosen for further analysis. To preserve these isolates,
activation and storage were performed at −80 ◦C in either MRS or M17 broth supplemented
with 30% glycerol. Characterization experiments adhered to conventional protocols, ensur-
ing consistency and comparability with established methods in the field [19].

2.3.1. Catalase Assay

Isolates were cultured on MRS agar and aerobically incubated overnight at 37 ◦C.
Subsequently, a catalase test was conducted by adding two drops of 3% hydrogen peroxide
to the overnight cultures on a glass slide. The presence of oxygen bubbles confirmed a
positive catalase reaction, indicating the catalase enzyme’s presence. Isolates lacking gas
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bubble production were deemed catalase-negative and chosen for further experiments due
to their absence of catalase activity, a characteristic of specific bacterial species.

2.3.2. Spore Staining and Motility Analysis

To investigate potential endospore development, isolates were initially cultured in
MRS agar for 24 h at 37 ◦C under aerobic conditions. A single colony from each culture
was selected and examined using oil immersion objectives under a light microscope to
determine the isolates’ ability to form endospores, a distinctive characteristic of specific
bacterial species. Furthermore, isolate motility was assessed using a stab culture method in
MRS semi-solid medium. This medium, containing 1.5 g/L of agar and bromocresol purple
indicator (Sangon Biotech, Shanghai, Co., Ltd., Shanghai, China), adjusted to a pH of 6.8,
facilitated motility evaluation. The stab culture technique involved introducing bacterial
cells into the solid medium with a sterile needle or inoculating loop, allowing observation
of bacterial growth and movement within the medium to glean insights into their motility
behavior [20].

2.4. In Vitro Characterization of Candidate LAB Isolates
2.4.1. Bile Tolerance Assessment

The sensitivity of isolates to bile was assessed using a modified protocol inspired
by the study conducted by Abdelazez et al. [7]. The evaluation of viability included
subjecting isolates to different bile concentrations (0.0, 0.3, 1.0, and 2.0% w/v). Oxgale
powder (Sangon Biotech, Shanghai, Co., Ltd., Shanghai, China) was dissolved in MRS
broth, centrifuged at 4 ◦C and 8000× g for 5 min, and filtered through a 0.45 µm sterile
hydrophilic PES syringe filter (Zhejiang ALWSCI Technologies Co., Shaoxing, China) to
remove remaining bile molecules. Each treatment involved the inoculation of 50 µL of
1% LAB strains (10−8 cfu) into MRS broth with corresponding bile concentrations. Viability
was assessed in triplicate, and optical density (OD) was measured at 630 nm every 2 h
using the ELx808™ Incubating Absorbance Microplate Reader (Creative Life Science Co.,
Ltd., New Taipei City, Taiwan). Optical density served as a reliable indicator of isolate
viability under different bile concentrations, offering insights into microbial growth and
cell density.

2.4.2. NaCl Tolerance Evaluation

The survivability of isolates in varied NaCl concentrations was explored using the
method by Mulaw et al. [21] with slight adjustments. NaCl solutions were created by
dissolving NaCl (Tianjin Yongda Chemical Reagent Co., Ltd., Tianjin, China) in MRS broth
at concentrations of 0.0%, 4.0%, 6.0%, and 8.0% w/v. Isolates were cultivated aerobically
overnight at 37 ◦C. Subsequently, each culture was individually inoculated with 50 µL of
a 1% overnight culture and incubated at 37 ◦C for 48 h in MRS broth supplemented with
the respective NaCl concentrations. Results were determined by measuring optical density
(OD630) in triplicate every 2 h.

2.4.3. Tolerance of Simulated Pancreatic Juice (SPJ)

To evaluate the isolates’ tolerance to simulated pancreatic juice (SPJ), a modified
approach was used, based on the methodology outlined by Rashmi and Gayathri [22]. The
SPJ solution comprised bile (0.3 g/L), pancreatin (1.0 g/L), pepsin (3.0 g/L, 3000 U) (Tokyo
Chemical Industry Co., Ltd., Tokyo, Japan), and NaCl (8.5 g/L). All components were
dissolved in MRS broth, adjusting the pH to 8.0. Isolated LABs, individually inoculated
with 50 µL of a 1% overnight culture, underwent SPJ exposure at 37 ◦C for 48 h. Control
groups, grown in SPJ-free MRS broth, served as a baseline for comparing survival and
tolerance. By contrasting results from the control group with the SPJ-exposed isolates, the
impact of pancreatic juice components on growth and viability was effectively assessed.
Surviving bacterial cells were quantified by measuring OD630 nm, and the experiment was
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performed in triplicate to ensure result reliability. The percentage of survival was calculated
using the following formula:

SPJ Survival % =
The viable cells at OD630 nm with exposure to SPJ

The viable cells at OD630 nm without exposure to SPJ
× 100

2.4.4. Susceptibility of Prospective Isolated Strains to Various Antibiotic Types

The antibiotic susceptibility of potential isolates was evaluated through the disc
diffusion technique, employing antibiotic sensitivity test paper (Hangzhou Binhe Microbial
Reagent Co., Ltd., Hangzhou, China). A variety of antibiotics, including Amikacin (7.5 µg),
Polymyxin (300 µg), Cephalothin (30 µg), Sulfamethoxazole (1.25 µg), Chloramphenicol
(30 µg), Spectinomycin (100 µg), Gentamicin (10 µg), Streptomycin (10 µg), Ampicillin
(10 µg), Kanamycin (30 µg), Vancomycin (30 µg), Norfloxacin (10 µg), Oxacillin (1.0 µg),
Tetracycline (30 µg), Clindamycin (2.0 µg), Penicillin (10 µg), and Erythromycin (15 µg),
were utilized. To determine the susceptibility of LAB isolates to antibiotics, bacterial
growth on MRS agar was visually inspected after 24 h. The inhibitory zones produced by
the antibiotics were measured using a digital caliper (Vernier Caliper DL3944, Deliworld,
Ningbo, China). The recorded results were categorized into four groups [23].

R (-) indicates cases with no inhibition zone, (R) indicates instances where the zone
size indicated resistance (<7 mm), (I) indicates cases with intermediate results (zone size
ranging from 7–16 mm), and (S) indicates cases displaying sensitivity (zone size > 16 mm).

2.4.5. Determination of Antimicrobial Activity

This study employed a modified semi-solid diffusion disc method to assess the an-
tibacterial effectiveness of various isolated LAB strains [24]. Pathogenic bacterial strains
targeted for evaluation included Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC
15442, Enterococcus faecium E.980, Salmonella Typhimurium CMCC 500515, and Staphylo-
coccus aureus ATCC 29213. Furthermore, it encompassed additional strains, including
Bacillus cereus, Klebsiella spp., Citrobacter freundii, Aeromonas veronii, Citrobacter youngae,
Cronobacter sakazakii, Wohlfahrtiimonas chitiniclastica, Leclercia spp., Pantoea agglomerans, and
Fusobacterium nucleatum, which are all from lab stock.

A 2 µL spot of the isolated culture was placed on MRS agar and incubated at 37 ◦C
overnight. Simultaneously, a semi-solid medium was prepared by heating Brain Heart
Infusion (BHI) (Qingdao Hope Bio-Technology Co., Ltd., Qingdao, China) supplemented
with 0.5% warmed agarose. A mixture of 6 mL of BHI and 100 µL of the pathogenic bacteria
was then poured onto the surface of the MRS agar plate. After 24 h of incubation at 37 ◦C,
the inhibition zone extent was measured in triplicate using a digital caliper. The results
were expressed as the diameter/mm of the clear inhibition zone [25].

(-) indicates no inhibition zone (<6 mm), (+) indicates a small inhibition zone (>6–9 mm),
(++) indicates a moderate inhibition zone (9–15 mm), and (+++) indicates a substantial
inhibition zone (>15 mm).

2.5. Bioinformatics Analysis
2.5.1. Genetic Profiling of Isolated Strains

The potential candidates were cultured in 5 mL of their respective isolation medium
overnight. Following the manufacturer’s recommendations, DNA extraction was car-
ried out using the Ezup column bacterial genomic DNA purification kit (Sangon Biotech,
Shanghai Co., Ltd., Shanghai, China).

2.5.2. PCR Amplification of the 16S rRNA Sequence and Phylogenetic Analysis of Isolates

The 16S rRNA gene amplification was carried out following the protocol provided
by Mini Kit (Vazyme Biotech Co., Ltd., Nanjing, China). A specific universal primer pair
(27F 5′-AGAGTTTGATCCTGGCTCAG-3′ and 1492R 5′-GGTTACCTTGTTACGACTT-3′)
custom-designed by (General Biol (Anhui) Co., Ltd., Chuzhou, China) was used [26]. For
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the Multiplex PCR, a mixture was prepared, comprising 25 µL of 2× Taq Plus Master
Mix II (Dye Plus, Vazyme Biotech., Co., Ltd., Nanjing, China), 2 µL of each primer pair
(10 µM concentration each), and 2 µL of template DNA. The total volume was adjusted to
50 µL using ddH2O. DNA amplification was conducted using RT-PCR (Applied Biosystem,
SimpliAmp™ Thermal Cycler, Singapore).

The amplification process involved three stages: denaturation (10 min at 95 ◦C), anneal-
ing (10 s at 95 ◦C and 15 s at 56 ◦C), and elongation (10 s at 72 ◦C), followed by 30 cycles. A
final extension time of 5 min at 72 ◦C concluded the process. Post-amplification, an agarose
gel was prepared using 1.0 g of agarose in 100 mL of 1× TAE solution. To visualize DNA
bands, 4S green plus nucleic acid stain (8 µL) was added, and the gel was electrophoresed
at 110 V for 30 min. Gel images were captured with a ChemiScope 6100 UV light transillu-
minator (Bio-Equip, Jinan, China). For strain identification, a sequence similarity analysis
was conducted using BLAST (Basic Local Alignment Search Tool) software. The Multiplex
PCR 16S rRNA gene sequences were compared to the NCBI (National Center for Biotech-
nology Information) database. Additionally, phylogenetic tree analysis was performed
using MEGA 11.0.13 software. DNA sequences, along with NCBI reference sequences, were
used for tree construction using methods like neighbor-joining and maximum likelihood to
determine evolutionary relationships and genetic similarities among isolates.

2.5.3. Detection of Glutamate Decarboxylase (gad) Gene
Colorimetric GAD Assay

GAD enzyme activity was evaluated with a rapid colorimetric test using bromocresol
green as a pH indicator [27]. Overnight bacterial cell pellets were reconstituted in a 500 µL
solution of the gad reagent. The gad reagent was prepared by dissolving 1 g of L-glutamic
acid (Sigma, St. Louis, MO, USA), 300 µL of Triton X-100 (Sigma), 90 g of NaCl, and 0.05 g
of bromocresol green in 1 L of distilled water. The pH was adjusted to 3.4, and the color
change was observed upon adding the gad reagent to bacterial cell pellets. A green color
indicated mild activity, while a blue color indicated high activity of the GAD enzyme. The
experiment was repeated three times for accuracy, and the averaged results were utilized
for further analysis.

Molecular Identification of gad Gene

To amplify gad gene fragments, specific primers were employed in the PCR process,
designed as follows:

gadF primer: 5′-CCTCGAGAAGCCGATCGCTTAGTTCG-3′

gadR primer: 5′-TCATATTGACCGGTATAAGTGATGCCC-3′

These primers were designed using Snap Gene software (6.02). DNA extracted from
potentially isolated candidates served as the template for PCR amplification [28]. The PCR
mixture included 25 µL of 2× Taq Plus Master Mix II (Dye Plus), 2 µL of each primer pair
(gadF and gadR at 10 µM concentration each), and 2 µL of template DNA. The mixture was
adjusted to a final volume of 50 µL by adding ddH2O.

The RT-PCR conditions for DNA amplification included denaturation (95 ◦C for
5 min), annealing (95 ◦C for 30 s, 55 ◦C for 1.30 s), and elongation (72 ◦C for 1.30 s).
After 30 cycles, a final extension time of 10 min at 72 ◦C was incorporated. The same
RT-PCR procedure, as mentioned earlier for 16S rRNA, was followed. To identify gad
gene presence and assess sequence similarity in the GenBank database, BLAST software
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) was utilized.

2.6. Determination of Biochemical Analysis
2.6.1. Screening of β-D-Galactosidase

A total of 28 potential isolates were screened for β-D-galactosidase production. These
isolates were cultured on MRS agar with lactose as the carbon source instead of glucose. To
assess the activity of β-D-galactosidase, a chromogenic substrate called X-Gal was used.
X-Gal was prepared by dissolving 20 mg/mL in dimethyl sulfoxide (DMSO) (Himedia

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Laboratories Pvt, Ltd., Thane, India). To induce enzyme activity, 60 µL of X-Gal and 10 µL
of iso-propyl-thio β-D-galactopyranoside (IPTG, Diamond, Shanghai, China) were added
to the MRS agar plates. Blue colonies indicated the presence of β-D-galactosidase, which
was produced due to X-Gal hydrolysis by the enzyme. The plates were incubated for 48 h
at 37 ◦C [29].

2.6.2. Sugar Fermentation Pattern

The Micro-Biochemical identification tube and sugar fermentation kit (Hopebio, Qing-
dao Hope Bio-Technology Co., Ltd., Qingdao, China) were utilized to identify and evaluate
the metabolic activity of isolated strains. In the protocol, 150 µL of the indicator kit contain-
ing sugars like glucose, sucrose, galactose, mannose, maltose, lactose, arabinose, and xylose
was added to each well of a 96-well plate. Subsequently, 15 µL of overnight cultures of
isolated LAB strains was added to the respective wells, and thorough mixing was ensured.
The plate was then incubated at 37 ◦C for 24 h, during which bacteria metabolized sugars,
leading to detectable color changes in the kit. Observations of these changes helped deter-
mine fermentation patterns for different sugars. The experiment was replicated twice on
the same plate for reproducibility. The results were expressed using the following notation:
“+” for good fermentation (positive result), “+/-” for moderate fermentation (partial or
intermediate result), and “-” for no fermentation (negative result).

2.6.3. Determination of Biochemical Composition and Postbiotic Metabolites of
L. plantarum Strains

Four strains of Lactobacillus plantarum (Ne2-11, 23, 28, and 29) were chosen from 28 LAB
candidates based on phenotype, genotype, and in vitro properties. These strains underwent
anaerobic incubation in MRS broth supplemented with (1.0% w/v) monosodium gluta-
mate for 48 h at 37 ◦C. Post-centrifugation (Eppendorf AG, Barkhausenweg 1, Hamburg,
Germany) (8000 rpm, 15 min, 4 ◦C), the cell-free supernatants (‘postbiotic materials’) were
collected. These materials were carefully shipped under liquid nitrogen conditions in the
laboratories of Meiji Biology (Shanghai, China) for further analysis.

Metabolite extraction was performed using accurate measurements of 100 µL liquid
samples. Metabolite extraction involved adding a solution of 400 µL methanol/water (4:1,
v/v) and settling the mixture at −20 ◦C. To enhance extraction efficiency, a high-throughput
tissue crusher (Wonbio-96c) was employed at 50 Hz for 6 min, followed by vortexing
for 30 s and ultrasound treatment at 40 kHz for 30 min at 5 ◦C. Samples were then kept
at −20 ◦C for an additional 30 min. Protein separation was achieved by centrifugation
at 12,000 rpm for 15 min at 4 ◦C. After centrifugation, the supernatant, containing the
extracted metabolites, was carefully transferred to sample vials. These vials were prepared
for LC-MS/MS analysis, enabling the characterization and identification of metabolites in
the samples. To ensure system conditioning and quality control, a pooled quality control
sample (QC) was created by combining equal amounts from all samples.

Metabolite separation was conducted through UPLC-MS/MS analysis utilizing the
ExionLCTMAD system (AB Sciex, Framingham, MA, USA) with an ACQUITY UPLC HSS
T3 column (100 mm × 2.1 mm i.d., 1.7 µm) (Waters, Milford, CT, USA). Two mobile phases
were employed: Solvent A with 0.1% formic acid in water, and Solvent B, a mixture of
acetonitrile and isopropanol (1:1, v/v) with 0.1% formic acid. The solvent gradient program
included the following stages: 0 to 3 min (95% A to 5% B), 3 to 9 min (80% A to 20% B), 9 to
13 min (5% A to 95% B), 13 to 13.1 min (maintaining 95% A and 5% B), and 13.1 to 16 min
(95% A to 95% B). After 16 min, the system equilibrated at 95% A and 5% B. The analysis
employed a 20 µL sample injection volume, a flow rate of 0.4 mL/min, and a constant
column temperature of 40 ◦C. For sample stability, storage was maintained at 4 ◦C.

The UPLC system was coupled with a Triple TOFTM 5600 (+) mass spectrometer (AB
Sciex, USA), utilizing an electrospray ionization (ESI) source operating in both positive
and negative modes. Key settings included a source temperature of 500 ◦C, curtain gas
(CUR) at 30 psi, and Ion Source GS1 and GS2 both set to 50 psi. In negative mode, the
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ion-spray voltage was (-) 4000 V, while in positive mode, it was 5000 V. The de-clustering
potential was 80V, and collision energy (CE) ranged from 20 V to 60 V for MS/MS analysis.
Data acquisition employed the Data-Dependent Acquisition (DDA) mode, with a detection
range from 50 to 1000 m/z.

2.6.4. Data Preprocessing and Annotation

After UPLC-TOF/MS analyses, raw data underwent processing with Progenesis QI 2.3
software (Nonlinear Dynamics, Waters, Milford, MA, USA). This facilitated peak detection
and alignment, generating a data matrix with retention time (RT), mass-to-charge ratio
(m/z) values, and peak intensity. Metabolic features present in at least 80% of samples were
retained. Each feature underwent normalization by sum to address intensity variations
among samples. Quality control involved internal standard utilization, excluding features
with a relative standard deviation (RSD) exceeding 30%. This step ensured data reliability
and consistency.

The raw data were submitted to the KEGG (http://www.genome.jp/kegg) and Major-
bio Cloud platforms (https://cloud.majorbio.com) for analysis of gene function, metabolic
pathways, and biological networks. KEGG provided visualization and annotation capabilities
for in-depth data investigation, enabling the identification and analysis of differential metabo-
lites within specific pathways. NCBI software (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was
used to obtain the accession versions of isolated strains, facilitating accurate annotation
and characterization of the strains. The integration of KEGG and NCBI software enhanced
the understanding of gene function, metabolic pathways, and strain characterization in
this study.

2.7. Statistical Analysis

The data were expressed as Mean ± SD. GraphPad Prism 8 software was used for data
analysis, with statistical significance defined as p-values < 0.05. For normally distributed
data, one-way ANOVA with the LSD post hoc test was conducted for multiple group com-
parisons. In the case of non-normally distributed data, the chi-square test was employed.
These statistical approaches ensured rigorous analysis and interpretation of the results.

3. Results
3.1. Bioinformatics Analysis

The isolated strains were subjected to partial 16S rRNA gene sequencing using NCBI
software (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Accession versions were obtained
(PP388282.1, PP388283.1, PP388284.1, PP388285.1, PP388286.1, PP388295.1), identifying the
strains as L. plantarum Ne2-11, 23, 26, 28, 29, and 30, respectively. Table 2 displayed a high
similarity ranging from 99.93% to 100% between the isolates and the reference strains.

Table 2. Accession version and similarity percentage of isolated L. planetarium strains.

Isolated Strains Accession Version Reference Strains Accession Version Similarity %
(Per. Identity)

Lactiplantibacillus
plantarum (Ne2-11) PP388282.1

Lactiplantibacillus plantarum 3761 MT538615.1 99.93%
Lactiplantibacillus argentoratensis M22 OQ405821.1 100%

Lactiplantibacillus plantarum HBUR51045 OR502116.1 99.93%

Lactiplantibacillus
plantarum (23) PP388283.1

Lactiplantibacillus plantarum 3358 MT613641.1 99.93%
Lactiplantibacillus plantarum 3549 MT538442.1 99.93%
Lactiplantibacillus plantarum 6405 MT515846.1 99.93%

Lactiplantibacillus
plantarum (26) PP388284.1

Lactiplantibacillus plantarum 1968 MT597774.1 99.93%
Lactiplantibacillus plantarum 1863 MT597690.1 99.93%
Lactiplantibacillus plantarum 3733 MT538590.1 99.93%

Lactiplantibacillus
plantarum (28) PP388285.1

Lactiplantibacillus plantarum 8194 MT538940.1 100%
Lactiplantibacillus plantarum 1985 MT597789.1 100%
Lactiplantibacillus plantarum 8614 MT464373.1 100%

http://www.genome.jp/kegg
https://cloud.majorbio.com
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Table 2. Cont.

Isolated Strains Accession Version Reference Strains Accession Version Similarity %
(Per. Identity)

Lactiplantibacillus
plantarum (29) PP388286.1

Lactiplantibacillus plantarum 2207 MT604705.1 100%
Lactiplantibacillus plantarum 4294 MT544837.1 100%

Lactiplantibacillus plantarum VP-2.1 MF191695.1 100%

Lactiplantibacillus
plantarum (30) PP388295.1

Lactiplantibacillus plantarum Z3 OR259088.1 99.93%
Lactiplantibacillus plantarum LP1 OR354385.1 99.93%
Lactiplantibacillus plantarum 3482 MT538386.1 99.93%

GenBank’s BLAST was utilized to determine the similarity percentage.

3.2. Phenotypic Characteristics of Isolated Strains

The Lactiplantibacillus plantarum isolates displayed rod-shaped, non-motile, non-endospore
formers and catalase-negative phenotypic characteristics. Despite being exposed to either
aerobic or anaerobic conditions, all isolates exhibited robust growth at 15 ◦C, 37 ◦C, and 45 ◦C in
MRS media, indicating their adaptability. L. plantarum strains had larger white circular colonies.
Examining colony morphology is vital in determining the diversity of bacterial strains and their
unique traits (Figure 1).
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Figure 1. Phenotypic characterization of the Lactiplantibacillus plantarum L. plantarum-28 strain. 

The isolated strains were deposited in the Institute of Microbe and Host Health, Fac-
ulty of Agriculture and Forestry, Linyi University, China, using the same names and code 
numbers from the phylogenetic tree for consistency and validity. 

The results of the RT-PCR analysis targeting the gad gene indicated that five strains 
of L. plantarum, specifically Ne2-11, 23, 26, 28, and 30, exhibit a distinct 1410 bp band, in-
dicating the presence of the gad gene. Notably, L. plantarum (29) does not possess this ge-
netic feature. These results are consistent with the pH indicator test, which confirms that 
only these specific strains display a color change in the gad indicator. The identification of 
gad-carrying L. plantarum strains holds significant promise for future experiments focus-
ing on the production of gamma-aminobutyric acid (GABA). 

Figure 1. Phenotypic characterization of the Lactiplantibacillus plantarum L. plantarum-28 strain.

The isolated strains were deposited in the Institute of Microbe and Host Health,
Faculty of Agriculture and Forestry, Linyi University, China, using the same names and
code numbers from the phylogenetic tree for consistency and validity.

The results of the RT-PCR analysis targeting the gad gene indicated that five strains
of L. plantarum, specifically Ne2-11, 23, 26, 28, and 30, exhibit a distinct 1410 bp band,
indicating the presence of the gad gene. Notably, L. plantarum (29) does not possess this
genetic feature. These results are consistent with the pH indicator test, which confirms that
only these specific strains display a color change in the gad indicator. The identification of
gad-carrying L. plantarum strains holds significant promise for future experiments focusing
on the production of gamma-aminobutyric acid (GABA).

After conducting a comprehensive analysis of the whole-genome sequencing data
(Table S1), it is evident that the strains exhibit a range of advantageous characteristics. These
include their ability to efficiently ferment sugars and their remarkable tolerance to bile,
heat shock, and the harsh conditions of gastrointestinal juice impact. Moreover, the strains
harbor the gad gene, which is responsible for the production of gamma-aminobutyric acid
(GABA). This further enhances their potential applications. The whole-genome sequencing
reveals that the strains possess circular chromosomes with sizes ranging from 2825 to
2999 Kpb.
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These findings highlight the valuable attributes of these strains, including their
sugar fermentation capability, resistance to adverse conditions, antibiotic susceptibility,
bacteriocin-mediated pathogen antagonism, and GABA production. As a result, they ap-
pear to be promising candidates for further investigation and application. Leveraging the
whole-genome sequence of Lactobacillus plantarum strains will prove to be instrumental
in harnessing their potential for diverse applications such as probiotics, the functional food
industry, and antimicrobial interventions.

3.3. In Vitro Experiments
3.3.1. Bile Tolerance

The findings illustrated in Figure 2 offer compelling evidence of significant statistical
differences (p < 0.001) among the Lactiplantibacillus plantarum strains when subjected to
varying concentrations of bile salts. In the absence of bile, the incubation time ranged from
zero to 48 h. The viability of these strains ranged from 0.788 to 1.490 nm, indicating a high
growth rate. Even when exposed to a 0.3% bile concentration, these strains maintained
high viability levels ranging from 0.402 to 1.445 nm, with only a slight reduction observed
at a 1.0% bile concentration ranging from 0.387 to 1.123 nm. Notably, even at a higher
bile concentration of 2.0%, their viability remained relatively high, ranging from 0.274
to 1.036 nm. The high tolerance of L. plantarum strains to bile salts, even at elevated
concentrations, indicates their ability to withstand the potentially harmful effects of bile.
These findings suggest that these strains have specific mechanisms that allow them to adapt
and flourish in the presence of bile salts.
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Figure 2. Effect of bile salts on the viability of L. plantarum strains. The blue ball represents control; the
red rectangle represents 0.3%; the green triangle represents 1.0%; and the violet upside-down triangle
represents 2.0% bile concentration. The dots represent the OD values measured every two hours
during a 48 h incubation period.

3.3.2. NaCl Resistance Assessment

Figure 3 clearly shows a significant difference in viability (p < 0.001) among the tested
isolated strains after a 48 h incubation period at various NaCl concentrations (0%, 4%,



Fermentation 2024, 10, 309 11 of 26

6%, and 8%). Lactiplantibacillus plantarum strains exhibited remarkable resilience, even at
0% NaCl concentration throughout the entire 48 h incubation period (0.708 to 1.543 nm).
At 4% NaCl, their viability slightly decreased (0.275 to 1.440 nm), demonstrating their
resistance to salt stress. Even at 6% NaCl, their viability showed minimal change (0.290
to 1.305 nm), indicating their ability to withstand higher salt concentrations. Although
there was a slight decrease in viability at 8% NaCl (0.292 to 1.007 nm), the strains still main-
tained ongoing viability, showcasing their robustness under varying NaCl concentrations.
Therefore, it can be concluded that Lactiplantibacillus plantarum strains exhibit remarkable
resilience to NaCl concentrations, up to 8%, for 48 h.
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Figure 3. Effect of NaCl concentration on the survival rate of L. plantarum strains. The blue ball
represents control; the red rectangle represents 4%; the green triangle represents 6%; and the vio-
let upside-down triangle represents 8.0% NaCl concentration. The dots represent the OD values
measured every two hours during a 48 h incubation period.

3.3.3. Survivability of Lactiplantibacillus plantarum under SPJ Conditions

The results depicted in Figure 4 are statistically significant (p < 0.05) and are expressed
as survivability percentages, which were calculated using the provided equation. Lacti-
plantibacillus plantarum strains initially displayed survivability percentages ranging from
93.29% to 130.93%. After a 48 h incubation period, these percentages decreased to a range
from 88.2% to 117.12%. This suggests that the survival rate was slightly affected during
incubation when exposed to the SPJ.
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3.3.4. Antibiotic Susceptibility

Table 3 presents six Lactiplantibacillus plantarum strains classified into three groups
based on their antibiotic reactions: sensitive, intermediate, and resistant. The provided
data can be utilized for research or practical applications. However, it is noteworthy that
certain antibiotics, including Tetracycline, Sulfamethoxazole, Kanamycin, Ampicillin, Ery-
thromycin, and Clindamycin, exhibit similar reactions across the strains, either susceptible
(S) or intermediate (I). All other antibiotics tested resulted in the strains being classified as
resistant (R).

Table 3. Antibiotic susceptibility of L. plantarum isolates.

L. plantarum
(Ne2-11)

L. plantarum
(23)

L. plantarum
(26)

L. plantarum
(28)

L. plantarum
(29)

L. plantarum
(30)

Ami I R R R R R (-)
Poly R (-) R R R (-) R (-) R (-)
Cef R (-) S I I S S
Sul I S S S S S
Cm S S S S S I
Sepc I R (-) R R (-) R (-) R (-)
Gn I R (-) R (-) R (-) R (-) R (-)
St I R (-) R (-) R (-) R (-) R (-)

Amp S S S S R (-) S
Kan I R (-) R (-) R (-) R (-) R (-)
Van R (-) R (-) R (-) R (-) R (-) R (-)
Nor R (-) ND ND ND ND ND
Oxa R (-) I S R (-) I R (-)
Tet I S S I S I
Cli S S S I I S
Pen R (-) ND ND ND ND ND
Ery ND S S S S S

Amikacin (Ami); Polymyxin (Poly); Cephalothin (Cef); Sulfamethoxazole (Sul); Chloramphenicol (Cm); Specti-
nomycin (Sepc); Gentamicin (Gn); Streptomycin (St); Ampicillin (Amp); Kanamycin (Kan); Vancomycin (Van);
Norfloxacin (Nor); Oxacillin (Oxa); Tetracycline (Tet); Clindamycin (Cli); Penicillin (Pen); Erythromycin (Ery). R
(-) no inhibition zone; (R) resistant < 7 mm; (I) intermediate 7–16 mm; (S) sensitive > 16 mm.
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3.3.5. Antimicrobial Activity

Table 4 presents a statistically significant difference (p < 0.05) in the antimicrobial
activity of Lactiplantibacillus plantarum strains against different pathogens. The presence of
clear zones ranging from 17.38 to 40.12 mm indicates the inhibitory effect of L. plantarum
isolates on the growth of pathogens. These clear zones demonstrate the ability of the
strains to inhibit the growth of pathogenic bacteria, suggesting their potential application
as antimicrobial agents or probiotics in various contexts.

Table 4. Antagonistic activity of L. plantarum isolates.

Pathogens
L. plantarum Strains

(Ne2-11) (23) (26) (28) (29) (30)

E. coli +++ +++ +++ +++ +++ +++
S. Typhimurium +++ +++ +++ +++ +++ +++

E. faecium +++ +++ +++ +++ +++ +++
P. aeruginosa +++ +++ +++ +++ +++ +++

Kleb. spp. +++ +++ +++ +++ +++ +++
S. saureus +++ +++ +++ +++ +++ +++
B. cereus +++ +++ +++ +++ +++ +++

C. freundii +++ +++ +++ +++ +++ +++
A. veronii +++ +++ +++ +++ +++ +++

C. youngae +++ +++ +++ +++ +++ +++
C. sakazakii +++ +++ +++ +++ +++ +++

W. chitiniclastica +++ +++ +++ +++ +++ +++
Leclercia sp. +++ +++ +++ +++ +++ +++

P. agglomerans +++ +++ +++ +++ +++ +++
F. nucleatum +++ +++ +++ +++ +++ +++

(+++); high inhibition zone >15 mm; not detected (ND). Escherichia coli (E. coli); Salmonella Typhimurium
(S. Typhimurium); Enterococcus faecium (E. faecium); Pseudomonas aeruginosa (P. aeruginosa); Klebsiella spp. (Kleb.
spp.); Staphylococcus aureus (S. saureus); Bacillus ceruse (B. cereus); Citrobacter freundii (C. freundii); Aeromonas
veronii (A. veronii); Citrobacter youngae (C. youngae); Cronobacter sakazakii (C. sakazakii); Wohlfahrtiimonas chitiniclas-
tica (W. chitiniclastica); Leclercia sp. (Leclercia sp.); Pantoea agglomerans (P. agglomerans); Fusobacterium nucleatum
(F. nucleatum).

Briefly, Lactiplantibacillus plantarum strains showed impressive resilience, surviving
high concentrations of sodium chloride (up to 8%), bile salts (up to 2%), and SPJ for 48 h.
These strains also demonstrated antibiotic resistance and exhibited antimicrobial activities
against pathogens. These findings have important implications for food preservation,
probiotic development, and the search for alternative antimicrobial agents.

3.4. Biochemical Analysis of Isolated Strains
3.4.1. Sugar Fermentation Pattern Evaluation

Table 5 presents a comprehensive overview of the diverse sugar utilization patterns.
Lactiplantibacillus plantarum strains exhibit remarkable fermentation capabilities across a
wide range of sugars, including glucose, sucrose, galactose, mannose, maltose, lactose,
arabinose, and xylose, all within 24 h or less. The detailed analysis of sugar utilization
patterns among these strains provides valuable insights into their metabolic capabilities.
The ability of these strains to ferment various sugars not only highlights their adaptability
but also suggests their potential applications in various fields, such as functional food
production, probiotics, and biotechnology.
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Table 5. Sugar fermentation patterns of isolated L. plantarum strains.

Isolated Strain
Sugar Names

Glucose Sucrose Galactose Mannose Maltose Lactose Arabinose Xylose

L. plantarum (Ne2-11) + + + + + + + +
L. plantarum (23) + + + + + + + +
L. plantarum (26) + + + + + + + +
L. plantarum (28) + + + + + + + +
L. plantarum (29) + + + + + + + +
L. plantarum (30) + + + + + + + +

“+”: This symbol indicates that the strain can utilize the corresponding sugar.

3.4.2. β-D-Galactosidase Detection

During a screening of 28 isolated LAB strains, it was observed that a significant number
of tested strains had the presence of β-D-galactosidase to varying extents. However, the
Lactiplantibacillus plantarum Ne2-11, 23, 26, 28, 29, and 30 strains exhibited the production
of this enzyme in varying quantities and different times taken to express the green color
among the strains. Figure 5 visually represents the differences in the intensity of the green
color, indicating the variation in β-D-galactosidase production during a 24 h incubation
period among the different LAB isolates.
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plantarum strains; L.p 29, Lactiplantibacillus plantarum 29.

3.4.3. Determination of Biochemical Postbiotics of Lactiplantibacillus plantarum Strains

Figure 6a illustrates the composition of postbiotics produced by L. plantarum strains
Ne2-11, 23, 28, and 29 after 48 h of incubation. The graph highlights the predominant
distribution of organic acids and derivatives (29.43%), lipids and lipid-like molecules
(20.13%), and organic heterocyclic compounds (16.30%), among others.

Figure 6b, the relative abundance of individual amino acids is depicted. This provides
insights into the amino acid profile of the strains. Figure 6c presents a heatmap tree that
visually represents the key postbiotics derived from L. plantarum strains. This visualization
offers a concise overview of the significant postbiotics generated.

Supplementary Table S2 provides comprehensive information on the potential biologi-
cal functions and therapeutic applications of these postbiotics with references, emphasizing
their value in medicine and nutrition. It summarizes the diverse bioactive metabolites pro-
duced by these strains, including the detection of hormones such as serotonin, dopamine,
testosterone, etc. Additionally, the strains exhibit a range of antibiotics with potential
antibacterial efficacy, along with substances and peptides displaying drug-like properties,
suggesting potential therapeutic applications.
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The table also highlights unique amino acid derivatives like (R)-beta-aminoisobutyric
acid and gamma-aminobutyric acid-betaxanthin (GABA), as demonstrated in the principal
component analysis (PCA) shown in Figure 6d. Furthermore, L. plantarum strains are
identified as rich sources of various B complex vitamins, as shown in Figure 6e, carotenoids,
and Vitamins D3, C, and E. Figure 6f depicts the various lipid contents, as well as polyunsat-
urated fatty acids, indicating their nutritional value in the strains. Additionally, Figure 6g
showcases phytochemicals, alkaloids, and flavonoids, which possess biological activities
such as antioxidant and anti-inflammatory properties. Overall, these figures and the table
provide comprehensive insights into the postbiotic composition, their therapeutic potential,
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nutritional value, and bioactive metabolites. On the other hand, Figure 7 displays the
profile of sufficient metabolites in each comparison of L. plantarum groups using Volcano
and Venn-map software (https://grapholite.com/Diagrams/VennDiagrams).

Figure 7. Volcano and Venn-map profile of sufficient metabolites in each comparison of L. plantarum
groups. The graph represents the relationship between the fold change value (log2FC) and the
statistical test value (−log10 (p_value)) of metabolite expression differences between two groups.
The x-axis represents the fold change value, indicating the magnitude of the expression difference,
while the y-axis represents the statistical test value, indicating the significance of the difference. The
values on both axes are logarithmically processed. Each point on the graph represents a specific
metabolite, and the size of the point corresponds to the VIP (Variable Importance in Projection)
value. Significantly up-regulated metabolites are denoted by red points, significantly down-regulated
metabolites are denoted by blue points, and non-significantly different metabolites are represented
by gray points. By analyzing the distribution of points, it can be observed that metabolites with
down-regulated expression appear on the left side of the graph, while metabolites with up-regulated
expression appear on the right side. The further to the left or right, and the higher the position of the
point, the more significant the expression difference of the metabolite.

https://grapholite.com/Diagrams/VennDiagrams
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The Volcano plot and Venn diagram show the metabolite profiles for each comparison
group of Lactiplantibacillus plantarum (Figure 7). Upon analyzing the distribution of these
points, a pattern emerges: metabolites with down-regulated expression tend to appear on
the left side of the graph, while metabolites with up-regulated expression tend to appear
on the right side. The position of a point, in terms of its distance from the center and its
height, indicates the significance of the expression difference for a particular metabolite. A
point that is farther to the left or right and higher in position indicates a more pronounced
expression difference for the corresponding metabolite.

4. Discussion

Recently, both probiotics and their metabolites, known as postbiotics, have gained
recognition for their therapeutic potential including the ability to eliminate pathogens,
strengthen the immune system, and restore balance in the gut microbiome [30,31].

The morphological characteristics of bacterial cells or colonies offer valuable insights
into their overall properties and shape. When combined with biochemical tests and mi-
croscopic examination, these characteristics aid in the identification and classification of
LAB isolates, serving diverse applications across industries, including pharmaceuticals and
food [32].

Probiotic screening involves in-depth in vitro evaluations to identify appropriate
strains. Although initial morphological observations offer insights, comprehensive analy-
sis is crucial for confirmation. This understanding aids in optimizing growth conditions
and maximizing the potential benefits of bacterial strains. The study on Lactiplantibacillus
plantarum aligns with previous research, describing it as a rod-shaped, Gram-positive LAB
with probiotic characteristics [5].

The discovery of certain Lactiplantibacillus plantarum strains harboring the gad gene
opens up promising avenues for studying GABA production. However, the significant
variation in GABA production among strains of the same species indicates the need for
further research to explore the various possibilities for GABA production. These findings
are consistent with prior studies conducted by Abdelazez et al. [7,28], who reported that the
length of the gad gene is around 1407 base pairs and also reported the promising benefits of
generated GABA for developing innovative functional foods that may have health benefits.

Understanding bacterial strains is essential for researchers to unlock their potential.
This process involves careful examination of morphological characteristics, microscopic
analysis, and additional tests. However, evaluating potential probiotics in live organisms
can be a time-consuming and costly endeavor. Thus, in vitro assessment is the primary
method used for probiotic screening. While morphological characteristics provide initial
identification clues, further analysis is crucial to confirm their classification. This knowledge
plays a critical role in optimizing growth conditions, including temperature and ventilation,
for specific applications, ultimately maximizing the potential utility of these bacterial
strains [33].

The study findings highlight the superior tolerance of Lactiplantibacillus plantarum
strains to NaCl and bile salts, as well as survivability under SPJ conditions, indicating their
potential to withstand the harsh pancreatic environment. These findings contribute to the
understanding of growth patterns under specific conditions and guide the optimization of
bacterial cultures, probiotic formulation, fermentation processes, and antimicrobial research.
The results are consistent with previous studies by Kouadri et al. [34], who emphasized
the robustness of Lactiplantibacillus plantarum strains in in vitro tests, simulating human
gastrointestinal conditions.

Nicosia et al. [35] conducted a study to test the tolerance of LAB strains to NaCl
concentrations. The findings indicated that only four strains, namely L. delbruekii (P14
and P38), L. rhamnosus (P50), and L. plantarum Q3C4, were capable of growing in the
presence of 10% (w/v) NaCl. These findings are consistent with the provided data, which
demonstrate that L. plantarum strains displayed relatively high growth rates at 0–8% (w/v)
concentrations of NaCl.
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Understanding the resistance of microbes to antibiotics is crucial in selecting probiotic
bacteria. Categorizing bacterial strains as resistant, sensitive, or intermediate is essential
for treatment decisions, infection control, and research and development efforts. This
knowledge enables researchers and healthcare professionals to make informed decisions
when choosing and administering LAB strains in probiotic formulations, ensuring the
efficacy and safety of these products. These considerations contribute to improved patient
outcomes and public health [36].

These collective findings provide a consistent understanding of antibiotic responses
and sensitivities exhibited by L. plantarum strains, contributing to the knowledge base for
antibiotic selection and usage in various applications. These findings align with previous
studies conducted by Abdelazez et al. [28], who confirmed the typical sensitivity of L. brevis
strains to antibiotics, particularly Chloramphenicol. Similarly, de Almeida et al. [37] re-
ported a 96% sensitivity to Chloramphenicol among the tested strains. Tulumoglu et al. [38]
found that 90% of Lactobacillus strains exhibited resistance to Gentamicin while being
sensitive to Ampicillin and Erythromycin. Generally, this study revealed that L. plantarum
strains showed increased susceptibility to specific antibiotics such as Penicillin, cefoxitin,
and Vancomycin. They are inhibited by Chloramphenicol, Erythromycin, and Tetracycline,
with levels falling below or equal to the European Food Safety Authority breakpoints [39].

Lactobacillus plantarum strains exhibited significant antagonistic activity against var-
ious pathogenic bacteria [40]. Also, Silva et al. [41] demonstrated the ability of differ-
ent LAB strains to suppress the growth of foodborne pathogens, with varying degrees
of effectiveness.

The antimicrobial activity of the investigated L. plantarum strains has been attributed to
the production of specific postbiotics, including organic acids, enzymes (e.g., proteinase K,
pepsin, and trypsin), and catalase [42]. Our results align with these findings, confirming the
postbiotic activity of these strains against pathogenic bacteria. Furthermore, Fossi et al. [43]
emphasized the potential antimicrobial mechanisms employed by microorganisms, such
as the production of antimicrobial compounds, bacteriocins, competitive nutrient action,
inhibition of binding through competition, and modulation of the immune system.

These findings align with previous research by Zhang et al. [44], who demonstrated
that the Lactiplantibacillus plantarum strain HOM3204 displayed plasticity in mimicking
gastrointestinal and intestinal juices, indicating its capacity to withstand gastrointestinal
conditions. Additionally, it exhibited strong adhesion to Caco-2 cells, which serve as a
model for intestinal epithelial cells, and demonstrated notable antibacterial activity. These
findings carry significant implications for maintaining a healthy gut microbiome. Overall,
the study results provide valuable insights into the resilience and beneficial characteristics
of Lactiplantibacillus plantarum strains, particularly their ability to survive in challenging
environments and interact positively with the gastrointestinal system.

Fermentation of sugars is a significant test for characterizing and identifying different
LAB strains. Lactobacillus plantarum is a type of LAB that uses fermentable carbohydrates
as its primary energy source and produces lactic acid as its main byproduct. This species
can adapt well to different environments, which allows it to ferment a wide variety of
carbohydrates, including monosaccharides, disaccharides, and polysaccharides. Depend-
ing on the available substrates and specific conditions, L. plantarum can ferment sugars
to produce other organic acids such as acetic acid and succinic acid, as well as ethanol
or carbon dioxide as major metabolites. Also, it can switch between heterofermentative
and homofermentative modes of metabolism depending on the carbon source [45]. The
results obtained are in line with [46], who showcase the metabolic flexibility of L. plantarum
strains, as they can utilize several sugar sources as a carbon source for both fermentation
and growth.

Lactose, a disaccharide present in milk and milk derivatives, contributes significantly
to taste, texture, and nutritional composition. However, lactose maldigestion and intoler-
ance are common issues affecting carbohydrate digestion in the human gastrointestinal
tract [47]. Several studies have shown promising results in treating lactose dysdigestion
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by using LABs to aid in the breakdown of lactose in the small intestine. However, infants
can usually digest lactose, but this ability gradually diminishes with age, leading to lactose
maldigestion, which affects about 75% of the world’s population [48]. Individuals with lac-
tose maldigestion may experience symptoms such as abdominal bloating, pain, flatulence,
diarrhea, nausea, and discomfort after consuming lactose [49].

The ability of a strain to ferment specific sugars can vary due to specific genes or
the secretion of particular enzymes. By evaluating the fermentation capabilities of dif-
ferent strains, we can determine their unique characteristics and suitability for specific
applications [19].

β-D-galactosidase is a crucial enzyme that plays a vital role in the metabolism of
lactose, particularly in organisms that use lactose as their primary source of carbon. Its
deficiency or absence can lead to inadequate digestion and utilization of lactose, causing
lactose intolerance in humans and certain mammals. The obtained results revealed around
15 isolated LAB strains, particularly the six isolated L. planetarium strains, that demonstrated
the possession of the β-D-galactosidase enzyme, which can break down lactose to glucose
and galactose. The findings obtained were consistent with Plaza et al. [50], who indicated
that the colonization of LABs in the intestinal tract may help alleviate clinical symptoms
associated with undigested lactose and facilitate lactose hydrolysis in the small intestine.
This is due to LABs’ possession of β-D-galactosidase, which plays a crucial role in managing
lactose tolerance in the host intestine.

The positive results obtained from Lactiplantibacillus plantarum highlight its potential to
promote intestinal health. These probiotic strains have been shown to possess antibacterial
properties and the ability to survive harsh conditions such as high NaCl, bile, SPJ, and
antibiotics. Based on these findings, it is important to investigate the postbiotic products
produced by four specific L. plantarum strains (Ne2-11, 23, 28, and 29) to further explore
their unique properties.

Postbiotics refer to a mixture of metabolic products that are secreted by probiotics
in cell-free supernatants. These products include enzymes, proteins, short-chain fatty
acids, vitamins, biosurfactants, amino acids, peptides, and organic acids. However, it is
important to note that the term ‘postbiotics’ is often used to refer to both postbiotics and
paraprobiotics without a clear distinction [31].

Postbiotics have several advantages over probiotics, including their purity, ease of
production and storage, scalability for large-scale production, specific mechanisms of
action, improved accessibility of Microbe-Associated Molecular Patterns (MAMPs) during
recognition and interaction with Pattern Recognition Receptors (PRRs), and the ability to
trigger targeted responses through specific ligand–receptor interactions [30].

Lately, probiotics and their resulting metabolites ‘postbiotics’ have showcased a wide
range of therapeutic attributes. These include eradicating pathogenic microorganisms
linked to various diseases, bolstering the host’s immune response, and restoring the natural
equilibrium within the human gut microbiome [30]. The current focus in developing inter-
ventions for gastrointestinal microbiota disorders revolves around enhancing traditional
probiotics and creating postbiotics derived from them [51]. Briefly, the obtained results
presented collectively enhance comprehension of the metabolic capabilities of L. plantarum
strains and their potential impact on human health. The distribution and abundance of
specific postbiotic molecules offer valuable insights into the functional properties of these
strains, positioning them as potential probiotics. Recent research has highlighted the po-
tential of L. plantarum as a carrier for vaccines, offering an exciting avenue for developing
anti-tumor vaccines using food-grade microorganisms [52].

The biochemical evaluation revealed that the postbiotics produced by L. plantarum
encompass a diverse array of biological components. These include antibiotics, hormones,
organic and amino acids, and various types of vitamins. Additionally, the postbiotics
consist of different peptides and drugs that may possess therapeutic activities, potentially
benefiting human health by boosting the immune system. These findings agree with those
of Rozhkova et al. [51], who previously explored the postbiotics’ composition and diverse
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array of functional properties. Moreover, L. plantarum strains are a rich source of various vi-
tamins, which further contribute to their nutritional value, as well as polyunsaturated fatty
acids. The strains also produce unique amino acid derivatives like (R)-beta-aminoisobutyric
acid and gamma-aminobutyric acid-betaxanthin, which can be explored in a wide range of
immunotherapy applications [31].

The utilization of GABA-producing LAB strains presents a cost-effective solution due
to their safety, ease of cultivation, and manipulation. Additionally, incorporating GABA
as a postbiotic in food products offers probiotic benefits, promoting gut health, overall
well-being, and the development of innovative functional food products enriched with
GABA. Furthermore, GABA can play a crucial role in extending the shelf life of food
products, enhancing their value within the industry [53].

Previous studies uncovered distinct biological functions between the two types of
gamma-aminobutyric acid compounds owing to their unique chemical structures and
properties. The first compound, known as gamma-aminobutyric acid-betaxanthin, has
antioxidant activity as a betaxanthin compound. It possesses the ability to scavenge
free radicals and reduce oxidative stress in cells and tissues. Besides contributing to the
coloration of certain plants, such as flowers and fruits, betaxanthins provide various hues
like yellow, orange, and red. Some studies suggest potential health benefits, including
anti-inflammatory and anti-cancer properties. These potential benefits may be due to the
presence of betaxanthin [54].

Additionally, R-beta amino iso-butyric acid (R-BAIB), the second compound, has
been studied for its role in modulating cellular metabolism, including glucose and lipid
metabolism. It exhibits antioxidant properties, offering protection against oxidative damage
caused by free radicals. Research suggests that R-BAIB may positively impact insulin
sensitivity, thereby potentially improving glucose regulation [55].

Postbiotics have the potential to be used in conjunction with probiotic microorganisms.
They exhibit high digestibility and resistance to gastrointestinal conditions, making them
suitable for developing products with functional properties. Approximately 95–97% of
postbiotics remain unchanged and reach the colon, where their biologically active com-
pounds immediately engage in metabolic reactions upon entering the gastrointestinal tract.
This eliminates the colonization problem associated with probiotics, which can antagonize
resident microbiota [30]. This study’s findings illuminate the promising probiotic, fermen-
tative, antimicrobial, and postbiotic properties of LAB isolates, especially L. plantarum
strains. The diverse bioactive components in L. plantarum supernatant signal a new era in
immunotherapy research, offering exciting opportunities for novel disease treatments.

5. Conclusions

This study provides a comprehensive exploration of Lactiplantibacillus plantarum iso-
lates, covering their morphology and genetic properties. In vitro assessments revealed the
potential probiotic of six L. plantarum isolates, characterized by strong sugar fermenta-
tion capabilities and β-D-galactosidase production. These isolates also displayed notable
antagonistic activity against pathogens and exhibited significant antibiotic resistance, sug-
gesting their potential as natural defense agents in the gastrointestinal tract. Furthermore,
five L. plantarum strains were found to express the gad gene, associated with the produc-
tion of gamma-aminobutyric acid (GABA), while four specific strains showcased unique
biological components. These findings underscore the importance of further research in
fully understanding and utilizing the therapeutic potential of these strains, particularly in
the field of postbiotic applications.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/fermentation10060309/s1, Table S1: Genome analysis of L. plantarum
strains; Table S2: Nomenclature of the most bioactive postbiotic metabolites by L. plantarum strains.
References [56–103] are cited in the supplementary materials.

https://www.mdpi.com/article/10.3390/fermentation10060309/s1
https://www.mdpi.com/article/10.3390/fermentation10060309/s1


Fermentation 2024, 10, 309 22 of 26

Author Contributions: Conception and design were contributed to by all authors. H.A.-m., A.A.,
P.W., G.A. (Ghada Abady), G.A. (Garsa Alshehry), E.A., H.A. and S.A. performed conceptualization,
methodology, and writing—review and editing; H.A.-m., A.A., B.Y., L.X., Y.Z. and J.N. performed
investigation and formal analysis; G.A. (Ghada Abady), G.A. (Garsa Alshehry), E.A. and H.A.
obtained funding for the work, analyzed data, and assisted with the initial writing and editing
process; and X.Z. performed supervision. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Taif University, Saudi Arabia, who supported this work
through project number (TU-DSPP-2024-167).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The researchers would like to acknowledge the Deanship of Scientific Research,
Taif University, for funding this work.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Patel, P.G.; Patel, A.C.; Chakraborty, P.; Gosai, H.B. Impact of Dietary Habits, Ethnicity, and Geographical Provenance in Shaping

Human Gut Microbiome Diversity. In Probiotics, Prebiotics, Synbiotics, and Postbiotics: Human Microbiome and Human Health;
Springer: Berlin/Heidelberg, Germany, 2023; pp. 3–27.

2. Yuan, H.; Wang, Z.; Wang, Z.; Zhang, F.; Guan, D.; Zhao, R. Trends in Forensic Microbiology: From Classical Methods to Deep
Learning. Front. Microbiol. 2023, 14, 1163741. [CrossRef] [PubMed]

3. Loh, J.S.; Mak, W.Q.; Tan, L.K.S.; Ng, C.X.; Chan, H.H.; Yeow, S.H.; Foo, J.B.; Ong, Y.S.; How, C.W.; Khaw, K.Y. Microbiota–gut–
brain axis and its therapeutic applications in neurodegenerative diseases. Signal Transduct. Target. Ther. 2024, 9, 37. [CrossRef]
[PubMed]

4. Kleerebezem, M.; Hols, P.; Bernard, E.; Rolain, T.; Zhou, M.; Siezen, R.J.; Bron, P.A. The extracellular biology of the lactobacilli.
FEMS Microbiol. Rev. 2010, 34, 199–230. [CrossRef] [PubMed]

5. Jia, F.-F.; Zhang, L.-J.; Pang, X.-H.; Gu, X.-X.; Abdelazez, A.; Liang, Y.; Sun, S.-R.; Meng, X.-C. Complete genome sequence of
bacteriocin-producing Lactobacillus plantarum KLDS1.0391, a probiotic strain with gastrointestinal tract resistance and adhesion to
the intestinal epithelial cells. Genomics 2017, 109, 432–437. [CrossRef] [PubMed]

6. Abdelazez, A.; Mohamed, D.M.; Refaey, M.M.M.; Niu, J. Intervention effect of freeze-dried probiotic and unripe banana pulp
combination on Set-Type bio-yogurt production during storage. J. Food Meas. Charact. 2023, 1, 18. [CrossRef]

7. Abdelazez, A.; Abdelmotaal, H.; Evivie, S.E.; Bikheet, M.; Sami, R.; Mohamed, H.; Meng, X. Verification of Lactobacillus brevis
Tolerance to Simulated Gastric Juice and the Potential Effects of Postbiotic Gamma-Aminobutyric Acid in Streptozotocin-Induced
Diabetic Mice. Food Sci. Hum. Wellness 2022, 11, 165–176. [CrossRef]

8. Pannerchelvan, S.; Rios-Solis, L.; Faizal Wong, F.W.; Zaidan, U.H.; Wasoh, H.; Mohamed, M.S.; Tan, J.S.; Mohamad, R.; Halim, M.
Strategies For Improvement of Gamma-Aminobutyric Acid (GABA) Biosynthesis via Lactic Acid Bacteria (LAB) Fermentation.
Food Funct. 2023, 14, 3929–3948. [CrossRef]

9. Cha, X.; Ding, J.; Ba, W.; You, S.; Qi, W.; Su, R. High Production of γ-Aminobutyric Acid by Activating the xyl Operon of
Lactobacillus brevis. ACS Omega 2023, 8, 8101–8109. [CrossRef]
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