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Abstract Gamma-aminobutyric acid is a non-protein
amino acid that is widely present in organisms. Several
important physiological functions of gamma-aminobutyric
acid have been characterized, such as neurotransmission,
induction of hypotension, diuretic effects, and tranquilizer
effects. Many microorganisms can produce gamma-ami-
nobutyric acid including bacteria, fungi and yeasts. Among
them, gamma-aminobutyric acid-producing lactic acid
bacteria have been a focus of research in recent years,
because lactic acid bacteria possess special physiological
activities and are generally regarded as safe. They have
been extensively used in food industry. The production of
lactic acid bacterial gamma-aminobutyric acid is safe and
eco-friendly, and this provides the possibility of production
of new naturally fermented health-oriented products enri-
ched in gamma-aminobutyric acid. The gamma-aminobu-
tyric acid-producing species of lactic acid bacteria and their
isolation sources, the methods for screening of the strains
and increasing their production, the enzymatic properties of
glutamate decarboxylases and the relative fundamental
research are reviewed in this article. And the potential
applications of gamma-aminobutyric acid-producing lactic
acid bacteria were also referred to.
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Introduction

Gamma-aminobutyric acid (GABA) is a non-protein amino
acid that is widely distributed in nature from microorgan-
isms to plants and animals (Ueno 2000), even in hydro-
thermal systems (Svensson et al. 2004). It is well known
that GABA acts in animals as a major inhibitory neuro-
transmitter. Besides, GABA has several well-characterized
physiological functions, such as induction of hypotension,
diuretic effects, and tranquilizer effects (Jakobs et al. 1993;
Wong et al. 2003). GABA is also a strong secretagogue of
insulin from the pancreas (Adeghate and Ponery 2002) and
effectively prevents diabetic conditions (Hagiwara et al.
2004). Quite recently, researches indicated that GABA
may improve the concentrations of plasma growth hor-
mone and the rate of protein synthesis in the brain (Tujioka
et al. 2009) and inhibit small airway-derived lung adeno-
carcinoma (Schuller et al. 2008). The GABA content is
very low in the temporal cortex, occipital cortex and cer-
ebellum of patients with Alzheimer’s disease (Seidl et al.
2001). In addition to the beneficial bioactivities to humans,
GABA production in microbes is also a contribution to pH
tolerance and ATP production for themselves (Higuchi
et al. 1997; Small and Waterman 1998).

Due to the fact that GABA has the potential as a bio-
active component in foods and pharmaceuticals, the
development of functional foods containing GABA has
been actively pursued. Some GABA-containing foods,
such as tea (Abe et al. 1995; Tsushida and Murai 1987), red
mold rice (Kono and Himeno 2000; Rhyu et al. 2000),
germinated wheat (Nagaoka 2005), soy product (Aoki et al.
2003; Shizuka et al. 2004; Tsai et al. 2006) and rice germ
(Oh 2003; Zhang et al. 2006) have been developed. The
consumption of GABA-enriched foods has been reported to
depress the elevation of systolic blood pressure in
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spontaneously hypertensive rats (SHRs) (Hayakawa et al.
2004) and mildly hypertensive humans (Inoue et al. 2003).

Glutamic acid decarboxylases (GAD, EC 4.1.1.15) cat-
alyzes the irreversible a-decarboxylation of glutamic acid
to produce GABA. GAD can be produced by many
microorganisms including bacteria (Capitani et al. 2003; Li
et al. 2008; Yang et al. 2008), fungi (Kono and Himeno
2000; Rhyu et al. 2000; Su et al. 2003) and yeasts (Masuda
et al. 2008). Lactic acid bacteria (LAB) are an important
group of gram-positive bacteria and widely distributed in
the environment and frequently exist in fermented food,
vegetables and in the intestines of human and animals (Ben
Omar et al. 2000; Gardner et al. 2001; Satokari et al. 2003).
Many kinds of important products including lactic acid,
conjugated linoleic acid, vitamin, aroma compounds, bac-
teriocins, exopolysaccharides and enzymes can be pro-
duced by LAB. LAB can prolong the shelf life of food,
enhance the safety, improve food texture, and contribute to
the pleasant sensory profile of the end product. LAB pos-
sess special physiological activities and are generally
regarded as safe (GRAS), and have been extensively uti-
lized in food industries such as dairy products, bread, fer-
mented vegetables, meats and fish, etc. (Karahan et al.
2010; Lee et al. 2006; Leroy and Vuyst 2004; Yan et al.
2008). Also, LAB have been used as probiotics due to their
properties such as immunomodulation, inhibition of path-
ogenic bacteria, control of intestinal homeostasis, resis-
tance to gastric acidity, bile acid resistance, and anti-
allergic activity (Hwanhlem et al. 2010; Nishida et al.
2008; Tannock 2004; Tuohy et al. 2003). In recent years,
many studies have therefore focused on the GABA pro-
duction by using LAB as bacterial cell factories (Cho et al.
2007; Kim et al. 2009; Komatsuzaki et al. 2005; Yokoyama
et al. 2002).

This review is focused on the GABA-producing LAB
species, isolation methods and isolation sources for
GABA-producing LAB, the ways to enhance GABA pro-
duction, the enzymatic properties of GADs and their rela-
tive molecular studies, and the potential applications of
GABA-producing LAB.

GABA-producing LAB species

Currently, several LAB species/subspecies have been
reported to show GABA-producing ability with a vast
difference in production, including Lactobacillus brevis
(Kim et al. 2007, 2009; Li et al. 2008; Siragusa et al. 2007,
Yokoyama et al. 2002), Lactococcus lactis (Lu et al. 2009;
Nomura et al. 1999a, b; Siragusa et al. 2007), Lb. paracasei
(Komatsuzaki et al. 2005; Siragusa et al. 2007), Lb. del-
brueckii subsp. bulgaricus (Siragusa et al. 2007),
Lb. buchneri (Cho et al. 2007; Park and Oh 2006c),
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Lb. plantarum (Siragusa et al. 2007), Lb. helveticus (Sun
et al. 2009) and Streptococcus salivarius subsp. thermo-
philus (Yang et al. 2008). Among them the Lb. brevis
produced the highest amount of GABA (345.83 mM) (Li
et al. 2009b). Among them, most of the GABA-producing
LAB strains belong to lactobacilli. The data are summa-
rized in Table 1.

Isolation sources

Interestingly, almost all of the strains were isolated from
traditional fermented foods such as kimchi (Lu et al. 2008;
Park and Oh 2007b; Seok et al. 2008), cheese (Nomura
et al. 1998; Park and Oh 2006b; Siragusa et al. 2007),
sourdough (Rizzello et al. 2008), paocai (Li et al. 2008),
etc. which have a common trait with an acidic pH, only
with the exception of Lb. brevis CGMCC 1306 from fresh
milk without pasteurization (Huang et al. 2007a). In addi-
tion, all the reported isolation sources contain a high con-
tent of glutamate. It is clear that traditional fermented
foodstuffs enriched in glutamate are important isolation
sources for screening GABA-producing LAB.

Seventeen GABA-producing LAB strains of 31 colonies
from cheese (Nomura et al. 1998), 61 of 440 from cheese
(Siragusa et al. 2007), and 23 of 1,000 from paocai (Li
et al. 2008), indicate that GABA-producing LAB form a
dominant group in some fermented foods. Meanwhile,
more than one species in cheese (Siragusa et al. 2007)
implies a possible species diversity in some fermented
foods. It is noteworthy that GABA-producing strains from
the samples with high GABA content may exhibit a rela-
tively higher GABA-producing ability than those from the
samples with low GABA content. For example, Siragusa
et al. (2007) reported the best GABA-producing strains,
L. paracasei PF6, L. delbrueckii subsp. bulgaricus PR1,
L. lactis PU1, and L. brevis PM17, were isolated from
Pecorino di Filiano, Pecorino del Reatino, Pecorino Um-
bro, and Pecorino Marchigiano cheeses, respectively,
which had the highest concentrations of GABA. Nomura
et al. (1998) screened L. lactis ssp. lactis 01-4, 01-7, 53-1,
and 53-7 with the highest GABA production from the
cheese starters with the highest levels of GABA.

Although many GABA-producing LAB strains have
been isolated and identified, a further isolation and char-
acterization research is needed because screening various
types of GABA-producing LAB is important for the food
industry (Komatsuzaki et al. 2005). In a further screening,
the isolation sources should be expanded to as many as
possible fermented foods to obtain GABA-producing LAB
strains. This will lead to a wider application area and
higher flexibility of starter cultures.
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Table 1 List of the gamma-aminobutyric acid-producing strains and their isolation sources and their gamma-aminobutyric acid productivity

Gamma-aminobutyric acid yield Reference

Strains Isolation source
Lb. brevis NCL912 Paocai
Lb. brevis OPY-1 Kimchi

Lb. paracasei NFRI 7415 Fermented crucians

Lb. brevis IFO-12005 NR

Lb. brevis PM17 Cheese
Lb. brevis GABA 057 NR

Lb. brevis GABA 100 Kimchi
Lb. plantarum C48* Cheese
Lb. paracasei PF6* Cheese
Lb. buchneri MS Kimchi
Lb. helveticus NDO1 Koumiss
Lb. delbrueckii subsp. bulgaricus PR1* Cheese
Lb. sp. OPK 2-59 Kimchi
Lactobacillus brevis OPK-3 Kimchi
Lc. lactis ssp. lactis 01-7 Cheese starter
Lc. lactis subsp. lactis B Kimchi
Le. lactis PUI* Cheese
S. salivarius subsp. thermophilus Y2 NR

345.83 mM (Li et al. 2009b)

8.0 mM (Park and Oh 2005)
302 mM (Komatsuzaki et al. 2005)
10.18 mM (Yokoyama et al. 2002)
15.0 mg kg™ (Siragusa et al. 2007)
227 mM (Choi et al. 2006)

26.9 mg mL™' (Kim et al. 2009)

16.0 mg kg™ (Siragusa et al. 2007)
99.9 mg kg_1 (Siragusa et al. 2007)
251 mM (Cho et al. 2007)
165.11 mg L (Sun et al. 2009)

63.0 mg kg™ (Siragusa et al. 2007)
15.27 mM (Seok et al. 2008)
2023 g L™ (Park and Oh 2007a)
27.1 pg mL™! (Nomura et al. 1998)
641 gL™! (Lu et al. 2008)

36.0 mg kg’1 (Siragusa et al. 2007)
7984.75 mg L™! (Yang et al. 2008)

 Siragusa et al. isolated 61 gamma-aminobutyric acid-producing lactic acid bacterial strains from 22 Italian cheese varieties, and here only the

five highest gamma-aminobutyric acid-producing strains are presented

NR not reported

Methods for screening GABA-producing LAB

Several methods are suitable for the detection of GABA in
biological fluids, such as amino acid analyzer (Komatsu-
zaki et al. 2005; Kono and Himeno 2000), gas chroma-
tography (GC) (Kagan et al. 2008), high performance
liquid chromatography (HPLC) (Kim et al. 2009; Rossetti
and Lombard 1996), capillary liquid chromatographic/
tandem mass spectrometric method (Song et al. 2005), and
the flow-injection analysis (FIA) method based on GABase
(Horie and Rechnitz 1995). However, these methods
require tedious sample preparation steps and are time
consuming and can only analyze one sample each time. It
is clear that they are not ideal methods in the screening
work. Planar chromatography (Cho et al. 2007; Li et al.
2008, 2009a; Sethi 1999; Yokoyama et al. 2002), pH
indicator method (PIM) (Yang et al. 2006) and enzyme-
based microtiter plate assay (EBMPA) (Tsukatani et al.
2005) do not need expensive equipments, and are suitable
for a parallel analysis of large numbers of samples, and
therefore can be applied in high-throughput screening of
GABA-producing strains.

For the PIM method, cells must be washed clean through
several centrifugation and washing steps before they react
with L-glutamic acid for a very long time (8-24 h). This
method seems to be somewhat tedious and time-consuming.

The EBMPA method needs the expensive GABase. In
addition, components in culture medium may affect on the
enzymatic reaction of GABase. There exists some difficulty
to eliminate the interference factors. For planar chromatog-
raphy, no any sample pretreatment and expensive chemical
reagent are needed. Compared to the PIM and EBMPA
methods, planar chromatography is a simple, convenient and
inexpensive method for analysis of GABA. Many GABA-
producing LAB strains have been isolated from some food
samples by this method (Cho et al. 2007; Li et al. 2008; Park
and Oh 2005; Seok et al. 2008). The recently developed pre-
staining planar chromatography has almost the same R;
values of the acids to those of the traditional method. On
other hand, the pre-staining method is more clean, simple,
convenient, inexpensive and reproducible (Li et al. 2009a).

To reduce the workload and research cost, it is necessary
to detect the content of GABA in samples to preliminarily
determine whether GABA-producing LAB occur in the
samples before screening (Li et al. 2008; Siragusa et al.
2007). The suspicious GABA-producing samples are then
inoculated in the special medium (containing glutamate)
for LAB isolation. After cultivation, the suspicious GABA-
producing cultures are selected from single colonies. The
suspicious GABA-producing strains are further screened
by HPLC. Finally, HPLC-MS should be used to confirm
the results (Li et al. 2008).
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Improvement of GABA production by optimizing
fermentation conditions

The GABA-producing ability varies widely among the
strains of LAB (Table 1), and is affected significantly by
culture conditions and medium composition. Therefore, it
is important to optimize these conditions for enhancing the
GABA production. The optimal conditions for GABA
fermentation are various among the different LAB strains,
and the major factors affecting the GABA production have
been characterized, including carbon sources, glutamate
concentration, culture temperature, pyridoxal 5'-phosphate
(PLP, coenzyme), and pH (Cho et al. 2007; Komatsuzaki
et al. 2005; Li et al. 2009b; Lu et al. 2008; Yang et al.
2008). Among them, pH, temperature and glutamate con-
centration were considered as the common important fac-
tors for all the strains. The content of intracellular GABA is
extremely low and difficult to be extracted from cells
(Komatsuzaki et al. 2005), hence only extracellular GABA
needs to be determined during the optimization.

Optimization based on GAD properties

The GABA-synthesis is catalyzed by GAD. Therefore, the
fermentation conditions can be optimized based on bio-
chemical characteristics of GAD. Komatsuzaki et al.
(2005) optimized the fermentation conditions of Lb. pa-
racasei NFRI 7415 according to the GAD properties and
successfully increased the GABA production from 60 to
302 mM. Yang et al. (2008) also applied this strategy to
enhance the GABA production of S. salivarius subsp.
thermophilus Y2. The results suggest that the elucidation of
biochemical properties of LAB GAD facilitates the opti-
mization of fermentation processes.

Grading-controlling fermentation

High cell density is required for effective synthesis of
GABA. For some strains, the optimal cell growth con-
ditions do not fit the optimal GABA-synthesis conditions.
In this circumstance, grading-controlling fermentation can
be used to enhance GABA yielding. First, high density
cells should be cultivated under the optimal growth
conditions, and then the fermentation should be carried
out in the optimal conditions for the GABA-synthesis.
Yang et al. (2008) designed a two-stage pH and tem-
perature control strategy, based on the differences on the
optimal culture conditions and the optimal GAD reaction
conditions of S. salivarius subsp. thermophilus Y2, to
achieve a high concentration of GABA in the
fermentation.
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Immobilized cells

Immobilized cell technologies have developed rapidly over
the last 30 years and have been widely used in fermenta-
tion processes (Junter and Jouenne 2004). Choi et al.
(2006) applied recycled immobilized Lb. brevis GABA 057
to produce GABA. The converted glutamate increased
from 2% (w/v) to 12% (w/v). The constructed immobilized
cells could be reused at least for four times. Huang et al.
(2007b) reported a bioprocess of production of GABA by
using immobilized LAB cells. GABA yield was signifi-
cantly improved, especially when continuous fermentation
is combined with cell immobilization techniques to
increase the GABA concentration in the fermentor. Hence
the technique holds a great promise for the efficient pro-
duction of GABA.

Enzymatic properties of LAB GADs

GAD is responsible for converting L-glutamate to GABA.
The decarboxylation of L-glutamate to GABA catalyzed by
GAD takes the following general form:

L-glutamate + H*GADGABA + CO,

LAB GAD is an intracellular enzyme (Huang et al.
2007a; Komatsuzaki et al. 2008; Ueno et al. 1997) and
induction of it is one of the acid stress responses in LAB
(Sanders et al. 1998; Small and Waterman 1998). GAD is
produced as a mature form which consists of identical
subunits with molecular mass ranging from 54 to 62 kD,
not as a precursor protein, and has highly conserved
catalytic amino acid residues containing a lysine residue
(Hiraga et al. 2008; Komatsuzaki et al. 2008; Park and Oh
2004; 2007a). GADs have been isolated from a variety of
LAB and their biochemical properties have been
characterized. Although decarboxylation reaction for
LAB GAD:s is identical, primary structure especially the
N-terminal and C-terminal regions are significantly
different (Fig. 1). Differences in primary structure might
affect the GABA-producing ability of LAB (Komatsuzaki
et al. 2008). In LAB, the dimer formation of GAD might be
conserved. However, the active form of the GAD from
Lb. brevis IFO12005 was proved to be a tetramer (Hiraga
et al. 2008). This is the first report of a tetramer form of
GAD from microorganisms.

The Lb. brevis GAD activity could be increased by the
addition of sulfate ions in a dose-dependent manner. The
order of effect was as follows: ammonium sul-
fate > sodium sulfate > magnesium sulfate, indicating that
the increase of hydrophobic interaction between subunits
causes the increase of GAD activity (Ueno et al. 1997). The
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Fig. 1 Comparison of the
amino acid sequence of GADs
from Lc. lactis subsp. lactis
01-7, Lb. brevis IFO12005,

Lb. paracasei NFRI 7415,

Lb. brevis OPK-3 and

Lb. plantarum KCTC3015.
Asterisk indicates identical
amino acid residues for all the
GADs. Boxed amino acid
residues are catalytic amino
acid residues. The first four
GADs correspond to GenBank
accession nos: BAA24584 (gene
ABO010789), BAF99137 (gene
AB258458), BAG12190 (gene
AB295641) and AAZ95185
(gene DQ168031), respectively.
The amino acid sequence of
GAD of Lb. plantarum
KCTC3015 is identical to that
of Lb. plantarum WCFSI1,
which corresponds to GenBank
accession no. CAD65520 (gene
AL935262)

addition of ammonium sulfate did not cause any significant
structural changes, but did induce subtle structural changes
at the active site, probably in the vicinity of the catalytic
residues (Hiraga et al. 2008). The optimum pH values for
maintaining the activity of the GADs were in the range of
4.0-5.0. In high GABA-producing strains Lb. paracasei

01-7
IF012005
NFRI?7415
OPK-3
KCTC3015

01-7
IF01200S
NFRI?7415
OPK-3
KCTC3015

01-7
IF012005
NFRI?7415
OPK-3
KCTC3015

01-7
IF01200S
NFRI?7415
OPK-3
KCTC3015

01-7
IF01200S
NFRI7415
OPK-3
KCTC301S

01-7
IF012005
NFRI7415
OPK-3
KCTC3015

01-7
IF01200S
NFRI7415
OPK-3
KCTC301S5

01-7
IF01200S
NFRI?7415
OPK-3
KCTC3015

01-7
IF012005
NFRI7415
OPK-3
KCTC3015
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*
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GNSRLNLATFCQTYMEPEAVELMKD TLAKNAIDKSEYPRTAEIENRCVNIIANLWHAPDD
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KKMYKDF IGTSTVGSSEGCMLGGLSLLLSWKHRAEKAGFD TKDLHHHLP NLV IMSGYQVY
E----SPFT6TSTIGSSEACMLAGLAMKFAWRKRAKANGLD---LTAHQPNIVISAGYQVC
E----HFTGTSTIGSSEACMLGGLAMKFAWRKRAQAAGLD ---LNAHRPNLVISAGYQVC
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GWV IWRDQ--QYLPKELVFKVSYLGGELP TMAINFSHSASQLIGQYYNF IRFGFDGYREI
GWYVHWRDR--QFLPPELVFKVSYLGGELP TMAINFSHSAAQLIGQYYNF IRFGMDGYREL

* & * * L % % dhkx dhkhrhr %k *k * & * % *
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YPTYPLPANLEQQVIQRIVVRADFGMNMAHD FMD DL TKAVHDLNHAHI---VYHHDAAPK

ddk dhkdtrk * * % * & * * * *

TYGFTH-
KTTVRS-
DATTVSHN
KYGFTH-
KYGFTH-

NFRI 7415 (Komatsuzaki et al. 2008) and Lb. brevis IFO
12005 (Ueno et al. 1997), the GAD activity was still
observed at pH 4.0 or above pH 5.5, but very low levels of
GAD activity were observed at pH 4.0 and no activity was
detected above pH 5.5 in a low GABA-producing strain
L. lactis (Nomura et al. 1998). These results suggest that
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low-pH GAD activity and broad-pH GAD activity might be
important for producing high levels of GABA in LAB. The
optimal temperatures of LAB GADs range from 30 to
50°C.

The substrate specificity of GAD from Lb. brevis was
tested by using 22 kinds of amino acids (r-alanine,
e-aminocaproic acid, L-arginine, L-aspartic acid, L-citrul-
line, L-cysteine, L-glutamic acid, L-glutamine, glycine,
L-histidine, L-homoserine, L-isoleucine, L-leucine, L-lysine,
L-methionine, L-ornithine, L-tyrosine, and L-valine). The
Decarboxylated product was observed only for L-glutamic
acid (Ueno et al. 1997). The Lc. lactis GAD also reacted
only with L-glutamate among the 20 o«-amino acids
(Nomura et al. 1999b). These results indicate that GADs
from LAB are specific for L-glutamic acid. The properties
of the reported LAB GADs are shown in Table 2.

Cloning of GAD genes and their regulators

The full-length GAD genes from Lb. paracasei NFRI 7415
(Komatsuzaki et al. 2008), Lb. plantarum KCTC3015 (Park
and Oh 2004), Lb. brevis OPK-3 (Park and Oh 2007a),
Lb. brevis IFO12005 (Hiraga et al. 2008) and Lc. Lactis
01-7 (Nomura et al. 1999b), and the core fragments of gadBs
from L. paracasei PF6 (accession number EF174473),
L. delbrueckii subsp. bulgaricus PR1 (accession number
EF174472), L. lactis PU1 (accession number EF174474),
and L. plantarum C48 (accession number EF174475) were
cloned and sequenced (Siragusa et al. 2007). In addition, the
GAD genes from Lb. plantarum KCTC3015 (Park and Oh
2004) and Lb. brevis OPK-3 (Park and Oh 2007a) were
successfully expressed in E. coli, and the GAD gene from
Lb. brevis OPK-3 was successfully expressed in Bacillus
subtilis (Park and Oh 2006a).

Lactococcus lactis contains only one GAD gene (gadB)
(Nomura et al. 1999b). gadB and gadC (encoding GadC, an
antiporter which is highly hydrophobic and contains 12
putative membrane-spanning domains and is responsible
for the antiport of glutamate and GABA) form an operon

Table 2 The properties of lactic acid bacterial glutamate decarboxylases

gadCB. This operon is transcribed from the chloride-
dependent promoter Pg,q and the expression of it is gluta-
mate-dependent. The GadR is the activator of the gadCB
operon and is encoded by a gene located in the immediate
upstream of the P,,q (Sanders et al. 1998). L. brevis also
has only a single copy gene gadB for GAD, as does
L. lactis. A gene similar to gadC (42.5% identity with
Lc. lactis gadC) is located very close to the 5'-side of the
gadB gene. These results suggest that L. brevis has an acid
tolerance mechanism similar to Lc. Lactis (Hiraga et al.
2008). Komatsuzaki et al. (2008) cloned gadB of Lb. pa-
racasei and found a ribosome binding sequence (GGAGG)
in the conserved sequence upstream of gadB, but did not
find any possible promoter sequences. They speculated that
gadB and the other genes located upstream of it might also
form an operon structure. Up to date, it is unknown whe-
ther gadC exists as an upstream of gadB in Lb. paracasei.

Why some LAB strains can not produce GABA

It is well known that some LAB strains produce GABA
while others do not (Nomura et al. 1999a). A study focused
on Lc. lactis subsp. lactis (a GABA-producing strain) and
Lc. lactis subsp. cremoris (a GABA-negative strain) has
given us some hints to understand the reasons. Nomura
et al. (2000) verified that gadCB genes are also present in
Lc. lactis subsp. cremoris and that they are not grossly
rearranged by insertions or deletions of large fragments.
However, a one-base deletion of adenine and a one-base
insertion of thymine were detected within the coding
region, resulting in frame shift mutations. Because of the
frame shift resulting from a one-base insertion or deletion
within the coding region, the translated protein was not
functional. The regions around these two mutations were
subsequently sequenced in other L. lactis subsp. cremoris
strains to confirm that the mutations are common. These
results suggest that it is infeasible to develop polymerase
chain reaction (PCR)-based methods for rapid detection of
GABA-producing LAB.

Strains Molecular weight Number of Optimal Optimal K, PI Keat Reference

of subunit (kDa)  subunit pH temperature (°C) (mM) )
Lb. paracasei NFRI 7415 57 2 5.0 50 5.0 - Komatsuzaki et al. (2008)
Lb. brevis OPK-3 53.4 - - - - 5.65 - Park and Oh (2007a)
Lc. lactis subsp. lactis 01-7 54 - 4.7 - 0.51 - - Nomura et al. (1999b)
Lb. brevis CGMCC 1306 62 - 4.4 37 822 - - Huang et al. (2007a, b)
Lb. brevis IFO12005 60 2 4.2 30 9.3 6.5 Ueno et al. (1997)

—, not determined
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Potential applications of GABA-producing LAB
As functional starter cultures

Nowadays, the consumer pays a lot of attention to the
relation between food and health. As a consequence, the
market for foods with health-promoting properties, so-
called functional foods, has shown a remarkable growth
over the last few years. GABA has many bioactivities and
hence has a great application potential in functional foods.
However, the direction addition of chemical GABA to food
is regarded as unnatural and unsafe and is still illegal in
Korea (Kim et al. 2009; Seok et al. 2008). LAB play a
central role in fermentation processes, and have a long and
safe history of application and consumption in the pro-
duction of fermented foods and beverages (Leroy and
Vuyst 2004). The use of GABA-producing LAB strains as
starter cultures in fermentation processes can help to
achieve bio-synthetic production of the GABA. This pro-
vides a way of replacing chemical GABA by natural
GABA, at the same time offering the consumer with new,
attractive food products. This also reduces the production
cost because of the omission the extra addition of GABA.
Currently, the bio-synthetic production of natural GABA
produced by LAB for the manufacturing of dairy products
(Hayakawa et al. 2004; Inoue et al. 2003; Park and Oh
2007b; Skeie et al. 2001), of black raspberry juice (Kim
et al. 2009), of soymilk (Tsai et al. 2006), of kimchi (Seok
et al. 2008), and of cheese (Nomura et al. 1998) is being
explored. However, the GABA formation is restricted by
the GABA-producing ability of LAB and L-glutamic acid
concentration in the food matrices. To increase the GABA
content of the fermented products, strains with a high GAD
activity should be selected for fermentation use. Mean-
while, the concentration of free L-glutamic acid in the food
matrices should be enough high. The concentration of
L-glutamic acid could be enhanced by (1) adding exoge-
nous L-glutamic acid (Kim et al. 2009; Nomura et al. 1998;
Park and Oh 2005; Seok et al. 2008); (2) adding protease to
hydrolyze proteins and produce L-glutamic acid (Zhang
et al. 2006); (3) using LAB having protein hydrolyzing
ability as co-cultures for the fermentation processes (Inoue
et al. 2003).

As probiotics

Probiotics can only be effective if they remain viable as
they pass through the stomach and colonize the intestine
(Chou and Weimer 1999; Nishida et al. 2008). Decarbox-
ylation of glutamate within the LAB cell consumes an
intracellular proton. This helps maintain a neutral

cytoplasmic pH when the external pH drops. Considering
their role in pH resistance, LAB with a high GAD activity
have potential as probiotics. Siragusa et al. (2007) isolated
three lactobacillus strains which could survive and syn-
thesize GABA under simulated gastrointestinal conditions.
This shows that GABA-producing LAB as probiotics could
colonize in the gastrointestinal tract and produce GABA in
situ. Hence, GABA-producing LAB will show promise
potentials as a probiotics through exploitation of the health-
promoting properties of GABA and LAB themselves.

To make full use of by-products in food industry

Some by-products in food industry can be used as cheap
substrates to synthesize GABA by LAB for the manu-
facture of functional foods or beverages. It seems to be
an economical process of natural GABA production. For
instance, Yokoyama et al. (2002) applied Lb. brevis IFO-
12005 to produce GABA from distillery lees. Almost all
of the free glutamic acid (10.50 mM) in the distillery
lees was converted to GABA (10.18 mM). After centri-
fugation, flocculation, and removal of the yellow pigment
and undesired flavors, the GABA-containing solution is
suitable for the production of liquors and beverages. Di
Cagno et al. (2010) manufactured a functional grape
must beverage enriched GABA by a fermentation of Lb.
plantarum DSM19463. This beverage was reported to
have potential anti-hypertensive effect and dermatologi-
cal protection. Hence, the full use of the by-products
based on LAB capacity for synthesizing GABA may
open new perspectives on production of GABA-enriched
products.

Conclusions

GABA-producing LAB offer the opportunity of developing
naturally fermented health-oriented products. Although
some GABA-producing LAB have been isolated to find
strains suitable for different fermentations, further screen-
ing of various GABA-producing strains from LAB, espe-
cially high-yielding strains, is necessary. The high-
throughput screening methods enable us to isolate GABA-
producing LAB rapidly and conveniently. The elucidation
of molecular mechanism and roles of GABA production,
knowledge of the regulation aspects of GABA production,
and profound comprehension of GABA-producing cell
physiology would offer us the theory and tools to increase
GABA yield at genetic and metabolic levels. On other
hand, the expression of LAB GAD genes in other microbes
will further expand the application area of GABA-pro-
ducing LAB.
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