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Abstract Among the key metabolites produced by probi-

otic lactic acid bacteria (LAB), the use of gamma-

aminobutyric acid (GABA), which alleviates hypertension,

depression, and sleepiness in humans, is gaining popular-

ity. Thus, GABA-producing LAB are sought after. GABA-

producing LAB were preliminarily screened in acidified-

MRS broth and quantified via GABase assays. The one-

factor-at-a-time strategy was applied to determine the

optimal conditions for GABA production. GABA produc-

tion in reconstituted skim milk medium (RSM) and

antibiotic susceptibility testing were performed to evaluate

the potential of the strain as a yogurt starter. L. plantarum

Y7 produced 4,856.86 ± 82.47 lg/mL of GABA at opti-

mal culture conditions. Co-cultivation of Y7 and

commercial Lactobacillus bulgaricus affected the amount

of GABA production (6.85 ± 0.20 lg/mL) in RSM. Y7

was susceptible to ampicillin, erythromycin, and tetracy-

cline. Therefore, L. plantarum Y7 represents a promising

strain for GABA production in the food industry.

Keywords Gamma-aminobutyric acid � Fructophilic
bacterium � Lactiplantibacillus plantarum � Optimization �
Yogurt starter

Introduction

Gamma-aminobutyric acid (GABA) plays a major role as

an inhibitory neurotransmitter in mammalian nervous sys-

tems (Dhakal et al., 2012). It is widely used as a bioactive

natural product in foods and pharmaceuticals owing to its

antihypertension, diuretic, anti-depression, and sleep-in-

ducing effects (Tsai et al., 2006). Therefore, the interest in

using pure GABA and GABA-containing functional foods

has steadily increased (Kim et al., 2009).

GABA production is mainly performed via fermentation

using fungi, yeast, and bacteria (Dhakal et al., 2012).

Among these, lactic acid bacteria (LAB), which are gen-

erally recognized as safe organisms, have been reported to

synthesize a large amount of GABA compared to that

produced by other microorganisms (Hwanhlem et al.,

2010). In particular, Lactiplantibacillus plantarum and

Levilactobacillus brevis have been investigated as the key

species for GABA production (Li and Cao, 2010).

Although, GABA-producing LAB have been isolated from

various foods, additional functional microorganisms are

sought after based on desirable strain characteristics and

optimal fermentation conditions (Seo et al., 2013).
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The amount of GABA synthesized by microorganisms

depends on several factors including pH, temperature,

concentration of glutamate and pyridoxal 50-phosphate
(PLP), and medium composition (Dhakal et al., 2012).

These environmental and nutritional factors have been

optimized via a one-factor-at-a-time (OFAT) strategy for

improving commercial GABA production (Binh et al.,

2014; Sun et al., 2010). According to several studies,

Lactobacillus spp. isolated from plants lack genes encoding

extracellular or cell wall-anchored proteinases (Ji et al.,

2021; Wu et al., 2015). These findings suggest that plant-

derived Lactobacillus spp. may not grow in milk-contain-

ing environments owing to their non-proteolytic nature (Li

et al., 2019). Streptococcus thermophilus and Lactobacillus

delbrueckii subsp. bulgaricus represent important starter

microorganisms and are required for the production of

fermented dairy foods such as yogurt (Sozzi and Smiley,

1980). Therefore, it was hypothesized that GABA-pro-

ducing LAB isolated from plants can survive and produce

high concentrations of GABA in co-cultures with these

starters.

In this study, GABA-producing L. plantarum Y7 was

isolated from kimchi. The optimal fermentation conditions,

including temperature, initial pH, carbon source, nitrogen

source, supplementation of L-monosodium glutamate

(MSG) and PLP, were determined via the OFAT strategy.

Thereafter, the potential of L. plantarum Y7 in production

of GABA-containing fermented milk was evaluated via co-

culturing with dairy starters in reconstituted skim milk

medium (RSM).

Materials and methods

Isolation of GABA-producing LAB

Twenty varieties of Korean kimchi were collected for the

isolation of wild LAB. Each sample was diluted with

0.85% (w/v) NaCl (saline). The diluted solution was fil-

tered through filter paper (Toyo Roshi Kaisha, Ltd., Tokyo,

Japan). Screening of GABA-producing LAB was per-

formed as described previously (Wu and Shah, 2015), with

slight modifications. Briefly, the diluted samples were

centrifuged at 6,000 9 g for 10 min. The bacterial pellet

was resuspended in MRS broth (Becton, Dickinson and

Company, Franklin Lakes, NJ, USA) containing 50 mM

MSG (pH 6.5; Sigma-Aldrich, St. Louis, MO, USA) and

incubated at 37 �C for 3 h. Thereafter, the pH of the culture

medium was adjusted to 4.0, and the medium was incu-

bated at 37 �C for 3 h. Bromocresol purple (BCP)-MRS

agar plates containing 0.02% (w/v) sodium azide (NaN3;

Sigma-Aldrich) were inoculated with each diluted solution

and incubated at 37 �C for 24 ± 3 h. Colonies showing

yellowish circles were picked and incubated in MRS con-

taining 50 mM MSG (pH 6.5) at 37 �C for 24 h.

GABase assay

Putative GABA-producing LAB isolates were quantified

via a spectrophotometry assay using GABase (GABA-

aminotransferase ? succinic semialdehyde dehydroge-

nase; Sigma-Aldrich). Culture supernatants were treated

with Carrez reagents (BioVision Inc., Milpitas, CA, USA)

for 30 min. The test mixture comprised 2.3 mL of 100 mM

potassium pyrophosphate buffer, 0.1 mL of 100 mM

2-mercaptoethanol solution, 0.15 mL of 25 mM b-NADP
and 100 mM a-ketoglutarate solution, and 0.3 mL of

sample solution. Subsequently, the enzyme solution was

added to each cuvette. The cuvettes were incubated at

25 �C for 1 h. GABA concentration was determined at

340 nm via spectrophotometry (Multiskan Sky; Thermo

Fisher Scientific, Waltham, MA, USA).

Bacterial strains and culture conditions

Lactiplantibacillus plantarum Y7, an LAB producing a

high concentration of GABA isolated from kimchi, S.

thermophilus KCCM 40430, and L. bulgaricus isolated

from a commercial dairy product (Binggrae, Namyangju-

si, Gyeonggi-do, Republic of Korea) were used in this

study. The Lactobacillus strains and S. thermophilus were

cultivated in MRS broth and M17 broth, respectively. Each

culture (approximately 107–108 CFU/mL) of LAB was

inoculated into MRS broth or RSM for determination of

GABA production.

16S rRNA gene sequencing

DNA sequencing was performed by Cosmogentech (Seoul,

Republic of Korea). Sequencing reactions were performed

using a DNA analyzer (model 3730xl; Applied Biosystems,

Waltham, MA, USA). Sequence comparisons were per-

formed using Basic Local Alignment Search Tool

(BLAST) available at the National Center for Biotechnol-

ogy Information (NCBI; National Institutes of Health,

Bethesda, MD, USA). Similarity of the type strain was

confirmed via analysis using the Ezbiocloud database

(Yoon et al., 2017). Sequence alignments and editing were

performed using BioEdit (Ibis Biosciences, Carlsbad, CA,

USA).
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HPLC

GABA production was analyzed using the automated pre-

column ortho-phthalaldehyde-derivatization method

(Winspear and Oaks, 1983). The automated injection pro-

gram for GABA analysis was performed as described by

Agilent Technologies (Santa Clara, CA, USA) with slight

modifications. Briefly, mobile phase A contained 10 mM

Na2HPO4, 10 mM Na2B4O7, and 5 mM NaN3, and mobile

phase B contained acetonitrile:methanol:water (45:45:10,

v:v:v). The solutions were filtered through a 0.45 lm
membrane via vacuum filtration. The bubble decay process

was performed using an ultra-sonicator (JAC-1505,

40 kHz; Kodo, Hwaseong-si, Republic of Korea) for 1 h

(Bartolomeo and Maisano, 2006). The gradient conditions

were: 2% mobile phase B from 0 min to 0.35 min, 100%

mobile phase B from 13.4 min to 15.7 min, and 2% mobile

phase B from 15.8 min to 18 min. GABA analysis was

performed using Agilent 1260 Infinity HPLC. A Poroshel-

l120 HPH-C18 (4.6 mm 9 150 mm 9 4 lm; Agilent

technologies) was used during the analysis.

OFAT-based culture optimization for GABA

production

The OFAT strategy was applied to determine the optimal

carbon and nitrogen source. The carbon source present in

the defined MRS medium (2% (w/v) glucose) was replaced

with 2% of other carbon sources (glucose, mannitol, mal-

tose, lactose, lactulose, galactose, fructose, xylose, and

sucrose). In the same manner, nitrogen sources (1% pro-

teose peptone No. 3 and 1% beef extract) present in the

defined MRS medium were replaced with 2% of various

nitrogen sources (control, peptone, soytone, malt extract,

beef extract, proteose peptone No. 3, and tryptone). Other

parameters were individually optimized by altering their

ranges, such as MSG concentration (25–200 mM), PLP

concentration (0–100 lM), initial pH (3.5–9.5), and co-

culturing with bacterial starters for dairy fermentation.

Antibiotic susceptibility testing

Antibiotic susceptibility was determined using a modifi-

cation of the agar overlay diffusion method described by

the National Committee for Clinical Laboratory Standards

(Hecht et al., 2007). MRS plates containing 1.5% (w/v)

agar were overlaid with 4 mL of soft agar inoculated with

200 lL of an active culture. The plates were solidified at

room temperature (25 �C) for 10 min prior to dispensing

antibiotic-containing discs (Becton, Dickinson and Com-

pany). Subsequently, the plates were anaerobically incu-

bated at 37 �C for 24 h. Inhibition zone diameters were

measured using sliding calipers, and the results are pre-

sented in terms of resistance, moderate susceptibility, or

susceptibility, according to interpretative standards. The

precision and accuracy of the antimicrobial susceptibility

test were monitored using Escherichia coli ATCC 25922 as

a control (Lorian, 2005).

Sequence accession number

The 16S rRNA gene sequence of L. plantarum Y7 (ac-

cession no. OL587486) is available on GenBank (NCBI).

Statistical analysis

Data are presented as the mean ± standard deviation in bar

charts. A significant difference (p\ 0.01) among the group

was evaluated via one-way analysis of variance and Dun-

can’s multiple range tests or independent sample t-test

using IBM SPSS Statistics 25 software (IBM Corp.,

Armonk, NY, USA).

Results and discussion

Isolation and 16S rRNA gene identification

of GABA-producing LAB

LAB strains were isolated from 20 varieties of kimchi as

potential GABA producers. The isolates exhibited different

colony morphologies on BCP-MRS agar plates. In total,

500 colonies were obtained. The glutamate-GABA system

is known to function as an acid-resistance system that

supports cell survival and metabolic activity in LAB during

acidic conditions (De Biase and Pennacchietti, 2012;

Teixeira et al., 2014) This system protects bacterial cells

exposed to a pH B 2.5 for a few hours (Lin et al., 1996).

GABA-producing bacteria may survive after exposure to

acidic conditions by reducing proton (H?) and producing

CO2. Based on this acid-maintenance, the 500 colonies that

showed growth in acidified-MRS broth were considered as

GABA-producing LAB. Thereafter, we performed a spec-

trophotometry assay using GABase enzyme to screen for

the isolate that produced the largest amount of GABA.

Although thin-layer chromatography is generally used to

screen GABA-producing LAB (Kanklai et al., 2021), the

GABase assay is a useful method for determining GABA

content because of its ease and speed (Saito et al., 2008).

Among the 500 colonies, 8 isolates produced the highest

GABA content (Fig. 1). GABA produced by the selected 8

isolates was within in the range of 11.84 ± 1.15 to

401.49 ± 8.98 lg/mL. Among the isolates, isolate Y7

produced the highest GABA content at 401.49 ± 8.98 lg/
mL and was selected for further experiments. Isolate Y7
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was identified via 16S rRNA gene sequencing analysis

using the BLAST search program and universal primers

27F and 1492R (Weisburg et al., 1991). A phylogenetic

tree containing Y7 and 17 other standard strains of the

Lactobacillaceae family is shown in Fig. 2. Bacillus cereus

ATCC 14579 and E. coli ATCC 11775 served as the out-

groups. Isolate Y7 was identified as L. plantarum.

GABA production in modified-MRS medium

The OFAT strategy was applied to determine the optimal

culture conditions for GABA production. The effect of

temperature on GABA production was investigated in

modified-MRS medium containing 50 mM MSG at 25 �C,
30 �C, 35 �C, 40 �C, and 43 �C. The optimal temperature

for GABA production was determined at 37 �C
(375.29 ± 2.60 lg/mL, Fig. 3A). GABA production con-

siderably decreased at temperatures lower than 30 �C
(79.86 ± 1.43 lg/mL). L. plantarum is a mesophilic bac-

terium and has an optimal growth temperature of approx-

imately 37 �C (Matejcekova et al., 2019). Microbial

biosynthesis of GABA is regulated by acidity (Li et al.,

2010). Therefore, the influence of initial pH on GABA

production was investigated using the aforementioned

medium at pH 3.5, 4.5, 5.5, 6.5, 7.5, 8.5, and 9.5. Inves-

tigation of the initial pH revealed that GABA was produced

within a pH range between 4.5–8.5, suggesting that the

optimal initial pH for GABA production was 6.5 (Fig. 3B).

To optimize carbon and nitrogen sources, the effect of

carbon source on GABA production by L. plantarum Y7

was first evaluated in modified-MRS medium containing

2% of each carbon source and 50 mM MSG at 37 �C (pH

6.5). Fructose was determined as the best carbon source for

GABA production (1,409.62 ± 17.54 lg/mL), and GABA

Fig. 1 Concentration of GABA produced by LAB isolates in

modified-MRS broth supplemented with 50 mM MSG at 37 �C for

48 h. GABA concentration was determined using the GABase assay.

GABA, gamma-aminobutyric acid; LAB, lactic acid bacteria; MSG,

monosodium glutamate

Fig. 2 Phylogenetic tree of

Lactiplantibacillus plantarum
Y7 and other related strains

based on 16S rRNA gene

sequences. The tree was

generated using the Neighbor-

joining method with bootstrap

trials of 1,000. The arrow

indicates the position of L.
plantarum Y7 in the tree. The

bar represents 0.02 substitutions

per nucleotide position
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production was slightly increased in maltose-containing

medium (452.80 ± 2.48 lg/mL) compared to that in glu-

cose-containing medium (375.29 ± 2.60 lg/mL), which

represents the commercial MRS medium. In contrast,

mannitol, lactose, lactulose, galactose, xylose, and sucrose

were associated with lower GABA production than that

obtained using glucose (Fig. 3C). The optimal fructose

concentration for GABA production was determined as 2%

(Fig. 3D). The metabolism of glucose affects rapid bacte-

rial growth compared to that obtained via metabolism of

other simple carbohydrates; the accumulated active bacte-

rial cells contribute to increased secretion of GAD, which

converts glutamate into GABA (Hussin et al., 2021).

However, GABA production by L. plantarum Y7 was

considerably higher in fructose-containing medium than

that in glucose-based medium. Previous studies have

reported that certain LAB strains prefer other carbohy-

drates over glucose as a carbon source: 4% sucrose for

Lactobacillus sakei B2-16 (Kook et al., 2010), 3% sucrose

for L. brevis 340G (Seo et al., 2013), and 2% maltose for L.

brevis HYE1 (Lim et al., 2017). In addition, because the

growth of L. plantarum FPL was the highest in fructose-

based medium, it was considered to have fructophilic

properties (Gustaw et al., 2018). Similarly, L. plantarum

Y7 can be regarded as a fructophilic bacterium.

The effect of nitrogen source on GABA production was

evaluated in modified-MRS medium containing 2% fruc-

tose as a carbon source, 50 mM MSG, and 2% of each

nitrogen compound. Among the 7 nitrogen sources tested

(including control), peptone was determined as the best

nitrogen source for GABA production

(2,036.44 ± 20.71 lg/mL), whereas soytone, malt extract,

beef extract, proteose peptone No. 3, and tryptone were

associated with lower GABA content than that obtained

using the control mixture of the commercial MRS medium

(Fig. 3E). The optimal peptone concentration for GABA

production was determined as 2% (Fig. 3F). Contrary to

our findings, previous studies have reported yeast extract as

an optimal nitrogen source (Binh et al., 2014; Kook et al.,

2010; Seo et al., 2013). Therefore, the optimum carbon and

nitrogen sources for GABA production by L. plantarum Y7

were determined as 2% fructose and 2% peptone,

respectively.

The effect of MSG and PLP, which is considered a co-

factor of glutamate decarboxylase (GAD) enzyme in

GABA production, was evaluated in the optimized culture

medium (modified-MRS medium containing 2% fructose

and 2% peptone) under identical culture conditions (37 �C,
pH 6.5, and 48 h). Maximum GABA production was

obtained on addition of 175 mM MSG

(4,856.86 ± 82.47 lg/mL, Fig. 3G). Therefore, optimizing

the culture conditions via the OFAT strategy increased

GABA production by 10 times. In contrast, GABA pro-

duction slightly decreased upon addition of PLP (Fig. 3H).

In a recent study, the addition of PLP did not increase

GABA synthesis by L. brevis 15f (Yunes et al., 2016).

Although the stable binding of the apoenzyme to its co-

factor might influence the synthesis, further studies are

needed.

GABA production in RSM

To investigate the potential of L. plantarum Y7 as a starter

for producing GABA-containing fermented milk, Y7 was

cultivated in RSM at 37 �C for 48 h. However, GABA

production was not detected at any temperature. L. plan-

tarum is a well-known GABA producer, which may not be

able to ferment milk due to its poor proteolytic nature

(Daeschel et al., 1987). Therefore, L. plantarum Y7 was

co-cultured with conventional dairy starters, S. ther-

mophilus and L. bulgaricus, which show proteolysis

activity, to improve cell viability and GABA production.

The commercial L. bulgaricus promoted GABA production

by L. plantarum Y7 (6.85 ± 0.20 lg/mL) at 30 �C
(Fig. 4). In contrast, the co-cultures of L. plantarum Y7

with S. thermophilus KCCM 40430 or both dairy starters

showed low GABA production.

To determine the effect of additives related to enhancing

GABA production, MSG and PLP were added to RSM.

GABA production by L. plantarum Y7 in co-culture with

L. bulgaricus isolate was increased in RSM containing

25 mM MSG (16.06 ± 0.34 lg/mL). However, the GABA

production in RSM was slightly decreased upon addition of

bFig. 3 Concentration of GABA produced by Lactiplantibacillus
plantarum Y7 in modified-MRS broth. (A) The optimal temperature

was determined at various temperatures (25 �C, 30 �C, 35 �C, 37 �C,
40 �C, and 43 �C) supplemented with 50 mM MSG. (B) The optimal

initial pH was investigated at different pH conditions (pH 3.5–9.5)

supplemented with 50 mM MSG at 37 �C. (C) The optimal carbon

source was determined using 9 different carbon sources (glucose,

mannitol, maltose, lactose, lactulose, galactose, fructose, xylose, and

sucrose) supplemented with 50 mM MSG at 37 �C and pH 6.5.

(D) Optimal fructose concentration was determined at the concentra-

tion range of 1–5% supplemented with 50 mM MSG at 37 �C and pH

6.5. (E) The optimal nitrogen source was investigated using 7

different nitrogen sources (control, peptone, soytone, malt extract,

beef extract, proteose peptone No. 3, and tryptone) supplemented with

50 mM MSG and 2% fructose at 37 �C and pH 6.5. (F) Optimum

peptone concentration was investigated within the range of 1–5%

supplemented with 50 mM MSG and 2% fructose at 37 �C and pH

6.5. (G) Effect of MSG supplementation was evaluated under various

concentrations (25 mM, 50 mM, 75 mM, 100 mM, 125 mM,

150 mM, 175 mM, and 200 mM) substituted with 2% fructose and

2% peptone at 37 �C and pH 6.5. (H) Effect of PLP supplementation

was performed at various concentrations (0 lM, 25 lM, 50 lM,

75 lM, 100 lM, 150 lM, and 200 lM) supplemented with 175 mM

MSG, 2% fructose, and 2% peptone at 37 �C and pH 6.5. MSG,

monosodium glutamate; PLP, pyridoxal 50-phosphate
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PLP. Although, co-culturing dairy starters can improve

GABA production by L. plantarum Y7, the concentration

of GABA was still low. A previous study reported that

chloride ions influence GABA production by Lactococcus

lactis NCDO 2118 exposed to acidic stress (Laroute et al.,

2021). Hence, further studies are needed on the optimiza-

tion of culture conditions and co-culturing with various

strains of dairy starters.

A previous study reported that yeast produce amino

acids that enable the survival of LAB (Ponomarova et al.,

2017). Therefore, Y7 was co-cultured with yeast in RSM to

investigate the symbiotic relation of yeast and LAB in a

variety of naturally fermented foods such as kefir. How-

ever, GABA was not detected in any culture containing

yeast strains in RSM (data not shown).

Antibiotic susceptibility

Antibiotic susceptibility is a key factor associated with the

safety of using probiotic bacteria. Therefore, the antibiotic

susceptibility of L. plantarum Y7 was evaluated based on

the diameter of the zone of inhibition in the disc diffusion

test (Table 1). L. plantarum Y7 was susceptible to 3 of the

5 different antibiotics tested with the inhibition zone

ranging from 17.0 ± 0.5 to 20.7 ± 0.3 mm; Y7 was

resistant to streptomycin and colistin. The diameters of

inhibition zones of ampicillin, erythromycin, and tetracy-

cline were 20.3 ± 4.0 mm, 20.7 ± 0.3 mm, and

17.0 ± 0.5 mm, respectively.

In this study, L. plantarum Y7 was susceptible to

ampicillin, erythromycin, and tetracycline, but was resis-

tant to streptomycin and colistin. These results are con-

sistent with previous findings, where Lactobacilli have

been found to be most sensitive to ampicillin, ery-

thromycin, and tetracycline (Kaktcham et al., 2012).

Regarding the resistance of L. plantarum Y7 to strepto-

mycin and colistin, intrinsic resistance to aminoglycosides

such as streptomycin has been reported as a general feature

of Lactobacilli owing to aminoglycoside-modifying

enzymes (Danielsen and Wind, 2003). Moreover, gram-

positive bacteria are intrinsically resistant to polymyxins

owing to the absence of an outer membrane in which

lipopolysaccharide binds to colistin (Xiong et al., 2005).

In summary, we isolated the GABA-producing LAB

strain L. plantarum Y7 from kimchi and optimized GABA

production under various conditions in this study. For

enabling efficient and practical use, further studies are

required which investigate the increase in GABA produc-

tion in RSM or investigate the in vivo physiological effects

of GABA produced by L. plantarum Y7. Such follow-up

Fig. 4 Concentration of GABA produced by L. plantarum Y7 co-

cultured with dairy starters in RSM. S, Streptococcus thermophilus
KCCM 40430; L, commercial Lactobacillus bulgaricus. (A) The

optimal temperature and co-cultivation conditions were determined

under various conditions (25 �C, 30 �C, 37 �C, and 43 �C). (B) Effect
of MSG concentration was investigated at various concentrations

(0 mM (control), 25 mM, 50 mM, 75 mM, and 100 mM). (C) Effect
of PLP concentration was determined under various concentrations

(0 lM (control), 25 lM, 50 lM, 75 lM, and 100 lM). RSM,

reconstituted skim milk; MSG, monosodium glutamate; PLP, pyri-

doxal 50-phosphate

Table 1 Antibiotic resistance

of Lactiplantibacillus plantarum
Y7

Antibiotics Interpretative zone diameter (mm) Results

R MS S

Streptomycin B 11 12–14 C 15 – R

Erythromycin B 13 14–17 C 18 20.7 ± 0.3 S

Colistin B 8 9–10 C 11 – R

Tetracyclin B 14 15–18 C 19 17.0 ± 0.5 MS

Ampicillin B 12 13–15 C 16 20.3 ± 4.0 S

The National Committee for Clinical Laboratory Standards guidelines was applied

*Susceptibility is expressed as R (resistant), MS (moderately susceptible), or S (susceptible). Results are

presented as mean ± standard deviation (n = 3)
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studies on L. plantarum Y7 may facilitate the industrial

production of GABA-containing foods.
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