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Abstract 
 

γ-aminobutyric acid (GABA) is a non-protein amino acids that acts as a potent neural signal 

transmitter and has been well studied in medical and pharmaceutical fields. GABA synthesis is 

catalyzed by glutamate decarboxylase (GAD; EC. 4.1.1.15) and the enzyme is widely distributed 

in microorganisms, various plants and the human brain. In the last decade, natural ways to 

synthesize GABA have been proposed as chemical synthesis has been rejected because of the 

corrosive reactants that are used. Currently, there is an increasing interest in GABA production 

using natural methods such as microbial fermentation and enzymatic synthesis. Most of these 

processes are based on the GABA-producing ability of lactic acid bacteria (LAB) and relevant 

enzymes derived from LAB. Fermented foods are considered as an isolation sources of GABA-

producing LAB. Hence, it is of great interest to isolate GABA-producing LAB as well as their 

GAD to cope with the limitation of GABA synthesis using chemical means.  

 In this first part of this thesis, an overview of GAD from lactic acid bacteria is given. In 

this review paper, we outline the importance of gad genes in LAB along with phylogenetic 

analysis. Structural function and biochemical properties of GAD from LAB are also briefly 

discussed and summarized. in addition, various advanced techniques in GABA production and the 

potential of GAD in bio-based manufacture is also described. 

 In the second part of the thesis, the isolation, screening and identification of GABA-

producing LAB from Indonesian fermented foods is covered. Several fermented foods were used 

as an isolation source in this study. L. plantarum, identified by partial 16S rDNA sequencing and 

MALDI-TOF MS, is shown to be an efficient GABA-producing LAB. In addition, rep-PCR 

fingerprinting using the (GTG)5 primer was performed to classified GABA-producing LAB 
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isolated from fermented foods. These strains could be potential candidates for GABA-producing 

cultures in GABA-enriched foods. 

 The third step of this thesis was to produce GABA using microbial fermentation and 

enzymatic synthesis. The ability of L. plantarum FNCC 260 and its enzyme to produce GABA 

were studied and compared. The gadB genes from L. plantarum FNCC 260 were cloned and 

expressed in E. coli T7 harboring pGRO7. The results showed that the use of purified GAD was 

more efficient (5-fold higher) than that of microbial fermentation, suggesting that the use of 

purified GAD was more economical and should be considered in GABA production as functional 

foods ingredient. Furthermore, the purified GAD was characterized more detail. GAD from L. 

plantarum FNCC 260 showed optimum pH and temperature at 4.5 and 60oC respectively. GAD 

activity was enhanced by the addition of 0.6 mM PLP and the presence of 2 mM CaCl2. However, 

the enzyme showed poor thermostability at 20oC and 30oC respectively.  
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Zusammenfassung 
 

γ-Aminobuttersäure (GABA) ist eine nicht-protein Aminosäure, die als potenter 

Neurotransmitter fungiert und in medizinischen und pharmazeutischen Bereichen gut untersucht 

wurde. Die Bildung von GABA wird durch Glutamat-Decarboxylase katalysiert (GAD; EC. 

4.1.1.15). Das Enzym ist in Mikroorganismen, verschiedenen Pflanzen und dem menschlichen 

Gehirn weit verbreitet. In den letzten zehn Jahren wurden unterschiedliche natürliche Weg, GABA 

zu synthetisieren, vorgeschlagen, da die chemische Synthese wegen korrosiven Reaktanten, die 

verwendet werden, starke Nachteile aufweist. Derzeit gibt es ein wachsendes Interesse an der 

GABA-Produktion mit natürlichen Methoden wie mikrobielle Fermentation und enzymatische 

Synthese. Die meisten dieser Prozesse basieren auf der GABA-produzierenden Fähigkeit von 

Milchsäurebakterien (LAB) und denrelevanten Enzymen, die aus LAB gewonnen werden. 

Fermentierte Lebensmittel gelten als wichtige Quellen zu Isolierung von GABA-produzierenden 

LAB. Daher ist es von großem Interesse, neue GABA-produzierende LAB sowie deren GAD zu 

isolieren, um neue natürliche Verfahren zur GABA-Synthese zu etablieren.  

 Im ersten Teil dieser Dissertation wird ein Überblick über GAD aus Milchsäurebakterien 

gegeben. In diesem Review skizzieren wir die Bedeutung von Gad-Genen in LAB zusammen mit 

phylogenetischer Analyse, Funktion und biochemische Eigenschaften von GAD von LAB. 

Darüber hinaus werden verschiedene neue Techniken in der GABA-Produktion und das Potenzial 

von GAD in der biobasierten Fertigung beschrieben. 

 Im zweiten Teil der Dissertation wird das Screening, die Isolierung und Identifizierung von 

GABA-produzierenden LAB aus indonesischen fermentierten Lebensmitteln beschrieben. 

Unzterscheidliche fermentierte Lebensmittel wurden in dieser Studie als Quelle der Isolierung 



vii 
 

verwendet. Ein L. plantarum-Stamm, der mittels partieller 16SrDNA-Sequenzierung und MALDI-

TOF MS identifiziert wurde, wurde als effizientes GABA-produzierendes LAB nachgewiesen. 

Darüber hinaus wurde Rep-PCR-Fingerprinting mit (GTG)5  Primern durchgeführt, um GABA-

produzierendes LAB aus fermentierten Lebensmitteln zu klassifizieren. Diese Stämme stellen 

potenzielle Kandidaten zur GABA-Produktion oder neue Starterkulturen für GABA-

angereicherten Lebensmitteln dar. 

 Der dritte Teil dieser Arbeit befasst sich mit der Herstellung von GABA durch mikrobielle 

Fermentation und enzymatischer Synthese. Die Fähigkeit von L. plantarum FNCC 260 sowie der 

aus diesem Stamm isolierten GAD, GABA zu produzieren, wurden untersucht und verglichen. Die 

gadBGene von L. plantarum FNCC 260 wurden geklont und in E. coli T7 mit pGRO7 exprimiert. 

Die Ergebnisse zeigten, dass die Verwendung von gereinigter GAD effizienter war (5-fach höher) 

als die mikrobiellen Fermentation, was darauf hindeutet, dass die Verwendung von gereinigtem 

GAD wirtschaftlicher sein könnte und für die GABA-Produktion in Betracht gezogen werden 

sollte. Darüber hinaus wurde die gereinigte GAD genauer charakterisiert. GAD von L. plantarum  

FNCC 260 zeigte seine optimale Aktivität bei pH 4,5 bzw. 60oC. Die GAD-Aktivität wurde durch 

die Zugabe von 0,6 mM PLP und in Gegenwart von 2 mM CaCl2 erhöht. Das Enzym zeigte jedoch 

eine geringe Thermostabilität bei 20°bzw. 30°C.  

 

 

 

 

 



viii 
 

Publications arising from this dissertation 
 

This dissertation is presented for examination as a cumulative dissertation containing published 

articles. 

Chapter 3.  

Ida Bagus Agung Yogeswara, Suppasil Maneerat, Dietmar Haltrich.. Microorganisms 2020, 8, 

1923, DOI: 10.3390/microorganisms8121923. 

Chapter 4 

Ida Bagus Agung Yogeswara, Kusumawati, I.G.A.W, Sumadewi, N.L.U, Rahayu, E.S, Indrati, 

R. Isolation and identification of lactic acid bacteria from Indonesian fermented foods as GABA-

producing bacteria. Int Food Res J 2018, 25, 1753-1757. 

Chapter 5 

Dalin Ly, Sigrid Mayrhofer, I.B. Agung Yogeswara, Thu Ha Nguyen, Konrad, J. Domig. 

Identification, classification and screening for γ-aminobutyric acid production in lactic acid 

bacteria from Cambodian fermented foods. Biomolecules 2019, 9, 768 DOI: 

10.3390/biom9120768. 

Chapter 6 

Ida Bagus Agung Yogeswara, Suwapat Kittibunchakul, Endang Sutriswati Rahayu, Konrad J. 

Domig, Dietmar Haltrich, Thu Ha Nguyen. Microbial production and enzymatic biosynthesis of 

γ-aminobutyric acid (GABA) using Lactobacillus plantarum FNCC 260 isolated from Indonesian 

fermented foods. Processes 2021, 9, 22 DOI: dx.doi/org/10.3390/pr9010022. 



ix 
 

Table of contents 
 

ORIGINALITY STATEMENT ................................................................................................... ii 

Acknowledgments ........................................................................................................................ iii 

Abstract ......................................................................................................................................... iv 

Zusammenfassung........................................................................................................................ vi 

Publications arising from this dissertation .............................................................................. viii 

Chapter 1 ....................................................................................................................................... 1 

Introduction ................................................................................................................................... 1 

Chapter 2 ..................................................................................................................................... 17 

Aims and Dissertation Overview ............................................................................................... 17 

Chapter 3 ..................................................................................................................................... 20 

Glutamate decarboxylase from lactic acid bacteria- A key enzyme in GABA synthesis ............. 20 

Chapter 4 ..................................................................................................................................... 45 

Isolation and identification of lactic acid bacteria from Indonesian fermented foods as γ-

aminobutyric acid-producing bacteria .......................................................................................... 45 

Chapter 5 ..................................................................................................................................... 51 

Identification, classification and screening for γ-aminobutyric acid production in lactic acid 

bacteria from Cambodian fermented foods................................................................................... 51 

Chapter 6 ..................................................................................................................................... 68 

Microbial production and enzymatic biosynthesis of γ-aminobutyric acid (GABA) using 

Lactobacillus plantarum FNCC 260 isolated from Indonesian fermented foods ......................... 68 

Chapter 7 ..................................................................................................................................... 86 

Biochemical characteristic of glutamate decarboxylase from Lactobacillus plantarum FNCC 

260*............................................................................................................................................... 86 

Conclusion and outlook .............................................................................................................. 94 

References .................................................................................................................................... 96 

 

 

 

 



1 
 

 

 

 

 

Chapter 1 

Introduction 
 

 

 

 

 

 

 

 

 

 

 

 



2 
 

Introduction 

Nowadays, consumers pay a lot of attention to the relation between food and health. 

Consequently, the development of foods with health-promoting properties, so called functional 

foods, has shown a remarkable growth over the last few years. One of which these functional food 

ingredients is γ-aminobutyric acid (GABA) as it exhibits several physiological functions and hence 

has a promising prospect for the Development of Foods for Specified Health Use (FOSHU) [1]. 

GABA is found naturally in microorganisms and plants, but its concentration in these matrices is 

low and it requires expensive processes for its isolation or enrichment [1]. Chemical synthesis has 

been suggested as a route to GABA; however, a drawback of this process is the use of hazardous 

reagents, which is not applicable for the use in the food industry [2,3]. Furthermore, the direct 

addition of chemically-synthesize GABA to food is considered unnatural and unsafe. Therefore, 

more natural methods are needed to introduce GABA in food products [4]. 

As also found in other parts of east Asia, Indonesia has many kinds of fermented foods. 

Indonesian people utilize a variety of raw ingredients such as fruit, vegetables, fish, milk and meat 

for food fermentation.   These fermented foods have become a part of their regular diet and food 

supply. It has been shown that lactic acid bacteria (LAB) are predominant in Indonesian fermented 

foods [5,6,7]. Moreover, a number of strains of dietary LAB from Indonesian fermented foods 

showed beneficial physiological properties including bile and acid tolerant, assimilation of 

cholesterol, antibacterial activity and β-glucosidase activity [8,9]. In general, LAB have been used 

as probiotics and postbiotic due to their properties and the ability to control food spoilage pathogen 

by secreting acids, conjugated linoleic acid, vitamin, aromas, bacteriocins, exopolysaccharides, 

enzymes and GABA [10–16]]. Therefore, utilization of GABA-producing LAB in fermentation 

processes can offer a natural and safe method to achieve biosynthesis of GABA and at the same 



3 
 

time offering the consumer with new, attractive food products [17,18]. Moreover, the use of LAB 

as GABA-producing bacteria is a more sustainable approach and gained significant attention to be 

developed. 

Microbial GABA formation involve decarboxylation step of glutamate to GABA, 

catalyzed by glutamate decarboxylase (GAD, EC. 4.1.1.15) [19]. The responsible enzyme GAD 

requires pyridoxal-5’-phosphate as cofactor [20]. Several studies suggested that fermented foods 

can serve as excellent isolation sources of GABA-producing LAB, since free glutamate is liberated 

during fermentation [16,17]. A number of GABA-producing LAB have thus been isolated from 

kimchi [21], cheese [22–24], fermented soybeans [25], fermented shrimp [26], fermented milk 

[27], and fermented seaweed [28]. Since LAB are also present in most of Indonesian fermented 

foods, it is of great interest to study their ability and potential in GABA production as well as their 

relevant enzyme, GAD. Moreover, studies of GABA-producing LAB and their enzyme (GAD) 

from Indonesian fermented foods have not been available yet. In this study, several fermented 

foods were considered as an isolation sources of GABA-producing LAB. GABA-producing LAB 

were isolated, screened, and identified. Furthermore, the existence of gad genes of GABA-

producing LAB was revealed for cloning and expression of the GAD protein in E. coli T7 

harboring pGRO7 vector for enzymatic synthesis and characterization. These preliminary results 

may provide useful information for potential expression of gad genes from LAB in other microbes.  

In addition, GABA biosynthesis ability from the strain and their GAD were compared.  
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1.1 Lactic acid bacteria from Indonesian fermented foods 

Fermentation is recognized as the oldest forms of food preservation in the world. Fermentation 

can extend the shelf life of highly perishable food products such as meat, vegetables, fish, and 

fruits, especially in tropical countries like Indonesia. As in parts of Southeast Asia, Indonesian 

fermented foods feature the use of a variety of raw materials including fish, tubers, soybeans, milk, 

vegetables, fruits and cereals [5,29,30]. Indonesian fermented foods mainly contain lactic acid 

(fruits, vegetables, cassava, meat, milk), acetic acid (cereals, vegetables), alcohol (rice, cassava) 

as natural preservative, and additionally involve mold fermentations (soybeans, peanut press cake) 

and high salt fermentations (fish, soy sauce, fermented bean slurry) [31,32]. Fermentation 

processes also enhance the organoleptic characteristics of foods including the changes of aromas, 

flavors and textures. Furthermore, fermentation can improve the digestibility and nutritional values 

of the food products with vitamins, proteins, essential amino acids, essential fatty acids and other 

bioactive components such as bioactive peptides and γ-aminobutyric acid (GABA) formed [33–

35]. 

Lactic acid bacteria (LAB) are a group of Gram-positive, non-spore forming, coccus or rod 

shaped bacteria. They able to ferment carbohydrates to lactic acid (homofermentation) or to a 

combination of acetic acid, lactic acid, carbon dioxide and/or ethanol (heterofermentation) [36,37]. 

Other compounds such as diacetyl, acetaldehyde and hydrogen peroxide are also produced. These 

compounds contribute to the flavor and texture of fermented foods and may also contribute to the 

inhibition of undesirable microbes [38,39]. 

LAB identified in Indonesian fermented foods are dominated by Lactobacillus spp, followed 

by other genera such as Pediococcus, Lactococcus, Streptococcus, Weisella and Leuconostoc 
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(Table 1). Furthermore, lactobacilli have been found in plant-based and meat-based fermentation 

[7], while pediococci and streptococci have been found in fermented plant material and fermented 

food of fish origin [40,41]. LAB are involved to varying degrees in Asian fermented foods and can 

have positive and negative effects on food products. In cereal alcoholic fermentations, LAB 

contribute to the development of the unique flavor and taste. In fruit, vegetables, milk and meat 

fermentations, LAB play a major role in producing the acid necessary for the preservation and 

quality of the products [42]. It is interesting that LAB are generally present in tempe (fermented 

soybeans) in which, Rhizopus oligosporus is the primary microbe involved in the fermentation 

process. Acid fermentations involving LAB occur during the soaking of the soybeans overnight, 

and some growth of LAB commonly occurs during the stage of mold growth as well [32,43,44]. 

As mentioned above, lactic acid showed antibacterial activity which may lead to the safety of 

fermented foods. 

 

     

Fermented food 

Raw 

materials 

Fermentation 

process LAB species References 

Tempoyak Durian flesh lactic fermentation 

L. plantarum, L. 

coryneformis,L. casei, L. 

plantarum. Weisella 

paramesentroides, P. 

acidilactici, Enterococcus 

gallinarum, E. faecalis 

[45] 

Tape starter culture Rice flour  
P. pentosaceus, E. faecium, L. 

curvatus, W. confusa, W. 

paramesentroides 

[46] 

Growol Cassava lactic fermentation L. plantarum, L. rhamnosus. [41,47] 

Tempeh Soybean Mold fermentation 

L. fermentum, L plantarum, P. 

pentosaceus, W. confusa, L. 

delbrueckii subs delbrueckii 

[32] 
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1.2 GABA pathway in LAB 

GABA biosynthesis by microorganisms is performed by the glutamic acid decarboxylase 

(GAD, EC 4. 1. 1. 15) system, consisting of the GAD enzyme (encoded by gadA or gadB) and 

glutamate/GABA antiporter GadC [57–61] . The biosynthetic pathway of GABA is shown in 

Figure 1. 

L-glutamate is transported into the cell through GadC. L-glutamate is decarboxylated by GAD, 

a pyridoxal-5’-phosphate dependent enzyme, and which leads to the synthesis of GABA. This step 

is irreversible and the reaction will consume a proton and release CO2 as byproduct. The resulting 

product GABA is subsequently exported to the extracellular matrix by GadC [62,63]. α-

ketoglutarate is synthesized from glucose as a precursor of L-glutamate via the glycolysis pathway 

and part of the tricarboxylic acid (TCA) cycle, and then transformed by glutamate dehydrogenase 

rice wine 
glutinuous 
rice (steam) 

alcoholic 

fermentation P. pentosaceus, Weisella sp [48] 

Soy sauce Soybean 

mold fermentation 

followed by brine 

fermentation 

Tetragenococcus halophillus [49] 

Salted vegetable  
Mustard 

cabbage leaf 
lactic fermentation 

L. plantarum, L. fermentum, 
L. brevis, L. namurensis, L. 

farciminis, L. rhamnosus, L. 

curvatus, P. pentosaceus 

[50] 

Bekasang Fish  high salt fermentation P. acidilactici [51] 

Urutan (traditional 
Balinese sausage) 

Lean pork lactic fermentation 
L. plantarum, P. acidilactici, 

L. farciminis 
[52] 

Dadih Buffalo milk lactic fermentation 

L. mesentroides, L. brevis, L. 

casei, L. plantarum, E. 

faecium, L. fermentum. L. 

rhamnosus, L. lactis. 

[53,54] 

Fermented Mare 

milk 
Mare milk lactic fermentation 

L. rhamnosus, L. fermentum, 

L. acidophilus, L. brevis. 
[55,56]  
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into L-glutamate (GDH, EC 1. 4. 1.4). The 2-oxoglutarate dehydrogenase complex (ODHC) is an 

essential enzyme of the TCA cycle and functions at the branching point of metabolic flux between 

the synthesis of L-glutamate and energy supply. In addition, it competes with GDH for the 

substrate of α-ketoglutarate. 

In prokaryotes, such as E. coli and L. monocytogenes, the molecular mechanisms of GABA 

degradation have been revealed [64,65]. GABA is degraded to succinic semialdehyde (SSA) by 

GABA aminotransferase (GABA-AT, EC 2. 6. 1. 19). SSA is then converted  to succinic acid by 

succinate semialdehyde dehydrogenase (SSADH, EC 1. 2. 1. 16) for entry into the TCA cycle.  

The GABA-AT encoding gene gadT has been identified in some species of LAB such as L. 

fermentum, L. frumenti, L. gastricus, L gorilla, L mucosae, L oris, L plantarum [66], L. pontis, L. 

reuteri [67], L. similis, L. vaginalis, Leuconostoc citreum [68], Leuconostoc kimchii [69,70], 

Leuconostoc mesentroides subsp. mesentroides and Oenococcus oeni [71]. Recently, it was found 

that MSG enhanced GABA production of L. plantarum. It was clear that the activity of GABA-

AT was inhibited and GABA-AT activity is strongly correlated with GABA production [72]. 

Synthesis of GABA can also proceed through polyamines (putrescine and spermidine) degradation 

[73] and under oxidative stress, it occurs by non-enzymatic reaction from proline [74]. 
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Figure. The biosynthetic pathway of GABA by microorganism. GABA-AT, GABA 

aminotransferase; GadB/GadA, glutamate decarboxylase; GadC, glutamate: γ-aminobutyrate 

antiporter; GDH, L-glutamate dehydrogenase; GltB, glutamate synthetase; Icd, isocitrate 

dehydrogenase; MDH. Malate dehydrogenase; ODHC. 2-oxoglutarate dehydrogenase 

complex; PC, pyruvate carboxylase; PEP, phosphoenolpyruvate; PEPC, phosphoenolpyruvate 

carboxylase; SSADH, succinate semialdehyde dehydrogenase; TCA cycle. The expression of 

enzymes in green font increase GABA production, and the expression of enzymes in red font 

decrease GABA production (adapted from [75]).  

 

1.3  Isolation sources of GABA-producing LAB  

A number of microorganisms including various bacteria, yeasts and fungi have been 

reported to produce GABA[76–80]. The most interesting and practical group of bacteria for 

GABA production are LAB, which produce high levels of GABA [81]. LAB possess’ special 

physiological activities, are generally recognized as safe (GRAS), and have been extensively 
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utilized in food industries for a long time [82]. GABA production by LAB is thus natural and 

safe. 

The GABA-producing LAB is mostly isolated from several fermented foods. To date, L. 

brevis was the predominant and most-studied species from fermented foods and, due to its 

ability to efficiently produced high amount of GABA [27,83]. GABA-producing  L. brevis was 

isolated from kimchi [21], Chinese paocai [83], fresh milk [84], cheese [24] and fermented fish 

[85]. L. farmicinis was isolated from fermented fish [85], L. delbrueckii subsp. bulgaricus was 

isolated from cheese [24], L. plantarum was isolated from cheese and fermented fish [24,85], 

L. paracasei from fermented fish [86]. L. acidophillus was also isolated from fermented meat 

[16], L. buchneri from kimchi [87], L. helveticus from fermented mare milk [88]. In addition, 

L. lactis was isolated from cheese [89], kimchi and yoghurt [76,90]. These results indicate that 

Lactobacilli is the most dominant species were reported as GABA-producing LAB. Moreover, 

Lactobacillus spp is presence in the last stage of fermentation due to low acid production than 

cocci, but more tolerant to acid than cocci [91,92]. 

Although many GABA-producing LAB strains have been isolated and identified, a further 

isolation and characterization research is needed. 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 

 

1.4  Some LAB strains cannot produce GABA 

It is well known that the property of GABA production is species/strain dependent [93–

95]. Possible reason for this is the presence or absence of gadCB genes. Studies by Nomura et 

al. (2000) revealed that gadCB genes are present in L. lactis subsp. cremoris and that they are 
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not grossly rearranged by insertions or deletions of large fragments [96]. However, when a 

one-base deletion of adenine and a one-base insertion of thymine occurred within the coding 

region, this leads to frame shift mutations. As the mutations occurred within the coding region, 

the translated protein was not functional. The regions around these two mutations were 

sequenced in other L. lactis subsp. cremoris strains to confirm that the mutations are common 

[96]. These findings indicate that the development of polymerase chain reaction (PCR)-based 

methods for rapid detection of GABA-producing LAB is feasible. 

 

1.5  Physiological functions of GABA and GABA-enriched foods 

Several physiological functions of GABA have been studied and these results lead to the 

development of functional foods enriched with GABA. GABA is found in high concentrations 

in the mammalian brain where it acts as the most inhibitory neurotransmitter. GABA plays an 

important role in the regulation of local neuronal circuitry such as noradrenergic, dopaminergic 

and serotonergic neurons [97]. The alteration of GABAergic circuits or the GABA content in 

the brain is linked to Alzheimer disease, Parkinson disease, Huntington disease, stiff person 

syndrome and schizophrenia [97]. Glutamate decarboxylase converts L-glutamate in the 

human neuron to GABA and acts as inhibitor to prevent the alteration of the GABA 

concentration in the brain. Alteration of GABA plasma levels have been found in depression 

patients suffering from mood disorders. In addition, lower GABA plasma levels were also 

found in children and adolescents with mood disorders [97]. Seo et al. reported that the 

administration of 46.69 mg/ml of GABA significantly improved the neurological disorders of 

mice [98]. These studies also suggest that high doses of GABA intake may be necessary for 

the efficacy of GABA. Ko et al. demonstrated that fermented black soybeans enriched with 
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GABA exhibit antidepressant effect in rats subjected to a forced swimming test [99]. 

Moreover, fermented black soybeans had a similar antidepressant effect to that of fluoxetine 

and without any side effect [99]. In human trials, Okada et al. demonstrated that daily 

consumption of rice germ containing 26.4 mg of GABA 3 times a day was significantly 

effective in treating neurological disorders such as depression and sleeplessness in menopausal 

women [100]. Studies by Cho et al. reported that Lactobacillus buchneri MS isolated from 

kimchi showed complete protection of neuronal cells against neurotoxicant-induced cell death 

[87].  

GABA can be used to improve other physiological functions such as long term memory 

[98]), sleeplessness and depression [100,101]. High GABA doses were also studied in tea and 

demonstrated sleep-promoting effect mainly mediated via GABAergic systems [102]. This 

bioactive compound could potentially increase insulin secretion and prevent diabetes [103]. 

Hagiwara et al demonstrated that feeding diabetic rats with pre-germinated brown rice 

containing GABA could ameliorated blood glucose elevation and decrease lipid peroxidation. 

Furthermore, the protective effect of pre-germinated rice containing GABA was effective to 

prevent diabetic complication [104]. Protection against oxidative stress was also studied by 

Xie et al. who showed that administration of 0.2% and 0.12% of GABA could prevent obesity 

by ameliorating oxidative stress and protect thyroid functions of mice with high fat diet [105]. 

Another study reported that GABA-rich yoghurt exhibits positive impact on diabetic rats. 

GABA-rich yogurt significantly decreased the concentration of total cholesterol and 

triacylglycerol, whereas remarkably increased the HDL concentration in serum of diabetic rats 

[106]. This study also suggested that novel GABA-rich yoghurt could delay the progression of 

diabetes complication and can be used to treat type 1 diabetes. 
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Daily consumption of GABA-enriched foods affected the development of cancer cells. 

Consumption of brown rice with high GABA content could delay the proliferation of leukemia 

cells and had stimulatory effect on cell apoptosis [107]. Other natural products such as rice 

germs possess antimutagenic activity in animal model. Dietary administration of GABA-

enriched defatted rice germ could prevent the proliferation of colonic adenocarcinoma cells 

and also reduced the frequency of colonic adenocarcinoma by 71% [108]. The authors 

suggested that GABA-enriched rice germ is a possible dietary preventative for human colon 

cancers. Physiological functions of GABA are link to regulation of sleep latency, duration and 

total sleeping time. The administration of GABA increased the sleep quality and GABA 

content in plasma serum in vertebrate models [109]. Furthermore, long term administration 

increased GABA receptor and serotonin signaling. Mood disorders have a link to low GABA 

levels in plasma since this bioactive compounds may be considered as a biological marker of 

vulnerability to the development of various mood disorders [110]. Studied by Petty reported 

that plasma concentrations of GABA are significantly lower in patients with major depressive 

disorder, mania and bipolar disorder. In addition, these low concentrations of GABA appear 

to persist after recovery from depressions and are not increased after treatments [111]. 

However, GABA has been shown to reverse depression and is effective in unipolar and bipolar 

patients by increasing brain GABAergic activity [97]. Clinical evidence suggests that some 

human nervous disorders involving GABAergic systems are related to thyroid dysfunctions 

such as hyperthyroidism or hypothyroidism. Furthermore, thyroid hormones have effects on 

multiple components of the GABA system such as enzyme activities responsible for synthesis 

and degradation of GABA, levels of glutamate and GABA, GABA release and uptake, and 

GABA receptor expression and function. Hypothyroidism generally decreases enzyme 
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activities and GABA levels in the developing brain, whereas, in adult brain, hypothyroidism 

generally increased enzyme activities and GABA levels [111]. Xie et al. showed that a certain 

dose of GABA administration contributes to thyroid function through activating antioxidative 

enzyme pathways [105]. 

Several reports have associated GABA with blood regulation. Numerous studies have 

shown that GABA can reduce blood pressure in animals and humans. In animal studies, 

administration of GABA was able to decrease blood pressure in spontaneously hypertensive 

rats (SHR). A study by Suwanmanon and Hsieh has shown that daily intake of fermented 

soybeans natto containing GABA was able to control the systolic blood pressure in SHR. In 

addition, systolic and diastolic blood pressure was significantly reduced after 8 weeks of 

administration [112]. Another GABA-enriched fermented soybean tempe was developed using 

Rhizopus oligosporus IFO 8631 and shown to lower blood pressure in SHR [80]. The 

development of novel functional foods contained GABA in dairy product was conducted by 

Hayakawa et al. A novel GABA-enriched fermented milk showed a decrease in systolic blood 

pressure in SHR and the hypotensive effect of fermented milk product depended on GABA 

[113]. Furthermore, reduction of blood pressured in SHR can be observed from 4 to 8 hours 

after administration of low-dose GABA-enriched fermented milk [113]. GABA also naturally 

occurs in mulberry leaves and tea leaves. Water extracts from mulberry leaves and tea leaves 

have been reported to exert antihypertensive effect. Mulberry leaf extract containing GABA 

decreased systolic blood pressure in SHR in a dose-dependent manner [114]. In addition, daily 

oral intake of green tea rich in GABA decreased blood pressure in young and old-sensitive rats 

fed with a high salt diet [115]. Mechanisms underlying the antihypertensive effect of GABA 

in SHR were shown by Hayakawa et al. A single oral administration of GABA significantly 
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lowered the systemic blood pressure in the mesenteric arterial bed from SHR. Moreover, 

GABA-induced antihypertensive effect may be due to the inhibition of noradrenaline release 

from sympathetic nerve fibers through an action of GABA receptors via GABAergic systems 

[116]. 

In human trials, dietary interventions containing GABA have been reported. Daily 

intake of 50 g of cheese containing 16 mg of GABA decreased significantly systolic blood 

pressure of men with slightly elevated blood pressure [117]. The author suggests that 

production of GABA in cheese could be enhanced through a longer ripening time. An effect 

of GABA in patients with mild hypertension was also observed [118]. Daily intake for 12 

weeks of a fermented milk product containing GABA significantly reduced blood pressure 

within 2 or 4 weeks and it remained decreased throughout the 12 - week intake period. 

Antihypertensive effects of algae enriched with GABA were also reported in human. Daily 

interventions for 16 weeks of chlorella containing 20 mg of GABA reduced blood pressure in 

mildly hypertension subjects [119]. Furthermore, other studies suggest that consumption of 

one portion (30 mg) of GABA-enriched breakfast cereals can meet up to 55% of the daily 

requirement to lower blood pressure (ca. 10 mg) [120]. 

 

1.6 Potential application of GABA-producing lactic acid bacteria 

Production of GABA using lactic acid bacteria has been extensively studied, since these 

microorganisms are generally considered as safe or GRAS (generally recognized as safe). The 

consumers awareness towards the selection of health-beneficial foods contributes to the significant 

growth of GABA-enriched foods as part of functional foods. Natural addition of GABA is 

demanded over the addition of chemical synthesized GABA since consumers prefer naturally-
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occurring substances. The fermentation helps to reduce the cost of the foods due to the omission 

of chemical addition of GABA and also provides attractive foods with better taste. Therefore, 

GABA production by naturally-occurring microorganisms during fermentation is getting higher 

request. 

Production of GABA by lactic acid bacteria has been studied in food products such as 

raspberry juice, cheese, kimchi, fermented adzuki milk, fermented sea tangle, Nham sausages and 

fermented soybean [18,24,80,120–123]. GABA-producing Lactobacillus brevis GABA100 was 

employed to manufacture fermented black raspberry juice. The fermentation at 30oC generally 

showed higher production of GABA in the juices. GABA was produced continuously even when 

the viable bacterial counts markedly decreased. This indicated that black raspberry juice can be 

enriched with GABA using strain L. brevis GABA100 [122]. Some commercial cheeses have been 

found to contain GABA [89,117]. Di Cagno et al. manufactured a functional grape must beverage 

enriched GABA by a fermentation of L. plantarum DSM19463 (124). This functional beverage 

was reported to have potential antihypertensive effect and dermatological protective properties. 

Hence, the full use of the by-products based on LAB capacity for synthesizing GABA may open 

new perspectives of GABA-enriched food products. 

GABA-producing lactic acid bacteria can also act as probiotics and this property adds 

functional traits for lactic acid bacteria as functional foods ingredients. Probiotics can only be 

effective if they remain viable as they survive through the stomach and colonize the intestine [125]. 

Conversion of glutamate to GABA by irreversible decarboxylation will consumes an intracellular 

proton in the LAB cells, hence, maintaining a neutral cytoplasmic pH when the extracellular pH 

drops. Due to its role in pH resistance, it was suggesting that LAB with high GAD activities have 

potential use as probiotics. Three strains Lactobacillus pracasei PF6, Lactobacillus delbruekii 
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subsp bulgaricus PR1 and Lactobacillus plantarum C48 isolated from cheese were subjected to 

pepsin and pancreatin digestion and they survived and synthesized GABA. These results suggest 

that the strains are able to survive and synthesize GABA under simulated gastrointestinal 

conditions [24]. 
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2.1 Objectives and Dissertation Overview 

 γ-aminobutyric acid (GABA), as outlined above is an interesting inhibitor neurotransmitter 

and can be synthesized using microbial fermentation and enzymatic synthesis. Glutamate 

decarboxylase (GAD, EC. 4.1.1.15) is a key enzyme in catalyzing the decarboxylation reaction of 

glutamate to GABA, releasing CO2 as by-product. It is the objective to study alternative LAB and 

GAD derived thereof as producing systems for GABA, since the main focus in the scientific 

literature had been on L. brevis and GAD derived from L. brevis. The overview regarding GAD 

from LAB is described in chapter 3. In this review paper, the presence of gad genes in LAB and 

a phylogenetic analysis of GAD are briefly described. Moreover, structural and biochemical 

properties of GAD from different LAB is summarized. 

 In Chapter 4 presents GABA-producing LAB from Indonesian fermented foods. 

Fermented foods serve as an interesting and appropriate isolation source of GABA-producing 

LAB. Therefore, several Indonesian fermented foods were considered in this study. The fermented 

foods consisted of two kinds of fermented cassava, fermented soybeans (tempe), salted cabbage, 

fermented chicken and beef sausage, salted fruits and bekasam (fermented fish with rice). GABA-

producing LAB were isolated, screened and quantified for their GABA production. In chapter 5, 

molecular (16S rDNA and rep-PCR) and proteomic methods (MALDI-TOF MS) were performed 

to classify GABA-producing LAB at strain level. 

 In chapter 6, the ability of LAB and their enzyme GAD to produce GABA were 

determined. The effect of various concentrations of MSG, pyridoxal-5’-phosphate (PLP) and 

pyridoxine on GABA production by L. plantarum FNCC 260 were determined. Furthermore, gadB 

genes from L. plantarum FNCC 260 were amplified, cloned and expressed in E. coli T7 harboring 
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pGRO7. Microbial production and enzymatic synthesis of GABA of this strain were compared. 

The biochemical properties of GAD were further characterized as supplementary materials in 

Chapter 7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



20 
 

 

 

 

Chapter 3 
 

Glutamate decarboxylase from lactic acid 

bacteria- A key enzyme in GABA synthesis 

 

Ida Bagus Agung Yogeswara*, Suppasil Maneerat, Dietmar Haltrich 

 

 

 

 

Published in Microorganisms, 2020, 8, 1923 

 

 

 

 



21 
 

 



22 
 

 



23 
 

 



24 
 

 



25 
  



26 
 

 



27 
 

 



28 
 

 



29 
 

 



30 
 

 



31 
 

 



32 
 

 



33 
 

 



34 
 

 

 

 

 

 

 

 

 



35 
 

 



36 
 

 



37 
 

 

 

 

 

 

 



38 
 

 



39 
 

 



40 
 

 



41 
 

 



42 
 

 



43 
 

 



44 
 

 



45 
 

 

 

Chapter 4 
 

Isolation and identification of lactic acid 

bacteria from Indonesian fermented foods as 

γ-aminobutyric acid-producing bacteria 

Agung Yogeswara, I.B*, Kusumawati, I.G.W, Sumadewi, N.L.U, Indrati, R. Rahayu, E.S.R 

 

 

 

 

Published in International Food Research Journal, 2018, 25 (4): 1753-1757 

 

 



46 
 

 



47 
 

 



48 
 

 



49 
 

 



50 
 

 



51 
 

 

 

Chapter 5 

Identification, classification and screening for 

γ-aminobutyric acid production in lactic acid 

bacteria from Cambodian fermented foods 

Dalin Ly, Sigrid Mayrhofer, Ida Bagus Agung Yogeswara, Thu-Ha Nguyen, Konrad J. Domig 

 

 

 

 

Published in Biomolecules, 2019, 9, 768 

 

 



52 
 

 



53 
 

 



54 
 

 



55 
 

 



56 
 

 



57 
 

 



58 
 

 



59 
 

 



60 
 

 



61 
 

 



62 
 

 



63 
 

 



64 
 

 



65 
 

 



66 
 

 



67 
 

 



68 
 

 

 

Chapter 6 

Microbial production and enzymatic 

biosynthesis of γ-aminobutyric acid (GABA) 

using Lactobacillus plantarum FNCC 260 

isolated from Indonesian fermented foods 

Ida Bagus Agung Yogeswara ϯ, Suwapat Kittibunchakul ϯ, Endang Sutriswati Rahayu, Konrad J 

Domig, Dietmar Haltrich, Thu Ha Nguyen. 

ϯBoth authors contributed equally in this work 

 

Published in Processes, 2021, 9, 22 



69 
 

 



70 
 

 



71 
 

 



72 
 

 



73 
 

 



74 
 

 



75 
 

 



76 
 

 



77 
 

 



78 
 

 



79 
 

 



80 
 

 



81 
 

 



82 
 

 



83 
 

 



84 
 

 



85 
 

 

 



86 
 

 

 

 

Chapter 7 

Biochemical characteristic of glutamate 

decarboxylase from Lactobacillus plantarum 

FNCC 260* 

 

*Supplementary material  

 

 

 

 

 

 



87 
 

7.1 Motivation of the study 

Glutamate decarboxylase (GAD, EC 4.1.1.15) is the key enzyme that catalyzes the 

irreversible decarboxylation reaction of glutamate to GABA and CO2. GAD is also member of the 

pyridoxal 5’-phosphate (PLP)-dependent decarboxylases family [126]. GAD is widely distributed 

in eukaryotes and prokaryotes [127]. Several GAD from E. coli [128], Lactococcus lactis [96], 

Streptococcus thermophilllusY2 [129], L. fermentum YS2 [130], Lactobacillus brevis [21,84,131], 

L. zymae [132] and E. avium M5 [133] have been purified and characterized to date. Furthermore, 

biochemical properties of GAD are varied among different sources in terms of chemical and 

physical properties. 

In the previous study, the gadB gene from newly isolated L. plantarum FNCC 260 was 

cloned, expressed in E. coli T7 harboring pGRO7 and subsequently, purified using Ni-immobilized 

metal ion affinity chromatography (IMAC) column. However, the biochemical properties of 

purified GAD from L. plantarum FNCC 260 have not yet been determined. The aim of this study 

was to determine the biochemical properties of GAD from L. plantarum FNCC 260. 

 The effect of pH on GAD activity was determined by incubating GAD in Britton-Robinson 

buffer (mixture of 20 mM each of acetic acid, phosphoric acid, and boric acid, adjusted with 1 M 

NaOH to desired pH values) for 1 h at 37oC and then measuring the relative activity of GAD by 

colorimetric method as previously described in Chapter 6. By the same method, the effect of 

temperature (20-90oC) was determined after 1 h incubation at pH 4.5. The effect of PLP 

concentration ranging from 0 – 1.8 mM and various chemicals (2 mM) were determined. The pH 

and temperature stability of GAD was also evaluated. The pH stability measurements were 

performed by incubating GAD in Britton-Robinson buffer at various pH values (pH 3-7) at 30oC 
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for 72 h. At certain time intervals, samples were withdrawn and the residual activity of GAD was 

measured. The thermostability of GAD was determined by incubating GAD in citrate-phosphate 

buffer (pH 5.0) at various temperatures (4-60oC), and the residual activity of GAD was measured.  

 

7.2 Results and discussion 

7.2.1 Characterization of recombinant GAD 

 The optimum pH of GAD from L. plantarum FNCC 260 was 4.5 (Figure 2), which is in 

agreement with other GAD enzymes from other microorganisms. However, the enzyme is more 

stable at pH 4.0 and exhibit 70% of the maximal activity after 72 h of incubation. Most of bacterial 

GAD are active at pH 4 – 5.5; for example, L. brevis IFO 12005 [131], pH 4-4.5, L. lactis, pH 4.7 

[96] , S. thermophilus Y2, pH 4,2 [129] , L. paracasei NFRI 7415, pH 5.02 [134], L. brevis 

CGMCC 1306, pH 4.8 and pH 5.2 for L. brevis 877G [84,135]. GAD plays a crucial role in 

maintaining the intracellular pH under acidic condition and its role is essential for LAB to 

maintained its viability. 
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Figure 2. Effect of pH on GAD activity. GAD was incubated in Britton-Robinson buffer at various 

pH values for 1 h at 37oC. The experiments were performed at least in duplicates. Data are 

expressed as the mean value with SD less than 5%. 

pH

2 3 4 5 6 7 8 9 10

R
e
la

tiv
e
 a

c
tiv

ity
 (

%
)

0

20

40

60

80

100

120



90 
 

 

Figure 3. Effect of temperature on GAD activity. GAD was incubated at various temperatures in 

citrate-phosphate buffer (pH 4.5) for 1 h. The experiments were performed at least in duplicates. 

Data are expressed as the mean value and the SD was always less than 5%. 
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Table 2. Stability of GAD at various temperatures and pH. GAD was incubated in Britton-

Robinson buffer (pH stability) and citrate-phosphate buffer pH 4.5 (temperature stability) for 72 h 

at 30oC. The experiments were performed at least in duplicates. Data expressed as SD ± Mean with 

SD less than 5%. 

    

Temperature (oC) Residual activity (%) pH Residual activity (%) 

4 94.73 3 52.65 

20 42.2 4 70.85 

30 41.95 5 48.45 

40 8.61 5.5 48.2 

50 1.2 6 47.31 

60 1.2 6.5 43.82 

    7 42.51 

 

 The optimum temperature of GAD activity was 60oC, higher than that of l. brevis 877G 

and L. plantarum ATCC 14917 (45 and 40oC). The enzyme exhibit 94% of residual activity when 

store at 4oC for 3 days. In contrast, the activity of the enzyme was decreasing at 20-60oC (Table 

2) after 72 h of incubation. Recombinant GAD from L. plantarum FNCC 260 depends on PLP for 

its activity (Figure 4). As it was shown in Figure 4, the activity of the recombinant GAD was 

increased rapidly with the addition of PLP at increasing concentrations ranging from 0.1-0.6 mM. 

The highest activity was observed at concentration of 0.6 mM PLP. However, PLP concentrations 

above 0.6 mM did not increase GAD activity [86,94,136]. Similarly, the addition of PLP above 

0.6 mM did not affect GAD activity of L. zymae [132], E. avium M5 [133] and L. sakei A156 

[137]. 
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Figure 4. effect of PLP on GAD activity. GAD was incubated in citrate-phosphate buffer (pH 4.5) 

supplemented with various concentrations of PLP for 1 h at 37oC. The experiments were performed 

at least in duplicates. Data are expressed as the mean value and the SD was always less than 5%. 
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respectively. The recombinant GAD was more stable at pH 4.0 and 4oC. The activity of GAD was 

increased by the addition of 0.6 mM PLP. The presence of 2 mM CaCl2 rapidly increased GAD 

activity and its activity was decreased by the presence of FeCl3 (28%), CuSO4 (34.41%), AgNO3 

(34.01%) and MnCl2 (36%) respectively. The results suggesting that L. plantarum FNCC 260 and 

its GAD have the potential for use in the food industry when GABA-enriched foods are attempted 

to be produced. although the recombinant enzyme can be produced sufficiently in E. coli, food-

grade microorganisms such as LAB is preferred if GAD is introduced in the food industry. 

Furthermore, the improvement of GAD activity by protein engineering techniques or metabolic 

engineering is needed to obtain high performance of the recombinant enzyme. 

 

Figure 5. The effect of various metal ions (2 mM) on GAD activity. GAD was incubated in citrate-

phosphate buffer (pH 4.5) supplemented with various metal ions (2 mM) for 1 h at 37oC. The 

experiments were performed at least in duplicates. Data are expressed as the mean value and the 

SD was always less than 5%. 
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Conclusion and outlook 
 

 The first part of this work was to provide an overview of GAD from LAB. Here, we outline 

the presence of gad genes in LAB as important and efficient GABA-producing organisms together 

with a phylogenetic analysis, we summarize biochemical data available for GAD from different 

LAB, and finally we give an outlook on potential applications of GAD in the manufacture of bio-

based chemicals. The occurrence of gadA and gadB genes were also revealed to understand their 

role in GABA synthesis. The review also provided structural information of GAD from L. brevis, 

since the structural information is only limited to GAD from L. brevis and hence, structural studies 

of GAD from other GABA-producing LAB is needed to understand their catalytic and structural 

properties in more detail.  

In the second part of this work, GABA-producing LAB have been isolated from various 

Indonesian fermented foods namely fermented cassava, fermented fish with rice, fermented 

soybeans, salted cabbage, salted fruits, chicken sausage and beef sausage. All isolates were 

screened and identified using molecular and proteomic methods. It was found that L. plantarum 

species are shown to be GABA-producing LAB in this respect. Moreover, L. plantarum are 

predominant species in Indonesian fermented foods. Hence, it is of great interest to develop L. 

plantarum as starter cultures in GABA-enriched traditional fermented foods. Since, most of 

Indonesian fermented foods are still rely on indigenous cultures. In addition, the use of LAB may 

overcome the limitation of GABA synthesis using chemical mean. As the use of LAB as a more 

sustainable route for postbiotic production is gaining interest among the scientific community and 

industrial sector.  
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The third part of this work, gadB genes from L. plantarum FNCC 260 were cloned and 

expressed in E. coli T7 harboring pGRO7. Subsequently, GadB were purified for further GABA 

synthesis and characterization. The obtained expression yield was 1.38 kU/L fermentation medium 

with specific activity of purified enzyme was 1.12 U/mg. In this part, microbial production and 

enzymatic synthesis of GABA were performed and compared. It was clear that GABA synthesis 

using purified GAD was 5 – 7 - fold higher than that of microbial fermentation using L. plantarum 

FNCC 260. The results suggesting that purified GAD may help to increase the yield and reduce 

the production time. In this part, purified GAD was also characterized. pH and temperature 

optimum of GAD were 4.5 and 60oC respectively. Furthermore, GAD activity was enhanced by 

the addition of 0.6 mM PLP and 2 mM CaCl2, and unfortunately the recombinant GAD showed 

poor thermostability at 20oC and 30oC respectively.  
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Appendix 1. Protein concentration of induce and non-induce 

 

Appendix 2. GAD crude activity after induction 
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Appendix 3. Standard curve of GAD assay 

 

Appendix 4. GABase standard curve. 
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Appendix 5. Amplified gadB gene from Lb. plantarum FNCC 260 and FNCC 343. The amplified 

gene consist of 1410 bp. M; marker ladder is 2kb, 1; FNCC 260, 2; FNCC 343. 

 

Strains  API Maldi-Tof 16S RNA 

245 

282 

257 

253 

235 

343 

322 

242 

246 

260 

283 

344 

Lb. murinus 

Lb. confusa 

Lb. delbrueckii 

Lb. delbrueckii 

Lb. plantarum 

Lb. casei 

Lb. fermentum 

Lb. plantarum 

Lb. sake 

Lb. sake 

Lb. sake 

Lb. plantarum 

Lb. fermentum 

Weissella confusa 

Pediococcus pentosaceus 

Lb. plantarum 

Lb. fermentum 

Lb. plantarum 

Weissella confusa 

Lb. plantarum 

Lb. plantarum 

Lb. plantarum 

Lb. pentosus 

Lb. pentosus 

 

Lb. fermentum 

Weissela confusa 

Pediococcus pentosaceus 

Lb. plantarum 

Lb. fermentum 

Lb. plantarum 

Weissella confusa 

Lb. plantarum 

Lb. plantarum 

Lb. plantarum 

Lb. herbarum 

Lb. herbarum 

 

Appendix 6. Identification of LAB from fermented foods 
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Appendix 7. UPLC analysis of GABA standard. 
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Appendix 8. Protein analysis of GAD using LC-ESI-MS system. One major variant with 51797.8 

Da could be identified. Additionally a protein with 56284.5 Da was detected 
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