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ABSTRACT

The study was conducted to produce y-aminobutyric acid (GABA)-enriched fermented milk by formulating synbiotics through the
amalgamating of the potential probiotic strain, Lactiplantibacillus plantarum B13, isolated from ‘Budu’ (fermented fish sauce), with a
variety of prebiotics (inulin, galactooligosaccharides, sorbitol, maltodextrin, corn starch, apple, and pear) at varying concentrations (1, 2
and 3 % (w/v)). The fermentation process was carried out in skimmed milk, maintained at 37 °C, and agitated at 150 rpm for 48 hours.
The findings indicate that prebiotic supplementation, particularly at a concentration of 3 % (w/v), significantly enhanced GABA
production, lactic acid levels, and the proliferation of L. plantarum B13. Among the tested prebiotics, inulin emerged as the most effective
in synergising with L. plantarum B13. This combination yielded the highest production of GABA (8.326 + 0.0488 g/L), lactic acid (41.45
+0.167 g/L), and the highest viable cell counts (8.747 + 0.0058 log10 CFU/mL) in fermented milk. Additionally, the antioxidant activity,
assessed through DPPH radical scavenging, revealed that the inclusion of apple and pear as natural prebiotics sources at 3 % (w/v) resulted
in the highest values (42.37 + 2.352 % and 37.38 + 0.8094 %, respectively). Thus, a synbiotic formulation comprising L. plantarum B13
and inulin at 3 % (w/v) is identified as the most favourable, demonstrating promising potential in the development of functional foods and

beverages.
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INTRODUCTION

Lactic acid bacteria (LAB) have been extensively utilised in the food industry,
specifically in the production of fermented foods (Pannerchelvan et al., 2023a).
In recent years, y-aminobutyric acid (GABA) producing LAB have garnered
considerable interest due to multiple health benefits that have high application
potentials in the food and health-oriented industry as well as their generally
recognised as safe (GRAS) status. GABA, a non-protein amino acid with four
carbon atoms, is synthesised from L-glutamate by the enzyme glutamic acid
decarboxylase (GAD) and the cofactor pyridoxal-5-phosphate (PLP) (Sarasa et
al., 2019). High GABA synthesis by LAB is associated with both adequate
glutamic acid levels in the dietary matrix and its GAD activity (Pannerchelvan et
al., 2023b). A considerable proportion of GABA-producing LAB species have
been extracted from fermented foods and subsequently employed in the production
of naturally nutritious foods fortified with GABA (Pannerchelvan et al., 2023a).
GABA-enriched foods and beverages provide a natural and cost-effective way to
obtain the beneficial effects of GABA. Numerous studies have been conducted to
support the claims of the health benefits of daily GABA consumption through
natural and GABA-enriched foods and beverages. GABA-enriched fermented milk
produced by Lactobacillus brevis DL1-11 have been demonstrated to improve
sleep and reduce anxiety-related behaviour in mice following oral administration
of 33.33 mg/kg body weight of the product (Yu et al., 2020). A study by Kanehira
et al. (2011), reported that a 50 mg dose of GABA dissolved in a beverage
significantly helped to reduce the psychological and physical fatigue in 30 healthy
human subjects, nine whom had been diagnosed with chronic fatigue. Another
study found that candidates experienced a decline in alpha wave over time while
performing an arithmetic duty (Yoto et al., 2012). However, those that orally
received a 100 mg dose of GABA showed a smaller decline compared to those that
did not receive GABA. Meanwhile, daily oral consumption of defatted rice germ
containing 26.4 mg of GABA has been shown to effectively treat neurological
disorders (Okada et al., 2000). The study demonstrated that consuming GABA-
enriched rice germ three times a day helped to alleviate common mental symptoms
such as sleeplessness, depression and somnipathy during menopausal and the
presenile period.

Skimmed milk can serve as a medium for cultivating probiotics to produce GABA-
enriched fermented milk (Galli ef al., 2022). It contains lactose, vitamins (A and

D), and minerals (particularly Ca, K and Na) which are essential for promoting the
growth of L. plantarum (Solval et al., 2020). Fermented milk produced using two
different starter combinations (L. lactis and L. rhamnonus or L. paracasei) was
found to have a maximum GABA content of 185.81 + 24.0 and 319.72 + 27.15
mg/L, respectively (Galli et al, 2022). Similarly, Ramos and Poveda (2022)
successfully produced fermented milks using L. paracasei Lb41 and L. plantarum
Lb56, which exhibited GABA concentrations of approximately 200 mg/L.
Additionally, these fermented milk products demonstrated higher viscosity than
the control and possessed favourable and distinctive sensory attributes.
Meanwhile, Lee et al. (2022) developed a fermented dairy product with higher
levels of beneficial substances using a stepwise co-fermentation process involving
B. subtilis HA and L. plantarum EJ2014. This co-fermented milk was successfully
enriched with beneficial components such as y-PGA, GABA, peptides, and
probiotics. Furthermore,it exhibited a unique fragrance reminiscent of seasoned
cheese.

The combination of prebiotics and probiotics results in the formation of synbiotics,
which serve as a source of nourishment for microorganisms while providing the
host with beneficial bacteria (Singla and Chakkaravarthi, 2017). A synbiotic
product enhances the survival and implantation of live microbial dietary
supplements in the gastrointestinal system by selectively promoting the growth
and/or activating the metabolism of specific health-promoting bacteria, thereby
benefiting the host. To create a synbiotic, it is necessary for the probiotic to have a
greater effect when combined with a prebiotic than when used alone, and vice versa
(Kearney and Gibbons, 2017). Nevertheless, incorporating synbiotics into food
remains a significant challenge, as several factors must be considered: (1) the type
of bioactive compound (probiotic, prebiotic, synbiotic), (2) the food matrix (solid
or liquid), including its complexity or simplicity, (3) the food processing method,
as it is crucial to incorporate the bioactive component at the appropriate stage to
preserve its chemical function and properties, and (4) sensory acceptability (as
many studies focus solely on ensuring that the bioactive compound is present in
the minimum quantities required to provide a benefit to the consumer without
negatively affecting the sensory characteristics of the product) (Gonzélez-Herrera
et al., 2020). Despite these challenges, combining specific probiotics with ideal
prebiotic substrates, known as synbiotics, can be a highly effective therapeutic
approach, offering the combined benefits of both probiotics and prebiotics (Yadav
etal.,2022).
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GABA, a principal neurotransmitter, holds significant potential for health-
promoting benefits. However, its systematic incorporation into dairy products
through a synbiotic approach remains a nascent area of research. This limitation
stems from the complexity inherent in synbiotic development, which necessitates
the strategic pairing of a specific prebiotic with a compatible probiotic strain.
Therefore, this study investigates the use of selected prebiotics to establish a
synbiotic effect with Lactiplantibacillus plantarum B13, aiming to enhance GABA
synthesis in fermented milk products.

MATERIALS AND METHODS
Maintenance of L. plantarum B13 strain

The L. plantarum B13 strain used in this study was originally isolated from budu,
a traditional fermented fish sauce commonly consumed in Malaysia. The L.
plantarum B13 strain (GenBank accession number of ON482178.1) was deposited
(UPMC 1492) at the Microbial Culture Collection Unit (UNiCC), Universiti Putra
Malaysia. The broth culture was prepared by transferring 100 pL of the stock
culture into 10 mL de Man Rogosa-Sharpe (MRS) broth medium and incubating
for 48 hours at 37 °C in an incubator (SI-50D, Protech, Malaysia). The culture was
then transferred onto an MRS agar plate and incubated for another 48 hours at 37
°C. A single colony was picked and transferred into fresh MRS broth, followed by
24 hours of incubation at 37 °C. Glycerol stock culture was prepared by mixing 40
% (v/v) glycerol with the cell culture in a 1:1 ratio. The glycerol stock culture was
stored at -80 °C for further use.

In vitro characterisation of potential probiotic L. plantarum B13

Acidic pH, bile salts and phenol tolerance: As described by Mohd Yusof et al.
(2020), the inoculum was initially prepared by transferring 1 mL of stock culture
into 9 mL of MRS broth, followed by incubation at 37 °C for 24 hours.

For the acidic pH tolerance test, 1 mL of the overnight culture was transferred into
9 mL of MRS broth, with the pH adjusted to 2.5 and 3.5 using hydrochloric acid.
The samples were then incubated at 37 °C for 4 hours.

For the bile salt tolerance test, the overnight culture was transferred into MRS broth
containing 0.1 %, 0.3 %, and 0.5 % (w/v) oxygall (Lu et al., 2024), followed by
incubation at 37 °C for 4 hours. Serial dilution was performed, and the diluted
samples were inoculated onto MRS agar using spread plate method to determine
the number of viable cells at 0 hour and 4 hours. The survival rate of the cells was
calculated using the following equation:

Number of viable cells survived (%)

Number of initial viable cells inoculated (%)

survival rate (%) = x100%

For the phenol tolerance test, I mL of the overnight culture was inoculated into 9
mL MRS broths containing 0.2 % and 0.5 % (w/v) phenol. MRS broth without
phenol was used as a control. The cultures were incubated at 37 °C for 24 hours,
and the ODg readings were recorded by a UV-visible spectrophotometer (UviLine
9400, SI Analytics, Germany). Subsequently, the three different cultures were
inoculated onto MRS agar using spread plate method and incubated for 24 hours.
The number of viable cells was then counted.

Cell surface hydrophobicity and cellular autoaggregation: The experiments were
conducted using the microbial adhesion to solvents (MATS) method, as reported
by Rosenberg ef al. (1980), with minor modifications. The culture was initially
prepared and incubated at 37 °C for 24 hours. The overnight culture was then
centrifuged (Microfuge® 16, Beckman Coulter, USA) at 2097 xg for 10 minutes,
followed by washing twice with phosphate-buffered saline (pH 7.4). The pellets
were collected and resuspended in phosphate-buffered saline to achieve an
absorbance reading of 0.8 at 600 nm (A,). The solvent and culture suspension were
mixed with al:1 ratio and vortexed for 2 minutes. The mixture was then allowed
to phase-separate at 37 °C for 30 minutes. After that, the aqueous phase was
collected, and its absorbance was measured at 600 nm (A;). Three different
solvents were used: toluene (an apolar solvent), chloroform (monopolar and acidic
solvent) and ethyl acetate (monopolar and basic solvent). The percentage of
hydrophobicity was calculated using the following equation:

Hydrophobicity (%)
_[Initial optical density (A,) — Final optical density (A;)]

1 0,
Initial optical density (A,) x100%

The method described by Giri et al. (2018) was followed to access cellular
autoaggregation. Briefly, the overnight grown culture was centrifuged at 2097 xg
for 10 minutes, followed by washing twice with phosphate-buffered saline. Then,
the pellets were resuspended in phosphate-buffered saline to achieve an absorbance
reading of approximately 1.0 at 600 nm (A,). The culture suspension was vortexed
for 30 seconds and subsequently incubated at 37 °C. After that, ODsg readings
were recorded at certain time points (1, 4 and 24 hours) using a UV-visible
spectrophotometer. The percentage of cellular autoaggregation was calculated
using the following equation:

Autoaggregation (%)
__ [Initial optical density (A,) — Final optical density (A;)]

Initial optical density (A,)

x100%

Exopolysaccharide (EPS) production: According to Nambiar et al. (2018), the
MRS agar was supplemented with 5 % (w/v) glucose before inoculating L.
plantarum B13 onto the medium. The plates were then incubated at 37 °C for 24
to 48 hours. By using the loop touch method, the sticky or viscous characteristics
of the strain were visually assessed to ascertain the EPS-production.

Antibacterial activity: The antibacterial activity of the strain was assessed using
the agar well diffusion method according to Mohd Yusof et al. (2020) with some
modifications. The antibacterial activity of L. plantarum B13 was tested against
Gram-positive (Staphylococcus aureus and Bacillus subtilis) and Gram-negative
pathogens (Escherichia coli and Salmonella typhimurium). All pathogens were
obtained from the Department of Microbiology, Faculty of Biotechnology and
Biomolecular Science, Universiti Putra Malaysia. For the test cultures, glycerol
stocks of each microorganism were prepared by growing them on sterile nutrient
agar for 24 hours at 37 °C. A loopful of a single colony from each strain was then
inoculated into 10 mL of nutrient broth and incubated for 24 hours at 37 °C. For
the assay, a lawn culture of each strain was prepared by spreading the broth culture
evenly over the surface of Mueller Hinton Agar (MHA). Four wells, approximately
8 mm diameter, were made on the surface of the agar plate using a sterile pipette
tip. Then, 100 puL of the supernatant from the samples (centrifuged at 9000 x g for
10 minutes and filtered) was pipetted into the wells. A volume of 20 puL of 10 pg
ampicillin (a reference dose that complies with the standards set by the Clinical
and Laboratory Standards Institute (CLSI, 2023)), was used as the positive
control, while distilled water served as the negative control. A positive result was
indicated by the appearance of a clear zone, which was measured in millimetres.

Preparation of prebiotics

Inulin (Sigma-Aldrich™, USA), galactooligosaccharides (EvaChem®, Malaysia),
sorbitol (SB), maltodextrin (EvaChem®, Malaysia), corn starch (Cap Bintang®,
Selangor, Malaysia), apple (Malus pumila), and pear (Pyrus communis) were
selected as prebiotic sources in this study. Each prebiotic was prepared in three
different concentrations: 1 %, 2 %, and 3 % (w/v). Due to the inherent differences
in the physical state of the fruits, both apple and pear were cut into smaller cubes,
weighed, and finely ground using a handheld blender before being added to the
fermentation medium. These steps were essential to increase the total surface area
available for interaction with L. plantarum B13.

Profiling of L. plantarum B13 batch cultivation in skimmed milk

The overnight culture of L. plantarum B13 (10 % v/v) was inoculated into
skimmed milk (Sunlac, New Zealand), supplemented with 1 % (w/v) monosodium
glutamate (MSG) (Sigma-Aldrich™, USA), for a total fermentation volume of 50
mL in a 250 mL shake flask. Incubation was carried out in an incubator shaker (IS-
971R, Lab Companion, USA) at 150 rpm and 37 °C for 54 hours. Sampling was
done for the measurement of cell growth, GABA, lactic acid concentrations, as
well as pH changes.

Production of GABA-enriched fermented milk supplemented with prebiotics

The culture of L. plantarum B13 (10 % v/v) was inoculated into skimmed milk,
supplemented with 1 % (w/v) MSG, and individually tested with various
prebiotics, including inulin (INU), galactooligosaccharides (GOS), sorbitol (SB),
maltodextrin (MD), corn starch (CS), apple (A) and pear (P), at concentrations of
1 %, 2 %, and 3 % (w/v), each in a separate shake flask. The selection of these
three prebiotic concentrations was based on the method described by Zahid et al.
(2021), with some modifications. All samples were prepared in triplicates to ensure
data reliability and reproducibility. The total volume fermentation volume for each
batch was set at 50 mL. Fermentation was halted at 48 hours, and the samples were
centrifuged (Microfuge® 16, Beckman Coulter, USA) at 15000 x g for 10 minutes.
The supernatant was collected for the measurement of cell growth, GABA and
lactic acid concentrations, and antioxidant activity.

Measurement of cell viability by colony forming unit (CFU)

Serial dilution was initially performed on the samples before spread plate culture
on MRS agar. A 100 uL volume of each diluted sample was pipetted onto the agar
and evenly spread using a sterile glass rod. The plates were then incubated at 37
°C for 48 hours in an incubator (SI-50D, Protech, Malaysia). CFU analysis was
conducted and recorded after the 48-hour incubation period. The number of cells
per mL of the original cell culture (CFU/mL) was measured as follows:

Number of cells per mL (CFUs/mL) = Noof mhmieos :Zilum" factor

GABA analysis

GABA production by the bacterial strains during fermentation was analysed using
thin layer chromatography (TLC) and colorimetric estimation methods.
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The TLC technique, as described by Rayavarapu et al. (2021) and Villegas et al.
(2016) with some modifications, was employed for the qualitative analyse GABA
synthesis. A 2 pL volume of the supernatant was extracted and applied onto TLC
60F254 aluminium sheets (Merck, Darmstadt, Germany). These sheets were
subsequently immersed in a solution containing n-butanol, acetic acid, and water
in a 5:3:2 ratio, which served as the mobile phase. The presence of GABA was
indicated by the appearance of a red-coloured spot on the TLC plate. This spot was
compared to a standard GABA reference after applying a 1.0 % ninhydrin reagent
solution and incubating at 70 °C for 30 minutes in a dryer (FDD-720, Protech,
Malaysia).

The colorimetric estimation method described by Dikshit and Tallapragada
(2015) was used to further analyse GABA. Following TLC, the detected GABA
spots were collected by scraping them into a powdered form. The resulting powder
was then transferred into a glass tube containing 3 mL of borate buffer (pH 7) and
0.5 mL of ninhydrin reagent (Macklin®, Shanghai, China; 0.8 % concentration
dissolved in acetone). The sample was then vigorously mixed using a vortex mixer
before placed in a water bath at 70 °C for 20 minutes. Absorbance was measured
at 570 nm using a UV-visible spectrophotometer (UviLine 9400, SI Analytics,
Germany). A standard curve was generated using a standard GABA compound at
various concentrations (0 to 10 pg/uL) to determine the GABA concentration in
the samples. The blank was prepared by mixing equal volumes of borate buffer
and ninhydrin reagent, without the addition of any samples.

Lactic acid analysis

The supernatant sample was used to determine the lactic acid concentration by
mixing 25 pL of each centrifuged sample with 1000 pL of a 0.2 % iron (III)
chloride (FeCl;) solution and vortexing to ensure thorough mixing
(Borshchevskaya et al., 2016). The absorbance was measured at 390 nm using a
UV-Vis spectrophotometer within 15 minutes, ensuring the solution’s colour
remained stable. The reference solution for the spectrophotometer was prepared
using 2 mL of the fermentation medium without any cells. A lactic acid standard
curve was generated with concentrations ranging from 0.02 to 0.2 mg/uL.

pH changes

For pH measurement, the remaining fermentation liquid, after sampling for GABA
and lactic acid analysis, was used to determine the pH value. The pH probe of the
pH meter (Eutech pH 700, Thermo Fisher Scientific, United States) was immersed
in the fermentation liquid, and the recorded pH value was noted.

Antioxidants activity by DPPH radical scavenging activity

Antioxidant activity (free radical scavenging) was determined according to the
method described by Son and Lewis (2002). A 500 pL volume of freshly prepared
0.06 mg/mL 2,2-diphenyl-1-picrylhydrazyl (DPPH) solution was aliquoted into
a methanol-containing supernatant sample (25 puL + 475 pL methanol) and
thoroughly mixed before being incubated in the dark for 30 minutes at room
temperature. Methanol was used as a blank, while an equal volume of methanol
and DPPH (1:1) served as the control. After incubation, absorbance was measured
at 517 nm using a UV-Vis spectrophotometer. DPPH free radical scavenging
activity (RSA) was calculated as a percentage using the following formula:

_ Control Absorbance (Acontrol)—Sample Absorbance (Asample)

x 100

RSA (DPPH) (%)

Control Absorbance (Acontrol)
Statistical analysis

All experimental data were analysed using GraphPad Prism 9.0 (San Diego, CA,
USA). Statistical differences between the means were evaluated using one-way
analysis of variance (ANOVA) with a significance level of p < 0.05. Multiple
comparisons of means were conducted using Tukey's multiple range test. All
experiments were performed in triplicate. The mean values and standard errors of
each sample were presented as means + standard error of the mean (means + SEM).

RESULTS AND DISCUSSION
In vitro characterization of potential probiotic L. plantarum B13

Tolerance to acidic pH, bile salts and phenol: It is essential for probiotics to
withstand both acidic and alkaline conditions to survive in the human’s
gastrointestinal tract (Prete ef al., 2020). In the duodenum, bile secreted from the
gallbladder breaks down the lipid membrane of cells, causing leakage of cell
contents and ultimately leading to cell death. Therefore, to reach the small intestine
and maintain their viability for a prolonged period while exerting beneficial effects,
probiotics LAB must demonstrate tolerance to bile and acidic pH. As shown in
Table 1, L. plantarum B13 remained viable at pH 2.5 and 3.5 after 4 hours of
incubation, with a higher survival rate at pH 3.5 compared to pH 2.5 that equivalent
t0 91.62 % and 65.62 %, respectively.

L. plantarum B13 also demonstrated ability to survive in the presence of bile salts.
Cell viability slightly decreased after 4 hours of incubation in bile salt

concentrations of 0.1 % (w/v), 0.3 % (w/v), and 0.5 % (w/v). The strain remained
viable with survival rates of 87.93 % and 60.44 % when grown in medium
containing 0.1 % (w/v) and 0.3 % (w/v) bile salts, respectively. However, when
the bile salt concentration was adjusted to 0.5 % (w/v), the survival rate of L.
plantarum B13 declined to 50.00 %. This indicates that higher bile salt
concentrations reduce cell viability (log CFU/mL). According to Nath et al.
(2020), high bile salt concentrations damage the cell membrane by breaking down
lipids and fatty acids, leading to increased cell permeability and ultimately causing
cell death. However, considering that the average bile salt concentration in the
human gastrointestinal tract ranges from 0.03% to 0.3% (w/v), a survival rate
exceeding 50% can be considered indicative of good bile tolerance in the intestinal
environment (Ou et al, 2022). The findings of this study align with previous
research by Kouadio et al., (2024), which reported that L. plantarum FS46,
isolated from fermented Dockounou paste, exhibited a survival rate of 68.62 %
after 4 hours of exposure to 0.3 % bile salts. Similarly, L. plantarum TA4, isolated
from the Malay traditional fermented food (7apai pulut), was reported by Mohd
Yusof et al. (2020) to survive at pH 2.5 and 3.5, with survival rates of 79 % and
90.5 %, respectively. At a bile salt concentration of 0.3 % (w/v), L. plantarum TA4
maintained a survival rate of 83.2 %. Additionally, a potential probiotic L.
plantarum L7, isolated from a traditional rice-based fermented beverage “bhaati
jaanr” was found to remain viable at pH 2.0 and 3.0, as well as in a 0.3 % bile salt
concentration (Giri et al., 2018). Variations in survival rates among different L.
plantarum strains in bile salts may be attributed to differences in membrane
resilience, stress response efficiency, and environmental adaptation, suggesting
that their original habitats influence their tolerance levels (Prete et al., 2020).
Therefore, based on the results of this study, L. plantarum B13 is likely capable of
surviving and remaining viable in acidic conditions and the presence of bile salts
in the gastrointestinal tract, highlighting a key characteristic by probiotic strains.
Additionally, L. plantarum B13 also demonstrated the ability to survive in a
medium containing phenol. After 24 hours of incubation, the control (without
phenol) exhibited the highest cell viability (8.947 log CFU/mL), followed by the
0.2 % (w/v) phenol with a cell viability of 8.644 log CFU/mL, and the 0.5 % (w/v)
phenol with a cell viability of 7.893 log CFU/mL. The performance was superior
to that of L. plantarum TA4, which was previously demonstrated to maintain only
approximately 5 log CFU/mL at 0.5 % (w/v) phenol (Mohd Yusof ef al., 2020).
Phenol is a toxic metabolite that suppresses bacterial growth in the gut (Sharma
et al., 2022). Therefore, it is essential for probiotics to tolerate limited amounts of
phenol to survive in the gastrointestinal tract, as phenol is produced when gut
microorganisms deaminate various aromatic amino acids derived from dietary and
endogenous proteins. A phenol concentration of 0.4 % or higher may have a strong
inhibitory effect on probiotic cell viability (Nandha and Shukla, 2023).

Cell surface hydrophobicity, cellular autoaggregation and exopolysaccharide
production: Autoaggregation ability and cell surface hydrophobicity are two
independent traits, commonly used as indirect methods to assess the bacterial
adhesion capacity. The autoaggregation ability of probiotic strains is essential for
bacterial adherence and plays a crucial role in biofilm formation. Meanwhile,
bacterial adhesion capacity is closely associated with cell surface properties (Canzi
et al., 2005). Exopolysaccharides (EPS) are fundamental components of the
extracellular biofilm matrix and contribute significantly to biofilm developement
and bacterial persistence (Nguyen et al., 2020).

Toluene, chloroform, and ethyl acetate represent a non-polar solvent, a mono-polar
electron-accepting solvent, and a mono-polar electron-donating solvent,
respectively (Klopper et al., 2018). As shown in Table 2, L. plantarum B13
exhibited the strongest adherence to chloroform (72.48 %), followed by toluene
(25.31 %) and ethyl acetate (15.77 %). When comparing the polar solvents
(chloroform and ethyl acetate), the results indicate that L. plantarum B13 displayed
a greater affinity to the acidic solvent (electron accepting) chloroform than for the
basic solvent (electron-donating), ethyl acetate. This suggests that electrostatic
interactions between the bacterial cell surface and the solvent played a key role.
Electrostatic interactions occur between oppositely charges ions, such as cations
and anions. Furthermore, the high affinity of L. plantarum B13 for chloroform and
its low affinity for ethyl acetate suggest that this strain may have the potential to
colonise intestinal mucus, which carries a net negative charge (Klopper et al.,
2018). According to Polak-Berecka et al. (2014), L. rhamnosus PEN and L.
rhamnosus E/N also showed a greater tendency to adhere to chloroform, with
adherence rates of 81.62 % and 76.49 %, respectively, compared to ethyl acetate
and hexadecane, confirming their hydrophilic nature. Similarly, the results indicate
that L. plantarum B13 exhibited low adherence to the non-polar solvent (toluene),
suggesting that this strain has low hydrophobicity. According to Colloca et al.
(2000), cell surface hydrophobicity is influenced by the composition of surface
polymers in hydrophobic interaction.
It was observed that a longer incubation time led to increased autoaggregation
activity in L. plantarum B13. The highest autoaggregation activity (73.03 %) was
recorded after 24 hours of incubation, compared to 1 hour (19.98 %) and 4 hours
(33.80 %). Similarly, Mohd Yusof et al. (2020), reported that L. plantarum TA4
achieved its highest autoaggregation activity (99.33 %) after 24 hours of
incubation. In another study assessing the aggregation ability of various
Lactobacillus isolates (from the gut of native (desi) chickens), it was discovered
that three out of twenty L. reuteri strains exhibited significantly high
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autoaggregation potential, ranging from 57 to 98 % after 5 hours of incubation
(Aziz et al., 2019). Generally, autoaggregation percentages are classified as

follows: values above 70 % are considered high, between 20 % to 70 % as medium,
and below 20 % as low (Rahman et al., 2008).

Table 1 Tolerance of L. plantarum B13 under different pH, bile salt and phenol concentrations

Cell tolerance under different pH for the incubation time of 0 and 4 hours

pH 0 hour toplGH i 2 hours Survival rate (%)
2.5 8.241 +0.0299° 8.050 +0.1223* 65.62

3.5 8.294 +0.0375° 8.255 +0.0563* 91.62

Cell tolerance under different bile salt concentrations for the incubation time of 0 and 4 hours

Oxgall concentration (%) 0 hour log CFU/ml. 4 hours Survival rate (%)
0.1 6.461 +0.0424° 6.406 +0.0120* 87.93

0.3 5.259 £0.0507° 5.034+0.1129° 60.44

0.5 4.040 £ 0.0560° 3.690 +£0.3012° 50.00

Cell tolerance under different phenolic concentrations

Phenol concentration (%) log CFU/mL

Control (no phenol) 8.947 + 0.0058*
0.2 8.644 +0.0081°
0.5 7.893 +0.0037°

The results are expressed as mean (n = 3) + SD. Different letters in the column of each group are significantly different based on Tukey’s test at p < 0.05.

The results indicated that L. plantarum B13 did not produce EPS. According to
Wang et al. (2010), EPS production in microorganisms is influenced by the
composition of the growth medium and cultivation conditions (ie., temperature and
pH). For instant, in the optimization of medium formulation for L. plantarum
MTCC 9510, lactose, yeast extract, and ammonium sulphate were found to have a
significant impact on EPS production, which peaked after 72 hours of incubation
(Ismail and Nampoothiri, 2010). Changes in EPS production at different

temperatures (20, 30 and 37°C) were observed for several L. paracasei strains,
with an increase in EPS recorded at the lowest temperature (Bengoa et al., 2018).
Furthermore, Lactobacillus species have been reported to produce high amounts
of EPS at 35 °C and pH range of 6.5 to 7.0 (Ismail and Nampoothiri, 2010). In
this study, culture medium was initially adjusted to pH 5.5, which did not appear
to favour EPS production by L. plantarum B13.

Table 2 Cell surface hydrophobicity activity with different organic solvents, cellular autoaggregation assessment with different incubation time and EPS production

ability of the L. plantarum B13 strain

Cell surface hydrophobicity (%)

Cellular autoaggregation (%) EPS

Chloroform Toluene Ethyl acetate

1 hour 4 hours 24 hours Production

72.48 £0.1245°% 25.31+0.2138° 15.77 £0.4304°

19.98 + 0.1004¢

33.80 £0.2090° 73.03 +£0.0580* -

The results are expressed as mean (n = 3) = SD. Different letters in the rows of each group are significantly different based on Tukey’s test at p < 0.05.

Antibacterial activity: The antimicrobial effect of the cell-free supernatant of L.
plantarum B13 was evaluated against both Gram-positive and Gram-negative
pathogenic bacteria. Generally, the diameter of the inhibition zone classifies
bacteria as resistant (<9 mm), moderately sensitive (10-11 mm), or sensitive (>12
mm) to the sample (Sarker ef al., 2014). As shown in Table 3, the cell-free
supernatant of L. plantarum B13 was considered moderately sensitive, exhibiting
the highest antimicrobial activity against S. aureus with an inhibition zone of 11.50
mm. In contrast, the other three bacteria (E. coli, S. typhimurium and B. subtilis)
showed similar inhibition zone diameters of 10 mm. The antibacterial activity of
L. plantarum B13 against E. Coli, S. typhimurium and S. aureus was notably lower
compared to L. plantarum T4, which demonstrated inhibition zones of 19.33mm,
16.67 mm and 19.00 mm, respectively, as previously reported by Mohd Yusof et
al. (2020). The variation in final pH recorded for both strains (pH 3.84 for L.
plantarum B13 and pH 3.41 for L. plantarum T4) may have influenced their
inhibitory activity. This suggests that the two strains likely produced different
organic acids acting as inhibitory substances, leading to different antimicrobial
effects (Vizoso Pinto et al. 2006). Additionally, some studies have utilised viable
probiotic cells instead of cell-free supernatant for antimicrobial testing. For
example, Adeniyi et al. (2015), reported that viable cells of Enterococcus hirae
COG6A exhibited a stronger antimicrobial effect against E. coli CB6 than its cell-

free supernatant, with inhibition zones of 26 mm and 10 mm, respectively.
Similarly, Benitez-Serrano et al. (2018), demonstrated the antimicrobial activity
of the cell-free supernatant of L. plantarum and L. brevis against S. typhimurium
and E. coli. Meanwhile, L. plantarum strain GCC19M1 exhibited antimicrobial
activity against a broad spectrum of pathogens, including Bacillus cereus,
Acinetobacter  johnsonii,  Pseudomonas  aeruginosa,  Stenotrophomonas
maltophilia, Cedecea davisae and Achromobacter spanius (Nath et al., 2020). In
general, antimicrobial activity is often associated with bacteriocins produced by
LAB strains and their stability under acidic conditions (Alizadeh Behbahani ez
al., 2020). Beside bacteriocins, probiotics can synthesise various other
antimicrobial compounds, including organic acids (ie., lactic acid, acetic acid,
propionic acid, and succinic acids), hydrogen peroxide, ethanol, diacetyl, acetoine,
acetaldehyde, carbon dioxide, reuterin and reutericyclin, as part of their
metabolism pathways (Adeniyi et al., 2015). The organic acids produced by
probiotics contribute to acidity, creating unfacourable environment for certain
pathogenic bacteria to proliferate. Additionally, these organic acids can permeate
the cell membranes of pathogenic bacteria, leading to structural changes in the
phospholipid content within the cells (Arena et al., 2016).

Table 3 Antibacterial activity of cell-free supernatant of L. plantarum B13 against different bacteria strains

Sample Tested bacteria strain Zone of inhibition (mm)
E. coli 10.00 £ 0.1414¢
S. typhimurium 10.00¢
L. plantarum BI13 S. aureus 11.50 £ 0.0707¢
B. subtilis 10.00¢
E. coli 11.0 +£0.0707°
Ampicillin S. typhimurium 14.0 £ 0.1061*
(Positive control) S. aureus 11.0£0.1414°
B. subtilis 18.0 £ 0.1414°
E. coli 0.00°
Distilled water S. typhimurium 0.00°
(Negative control) S. aureus 0.00¢
B. subtilis 0.00°

The results are expressed as mean (n = 3) + SD. Different letters in the column of each group are significantly different based on Tukey’s test at p < 0.05.

Growth, GABA, lactic acid and pH changes profiles of L. plantarum B13 in
fermented milk

Fig. 1(A) illustrates the growth curve of L. plantarum B13 cultured in a skimmed
milk medium, incubated at 37 °C with an agitation speed of 150 rpm over 54 hours.

The initial concentration of L. plantarum B13 was recorded to be 6.637 log
CFU/mL, reflecting the cell density in the inoculum culture. During the first 12
hours, a slight increase in cell viablity was observed, reaching 6.724 log CFU/mL,

before further rising to a maximum of 6.821 log CFU/mL.
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During the initial 12-hour phase of fermentation, L. plantarum B13 exhibited
a slow rate of GABA biosynthesis (Fig. 1 (B)). The GABA production phase
became evident from the 24" hour, reaching a concentration of 1.681 g/L, followed
by a gradual increase to its peak at the 48th hour, where a maximum concentration
of 1.862 g/L was recorded. After reaching this peak, there was a noticeable
decrease in GABA levels as fermentation progressed, culminating in a diminished
yield by the 54" hour. This trend suggests a potential shift in metabolic activity or
the depletion of essential substrates required for sustained GABA synthesis.
According to Atanda et al. (2007), GABA synthesis initiates during the bacterial
growth phase and intensifies during the stationary phase due to heightened GAD
activity, which is an endogenous enzyme produced in response to acidic
conditions.

The synthesis of lactic acid was also tracked, revealing that rapid production
commenced within the first 3 hours of fermentation and increase progressively
over time (Fig. 1 (B)). Similar to GABA, lactic acid production peaked at the 48™
hour, registering a concentration of 26.54 g/L. Compared to GABA, lactic acid
concentrations were markedly higher, which aligns with the typical metabolic
profile of LAB, where lactic acid is the predominant metabolite produced
(Othman et al., 2017; Pannerchelvan et al., 2024).

Similarly, the pH of the fermentation medium exhibited a consistent downward
trajectory, starting at 6.58 at the 0™ hour and descending to 5.93 by the 54" hour
(Fig. 1 (A)). This inverse relationship between lactic acid concentration and pH is
anticipated, as the accumulation of lactic acid contributes to increased acidity in
the fermentation medium.
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Figure 1 The profiles of (A) cell growth based on log;o CFU/mL (m) and pH
changes (#) and (B) production of GABA (a) and lactic acid (e) of skimmed
milk fermentation by L. plantarum B13 at 37 °C and 150 rpm for 54 hours.

Production of GABA-enriched fermented milk with supplementation of
prebiotics by L. plantarum B13

Based on Fig. 2 (A), the highest CFU/mL was observed when prebiotic inulin
(INU) was employed in the fermented milk medium. Notably, high values were
recorded from 1 % (w/v) onwards, reaching 8.477 log CFU/mL at 1 % (w/v), 8.644
log CFU/mL at 2 % (w/v) and peaking at 8.747 log CFU/mL at 3 % (w/v). In
constrast, the lowest values were recorded when corn starch (CS) was used, with
log CFU/mL values starting at 6.879 at 1 % (w/v), increasing to 7.123 = 0.0077 at
2 % (w/v), and reaching a peak at 7.338 at 3 % (w/v). The data also revealed a
progressive increase in bacterial growth with increasing concentrations of
galactooligosaccharides (GOS), sorbitol (SB), apple (A), pear (P), and
maltodextrin (MD). Specifically, at 3% (w/v), the highest values recorded were
8.644 log CFU/mLfor galactooligosaccharides (GOS), 8.468 for sorbitol (SB),
8.277 apple (A), 7.893 for pear (P), and 7.527 for maltodextrin (MD). Compared
to the highest cell count (6.637 log CFU/mL) obtained in fermented milk without
the addition of prebiotic (CTRL), these findings highlight the role of each
supplemented prebiotic in escalating the growth of L. plantarum B13. Overall, a
noticeable pattern emerges in which higher prebiotic concentrations correspond to
increased bacterial growth, indicating a dose-dependent effect. Among the tested
prebiotics, the well-known sources, inulin (INU) and galactooligosaccharides
(GOS) (Vinayak et al., 2021), exhibited the greatest capacity for bacterial
proliferation, suggesting a synbiotic effects that may be particularly effective in

promoting the growth of L. plantarum B13. Savedboworn et al. (2017)
demonstrated that 2 % inulin was the optimal concentration for promoting the
growth of probiotic L. plantarum TISTR 2075 when fermented in Plai Ngahm
Prachin Buri rice extract. This concentration resulted in a viable cell count of
exceeding 8.94 log CFU/mL after 24 hours of fermentation at 37 °C. Similarly,
Rahimiyan-Heravan et al. (2020) reported that the combination of L. plantarum
1085 (ATCC 8014) and inulin not only increased cell counts but also improved
fertility parameters and reproductive capabilities.

As observed for cell viability, the highest GABA production was occurred at a
concentration of 3 % (w/v) for all tested prebiotics (Fig. 2(B)). At this
concentration, inulin (INU) yielded the highest GABA level at 8.326 + 0.0488 g/L,
followed closely by galacto-oligosaccharide (GOS) with a concentration of 7.217
+ 0.2687 g/L. In contrast, the lowest GABA production was recorded when
maltodextrin (MD) and corn starch (CS) were used as prebiotics, achieving 3.662
+0.0488 g/L and 2.686 + 0.1490 g/L, respectively. When compared to the highest
GABA concentration (1.862 g/L) obtained from fermented milk without prebiotic
(CTRL), the addition of prebiotics positively influenced GABA production by L.
plantarum B13 that corresponding to the lowest GABA of 1.864 g/L (for corn
starch (CS)) at 1 % (w/v)). Furthermore, the data delineates a positive correlation
between increasing prebiotic concentration and GABA synthesis. This observed
rise in GABA levels concomitant with higher prebiotic concentrations suggests a
substrate-dependent enhancement of microbial GABA biosynthesis, offering
potential strategies for optimising the fermentative production of this bioactive
compound. The findings also indicate that L. plantarum B13 is capable of utilising
the supplemented prebiotics, which also served as a carbon source (You et al.,
2022), alongside with trace amounts of lactose present in the skimmed milk (Solval
et al., 2020).

Fig. 2 (C) illustrates the variations in lactic acid concentrations synthesised by L.
plantarum B13 when different prebiotics were utilised as substrates. The data show
a clear positive correlation between prebiotic concentration and lactic acid
production. Specifically, inulin (INU) exhibited the most substantial lactic acid
generation, commencing at 38.68 + 0.025 g/L at 1 % (w/v), escalating to 39.55 +
0.063 g/L at 2 % (w/v), and peaking at 41.45 + 0.167 g/L at 3 % (w/v). These
results align with the findings of Savedboworn et al. (2017), who reported that
after 24 hours of fermentation, the presence of 2% and 3% inulin had resulted in
drastically elevated lactic acid production, reaching maximum concentrations of
0.13 % and 0.16 %, respectively. Conversely, a discernible decrement in lactic acid
production by L. plantarum B13 was observed when progressing from left to right
across the different prebiotic types. The order of efficacy in lactic acid production
is as follows: Inulin (INU) > Galactooligosaccharides (GOS) > Sorbitol (SB) >
Apple (A) > Pear (P) > Maltodextrin (MD) > Corn Starch (CS). Notably, com
starch (CS) was the least effective prebiotic, with its highest concentration (3 %
w/v) yielding 28.27 + 0.021 g/L. This study suggests that the carbon source for
lactic acid production was derived not only from trace amounts of lactose in the
skimmed milk but also mainly from the supplemented prebiotics. This is evident
in the lactic acid concentration recorded in all fermented milks, with the lowest
value (27.19 g/L for corn starch (CS) at 1 % w/v) still exceeding the maximum
lactic acid concentration (26.54 g/L) produced in fermented milk without the
addition of prebiotic (CTRL).

As depicted in Fig. 2 (D), apple (A) demonstrated a notably high efficacy in DPPH
radical scavenging activity, registering a substantial 42.37 % + 2.352 at a
concentration of 3 % (w/v). This was closely followed by pear (P), which exhibited
a comparable scavenging activity of 37.38 % + 0.8094 at the same concentration.
These findings underscore the significant antioxidant potential of these prebiotics,
particularly in comparison to others in the study. For instance, corn starch (CS)
manifested a markedly lower activity, recording only 12.15 %+ 1.764 at 3 % (w/v).
In general, Vougiouklaki et al. (2023) assert that LAB, including L. plantarum
serve as an exceptional source of biological antioxidants. This finding underscores
the premise that the incorporation of prebiotics can substantially augment
antioxidant efficacy, suggesting a synergistic interaction in promoting antioxidant
activities. Furthermore, the high scavenging activity exhibited by apple (A) aligns
with the findings of Boyer and Liu (2014), who reported that apples are
exceptionally rich in a diverse range of phytochemicals, including quercetin,
catechin, phloridzin, and chlorogenic acid, all of which possess potent antioxidant
properties. With regard to inulin (INU), extensive research indicates that this
prebiotic exhibits relatively low DPPH radical scavenging activity, alongside
modest ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical
scavenging activity and limited ferric reducing antioxidant power (Shang et al.,
2018; Zhou et al., 2019). This characterisation is substantiated by its relatively low
DPPH radical scavenging activity, quantitatively measured at 20.64 % + 0.2700 at
3 % (w/v). Similarly, galactooligosaccharides (GOS) (16.67 % + 0.2698), sorbitol
(SB) (16.43 % £ 0.7138) and maltodextrin (MD) (14.25 % + 0.8424) demonstrated
closely aligned efficacies at their maximal supplementation concentration of 3 %
(w/v). The presence of antioxidant activity (7.15 % + 3.522) in GABA-enriched
fermented milk without the addition of prebiotic (CTRL) may be attributed to the
L. plantarum B13 strain itself. LAB are known to possess inherent antioxidant
properties and have demonstrated effective antioxidant activity (Nakagawa and
Miyazaki, 2017). In particular, L. plantarum ST63HK exhibited a DPPH radical
scavenging activity of 35.60 %, highlighting the natural antioxidant characteristics
of LAB as a valuable alternative to synthetic antioxidants (Rwubuzizi et al., 2023).




J Microbiol Biotech Food Sci/ Wei et al. 2025 : 15 (3) e11041

Additionally, Cukkemane et al. (2020) elucidated that the antioxidant potential of
synbiotics stems from their ability to activate and translocate nuclear factors. These
factors, in turn, stimulate the activation of enzyme systems responsible for
protecting against oxidative damage, generate essential antioxidant molecules, and
mitigate the harmful effects of singlet oxygen and free radicals.
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Figure 2 Colony forming unit (CFU/mL) (A); production of GABA (g/L) (B);
production of Lactic acid (g/L) (C); and antioxidant activity (%) (D) of L.
plantarum B13 analysed from the fermentation of probiotic L. plantarum B13
supplemented with different types and concentrations (1, 2 and 3 % (w/v)) of
prebiotics in skimmed milk as the medium. The results are expressed as mean (n =
3) + SD. Abbreviations: INU (Inulin), GOS (Galacto-oligosaccharides), SB
(Sorbitol), A (Apple), P (Pear), MD (Maltodextrin), CS (Corn Starch), and
fermented milk without the addition of prebiotic as control (CTRL).

CONCLUSION

The potential probiotic attributes of L. plantarum B13 were demonstrated through
several in-vitro assessments including a high survival rate in acidic and bile salt
conditions, a high number of viable cells count in the presence of phenol,
autoaggregation activity of 73.03 %, a hydrophilic nature due to high adherence
towards chloroform (72.48 %) and exhibited antimicrobial effects. This study also
highlighted a synbiotic approach, whereby the combination of L. plantarum B13
and prebiotics effectively enhanced GABA production in fermented milk. Inulin at
3 % (w/v) was identified as the most potent prebiotic for boosting both GABA
synthesis and viable cell counts. All tested prebiotic mixtures resulted in
substantial lactic acid production, with inulin, galacto-oligosaccharides, and
sorbitol proving to be the most effective. In contrast, maltodextrin and corn starch
performed poorly, indicating strain-specific interactions and their unsuitability for
establishing a synbiotic relationships with L. plantarum B13. Prebiotics derived

from natural sources, such as apples and pears, exhibited remarkable antioxidant
properties. This finding holds significant promise for the development of
functional foods and underscores the intricate interplay between prebiotics and
probiotics in food science and nutrition.

Conflict of interest: The authors declare that there is no conflict of interest.

Acknowledgments: This research was funded by the Universiti Putra Malaysia
under Geran Putra GP-IPS (UPM-IPS/2023/9742200).

REFERENCES

Adeniyi, B. A., Adetoye, A., & Ayeni, F. A. (2015). Antibacterial activities of
lactic acid bacteria isolated from cow faeces against potential enteric pathogens.
African Health Sciences, 15(3), 888-895. https://doi.org/10.4314/ahs.v15i3.24
Alizadeh Behbahani, B., Jooyandeh, H., Falah, F., & Vasiee, A. (2020). Gamma-
aminobutyric acid production by Lactobacillus brevis A3: Optimization of
production, antioxidant potential, cell toxicity, and antimicrobial activity. Food
Science & Nutrition, 8(10), 5330-5339. https://doi.org/10.1002/fsn3.1838

Arena, M. P., Silvain, A., Normanno, G., Grieco, F., Drider, D., Spano, G., &
Fiocco, D. (2016). Use of Lactobacillus plantarum strains as a bio-control strategy
against food-borne pathogenic microorganisms. Frontiers in Microbiology, 7, 464.
https://doi.org/10.3389/fimicb.2016.00464

Atanda, O. O., Akpan, L., & Oluwafemi, F. (2007). The potential of some spice
essential oils in the control of 4. parasiticus CFR 223 and aflatoxin production.
Food Control, 18(5), 601-607. https://doi.org/10.1016/j.foodcont.2006.02.007
Aziz, G., Fakhar, H., ur Rahman, S., Tariq, M., & Zaidi, A. (2019). An assessment
of the aggregation and probiotic characteristics of Lactobacillus species isolated
from native (desi) chicken gut. Journal of Applied Poultry Research, 28(4), 846-
857. https://doi.org/10.3382/japr/pfz042

Bengoa, A. A., Llamas, M. G., Iraporda, C., Duefias, M. T., Abraham, A. G., &
Garrote, G. L. (2018). Impact of growth temperature on exopolysaccharide
production and probiotic properties of Lactobacillus paracasei strains isolated from
kefir grains. Food Microbiology, 69, 212-218.
https://doi.org/10.1016/j.fm.2017.08.012

Benitez-Serrano, J. C., Martinez-Pérez, L., Rosas-Murrieta, N. H., Brambila-
Colombres, E. M., Hernandez-Castro, R., Rosales-Pérez, M., & Aguilar-Alonso,
P. (2018). Isolation of a Lactobacillus strain from aguamiel and preliminary
characterization of its antimicrobial components. African Journal of Microbiology
Research, 12(30), 705-714. https://doi.org/10.5897/AJMR2018.8883
Borshchevskaya, L. N., Gordeeva, T. L., Kalinina, A. N., & Sineokii, S.P. (2016).
Spectrophotometric ~ determination of lactic acid. Journal of Analytical
Chemistry, 71, 755-758. https://doi.org/10.1134/S1061934816080037

Boyer, J., & Liu, R. H. (2004). Apple phytochemicals and their health benefits.
Nutrition Journal, 3(1), 440-451. https://doi.org/10.1186/1475-2891-3-5

Canzi, E., Guglielmetti, S., Mora, D., Tamagnini, 1., & Parini, C. (2005).
Conditions  affecting cell surface properties of human intestinal
Bifidobacteria. Antonie Van Leeuwenhoek, 88, 207-219.
https://doi.org/10.1007/s10482-005-6501-3

Clinical and Laboratory Standards Institute (CLSI). (2023). Performance standards
for antimicrobial susceptibility testing, 33rd ed. CLSI supplement M100. CLSI,
Wayne, PA, USA.

Cukkemane, A., Kumar, P., Sathyamoorthy, B. (2020). Metabolomics footprint
approach to understanding the benefits of synbiotics in functional foods and dietary
therapeutics for health, communicable and non-communicable diseases. Food
Research International, 128, 108679.
https://doi.org/10.1016/j.foodres.2019.108679

Colloca, M. E., Ahumada, M. C., Lopez, M. E., & Nader-Macias, M. E. (2000).
Surface properties of lactobacilli isolated from healthy subjects. Oral
Microbiology, 6(4),227-233. https://doi.org/10.1111/j.1601-0825.2000.tb00118.x
Dikshit, R., & Tallapragada, P. (2015). Screening and optimization of y-
aminobutyric acid production from Monascus sanguineus under solid-state
fermentation. Frontiers in Life Science, 8(2), 172-181.
https://doi.org/10.1080/21553769.2015.1028654

Galli, V., Venturi, M., Mari, E., Guerrini, S., & Granchi, L. (2022). Gamma-
aminobutyric acid (GABA) production in fermented milk by lactic acid bacteria
isolated from spontaneous raw milk fermentation. International Dairy Journal,
127,105284-105284. https://doi.org/10.1016/j.idairyj.2021.105284

Giri, S. S., Sen, S. S., Saha, S., Sukumaran, V., & Park, S. C. (2018). Use of a
potential probiotic, Lactobacillus plantarum L7, for the preparation of a rice-based
fermented beverage. Frontiers in Microbiology, 9, 473,
https://doi.org/10.3389/fimicb.2018.00473

Gonzalez-Herrera, S. M., Bermudez-Quifiones, G., Ochoa-Martinez, L. A.,
Rutiaga-Quifiones, O. M., & Gallegos-Infante, J. A. (2020). Synbiotics: a
technological approach in food applications. Journal of Food Science and
Technology, 58(3), 811-824. https://doi.org/10.1007/s13197-020-04532-0

Ismail, B., & Nampoothiri, K. M. (2010). Production, purification and structural
characterization of an exopolysaccharide produced by a probiotic Lactobacillus
plantarum  MTCC 9510. Archives of Microbiology, 192, 1049-1057.
https://doi.org/10.1007/s00203-010-0636-y



https://doi.org/10.4314/ahs.v15i3.24
https://doi.org/10.1002/fsn3.1838
https://doi.org/10.3389/fmicb.2016.00464
https://doi.org/10.1016/j.foodcont.2006.02.007
https://doi.org/10.3382/japr/pfz042
https://doi.org/10.1016/j.fm.2017.08.012
https://doi.org/10.5897/AJMR2018.8883
https://doi.org/10.1134/S1061934816080037
https://doi.org/10.1186/1475-2891-3-5
https://doi.org/10.1007/s10482-005-6501-3
https://doi.org/10.1016/j.foodres.2019.108679
https://doi.org/10.1111/j.1601-0825.2000.tb00118.x
https://doi.org/10.1016/j.idairyj.2021.105284
https://doi.org/10.3389/fmicb.2018.00473
https://doi.org/10.1007/s13197-020-04532-0
https://doi.org/10.1007/s00203-010-0636-y

J Microbiol Biotech Food Sci/ Wei et al. 2025 : 15 (3) e11041

Ji, K., Jang, N. Y., & Kim, Y. T. (2015). Isolation of lactic acid bacteria showing
antioxidative and probiotic activities from kimchi and infant feces. Journal of
Microbiology and Biotechnology, 25 ), 1568 -1577.
https://doi.org/10.4014/jmb.1501.01077

Kanehira, T., Nakamura, Y., Nakamura, K., Horie, K., Horie, N., Furugori, &
Yokogoshi, H. (2011). Relieving occupational fatigue by consumption of a
beverage containing y-amino butyric acid. Journal of Nutritional Science and
Vitaminology, 57(1), 9-15. https://doi.org/10.3177/jnsv.57.9

Kearney, S. M., & Gibbons, S. M. (2017). Designing synbiotics for improved
human health. Microbial Biotechnology, 11(1), 141-144.
https://doi.org/10.1111/1751-7915.12885

Klopper, K. B., Deane, S. M. & Dicks, L. M. T. (2018). Aciduric strains of
Lactobacillus reuteri and Lactobacillus rhamnosus, isolated from human feces,
have strong adhesion and aggregation properties. Probiotics and Antimicrobial
Proteins, 10(1), 89-97. https://doi.org/10.1007/s12602-017-9307-5

Kouadio, N.J., Zady, A.L.O., Kra, K.A.S., Diguta, F.C., Niamke, S., & Matei, F.
(2024). In vitro probiotic characterization of Lactiplantibacillus plantarum strains
isolated from traditional fermented dockounou paste. Fermentation, 10, 264.
https://doi.org/10.3390/fermentation10050264

Lee, H., Ji, S. Y., Hwangbo, H., Kim, M. Y., Kim, D. H., Park, B. S., Park, J. H.,
Lee, B. J,, Kim, G., Jeon, Y., & Jeon, Y. (2022). Protective effect of gamma
aminobutyric acid against aggravation of renal injury caused by high salt intake in
cisplatin-induced nephrotoxicity. International Journal of Molecular Sciences,
23(1), 502-502. https://doi.org/10.3390/ijms23010502

Lu, Y., Liang, W., Wang, R., Liang, Q., Zeng, X., & Huang, Y. (2024). Assessment
of the safety and probiotic properties of Lactiplantibacillus plantarum HYY-DB9
based on comprehensive genomic and phenotypic analysis. LWT-Food Science and
Technology, 203, 116386. https://doi.org/10.1016/j.1wt.2024.116386

Mohd Yusof, H., Mohamad, R., Zaidan, U. H., & Rahman, N. A. (2020).
Sustainable microbial cell nanofactory for zinc oxide nanoparticles production by
zinc-tolerant probiotic Lactobacillus plantarum strain TA4. Microbial Cell
Factories, 19(1). https://doi.org/10.1186/s12934-020-1279-6

Nakagawa, H., & Miyazaki, T. (2017). Beneficial effects of antioxidative lactic
acid bacteria. AIMS Microbiology, 3(D), 1-7.
https://doi.org/10.3934/microbiol.2017.1.1

Nambiar, R. B., Sellamuthu, P, S., Perumal, A, B., Sadiku, E. R., Phiri, G., &
Jayaramudu, J. (2018). Characterization of an exopolysaccharide produced by
Lactobacillus plantarum HM47 isolated from human breast milk. Process
Biochemistry, 73, 15-22. https://doi.org/10.1016/j.procbio.2018.07.018

Nandha, M. C., & Shukla, R. M. (2023). Exploration of probiotic attributes in lactic
acid bacteria isolated from fermented Theobroma cacao L. fruit using in vitro
techniques. Frontiers in Microbiology, 14.
https://doi.org/10.3389/fmicb.2023.1274636

Nath, S., Sikidar, J., Roy, M., & Deb, B. (2020). In vitro screening of probiotic
properties of Lactobacillus plantarum isolated from fermented milk product. Food
Quality and Safety, 4(4), 213-223. https://doi.org/10.1093/fgsafe/fyaa026
Nguyen, P. T., Nguyen, T. T., Bui, D. C., Hong, P. T., Hoang, Q. K., & Nguyen,
H. T. (2020). Exopolysaccharide production by lactic acid bacteria: The
manipulation of environmental stresses for industrial applications. AIMS
Microbiology, 6(4), 451. https://doi.org/10.3934/microbiol.2020027

Okada, T., Sugishita, T., Murakami, T., Murai, H., Saikusa, T., Horino, T., Onoda,
A., Kajimoto, O. & Takahashi, T. (2000). Effect of the defatted rice germ enriched
with GABA for sleeplessness, depression, autonomic disorder by oral
administration. Nippon Shokuhin Kagaku Kogaku Kaishi, 47(8), 596-603.
https://doi.org/10.3136/nskkk.47.596

Othman, M., Ariff, A. B., Wasoh, H., Kapri, K. P., & Halim, M. (2017). Strategies
for improving production performance of probiotic Pediococcus acidilactici viable
cell by overcoming lactic acid inhibition. AMB Express, 7, 215.
https://doi.org/10.1186/513568-017-0519-6

Ou, D., Ling, N., Wang, X., Zou, Y., Dong, J., Zhang, D., Shen, Y., & Ye, Y.
(2022). Assessment of one Lactiplantibacillus plantarum isolated from the
traditional Chinese fermented vegetables-Jiangshui. Foods, 11(15), 2177.
https://doi.org/10.3390/foods11152177

Pannerchelvan, S., Wong, F, W, F., Wasoh H, Mohamed, M, S., Mohamad, R., &
Halim, M. (2024). Medium formulation and optimisation of fermentation condition
enhancing y-aminobutyric acid (GABA) biosynthesis by Lactiplantibacillus
plantarum B7. Journal of Pure and Applied Microbiology,18(3), 1931-1948.
https://doi.org/10.22207/JPAM.18.3.44

Pannerchelvan, S., Rios-Solis, L., Faizal Wong, F.W., Zaidan, U. H., Wasoh, H.,
Mohamed, M. S., Tan., J. S., Mohamad, R., & Halim, M. (2023a). Strategies for
improvement of gamma-aminobutyric acid (GABA) biosynthesis via lactic acid
bacteria (LAB) fermentation. Food & Function, 14(9), 3929-3948.
https://doi.org/10.1039/D2F0O03936B

Pannerchelvan, S., Muhamad, F. N., Wasoh, H., Mohamed, M. S., Faizal Wong,
F. W., Mohamad, R., & Halim, M. (2023b). Improvement of y-aminobutyric acid
production and cell viability of Lactiplantibacillus plantarum B7 via whole-cell

immobilisation in repeated batch fermentation system. Probiotics and
Antimicrobial Proteins, 16, 1907-1924 https://doi.org/10.1007/s12602-023-
10200-4

Polak-Berecka, M., Wasko, A., Paduch, R., Skrzypek, T., & Sroka-Bartnicka, A.
(2014). The effect of cell surface components on adhesion ability of Lactobacillus
rhamnosus. Antonie Van Leeuwenhoek, 106, 751-762.
https://doi.org/10.1007/s10482-014-0245-x

Prete, R., Long, S. L., Gallardo, A. L., Gahan, C. G., Corsetti, A., & Joyce, S. A.
(2020). Beneficial bile acid metabolism from Lactobacillus plantarum of food
origin. Scientific Reports, 10(1), 1165.  https://doi.org/10.1038/s41598-020-
58069-5

Rahimiyan-Heravan, M., Roshangar, L., Karimi, P., Sefidgari-Abrasi, S.,
Morshedi, M., Saghafi-Asl, M., & Bavafa-Valenlia, K. (2020). The potential
therapeutic effects of Lactobacillus plantarum and inulin on serum and testicular
reproductive markers in diabetic male rats. Diabetology & Metabolic Syndrome,
12(1), 233-247. https://doi.org/10.1186/s13098-020-00560-0

Rahman, M. M., Kim, W. S., Kumura, H.,, & Shimazaki, K. 1. (2008).
Autoaggregation and surface hydrophobicity of Bifidobacteria. World Journal of
Microbiology and Biotechnology, 24, 1593-1598. https://doi.org/10.1007/s11274-
007-9650-x

Ramos, I. M. & Poveda, J. M. (2022). Fermented sheep's milk enriched in gamma-
amino butyric acid (GABA) by the addition of lactobacilli strains isolated from
different food environments. LWT - Food Science and Technology, 163, 113581.
https://doi.org/10.1016/j.1wt.2022.113581

Rayavarapu, B., Tallapragada, P., & Usha, M. S. (2021). Optimization and
comparison of y-aminobutyric acid (GABA) production by LAB in soymilk using
RSM and ANN models. Beni-Suef University Journal of Basic and Applied
Sciences, 10(1), 23-35. https://doi.org/10.1186/s43088-021-00100-3

Rosenberg, M., Gutnick, D., & Rosenberg, E. (1980). Adherence of bacteria to
hydrocarbons: a simple method for measuring cell-surface hydrophobicity. FEMS
Microbiology Letters, 9, 29-33. https://doi.org/10.1111/j.1574-
6968.1980.tb05599.x

Rwubuzizi, R., Kim, H., Holzapfel, W. H., & Todorov, S. D. (2023). Beneficial,
safety, and antioxidant properties of lactic acid bacteria: A next step in their
evaluation as potential probiotics. Heliyon, 9(4), ¢e15610-e15610.
https://doi.org/10.1016/j.heliyon.2023.¢15610

Sarasa, S. B., Mahendran, R., Muthusamy, G., Thankappan, B., Raja, D., &
Angayarkanni, J. (2019). A brief review on the non-protein amino acid, gamma-
amino butyric acid (GABA): Its production and role in microbes. Current
Microbiology, 77(4), 534—544. https://doi.org/10.1007/s00284-019-01839-w
Sarker, M. M. R, Islam, K. N., Huri, H.Z., Rahman, M., Imam, H., Hosen, M. B.,
Mohammad, N., & Sarker, M. Z. 1. (2014). Studies of the impact of occupational
exposure of pharmaceutical workers on the development of antimicrobial drug
resistance.  Journal  of  Occupational  Health,  56(4),  260-270.
https://doi.org/10.1539/joh.14-0012-OA

Savedboworn, W., Niyomrat, S., Naknovn, J., & Phattayakorn, K. (2017). Impact
of inulin on viability and storage stability of probiotic Lactobacillus plantarum
TISTR 2075 in fermented rice extract. Agriculture and Natural Resources, 51(6),
463-469. https://doi.org/10.1016/j.anres.2018.03.008

Shang, H-M., Zhou H.-Z., Yang, J-Y., Ran, L., Song, H., & Wu, H-X. (2018). In
vitro and in vivo antioxidant activities of inulin. PLOS ONE, 13(2), €0192273—
€0192273. https://doi.org/10.1371/journal.pone.0192273

Sharma, R., Diwan, B., Singh, B. P., & Kulshrestha, S. (2022). Probiotic
fermentation of polyphenols: Potential sources of novel functional foods. Food
Production, Processing and Nutrition, 4(1), 21. https://doi.org/10.1186/s43014-
022-00101-4

Singla, V., & Chakkaravarthi, S. (2017). Applications of prebiotics in the food
industry: A Review. Food Science and Technology International, 23(8), 649-667.
https://doi.org/10.1177/1082013217721769

Solval, K.M., Cavender, G., Jiang, N., Chen, J., & Singh, R.K. (2020).
Microencapsulation of Lactobacillus plantarum NRRL B-1927 with skim milk
processed via ultra-high-pressure homogenization. Molecules, 25(17), 3863-3863.
https://doi.org/10.3390/molecules25173863

Son, S., & Lewis, B, A. (2002). Free radical scavenging and antioxidative activity
of caffeic acid amide and ester analogues: structure—activity relationship. Journal
of Agriculral and Food Chemistry, 503), 468-472.
https://doi.org/10.1021/jf010830b

Villegas, J. M., Brown, L., Savoy de Giori, G., & Hebert, E. M. (2016).
Optimization of batch culture conditions for GABA production by Lactobacillus
brevis CRL 1942, isolated from quinoa sourdough. LWT — Food Science and
Technology, 67, 22-26. https://doi.org/10.1016/j.1wt.2015.11.027

Vinayak, A., Mudgal, G., Sharma, S., & Singh, G.B. (2021). Prebiotics for
Probiotics. In: Goel, G., Kumar, A. (eds) Advances in Probiotics for Sustainable
Food and Medicine. Microorganisms for Sustainability (Vol. 21). Singapore:
Springer. https://doi.org/10.1007/978-981-15-6795-7_4

Vizoso Pinto, M. G., Franz, C, M, A, P., Schillinger, U., & Holzapfel, W. H.
(2006). Lactobacillus spp. with in vitro probiotic properties from human faeces
and traditional fermented products. International Journal of Food Microbiology,
109(3), 205-214. https://doi.org/10.1016/j.ijfoodmicro.2006.01.029
Vougiouklaki, D., Tsironi, T., Tsantes, A. G., Tsakali, E., Impe, J. V., & Houhoula,
D. (2023). Probiotic properties and antioxidant activity in vitro of lactic acid
bacteria. Microorganisms, 11(5), 1264-1264.
https://doi.org/10.3390/microorganisms11051264



https://doi.org/10.4014/jmb.1501.01077
https://doi.org/10.3177/jnsv.57.9
https://doi.org/10.1111/1751-7915.12885
https://doi.org/10.1007/s12602-017-9307-5
https://doi.org/10.3390/fermentation10050264
https://doi.org/10.3390/ijms23010502
https://doi.org/10.1186/s12934-020-1279-6
https://doi.org/10.3934/microbiol.2017.1.1
https://doi.org/10.1016/j.procbio.2018.07.018
https://doi.org/10.3389/fmicb.2023.1274636
https://doi.org/10.1093/fqsafe/fyaa026
https://doi.org/10.3934/microbiol.2020027
https://doi.org/10.3136/nskkk.47.596
https://doi.org/10.1186/s13568-017-0519-6
https://doi.org/10.22207/JPAM.18.3.44
https://doi.org/10.1039/D2FO03936B
https://doi.org/10.1007/s12602-023-10200-4
https://doi.org/10.1007/s12602-023-10200-4
https://doi.org/10.1007/s10482-014-0245-x
https://doi.org/10.1038/s41598-020-58069-5
https://doi.org/10.1038/s41598-020-58069-5
https://doi.org/10.1186/s13098-020-00560-0
https://doi.org/10.1007/s11274-007-9650-x
https://doi.org/10.1007/s11274-007-9650-x
https://doi.org/10.1016/j.lwt.2022.113581
https://doi.org/10.1186/s43088-021-00100-3
https://doi.org/10.1111/j.1574-6968.1980.tb05599.x
https://doi.org/10.1111/j.1574-6968.1980.tb05599.x
https://doi.org/10.1016/j.heliyon.2023.e15610
https://doi.org/10.1007/s00284-019-01839-w
https://doi.org/10.1539/joh.14-0012-OA
https://doi.org/10.1016/j.anres.2018.03.008
https://doi.org/10.1371/journal.pone.0192273
https://doi.org/10.1186/s43014-022-00101-4
https://doi.org/10.1186/s43014-022-00101-4
https://doi.org/10.1177/1082013217721769
https://doi.org/10.3390/molecules25173863
https://doi.org/10.1021/jf010830b
https://doi.org/10.1016/j.lwt.2015.11.027
https://doi.org/10.1007/978-981-15-6795-7_4
https://doi.org/10.1016/j.ijfoodmicro.2006.01.029
https://doi.org/10.3390/microorganisms11051264

J Microbiol Biotech Food Sci/ Wei et al. 2025 : 15 (3) e11041

Wang, Y., Li, C.,, Liu, P., Ahmed, Z., Xiao, P., & Bai, X. (2010). Physical
characterization of exopolysaccharide produced by Lactobacillus plantarum KF5
isolated from Tibet Kefir. Carbohydrate Polymers, 82(3), 895-903.
https://doi.org/10.1016/j.carbpol.2010.06.013

Yadav, M., Sehrawat, N., Sharma, A. K., Kumar, S., Singh, R., Kumar, A., &
Kumar, A. (2022). Synbiotics as potent functional food: recent updates on
therapeutic potential and mechanistic insight. Journal of Food Science and
Technology, 9(2), 213-244. https://doi.org/0.1007/s13197-022-05621-y

Yoto, A., Murao, S., Motoki, M., Yokoyama, Y., Horie, N., Takeshima, K., &
Yokogoshi, H. (2012). Oral intake of y-aminobutyric acid affects mood and
activities of central nervous system during stressed condition induced by mental
tasks. Amino Acids, 43(3), 1331-1337. https://doi.org/10.1007/s00726-011-1206-6
You, S., Ma, Y., Yan, B., Pei, W., Wu, Q., Ding, C., & Huang, C. (2022). The
promotion mechanism of prebiotics for probiotics: A review. Fronters in Nutrition,
9, 1000517. https://doi.org/10.3389/fnut.2022.1000517

Yu, L., Han, X., Cen, S., Duan, H., Feng, S., Xue, Y., Tian, F., Zhao, J., Zhang,
H., Zhai, Q., & Chen, W. (2020). Beneficial effect of GABA-rich fermented milk
on insomnia involving regulation of gut microbiota. Microbiological Research,
233, 1264009. https://doi.org/10.1016/j.micres.2020.126409

Zahid, H. F., Ranadheera, C. S., Fang, Z., & Ajlouni, S. (2021). Utilization of
mango, apple and banana fruit peels as prebiotics and functional ingredients.
Agriculture, 11(7), 584-584. https://doi.org/10.3390/agriculture1 1070584

Zhou, H., Li, B., Wu, M., & Liu, Y. (2019). Evaluation of antioxidant capacity of
polysaccharide in Jerusalem artichoke (Helianthus tuberosus) during
overwintering. E3S Web of  Conferences, 78(1), 110-123.
https://doi.org/10.1051/e3sconf/20197802008



https://doi.org/10.1016/j.carbpol.2010.06.013
https://doi.org/0.1007/s13197-022-05621-y
https://doi.org/10.1007/s00726-011-1206-6
https://doi.org/10.3389/fnut.2022.1000517
https://doi.org/10.1016/j.micres.2020.126409
https://doi.org/10.3390/agriculture11070584
https://doi.org/10.1051/e3sconf/20197802008
https://doi.org/10.1051/e3sconf/20197802008

