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Abstract

:

In this study, heat and relative humidity (HRH) treatment was applied in highland barley for γ-aminobutyric acid (GABA) accumulation. Tibetan highland barley cultivars (25) were selected for comparison and analysis. HRH treatment could accumulate GABA in several hours with low moisture content and high temperature, and the grains were treated for 2.5 h at 65 °C in this study. The GABA content of processed grains under HRH optimal condition ranged from 26.91 to 76.28 mg·100 g−1, which was significantly higher than the initial content (12.78–43.00 mg·100 g−1). The highest GABA accumulation capacity was observed in two-row yellow cultivars (YT1), increasing from 36.52 to 76.28 mg·100 g−1. Correlation analysis showed that the accumulation of GABA after HRH treatment was positively and significantly (p < 0.05) correlated with the contents of protein (0.52), total free amino acids (0.68), threonine (0.53), serine (0.51), glutamate (0.69), glycine (0.49), alanine (0.46), cysteine (0.57), tyrosine (0.50), lysine (0.53), proline (0.40), and glutamate decarboxylase (GAD) activity (0.62), which were closely related to GABA-shunt pathway. The polyamines contents, diamine oxidase (DAO) and polyamine oxidase (PAO) activities, as the substrates and critical enzymes of polyamine degradation pathway, showed no significant correlation with GABA accumulation. The results suggested that the main pathway of GABA accumulation in highland barley under HRH treatment was GABA-shunt pathway.
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1. Introduction


Highland barley (Hordeum vulgare L.) with naked caryopsis is a type of barley mainly distributed in Tibetan Plateau at an elevation of 1400–4700 m [1], and is a traditional staple food, occupying over 70% of the crop lands in Tibet [2]. Due to the richness of various types of nutrients and bioactive compounds, like dietary fiber, protein, β-glucan, and phenolic compounds, highland barley has attracted extensive attention on hyperlipidemia, diabetes, regulation of blood pressure, and anti-atherosclerosis effects [3,4,5].



γ-Aminobutyric acid (GABA), a nonprotein amino acid, is regarded as an important inhibitory neurotransmitter in the mammalian central nervous system, having diverse physiological functions [6], such as antihypertensive, hypoglycemic, anti-cancer, diuretic and, sedative [7]. GABA naturally exists in plant materials, with concentrations of GABA from traces up to μmol·g−1, depending on the plant species, development stage, growth environment and processing conditions [8,9]. The GABA content of Tibetan Plateau highland barley was 18–28 mg·100 g−1 [10], which was higher than rice germ (10.75–18.62 mg·100 g−1) [11], fava bean (0.30–20.60 mg·100 g−1) [12], soybean (2.99 mg·100 g−1) [13], and wheat (0.12 mg·100 g−1) [14]. A higher GABA accumulation of highland barley may be induced by extreme climatic conditions, such as intense UV radiation, drought, and hypoxia [15]. In plants, GABA is primarily synthesized via the decarboxylation of L-glutamate, catalyzed by glutamate decarboxylase (GAD) [16]. This pathway is defined as GABA-shunt. Another contributor of GABA synthesis is the degradation of putrescine (Put), spermine (Spm), and spermidine (Spd), catalyzed by diamine oxidase (DAO) and polyamine (PAO) [17].



Previous studies showed that various abiotic and biotic stress can induce an elevation of the GABA level in plant seeds and tissue [18]. The conventional methods for GABA accumulation of cereals and pulses contain soaking and germination. Additionally, some co-processing based on soaking and germination prerequisites could also further promote GABA accumulation, such as ultrasonication, high hydrostatic pressure (HTP), and slightly acidic electrolyzed water [19,20,21]. However, these enrichment technologies of GABA involve long-time soaking and subsequent drying treatments, which are complex processes requiring enormous quantity of water and energy. The soaking pretreatment and germination make nutrients dissolve in the water, which not only results substantial nutritive value losses, but also increases the risk of microbial proliferation. Therefore, the environment friendly technology is essential to accumulate GABA.



The heat and relative humidity (HRH) treatment, first applied by Fukumori, which could accumulate GABA in several hours with low moisture content (16.0–18.5%) and high temperature (50–70 °C) [22]. The low moisture content of raw materials could reduce dying time and energy consumption, and prevent the taste deterioration and husk getting wrinkles. The capacity of HRH treatment on GABA accumulation has been confirmed in several cereals (rice, foxtail millet, and wheat buckwheat) and pluses (soybean, adzuki bean, mung bean, and mottled kidney bean) [22]. After HRH treatment, the GABA content of mung bean increased 7.52 times [23]. However, the mechanism of HRH treatment promoting GABA accumulation is not clear. Due to the hypoxia environment of Tibetan Plateau, the GABA content of highland barley is higher than other cereals and pluses [10]. The effect of HRH treatment on highland barley with high initial GABA content needs to be studied. In addition, variations in GABA accumulation have been reported in different brown rice and tomato cultivars upon stress conditions [11,12]. The influences of highland barley cultivar on GABA content and enrichment capacity are unknown.



In the present study, HRH treatment was used in highland barley to investigate the favorite conditions and the possible difference of GABA accumulation ability among cultivars. The relationship between GABA accumulation under HRH treatment and physical, chemical, and biochemical characteristics of highland barley was explored to confirm the contribution of GABA-shunt and polyamine degradation pathway.




2. Materials and Methods


2.1. Materials and Chemicals


Table S1 lists the twenty-five cultivars of highland barley that were used in this study: four two-rowed yellow highland barley (YT1-4), nine six-rowed yellow highland barley (SY1-9), and six-rowed purple hulless barley (PS1-12). They were planted at Lhasa, Tibet (altitude: 3658 m, oxygen content: 15.09%, mean temperature: 18.60 °C) in 2017. Whole grains were ground using a whirlwind mill (CT293, FOSS, Hillerod, Denmark) equipped with a 0.5 mm screen. Grains and grain flour were stored in double-layer self-sealing bags at 4 °C.



γ-Aminobutyric acid (GABA), putrescine (Put), spermidine (Spd), spermine (Spd), amino acid standard solution, sodium acetate, β-mercaptoethanol polyvinyl pyrrolidone (PVP), and pyridoxal 5-phosphate (PLP) were from Sigma Aldrich (Saint Louis, MO, USA). The HPLC-grade acetonitrile and methanol were purchased from Fisher Scientific (Waltham, MA, USA). All other chemicals and reagent used in the experiments were analytical grade.




2.2. Heat and Relative Humidity (HRH) Treatment


Moisture content was adjusted to 18% by adding deionized water to highland barley samples (50 g, wet basis). The samples were placed in a plastic tube, then placed on a shaker to make sure the even absorption of water. The samples were placed in a constant temperature and humidity box (KW-TH-49T, Dongguan KOWIN Testing Equipment Co., Ltd., Dongguan, China, temperature fluctuation ±0.2 °C, humidity 95 ± 1%) and treated for 2.5 h at 65 °C under the temperature set in the experiment (Figure S1). After HRH treatment, the highland barley samples were placed into a freeze dryer and dried to 10%. Finally, the samples were sealed using double-layer self-sealing and stored at 4 °C.




2.3. Determination of Germination Percentage, Kernel Weight, Starch and Protein


The germination percentage of 25 highland barley cultivars were determined based on International Seed Testing Association (ISTA) method. Kernel weight was the weight of one thousand highland barley seeds, which was used for analyzing the differences in grain average mass between cultivars [24]. The content of starch was determined using a Total Starch Assay Kit according to the enzymatic protocols from Megazyme. Protein was determined based on approved AACC method 46-12 (Kjeldahl method) [25].




2.4. Determination of GABA


The extract method of a slight modification was used [26]. Briefly a sample (0.25 g, dry basis) was extracted using a mixture of 70% ethanol (2.5 mL) by shaking it at room temperature for 30 min. The supernatant was obtained by centrifugation of the extract at 10,000× g at 4 °C for 10 min. This step was repeated three times, then combined the supernatant. The supernatant was filtrated through a 0.2 μm filter before GABA analysis.



The GABA content in highland barley were determined using HPLC (Agilent 1260, Agilent Technologies Inc., Palo Alto, CA, USA) according to the Chinese agricultural industry standard NY/T2890-2016. The filtrated supernatant was derivatized using dansyl chloride. The injection volume was 10 μL, the flow rate was 1.0 mL·min−1, and the temperature was set at 30 °C. Two mobile phases were 50 mM·L−1 sodium acetate (A) and acetonitrile (B). The elution gradient was that 0–20 min, 69% A; 20–30 min, 31% A; 30–35 min, 69% A. The chromatogram was detected at a wavelength of 436 nm. The GABA standard was analyzed as references under the same condition.




2.5. Determination of Free Amino Acid Composition


The samples (1 g, dry basis) were extracted using 0.1 M·L−1 HCl (15 mL) at room temperature with ultrasonic wave for 30 min [16]. The supernatant was obtained by centrifugation of the extract at 10,000× g for 10 min at 4 °C. A volume 1 mL of supernatant was added to a tube with 1 mL sulfosalicylic acid (10%) and placed into 4 °C for 60 min to settle protein, then centrifuged at 10,000× g for 10 min at 4 °C. The supernatant was used for determining the content of total free amino acid according to ninhydrin reaction. The extracts were filtered using a 0.2 μm filtration, then the composition of free amino acid was determined by an aim acid analyser (L-8800, Hitachi, Tokyo, Japan).




2.6. Determination of Polyamines


Polyamines were determined by HPLC using the method of Marek with a slight modification [27]. A sample (1 g, dry basis) was extracted using a mixture of 5% HClO4 (v/v) at ice bath for 1 h. The extract was centrifuged at 10,000× g for 20 min at 4 °C to get supernatant. The supernatant (1 mL) was mixed with NaOH (2 mL, 2 M·L−1), and then 20 μL benzoyl chloride/methanol (1/1, v/v) was added to the mixture. After incubation for 30 min at 37 °C, saturated NaCl was added to terminate benzoylation. Diethyl ether (3 mL) was added to extract benzoylated polyamines by shaking for 30 min and then centrifuged at 3000× g for 5 min. The upper etheric phase (1.5 mL) was evaporated to dryness at room temperature and dissolved in methanol (200 µL). The standards (Put, Spd and Spm) were prepared as the same operations. The benzoylated polyamines were filtered using a 0.2 μm filtration. The injection volume was 10 μL, the flow rate was 1.0 mL·min−1 and the temperature was set at 30 °C. Two mobile phases were water (A) and methanol (B). The isocratic elution condition was 36% A phase at a flow rate of 0.6 mL·min−1. The chromatogram was detected at a wavelength of 254 nm.




2.7. Assays of GAD, DAO and PAO


The GAD activity was determined using the method of Liu et al. [28] with minor modifications. A sample (1 g, dry basis) was smashed in liquid nitrogen, and then extracted using a mixture of potassium phosphate buffer (5 mL, 70 mM·L−1, pH 5.8) containing 2 mM·L−1 β-mercaptoethanol, 2 mM·L−1 EDTA and 0.2 mM·L−1 PLP at ice bath for 2 h. The extract was centrifuged at 10,000 rpm for 20 min at 4 °C. The supernatant was used for enzyme assay. The reaction mixture, which containing 200 µL of enzyme extract and 100 µL of substrate (1% Glu, pH 5.8), was incubated in a water bath at 40 °C for 2 h and then terminated in a boiling water bath for 5 min. The supernatant of the mixture was determined for GABA content. The release of 1 µM GABA per hour was defined as one unit (1 U) of GAD activity.



DAO and PAO activity were determined using the method of Liao with a slight modification [29]. A sample (1 g, dry basis) was smashed in liquid nitrogen, and then extracted using a mixture of potassium phosphate buffer (3 mL, 70 mM·L−1, pH 6.5) containing 5% PVP (w/v) at ice bath for 2 h. The extract was centrifuged at 10,000× g for 20 min at 4 °C. The supernatant was used for enzyme assay. Reaction mixtures (3.0 mL) contained crude enzyme extract (2.6 mL), peroxidase (250 U mL−1, 0.1 mL), and 4-aminoantipyrine/N, N-dimethylaniline (0.2 mL). The addition of Put or Spm/Spd (20 mM·L−1, 0.1 mL) was the priming of reaction. The 0.01 change of absorbance at 555 nm per minute was defined as one unit (1 U) of DAO or PAO activity.




2.8. Statistical Analysis


Experimental design was a completely randomized design. The experiments were performed in triplicate. All data were analyzed by one-way analysis of variance (ANOVA) and principal component analyses using SPSS statistical software (version 19.0) and the statistical significance was defined as p < 0.05. The data distribution and correlation analyses were performed using R statistical software (version 3.6.3).





3. Results and Discussion


3.1. Cultivar Variation in Germination Percentage, Kernel Weight, Starch and Protein


Seed germination, a prerequisite event for next-generation plant growth, is used in a variety of food products owing to the rise in metabolic activity [30,31]. Due to the importance of germination percentage for sprouting and improving metabolic activity, the germination percentages (GP) of 25 highland barley cultivars were determined [31]. The results showed the GP ranged from 47.33% to 96.67% (Figure 1a). There were 20 highland barley cultivars presenting a higher germination percentage than 75%. As a physical indicator of grain, 1000-kernel weight (KW) is used for analyzing the differences of grain average mass in varieties [24]. In this study, the KW of the highland barley ranged from 33.50 g to 54.65 g (Figure 1a), which was consistent with those reported by Annica [24]. The KW of six-rowed yellow highland barley was 49.26 ± 4.24 g, higher than two-rowed yellow and six-rowed purple cultivars (Figure 1b). The higher weight of six-rowed yellow cultivars might due to the more main cultivars planted in Tibet than local varieties.



The starch content of 25 highland barley cultivars ranged from 53.16% to 62.80% (Figure 1a), lower than the highland barley cultivars grown at high altitude (1200–3500 m) in India (56.30–68.00%) [32]. Protein contents varied from 9.77% to 18.18% (Figure 1a), higher than the hulless barley cultivars grown in India (9.58–12.2%) [33]. The average protein content was 12.55 ± 1.69%, which was consistent with the cultivars grown in south-central Qinghai-Tibet plateau (12.875 ± 0.6609%) [34]. The average protein content of two-rowed yellow cultivars (14.45 ± 2.84%) was higher than six-rowed yellow (11.67 ± 1.06%) and six-rowed purple cultivars (12.58 ± 1.14%) (p < 0.05) (Figure 1b). The difference could be ascribed to the genotype and environmental conditions [34].




3.2. Effects of Cultivars on GABA Content


The GABA contents of 25 highland barley cultivars were analyzed to screen out those cultivars, which may accumulate more GABA after HRH treatment. The results showed that there were significant differences in the initial GABA contents of 25 highland barley cultivars (Figure 2a). The initial GABA content was 12.78–43.00 mg·100 g−1, which was not low or even relatively high, compared with previous reports about other crops, such as rice germ (10.75–18.62 mg·100 g−1) [11], fava bean (0.30–20.60 mg·100 g−1) [12], soybean (2.99 mg·100 g−1) [13], or wheat (0.12 mg·100 g−1) [14]. The reasons for higher GABA content of highland barley than other cereals and pulses might be that the extreme environment of Tibet Plateau provides cold and anoxic stress on plants, which are good for GABA accumulation [35]. Among 25 highland barley cultivars, YT2 had the highest initial GABA content (43.00 ± 0.63 mg·100 g−1), while PS5 had the lowest content (12.78 ± 0.95 mg·100 g−1). The HRH treatment could promote GABA accumulation, but the increment presented prominent difference in multiple cultivars (Figure 2a). The GABA content of processed highland barley by HRH treatment was 26.91–76.28 mg·100 g−1, which was higher than untreated highland barley (12.78–43.00 mg·100 g−1) and other HRH processed cereals, such as brown rice (17.8 mg·100 g−1), white rice (16.5 mg·100 g−1), foxtail millet (24.1 mg·100 g−1), and wheat (18.0 mg·100 g−1) [22]. After HRH treatment, YT1 had the highest GABA content (76.28 ± 1.82 mg·100 g−1), while YT3 had the lowest content (26.91 ± 0.40 mg·100 g−1). The average initial content of GABA was similar in two-rowed yellow, six-rowed yellow, and six-rowed purple cultivars, whereas significant differences were observed after HRH treatment (Figure 2b). After treatment, the average GABA content of two-rowed yellow cultivars (50.47 ± 21.74 mg·100 g−1) was higher than six-rowed yellow (36.92 ± 4.55 mg·100 g−1) and six-rowed purple cultivars (37.82 ± 8.20 mg·100 g−1) (p < 0.05) (Figure 2b). These results were similar to previous reports, which showed that GABA accumulation was influenced by genotypes [12,36].




3.3. Cultivar Variation in Free Amino Acids Content and Composition


The contents of total free amino acids (FAA) ranged from 2.10–5.82 mg·g−1, which was similar to the results (0.69–6.29 mg·g−1) reported by Yoichi [37]. The highland barley presented a higher average content (2.94 ± 0.76 mg·g−1) of total free amino acids than barley grown in Japan (Figure 3a) [37]. There was no significant difference between two-row and six-row highland barley in the contents of total free amino acids, which was consistent with the previous studies [37]. The interrelationship between the GABA shunt and C/N metabolism facilitate the synthesis of amino acids, which were the substrates and products of GABA metabolism [38]. The results showed that the major contributors to the free amino acid pool were glutamate (Glu), aspartic acid (Asp), alanine (Ala), and arginine (Arg); similar results were confirmed by other research of barley, which showed that the major free amino acids were Glu, Asp, and asparagine (Asn) [37]. The average contents of Glu, Asp, Ala, and Arg were 34.66 ± 27.42 mg·100 g−1, 19.10 ± 5.63 mg·100 g−1, 11.75 ± 4.08 mg·100 g−1, and 15.66 ± 6.50 mg·100 g−1, respectively. The variable amplitude of Glu, Asp, Ala, and Arg were 9.97–138.12 mg·100 g−1, 11.17–34.77 mg·100 g−1, 6.23–22.82 mg·100 g−1, and 7.37–30.85 mg·100 g−1 (Figure 3b), respectively; similar results in barley were observed by Yoichi [37]. GABA could be synthesized from Glu, catalyzed by glutamate decarboxylase (GAD) [35]. The transamination of Ala was catalyzed by alanine aminotransferase (AlaAT), converting Ala to Glu [35]. The reversible conversion of Asp and Glu catalyzed by Asp aminotransferase (AspAT) also contributed to GABA production [35]. The higher contents of Glu, Ala, and Asp in highland barley than wheat and rice might be a reason for higher content of GABA [39,40]. The contents of Asp, Glu, threonine (Thr), serine (Ser), cysteine (Cys), leucine (Leu), phenylalanine (Phe), and histidine (His) of two-row highland barley were significantly higher than six-bow highland barley (data not list), while there was a significant difference in the contents of Leu and His between Yellow and purple highland barley (data not list).




3.4. Cultivar Variation in Polyamine Content and Composition


Spermine (Spm), spermidine (Spd), and putrescine (Put) are the most prevalent polyamines (PAs) in plants, and can be catalyzed by polyamine oxidases to synthesize GABA [35]. The contents of polyamines ranged from 1.12 to 6.30 mg·100 g−1, including Put (0.37–2.36 mg·100 g−1), Spm (0.38–2.07 mg·100 g−1), and Spd (0.13–1.87 mg·100 g−1) (Figure 4). The contents of Spm and Spd in barley reported by Srivastava were also in these range [37]. There were no significant differences in the three various types in the contents of PAs, Put, Spm, and Spd.




3.5. Cultivar Variation in GAD, DAO and PAO Activity


The synthesis of GABA including GABA shunt and polyamine degradation pathways, which were described as the decarboxylation of Glu catalyzed by GAD and degradation of PAs catalyzed by DAO and PAO [17,41]. In this study, the activity of GAD ranged from 0.18 to 10.99 U·g−1 (Figure 5a), the GAD activity of soybean reported by past research also in the range [13]. The highest GAD activity was observed in YT1. The GAD activity of two-row highland barley was significantly higher than six-row highland barley (Figure 5b). The ranges of DAO and PAO activity were 0.56–1.79 U·g−1 and 0.34–2.63 U·g−1 (Figure 5a), respectively. The DAO activity of two-row highland barley was significantly higher than six-row cultivars, but there was no significant difference in PAO activity between two-row and six-row highland barley (Figure 5b).




3.6. Correlations in Physical, Chemical and Biochemical Characteristics


In this study, the physical characteristic was kernel weight of grain, the biochemical characteristics including GP, GAD, DAO, and PAO activity, other indicators were chemical characteristics. There were significant and positive correlations (0.40 ≤ r ≤ 0.91) in free amino acids, except the significantly negative correlation between Arg and Asn (Figure 6). The remarkably positive correlations were observed in polyamines. Starch showed a negative and significant correlation with protein (r = −0.66) and FAA (r = −0.48) (Figure 6). There were no significant correlations in the GAD, DAO, and PAO activity. The prominent correlations were observed between biochemical and chemical characteristics. The GAD activity showed positive correlation with several free amino acids, but negative correlation with starch (r = −0.46). The remarkable and negative correlations were observed between free amino acids and DAO, PAO activity (Figure 6).



The initial GABA content (I-GABA) showed prominently positive correlations with GP (r = 0.54), KW (r = 0.46), Cys (r = 0.40), tyrosine (Tyr, r = 0.59), isoleucine (Ile, r = 0.50), Ans (r = 0.40), proline (Pro, r = 0.40), and GAD (r = 0.64) (Figure 6). The GABA content after HRH processing (P-GABA) showed significantly positive correlations with I-GABA (r = 0.85), the GABA accumulation content after HRH processing (A-GABA, r = 0.75), GP (r = 0.48), protein (r = 0.43), FAA (r = 0.56, Thr (r = 0.49), Ser (r = 0.41), Glu (r = 0.44), Cys (r = 0.59), Tyr (r = 0.68), Ile (r = 0.53), lysine (Lys, r = 0.44), Pro (r = 0.50), and GAD activity (r = 0.78) (Figure 6). The A-GABA showed remarkably positive correlation with protein (r = 0.52), FAA (r = 0.68), Thr (r = 0.53), Ser (r = 0.51), Glu (r = 0.69), glycine (Gly, r = 0.49), Ala (r = 0.46), Cys (r = 0.57), Tyr (r = 0.50), Lys (r = 0.53), Pro (r = 0.40), and GAD activity (r = 0.62) (Figure 6).



The main parameters related to GABA accumulation consisted of protein, free amino acids, and GAD activity, which were closely related to GABA-shunt. However, the substrate and enzymes of polyamine degradation pathway showed no significant correlation with GABA accumulation. The results suggested that the main pathway of GABA accumulation under the HRH treatment might be GABA-shunt pathway. Whereas the polyamine degradation pathway supplied 30% and 25% of GABA accumulation in germinated fava bean and tea, respectively, under hypoxia [29,31]. The practical contribution of polyamine degradation pathway to GABA accumulation needs to be further studied by inhibiting the activity of DAO and PAO to block up the polyamine degradation. The highest positive correlation with A-GABA was Glu, which was consistent with the results that the addition of Glu could promote GABA accumulation [26].




3.7. Principal Component Analysis (PCA)


Based on the similarities and differences of data, principal component analysis (PCA) could compress data and achieve dimensionality reduction of high dimension data. In order to explore the reasons for the difference of I-GABA, P-GABA, and A-GABA in various highland barley cultivars, the parameters that significantly correlated with I-GABA, P-GABA, and A-GABA were carried out with PCA. According to the greatest explanation of variation of the data, the principal components (PC) were chosen in this study.



For the parameters that significantly correlated with I-GABA, PCA explained 78.31% of the variation of the data in three components: PC1 (31.77%), PC2 (25.70%), and PC3 (20.84%) (Figure 7a). The variables Pro, GP, KW, Tyr, and Ile were the main formers of PC1(+). The variables Cys showed a high correlation with PC2(+) becoming its main formers. The variables Ans was the main contributor of PC3(+).



The loading plot indicated that the first three principal components account for 80.77% of the total variation that significantly correlated with P-GABA (PC1 = 40.41%, PC2 = 21.40%, PC3 = 18.96%) (Figure 7b). The most important contributors to PC1(+) were FAA, Thr, Ser, Glu, Ala, Cys, Ile, and Lys. The variables I-GABA, GP, Tyr, Pro, and GAD were the main formers of PC2(+). The PC3(+) represented A-GABA and protein.



For the parameters that significantly correlated with A-GABA, PCA explained 82.79% of the variation of the data in two components: PC1 (62.75%) and PC2 (20.04%) (Figure 7c). The important contributors to PC1(+) were FAA, Thr, Ser, Glu, Gly, Ala, Cys, and Lys, which were positioned close to each other indicating the high positive correlations between them. The GAD, Tyr, and Pro variables showed a high correlation with PC2(+).




3.8. Mechanism of GABA-Shunt Pathway for GABA Accumulation in Highland Barley under HRH Treatment


In this study, the accumulation of GABA after HRH treatment was significantly correlated with the initial content of protein, FAA, Thr, Ser, Glu, Gly, Ala, Cys, Tyr, Lys, Pro, and GAD activity. According to the results in Figure 6 and Figure 7 and those reported in previous studies on GABA-shunt and amino acid metabolism in plants [38,42], we proposed a pathway map of GABA synthesis to describe the main contributors to GABA accumulation in highland barley treated by HRH (Figure 8). As a precursor of GABA, Glu played an important role in GABA synthesis. Glu was the substrate of GABA synthesis, but also was the key core of amino acid metabolism. The GAD could catalyze the decarboxylation of Glu to GABA. The positive correlations of Glu content and GAD activity with GABA content were reported by the previous studies [28,43]. The transamination of Ala, Tyr, and Asp, catalyzed by aminotransferase (AT) converting Ala, Tyr, and Asp to Glu, also contributed to GABA production [35,42]. The conversion of Glu with Thr and Lys via the aspartate-family pathway also had effect on the GABA accumulation [38]. Upon stress, the Lys-ketoglutarate reductase (LKR) and saccharopine dehydrogenase (SDH) could convert Lys back into Glu [44]. In mitochondria, Pro could be degraded by Pro dehydrogenase (ProDH), and pyrroline-5-carboxylate dehydrogenase (P5CDH) to Glu [35]. In addition, the recent study showed that Pro also could be the precursor of GABA by a non-enzymatic reaction [45]. The conversion of Gly and Ser could be catalyzed by serine hydroxymethyltransferase (SHMT). At the same time, the Ser could contact with Glu via phosphoserine transaminase (PSAT) and phosphoserine phosphatase (PSPH) [43].





4. Conclusions


The GABA content of highland barley can be enhanced by HRH treatment conditions. The significantly different accumulations of GABA were observed in 25 highland barley cultivars. The accumulation of GABA after HRH treatment showed positive and significant correlation with protein, FAA, Thr, Ser, Glu, Gly, Ala, Cys, Tyr Lys, Pro, and GAD activity, which were closely related to GABA-shunt pathway. However, the substrate and enzymes of polyamine degradation pathway showed no significant correlation with GABA accumulation. The results suggested that the main pathway of GABA accumulation under the HRH treatment was GABA-shunt pathway.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/foods11050691/s1: Table S1, Description of highland barley cultivars; and Figure S1, Effect of heat and relative humidity treatment on GABA content.





Author Contributions


Data curation, S.W.; Formal analysis, L.T.; Investigation, X.L.; Methodology, Y.M.; Project administration, S.Z., Y.Z. and F.W.; Resources, S.Z. and Y.Z.; Writing—original draft, S.W. and S.Z.; Writing—review & editing, L.W. and S.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was partially funded by Financial Projects (XZNKY-2019-049) and Science&Technology Research Programs (XZ201901NA04) of Tibet, China.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Acknowledgments


The authors thank Wenhua Liao and Xiaoli Gao from the Tibetan germplasm resources platform for the assistance on highland barley growth and field management.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yang, X.J.; Dang, B.; Fan, M.T. Free and bound phenolic compound content and antioxidant activity of different cultivated blue highland barley varieties from the Qinghai-Tibet Plateau. Molecules 2018, 23, 879. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Q.; Zeng, X.; Lin, B.; Li, Z.; Yuan, H.; Wang, Y.; Zha, S.; Tashi, N. A microsatellite diversity analysis and the development of core-set germplasm in a large hulless barley (Hordeum vulgare L.) collection. BMC Genet. 2017, 18, 102. [Google Scholar] [CrossRef]

	



Weng, C.J.; Yen, G.C. Chemopreventive effects of dietary phytochemicals against cancer invasion and metastasis: Phenolic acids, monophenol, polyphenol, and their derivatives. Cancer Treat. Rev. 2012, 38, 76–87. [Google Scholar] [CrossRef] [PubMed]

	



Wood, P.J. Cereal β-glucans in diet and health. J. Cereal Sci. 2007, 46, 230–238. [Google Scholar] [CrossRef]

	



Ra, J.; Woo, S.; Jin, H.; Lee, M.J.; Kim, H.Y.; Ham, H.; Chung, I.M.; Seo, W.D. Evaluation of antihypertensive polyphenols of barley (Hordeum vulgare L.) seedlings via their effects on angiotensin-converting enzyme (ACE) inhibition. Appl. Biol. Chem. 2020, 63, 38–46. [Google Scholar] [CrossRef]

	



Seifikalhor, M.; Aliniaeifard, S.; Hassani, B.; Niknam, V.; Lastochkina, O. Diverse role of gamma-aminobutyric acid in dynamic plant cell responses. Plant Cell Rep. 2019, 38, 847–867. [Google Scholar] [CrossRef]

	



Bettler, B.; Kaupmann, K.; Mosbacher, J.; Gassmann, M. Molecular structure and physiological functions of GABA-B receptors. Physiol. Rev. 2004, 84, 835–867. [Google Scholar] [CrossRef] [PubMed]

	



Poojary, M.M.; Dellarosa, N.; Roohinejad, S.; Koubaa, M.; Tylewicz, U.; Gómez-Galindo, F.; Saraiva, J.A.; Rosa, M.D.; Barba, F.J. Influence of innovative processing on γ-aminobutyric acid (GABA) contents in plant food materials. Compr. Rev. Food Sci. Food Saf. 2017, 16, 895–905. [Google Scholar] [CrossRef]

	



Nikmaram, N.; Dar, B.N.; Roohinejad, S.; Koubaa, M.; Barba, F.J.; Greiner, R.; Johnson, S.K. Recent advances in gamma-aminobutyric acid (GABA) properties in pulses: An overview. J. Sci. Food Agric. 2017, 97, 2681–2689. [Google Scholar] [CrossRef]

	



Bai, T.; Jin, Y.L.; Zhu, M.X.; Wang, B. Effect of altitude difference on quality of highland barley varieties. J. Chin. Oils Assoc. 2019, 34, 34–39. [Google Scholar]

	



Jannoey, P.; Niamsup, H.; Lumyong, S.; Suzuki, T.; Katayama, T.; Chairote, G. Comparison of gamma-aminobutyric acid production in Thai rice grains. World J. Microbiol. Biotechnol. 2009, 26, 257–263. [Google Scholar] [CrossRef]

	



Li, Y.; Bai, Q.; Jin, X.; Wen, H.; Gu, Z. Effects of cultivar and culture conditions on gamma-aminobutyric acid accumulation in germinated fava beans (Vicia faba L.). J. Sci. Food Agric. 2010, 90, 52–57. [Google Scholar] [CrossRef] [PubMed]

	



Xu, J.G.; Hu, Q.P. Changes in γ-aminobutyric acid content and related enzyme activities in Jindou 25 soybean (Glycine max L.) seeds during germination. LWT-Food Sci. Technol. 2014, 55, 341–346. [Google Scholar] [CrossRef]

	



Baranzelli, J.; Kringel, D.H.; Colussi, R.; Paiva, F.F.; Aranha, B.C.; Miranda, M.Z.D.; Zavareze, E.D.R.; Dias, A.R.G. Changes in enzymatic activity, technological quality and gamma-aminobutyric acid (GABA) content of wheat flour as affected by germination. LWT-Food Sci. Technol. 2018, 90, 483–490. [Google Scholar] [CrossRef]

	



Zeng, Y.W.; Pu, X.Y.; Du, J.; Yang, X.M.; Li, X.; Mandal, M.S.N.; Yang, T.; Yang, J.Z. Molecular mechanism of functional ingredients in barley to combat human chronic diseases. Oxidative Med. Cell. Longev. 2020, 2020, 1–26. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, G.C.; Xie, M.X.; Wang, Y.C.; Li, J.Y. Molecular mechanisms underlying gamma-aminobutyric acid (GABA) accumulation in giant embryo rice seeds. J. Agric. Food Chem. 2017, 65, 4883–4889. [Google Scholar] [CrossRef]

	



Wang, C.; Fan, L.; Gao, H.; Wu, X.; Li, J.; Lv, G.; Gong, B. Polyamine biosynthesis and degradation are modulated by exogenous gamma-aminobutyric acid in root-zone hypoxia-stressed melon roots. Plant Physiol. Biochem. 2014, 82, 17–26. [Google Scholar] [CrossRef]

	



Shelp, B.J.; Bown, A.W.; McLean, M.D. Metabolism and functions of gamma-aminobutyric acid. Trends Plant Sci. 1999, 4, 446–452. [Google Scholar] [CrossRef]

	



Ding, J.; Ulanov, A.V.; Dong, M.; Yang, T.; Nemzer, B.V.; Xiong, S.; Zhao, S.; Feng, H. Enhancement of gama-aminobutyric acid (GABA) and other health-related metabolites in germinated red rice (Oryza sativa L.) by ultrasonication. Ultrason. Sonochemistry 2018, 40, 791–797. [Google Scholar] [CrossRef]

	



Kim, M.Y.; Lee, S.H.; Jang, G.Y.; Park, H.J.; Li, M.; Kim, S.; Lee, Y.R.; Noh, Y.H.; Lee, J.; Jeong, H.S. Effects of high hydrostatic pressure treatment on the enhancement of functional components of germinated rough rice (Oryza sativa L.). Food Chem. 2015, 166, 86–92. [Google Scholar] [CrossRef]

	



Li, X.; Hao, J.; Liu, X.; Liu, H.; Ning, Y.; Cheng, R.; Tan, B.; Jia, Y. Effect of the treatment by slightly acidic electrolyzed water on the accumulation of gamma-aminobutyric acid in germinated brown millet. Food Chem. 2015, 186, 249–255. [Google Scholar] [CrossRef] [PubMed]

	



Fukumori, T.; Kanemoto, S.; Mizuno, H.; Wakabayashi, K.; Liu, H.Q.; Ochiai, S. Grain or Legume Having Increased Content of Functional Component and a Manufacturing Method Thereof. U.S. Patent 8,399,037 B2, 19 March 2013. Available online: https://www.freepatentsonline.com/8399037.html (accessed on 12 January 2022).

	



Ma, Y.; Tong, L.; Li, J.; Ashraf, J.; Wang, S.; Zhao, B.; Liu, L.; Blecker, C.; Zhou, S. Comparison of γ-aminobutyric acid accumulation capability in different mung bean (Vigna radiata L.) varieties under heat and relative humidity treatment, and its correlation with endogenous amino acids and polyamines. Int. J. Food Sci. Technol. 2020, 56, 1562–1573. [Google Scholar] [CrossRef]

	



Andersson, A.; Elfverson, C.; Andersson, R.; Regner, S.; Aman, P. Chemical and physical characteristics of different barley samples. J. Sci. Food Agric. 1999, 79, 979–986. [Google Scholar] [CrossRef]

	



American Association of Cereal Chemistry (AACC). Crude Protein—Kjeldahl Method, Boric Acid Modification (46-12.01); American Association of Cereal Chemistry (AACC): St. Paul, MI, USA, 1999. [Google Scholar]

	



Oh, S.J.; Kim, H.S.; Lim, S.T.; Reddy, C.K. Enhanced accumulation of gamma-aminobutyric acid in rice bran using anaerobic incubation with various additives. Food Chem. 2019, 271, 187–192. [Google Scholar] [CrossRef] [PubMed]

	



Petrivalsky, M.; Brauner, F.; Luhova, L.; Gagneul, D.; Sebela, M. Aminoaldehyde dehydrogenase activity during wound healing of mechanically injured pea seedlings. J. Plant Physiol. 2007, 164, 1410–1418. [Google Scholar] [CrossRef] [PubMed]

	



Liu, L.L.; Zhai, H.Q.; Wan, J.M. Accumulation of γ-aminobutyric acid in giant-embryo rice grain in relation to glutamate decarboxylase activity and its gene expression during water soaking. Cereal Chem. 2007, 82, 191–196. [Google Scholar] [CrossRef]

	



Liao, J.; Wu, X.; Xing, Z.; Li, Q.; Duan, Y.; Fang, W.; Zhu, X. γ-Aminobutyric acid (GABA) accumulation in tea (Camellia sinensis L.) through the GABA shunt and polyamine degradation pathways under anoxia. J. Agric. Food Chem. 2017, 65, 3013–3018. [Google Scholar] [CrossRef]

	



Bleidere, M.; Gaile, Z. Grain quality traits important in feed barley. Proc. Latv. Acad. Sci. Sect. B 2012, 66, 1–9. [Google Scholar] [CrossRef]

	



Han, C.; Yang, P. Studies on the molecular mechanisms of seed germination. Proteomics 2015, 15, 1671–1679. [Google Scholar] [CrossRef]

	



Moza, J.; Gujral, H.S. Starch digestibility and bioactivity of high altitude hulless barley. Food Chem. 2016, 194, 561–568. [Google Scholar] [CrossRef]

	



Jood, S.; Kalra, S. Chemical composition and nutritional characteristics of some hull less and hulled barley cultivars grown in India. Mol. Nutr. Food Res. 2001, 45, 35–39. [Google Scholar] [CrossRef]

	



Wang, J.; Zhong, Z.; Feng, X.; Fu, G.; Hou, W.; Wang, G.; Da, C. Spatial distribution regulation of protein content of naked barley varieties and its relationships with environmental factors in Qinghai-Tibet Plateau. Sci. Agric. Sin. 2017, 50, 969–977. [Google Scholar] [CrossRef]

	



Podlesakova, K.; Ugena, L.; Spichal, L.; Dolezal, K.; Diego, N.D. Phytohormones and polyamines regulate plant stress responses by altering GABA pathway. New Biotechnol. 2019, 48, 53–65. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Q.; Xiang, J.; Zhang, L.; Zhu, X.; Evers, J.; Werf, W.; Duan, L. Optimizing soaking and germination conditions to improve gamma-aminobutyric acid content in japonica and indica germinated brown rice. J. Funct. Foods 2014, 10, 283–291. [Google Scholar] [CrossRef]

	



Srivastava, B.I.S. Polyamine changes during senescence and tumorogenesis in plants. Mech. Ageing Dev. 1987, 40, 17–30. [Google Scholar] [CrossRef]

	



Fait, A.; Fromm, H.; Walter, D.; Galili, G.; Fernie, A.R. Highway or byway: The metabolic role of the GABA shunt in plants. Trends Plant Sci. 2008, 13, 14–19. [Google Scholar] [CrossRef]

	



Saeed, S.; Foad, M. Stress-induced changes in the free amino acid composition of two wheat cultivars with difference in drought resistance. Afr. J. Biotechnol. 2012, 11, 9559–9565. [Google Scholar] [CrossRef]

	



Kamara, J.S.; Konishi, S.; Sasanuma, T.; Abe, T. Variation in free amino acid profile among some rice (Oryza sativa L.) cultivars. Breed. Sci. 2010, 60, 46–54. [Google Scholar] [CrossRef]

	



Yang, R.; Guo, Q.; Gu, Z. GABA shunt and polyamine degradation pathway on gamma-aminobutyric acid accumulation in germinating fava bean (Vicia faba L.) under hypoxia. Food Chem. 2013, 136, 152–159. [Google Scholar] [CrossRef]

	



Umbarger, H.E. Amino acid biosynthesis and its regulation. Annu. Rev. Biochem. 1978, 47, 532–606. [Google Scholar] [CrossRef]

	



Chung, H.J.; Jang, S.H.; Cho, H.Y.; Lim, S.T. Effects of steeping and anaerobic treatment on GABA (γ-aminobutyric acid) content in germinated waxy hull-less barley. LWT-Food Sci. Technol. 2009, 42, 1712–1716. [Google Scholar] [CrossRef]

	



Stepansky, A.; Less, H.; Angelovici, R.; Aharon, R.; Zhu, X.; Galili, G. Lysine catabolism, an effective versatile regulator of lysine level in plants. Amino Acids 2006, 30, 121–125. [Google Scholar] [CrossRef] [PubMed]

	



Signorelli, S.; Dans, P.D.; Coitino, E.L.; Borsani, O.; Monza, J. Connecting proline and gamma-aminobutyric acid in stressed plants through non-enzymatic reactions. PLoS ONE 2015, 10, e0115349. [Google Scholar] [CrossRef] [PubMed]








[image: Foods 11 00691 g001 550] 





Figure 1. The cultivar variation in germination percentage, kernel weight, starch, and protein. (a) Cultivar variation in germination percentage, kernel weight, starch, and protein; (b) the difference of germination percentage, kernel weight, starch, and protein among different cultivar types. YT, two-rowed yellow highland barley; YS, six-rowed yellow highland barley; PS, six-rowed purple highland barley. GP, germination percentage; KW, kernel weight; Different letters denote significant difference among different highland barley cultivar types at the level p < 0.05. 
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Figure 2. Effects of cultivars on GABA content. (a) The cultivar variation in GABA content; (b) the difference of GABA content among different cultivar types. Initial, the initial GABA content of highland barley; Processed, the GABA content of highland barley after HRH treatment. Different letters denote significant difference among different highland barley cultivars (a) or cultivar types (b) at the level p < 0.05. 
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Figure 3. The cultivar variation in total free amino acids content (a) and amino acid composition (b). 
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Figure 4. The cultivar variation in polyamine content and composition. PAs, total polyamines; Put, putrescine; Spm, spermine; Spd, spermidine. 
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Figure 5. The cultivar variation in GAD, DAO, and PAO activity. (a) Cultivar variation in GAD, DAO, and PAO activity; (b) The difference of GAD, DAO, and PAO activity among different cultivar types. GAD, glutamate decarboxylase; DAO, diamine oxidase; PAO, polyamine oxidase. Different letters denote significant difference among different highland barley cultivar types at the level p < 0.05. 
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Figure 6. Correlations in physical, chemical and biochemical characteristics. The non-significant correlations were not displayed. I-GABA, the initial GABA content; P-GABA, the GABA content after HRH processing; A-GABA, the GABA accumulation content after HRH processing. 
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Figure 7. Principal component analysis. (a) Loading plot of PC1, PC2, and PC3, from parameters that significantly correlated with I-GABA; (b) loading plot of PC1, PC2, and PC3, from parameters that significantly correlated with P-GABA; and (c) loading plot of PC1 and PC2, from parameters that significantly correlated with A-GABA. 






Figure 7. Principal component analysis. (a) Loading plot of PC1, PC2, and PC3, from parameters that significantly correlated with I-GABA; (b) loading plot of PC1, PC2, and PC3, from parameters that significantly correlated with P-GABA; and (c) loading plot of PC1 and PC2, from parameters that significantly correlated with A-GABA.



[image: Foods 11 00691 g007]







[image: Foods 11 00691 g008 550] 





Figure 8. Mechanism of GABA-shunt pathway for GABA accumulation in highland barley under HRH treatment. The red marks represent the parameters, which were significantly and positively correlated with GABA accumulation under HRH treatment. GAD, glutamate decarboxylase; AlaAT, Ala aminotransferase; TyrAT, Tyr aminotransferase; AspAT, Asp aminotransferase; LKR, Lys-ketoglutarate reductase; SDH, saccharopine dehydrogenase; PrpDH, Pro dehydrogenase; P5CDH, pyrroline-5-carboxylate dehydrogenase; SHMT, serine hydroxymethyltransferase; PSAT, phosphoserine transaminase; PSPH, phosphoserine phosphatase. 
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