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Abstract: There is a recent trend of using lactic acid bacteria for the production of gamma-aminobutyric
acid (GABA). This study described a method that combines fermentation and self-buffered whole-
cell catalysis for the efficient production of GABA using Levilactobacillus brevis CD0817. Upon the
completion of GABA fermentation, cells were recovered to conduct whole-cell catalysis by which
the substrate L-glutamic acid was catalytically decarboxylated to GABA. L-glutamic acid itself
maintained the acidity essential for decarboxylation. To maximize the whole-cell catalysis ability,
the effects of the cell culture method, catalysis temperature, catalysis time, cell concentration, and
L-glutamic acid dosage were investigated. The results illustrate that the cells that were cultivated
for 16 h in a fermentation medium supplemented with 20.0 g/L of glucose were the most suitable
for the whole-cell catalytic production of GABA. At 16 h, the fermentative GABA content reached
204.2 g/L. Under optimized whole-cell catalytic conditions (temperature 45.0 ◦C, time 12.0 h, wet
cells 25.0 g/L, and L-glutamic acid 120.0 g/L), 85.1 g/L of GABA was obtained, with 3.7 ± 0.9 g/L of
substrate residue. GABA was recovered from the system by sequentially performing rotary vacuum
evaporation, precipitation with ethanol, filtration with filter paper, and drying. The purity of the
GABA product reached 97.1%, with a recovery rate of 87.0%. These data suggest that the proposed
method has potential applications in the production of GABA.

Keywords: gamma-aminobutyric acid; Levilactobacillus brevis CD0817; fermentation; whole-cell
catalysis

1. Introduction

Gamma-aminobutyric acid (GABA) functions as the key inhibitory neurotransmitter
in the central nervous system of mammalian species [1,2]. GABA also has many other
well-documented biological activities, such as anti-hypertension [3], anti-diabetes [4], and
anti-pain activities [5]. Lactic acid bacteria (LAB) belong to a significant cluster of Gram-
positive bacteria that are widely distributed in natural habitats, such as fermented foods,
vegetables, and human bodies. LAB strains have numerous vital physiological functions
and are generally regarded as safe. In the last three decades, many efforts have been made
to produce GABA by employing LAB strains as microbial cell factories [4,6,7].

LAB strains exploit the intracellular glutamic acid decarboxylase (GAD) system to
synthesize GABA using L-glutamate as the substrate. The GAD system is composed of
GAD enzymes (GadA/GadB) and L-glutamate/GABA antiporters (GadC). The working
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mechanism for the generation of GABA by the GAD system is as follows: (i) the substrate
is imported into the cell by GadC; (ii) the imported substrate is catalyzed to GABA by
intracellular GAD; and (iii) the final product, GABA, is exported out of the cell by GadC.
Each decarboxylation needs to consume one proton (H+). As a result, the GAD system helps
to maintain the intracellular physiological pH when the environmental pH decreases [4,8,9].

The screening and identification of GABA-producing LAB strains is the first essential
step for the production of LAB-sourced GABA [4]. Previous investigations have demon-
strated that LAB strains with GABA-producing ability are common in nature, especially in
fermented foods. A lot of GABA-producing LAB strains have been isolated, such as Levilac-
tobacillus brevis [10], L. buchneri [11], L. paracasei [12], and Lactococcus lactis [13]. In general,
lactobacilli strains exhibit a robust GABA-producing ability compared to that of lactococci
strains [4]. It is worth emphasizing that the top GABA-producing LAB strains belong to
L. brevis. The GABA production of L. brevis strains CD0817 [14], ATCC367∆glnR [10], and
D17 [15] was found to reach 321.9, 284.7, and 177.7 g/L, respectively. These strains have
exhibited potential for the industrial production of GABA.

It is equally essential to tailor appropriate GABA bioproduction processes fit to specific
LAB strains [4,14]. In the early GABA fermentation studies performed using LAB strains,
monosodium L-glutamate (MSG), were used as the substrate [4]. As aforementioned,
however, each decarboxylation has to consume one H+ [9,16]. Therefore, MSG-based
GABA fermentation suffers from the continuous feed of an exogenous acid agent. Recently,
we set up an L-glutamic-acid-based GABA fermentation process [17,18]. It is well known
that L-glutamic acid has a low isoelectric point (3.22) and low solubility (~ 6.0 g/L). This low
solubility guarantees that little inhibitory effects occur even if the needed L-glutamic acid
is added to the fermentation system all at once, because most of the added substrate exists
in the form of powder. L-glutamic acid powder is slowly dissolved into the fermentation
broth as decarboxylation progresses. The newly dissolved L-glutamic acid maintains the
acid environment essential for decarboxylation. This L-glutamic-acid-based process can
significantly improve fermentation efficiency and reduce costs [14,18].

The fermentative GABA broth of a LAB strain features rather complicated impuri-
ties [19]. One challenging issue in the production of GABA via fermentation performed
using LAB is how to purify the product from broth. Several research teams have extracted
GABA from the fermentative broths of LAB, but to date the outcomes have not been ideal
because of the complex purification steps and the high loss rates of the product [19,20].
Thereafter, related scientific communities attempted to produce GABA using whole-cell
catalysis. In these whole-cell bioprocesses, MSG or a mixture of MSG and L-glutamic acid
was biotransformed into GABA with the help of an exogenous pH-buffering system [21,22].
Clearly, the available whole-cell bioprocesses introduce impurities, which are the added
buffer and Na+ from MSG. The practicability of the available whole-cell catalysis strategies
needs to be improved.

This work aimed to develop a combined bioprocess, coupling fermentation with
whole-cell catalysis, for L. brevis CD0817 to efficiently produce GABA. The needed L-
glutamic acid was added all at once into the whole-cell system, and with the progression
of decarboxylation, L-glutamic acid was periodically released into the system to serve
as the available substrate and maintain the acidity essential for decarboxylation. This
self-buffered bioprocess is free of the contamination of extra buffering agents and the Na+

of MSG. A GABA product of high purity could be readily prepared from the whole-cell
reaction broth. The results indicate that the proposed bioprocess is a promising method in
the production of LAB-sourced GABA.

2. Materials and Methods
2.1. Reagents

Yeast extract FM408 was obtained from Angel Yeast Co., Ltd. (Wuhan, China). L-
glutamic acid was provided by Dragon Biotech Co., Ltd. (Emeishan, China). MSG was
obtained from Lanji Technology Development Co., Ltd. (Shanghai, China). GABA standard
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was obtained from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). A
microcrystalline cellulose thin-layer chromatographic plate was obtained from Shengya
Chemical Engineering Co., Ltd. (Shanghai, China). Xinhua grade I chromatographic paper
was purchased from Hangzhou Xinhua Paper Industry (Hangzhou, China). The reagents
used in the HPLC method were of HPLC grade. The other chemicals employed in this
study were of analytical grade.

The amino acid derivatization agent was made by adding 10.0 mg o-phthalaldehyde
and 10.0 µL 2-mercaptoethanol to 2.5 mL acetonitrile. The borate buffer was manufactured
by adding 4.9 g boric acid into 100.0 mL water, adjusting the pH to 10.4 with NaOH, and
then diluting the solution to 200.0 mL with water. The mobile phase was made as follows:
2.7 g sodium acetate trihydrate and 200.0 µL triethylamine were dissolved in 0.9 L water,
the pH was adjusted to 7.3 using acetic acid, and then the solution was diluted to 1.0 L with
water, followed by mixing with 250.0 mL acetonitrile [14].

2.2. Strain and Media

The used GABA producer was L. brevis CD0817 previously isolated from a fecal sample
of a healthy adult [23]. The seed medium (pH 5.0) consisted of 10.0 g/L glucose, 35.0 g/L
yeast extract, 28.0 g/L MSG, 1.0 g/L Tween-80, and 50.0 mg/L MnSO4·H2O. The starting
fermentation medium contained 25.0 g/L glucose, 35.0 g/L yeast extract, 1.0 g/L Tween-80,
and 50.0 mg/L MnSO4·H2O. It was supplemented with L-glutamic acid in the amount of
300.0 g per liter of fresh medium just before inoculation. The substrate, glucose, and the
other components were individually autoclaved at 121 ◦C for 20 min and mixed together
prior to use [14,23].

2.3. GABA Fermentation Trial
2.3.1. Preparation of Inoculum

The frozen stock culture of L. brevis CD0817 was resuscitated by incubation at 30 ◦C
for 2 d subsequent to streaking onto the seed medium agar. One colony was transferred
into a tube containing 5.0 mL of the seed medium and incubated at 30 ◦C for 24 h. Then, the
5.0 mL culture broth was transferred into a 250 mL Erlenmeyer flask containing 100.0 mL of
the seed medium and cultured in a ZHWY-2102C rotary shaker (Zhicheng Inc., Shanghai,
China) at 30 ◦C and 100 rpm. The culture broth could be used as inoculum when its
absorbance at 600 nm (A600) was close to 4.0. The A600 value was monitored using a
UV1200B ultra-violet–visible spectrophotometer (Mapada Instruments, Shanghai, China).

2.3.2. Fermentation

The fermentations started by inoculating the seed culture at a size of 10% (v/v) into
fermentation media supplemented with different levels of glucose, and then they were
statically maintained at 30 ◦C until the end. Samples were aseptically withdrawn every 4 h.
All the experiments were conducted in triplicate.

2.4. Optimization of Whole-Cell Catalysis System

Unless elsewhere stated, whole-cell catalysis was initiated by resuspending the cells in
an aqueous solution saturated with excess L-glutamic acid, and the duration was 16 h. The
factors that may affect GABA formation, namely, catalysis temperature, catalysis time, cell
concentration, and L-glutamic acid dosage, were optimized one by one. The recyclability
of the whole-cell system was also assessed. The samples were withdrawn at an interval
of 4 h. The relative contents of GABA were determined using the sensitivity intensified
ninhydrin-amino acid chromogenic system (SINACS) described below.

2.5. Recovery of GABA from Whole-Cell Conversion Solution

A total of 500.0 mL of whole-cell conversion broth was centrifuged at 8000× g and
4 ◦C for 10 min. The supernatant was moved to a 1 L round-bottomed flask, followed
by rotary vacuum evaporation at 60 ◦C. The evaporation was terminated when explosive
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boiling occurred. Then, 200.0 mL of anhydrous ethanol was added to the hot solution,
and it was kept at room temperature for several minutes to fully precipitate GABA. The
precipitate was harvested by suction filtration using the Xinhua grade I chromatographic
paper, dried at 60 ◦C, and weighed.

2.6. Analytic Methods

In the optimization of the whole-cell catalysis system, a large number of samples were
involved. To improve work efficiency, the high-throughput SINACS method (unpublished
data, in preparation) was employed to relatively quantitate GABA. During whole-cell
catalytic decarboxylation, the formation of GABA is synchronized with the dissolution of
L-glutamic acid solid powder. Therefore, the more GABA is produced, the higher the A570
value of the chromophore of ninhydrin-GABA/L-glutamic acid. The A570 value represents
the relative content of GABA. A SINACS kit (2.9 mL) composed of 1% ninhydrin, 35.0 µL
0.2 M sodium acetate buffer (pH 5.0), 40.0% ethanol, and 25.0% ethyl acetate was used.
The color development reaction was performed by adding 0.1 mL of the sample to the
SINACS kit and then by heating it at 70 ◦C for 30 min. The A570 values of the reacted
solutions were obtained using the spectrophotometer. Note that, in the optimization of the
effects of temperature, the samples were saturated using L-glutamic acid powder at 50 ◦C
for 2.0 h before the SINACS analysis to eliminate the difference in A570 values resulting
from the variation in the solubility of L-glutamic acid. The SINACS chromogenic reaction
mechanism is identical to that of the classical ninhydrin reagent. However, the SINACS
method provides a more stable chromophore and a 30-fold increase in sensitivity.

Pre-staining thin-layer chromatography was conducted as previously described. In
brief, samples loaded in 2.0 µL aliquots onto a microcrystalline cellulose thin-layer plate
were separated using the ascending technique in n-butanol–acetic acid-water (5:3:2) sup-
plemented with 1.2% (w/v) ninhydrin. The plate was heated at 80 ◦C for 10 min for the
chromogenic reaction afterwards [24,25].

When absolute quantitation was necessary, the HPLC method was adopted to measure
GABA as follows: A cell-free sample was subjected to a 5 min boiling treatment, followed
by centrifugation at 12,000× g for 5 min. Then, 20.0 µL of supernatant was derivatized at
25.0 ◦C for 5.0 min by 20.0 µL of derivatization reagent and 100.0 µL of borate buffer. The
derivatized sample was analyzed using an Agilent 1200 system (Agilent Technologies Inc.,
Santa Clara, CA, USA) loaded with Agilent Eclipse XDB-C18 column (4.6 × 150 mm, 5 µm).
The HPLC operational parameters were as follows: a column temperature of 30 ◦C; mobile
phase flow rate of 0.8 mL/min; and detection wavelength of 338 nm [14]. All the data are
presented as means ± standard deviations.

The cell biomass is expressed as an A600 value. Cells were recovered by centrifugation
and resuspended in an appropriate volume of 0.8% NaCl. A600 values were obtained using
the spectrophotometer.

2.7. Calculations and Statistical Analyses

The substrate molar conversion rate (k) was calculated by adopting the following
formula:

k =
147.1 CGABAV

103.1mGlu
× 100% (1)

where CGABA is the concentration of GABA (g/L); mGlu is the mass of consumed L-glutamic
acid (g); 147.1 is the molar mass of L-glutamic acid (g/mol); 103.1 is the molar mass of
GABA (g/mol); and V is the volume (L).

The statistical analyses were completed using Microsoft Office Excel (Microsoft Corp.,
Redmond, USA). Data are given as means ± standard deviations (n = 3). All charts and
graphs were plotted using GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA,
USA).
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3. Results and Discussion
3.1. Effects of Cell Culture Method on Whole-Cell Catalysis

In a previous fermentation experiment, we observed that 5.0 g/L of glucose was most
suitable to generate GABA with L. brevis CD0817. A higher level (10.0–40.0 g/L) of glucose
did promote cell growth, but it also slightly reduced fermentative GABA production, which
was attributed to the negative effect of its metabolites, such as lactic acid, ethanol, and acetic
acid [14]. We suspect that whole-cell catalysis differs from fermentation in glucose demand
because these metabolites are absent from whole-cell catalysis. To determine the glucose
level that maximizes whole-cell catalysis, we performed GABA fermentations using L.
brevis CD0817 with various levels of glucose. The results indicate that cell growth increased
with the increase in glucose level (Figure 1), which is in line with the previous data [14].
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(n = 3). A600, absorbance at 600 nm.

We harvested cells at 4, 8, 12, 16, 20, 24, 28, 32, and 36 h during the aforementioned
fermentations; set up a whole-cell catalysis system for each harvest of cells; and then deter-
mined the GABA production-time profile up to 16.0 h for each whole-cell catalysis system
(Figure 2a–f). For the sake of intuition, the catalysis abilities of the whole-cell systems,
constructed by 16 h cells from different concentrations of glucose, were compared alone
(Figure 2g). The results indicate that whole-cell catalytic ability increased as the glucose
level increased from 0 to 20.0 g/L, then plateaued, and afterwards slightly decreased when
the glucose level exceeded 40.0 g/L (Figure 2a–g). The 20.0–40.0 g/L level of glucose maxi-
mized whole-cell catalysis, and this was at least partly attributed to the increased number
of cells and the elimination of inhibitory metabolites. The whole-cell catalysis system that
originated from an excessively high level (50.0 g/L) of glucose had a decreased ability,
possibly because the negative effect was too severe to be compensated by the increased
number of cells and the removal of metabolites. Currently, the exact mechanism underlying
this is poorly understood. In sum, cells cultivated by 20.0–40.0 g/L glucose were the most
suitable for the construction of the whole-cell system. Therefore, 20.0 g/L of glucose was
used in the following experiments.

Next, the effects of bacterial age on whole-cell catalysis were evaluated. To achieve
this, GABA fermentation was conducted in the fermentation medium supplemented with
20.0 g/L of glucose. Cells were recovered from the fermentation broth at 4, 8, 12, 16, 20,
24, 28, 32, and 36 h and used to conduct whole-cell catalysis. The results demonstrate that
bacterial age had an important effect on the catalysis ability of the whole-cell system. The
catalysis ability was enhanced with bacterial age from 0 to 16 h, and, thereafter, it gradually
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decreased with bacterial age (Figure 2h). This resulted from the increase in cell density with
fermentation time from 0 to 16 h, followed by a decline with fermentation time beyond
16 h (Figure 1). At 16 h, the fermentative GABA content reached 204.2 ± 2.7 g/L, which
can cause a rather high osmotic pressure [13,26]. It is difficult for cells to survive in such a
hypertonic environment. With the progression of fermentation, a cell is more vulnerable to
dying, possibly resulting from a continuous increase in osmotic pressure. Therefore, the
cells fermented for 16 h were chosen for whole-cell catalysis.
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3.2. Effects of Temperature on Whole-Cell Catalysis

In this section, the effects of incubation temperature (25.0–50.0 ◦C) on whole-cell
catalysis were assessed. The results demonstrate that temperature substantially influenced
decarboxylation efficiency. Decarboxylation was enhanced as the temperature was in-
creased from 25.0 to 45.0 ◦C, and then it decreased with further increases in temperature.
Clearly, 45.0 ◦C was the optimal temperature for the strain to produce GABA in the whole-
cell system (Figure 3). Interestingly, the literature has shown that a temperature of around
45.0 ◦C is favorable for the whole-cell catalytic GABA synthesis performed by L. brevis
strains [21,27,28].
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3.3. Effects of Wet Cell Level on Whole-Cell Catalysis

Each cell functioned as a catalyst. Cell concentration should affect GABA synthesis
efficiency. Therefore, the effect of cell concentration on whole-cell catalysis was examined.
The results show that GABA production gradually elevated as the wet cell concentration
increased from 10.0 to 150.0 g/L. However, GABA productivity also increased as the
wet cell concentration increased from 10.0 to 25.0 g/L, and then it gradually decreased
with further increases in wet cell concentration. For all the whole-cell catalyzes, reactions
were completed at around 8.0 h (Figure 4). Therefore, a catalysis period of 12 h was
proposed to ensure the completion of the reaction. During the first 12 h, GABA productivity
increased from 4.2 ± 0.8 to 5.0 ± 0.4 g/g/h (g GABA/g wet cells/h) as cell concentration
increased from 10.0 to 25.0 g/L; afterwards, it gradually declined to 2.5 ± 0.01 g/g/h as cell
concentration increased to 150.0 g/L. In detail, the GABA productivities at wet cell levels of
10, 25, 50, 75, 100, 125, and 150 g/L were 4.2 ± 0.8, 5.0 ± 0.4, 3.9 ± 0.1, 3.3 ± 0.1, 2.9 ± 0.1,
2.8 ± 0.1, and 2.5 ± 0.01 g/g/h, respectively. Clearly, 25.0 g/L of wet cells showed the
highest GABA productivity. From the aspect of full utilization of cellular catalysis, the wet
cell concentration was suggested to be 25.0 g/L.
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3.4. Recyclability of Whole-Cell System

We successively ran the system four times to determine recyclability. Each run was
only performed for a duration of 4 h. The results indicate that the current whole-cell system
can only be used once (Figure 5). We attributed this to the cell lysis during the first cycle
of the reaction. As aforementioned, the cells were obtained from a fermentative broth
with a high osmotic pressure arising from 204.2 ± 2.7 g/L of GABA. As a result, cell lysis
occurred when the hypertonic cell entered a hypotonic environment. After the first cycle
reaction was completed, few cells were grown when the whole-cell bioconversion broth
was plated onto the medium agar, confirming that almost 100% of the cells were lysed. The
bioconversion of GABA, however, lasted for approximately 8 h (Figures 2–4). This may
be interpreted from the role of the released intracellular GAD enzyme. The available LAB
whole-cell systems could be used about four times [27], possibly because the cells were
from a low osmotic environment. Accordingly, these systems produced low levels of GABA
(4.0–12.0 g/L) in a single run [27,28]. Although our system was disposable, it produced
85.1 ± 0.04 g/L of GABA (as discussed below), surpassing the accumulative GABA of any
available hypotonic system. Therefore, our system is convenient and efficient relative to
the currently available ones.
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The required L-glutamic acid could be added all at once, but most of it exists in
the form of powder, which is ascribed to its low solubility (~6.0 g/L). The dissolution of
substrate powder is synchronized with decarboxylation [14,18]. As a result, the dissolved
substrate buffers the whole-cell system. We determined the pH profile with time during
the whole-cell bioconversion driven by 25.0 g/L of wet cells. As shown in Figure 6, the pH
gradually increased with time and followed a trend identical to that of GABA formation
(Figures 2–4). The increase in pH resulted from the substitution of neutral GABA for acid
L-glutamic acid [29]. Reportedly, the optimal pH for the GADs of LAB strains is around
5.0 [4,6]. The pH of the current reaction system was always maintained at around 5.0 (from
4.0 to 5.8). This acidity led to a satisfactory decarboxylation efficiency. A similar outcome
was previously obtained in L-glutamic-acid-based GABA fermentations [14,18].
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Another feature of our system is that it does not involve any exogenous buffering
reagents. The omitting of exogenous buffering agents implies that GABA can be easily
purified and recovered. The available whole-cell catalysis systems adopted MSG or a
mixture of MSG and L-glutamic acid as the substrate [21,28]. As a result, an extra buffering
agent has to be designed to offset the increase in pH arising from decarboxylation. This
buffer complicates the operation, increases the cost, and is also not conducive to the
purification of GABA. In addition, we suspect that an exogenous buffer is unlikely to
always maintain pH 5.0, which is optimal for GADs activity. In sum, the proposed whole-
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cell system using L-glutamic acid as the substrate shows some advantages over the currently
available ones.

3.5. Recovery of GABA from Whole-Cell System

L-glutamic-acid-based GABA fermentation was conducted by using L. brevis CD0817
in the fermentation medium with 20 g/L of glucose. The fermentation was ended after
being statically maintained at 30 ◦C for 16 h. The fermentative GABA concentration was
quantitated to be 204.2 ± 2.7 g/L using the HPLC method. The cells were harvested to
construct a 500.0 mL whole-cell catalysis system. The system was composed of 25.0 g/L
of wet cells and 300.0 g/L of L-glutamic acid (mostly existing as powder). Whole-cell
catalysis was carried out statically at 45 ◦C for 12 h and shaken well every 1.0 h. Upon
the completion of the reaction, the solution was boiled for 10 min and then centrifuged
at 8000× g and 4.0 ◦C for 10 min. The GABA titer was determined to be 85.1 g/L using
the HPLC method. The substrate residue was 3.7 ± 0.9 g/L. GABA was recovered using
the method described in the Materials and Methods Section. The recovery was simple and
benefited from the concise bioconversion process. The manufactured GABA product was a
white solid powder (Figure 7a). The pre-staining thin-layer chromatogram of the product
is shown in Figure 7b.
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The purity of the GABA product was measured using the HPLC method. The results
indicate that the purity of the product was 97.1%, with a recovery of 87.0%. The only
possible impurities may be trace L-glutamic acid, intracellular molecules, and the debris
of cells. As a proteinaceous amino acid, L-glutamic acid is an ingredient in our diets.
Moreover, as a food-associated strain, L. brevis is prevalent in fermented foods and human
bodies [30,31]. Thus, these impurities are acceptable.

The purification of fermentative GABA involves a complex combination of multiple
steps, including, but not limited to, centrifugation, decolorization, filtration, desalination,
ion-exchange chromatography, and precipitation [19,20]. These operations increase the cost
of production. From economical and practical points of view, we suggest that fermentative
GABA be directly applied in feed industries and that GABA produced by whole-cell
catalysis be applied in food industries. The proposed combined bioprocess for GABA
production is worthy of promotion.

4. Conclusions

In this work, a bioprocess combining fermentation and self-buffered whole-cell cataly-
sis was set up for L. brevis CD0817 to efficiently synthesize GABA. After 16 h of fermentation,
the GABA titer reached 204.2 g/L. Moreover, the whole-cell synthetic GABA titer reached
up to 85.1 g/L after a 12 h reaction using the 16 h cells as catalysts. A GABA product
with a purity of 97.1% was easily recovered from the whole-cell system, with a recovery
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rate of 87.0%. The fermentative GABA may be directly applied in feed industries, while
the GABA purified from the whole-cell catalysis system may be used in food industries.
These findings demonstrate that the current bioprocess is promising for the production of
LAB-sourced GABA.
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