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Abstract 

Background: Gamma-aminobutyric acid (GABA) plays a significant role in the food and drug industries. Our previ-
ous study established an efficient fed-batch fermentation process for Lactobacillus brevis NCL912 production of GABA 
from monosodium l-glutamate; however, monosodium l-glutamate may not be an ideal substrate, as it can result in 
the rapid increase of pH due to decarboxylation. Thus, in this study, l-glutamic acid was proposed as a substrate. To 
evaluate its potential, key components of the fermentation medium affecting GABA synthesis were re-screened and 
re-optimized to enhance GABA production from L. brevis NCL912.

Results: The initial fermentation medium (pH 3.3) used for optimization was: 50 g/L glucose, 25 g/L yeast extract, 
10 mg/L manganese sulfate  (MnSO4·H2O), 2 g/L Tween-80, and 220 g/L l-glutamic acid. Glucose, a nitrogen source, 
magnesium, and Tween-80 had notable effects on GABA production from the l-glutamic acid-based process; other 
factors showed no or marginal effects. The optimized levels of the four key components in the fermentation medium 
were 25 g/L glucose, 25 g/L yeast extract FM408, 25 mg/L  MnSO4·H2O, and 2 g/L Tween-80. A simple and efficient 
fermentation process for the bioconversion of GABA by L. brevis NCL912 was subsequently developed in a 10 L 
fermenter as follows: fermentation medium, 5 L; glutamic acid, 295 g/L; inoculum, 10% (v/v); incubation temperature, 
32 °C; and agitation, 100 rpm. After 48 h of fermentation, the final GABA concentration increased up to 205.8 ± 8.0 g/L.

Conclusions: l-Glutamic acid was superior to monosodium l-glutamate as a substrate in the bioproduction of GABA. 
Thus, a high efficacy bioprocess with 205 g/L GABA for L. brevis NCL912 was established. This strategy may provide an 
alternative for increasing the bioconversion of GABA.
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Background
Gamma-aminobutyric acid (GABA) is a non-protein 
amino acid that is widely distributed in nature, and func-
tions as a major inhibitory neurotransmitter in the mam-
malian central nervous system [1]. GABA possesses 
numerous well-known physiological properties, such as 
tranquilizing [2], anti-anxiety [3], diuretic, hypotensive 

[4] and diabetes reversal [5] effects. Therefore, it is com-
monly used in the food and pharmaceutical industries. 
Many GABA-enriched functional products, such as fer-
mented vegetables [6], milk [7, 8], seafood [9, 10] and 
soybean [11], have been produced and exhibit various 
health-promoting effects. Recently, GABA has garnered 
much attention for use as a precursor for the synthesis of 
2-pyrrolidone and nylon 4, which has increased its pos-
sible applications in the chemical industry [12, 13].

There is an increasing demand for GABA in the drug 
and food industries, and in industrial biotechnology. 
Thus, much attention has been paid to the large-scale 
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bioconversion of GABA by microbes. GABA produc-
tion by lactic acid bacteria (LAB) has been particularly 
studied, as LAB are generally recognized as safe organ-
isms [14–16]. A large number of LAB strains are able to 
synthesize GABA and are distributed in species includ-
ing Lactobacillus brevis [8], L. paracasei [17], Lactococ-
cus lactis [18], and L. plantarum [19], some of which 
have potential industrial applications due to their high 
GABA-producing abilities [1, 20–22]. Tamura et al. [22] 
developed a fed-batch fermentation method for the effi-
cient biotransformation of monosodium l-glutamate 
(MSG) by Enterococcus avium G-15, in which the final 
GABA content reached 115.7  g/L after 72  h. Shi et  al. 
[23] established a cell biotransformation process for 
converting a mixed substrate (80  g/L l-glutamic acid 
plus 240 g/L MSG) into GABA by high levels of rinsed 
L. brevis TCCC13007 resting cells, generating 201  g/L 
GABA. MSG has been widely applied to GABA fer-
mentation processes [22–24], possibly due to its good 
solubility.

Acidic conditions are essential for the decarboxyla-
tion of glutamate catalyzed by glutamic acid decarbox-
ylase (GAD). A glutamate molecule is decarboxylated 
into GABA by GAD, with the concomitant release 
of carbon dioxide and hydrogen  (H+) consumption, 
resulting in a pH increase [25]; thus, GAD enzymatic 
activity is gradually inhibited with the decarboxyla-
tion reaction. To maintain the acidic pH needed for 
GAD to exert its enzymatic activity, the transformation 
system has to be continuously supplemented with an 
acidic reagent [1, 22, 26]. In our previous study, a sim-
ple fed-batch fermentation process was developed for 
the efficient synthesis of GABA by L. brevis NCL912. 
During the fermentation process, large sulfuric acid 
 (H2SO4) concentrations were used to counterbalance 
the increase in pH. However, the added sulfate  (SO4

2−) 
was harmful to the cells and thus inhibited the synthe-
sis of GABA [26].

There have been no reports on the use of l-glutamic 
acid as a substrate for GABA production. Compared to 
MSG, l-glutamic acid has much lower solubility, and 
the substitution of  H+ for a sodium ion  (Na+) on the 
α-carboxyl group may alleviate the inhibitory effects 
caused by MSG, thereby improving GABA produc-
tion. In this context, the culture parameters for L. brevis 
NCL912 were re-optimized based on l-glutamic acid. 
Under optimal conditions (fermentation medium con-
taining 295  g/L l-glutamic acid, 10% [v/v] inoculum, 
incubation temperature of 32  °C, agitation of 100  rpm), 
the concentration of GABA in the fermentation broth 
increased by almost twofold, reaching 205  g/L at 48  h. 
Thus, the application of l-glutamic acid as a substrate in 

fed-batch processes may be useful for the biosynthesis of 
GABA by microbes.

Methods
Materials
Nitrogen sources including yeast extracts FM408, FM405, 
FM803, FM818, FM828, and FM888; bovine heart extract 
81001494; beef extract 81001536; bovine liver extract 
81001539; tryptone FP318; soy peotones FP410 and 
FP328; and yeast peptone FP103 were purchased from 
Angel Yeast Co., Ltd. (Yichang, China). Other nitrogen 
sources including yeast extracts 02-03A, 02-12A, 02-33, 
02-12C, 02-24, 02-41, and 02-49; egg albumin extract 
02-57; gelatin peptone 02-48; bacterial peptone 02-31C; 
tryptones 02-71, 02-04, and 02-04C; casein peptones 
02-11A, 02-11B, and 02-34; proteose peptone 02-27; fish 
peptone 02-40; beef peptone 02-07; soy peptones 02-19 
and 02-31; polypeptone 02-02B; and lactoalbumin hydro-
lysate 02-13 were purchased from Shuangxuan Microbe 
Culture Medium Products Plant (Beijing, China). Other 
reagents were of analytical grade or biochemically pure.

3,5-Dinitrosalicylic acid (DNS) reagent was made by 
mixing solution A and B. Solution A was prepared by dis-
solving 6.9  g crystalline phenol in 15.2  mL 10% sodium 
hydroxide (NaOH), diluting to 69  mL, and then adding 
6.9 g sodium hydrogen sulfite  (NaHSO3). Solution B was 
prepared by adding 255  g sodium potassium tartrate 
 (C4H4O6KNa·4H2O) into 300 mL 10% NaOH, which then 
was mixed with 880 mL 1% DNS. The prepared DNS rea-
gent was available after being stored in a brown bottle for 
7–10 days at room temperature [27].

Bacterial strain and media
Lactobacillus brevis NCL912 (=CCTCCM208054), a 
high GABA producer, was isolated from Chinese tradi-
tional paocai [28]. Seed medium at a pH of 5 contained: 
50 g/L glucose, 12.5 g/L yeast extract, 12.5 g/L soy pep-
tone, 10  mg/L manganese sulfate  (MnSO4·H2O), 28  g/L 
MSG, and 2  g/L Tween-80. The initial fermentation 
medium was composed of 50  g/L glucose, 25  g/L yeast 
extract, 10  mg/L  MnSO4·H2O, 220  g/L glutamic acid, 
and 2 g/L Tween-80. The nitrogen source, substrate, and 
other components were separately autoclaved at 121  °C 
for 30 min, and mixed prior to inoculation [26, 29].

Culture conditions
After cultivation for approximately 10  h at 32  °C and 
100 rpm in the seed medium, the absorbance at 600 nm 
(A600) of NCL912 seed broth was 4–6 and could be used 
as the inoculum. Fermentation optimization experiments 
were performed in 250  mL conical flasks in a medium 
volume of 100  mL without shaking. Unless otherwise 
specified, 220  g/L glutamic acid powder was added to 
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each conical flask, and the inoculum volume was 10 mL. 
To exclude any GABA synthesis promoting roles in  Mn2+ 
or Tween-80-free experiments, these two residues in 
seed culture were removed prior to inoculation as fol-
lows: the seed broth was centrifuged to recover the cells, 
after which the cells were suspended in an equal volume 
of 0.9% sodium chloride (NaCl) after being washed once. 
The suspension was used as the inoculum. The inocu-
lated flasks were kept at 32  °C, and samples were taken 
every 12  h to measure GABA content. Batch fermenta-
tion was performed in a 10 L fermenter to confirm the 
optimized parameters in flask culture. The batch fermen-
tation conditions were: fermentation medium load, 5  L; 
inoculum volume, 10% (v/v); incubation temperature, 
32 °C; agitation speed, 100 rpm; l-glutamic acid, 295 g/L; 
and fermentation period, 48  h. Samples were taken at 
intervals of 12 h.

Analytical procedures
Cell growth was monitored by measuring the absorbance 
value at 600  nm (A600) on a UV–vis spectrophotometer 
(MAPADA Instrument; Shanghai, China). GABA con-
tents were quantitatively determined using pre-staining 
paper chromatography coupled with vis spectrophotom-
etry [30]. A sample volume of 2 μL (diluted if necessary) 
was spotted onto chromatography paper. The paper was 
developed at 30  °C with n-butanol-acetic acid–water 
(5:3:2) containing 12  g/L ninhydrin. After development, 
the paper was directly dried for color yield at 70  °C for 
80  min. Then the GABA spots were cut out from the 
paper and extracted with 5 mL of 75% alcohol (v/v):0.6% 
cupric sulfate (w/v) (38:2, v/v) at 40  °C and 50  rpm for 
60 min. The absorption was read in the spectrophotom-
eter at 512  nm. Glucose concentrations were quantified 
by the DNS reagent method [27]. In brief, 1 mL 50-fold 
diluted samples, 1  mL distilled water, and 1.5  mL DNS 
reagent were mixed and cooled with cold running water 
immediately after being heated for 5  min in a boiling 
water bath. Then 21.5 mL distilled water was added and 
mixed. A520 values of the mixtures were obtained in the 
spectrophotometer.

Results and discussion
l‑Glutamic acid is a promising alternative to MSG
Excessive MSG reportedly inhibits GABA formation; 
however, the underlying mechanism remains to be clari-
fied. Nevertheless synchronous cell growth inhibition has 
been observed [17, 22, 26, 31], implying that excessive 
MSG may act as an impediment to GABA production 
by reducing cell mass. Fed-batch processes have been 
employed to lower the adverse effects of excess MSG [22, 
26], but they also contribute to the operation complex-
ity and cost of fermentation. In addition, when MSG is 

used as the substrate, a large amount of acid solution is 
consumed to offset the pH increase arising from both the 
decarboxylation reaction and MSG itself (neutral pH). 
In our previous fed-batch process for NCL912, continu-
ous  H2SO4 flow and MSG supplementation significantly 
contributed to the complexity of the process and cost of 
fermentation. In addition, the harshness of the environ-
ment was aggravated by the additional  Na2SO4, which 
was harmful to the strain and inhibited GABA synthesis. 
Moreover, the produced by-product  Na2SO4 increased 
the difficulty of purifying the end product [26, 32]. Com-
pared to MSG, l-glutamic acid has much lower solubility, 
and the substitution of  H+ for a  Na2+ on the α-carboxyl 
group confers l-glutamic acid the properties of sus-
tained release and pH buffering. Therefore, glutamic acid 
may have the advantage of needing to only be added one 
time prior to cultivation due to its sustained release. In 
addition, extra inorganic acid would not be needed, as 
glutamic acid can self-maintain an acidic pH. These key 
characteristics of glutamic acid may allow efficient GABA 
production by reducing the inhibition of extra by-prod-
ucts. In this study, the formulation of the culture medium 
was re-optimized for the synthesis of GABA by L. brevis 
NCL912. Subsequently, l-glutamic acid biotransforma-
tion was conducted in a 10 L fermenter under optimized 
flask parameters. The results showed that l-glutamic acid 
contributed to the higher efficacy of GABA biosynthesis.

Effects of glucose on GABA production
High concentrations of glucose aggravate the harshness 
of the environment due to the fact that L. brevis NCL912 
metabolizes glucose into low molecular weight organic 
acids. Therefore, in glutamic acid-based fermentation, 
high concentrations of glucose may have adverse effects 
on GABA synthesis. In the MSG-based process, MSG 
decarboxylation alkalizes the culture fluid, and in this 
condition, organic acids produced from glucose may 
have a positive effect on decarboxylation. Thus a lower 
concentration of glucose may be required for glutamic 
acid-based fermentation compared to MSG-based fer-
mentation. However, the mechanisms underlying this dif-
ference remain unknown. Based on our former work and 
preliminary experiments, the following initial fermenta-
tion medium (pH 3.3) was used: 50  g/L glucose, 25  g/L 
yeast powder, 10  mg/L  MnSO4·H2O, 2  g/L Tween-80, 
and 220 g/L l-glutamic acid [26, 29]. As shown in Fig. 1, 
glucose had a significant effect on GABA production. 
However, the amount of GABA produced was similar 
with 25  g/L glucose or higher glucose concentrations, 
indicating that higher glucose concentrations (> 25  g/L) 
did not facilitate GABA synthesis. Thus, the optimal con-
centration of glucose for the current process was 25 g/L, 
which was much lower than that used for MSG-based 
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fed-batch fermentation [26]. The possible reason for this 
discrepancy may be due to the type of substrate used in 
the reaction.

Effects of nitrogen sources on GABA synthesis
A total of 36 nitrogen sources were individually tested for 
their effects on GABA production by L. brevis NCL912, 
of which 31 showed relative low GABA production abil-
ity as substantial glutamic acid powder remained in the 
medium even after 96 h (data not shown). The remaining 
five nitrogen sources with relatively high GABA produc-
tion were further analyzed in a 10–75 g/L concentration 
range to determine the best nitrogen source and opti-
mal concentration. As shown in Fig. 2, the yeast extract 
FM408 was optimal for GABA synthesis. At a relatively 
low concentration of FM408 (< 25  g/L), GABA forma-
tion increased with increasing FM408 concentration, but 
when the concentration exceeded 25  g/L, the increase 
in GABA production was almost negligible. Therefore, 
25 g/L FM408 was selected for subsequent experiments. 
Previously, nitrogen sources from Shuangxuan were 
tested, of which soy peptone 02-19 was shown to be the 
optimal nitrogen source for GABA production from 
L. brevis NCL912 [29]. In the current study, 36 nitro-
gen sources obtained from Shuangxuan and Angel were 
investigated in parallel for their abilities to convert glu-
tamic acid into GABA by L. brevis NCL912. The yeast 
extract FM408 was found to be the best nitrogen source 
for the purpose of this study.

Effects of Tween‑80 on GABA yield
The effects of Tween-80 on GABA synthesis are pre-
sented in Fig.  3. Tween-80 had distinct effects on 
GABA production, as GABA production increased with 

increasing Tween-80 concentration from 0 to 2  g/L; 
however, there was no significant increase in GABA pro-
duction at a Tween-80 concentration higher than 2 g/L. 
Thus, 2  g/L Tween-80 was sufficient for the maximum 
GABA production. Tween-80 is a growth stimulator 
for most LAB [1, 18, 33]. Therefore, Tween-80 prob-
ably elevated GABA production by promoting L. brevis 
NCL912 cell growth, as little L. brevis NCL912 grew con-
comitantly with little GABA production in the absence 
of Tween-80. In addition, as a surfactant, Tween-80 can 
improve cell membrane permeability; thus, it may have 
promoted GABA synthesis by increasing the efficiency of 
the glutamate-GABA antiporter.

Effects of amino acids on GABA synthesis
It was presumed that amino acids may contribute to 
GABA production, because they serve as energy sources 
and provide structural support in organisms. Therefore, 
21 proteinogenic amino acids were evaluated for their 
effects on GABA production. Interestingly, the results 
showed that none of them promoted GABA production 
(data not shown), possibly due to the fact that the yeast 
powder FM408 had sufficient levels of essential amino 
acids for GABA production by L. brevis NCL912.

Effects of other compounds on GABA production
A total of 20 potential compounds includ-
ing  MnSO4·H2O,  KNO3,  KH2PO4, NaCl,  CaCl2, 
 FeCl3·6H2O,  MgSO4·7H2O,  CuSO4·5H2O,  NH4NO3, 
Al(NO3)3·9H2O,  VB1,  VB6,  VB7,  VB12, NAD,  NADPNa2, 
Zn(CH3COO)2·2H2O, sodium citrate, linoleic acid, and 
mannitol were evaluated for their effects on GABA pro-
duction by L. brevis NCL912. The results indicated that 
 Mn2+ could significantly improve GABA production, 
whereas the other compounds exhibited no or only mar-
ginal stimulatory effects indicated by little consump-
tion of glutamic acid powder even after 96  h (data not 
shown), consistent with a previous report in which MSG 
was used as the substrate [29]. It was presumed that 
 Mn2+ may promote GABA production by increasing 
GAD enzymatic activity and transportation efficiency of 
the glutamate-GABA antiporter; however, confirmatory 
studies are warranted. Figure 4 shows the effects of  Mn2+ 
concentration on GABA production. GABA production 
increased with increasing  MnSO4·H2O concentration 
from 0 to 25  mg/L, but higher  MnSO4·H2O concentra-
tions did not markedly increase GABA production. Thus, 
a concentration of 25 mg/L  MnSO4·H2O was selected for 
subsequent experiments.

Efficient batch fermentation for GABA
A fermentation medium (pH 3.3) based on the above-
mentioned optimized parameters comprised the 

Fig. 1 Effects of glucose on GABA production. Data are expressed as 
the mean of three independent experiments
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following: 25 g/L glucose, 25 g/L yeast extract FM408, 
25  mg/L  MnSO4·H2O, and 2  g/L Tween-80. The cul-
ture was incubated in a 10 L fermenter with 5  L fresh 
medium. A concentration of 295  g/L l-glutamic acid 
and 500 mL seed culture were added to the fermenter 
prior to fermentation. Figure  5 shows that cell growth 
occurred immediately after inoculation and biomass 
rapidly increased after the first 12  h; by 36  h, cell 
growth was almost inhibited. Accordingly, GABA was 
rapidly produced from 0 to 36 h, and to a lesser extent 
from 36 to 48  h. After exceeding 200  g/L at 48  h, the 

synthesis of GABA was severely inhibited; thus the 
optimal fermentation period was determined to be 
48 h. The final GABA yield at 48 h was 205.8 ± 8.0 g/L, 
which was 102% higher than the yield obtained from a 
MSG-based fed-batch [26]. The initial pH of the inocu-
lated fermentation medium saturated by l-glutamic 
acid was approximate 3.3, which is harsh to numer-
ous microbes. The glutamate-dependent GAD system 
in L. brevis NCL912, however, confers resistance to 
low pH [26], making L. brevis NCL912 cells grow well 
even in an extremely low pH environment. The pH was 

Fig. 2 Effects of nitrogen sources on GABA production. a Yeast extract 02-12C; b yeast extract 02-12A; c yeast extract FM405; d soy peptone FP410; 
e yeast extract FM408. Data are expressed as the mean of three independent experiments
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gradually increased from 3.3 to 5.3 during the process, 
a pH range that favors glutamate decarboxylation by 
GAD [26, 34, 35]. The same molar mass of MSG and 

glutamic acid are similar in cost, but the proposed 
bioprocess was simpler, more economical, and more 
efficient than MSG-based fermentation. Gao and col-
leagues [23] exploited a cell bioconversion for the effi-
cient production of GABA, and the final GABA content 
was up to 201  g/L. However, in that process, highly 
concentrated rinsed L. brevis TCCC13007 resting 
cells (50  g/L) were employed to bioconvert glutamate 
[23], and GABA content in fermentation of L. brevis 
TCCC13007 was only 61  g/L [36]. Similarly, although 
Zhao et al. [37] obtained 129 g/L GABA with the com-
bination of fermentation and cell bioconversion of L. 
buchneri WPZ001, fermentation alone yielded only 
70  g/L GABA at 48  h. In addition, extra operations 
and reagents were needed for those processes [36, 37]. 
Comprehensively, our current bioprocess developed for 
L. brevis NCL912 was much more efficient than previ-
ous ones used in other LAB for GABA production. The 
difference in GABA production by L. brevis NCL912 
using glutamic acid- and MSG-based processes showed 
that using glutamic acid as the substrate led to greater 
GABA production. Although glutamic acid lowers the 
initial pH of media, the proposed glutamic acid-based 
strategy may be applied to other GAD-containing 
microbes due to the fact that the major role of the GAD 
system is to impart cellular acid resistance [34, 38–41]. 
Thus, it is reasonable to imagine that a glutamic acid-
based process may enhance the GABA production from 
some LAB strains including L. brevis TCCC13007 and 
L. buchneri WPZ001 [36, 37].

Conclusions
Due to benefits such as sustained release and self-main-
taining acidic pH, l-glutamic acid instead of MSG was 
utilized as a substrate for GABA synthesis by L. brevis 
NCL912. The fermentation medium was re-optimized 
due to this change in substrate. Subsequently, high effi-
cacy batch fermentation was developed, which yielded 
205.8 ± 8.0 g/L GABA at 48 h, which was approximately 
double the yield obtained from the original fermenta-
tion process using MSG. This strategy of altering the 
substrate may be applied to various microbial GABA 
processes, thereby opening up avenues for the optimi-
zation of bioprocesses that maximize GABA yield.
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