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Abstract

Pakchoi plants were grown in 32 mM NO;3 nutrient solution with or without 2.5 mM vy-aminobutyric acid (GABA) to
investigate metabolite changes, gene and protein expression levels, and the activities of key enzymes related to nitrate metabolism
in the leaves over a period of 0-12 days. High-nitrogen treatment enhanced plant growth and the NO;~, NO, ", NH,*, Gln, and
Glu contents in the leaves; promoted the gene and protein expression of nitrate reductase (NR) and glutamate decarboxylase
(GAD); and increased the activities of NR, nitrite reductase (NiR), glutamine synthetase (GS), glutamate synthase (GOGAT), and
GAD. The endogenous GABA concentration in the leaves was enhanced in parallel with the increase in GAD activity. The
GABA-treated leaves displayed the greatest increases in the gene and protein expression levels of NR and GAD and in the
activities of NR, NiR, GS, GOGAT, and GAD. In addition, accelerated rates of nitrate reduction and assimilation were detected,
and these changes occurred concurrently with the observed increases in gene or protein expression and enzyme activity. As a
result, the concentrations of NH,*, Gln, Glu, and endogenous GABA were significantly elevated, and the NO;~ and NO,~
contents were significantly decreased, in GABA-treated leaves compared with plants exposed to nitrogen-rich conditions. Our
results reveal a potential positive that GABA may act as a nitrogen source to improve the plant growth and the most prominent
effect of decreasing nitrate contents by accelerating NO;  reduction and assimilation. Exogenous GABA plays an important role
in reducing the NO;  content of leaves, and thereby improves the ability to harvest leafy vegetables containing higher levels of
endogenous GABA.

Keywords Pakchoi - Brassica campestris ssp. chinensis Makino - Nitrogen-rich solution - y-Aminobutyric acid - Nitrate
metabolism - Gene and protein expression

Introduction

Nitrogen is an essential element for accelerated shoot growth,
rapid flower bud development, and effectively increasing crop
productivity. Furthermore, the effective supply and manage-
ment of nitrogenous fertilizer favors the formation of amino
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acids or protein, which is beneficial for increasing crop quality
(Chen et al. 2004). However, the amount of nitrogen fertilizer
used in vegetable production has far exceeded the recommen-
dations for open fields and polypropylene-covered or solar
greenhouses in China, resulting in serious problems, such as
poor plant growth, soil acidification and secondary salinization,
and eutrophication of nearby aquatic bodies. Green leafy veg-
etables are known for their capacity to accumulate nitrate, and
thus for their contribution to a high total nitrate intake in peo-
ple’s daily diet (Colonna et al. 2016). Although nitrate itself is
relatively non-toxic, debates regarding its benefits have contin-
ued because its reaction products and metabolites (e.g., NO, ,
NO, and nitrosamines) exert adverse health effects that result in
suffocation, particularly in infants, children, and adults (Bryan
et al. 2012). Consequently, some organizations, such as the
World Health Organization (WHO) and the European
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Commission, have established regulatory limitations or thresh-
olds for nitrate concentrations in some leafy vegetables and/or
criteria for acceptable daily nitrate intake levels according to
body weight (Cavaiuolo and Ferrante 2014).

Traditionally, inorganic nitrogen, particularly nitrate, has
been among the most commonly supplied nutrients, and com-
mercial fertilizers applied to increase output represent the ma-
jor cost of plant production (Masclaux-Daubresse et al. 2010).
However, many factors, especially the amount, timing, and
method of nitrate fertilization used, affect the nitrate concen-
tration in leafy vegetables (Colonna et al. 2016). External
nitrate has positive regulatory effects on the nitrate uptake
itself and on many genes of primary nitrogen metabolism in
many plant species (Beuve et al. 2004). Furthermore, it has
been widely established that organic forms of nitrogen, partic-
ularly small-molecule amino acids (e.g., arginine, glutamate
(Glu), glutamine (Gln), alanine, methionine, and glycine), can
also be taken up by a wide variety of plants from rhizosphere
soil or nutrient solutions (Ndsholm et al. 2009). When the rates
of root uptake of nitrogen sources are compared, the general
conclusion is that for most plant species, the absorption of
amino acid is higher than that of nitrate when several N
sources are present simultaneously (Nédsholm et al. 2009;
Persson et al. 2006; Thornton and Robinson 2005). Indeed,
several informative studies have confirmed the ability to pro-
duce low-nitrate leafy vegetables (e.g., spinach, lettuce, and
pakchoi) by applying organic nitrogen as a substitute or partial
substitute for nitrate in nutrition solution, a process that is
closely related to the regulation of nitrate uptake and the
shifting of the metabolic flux of the roots (Liu et al. 2014;
Wang et al. 2014b). However, this effect is influenced by
many factors, including the type and amount of amino acid,
the duration and method of application, and the concentration
of inorganic ions in the soil or solution (Muller and Touraine
1992; Wang et al. 2007). Nonetheless, the available direct
lines of evidence regarding the influence of amino acids on
nitrogen metabolism, particularly the key enzymes and sub-
stances associated with nitrate reduction following the absorp-
tion of amino acids, remain insufficient.

y-Aminobutyric acid (GABA) is a non-protein amino acid
widely present in plant tissue. The synthesis pathway of
GABA is regulated by glutamic acid degradation catalyzed
by GAD (EC 4.1.1.15). Concurrently, the promotion of
GABA production technology accelerates the production of
GABA-rich vegetables, teas (Wang et al. 2006), and health-
oriented plant products (Liu et al. 2016). GABA plays arole in
many important physiological metabolic pathways that have
been elucidated in previous studies; these functions include
regulating pH, facilitating the bypass of tricarboxylic acid cy-
cle, metabolizing nitrogen, regulating antioxidants, providing
an efficient growth-supporting nitrogen source, and acting as a
signaling molecule (Fait et al. 2008; Hellmann et al. 2000).
Some studies have demonstrated that GABA might act as a

long-distance signal to upregulate nitrate uptake and utiliza-
tion in Brassica napus (Beuve et al. 2004) and Arabidopsis
thaliana seedlings (Barbosa et al. 2010). Furthermore, exog-
enous GABA can be absorbed by plants as an alternative
organic nitrogen fertilizer after it is applied to the rhizosphere
or sprayed on leaves (Ma et al. 2016; Salvatierra et al. 2016).
However, Arabidopsis seedlings fed significant concentra-
tions of GABA still demonstrate low levels of GABA accu-
mulation in tissues; additionally, GABA promoted root
growth and NO; uptake at a low NO; level (5 mM NO;3 ),
while GABA inhibited root elongation and NO;  uptake at
high NO; ™ level (40 mM NO; ) (Barbosa et al. 2000).
Although some regulatory models can theoretically explain
the relationship between the role of GABA role in plants
and NO;  levels in the rhizosphere, related experiments did
not provide a clear explanation of the role of GABA in reduc-
ing nitrate in plant tissue, or the precise molecular conversions
that occur after the absorption of GABA.

Because pakchoi (Brassica campestris ssp. chinensis
Makino) exhibits the advantages of high yields, good adapt-
ability, and resistance, it is one of the most widely cultivated
leafy vegetables in China (Luo et al. 2006). However, the
growth and, ultimately, the yield and quality of pakchoi are
greatly affected by the level and status of nitrogen nutrition,
particularly that of nitrate, in the rhizosphere. Increased inor-
ganic nitrogen fertilizer inputs have improved the production
of pakchoi in the past 20 years, but this procedure poses a
great risk to the quality of the vegetables due to the accumu-
lation of nitrate in the leaves (Wang et al. 2014b). Currently,
amino acids’ substitution technology has become an effective
method for decreasing the nitrate concentration in vegetables.
Our experiments have shown that adding GABA to the nutri-
ent solution, soaking seeds, and foliar spray reduced the ni-
trate content in leafy vegetables and increased the endogenous
GABA contents (Li et al. 2016; Li et al. 2017). However, to
the best of our knowledge, the mechanism by which GABA
absorption decreases nitrate and improves plant growth, par-
ticularly the effects on gene and protein expression of key
enzymes and on metabolite changes, remains ambiguous.
We can propose a model in which GABA, after uptake by
the roots, may act as a nitrogen source to improve plant
growth, with the most prominent effect of decreasing nitrate
contents by accelerating nitrate reduction and assimilation,
followed by inhibiting nitrate uptake. Thus, based on the iden-
tification and molecular cloning of BcNR and BcGAD from
pakchoi, the present study evaluated the effects of exogenous
GABA on the gene and protein expression of BcNR and
BcGAD and the metabolite contents in pakchoi leaves cul-
tured with a nitrogen-rich nutrient solution. The results obtain-
ed regarding the effects of GABA on nitrogen metabolism
might provide a new basis for elucidating the mechanism
through which GABA reduces nitrate contents in pakchoi at
a relatively high NO;™ supply level.
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Materials and Methods
Plant Materials

The pakchoi (Brassica campestris ssp. chinensis Makino) cul-
tivar “Wuyueman,” which is known for its late bolting capa-
bility, was used as the experimental material. The seeds were
sown in a seedling-raising plate with wet quartz sand after
surface sterilization with water at 55 °C. The seedlings were
grown under controlled greenhouse conditions with a 16/8-h
photoperiod, a photosynthetic photon flux density of
350 wmol m?2s ' a temperature of 26 °C/16 °C, and a rela-
tive humidity of 60-75%. The seedlings were watered with
half-strength Hoagland solution after cotyledon expansion.

Experimental Treatments

At the four-true-leaf stage, seedlings exhibiting consistent
growth were selected and divided into three groups for con-
tinued growth in a hydroponic system. Twenty seedlings were
planted in 60 x 40 x 20-cm plastic pots (length x width x
height) filled with 48 L of Hoagland solution (containing
14 mM NO;~, 1 mM NH,*, EC 2.0-22 mS cm ', pH 6.5+
0.1) with a dissolved oxygen concentration of 8.0 =
0.2 mg L', which was controlled using air pumps. After
10 days of growth, when the plants exhibited seven leaves,
they were subjected to the experimental treatments in renewed
nutrient solution. For the treatments, the seedlings were cul-
tured with one of three solutions:

(1) Control: the nitrate concentration in the Hoagland solu-
tion was maintained at 14 mM without GABA;

(2) High-nitrogen treatment (HN): 18 mM NaNOj; was
added to the Hoagland solution to obtain a final nitrate
concentration of 32 mM, while the NH,* concentration
was maintained at 1 mM. Although 32 mM nitrate is
lower than the actual nitrogen level used for leafy vege-
table production in protected environments in China, this
concentration was used based on plant growth determi-
nation experiments performed with different nitrate con-
centrations (8, 16, 24, 32, and 40 mM) in Hoagland
nutrient solution for 22 days.

(3) Treatment with 2.5 mM GABA (HN + GABA): 2.5 mM
GABA (Sigma Chemical Co., USA) and 18 mM NaNO;
were simultaneously added to the Hoagland solution to
obtain a final nitrate concentration of 32 mM.

The concentration of GABA was determined based on our
previous experiments, the results of which indicated that ni-
trate metabolism in pakchoi is more significantly affected in
the presence of 2.5 mM GABA than in the presence of 1.25,
3.75,5.0,7.5, or 10 mM GABA (data not shown). The exper-
imental design was repeated four times for every group, and
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each treatment included a total of 12 pots (80 plants per treat-
ment) arranged using a completely randomized block design.
Leaf samples were collected from new leaves of the control
plants to clone the NR and GAD gene sequences. Furthermore,
key enzymes and metabolites related to nitrate metabolism
were assessed in the second-uppermost well-developed leaves
collected from plants subjected to the three treatments for 0, 3,
6,9, and 12 days, and the gene and protein expression levels
were evaluated after 0, 0.5, 1, 2, 3, 4, 6, 9, and 12 days.

Measurements of Plant Weight

Twenty uniform plants were selected from each treatment (five
plants per pot) to measure the fresh and dry weights of the
leaves and roots after 6 and 12 days of treatment, and plants
treated with different nitrate concentrations (8, 16, 24, 32, and
40 mM) were collected after 22 days. All of the leaves and
roots were washed with distilled H,O and weighed individually
to determine their fresh masses. All of the shoots and roots were
then dried in an oven at 80 °C to obtain their dry masses.

Analysis of the Relative Transcript Levels of BcNR
and BcGAD

According to our previous experiment, the structures of the
NR and GAD genes of pakchoi were cloned, and their
GenBank accession numbers are KP852556 and KP852557,
respectively.

In this experiment, three independent new leaf samples
from individual plants were collected and immediately frozen
in liquid N, to detect the relative transcript levels of BcNR and
BcGAD. Gene expression was determined using the Agilent
MX3000P real-time PCR system (Agilent Technologies) ac-
cording to the method described by Wang et al. (2014a) with
some modifications. Approximately 100 mg of tissue powder
from each sample was used for total RNA extraction
employing the EASY Spin Plus Plant RNA Mini kit
(Aidlab). The concentration and integrity of the RNA were
then routinely assessed based on the absorption ratio deter-
mined with a Thermo Scientific Nano Drop 2000/2000C ul-
traviolet spectrophotometer and 1% (w/v) agarose gel electro-
phoresis, respectively. BcNR and BcGAD gene-specific for-
ward and reverse primers and reference gene primers were
designed using Primer Design Software 5.0. The primer pairs
for each gene were as follows: BcNR, forward, GGAGGGAA
GAAGGTAACGAG, and reverse, AGAAACACCAGCAC
CAGAAC; BcGAD, forward, TTCTGCGTGTTGTC
ATTAGG, and reverse, CCTCTGCTCCCATCTTCCTA;
and Actin, forward, GGTATGGGTCAGAAAGATGC, and
reverse, CTGTGAGTAGAACTGGGTGC.

Approximately 4 pg of total RNA was used to synthesize
the first strand of cDNA with the PrimeScript™ II 1st-Strand
cDNA Synthesis Kit (TaKaRa) using an oligo d(T) primer,
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according to the manufacturer’s recommended protocol. The
real-time PCR system consisted of 25 pL of the SYBR®
Premix Ex Taq™ II (TaKaRa) mixture, which contained
2 uL of cDNA template (after dilution), 12.5 pL of Premix
Ex Taq, 1 pL of the forward primer (10 mM), 1 uL of the
reverse primer (10 mM), and 8.5 pL of RNase-free ddH,O.
The cycling temperature parameters consisted of 95 °C for
1.5 min followed by 40 cycles of 95 °C for 10 s, 55 °C for
15s,and 72 °C for 30 s and a final step of 72 °C for 90 s. The
samples were maintained at 95 °C for 15 s and 60 °C for 15 s,
subjected to fluorescence detection for 20 min, and then main-
tained at 95 °C for 15 s. Melting curve analysis was performed
at 95 °C for 1 min, 55 °C for 30 s, and 95 °C for 30 s. The
relative transcript levels of BeNR and BcGAD were calculated
with reference gene correction and transformed into a linear
relationship using the 2" “ method.

BcNR and BcGAD Protein Expression Assays

The BecNR and BcGAD protein expression levels were mea-
sured using the enzyme-linked immunosorbent assay
(ELISA) method and commercially available plant NR and
plant GAD kits according to the manufacturer’s instructions
(TSZ). New leaf samples (0.5 g of each sample) were homog-
enized in 10 mM PBS (pH 7.4) buffer containing 1 mM
EGTA and 1 mM PMSF. The homogenate was maintained
in a water bath at 90-95 °C for 3 min and then immediately
cooled to 10 °C. After allowing the homogenate to settle for
5 min, it was centrifuged at 3000 rpm and 4 °C for 20 min.
Fifty microliters of the supernatant was pipetted into coated
microtiter wells and incubated for 45 min at 37 °C. After
washing four times with buffer, biotinylated anti-IgG was
added. After incubated for 30 min at 37 °C, streptavidin-
HRP was added, and the plates were incubated for 15 min at
37 °C. The absorbance at 450 nm was measured with a mi-
crotiter plate reader, and the NR and GAD concentrations
were calculated using the standard curve.

Analysis of Nitrate Reductase (NR), Nitrite Reductase
(NiR), and GAD Enzyme Activity

Approximately 0.5 g of each leaf sample was used to mea-
sure the activities of NR (EC1.6.6.1) and NiR (EC1.7.7.1)
according to the methods described by Gao etal. (2011) and
Takahashi et al. (2001), respectively. NR and NiR activities
were defined as the production or reduction of NO, per
hour in micromole (umol NO, -h™" gleW). GAD activity
was assessed using the increase in the amount of GABA
according to Wang et al. (2014a) and is presented as pmol
GABA h™!' g 'FW to allow convenient comparison of the
different enzymes.

Nitrate (NO; ), Nitrite (NO, "), and Ammonium (NH,*)
Content Assays

The contents of NO3; and NO,  were measured according to
the method described by Petersen and Stoltze (1999) with
minor modifications. Fresh samples of pakchoi leaves (5 g
of each sample) were rinsed and weighed in a volumetric flask
with a rubber plug. Approximately 2.5 mL of 10% NaOH and
40 mL of deionized distilled water were added to the flask to
maintain the pH at 10. The flask was then placed in a water
bath at 50 °C, and 10 mL of 0.7 M ZnSO, was added to the
solution. After filtering, the nitrite level was measured at
540 nm, and the amount of nitrate was calculated.

To determine the amount of NH,4™, 0.5 g of the leaf samples
was ground with pentafluorobenzoyl chloride containing 5%
NaHCOs, extracted with ethyl acetate, and washed with 6%
H3PO,, as described by Oliveira et al. (2013).

Determination of Glutamine Synthetase (GS)
and Glutamate Synthase (GOGAT) Activities

GS (EC 6.3.1.2) and NADH-GOGAT (EC1.4.7.14) were ex-
tracted from the leaf samples (0.5 g each) and assayed accord-
ing to the method described by Lin and Kao (1996). GS ac-
tivity was initiated after addition of the enzyme extract to a 1-
mL reaction mixture containing 80 uM Tris-HCI buffer(pH
8.0), 8 uM ATP, 40 uM L-Glu, 24 uM MgSO0,4-7H,0, 16 uM
hydroxylamine, and 0.15 mL of the supernatant followed by
incubation at 30 °C for 30 min. The reaction was then stopped
by the addition of 2 mL of a solution of 2.5% FeCl;-6H,O (w/
v) and 5% trichloroacetic acid (w/v) in 1.5 M HCI. After cen-
trifugation at 3000g, GS activity was determined at 540 nm
and presented as the formation of y-glutamyl hydroxamate
(GHA) (umol GHA h! g_lFW). For the determination of
NADH-GOGAT activity, the reaction mixture contained
1.75 mL of 25 mM Tris-HCI buffer (pH 7.6), 0.4 mL of
20 mM L-Gln, 0.05 mL of 0.1 M 2-oxoglutarate, 0.1 mL of
10 mM KCI, 0.2 mL of 3 mM NADH, and 0.5 mL of the
enzyme extract. The reaction was immediately initiated by
adding L-Gln, and GOGAT activity was defined as the de-
crease in NADH at 340 nm (umol NADH h™ gleW). The
extraction and determination of Fd-GOGAT (EC 1.4.7.1) from
leaves were performed according to the method described by
Gibon et al. (2004), and activity was defined as the increase in
Glu and presented as nmol Gluh™' g 'FW.

Analysis of GIn, Glu, and GABA Contents

Leaf samples of approximately 1.0 g were ground in 5 mL of
2% sulfosalicylic amino acid at 4 °C. The pH of the homog-
enate was controlled at 2.0 by the addition 0£ 0.02 M HCl, and
the samples were then centrifuged at 10,000xg and 4 °C for
15 min. The supernatant was used for determination of the
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Gln, Glu, and GABA contents with a Hitachi 835-50 amino
acid analyzer (Gao et al. 2011).

Statistical Analysis

All experiments were conducted using at least three indepen-
dent replicates of the samples. The growth under each treat-
ment was analyzed using 20 independent plants in four pots.
The means of the replicates were subjected to one-way
ANOVA and Duncan’s multiple range tests with a signifi-
cance level of 0.05 using SAS 8.1 software (SAS Institute,
Cary, NC, USA).

Results
Growth of Pakchoi Plants

Nitrate is the most important nitrogenous fertilizer, but the ad-
ministration of an appropriate amount is necessary for improv-
ing plant growth. We measured the growth of plants cultured in
840 mM nitrate solutions to find the optimum amount of
nitrate for pakchoi. The effect of 32 mM nitrate was found to
be significantly greater than the effects of the 16, 24, and
40 mM treatments, with the lowest plant growth observed in
the presence of 8§ mM nitrate (Fig. 1). Therefore, 32 mM nitrate
was considered the closest suitable nitrogen concentration for
improving pakchoi growth, and the effect of 32 mM nitrate
application in nutrient solution was assessed in the subsequent
HN and HN + GABA treatments experiment.

60

a
ab
c I I
16 24 32 40

Treatment of different concentration NO; (mM)

Fig. 1 Growth of pakchoi treated with different nitrate concentrations (8,
16, 24, 32, and 40 mM) in Hoagland nutrient solution for 22 days. The
individual data points represent the mean values for 20 plants from four
independent replications, and the vertical bars indicate the SEs (n=20)
from 20 different seedlings. Different letters indicate significant
differences between treatments (P <0.05) according to Duncan’s
multiple range test

Fresh weight of leaves (g plant'l)
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To verify whether GABA acts as a nitrogen source under
HN conditions, the fresh and dry weights of the leaves and
roots at 6 and 12 days were measured. Compared with the
control, both the HN and HN + GABA treatments significant-
ly increased the fresh and dry weights of the pakchoi plants.
Furthermore, the increase observed under the HN + GABA
condition was greater than that observed under HN, and the
increase at 12 days was greater than that at 6 days with HN
and HN + GABA treatments (Fig. 2). After 12 days, the leaf
fresh weight, leaf dry weight, root fresh weight, and root dry
weight of the HN + GABA-treated plants were significantly
increased by 13.65, 11.78, 10.49, and 11.11%, respectively,
compared with the HN treatment. The result suggests that
GABA has an effect on the growth of pakchoi as an organic
nitrogen source, but the increased was marginal, only approx-
imately 10%, indicating that GABA may play other major
roles at 32 mM NOj . Therefore, it was necessary to further
study the effect of GABA on nitrate metabolism.

NO; and NO,™ Contents

Pakchoi is a leafy vegetable that can easily accumulate ni-
trates, but the content of NO5  in leaves is the combined effect
result of uptake and metabolism, especially when several N
sources are present simultaneously. However, at a relatively
high concentration of nitrate (32 mM NOs ), it is unclear
effect of GABA on nitrate content is mainly through inhibition
of absorption or promotion of nitrate reduction. The results
showed that the contents of NO5; and NO, in leaves treated
with control did not vary significantly during the 12 days of
examined growth, where as an increasing tendency was ob-
served under HN conditions from 3 to 12 days compared with
the control (Fig. 3). However, the leaves subjected to the HN +
GABA treatment consistently exhibited significant GABA-
induced decreases in their NO; and NO, contents through-
out the experimental period, indicating that the effect of
GABA on promoting the reduction of nitrate was greater than
its effect on inhibiting NO;3 ™ absorption. Therefore, it is im-
portant to study the role of the NR enzyme in catalyzing the
conversion of NO5 , to NO, .

BcNR Gene Transcription and Protein Expression
and NR Activity

The BceNR transcript and protein expression levels serve as an
important indicator of NR activity. Therefore, research on the
NR enzyme involves evaluations of BcNR gene and protein
expression and NR activity in leaves and was conducted under
sufficient nitrate supplementation with or without GABA
(Fig. 4). Compared with the control, HN treatment caused
significant increases in BcNR gene transcription at 0.5-6 days
and BcNR protein expression at 1-6 days, and GABA
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Fig. 2 Fresh and dry weights of 100 1

pakchoi plants exposed to high-
nitrogen conditions (32 mM ni-
trate) and exogenous GABA

(2.5 mM) for 6 and 12 days. The
individual data points represent
the mean values for 20 plants
from four independent replica-
tions, and the vertical bars indi-
cate the SEs (n =20) from 20 dif-
ferent seedlings. Different letters
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application further augmented this change (Fig. 4a, b). As a
result, the BcNR gene transcript and BcNR protein expression
levels were significantly higher in the HN + GABA-treated
leaves than those in the HN-treated leaves throughout the
experimental period, and reached the peak time earlier.
Meanwhile, the increase was more apparent and rapid for
BcNR gene transcription than for BENR protein expression
under both HN and HN + GABA conditions; BcNR gene
transcription and BcNR protein expression reached maxima
at 1 and 2 days, respectively, under the HN condition and at
0.5 and 1 day, respectively under the HN + GANA condition.
NR activity profiles in leaves showed similar trend with BcNR
gene transcription and BcNR protein expression, that is, HN
caused a large increase in NR activity, and this increase was
more apparent with the addition of GABA throughout the
course of the experiment (Fig. 4c). The changes in gene and
protein expression and NR activity provide data support for
the GABA-induced reduction of NO; contents in pakchoi
mainly through the induction of nitrate reduction.

NiR Activity and NH," Contents

The NO,  in pakchoi leaves is continually reduced by NiR,
and the metabolite is NH,*. The following experiments dem-
onstrated the changes in NiR enzyme activity and NH,;* con-
tent due to HN and GABA treatment. HN treatment caused a
significant increase in NiR activity at 6-12 days, and the ap-
plication of GABA induced a strong increase in NiR activity
from 3 to 12 days of treatment. After 6 days, NiR activity was
increased by approximately 2.77-fold in HN + GABA-treated

a
b : c 2
a

b b &
9 F 0.8 | c
ol .

0.4

3.
0 : 0.0 .

6 6

12 12

Time of treatment (d)

plants and by 67.17% in HN-treated plants compared with the
control (Fig. 5). We speculate that the change of NiR activity
was mainly affected by the increase of metabolic substrate
NO, contents under the HN condition, while higher NiR
activity was the main reason for the decrease of NO, contents
under HN + GABA treatment.

As the product of nitrite reduction, the NH," content in
control leaves was relatively low, whereas an increasing ten-
dency was observed under HN conditions, especially under
GABA treatment (Fig. 6). As a consequence, the highest
NH,* contents were found in the leaves treated with HN +
GABA, followed by the leaves treated with HN, consistent
with the nitrate reductive metabolism process. However, the
NH,"contents in plants treated with HN + GABA peaked at
6 days and then decreased at 9—12 days, consistent with a
GABA-induced change in NiR activity. The involvement of
Gln and Glu in this cycle also may be the reason for the
observed decrease NH," in the late experimental period.

Activities of GS and GOGAT

More than 95% of NH," in plants is assimilated through the
GS/GOGAT cycle, which is the key pathway of inorganic
nitrogen transformation. The activities of GS, NADH-
GOGAT, and Fd-GOGAT in the HN-treated leaves were sig-
nificantly higher than those in the control leaves, although
significant changes were observed in the control-treated
leaves during the 12-day experiment (Fig. 7). The most rapid
increase was detected with a peak at 6 days in the presence HN
+ GABA conditions, and the level obtained with this treatment
was significantly higher than that found in the HN and control
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Fig. 3 Dynamic changes in endogenous nitrate and nitrite contents in g ooer
pakchoi leaves treated with 32 mM NO; and exogenous 2.5 mM °Z‘
GABA in nutrient solution for 0, 3, 6, 9, and 12 days. The seedlings 0.00 - 3 A S T

were subjected to one of the following three treatments: control (white
columns), HN (gray columns), and HN + GABA (black columns)

groups throughout the experimental period. At 6 days, GS,
NADH-GOGAT, and Fd-GOGAT activities in the plants treat-
ed with HN + GABA had increased by 52.00, 30.83, and
24.95%, respectively, compared with those detected in the
plants treated with HN. These results indicate that GS and
GOGAT play important roles in NH," assimilation and utili-
zation in inorganic reduction under HN and GABA
conditions.

GIn and Glu Contents

As products of the GS/GOGAT cycle, Gln is capable of as-
similation and immobilization NH,", and Glu provides a sub-
strate for GS and ammonia for other amino acid synthesis. The
Gln and Glu contents in the control leaves remained relatively
low, although increases were observed during the experimen-
tal period (Fig. 8). However, the Gln and Glu contents were
significantly increased in HN-treated leaves, with a peak at
6 days. HN + GABA treatment resulted in the highest Gln
and Glu contents, and the resulting level was significantly
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Fig. 4 Results of qRT-PCR analysis and ELISA of NR gene transcription
and protein expression, respectively, as well as the determination of NR
activity in pakchoi leaves treated with 32 mM NO; and exogenous
2.5 mM GABA in nutrient solution over a period of 0~12 days. The
seedlings were subjected to one of the following three treatments: (1)
control (open squares), normal Hoagland nutrient solution containing
14 mM NOj; ; (2) high-nitrogen treatment (HN, filled squares),
Hoagland solution supplemented with 18 mMNO;  to obtain an NO;
concentration of 32 mM; and (3) exogenous GABA treatment (HN +
GABA, filled triangles), Hoagland solution supplemented with 18
mMNO; and 2.5 mM GABA. The individual data points represent the
mean values of four independent replications, and the vertical bars indi-
cate the SEs (n=4) from four seedlings. Different letters indicate signif-
icant differences between treatments (P <0.05) according to Duncan’s
multiple range test

higher than that obtained with HN treatment alone.
However, the Gln contents in leaves were significantly lower
than the Glu contents under three different conditions, which
may be consistent with the rapid conversion of Gln in plants in
vivo. These results for Gln and Glu contents were consistent
with those of GS and GOGAT activity, which provide a sup-
port for GABA inducing the reduction and assimilation of
nitrate. As the substrate of GABA synthesis, it is important
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Fig. 5 Dynamic changes in NiR activity in pakchoi leaves treated with
32mM NO3 ™ and exogenous 2.5 mM GABA in nutrient solution for 0, 3,
6, 9, and 12 days. The seedlings were subjected to one of the following
three treatments: control (open squares), HN (filled squares), and HN +
GABA (filled triangles)

to elucidate whether Glu content enhancement affects on
GAD and endogenous GABA contents.

BcGAD Gene Transcription and Protein Expression
and GAD Activity

GAD is the most important enzyme that directly links the
nitrate metabolism to GABA. Thus, GAD enzyme analy-
ses involve evaluation of gene transcription, and BcNR
protein expression and activity assessments in leaves to
elucidate the involvement of GABA in nitrate reduction
and assimilation. The control treatment did not cause ob-
vious changes in BcGAD gene transcription, BcCGAD pro-
tein expression, or GAD activity from 0.5 to 12 days,
despite presenting small fluctuations (Fig. 9). However,
HN treatment resulted in significant increases in BcGAD
gene transcription, BcGAD protein expression, and GAD
activity throughout the 12-day experiment. In response to
HN, simultaneous GABA application further significantly
augmented this change, which presented with a peak at
0.5, 2, and 6 days for BcGAD gene transcription, BcGAD
protein expression, and GAD activity, respectively. As a
result, the BcGAD gene transcription and BcGAD protein
expression levels and GAD activity were all significantly
higher in the HN + GABA-treated leaves than those in the
HN-treated leaves throughout the experimental period.
Meanwhile, the increases were more apparent and rapid
for BcGAD gene transcription than those for BcGAD pro-
tein expression under both the HN and HN + GABA
conditions. GAD activity is the ultimate result of gene
transcription and protein expression and presents slow
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Fig. 6 Dynamic changes in endogenous ammonium contents in pakchoi
leaves treated with 32 mM NO;z  and exogenous 2.5 mM GABA in
nutrient solution for 0, 3, 6, 9, and 12 days. The seedlings were
subjected to one of the following three treatments: control (white
columns), HN (gray columns), and HN + GABA (black columns)

changes: GAD activity in the HN + GABA group was
enhanced by 7.57, 12.31, and 9.08%, respectively, com-
pared with the HN group after 3, 6, and 9 days. These
results suggest that GAD plays an important role in the
GABA treatment process, promoting nitrate assimilation
by accelerating the conversion of Glu to GABA.
Therefore, endogenous GABA content in leaves must be
measured to determine whether it is closely related to
GAD.

Endogenous GABA Contents

Exogenous GABA can be taken up and utilized by plant
roots; thus, the endogenous GABA content in leaves is
regulated by GAD enzyme, but is also affected by root
absorption. The endogenous GABA contents in the con-
trol leaves did not exhibit any conspicuous changes from
days 3—-12 (Fig. 10). HN treatment increased the endoge-
nous GABA content, resulting in significantly higher
levels compared with those observed in the control leaves
over 3- to 12-day period. Furthermore, exogenous GABA
treatment caused a marked increase in the endogenous
GABA contents of the leaves, reaching a plateau after
6 days. Compared with the contents of the HN leaves,
the endogenous GABA contents of the leaves subjected
to the HN + GABA treatment for 3, 6, and 9 days were
increased by 27.58, 45.58, and 24.69%, respectively;
levels were significantly higher than the GAD changes
induced by exogenous GABA. The result indicated that
the endogenous GABA in leaves derived mainly from
root absorption, followed by the metabolic synthesis cat-
alyzed by GAD.
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Fig. 7 Dynamic changes in the activities of GS, NADH-GOGAT and Fd-
GOGAT in pakchoi leaves treated with 32 mM NO; and exogenous
2.5 mM GABA in nutrient solution for 0, 3, 6, 9, and 12 days. The
seedlings were subjected to one of the following three treatments: control
(open squares), HN (filled squares), and HN + GABA (filled triangles)

Discussion
Growth Changes Resulting from NO;™ and GABA

Terrestrial plants acquire NO5 ™ at appropriate amounts during
growth, but the NO3z ™ uptake rate depends on the plant species
and the external concentration of NO5; (Nazoa et al. 2003).
Our results indicated that pakchoi cultivars grew well in the
presence of 32 mM NO; solution, and this solution resulted
in increased growth compared with that observed with the 8—
24 mM and 40 mM NOj -N treatments (Fig. 1), indicating
that 32 mM NOj -N was closer to the suitable nitrogen con-
centration for pakchoi growth. This conclusion is supported
by the results reported by Chen et al. (2004), who showed that
the yields of rape and Chinese cabbage were optimized using a
nitrogen supply of 0.3 g kg ' soil, whereas an obvious
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Fig. 8 Dynamic changes in Gln and Glu contents in pakchoi leaves
treated with 32 mM NO;™ and exogenous 2.5 mM GABA in nutrient
solution for 0, 3, 6, 9, and 12 days. The seedlings were subjected to one
of the following three treatments: control (white columns), HN (gray
columns), and HN + GABA (black columns)

decrease was observed under a nitrogen supply greater than
0.45 g kg ' soil.

Some investigations have indicated that nitrate uptake by
plant root is accomplished through a set of low- and high-
affinity membrane transport systems (Williams and Miller
2001). Therefore, the uptake rates of amino acids are faster
than those of NO3 for most plant species when several N
sources are present simultaneously (Nadsholm et al. 2009).
GABA might be used as the nitrogen source to improve the
growth of bacteria, fungi, and Arabidopsis seedlings (Fait et
al. 2008). However, GABA stimulates root growth of
Arabidopsis thaliana in the presence of an NOz concentra-
tion below 40 mM in the medium, but exerts an inhibitory
effect at concentrations above 40 mM NO; (Barbosa et al.
2010). Our results demonstrated that the growth of pakchoi
cultivars was significantly improved by GABA application
under a relatively high N supply (32 mM NO;") (Fig.1).
Moreover, the addition of exogenous 2.5 mM GABA to the
solution stimulated the growth of pakchoi roots and shoots,
demonstrating that GABA could be absorbed from the nutri-
ent solution via the roots. This finding is consistent with the
previously reported results obtained in melon cultured with
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Fig. 9 Results of qRT-PCR analysis and ELISA of GAD gene transcrip-
tion and protein expression, respectively, as well as the determination of
GAD activity in pakchoi leaves treated with 32 mM NO5 ™ and exogenous
2.5 mM GABA in nutrient solution over a period of 0~12 days. The
seedlings were subjected to one of the following three treatments: control
(open squares), HN (filled squares), and HN + GABA (filled triangles)

GABA under hypoxic conditions (Fan et al. 2015). These
results suggested that GABA might be acting as a nitrogen
source to improve plant growth after root absorbing.

Nitrate Reduction Related to NO;~ and GABA

Only small amounts of the nitrate absorbed by roots are
assimilated, while the remainder is transported to the leaves;
thus, the leaves are the location of nitrate and nitrite reduc-
tion and assimilation (Xu et al. 2012). In mesophyll cells,
nitrate is reduced to nitrite and ammonium through

reactions catalyzed by NR and NiR, respectively, and then
used for amino acid synthesis to improve plant growth over
time (Bryan et al. 2012). During this reductive metabolic
process, NR is a substrate-inducible enzyme; hence, the
nitrate content and NR activity in leaves are induced by a
threshold nitrate concentration in the soil and medium
(Chen et al. 2004; Xu et al. 2012). In the presence of nitrate,
the increase in NR gene transcription becomes more effec-
tive, and many related metabolic reactions occur before and
after the catalytic process to impact the accumulation of
nitrate (Sun et al. 2008). However, transformant plants with
very low (1-3% of wiled-type levels) NR activity accumu-
late high levels of nitrate (Scheible et al. 1997). In the ex-
periments described herein, the NO; level in pakchoi leaves
continued to increase over time, and this increase was ac-
companied by the accumulation of higher concentrations of
NO, and NH,*, although the activities of NR and NiR were
increased significantly in the leaves treated with a higher
concentration of nitrate in solution (Figs. 3, 4, 5, and 6).
Additionally, similar obviously increasing trends were
found for the BcNR transcript levels, BcNR protein expres-
sion, and NR activity in HN-treated leaves. However, the
significant change in BcNR transcription levels was more
apparent and rapid than that of protein expression, and in-
creased NR activity was significantly prolonged in compar-
ison, specifically the time required to reach the maximum
level (Fig. 4). These findings indicate that the pivotal roles
of the nitrate supply in regulating BcNR expression at the
transcriptional and protein levels and in NR activity cannot
be denied. These significant effects of nitrate on BcNR gene
and protein expression and enzyme activity might be mainly
attributed to a substrate-inducing effect, although this effect
was not sufficient to completely consume the excess nitrate
in pakchoi leaves treated with HN solution. We conclude
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Fig. 10 Dynamic changes in endogenous GABA contents in pakchoi
leaves treated with 32 mM NO;z  and exogenous 2.5 mM GABA in
nutrient solution for 0, 3, 6, 9, and 12 days. The seedlings were
subjected to one of the following three treatments: control (white
columns), HN (gray columns), and HN + GABA (black columns)
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that NO3~ accumulation in leaves mainly occurs when ni-
trate uptake exceeds nitrate reduction.

GABA can be used as organic nitrogen or as a putative long-
distance inter-organ signal molecule in plants (Beuve et al.
2004). An interaction between GABA and nitrate in the growth
solution is supported by the observed changes in the NO;~
contents of tissues treated with exogenous GABA and the hy-
pothetical role of GABA in the regulation of nitrate assimilation
(Barbosa et al. 2010). The application of amino acids can inhibit
the influx and uptake of NO;, which are spatially and devel-
opmentally controlled at the transcriptional level (Nazoa et al.
2003). However, | mM GABA treatment induced a significant
increase of Nrt2 mRNA expression of Brassica napus L., but
had less effect on nitrate influx (Beuve et al. 2004). In the pres-
ent study, pakchoi leaves exhibited the highest BcNR gene and
protein expression levels and NR and NiR activities under HN +
GABA conditions. These results further demonstrate that
GABA decreases nitrate and nitrite accumulation by simulta-
neously positively regulating BcNR gene and protein expression
and the activities of NR and NiR, providing additional evidence
that GABA is closely related to nitrate reduction metabolism.
Furthermore, the nitrate and nitrite contents were decreased to
levels lower than those detected in the control by the application
of exogenous GABA in HN solution. This result might be ex-
plained by the simultaneous effect of GABA application on the
induction of nitrate reduction and nitrate uptake, but the influ-
ence of GABA on promoting nitrate reduction was far greater
than its influence on inhibiting NO; ™ absorption due to the ex-
istence of competitive sites for GABA and NO;  in pakchoi
cells in the presence of higher nitrate nutrient levels. Nitrate
assimilation related to NO; and GABA.

@ Springer

Excessive accumulation of ammonium is harmful to
plant growth but can be reduced or avoided by the rapid
conversion of ammonium to amino acids, which is the
most important step in nitrogen assimilation (Britto and
Kronzucker 2002). Ammonium assimilation to produce
Glu in plants is performed by the Gln/Glu synthesis path-
way, which is catalyzed by GS/GOGAT (Lea and Miflin
2003). GS has a high affinity for ammonium and direct
effect on the absorption and utilization of nitrogen
(Kusano, et al. 2011). GOGAT also presents great potential
for improving nitrogen use efficiency including Fd-
GOGAT and NADH-GOGAT (Lu et al. 2011). The activi-
ties of GS and GOGAT increase gradually as the NH,*
concentration increases in rice roots (Ma et al. 2016).
Concomitantly, the activities of GS and GOGAT show sim-
ilar variation in relation to NO; , demonstrating that low
NO;  concentrations (16—112 mM) promote activity,
whereas high NO; ™ concentrations (160 mM) inhibit activ-
ity (Han et al. 2015). The present study showed that
pakchoi leaves exhibited significant increases in the activ-
ities of GS and GOGAT under HN conditions during the
12-day experiment (Fig. 7), and this effect was due, in
large part, to a higher level of ammonium, promoting ni-
trogen assimilation. However, there was no significant dif-
ference in the NH," levels between the control and HN
plants after 3 days of treatment (Fig. 6), whereas different
GS and GOGAT activities were obtained, an effect that
might be explained by the obvious rapid changes in Gln
and Glu, as the reaction substrate, beginning 3 days into
the experiment (Fig. 8). Furthermore, due to the dual ef-
fects of higher levels of NH,", as well as Glu and Gln, the
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activities of GS and GOGAT in pakchoi leaves were sig-
nificantly improved even further by GABA application,
which might provide support for roles for GS and
GOGAT in GABA inducing the reduction and assimilation
of nitrate under HN conditions.

Endogenous GABA Resulting from NO;~ and GABA
Treatment

The synthesis of GABA is the first step in the GABA
shunt, which is catalyzed by GAD and utilizes Glu as
the substrate. The endogenous GABA was closely related
to the GABA and nitrate application in soil or solution.
Previous studies have indicated that GABA application
exerts an increasing effect on the endogenous GABA con-
centration, as well as GAD transcription and activity
(Wang et al. 2014a). In addition, the influence of GABA
on GAD expression is relevant, as demonstrated by the
high correlation between GABA levels and GAD mRNA
abundance detected in rice, soybean, and tomato plants
(Hyun et al. 2013; Takayama et al. 2015). The observa-
tions on Prunus rootstock refer to GAD2 and GAD4 in
particular because these genes exhibit transcriptional
levels that are modulated by exogenous GABA
(Salvatierra et al. 2016). Furthermore, the GABA contents
and GAD activity exhibit a positive relationship under
high NO;3  conditions (Hu et al. 2015). The results of
our study showed markedly higher levels of endogenous
GABA and BcGAD gene transcription and protein expres-
sion and GAD activity in the 12-day HN-treated pakchoi
leaves. These findings indicated that the addition of NO5~
to the solution induced changes in BcGAD at both the
transcriptional and post-translational levels, though the
change in GAD activity was prolonged compared with
the change in BcGAD gene transcription and protein ex-
pression (Fig. 9), representing the main reason for the
increase in the endogenous GABA concentration in HN-
treated leaves (Fig. 10). Furthermore, exogenous GABA
significantly enhanced BcGAD gene transcription and pro-
tein expression and enzyme activity, but the increase of
endogenous GABA in leaves was significantly greater
than the GAD changes under HN + GABA conditions.
These results suggest that endogenous GABA in leaves
mainly comes from root absorption, with only a small
proportion resulting from the metabolic synthesis cata-
lyzed by GAD. In combination with the decreased NO5~
concentrations in HN-GABA-treated leaves, we propose
that exogenous GABA can be taken up by pakchoi roots
and can be used as a nitrogen source to improve plant
growth. In addition, the role of GABA in regulating ni-
trate levels was mainly attributed to its acceleration of
nitrate reduction and assimilation rather than the inhibi-
tion of nitrate absorption.

Conclusions

In this study, exogenously applied GABA (2.5 mM) can be
taken up by pakchoi roots under 32 mM nitrate solution con-
dition, and GABA can be used as a nitrogen source to improve
the plant growth. Furthermore, this treatment decreased the
NO; contents in pakchoi leaves by promoting nitrogen re-
duction and assimilation, as shown through assessments of
molecular and metabolic changes. During the metabolic pro-
cess, the gene and protein expression levels of BcNR and
BcGAD are regulated under HN with or without GABA treat-
ment. We propose a model in which a potential positive effect
of promoting nitrate metabolism in leaves might be activated
by the effects of high levels of NO; combined with exoge-
nous GABA application. Our results reveal that exogenous
GABA plays an important role in reducing nitrate in leaves,
resulting in the harvest of leafy vegetables containing higher
endogenous GABA contents. Considering the beneficial in-
fluence of GABA application on roots exposed to high NO;
conditions, it would be interesting to evaluate the effects of the
application of GABA in nutrient solution on improving the
quality of leafy vegetables (Fig. 11).
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