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ABSTRACT: Glutamate decarboxylase (GAD; EC 4.1.1.15) is an important enzyme in γ-aminobutyric acid (GABA)
biosynthesis. Here we report the influence of light on amino acid accumulation and investigate the molecular mechanism by
which light influences GABA biosynthesis at the seedling stage of two mustard (Brassica juncea) cultivars (green-leaf and purple-
leaf). Gene expression profiles of four GAD-encoding genes (GAD1, GAD2, GAD4a, and GAD4b) and their impact on GABA
biosynthesis were analyzed. Light exerted an obvious influence on amino acid accumulation in mustard seedlings. GAD gene
expression was also significantly regulated by light/dark or dark treatment, which differentially regulated GABA biosynthesis in B.
juncea seedlings. High-performance liquid chromatography (HPLC) revealed that the seeds of purple cultivars contain a higher
amount of free amino acids and GABA than do the seeds of green cultivars. After seed germination, however, the accumulation of
free amino acids peaked in dark-treated seedlings on day 9 in both cultivars, whereas GABA synthesis peaked at 9 days under
light conditions. This study may provide a foundation for understanding the effect of light on amino acids, particularly GABA
biosynthesis in Brassica plants.
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■ INTRODUCTION

Amino acids play an important role in human health; most
essential amino acids are obtained in food, because humans
have a limited ability to synthesize adequate essential amino
acids. The production and distribution of free amino acids in
plants could be affected by environmental factors1−3 or by
artificial treatment.4,5 Seed germination is considered an
efficient target for nutritional modification of cereals. The
nutritional and protein profile has been improved in
germinated Australian Sweet Lupin.6 The content of nutrients
and antinutrients in legume seeds has also been modified by
germination processing,7 and phenolic compounds and
antioxidant activity have been enhanced in germinated
sprouts.8,9

The mustard Brassica juncea (L.) is an important oilseed
crop. Like other Brassicaceae species, B. juncea contains various
bioactive compounds such as glucosinolates and phenolics,
which contribute to its nutritional value.10−12 B. juncea is
usually used as a condiment, and its green leaves are used as a
vegetable on the Indian subcontinent and in other Asian
countries. B. juncea is a saline- and drought-tolerant plant13 and
is sensitive to environmental heavy metal stresses.14−16 The
stress response genes and biochemical pathways in B. juncea
have been investigated and reported.14,15,17

γ-aminobutyric acid (GABA) is a nonprotein amino acid and
a significant component of the free amino acid pool. The
GABA metabolic pathway was reported previously and is
known as the GABA shunt.18 Glutamate decarboxylase (GAD;
EC 4.1.1.15), a pyridoxal 5′-phosphate (PLP), plays an
important role in GABA biosynthesis. GAD catalyzes L-
glutamic acid to GABA and carbon dioxide through an

irreversible α-decarboxylation reaction. GAD is a calcium/
calmodulin-dependent enzyme in GABA synthesis.19−22

Another GABA synthesis pathway is related to polyamine
degradation, in which diamine oxidase (DAO; EC 1.4.3.6) is
the rate-limiting enzyme for GABA synthesis.23−25

In recent years, GABA has been considered a bioactive plant
component and GABA-enriched foods have become popular
for their health benefits. GABA is an effective pain reliever and
anxiolytic,26 regulates blood pressure,27 and alleviates chronic
alcohol-related symptoms.28 GABA could be rapidly and largely
accumulated by regulating GAD or DAO activities in response
to stress factors such as hypoxia, cold, heat, and water
stress.18,29−33 However, the GABA synthetic pathway under
varying light conditions has not been reported in B. juncea. To
investigate the effect of light on amino acid accumulation,
especially GABA biosynthesis, in B. juncea, two cultivars
(purple- and green-leaf mustard) were investigated under
light/dark or dark conditions. High-performance liquid
chromatography (HPLC) or quantitative real-time polymerase
chain reaction (qRT-PCR) was used to investigate the light
elicitor effect on amino acid content and GABA biosynthesis in
B. juncea. The association between the transcription of four
GAD isoforms and GABA accumulation under light/dark or
dark treatment is also discussed.
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■ MATERIALS AND METHODS
Plant Materials and Culture Conditions. Two B. juncea (L.)

cultivars (purple- and green-leaf mustard) were procured from the
Rural Development Administration (RDA), Suwon, Korea. The seeds
were surface-sterilized with 70% ethanol for 30 s and 2% (v/v) bleach
solution for 10 min and then rinsed several times in sterile water. The
seeds were placed on sucrose-free one-quarter sterilized Murashige−
Skoog (1/4 MS) medium solidified with 0.8% agar. The seeds were
germinated at 25°C in a growth chamber with approximately 60%
humidity under light/dark (16 h/8 h) or totally dark conditions.
Samples were collected after 3, 6, 9, and 12 days by cutting off the
roots with scissors and then rapidly checking the seedling length and
fresh weight. All samples were frozen in liquid nitrogen and stored at
−80°C until analysis.
Total RNA Extraction and Quantification of Gene Expres-

sion. Total RNA was isolated from different B. juncea samples using
the RNeasy Plant Mini Kit (Qiagen, Valencia, CA). For qRT-PCR, 1
μg of total RNA was reverse-transcribed using the Superscript II First
Strand Synthesis Kit (Invitrogen, Carlsbad, CA). Transcription levels
were analyzed by real-time PCR. The gene-specific primer sets were
designed for real-time PCR on the basis of the published genes in the
GenBank (accession numbers of GAD 1, GAD 2, GAD4a, and GAD4b
are AY559321, AY559318, AY559319, and AY559320, respectively).
Gene expression was normalized to that of the house-keeping gene
actin (accession number HM565958). Real-time PCR reactions were
performed in triplicate with a MiniOpticon system (Bio-Rad
Laboratories, Hercules, CA) with the Quantitect SYBR Green PCR
Kit (Qiagen). The PCR protocol was as follows: denaturation for 5
min at 95°C, followed by 40 cycles of denaturation for 15 s at 95°C,
annealing for 15 s at 56°C, and elongation for 20 s at 72°C. PCR
results were calculated as the mean of three replicated treatments.
Statistical differences between treatments were evaluated by standard
deviation.
Extraction of Amino Acids from B. juncea. The samples were

freeze-dried and then ground to powder, 0.10 g of powdered sample
was extracted with 1.2 mL of water containing trichloroacetic acid
(TCA) solution [5% (v/v)], followed by vortexing for 15 s, and then
the sample was stored for 1 h at room temperature and centrifuged at
15 000 rpm and 4°C for 15 min. After centrifugation, the supernatant
was filtered through a 0.45 μm PTFE hydrophilic syringe filter (Ø 13
mm) into an HPLC-vial and then used for HPLC analysis.
Quantitative Analysis of Amino Acids and GABA by HPLC.

The external standards for free amino acid standards were provided
from the Agilent Technologies (Waldbronn, Germany). GABA
[γ(gamma)-aminobutyric acid] and sodium phosphate monobasic
monohydrate (Na2HPO4·H2O) were purchased from Sigma-Aldrich
(St. Louis, MO). Trichloroacetic acid (TCA, 99.0%) was obtained
from Samchun Pure Chemical Co., Ltd. (Pyeongtaek, Korea), and
HPLC-grade acetonitrile (CH3CN) and MeOH were purchased from
J. T. Baker (Phillipsburg, NJ). The detection of amino acids is available
with automated derivatization using o-phthalaldehyde (OPA) and
online analyzed by reversed-phase HPLC (RP-HPLC) with ultra-
violet−visible (UV−Vis) detection, according to a method published
in an Agilent application note.34 Briefly, filtered samples were
determined using a Zorbax Eclipse AAA analytical column (150 ×
4.6 mm i.d., 5 μm) and an Agilent 1200 high-performance liquid
chromatograph with a UV−Vis detector and autosampler. The analysis
was monitored at 338 nm, and the column was maintained at 40°C.
The mobile phase was a gradient prepared from mixtures of 40 mM
NaH2PO4·H2O (solvent A, pH 7.8) and CH3CN:MeOH:water
(45:45:10, v/v/v) (solvent B). The flow rate was set at 2.0 mL/min,
and the injection volume was 20 μL. The gradient programs were as
follows: 0−1.9 min, 0% solvent B; 1.9−21.1 min, 57% B; 21.1−21.6
min, 100% B; 21.6−25 min, 100% B; followed by a rapid drop to 0%
solvent B at 25.1 min, and then isocratic conditions with 0% B to 30.0
min (total 30 min). Quantification of the different compounds was
based on peak areas and calculated as equivalents of representative
standard compounds. All contents are expressed as milligrams per 100

g of fresh weight. Each result shown in the figures and tables is the
mean of three replicated treatments.

Statistical Analysis. Each result shown in the figures is the mean
of three replicated treatments. Standard deviations are provided to
indicate the variations associated with the particular mean values.
Significant differences between treatments were evaluated statistically
using Statistical Analysis Software 8.2 (Student’s t test). Values of p <
0.05 are considered statistically significant.

■ RESULTS
Effect of Light on the Biomass of B. juncea Sprouts. In

3 day hypocotyls, the purple-leaf cultivar showed a slightly
deeper purple color than the green-leaf cultivar (Figure 1). The

length and fresh weight of both B. juncea cultivars were
measured from 3 to 12 days after germination. The length and
fresh weight in both B. juncea cultivars increased over time
(Figure 2). Sprouts were 2−4-fold taller in the dark than in
light/dark conditions. The green-leaf cultivar showed slightly
higher fresh weight than the purple-leaf cultivar, especially in
dark culture. The length and fresh weight of both cultivars did
not increase significantly after 9 days of culture (Figure 2).

Amino Acid Content in B. juncea Sprouts. In this study,
9 essential or semiessential amino acids (isoleucine, leucine,
lysine, methionine, phenylalanine, threonine, tryptophan,
valine, and histidine) and 12 nonessential amino acids
(arginine, alanine, asparagine, aspartate, cystine, glutamine,
glycine, GABA, glutamate, serine, tyrosine, and vitamin U
(Supporting Information, Supplementary Figures 1 and 2) were
detected in B. juncea sprouts. The amino acid content was
much higher in the sprouts of green and purple mustard than in
the seeds. The content of all amino acids was elevated in the
sprouts of both B. juncea cultivars under light/dark and dark
conditions. Light conditions inhibited synthesis of arginine,
glutamine, cystine, histidine, methionine, tryptophan, phenyl-
alanine, leucine, and lysine during sprout development in both
cultivars. The accumulation of these amino acids increased at 6,
9, or 12 days under dark conditions (Tables 1 and 2), whereas
the contents of glycine, arginine, and isoleucine, which were up-
regulated by light conditions, reached the maximum after 9 or
12 days. On the basis of the total amino acid content, both
cultivars have approximately double the amount of amino acids
in dark-treated sprouts. At 9 days, dark-treated purple-leaf
seedlings contained the highest amount of amino acids (746
mg/100 g of fresh weight) (Table 1) than at any other day in
either cultivar.

Figure 1. Development of B. juncea sprouts under light/dark and dark
conditions: G-L3, green cultivar, 3 days light/dark; G-L6, green
cultivar, 6 days light/dark; G-D3, green cultivar, 3 days dark; G-D6,
green cultivar, 6 days dark; P-L3, purple cultivar, 3 days light/dark; P-
L6, purple cultivar, 6 days light/dark; P-D3, purple cultivar, 3 days
dark; P-D6, purple cultivar, 6 days dark. The bar represents 1 cm.
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The Effect of Light on the Expression of GAD Genes in
B. juncea. Expression of GABA biosynthesis genes BjGAD1,
BjGAD2, BjGAD4a, and BjGAD4b were detected in the light/
dark- and dark-treated mustard sprouts by qRT-PCR (Figure
3). Transcript levels of BjGAD1, BjGAD4a, and BjGAD4b were
markedly reduced after germination in both cultivars. The seeds
of purple-leaf mustard showed 2−4-fold higher expression than
the seeds of green-leaf mustard. Both green and purple cultivars
showed higher GAD gene expression in dark than in light
conditions during the seedling stage, indicating the dark
environment could induce higher GAD gene expression than
the light elicitor. Transcript levels of BjGAD1, BjGAD4a, and
BjGAD4b were 2−3 times higher at 6 or 9 days in purple-leaf
mustard than in green-leaf mustard. After 9 days, expression of
the GAD2 gene started to decrease in both green- and purple-
leaf mustard sprouts. Compared to other GAD genes, GAD2
was more active during seedling development and was
particularly higher under dark culture conditions.
Effect of Light on the GABA Accumulation in B.

juncea. Accumulation of GABA in the sprouts of both B. juncea
cultivars differed from the amino acid content and gene
expression in response to light/dark or dark treatment.
Previously, we found that amino acid accumulation and GAD
gene expression were higher in the dark-cultured sprouts of
both B. juncea cultivars, but the GABA content was higher in
both cultivars under light conditions (Figure 4). Purple-leaf
mustard seeds accumulated 4-fold more GABA than did the
green cultivar seeds. The GABA content decreased markedly at
the beginning of germination and was almost similar in all
sprout developmental stages (3−12 days) in the purple-leaf
mustard cultivar. In contrast, the GABA content in the seed of
the green mustard cultivar was lower than the GABA content in
the sprouts. In this cultivar, GABA accumulation increased from
the beginning of germination to 9 days and then started to
decline. The highest amount of GABA was detected at 9 days in
light-treated green- and purple-leaf mustard sprouts. These
results indicated that GAD gene expression was inhibited by
light; GABA accumulation did not decrease under light
conditions, especially in the green-leaf mustard.

■ DISCUSSION

Light is an important factor affecting biomass and secondary
metabolite biosynthesis (e.g., flavonoids, anthocyanins, and

terpenoids) in plants.35−40 In the present study, the effects of
light on the biomass and amino acids, especially GABA
biosynthesis in two mustard cultivars, were investigated. Our
results indicate that light/dark and dark treatments have
significant effects on mustard sprouts. The length and fresh
weight of two mustard cultivars increased in the dark condition
and achieved stable levels after a 9 day culture. The total amino
acid content in B. juncea green- and purple-leaf mustard
cultivars increased with the culture time, within 9 days of
germination. In particular, the amino acids notably increased in
both B. juncea mustard cultivars under dark conditions by 9
days. Our results also proved that the light/dark treatment and
germination time affected the accumulation of amino acids.3,41

When considering biomass and total amino acid accumulation,
our results suggest that the sprouts of green- and purple-leaf
mustard are suitable for harvesting increased amounts of
biomass and dietary amino acids after 9 days of culture under
the dark condition. Therefore, green- and purple-leaf mustard
sprouts could be marketable as a commercial sprout vegetable
that is rich in amino acids.
Several cDNAs of the GAD gene have been cloned from

plants, such as petunias,20 Arabidopsis,42,43 rice,44 and
tomatoes.31 Akama et al. reported that the expressions of
OsGAD1 and OsGAD2 were differentially regulated, especially
in the roots and mature seeds of rice, even though both were
present in all tissues.44 Five GAD isoenzymes have been
identified and characterized from Arabidopsis (L.) Heynh.42,45

The expression of these five GAD genes was obviously different
in the organs and in response to hypoxic conditions. In
comparison to other isoforms, however, GAD2 was predom-
inantly more highly expressed in the whole plant and was
considered to play a unique role in nitrogen metabolism.42 In
our present study, four GAD isoforms from mustard were
investigated. The four GAD isoforms indicated different
transcription levels during the seedling stage. In comparison
to other isoforms, GAD2 showed higher expression levels,
which may indicate a higher contribution to GABA biosynthesis
in germinating mustard sprouts.
The accumulation of GABA synthesis could be regulated by

different factors. Environmental factors such as salt stress,46

temperature and darkness,41 hypoxia,31,47 and water stress3,48

have been shown to influence GABA synthesis in plants.
Recently, lactic acid fermentation was shown to produce new

Figure 2. Length and fresh weight of green- and purple-leaf B. juncea sprouts under light/dark or dark conditions. G-L and G-D indicate green
cultivar in light/dark conditions and green cultivar in dark conditions; P-L and P-D indicate purple cultivar in light/dark conditions and purple
cultivar in dark conditions. Each value represents the mean of three replicates, and error bars indicate the standard deviation.
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Figure 3. Expression of GAD genes involved in GABA biosynthesis during the development of mustard sprouts under light/dark or dark growth
conditions. G-L and G-D indicate green cultivar in light/dark conditions and green cultivar in dark conditions; P-L and P-D indicate purple cultivar
in light/dark conditions and purple cultivar in dark conditions. Each value represents the mean of three replicates, and error bars indicate the
standard deviation. Asterisks indicate significant differences between light/dark-treated and dark-treated samples, as assessed using a Student’s t test
(*, p < 0.05; **, p < 0.01).

Figure 4. GABA contents in sprouts of green- and purple-leaf mustards (mg/100 g of fresh weight). G-L and G-D indicate green cultivar in light/
dark conditions and green cultivar in dark conditions; P-L and P-D indicate purple cultivar in light/dark conditions and purple cultivar in dark
conditions. Each value represents the mean of three replicates, and error bars indicate the standard deviation. Asterisks indicate significant differences
between light/dark-treated and dark-treated samples, as assessed using a Student’s t test (*, p < 0.05; **, p < 0.01).
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and highly potent antihypertensive peptides, with increases in
active compounds and GABA content.49,50 Steeping and
germination processes have been reported to effectively
accumulate GABA in two oat cultivars,48 buckwheat51 and
rice.52 Our data suggest that GAD genes are sensitive to a light
elicitor (Figure 3), because GABA biosynthesis differed in
green- and purple-leaf mustard under light/dark or dark
treatments. Interestingly, the correlation between GABA
accumulation and transcription levels of the GAD genes was
not detected in mustard time-course sprouts. Our results are in
agreement with those in previous studies on Arabidopsis (L.)
Heynh, in which the GAD2 gene did not show a correlation
between the transcription level and GABA accumulation in
flower stalks and flowers, even though it appeared to be
correlated with this activity in vitro.42

GABA accumulation is affected by the induction of GAD
activity and a number of other factors.43,46,53 The amount of
GABA was shown to induce discrepancy in the GAD activity of
Nicotiana sylvestris cytoplasmic male sterile II (CMSII) mutants
during long-term salt stress,46 which might be because of the
ability of the cells to import GABA or by the induction of the
polyamine degradation pathway.43,54 In addition, in Arabidopsis
thaliana pop2-1 mutants, it was revealed that increased GABA
accumulation could be because of the involvement of GABA
transaminase in salt stress by the reverse activity of GABA
transaminase instead of GAD.46,55 A similar result was also
reported by Yang et al.,56 who showed that GAD activity was
regulated by hypoxia but did not significantly contribute to
GABA synthesis in germinating fava bean, and the activity of
GABA transaminase was considered to be one of the
reasons.18,56 Moreover, DAO activity, which catalyzes the
GABA polyamine degradation pathway, is affected by spectra
and varies in different species.25 The varying GABA content in
both the cultivars may be caused by genetic differences, as
previously shown for rice and fava beans.57,58 We may speculate
that GABA transaminase or other enzymes may influence
GABA synthesis in germinating mustard sprouts. Further
studies are required to understand the influence of environ-
mental stresses on GABA biosynthesis in mustard.
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