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Abstract

:

The purpose of this study was to optimize conditions of solid-phase fermentation of lactic acid bacteria to enhance GABA contents in grains. Optimal solid-phase fermentation conditions that could enhance the GABA content after fermenting Oryza sativa (brown rice) were investigated by changing the Lactobacillus strain, fermentation temperature, fermentation time, and inoculated bacteria number. Avena sativa, Cicer arietinum, and red and brown Lens culinaris were then fermented using the optimal solid-phase fermentation conditions to measure changes in GABA content and antioxidant activity. As a result of the experiment, the optimal solid-phase fermentation conditions to enhance the GABA contents in grains were: fermentation time, 48 h; amounts of bacteria, inoculating 5% of 1 × 107 CFU/mL of lactic acid bacteria; and fermentation temperature, 36 °C. When fermented under this condition, the GABA content increased from 4.64 mg/g to 6.93 mg/g (49.0%) compared to unfermented raw material. The results of the DPPH and ABTS radical scavenging activity assays confirmed that both the GABA content and radical scavenging activity were increased after fermentation. Such solid fermentation conditions developed in this study can be used to support the development of health functional food materials with enhanced GABA content and antioxidant activity.
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1. Introduction


In recent years, due to rapid industrialization, the living environment has changed. The incidences of emotional diseases such as mental stress, depression, bipolar disorder, and panic disorder are also increasing [1,2]. In addition, with advances in medical science, the incidences of geriatric diseases are increasing as we enter the age of aging. Among geriatric diseases, Alzheimer’s disease is the neurological disease that has the highest percentage. It is expected to increase to 130 million by 2050 [3,4]. γ-Aminobutyric acid (GABA) is a four-carbon free amino acid that constitutes living organisms. It is widely present in bacteria, fungi, plants, and animals. GABA is produced together with CO2 by the irreversible decarboxylation of glutamic acid by glutamate decarboxylase (GAD) [1,5]. GABA is a neurotransmitter in the nervous system that can improve brain blood circulation and promote brain cell metabolism. It is known to be an excellent substance for improving neurological diseases such as dementia prevention, memory enhancement, and alleviation of depression. In addition, it has various physiologically active functions such as lowering blood pressure, diuretic action, improving liver function, and promoting alcohol metabolism [6,7,8,9,10].



GABA is involved in nitrogen and carbon metabolism in plants. GABA in plants plays the role of messengers of enzyme action, regulation of gene expression, and intra- and intercellular transport of intermediates. It is widely distributed in various fruits and vegetables and miscellaneous grains such as rice and beans [11]. However, GABA contents in grains are very low: at 1–4 mg/100 g in regular rice, 4–8 mg/100 g in brown rice, and 10–100 mg/100 g in germinated brown rice. Such low contents cause it to be difficult to show its significant physiological activity in the body because it can be lost due to heat generated during the cooking and processing of food [12]. For this reason, various studies are being conducted to enhance GABA contents in natural products. Ding et al. (2016) have conducted a study on changes in GABA content due to germination under different oxygen conditions using two rice varieties [13]. Han et al. (2014) have found that the optimal production conditions to enhance GABA content are by varying conditions for soaking and germination of rice [14]. Zushi and Matsuzoe (2007) have reported that GABA contents in tomatoes could be improved by using salt-stress. Nejad-Alimoradi et al. (2019) have confirmed that GABA content can be enhanced in pumpkins by using salt-stress [15,16]. In a recent study using Saccharomyces cerevisiae, a method for manufacturing a functional fermented apple beverage with an increased GABA content by fermenting apple juice was reported [17].



Lactobacilli are Gram-positive, acid-resistant, non-spore-forming bacteria in the form of cocci or bacilli that share common physiological and metabolic properties. They can anaerobically utilize carbohydrates to produce lactic acid. They are widely used as a starter for traditional and industrial food fermentation [18]. Among them, lactic acid bacteria are known to be capable of effectively producing GABA from glutamic acid by possessing excellent GAD activity [19,20]. Park and Oh (2006) have presented a method to increase GABA content by manufacturing fermented soymilk yogurt using the L. brevis strain. Han et al. (2019) have used lactic acid bacteria fermentation to increase the GABA content in soymilk [21,22]. Lee et al. (2010) have confirmed the conversion of glutamic acid to GABA from fermented kelp broth with lactic acid bacteria isolated from kimchi and salted fish, which are traditional fermented foods [23]. Siragusa et al. (2007) have isolated strains from 22 types of cheese, identified lactic acid bacteria with excellent GABA synthesis ability, and confirmed the possibility of developing health-promoting foods using them [24].



Studies to increase GABA contents in natural products conducted so far have only been actively conducted by changing the properties of the raw material itself through germination or chemical treatment or through submerged fermentation (SMF). Studies that focus on solid-state fermentation (SSF) are insufficient. SSF refers to a fermentation process in which microorganisms use solid substances as nutrients to produce secondary metabolites. Compared to SMF, when producing new substances such as enzymes, fragrances, and pigments, SSF is receiving attention from many researchers because of its advantages such as high yield, high quality characteristics, and production cost reduction. SSF is economically advantageous because less solvent is used for product extraction and separation compared to SMF and the production cost is lowered by reducing waste treatment costs and sterilization costs. In addition, SSF has better industrial value because it is easier to mass-produce and build facilities due to the higher amount of substrate per unit volume of fermentation tank than SMF. Since SSF is carried out under a low moisture content, the possibility of bacterial contamination is low, causing it to be easier to manage production compared to SMF [25]. The advantage of using lactic acid bacteria for fermentation through a solid-state culture is that they can physiologically enhance active substances without significantly changing the form, taste, or aroma of natural products. SSF is continuously being studied in the biotechnology industry and is attracting attention as an alternative to SMF because it can potentially be applied to the production of secondary metabolites in various fields such as feed, fuel, food, and medicine [26].



Miscellaneous grains refer to grains such as millet, soybean, and buckwheat, excluding white rice among cereals. In the past, miscellaneous grains were considered inferior crops, but as their excellent nutrition and various physiological functions such as anti-cancer, immunity increasing, and antioxidant effects have been revealed, their use value for new well-being food has recently been increased [27,28,29]. Miscellaneous grains contain from two to three times as many vitamins, minerals, and dietary fiber that rice lacks and they are nutritionally excellent and contain a large amount of various physiologically active substances such as GABA [30,31,32]. As the health functional aspects of miscellaneous grains have emerged, the consumer preference for processed foods using them is increasing [33]. According to a recent report examining the consumption of processed foods using grains, as for the consumption patterns of cereals, alcohol manufacturing, rice cake manufacturing, and instant rice showed the largest market size. Among them, consumption in the instant rice market is steadily increasing, while consumption of alcoholic beverages and rice cakes is gradually decreasing [34]. Recently, as single-person households and women’s participation in society have increased, the home meal replacement (HMR) market has expanded, which is rapidly increasing the demand for processed rice such as aseptically processed rice, retort rice, and frozen rice [35,36].



Maintaining the raw form of miscellaneous grains and strengthening the nutritional components is considered to be very important industrially in the growing processed food market using grains. [37]. The development of a technology that can increase the GABA content in miscellaneous grains by using the SFF technology that can preserve the shape of the raw material is expected to have great applicability in the processed food market and is also expected to be used as a health functional food material. Therefore, the objective of this study was to establish optimal fermentation conditions for enhancing GABA contents while maintaining the original form of grains through SSF of lactic acid bacteria.




2. Materials and Methods


2.1. Materials and Reagents


Oryza sativa (brown rice) used in this study was cultivated in Naju, Jeollanam-do, Korea, in 2021. Other grains (Avena sativa, Cicer arietinum, red and brown Lens culinaris) were purchased from Hyundainongsan CO, LTD in Namyangju, Gyeonggi-do, Republic of Korea, in 2021. The Lactobacillus strains used in this study (Lactiplantibacillus plantarum P1, Lacticaseibacillus casei C1, Limosilactobacillus fermentum F1, and Lacticaseibacillus rhamnosus R1) were purchased from Lactomason Co., Ltd. in Jinju, Gyeongsangnam-do, Republic of Korea. The potassium persulfate, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and 2-hydroxy-1-naphthaldehyde (HN) were purchased from Sigma-Aldrich Co., Ltd. (St. Louis, MO, USA). The borate buffer (pH 10) was purchased from Agilent Technologies (Santa Clara, CA, USA).




2.2. Lactic Acid Bacteria Fermentation Conditions


To select the optimal fermentation strain, four types of lactic acid bacteria (L. plantarum, L. casei, L. fermentum, and L. rhamnosus) in a powder state were diluted with sterile distilled water to 1 × 109 CFU/mL and activated at 36 °C for 1 h. Then, 200 g of Oryza sativa was precisely weighed and mixed with 10 mL of each lactic acid bacteria culture. The fermentation was then performed in an incubator at 36 °C for 48 h.



For the optimization of the fermentation temperature, two excellent lactic acid strains (L. plantarum, L. casei) selected above were diluted with sterile distilled water to 1 × 109 CFU/mL, respectively, and activated at 36 °C for 1 h. Then, 200 g of Oryza sativa was precisely weighed and mixed with 10 mL of activated lactic acid bacteria solution. The fermentation was performed in an incubator at 24, 28, 32, 36, and 40 °C for 48 h.



To determine the optimal bacterial inoculum amount, L. plantarum and L. casei were diluted with sterile distilled water to a concentration of 1 × 103, 1 × 105, 1 × 107, 1 × 109, and 1 × 1011 CFU/mL, respectively, and activated at 36 °C for 1 h. Then, 200 g of Oryza sativa was precisely weighed and mixed with 10 mL of activated lactic acid bacteria solution. The fermentation was then performed at 36 °C for 48 h.



To obtain the optimal fermentation time, L. plantarum and L. casei were diluted with sterile distilled water to a concentration of 1 × 107 CFU/mL, respectively, and activated at 36 °C for 1 h. Then, 200 g of brown rice was precisely weighed and mixed with 10 mL of activated lactic acid bacteria solution. The fermentation was then performed at 36 °C for 2, 4, 8, 12, 24, 48, and 72 h, respectively.



For the production of four types of fermented grains (Avena sativa, Cicer arietinum, and red and brown Lens culinaris), L. plantarum and L. casei were diluted with sterile distilled water to a concentration of 1 × 107 CFU/mL, respectively, and activated at 36 °C for 1 h. Then, 200 g of each grain was precisely weighed, mixed with 10 mL of activated lactic acid bacteria solution, and fermented at 36 °C for 48 h.



After each fermentation, all the samples were freeze-dried to remove moisture in order to comparatively analyze the GABA content, DPPH, and ABTS radical scavenging activity. After 20 g of the dried sample was precisely weighed, 200 mL of 50% ethanol was added and ultrasonic extraction was performed for 3 h [6]. The extract was concentrated under reduced pressure to a certain concentration and used as a sample after freeze-drying.




2.3. Analysis of Glutamic Acid and GABA Content


The HPLC analysis of glutamic acid and GABA was performed by modifying the GABA-HN derivatization analysis method reported by Panrod (2016) and Hayat (2014) et al. [38,39]. For the test solution, 100 mg of a freeze-dried fermented grain extract powder sample was precisely weighed and added to a 10 mL volumetric flask. The distilled water was then added up to the mark to reach a concentration of 10 mg/mL. The HN solution for HN derivatization was prepared by precisely weighing 0.15 g of HN, then it was added into a 50 mL volumetric flask to create 0.3% solution with methanol. For derivatization, 0.5 mL of the test solution, 0.3 mL of borate buffer (pH 10), and 0.5 mL of 0.3% HN solution were mixed in a 1.5 mL tube and reacted at 75 °C in a constant temperature water bath for 10 min. After that, it was cooled in a dark room for 10 min and purified with methanol in a 10 mL volumetric flask. All the samples were filtered through a 0.22 μm filter before being injected into HPLC. For the analysis, Shimadzu HPLC system and Shimadzu SPD-M20A Photodiode Array Detector (Shimadzu Corp., Kyoto, Japan) were used. The analysis conditions are shown in Table 1. The symmetry C18 (4.6 × 250 mm, 5 μm) was used as the analysis column.




2.4. DPPH Readical Scavenging Acitivity


The DPPH radical scavenging activity was measured with reference to the method of Jang et al. (2021) [40]. After precisely weighing 50 mg of each sample, it was adjusted with distilled water in a 10 mL volumetric flask and was prepared at 5 mg/mL and used in the experiment. Briefly, for 0.2 mL of each sample, 0.4 mM DPPH solution was added. After reacting at room temperature for 10 min, the absorbance was measured at 517 nm using a microplate reader (Spectramax ABS plus, Molecular Devices, Sunnyvale, CA, USA). The DPPH radical scavenging activity was determined with the following formula. The ascorbic acid was used as a positive control.


DPPH radical scavenging activity (%) = {1 − (Aexperiment/Acontrol)} × 100



(1)








2.5. ABTS Readical Scavenging Acitivity


The ABTS radical scavenging activity was measured by modifying the method of Re et al. (1999) [41]. To generate ABTS radicals, 7 mM ABTS and 2.45 mM potassium persulfate solution were mixed at a 2:1 ratio and reacted in a dark place for 16 h. After mixing 50 μL of sample and 950 μL of ABTS solution, it was reacted in a dark place for 10 min. Then, the absorbance was measured at 734 nm with a microplate reader. The ABTS radical scavenging activity was calculated according to the formula. The ascorbic acid was used as a positive control.


ABTS radical scavenging activity (%) = {1 − (Aexperiment/Acontrol)} × 100



(2)








2.6. Statistical Analysis


The results of glutamic acid, GABA contents, and antioxidant activity are expressed as mean ± SD (standard deviation) of the samples in triplicate. The values were analyzed with a Student t-test on Microsoft 365 Excel computerized software or using a one-way ANOVA followed by Duncan’s multiple range tests using IBM SPSS Statistics version 28.0 (IBM, Armonk, NY, USA). The differences were considered statistically significant at p < 0.05.





3. Results and Discussions


3.1. Identification and Qualification of Glutamic Acid and GABA


The HPLC analysis was performed at 235 nm for the analysis of glutamic acid and GABA content; the established chromatogram is shown in Figure 1. Glutamic acid and GABA derivatized with HN were detected and were analyzed in high concentrations in Oryzae sativa extracts. The retention times of glutamic acid and GABA were 5.10 and 12.590 min, respectively.




3.2. Changes in GABA Content According to Fermentation Conditions


3.2.1. Effect of Fermentation Strains on GABA Content


To set the optimal conditions for lactic acid bacteria fermentation, the GABA content was comparatively analyzed by fermenting Oryza sativa while changing the major factors involved in fermentation (fermentation strain, fermentation temperature, inoculated bacteria number, and fermentation time). It has been reported that the lactic acid bacteria have an excellent ability to produce GABA. Their ability varies greatly between species and strains [42]. Among them, L. plantarum, L. casei, L. fermentum, and L. rhamnosus are reported to have excellent GABA bioconversion ability and various studies are being conducted [43,44,45,46]. Therefore, first, the GABA content was analyzed after fermentation using four types of lactic acid bacteria (L. plantarum, L. casei, L. fermentum, and L. rhamnosus) in Oryza sativa to select a strain with a high GABA production ability (Figure 2). In the unfermented Oryza sativa extract, the GABA content was measured to be 5.87 ± 0.24 mg/dry weight g. However, the GABA contents in the experimental group fermented in the solid phase using L. plantarum, L. casei, L. fermentum, and L. rhamnosus were 6.81 ± 0.16 mg/dry weight g, 6.69 ± 0.22 mg/g, 6.30 ± 0.17 mg/g, and 6.49 ± 0.16 mg/g, respectively. The GABA content was significantly increased in all the experimental groups compared to that in the control group. Among them, the L. plantarum P1 and L. casei C1 enhanced GABA content the most. The content of glutamic acid in the unfermented Oryza sativa extract was measured to be 5.33 ± 0.18 mg/dry weight g. The Oryza sativa extract fermented with L. casei had the highest decrease at 3.97 ± 0.09 mg/dry weight g and the extract fermented with L. plantarum decreased the second most with 4.28 ± 0.03 mg/dry weight g. This means that the two strains had the best ability to convert glutamic acid to GABA. When referring to the glutamic acid content and GABA production, the strain with the best GABA conversion ability was L. casei while L. plantarum had the second highest. Since this study focused on finding the optimal fermentation conditions for converting glutamic acid to GABA, L. casei and L. plantarum strains were used to set up the optimal extraction conditions.




3.2.2. Effect of Fermentation Temperature on GABA Content


The fermentation was carried out at 24 °C, 28 °C, 32 °C, 36 °C, and 40 °C to measure the change in the GABA production ability of lactic acid bacteria according to the fermentation temperature (Figure 3). As a result of the experiment, the glutamic acid content decreased significantly up to 36 °C. The GABA content showed a tendency to increase significantly in inverse proportion to this. Both strains showed the highest GABA content at 36 °C. The L. casei strain fermented at 40 °C showed a tendency to partially decrease the GABA content. Thus, 36 °C was set as the optimum fermentation temperature condition. Li et al. (2010) have compared and analyzed the GABA content after fermentation at 10–45 °C using L. brevis isolated from Paocai. It was reported that the GABA production was the best at 30–35 °C [47], similar to the results of this study. Kim et al. (2009) have compared the GABA production ability from raspberry juice through L. brevis fermentation at different temperatures, pH, and fermentation time [48]. In raspberry juice through liquid fermentation, the GABA was produced better at 30 °C than that at 25 or 37 °C, which was different from this study. Although different raw materials were used for fermentation, the difference between solid-phase fermentation and liquid-phase fermentation was considered a major factor affecting the GABA content.




3.2.3. Effect of Inoculated Cell Number on GABA Content


To optimize the inoculated cell number of each bacterial strain for fermentation, the fermentation was carried out by changing the bacteria concentrations (1 × 103, 1 × 105, 1 × 107, 1 × 109, and 1 × 1011 CFU/mL) (Figure 4). When fermented with L. plantarum and L. casei strains, the GABA contents were very low at 4.79 ± 0.06 mg/dry weight g and 4.65 ± 0.11 mg/ g in the experimental group inoculated with bacteria at 1 × 103 CFU/mL, respectively. In the experimental group inoculated with bacteria at 1 × 107 CFU/mL, the GABA content increased by about 35.2% and 49.0% to 6.48 ± 0.10 mg/dry weight g and 6.93 ± 0.19 mg/g, respectively. As bacterial inoculation increased, the glutamic acid content decreased but the GABA content increased significantly until the bacterial concentration was 1 × 107 CFU/mL. However, even if the concentration was higher than that, there was no statistically significant difference in the GABA production ability. Thus, the optimal concentration for bacterial inoculation was set to be 1 × 107 CFU/mL.




3.2.4. Effect of Fermentation Time on GABA Content


To set the optimal fermentation time, the fermentation was carried out for 2 h, 4 h, 8 h, 12 h, 24 h, 48 h, and 72 h, respectively. The glutamic acid and GABA contents were then compared (Figure 5). As the fermentation time increased, the GABA content significantly increased. With the L. plantarum strain, the GABA content did not increase any more at 48 h. With L. casei, the GABA content showed a tendency to decrease slightly after 72 h of fermentation. Li et al. (2010) have reported that the GABA content increases rapidly up to 36 h under sufficient substrate conditions, followed by almost no production thereafter [47]. In the study of Hwang and Park (2020), when lactic acid bacteria were cultured in an MRS medium including MSG, the maximum production was achieved at 40 h with no significant change after that [49]. In the case of GABA production using lactic acid bacteria, 48 h was set as the optimal fermentation condition in that the GABA content increased rapidly at the beginning of fermentation without increasing any more after a certain period.





3.3. Analysis of GABA Content for Four Types of Fermented Grains


The GABA contents were analyzed after fermenting four kinds of grains (Avena sativa, Cicer arietinum, and red and brown Lens culinaris) under optimal lactic acid bacteria fermentation conditions (36 °C, 1 × 107 CFU/mL, 48 h) to enhance GABA contents (Figure 6). Avena sativa, commonly known as oat, is cultivated worldwide in England, France, and Germany. It is widely used as a raw material for feed, health food, and alcoholic beverages. [50]. Furthermore, Avena sativa are important grain crops that possess high levels of valuable nutrients such as protein, unsaturated fatty acids, soluble fiber, and minerals and are widely utilized to provide nutrient consumption for humans and livestock [51]. Cicer arietinum, also known as chickpea, is a grain that is evaluated as an important component of a vegetarian diet due to its high nutritional value with high contents of dietary fiber and protein [52]. Because the content of glutamic acid is the highest among amino acids contained in chickpeas, it is known as one of the grains with high potential for GABA production [53]. Lens culinaris, commonly known as lentils, varies in color depending on the seed and processing stage, such as green, brown, and red. It is widely used as a low-fat, high-protein, and high-fiber legume crop [54,55]. Lentils are known as one of the world’s top five health foods and consumption and production are steadily increasing [56]. When Avena sativa was fermented with L. plantarum or L. casei, the GABA content was improved by 3% or 6%, respectively, compared to that in the control group without fermentation. The GABA contents in Cicer arietinum fermented with L. plantarum and L. casei were increased by 9% and 11%, respectively. In Lens culinaris fermented with L. plantarum and L. casei, the GABA contents were significantly increased by 8% and 11% in the red lentil and by 9% and 18% in brown lentil, respectively. It was confirmed that by using fermentation conditions established in this study, the GABA content could be significantly increased in five kinds of grains currently widely used: Oryza sativa, Avena sativa, Cicer arietinum, and red and brown Lens culinaris. The solid fermentation method has different nutritional components depending on the type of grain. Thus, the degree of increase for GABA content may vary.




3.4. Anti-Oxidant Activities of Five Types of Fermented Grains


The DPPH is a very stable reactive oxygen species used to measure antioxidant activity. It is used as a principle to measure the absorbance of a purple DPPH solution by changing its color to yellow after removing free radicals through hydrogen donation to substances containing hydroxyl radicals [57]. The antioxidative activity measurement using ABTS radicals is a principle of measuring absorbance by decolorizing a blue reaction solution after removing ABTS free radicals generated by the reaction with potassium persulfate by an antioxidant in the sample [58]. In recent studies, it has been reported that the antioxidant activity and phenolic contents increased when grain by-products were liquid-fermented using Lactobacillus strain [59,60,61]. When solid-phase fermentation was performed under optimal fermentation conditions using L. plantarum and L. casei for all five grains, it showed statistical significance and effectively removed free radicals compared to the control group without fermentation (Figure 7). Lee et al. (2010) have reported that the GABA content and antioxidant activity are increased after fermenting a kelp solution using L. brevis isolated from Jot-gal [23]. Jhan et al. (2015) have reported that when red bean is fermented with B. subtilis and L. bulgaricus, the contents of polyphenols and flavonoids were increased while its antioxidant activity was increased [62]. In a study by Gan et al. (2016), when mung bean (Vigna radiata) and soybean (Glycine max) were fermented using L. plantarum strains, the total phenolic contents and radical scavenging ability were increased [63]. Referring to the preceding studies described above, one could judge that the antioxidant activity of fermented grains was increased due to increased phenolic compounds when fermented using Lactobacillus strains.





4. Conclusions


As a neurotransmitter in the body, GABA is attracting attention as a functional food material because it not only helps relieve nervous system diseases such as depression and stress but also has various physiologically active functions such as blood pressure improvement, liver function improvement, and alcohol metabolism promotion. It is difficult to express the functionality of GABA present in natural products only by natural ingestion in trace amounts. Therefore, various studies such as grain germination, chemical treatment, and liquid fermentation are being conducted to increase GABA contents in natural products. However, these methods cause changes in the shape or characteristics of the raw material, thus having a disadvantage in that characteristics of the existing natural product cannot be used after food manufacturing or processing. In this study, we proposed a method to improve GABA content while preserving the raw form of grains completely using a lactic acid bacteria solid-phase fermentation technique. When Oryza sativa was fermented, L. plantarum and L. casei showed the best GABA production ability among the four lactic acid bacteria (L. plantarum, L. casei, L. fermentum, and L. rhamnosus). As the fermentation temperature conditions were changed, the GABA production ability increased from 24 °C to 36 °C but did not increase thereafter. When the bacterial inoculum was changed during the SSF process, the GABA production increased from 1 × 103 CFU/mL to 1 × 107 CFU/mL, but, thereafter, the GABA content did not increase even as the amount of lactic acid bacteria increased. As the fermentation time increased up to 48 h, the GABA content also increased significantly and the longer fermentation times did not increase the GABA content. As a result of fermenting the grain under the optimized solid fermentation conditions in this study, it was confirmed that the GABA content increased up to 49.0% compared to the raw material. This increase was different because of the different types of grains and different nutritional components. From the DPPH and ABTS assays, it was confirmed that phenolic compounds with physiological activity could be changed in a positive direction and that the GABA content and antioxidant activity were significantly increased through fermentation. If the solid-phase fermentation technique performed in this study is combined with other previously reported techniques that can improve the GABA content, it is thought to have great potential for use in the development of health functional food materials by greatly enhancing insufficient GABA contents in natural products.
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Figure 1. HPLC chromatograms of glutamic acid and GABA standard solution (A) and Oryzae sativa extracts (B). 
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Figure 2. Glutamic acid (A) and GABA (B) contents of Oryza sativa extracts depending on the Lactobacillus strains. Each bar is the mean ± standard deviation of the results from three different analyses (n = 3). The bars with different letters (a–e) indicate significant differences at p < 0.05 using Duncan’s multiple range test. 
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Figure 3. Glutamic acid (A) and GABA (B) contents of the Oryza sativa extracts depending on the fermentation temperature. Each bar is the mean ± standard deviation of the results from three different analyses (n = 3). The bars with different letters (a–d) indicate significant differences at p < 0.05 using Duncan’s multiple range test. 
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Figure 4. Glutamic acid (A) and GABA (B) contents of Oryza sativa extracts depending on the inoculated cell number of Lactobacillus strain. Each bar is the mean ± standard deviation of the results from three different analyses (n = 3). Bars with different letters (a–c) indicate significant differences at p < 0.05 using Duncan’s multiple range test. 
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Figure 5. Glutamic acid (A) and GABA (B) contents of Oryza sativa extracts depending on the fermentation time. Each bar is the mean ± standard deviation of the results from three different analyses (n = 3). Bars with different letters (a–e) indicate significant differences at p < 0.05 using Duncan’s multiple range test. 
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Figure 6. GABA contents of Avena sativa (A), Cicer arietinum (B), red Lens culinaris (C), and brown Lens culinaris (D) extracts. CON: Control; Each bar is the mean ± standard deviation of the results from three different analyses (n = 3). * p < 0.05, significantly different from control (Student’s t-test). 
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Figure 7. DPPH (A) and ABTS (B) radical scavenging activity of Oryza sativa, Avena sativa, Circer arietinum, red Lens culinaris, and brown Lens culinaris extracts. CON: Control; The results were shown as the mean ± SD of three independent experiments (n = 3). * p < 0.05, ** p < 0.01, and *** p < 0.001, significantly different from control (Student’s t-test). 
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Table 1. HPLC condition for analysis of glutamic acid and GABA.
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	Instrument
	Conditions





	Column
	Symmetry C18 (4.6 × 250 mm, 5 um), Waters Corporation



	Column temp.
	35 °C



	Mobile phase

(isocratic)
	100 mM acetate buffer (in water): Methanol = 60: 40, v/v



	Detector
	UV detector (235 nm)



	Flow rate
	0.8 mL/min



	Injection volume
	10 μL



	Run time
	50 min
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