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Summary In this study, the accumulation of GABA and its inherent factors across different varieties of mung bean

(Vigna radiata L.) in response to heat and relative humidity (HRH) were investigated. Results showed the

average GABA content in mung bean varieties was increased 7.52 times following HRH treatment, and

the black mung bean variety (A8) exhibited the highest GABA accumulation capability (1.76–84.57 mg

per 100 g DW). From the perspective of GABA shunt metabolites, the free glutamic acid content of mung

beans significantly decreased (P < 0.05) after HRH treatment and presented a significant correlation

(P < 0.05) with GABA content. In polyamine degradation pathway, although the average levels of sper-

mine and spermidine of mung bean varieties significantly decreased (P < 0.05) after HRH treatment, no

significant correlation with GABA content was identified. Hence, the GABA accumulation was predomi-

nantly attributed to GABA shunt. Besides, free amino acids including glutamic acid, serine, ornithine,

arginine and glycine in mung beans showed a significant positive correlation (P < 0.05) with GABA con-

tent and increment following HRH treatment, which suggested that mung beans enriched in these free

amino acids might accumulate higher amounts of GABA after HRH treatment and be useful for indus-

trial applications.

Keywords Amino acids, heat and relative humidity treatment, mung bean, polyamines, c-aminobutyric acid.

Introduction

c-Aminobutyric acid (GABA), a non-proteinogenic
amino acid, has been extensively researched due to its
health benefits including the reduction of hypertension
(Nishimura et al., 2016), regulation of blood glucose
(Chen et al., 2016), modulation of blood cholesterol
levels (Roohinejad et al., 2009), improvement of anxi-
ety and depression (Chuang et al., 2011) and enhance-
ment of memory and immunity (Diana et al., 2014;
Huang et al., 2019). Unfortunately, the GABA content
of the brain reduces with age (Leventhal et al., 2003)
and some chronic diseases (Bhagwagar et al., 2007),
eventually resulting in some neurological degeneration
and related disorders. However, exogenous GABA

intake can mitigate these outcomes (Leventhal et al.,
2003; Chuang et al., 2011; Diana et al., 2014). Thus,
GABA-enriched food and dietary supplements have
gained attention.
GABA content in soaked, germinated and fermented

cereals exposed to various treatments such as heat
shock (Morrison et al., 2013), cold shock (Liao et al.,
2013), gaseous treatment (Komatsuzaki et al., 2007)
and additives (Guo et al., 2012) has varying degrees of
enhancement effects. Generally, GABA accumulation
in cereals occurs due to the activation of the rate-limit-
ing enzymes glutamate decarboxylase (GAD) of
GABA shunt, which converts the endogenous and/or
exogenous glutamic acid (Glu) to GABA (Khwanchai
et al., 2014; Zhao et al., 2017). Yang et al (2013) and
Xing et al (2007) emphasised that polyamine (PA)
degradation pathway also plays a vital role in GABA*Correspondent: E-mails: christophe.blecker@ulg.ac.be (CB) and

zhousumei@caas.cn (SZ)
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accumulation in germinated fava bean and soya bean,
mainly due to the activation of the key enzyme, dia-
mine/polyamine oxidase (DAO/PAO), and consump-
tion of PAs. In addition, proline (Pro) is a precursor
in the synthesis of GABA through a non-enzymatic
reaction (Signorelli et al., 2015). Moreover, the meta-
bolism of Glu and PAs are closely linked to other
amino acids (AAs), such as alanine (Ala), arginine
(Arg) and ornithine (Orn) (Podle�s�akov�a et al., 2019).

However, all the methods mentioned are resource-
intensive, requiring sufficient water and time (generally
more than 24 h) and resulting in the modification of
the shape and/or flavour of cereals. This eventually
impacts the cereal consumption patterns. It is well
known that the mature dry seeds are metabolically
limited, although some physiological and chemical
changes occur (~7–14% moisture content). Fukumori
et al. (2013) found that the heat and relative humidity
(HRH) treatment (50 °C and 90% RH or more for
several hours) significantly promote GABA accumula-
tion in mature rice seeds with extremely low moisture
content (16–18.5%). Besides, this method also prevents
taste deterioration of rice during soaking, germination
and drying, thereby reducing the cost of hydration and
dehydration. Moreover, other grains and pulses trea-
ted with this method also presented different degrees
of GABA enhancement (Fukumori et al., 2013).

Mung bean (Vigna radiata L.) is one of the most
important and popular pulses due to its high nutri-
tional value (high protein and dietary fibre, and low
lipid contents). Mung beans have various nutraceutical
ingredients and are recommended as an excellent nutri-
tive pulse that can prevent chronic degenerative dis-
eases (Ganesan & Xu, 2018). Besides, mung bean also
had a high potential to accumulate GABA (Fukumori
et al., 2013; Tiansawang et al., 2016; Nikmaram et al.,
2017; Chen et al., 2018). However, the capability in
GABA accumulation depends on the cereal species
and varieties (Khwanchai et al., 2014; Ding et al.,
2016). China has cultivated various varieties of mung
beans over the past 2000 years. However, GABA accu-
mulation capability of different mung bean varieties
following HRH treatment and its inherent factors have
not been studied.

In the current study, thirty-four major mung bean
varieties, planted across eight different provinces in
China, were collected and treated by HRH. Our objec-
tives were to compare the GABA accumulation capa-
bility in different varieties of mung bean following
HRH treatment, and investigate its correlation with
AAs and PAs. We anticipated that mung bean vari-
eties with the highest GABA content can be screen out
and the key factors that contribute to the GABA accu-
mulation capability can be identified. Our findings will
provide useful information for the development of
GABA-enriched functional products.

Materials and methods

Mung bean varieties

Thirty-four mung bean (Vigna radiata L.) varieties
coded as A1-A11, B12-B17, C18-C21, D22-D25, E26-
E28, F29-F31, G32-G33 and H34 were collected from
Hebei (A), Jilin (B), Neimenggu (C), Hubei (D),
Henan (E), Anhui (F), Shanxi (G) and Heilongjiang
(H) provinces in China, respectively. The colour of
A2, A8, A10 and D24 varieties was black, while that
of others was green (Figure S1).

HRH-treated mung beans

The mung beans were treated by HRH according to
the method of Fukumori et al. (2013) with some modi-
fications. Briefly, 50 g of mung bean seeds was placed
in a temperature and humidity test chamber (KW-TH-
49T, Dongguan KOWIN Testing Equipment Co., Ltd,
Guangdong, China) and treated as follows: step 1,
70 °C, 95% RH for 4 h; step 2, 40 °C, 70% RH for
4 h; and step 3, 30 °C, 70% RH for 4 h.
All native and HRH-treated mung bean samples

were ground using a laboratory mill (CT 410 Cyclo-
tecTM, FOSS Scino Co. Ltd, Suzhou, China) and stored
at 4 °C until further analysis.

Chemical reagents

The GABA, putrescine (Put), spermine (Spm) and
spermidine (Spd) standards were purchased from
Sigma (03835, 51799, 55513 and 49761, respectively,
Sigma-Aldrich, Darmstadt, Germany). AA and free
AA (FAAs) mixture standard solution was provided
by Wako (013-08391, 016-08641 and 015-14461, Wako
Pure Chemical Industries, Ltd., Osaka, Japan). Dabsyl
chloride was purchased from MCE (HY-101890; Med-
ChemExpress, Monmouth Junction, NJ, USA). All
other reagents and solvents used in the experiment
were of analytical and/or HPLC grade.

GABA content determination

GABA content in native and HRH-treated mung beans
was determined according to the method of Yang et al.
(2013) with some modifications. Briefly, mung bean
flour was extracted with 70% ethanol (ratio of powder
and liquid, 1:10) at room temperature (25–30 °C) with
shaking for 30 min. GABA contained in the super-
natant layer was isolated by centrifuging at 11 000 g at
25 °C for 10 min. Then, 1 mL of the extraction was
mixed with 0.2 mL NaHCO3 (0.4 g with 10 mL water),
and 0.4 mL of dabsyl chloride (20 mg with 10 mL ace-
tonitrile) was added and incubated at 70 °C for
20 min. GABA concentrations were measured using
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HPLC (Agilent 1260, Agilent Technologies Inc., Palo
Alto, CA, USA) with a ZORBAX SB-C18 reversed-
phase column (5 lm), 4.6 9 250 mm i.d. Sodium acet-
ate buffer solution (50 mM, 69%) was regarded as
mobile phase A, while mobile phase B was acetonitrile
(31%) at a flow rate of 1.0 mL min�1 during the entire
run, and the samples were detected at 436 nm.

AA and FAA determination

The AAs in native and HRH-treated mung beans were
measured according to Qin et al. (2014) with some
modifications. Mung bean flour (200 mg) was mixed
with 10 mL 6 M HCl in a hydrolysis tube. Then, the
lid was closed after filling with nitrogen for 1 min.
Next, the samples were hydrolysed at 110 °C for 24 h.
Then, the samples were filtered by filter paper and the
filter liquor was adjusted to 50 mL by water. Subse-
quently, 1 mL of liquor was taken and was dried for
flushing nitrogen. Then, 1 mL of 0.02 M HCl was used
for reconstitution and filtered by using a 0.45-lm filter
membrane. After that, the AAs were analysed using
an amino acid analyser (L-8800; Hitachi, Tokyo,
Japan). Additionally, the tryptophan (Trp) was anal-
ysed alone after alkaline hydrolysis (Guo et al., 2017).
Specifically, 50 mg samples were hydrolysed with
1.0 mL 10% KOH for 18 h at 40 °C. Next, 0.2 mL
5% dimethylaminobenzaldehyde and 0.2 mL 1%
sodium nitrate were added to the hydrolysed mixture.
Then, the mixture was placed in an ice water bath and
5 mL concentrated hydrochloric acid was added. The
mixture was shaken and incubated at 40 °C for
45 min before the absorbance of the supernatant was
measured at 590 nm.

The FAAs from native and HRH-treated mung
beans were characterised by the method of Zhao et al.
(2017) with some modifications. Briefly, 0.5 g of mung
bean flour was extracted with 0.1 M HCl (ratio of
powder and liquid, 1:10) at room temperature (25–
30 °C) under sonication for 10 min. Then, the mixture
solution was centrifuged at 4193 g for 15 min at room
temperature (25–30 °C) and the supernatant was
adjusted to 5 mL. Subsequently, 1 mL supernatant
was mixed with 1 mL of 8% sulfosalicylic acid to pur-
ify the FAAs. After centrifugation at 16 770 g for
15 min at room temperature (25–30 °C), 1 mL of
supernatant was taken and was dried for flushing
nitrogen. Then, 1 mL of 0.02 M HCl was used for
reconstitution and filtered by using a 0.45-lm filter
membrane. Subsequently, the FAAs were analysed
using the above-mentioned amino acid analyser.

PA determination

Put, Spm and Spd from native and HRH-treated
mung bean were analysed using HPLC as described by

Xing et al. (2007) with slight modifications. Mung
bean flour (0.25 g) was mixed with 2.5 mL of 5%
HClO4 with 1 h in an ice bath. Then, the mixture solu-
tion was centrifuged at 8520 g for 20 min at 4 °C.
Subsequently, 500 lL of supernatant, 1 mL 2 M

NaOH, and 10 lL benzoyl chloride were mixed and
vortexed for about 20 s, and incubated for about
20 min at 37 °C. Next, 2 mL of saturated NaCl was
used to stop the reaction. Ether (2 mL) was added for
extraction. After centrifuging at 1500 g for 5 min, we
dried the ether phase (1 mL) by evaporation. Then,
100 lL methanol was added to redissolve it. And the
measurement of PA concentration was processed by
HPLC with ZORBAX SB-C18 reverse-phase column
(5 lm), 4.6 9 250 mm i.d. Phase A (36%) was water,
while phase B (64%) was methanol at a flow rate of
0.6 mL min�1 during the elution time. Reading was
detected at 254 nm.

Statistical analysis

The data of the experiments were replicated three
times. The statistical analysis was performed using
SPSS version 11.5. Significant differences were calcu-
lated by the variance (ANOVA) test and the Duncan
multiple range test. The Box-Charts were performed
by OriginPro 8. The analysis of Pearson’s correlation
was applied to evaluate the correlation of the changes
in metabolites, and the visualisation of the correlation
coefficients in a heat map was performed using
MultiExperiment Viewer version 4.4.0 (http://www.
tm4.org/mev/).

Results and discussion

GABA contents in native and HRH-treated mung beans

The GABA contents in different native and HRH-trea-
ted mung bean varieties are presented in Fig. 1.
GABA contents in native mung beans were markedly
low, with significant differences (P < 0.05) among vari-
eties, ranging from 0.63 to 7.16 mg per 100 g, similar
to the 1.7 mg per 100 g DW reported by Fukumori
et al. (2013), but lower (13.25 mg per 100 g DW) than
that reported by Tiansawang et al. (2016). These vari-
ances might be due to differences in methods of deter-
mination, and/or mung bean varieties were
investigated. However, we found that the average
GABA content in mung beans following HRH treat-
ment increased from 4.13 to 31.06 mg per 100 g DW
(about 7.52-times). Different mung bean varieties had
large differences, ranging from 17.15 to 84.57 mg per
100 g DW. As shown in Figure S2, there were no
differences in GABA content across both native and
HRH-treated mung bean varieties from provinces
(A–F). Although G and H provinces presented some
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differences with other provinces, given that only one to
two mung bean varieties were collected from these
provinces, they might not be truly representative of
the actual differences. Therefore, no distinct differences
were observed in GABA content in both native and
HRH-treated mung beans among the different pro-
vinces.

Of note, the black mung bean variety (A8) exhibited
the highest GABA content (84.57 mg per 100 g DW)
after HRH treatment, which was equivalent to 48.05

times more concentrated than native mung bean
(1.76 mg per 100 g DW). Tiansawang et al. (2016)
reported that the highest GABA content was 80.68 mg
per 100 g DW after 6 h of soaking and 24 h of incu-
bation in germinated mung bean. Chen et al. (2018)
showed that the optimum conditions for GABA
enrichment in mung bean germination were pH 5.0,
culture temperature 30 °C and stress time 24 h. Under
these conditions, GABA content increases to 24.41 mg
per 100 g FW. Ali et al. (2015) presented that the

Figure 1 Representative HPLC patterns (a)

and GABA contents (b) of native and HRH-

treated mung beans. [Colour figure can be

viewed at wileyonlinelibrary.com]
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GABA content in mung bean was 1.22 g kg�1 dry
weight after soaking for 18 h, boiling for 40 min, fer-
menting with MARDI’s Rhizopus sp. 5351 strains for
48 h at 30 °C and aerobically incubating for 48 h at
30 °C. These results indicated that HRH-treated mung
bean variety (A8) also had a high GABA content com-
pared with germinated and fermented mung bean.
However, HRH treatment was more efficient than ger-
mination in terms of time and water consumption.
GABA content of HRH-treated A8 mung bean variety
was also higher than of some reported additive-free
germinated cereals, such as germinated wheat, rice,
soya bean and foxtail millet (Youn et al., 2011;
Khwanchai et al., 2014; Xu & Hu, 2014; Sharma
et al., 2018). Therefore, HRH treatment was identified
as a suitable method for the accumulation of GABA
in mung beans, especially the black mung bean variety
(A8), which has great potential for the development of
natural GABA-enriched functional products.

The HRH treatment activates the metabolism regu-
lation system and hence increases the GABA accumu-
lation (Locy et al., 2000). The differences in GABA
accumulation capability across different mung bean
varieties might be due to the differences in genotype-
specific types and climate conditions, resulting in the
different GABA metabolic profiles (Khwanchai et al.,
2014; Ding et al., 2016). Metabolism regulation of
GABA relies on GABA shunt, PA degradation path-
way and non-enzymatic reaction of Pro (Xing, et al.,
2007; Yang et al., 2013; Signorelli et al., 2015), and
some other AAs closely linked to GABA synthesis,
such as Arg and Orn (Podle�s�akov�a et al., 2019).
Hence, to explore the differences in the inherent fac-
tors contributing to GABA accumulation capability
across different mung bean varieties, the metabolites
including AAs, FAAs and PAs were also investigated.

AA contents in native and HRH-treated mung beans

AAs play an important role in human health and are
inextricably linked to GABA accumulation, such as
GABA precursors Glu and Pro. Nonogaki et al.
(2010) reported that early imbibition of the dry seeds
re-establishes metabolism. This process is largely
affected by environmental conditions. Under HRH
treatment, mung beans were exposed to an environ-
ment of hypoxia and high relative humidity, resulting
in low absorption of water (Fukumori et al., 2013)
and might cause metabolism of AAs. To investigate
the effects of HRH treatment on AAs and the correla-
tion with GABA, Fig. 2 describes the AA contents
from native and HRH-treated mung beans. Results
showed that the AA composition was similar in differ-
ent mung bean varieties. The predominant AAs in
mung beans were non-essential amino acids (NEAA,
11.28–15.67% DW), and the average Glu content was

the highest (44.64 mg per g DW), followed by Asp
(26.67 mg per g DW) and Arg (14.87 mg per g DW).
These concentrations were supported by Shi et al
(2016). The content range of total essential AAs
(T-EAA) in mung beans was 7.83–10.28% DW; the
highest content of EAAs was Leu (18.52 mg per g
DW), followed by Lys (17.26 mg per g DW) and Phe
(14.32 mg per g DW). However, mung beans lacked
Cys, Trp and Met, with average contents of 1.29, 1.62
and 1.99 mg per g DW, respectively. Nikmaram et al
(2017) also reported that pulses were a relatively poor
source of sulphur-containing amino acids.
After HRH treatment, we noticed that most of AAs

were not changed. However, the average content of
Ser and Tyr in mung beans significantly increased by
<10% (Ser from 10.84 to 11.61 mg per g DW,
P < 0.01; Tyr from 5.47 to 5.86 mg per g DW,
P < 0.05), whereas Val and Ile significantly decreased
(Val from 13.20 to 12.46 mg per g DW, P < 0.01; Ile
from 10.44 to 9.96 mg per g DW, P < 0.05). This indi-
cated that HRH treatment might cause the degrada-
tion and/or synthesis of some proteins (Nonogaki
et al., 2010). Yang et al. (2013) and Signorelli et al.
(2015) reported that Glu and Pro are substrates for
GABA synthesis. Although our results showed that
the content of Glu and Pro was enriched in mung
beans, their contents were not changed after HRH
treatment. This might be because most of these AAs
are locked in proteins and cannot be released. Hence,
further research focused on FAA contents.

FAA contents in native and HRH-treated mung beans

Figure 3 shows the FAA profiles from native and
HRH-treated mung beans, and Figure S3 shows the
corresponding chromatograms. The results clearly
described a large difference in FAA contents in differ-
ent mung bean varieties. The free Glu (F Glu), F Arg
and F Asp were the most abundant FAAs in mung
beans, and their contents in different varieties were
widely ranged, 47.14–134.04, 45.06–121.77, and 21.55–
80.360 mg per 100 g DW, respectively. Ali et al.
(2015) also reported a similar results, in which F Glu,
F Arg and F Asp were higher than other FAAs in
mung bean, and their contents were 0.47, 0.46 and
0.43 g per kg dry weight, respectively.
We also observed that HRH treatment significantly

changed the FAA profiles and significantly increased
(P < 0.01) the total FAA (T-FAA) content (344.10–
521.47 to 377.97–568.11 mg per 100 g DW, respectively).
Combined with the changes in AAs, we speculated that
the seed components of mung bean were decomposed
and/or transformed during HRH treatment, especially
the mutual transformation of FAAs. Specifically, most of
the FAA contents in mung beans including GABA and
other FAAs (Ala, a-ABA, b-Ala, Gly, Ser, PEA, Thr,
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Lys, EOHNH2, Tau, Leu, Tyr and Cit) significantly
increased (P < 0.01) after HRH treatment. Particularly,
some FAAs (Tyr, EOHNH2, Lys, Leu, Gly and Thr)
were increased more than 1.5-5 times. However, F Glu
and F Asp contents, enriched in mung beans, were signif-
icantly decreased (77.68 to 64.14 mg per 100 g DW;
55.67 to 43.82 mg per 100 g DW, respectively, P < 0.01).
Xu & Hu (2014) stated that although the F Glu content
of soya bean sprouts increased significantly during germi-
nation, the F Glu content of germinated soya bean at
32 °C was lower than that at 19 and 25 °C due to the
changes in the activities of GAD and GABA transami-
nase of GABA shunt.

Early follow-up at start of the imbibition of dry
seeds re-establishes metabolism (Nonogaki et al.,

2010). Hence, the changes in FAAs might be due to
the fact that mung beans under HRH treatment with a
high relative humidity (95% RH) absorbed some
amounts of moisture and were exposed to high tem-
peratures and low-oxygen environment (Fukumori
et al., 2013). These environmental factors might have
transformed various biochemical components due to
enzymatic and non-enzymatic reactions. These reac-
tions degrade and transform proteins, peptides and
AAs, resulting in the changes to the FAA composition
(Signorelli et al., 2015; Kim et al., 2015). Particularly,
the levels of Glu, which is the precursor of GABA
shunt, significantly decreased, whereas GABA content
increased significantly (P < 0.05). This suggested that
metabolic responses to HRH treatment might result in

Figure 2 Amino acid contents of native and

HRH-treated mung beans. Cysteine (Cys),

tryptophan (Trp), methionine (Met), tyrosine

(Tyr), threonine (Thr), isoleucine (Ile), valine

(Val), phenylalanine (Phe), lysine (Lys),

leucine (Leu), histidine (His), glycine (Gly),

proline (Pro), alanine (Ala), serine (Ser),

arginine (Arg), aspartic acid (Asp) and

glutamic acid (Glu). Essential amino acids

(EAA). N means non. T stands for total. ‘A

and B’ and ‘a and b’ represent significant

differences (P < 0.01 and 0.05, respectively)

between native and HRH-treated mung bean

within the same column; same as follows.

[Colour figure can be viewed at wileyonline

library.com]
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a momentary cytoplasmic acidification, activating
GAD, which can convert F Glu to GABA. In addi-
tion, the differential effects of the metabolic rates
caused redistribution of AA (Mayer et al., 1990).
However, further studies are required to illustrate the
mechanisms involved in the FAA changes in HRH-
treated mung bean.

PA contents in native and HRH-treated mung beans

PAs are molecules with regulatory functions in plant
abiotic stress tolerance. Put, Spm and Spd in PAs are
precursors of GABA, which are catalysed by DAO
and/or PAO and converted into GABA via the forma-
tion of the c-aminobutyraldehyde intermediate (Wakte
et al., 2011; Zhao et al., 2017). Figure 4 presents Put,
Spm and Spd contents of native and HRH-treated
mung beans. Results showed that the average contents

of Put, Spd and Spm were 30.82, 493.28 and
691.81 nmol per g DW, respectively. After HRH treat-
ment, the average contents of Spd and Spm were lesser
than that those of native mung beans, whereas no
changes were observed in Put content. Yang et al.
(2013) inferred that the contribution of PA degrada-
tion pathway in GABA synthesis was about 30% in
the germinating fava bean under hypoxia. Thus, the
decreases in Spd and Spm levels in HRH-treated mung
bean might be related to GABA accumulation.

Correlation between GABA and endogenous amino
components including AAs, FAAs and PAs in mung
beans under HRH treatment

Table 1 shows the correlation between GABA includ-
ing content and increment in mung beans following
HRH treatment and endogenous amino compounds

Figure 3 Free amino acid contents of native

and HRH-treated mung beans. F means

free. Citrulline (Cit), taurine (Tau), ornithine

(Orn), hydroxylysine (Hylys), ethanolamine

(EOHNH2), phosphorylethanolamine (PEA),

b-alanine (b-Ala), a-aminobutyric acid

(a-ABA), sarcosine (Sar), a-aminoadipicacid

(a-AAA), phosphoserine (P-Ser). T-FAA

means total free amino acid. Same as

follows. [Colour figure can be viewed at wile

yonlinelibrary.com]
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including AAs, FAAs and PAs in native mung beans.
Results showed that both GABA content and incre-
ment in mung beans following HRH treatment were

significantly positively correlated (P < 0.05) with some
FAAs (Glu, Ser, Orn, Arg and Gly) in native mung
beans. The Glu is the precursors of GABA synthesis,
which can convert Glu to GABA by activating key
enzyme GAD (Khwanchai et al., 2014; Zhao et al.,
2017). The Arg and Orn relate to Glu metabolism by
Asp aminotransferase and Orn cycle, and also link
with PA metabolism by their corresponding decar-
boxylase (Podle�s�akov�a et al., 2019). However, the fur-
ther studies are required to give a precise explanation
for their relations. Although Pro and PAs are precur-
sors of GABA synthesis (Xing et al., 2007; Yang
et al., 2013; Signorelli et al., 2015), no significant cor-
relations were observed. The AAs, which are mainly
derived from proteins, also presented no significant
correlation with GABA. Tiansawang et al. (2016) sug-
gested that legumes had a higher protein content than
sesame, resulting germinated legumes produce higher
GABA than sesame. Roohinejad et al. (2011) reported
that a significant positive correlation (P < 0.05) was
observed between protein, Glu and GABA contents
before and after pre-germinated brown rice. However,
Xu & Hu (2014) found that the correlation between

Figure 4 Putrescine (Put), spermine (Spm) and spermidine (Spd)

contents of native and HRH-treated mung beans. [Colour figure can

be viewed at wileyonlinelibrary.com]

Table 1 Correlation between GABA including content and increment in mung beans following HRH treatment and endogenous
amino compounds including AAs, FAAs and PAs in native mung beans

AA content GABA content GABA increment FAA content GABA content GABA increment

Cys �0.054 �0.049 EOHNH2 �0.056 �0.11

Trp �0.013 �0.048 Lys 0.267 0.24

Met �0.305 �0.313 Thr 0.293 0.25

Tyr 0.263 0.207 PEA 0.027 0.01

Thr 0.001 �0.027 Ser 0.466† 0.502†

Ile 0.099 0.072 Gly 0.390‡ 0.366‡

Val 0.13 0.102 Pro �0.129 �0.127

Phe 0.19 0.153 b-Ala 0.143 0.09

Lys 0.17 0.138 a-ABA 0.156 0.08

Leu 0.098 0.070 Ile 0.194 0.11

His 0.096 0.060 Sar �0.102 �0.07

Gly 0.12 0.090 a-AAA �0.067 �0.07

Pro 0.033 0.001 His �0.207 �0.212

Ala 0.04 0.012 P-Ser 0.205 0.19

Ser �0.002 �0.021 Ala 0.284 0.23

Arg 0.133 0.101 Phe �0.258 �0.32

Asp 0.057 0.035 Cys �0.012 �0.03

Glu 0.095 0.067 Val 0.323 0.25

FAA content – – Asp �0.334 �0.29

GABA 0.132 0.001 Arg 0.373‡ 0.375‡

Cit 0.107 0.02 Glu 0.485† 0.482†

Tyr �0.315 �0.32

Leu 0.306 0.23 PA content – –

Tau �0.202 �0.17 Put 0.28 0.33

Orn 0.446† 0.452† Spd 0.147 0.18

Hylys 0.118 0.07 Spm 0.121 0.08

AAs, amino acids; FAAs, free amino acids; HRH, heat and relative humidity.
†Correlation is significant at the 0.01 level.
‡Correlation is significant at the 0.05 level (two-tailed).
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GABA and Glu in soya beans during germination
declined gradually with the increase in germination
temperature. Morrison et al. (2013) presented that the
total protein in seeds may not always correlate with
GABA and that the best method to screen high
GABA concentration in a soy product is to select the
cultivar with high seed concentrations of Glu and/or
GABA. Therefore, the correlation between GABA and
related components differs across various crop types
and processing methods. Our results indicated that the
mung bean seeds enriched in these FAAs (Glu, Ser,
Orn, Arg and Gly) tended to show a better potential
to produce GABA under HRH treatment. This pro-
vided a useful method to screen for the GABA-
enriched mung bean varieties.

The metabolites that showed a significant difference
after HRH treatment include four types of AAs, six-
teen kinds of FAAs and two kinds of PAs. The Pear-
son correlation analysis and hierarchical clustering
analysis (HCA) of the accessions were performed to
illustrate their correlations (Fig. 5). From the perspec-
tive of changes in GABA, a significantly negative

correlation between the changes of GABA and F Glu
was observed (r = �0.697, P < 0.01). Collectively, the
changes in Glu, F Glu, F Pro and PAs in mung bean
under HRH treatment and their correlation with
GABA confirmed that the accumulation of GABA can
be mainly attributed to the consumption of endo-
genous F Glu in GABA shunt. Contrarily, a signifi-
cantly positive correlation was observed between the
changes in GABA and some FAAs (Thr, Ser, Leu,
Gly, Lys, Tyr, EOHNH2 and Ala: r = 0.817, 0.813,
0.780, 0.775, 0.736, 0.633, 0.604 and 0.526, respec-
tively, P < 0.01). This suggested that the changes in
these FAAs were synchronised with GABA in mung
beans under HRH treatment, and HCA findings sup-
ported this. Kim et al. (2015) and Komatsuzaki et al.
(2007) also found that the levels of most of FAAs
increased with the accumulation of GABA in a low-
oxygen environment. These might be relate to the inhi-
bition of respiration and the block of adenosine
triphosphate, which caused the relative contents of the
FAAs that participate in the tricarboxylic acid cycle to
increase (Chen et al., 2019b). Previous researches have

Figure 5 Correlation matrix of metabolite

changes of thirty-four mung bean varieties

under HRH treatments. Each square indi-

cates Pearson’s correlation coefficient for a

pair of compound changes, and the value of

the correlation coefficient is represented by

the intensity of blue or red colour, as indi-

cated on the colour scale. [Colour figure can

be viewed at wileyonlinelibrary.com]
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confirmed that energy metabolism plays a key role in
changes of nutritional and quality properties including
FAAs of mung bean sprouts (Chen et al., 2018a, Chen
et al., 2018b; Chen et al., 2019a, Chen et al., 2019b).
However, the dynamic changes, metabolomics and
energy status in mung bean seeds under HRH treat-
ment have not been studied. Therefore, further
researches about these aspects might be useful to illu-
minate their relationship.

Conclusion

HRH treatment was highly efficient in promoting
GABA accumulation in mung beans. The average level
of GABA in different mung bean varieties was
increased by more than 7.5 times after processing
(4.13–31.06 mg per 100 g DW). Specifically, the black
mung bean variety (A8) exhibited the highest GABA
accumulation (48 times; 1.76–84.57 mg per 100 g DW)
after HRH treatment. Investigation of the changes and
correlations of metabolites in mung bean varieties
under HRH treatment revealed that the difference in
GABA accumulation capability in varieties was mainly
attributed to endogenous F Glu in GABA shunt.
Mung bean varieties enriched in endogenous F Glu, F
Ser, F Orn, F Arg and/or F Gly tended to have a bet-
ter potential to accumulate GABA. Our results can aid
to screen GABA-enriched mung bean varieties and
yield useful products.
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