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Abstract: Nitrate accumulation is a major factor for the secondary salinization of greenhouse soil in
China. Our previous study pointed out that a low ratio of red:far-red light (R:FR) can improve salt
tolerance in pakchoi under excessive nitrate stress. However, the nitrogen metabolism mechanism is
still unclear. To detect the effect of a low R:FR ratio on nitrogen metabolism of pakchoi under excessive
nitrate stress, two extra additions of nitrogen of 80 mmol·L−1 NO3

− (H80) and 160 mmol·L−1 NO3
−

(H160) with/without a low R:FR ratio (R:FR = 0.7) were set, and the growth index, chlorophyll content,
key enzymes in nitrogen metabolism, nitrate and glutamic acid content and NRT gene expression
level of pakchoi leaves were examined. The results indicated that a low ratio of R:FR could alleviate
the reduction in growth and chlorophyll content in pakchoi under high-level nitrogen stress (H80 and
H160). The activity of nitrate reductase (NR), glutamine synthetase (GS) and glutamine synthetase
(GOGAT) decreased under H80 and H160 conditions, except of NR with the H80 treatment. The
activity of glutamate dehydrogenase (GDH) increased under H80 treatment, but decreased under
H160 treatment. However, the activity of GDH decreased further by reducing the ratio of R:FR.
Excessive nitrate stress increased the nitrate content, and a low R:FR ratio could inhibit nitrate
accumulation. However, the change in glutamic acid content was significantly increased under a
low R:FR ratio without stress. Under the high-nitrogen level treatment (H160), the use of a low ratio
of R:FR increased NRT gene expression. Therefore, a low R:FR ratio (R:FR = 0.7) could effectively
promote the growth of pakchoi and improve its nitrogen metabolism, thus alleviating the stress effect
of a high level of nitrogen in pakchoi.

Keywords: pakchoi; LED light; NRT gene expression; nitrogen metabolism

1. Introduction

Pakchoi (Brassica campestris L.) needs an abundance of nitrogen fertilizer in horti-
cultural production. The yield of pakchoi is proportional to nitrogen fertilizer to some
extent [1]. However, the nitrogen application level will affect the quality of pakchoi, and a
high concentration of nitrogen fertilizer will lead to nitrate stress, which inhibits the growth
of pakchoi [2]. In addition, due to the lack of rain shower, excessive artificial fertilization,
the secondary salinization of soil in the greenhouse is serious [3]. Previous studies have
pointed out that there is excessive nitrate accumulation, which is greater than NaCl accu-
mulation, in secondary salinized soil in the greenhouse [4]. The secondary salinization
of soil seriously affects the growth of green vegetables and restricts the development of
protected green vegetable production [5]. A high level of nitrogen fertilizer will reduce
biomass accumulation, the photosynthetic rate and chlorophyll in pakchoi [6,7] and reduce
the antioxidant capacity of tomato seedlings [8]. Excessive nitrate stress also affects the
activities of enzymes related to plant nitrogen assimilation, even changing the mechanism
of nitrogen assimilation, and affects the utilization of nitrogen by plants [9]. Although there
are many studies on the salt resistance of plants, especially the NaCl tolerance of plants, the
stress effect of excessive nitrate on nitrate metabolism in plants needs to be further studied.
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Light has an important effect on plant growth, salt tolerance [10] and nitrogen metabolism
through many metabolic processes. Far-red light promotes the growth of seedlings through leaf
expansion and net assimilation of the whole plant [11] and promotes carbohydrate synthesis [12].
Under salt stress, the ratio of R:FR in the light environment of tomato seedlings is reduced
appropriately, and the net photosynthetic rate and chlorophyll content of tomato seedlings are
significantly increased [13]. The common combination of red and blue light could improve
nitrite reductase activity in sprouts, promote carbon assimilation and increase the activities of
enzymes related to nitrogen metabolism [14]. Increasing the proportion of red light on the basis
of white light can promote carbon assimilation, transformation and nitrogen absorption [15]
and accelerate biomass accumulation [16]. Above all, we can speculate that red light and far-red
light play an important role in regulating nitrogen metabolism.

In general, key enzymes for nitrogen metabolism include nitrate reductase (NR),
glutamine synthetase (GS) and glutamate synthetase (GOGAT). Nitrate finally becomes
glutamate to participate in the subsequent metabolism. In addition, glutamate dehydroge-
nase (GDH), which is involved in another mechanism of assimilating ammonia to produce
glutamate, plays an important role in nitrogen metabolism in plants [17].

The nitrate transporter (NRT) gene family plays a key role in nitrogen absorption,
transportation and assimilation [18]. The NRT gene family acts on NO3

− uptake and signal
transduction in Arabidopsis [19]. The NRT gene is the main research and analysis subject
to improve nitrogen use efficiency in crops and deal with and solve nitrate accumulation
issues [20]. There are two major types of biological cell plasma membrane NRT in Brassica
napus L. [21], namely NRT1 and NRT2. NRT2 is involved in a high-affinity nitrate transfer
system (HATs), while most NRT1 is involved in a low-affinity nitrate transfer system
(LATs). Previous studies have shown that supplementation with red light can promote
the expression of NRT genes [22]. The regulation of NRT gene expression mediated by the
ratio of R:FR is not clear.

In our previous study [23], we have found that a low ratio of red light to far-red
light (R:FR) can alleviate the harm of salt stress on pakchoi. Therefore, we conducted
an in-depth study to determine if low-specific red light and far-red light could enhance
pakchoi adaptation to excessive nitrate stress by improving nitrogen metabolism. The
accumulation of nitrate is closely related to nitrogen metabolism, and thus, exploring the
activities of key enzymes and the expression levels of related genes in nitrogen metabolism
can clarify nitrogen assimilation ability to a certain extent. We set three different nitrogen
levels through hydroponics. Then, with the different R:FR light ratios, the growth of
pakchoi seedlings, activities of key enzymes for nitrogen metabolism (NR, GS, GOGAT,
GDH), the content of related substances (nitrate, glutamic acid) and the expression levels
of NRT genes were measured under different nitrogen levels.

2. Materials and Methods

The experiment was conducted at Sichuan Agricultural University (Chengdu, China)
from September 2021 to August 2022. The seeds of pakchoi (Brassica campestris L. cv. Te
Zhong Xiao Bai Cai) were sown in a crypt tray containing a nursery substrate (vermiculite
and perlite 3:1) and the nursery experiment was conducted in an artificial climate box. The
climate condition was as follows: temperature of 26 ± 1 ◦C/18 ± 1 ◦C (day/night), relative
humidity of 70%, light intensity of 200 ± 25 µmol·m·−2·s−1, photoperiod of 12 h/12 h
(day/night); 1/2 time of Hoagland nutrient solution was changed every 3 days. Because
the research indicates that the main salt of secondary saline soil is calcium nitrate [4], the
nitrogen source for treatment in this experiment was calcium nitrate. We used a 72-hole
plug for seedling cultivation, with a size of 0.54 m × 0.28 m. After 22 days of the seedling
period, the seedlings were transplanted into the hydroponics box for 7 days before being
stressed, where the environmental condition was not changed.

Except for the filament lamp, the R:FR ratio of all artificial lights was greater than that
of natural light [24,25]. The LED white light was used as a control. To decrease the R:FR
ratio, based on white light, far-red light tubes were added, and the calculation method
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for the R:FR index was as follows: the quantum current density of 655~665 nm divided
by the quantum current density of 725~735 nm. The ratio of R:FR was set at 4.2 (control)
or 0.7, according to our previous study [23]. There were six treatments, shown in Table 1:
(1) CK: white light (R:FR = 4.2); (2) L: white light and far-red light, R:FR = 0.7; (3) H80:
additional 80 mmol·L−1 NO3

− was added, R:FR = 4.2; (4) L80: additional 80 mmol·L−1

NO3
− was added, R:FR = 0.7; (5) H160: additional 160 mmol·L−1 NO3

− was added,
R:FR = 4.2; (6) L160: additional 160 mmol·L−1 NO3

− was added, R:FR = 0.7. Moreover, the
NO3

− concentration was 7.0 mmol·L−1 in the control, while it was 87 and 167 mmol·L−1

after additional 80 mmol·L−1 and 160 mmol·L−1 NO3
− were added, respectively. The

experimental processing table is as follows:

Table 1. Experimental treatment.

Treatments White Light Far-Red Light Additional 80 mmol·L−1

NO3− Was Added
Additional 160 mmol·L−1

NO3− Was Added

CK +
L + +

H80 + +
L80 + + +

H160 + +
L160 + + +

Note: ‘+’ means the related addition was added in the treatment.

Samples were collected from randomly selected plants. Leaves were removed from
the plants and frozen using liquid nitrogen. The experiment was repeated three times, and
300 seedlings were cultured each time.

The plant growth index was determined according to the method used by Chen et al. [23].
The fresh weight was weighed with a balance. The material was put into an oven at 105 ◦C for
inactivating enzymes for 0.5 h and then dried to constant temperature at 80 ◦C, and then, the
dried weight was measured. Chlorophyll content was determined via the acetone method [26],
including chlorophyll a (Chl a), chlorophyll b (Chl b), carotenoid and total chlorophyll. The
key enzyme activities of NR were determined based on the method of Xiong [27]. One unit
was defined as 1 µg nitrous nitrogen formed per hour of activity of NR. The activities of
GS, GOGAT and GDH were determined via the method of Lin [28]. One unit was defined
as 1 pmol L-glutamate y-monohydroxamate formed per min in GS. Moreover a decrease of
0.01 OD340 per min and 1 µmol NADH oxidized per min represented one unit for GOGAT
and GDH, respectively. The determination of nitrate content was based on the salicylic acid–
sulfuric acid method [27]. The glutamic acid content was determined using the bromothymol
blue method [29].

RT-qPCR were performed according to Chen et al. [23]. Gene amplification primers de-
signed for the desired response were obtained from Primer Premier 5.0.0 (Premier Biosoft,
Palo Alto, CA, USA). F:5′-CTATATCGGGGTGGCCTCCTCCTA-3′ and R:5′-AGCTTTTTGC
ATAAGGGAAT-3′ were primer sequences for NRT1. F:5′-GGAGCACAAGCCGCTTGT-3′ and
R:5′-AAGGGCTCGCCGAGAAAC-3′ were primer sequences for NRT2 [30]. F:5′-AAACGCCTA
CCACATCCA-3′ and R:5′ -CCATCGCCATCTCTTTCTTA-3′were primer sequences for actin [23].
The 2−∆∆Ct method was used for the relative expression determination [31].

Experimental data were analyzed using SPSS 22.0 software, and graphs were created
using Origin 2022 software. Statistical analysis of anonymous analysis (ANOVA) data was
performed with Duncan’s multifunctional test (p < 0.05).

3. Results
3.1. Effects of R:FR Ratio on Growth of Pakchoi with Excessive Nitrate Stress

Under the non-stress condition, the difference in dry weight and fresh weight of CK
and low R:FR treatment (L) was not significant at 10 d (Table 2). After 10 d, the accumulation
of dry and fresh weight with high-nitrogen stress under white LED light (H80 and H160)
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was significantly lower than that of the CK group. However, when the R:FR ratio was
reduced under high-nitrogen stress (L80 and L160), the accumulation of dry and fresh
weight was significantly increased.

Table 2. Effects of low R:FR ratio on growth of pakchoi with excessive nitrate stress.

Treatments

Fresh Weight
(g/plant)

Dry Weight
(g/plant)

Aboveground Belowground Aboveground Belowground

CK 15.422 ± 1.480 a 0.945 ± 0.130 a 0.675 ± 0.040 a 0.072 ± 0.010 a
L 15.606 ± 1.220 a 1.055 ± 0.140 a 0.691 ± 0.020 a 0.081 ± 0.011 a

H80 8.67 ± 0.960 cd 0.635 ± 0.040 c 0.398 ± 0.010 c 0.049 ± 0.003 c
L80 12.882 ± 1.810 b 0.794 ± 0.020 b 0.484 ± 0.020 b 0.061 ± 0.002 b

H160 6.834 ± 0.660 d 0.443 ± 0.010 d 0.293 ± 0.020 e 0.033 ± 0.004 d
L160 9.224 ± 0.530 c 0.681 ± 0.010 bc 0.337 ± 0.020 d 0.054 ± 0.004 bc

Note: CK: white light (R:FR = 4.2); L: white light and far-red light, R:FR = 0.7; H80: additional 80 mmol·L−1 NO3
−

was added, R:FR = 4.2; L80: additional 80 mmol·L−1 NO3
− was added, R:FR = 0.7; H160: additional 160 mmol·L−1

NO3
− was added, R:FR = 4.2; L160: additional 160 mmol·L−1 NO3

− was added, R:FR = 0.7. Samples were taken
on the 10th day after the stress treatment. Values with different letters had significant differences (p < 0.05).

3.2. Effects of Low R:FR on Chlorophyll Content of Pakchoi with Excessive Nitrate Stress

When compared with that in the control, there was a significant reduction in the
content of Chl a, Chl b, carotenoid and total Chl by 16.4%, 39.4%, 14.3% and 24.2%,
respectively, under L treatment at 10 d (Figure 1A–D). At 10 d, with an increasing nitrate
concentration, the chlorophyll contents (content of Chl a, Chl b, total Chl) were increased
and then decreased with the normal R:FR ratio (CK, H80, H160). The low ratio R:FR (L,
L80, L160) resulted in the same trend. H80 significantly increased the accumulation of Chl
a, Chl b, carotenoid and total Chl, while H160 significantly decreased the four parameters
mentioned in chlorophyll content on 10 d compared to levels in the CK group. However,
diminishing the ratio of R:FR could significantly reduce this effect. There was a similar
changing trend among treatment groups at 5 d.

3.3. Effects of Low R:FR on Activities of Key Enzymes of Nitrogen Metabolism in Pakchoi under
Excessive Nitrate Stress

H80 could significantly increase the activity of NR, while H160 treatment inhibited the
activity of NR significantly, as shown in Figure 2A. Compared with that in the CK group,
the activity of NR under H80 was increased by 41% and 49% after 5 d and 10 d, respectively.
Moreover the activity of NR after treatment with H160 was decreased by 41% and 59%
after 5 d and 10 d, respectively. However, reducing the ratio of R:FR could significantly
improve activity of NR further with/without stress treatment.
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It was shown that a high nitrogen level could severely inhibit the activity of GS
(Figure 2B), while a low R:FR ratio restrained the decrease in GS. The activities of GS in L
were also increased compared with those in the CK group at 5 d and 10 d, respectively.

As shown in Figure 2C, the activity of GOGAT was significantly inhibited by H80
and H160 compared with that in the CK group. However, compared to that with H80, the
activity of GOGAT with L80 was increased by 121% and 525% at 5 d and 10 d, respectively.
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There was a similar trend in the change in GOGAT under L160 treatment, when compared
to that with H160. Further, after the R:FR ratio was reduced to 0.7, the activity of GOGAT
with L was increased by 67% and 82% compared with that in the CK group at 5 d and
10 d, respectively.

H80 could significantly increase the activity of GDH, while H160 treatment inhibited
the activity of GDH significantly, as shown in Figure 2D. When the R:FR ratio was reduced
to 0.7, the activity of GDH with L was enhanced.

3.4. Effects of Low R:FR on Nitrate Content and Glutamic Acid Content in Pakchoi under
Excessive Nitrate Stress

From Figure 3A, the nitrate content in pakchoi leaves treated with H80 and H160 was
promoted markedly compared with that in the CK group. However, there was a reduction
in the nitrate content induced by low R:FR, according to a comparison of nitrate content in
the L80 vs. H80 and L60 vs. H160 groups after 5 d and 10 d of treatments, respectively.
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It turned out that the glutamic acid content accumulation with H160 was repressed at
5 d after high nitrogen treatment (Figure 3B). However, when the rate of R:FR was reduced
to 0.7, the glutamic acid content with L increased significantly compared with that in the
CK group at 5 d and 10 d. The results also showed that a low ratio of R:FR could increase
the accumulation of glutamic acid content in plants with H80. However, there was no
increase with a higher concentration treatment (H160).

3.5. Correlation Analysis of Nitrogen Metabolism-Related Enzymes and Nitrogen Form

The content of NO3
− and Glu tended to be stable and the activity of enzymes also

tended to be stable after treatment for 10 d. Table 3 shows that the NO3
− content was

negatively correlated with the activities of NR, GS and GOGAT, while the Glu content was
notably positively correlated with the activities of GS and GOGAT. This indicated that
improving the enzyme activities of GS and GOGAT and NR in the glutamine–glutamic
acid cycle is an effective way to solve NO3

− accumulation.

Table 3. Correlation analysis of nitrogen metabolism-related enzymes and nitrogen forms after 10 d
of treatment.

Index NO3− Glu NR GDH GS GOGAT

NO3
− 1.000

Glu −0.546 1.000
NR −0.439 0.458 1.000

GDH −0.265 0.239 0.430 1.000
GS −0.736 0.965 ** 0.490 0.208 1.000

GOGAT −0.730 0.891 * 0.516 0.271 0.921 ** 1.000
Note: N = 18. **: Significant correlation at 0.01 level. *: The correlation was significant at the 0.05 level
(double tail test).
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3.6. Effect of Light and Quality Ratio of LED on NRT Gene Expression in Pakchoi under Excessive
Nitrate Stress

Under treatment with 160 mmol·L−1NO3
−, the expression level of the NRT1 gene

was not significantly different within 72 h, except at 6 h and 24 h (Figure 4A). However,
there was a trend of first rising and then falling and reaching a peak at 24 h in response to a
low R:FR (0.7) under calcium nitrate stress. From Figure 4B, it was observed that under
treatment with 160 mmol·L−1 NO3

−, NRT2 gene expression significantly exceeded that
of the control group within 72 h, and maximum expression was achieved at 24 h. This
indicates that the NRT2 gene is also responsive to a low R:FR ratio.
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4. Discussion

Salt stress can inhibit plant growth [24,32]. However, a lower proportion of R:FR can
promote plant growth under salt stress [10,23,33,34]. Chlorophyll plays a vital role in the
capture and transmission of light energy in plant photosynthesis [35]. Studies have shown
that salt stress can promote the accumulation of chlorophyll in cucumber [35], but high-
concentration salt stress will reduce the chlorophyll content in pakchoi [36]. Meanwhile,
the light environment with a low R:FR value can alleviate the salt stress in tomato by
promoting chlorophyll synthesis [37]. This experiment showed that with the additional
application of 80 mmol·L−1 NO3

− (H80), the chlorophyll content of pakchoi was increased,
and the promoting effect was more obvious when the ratio of R:FR was lower (L80). Under
H160 treatment, the accumulation of chlorophyll content in pakchoi was inhibited, but the
inhibition was effectively alleviated by a low ratio of R:FR (L160), which was consistent
with previous experimental results [37].

Our previous study [23] pointed that a low ratio of R:FR could promote the activity of NR
in pakchoi under both non-stress and excessive nitrate stress, which was further verified in this
study. In the process of nitrogen assimilation, NH4+ is assimilated into glutamate through the
glutamine glutamate cycle and glutamate dehydrogenase pathways. The glutamine glutamate
cycle involves two key enzymes, GS and GOGAT. Glutamine catalyzed by GS is decomposed
into glutamic acid by GOGAT. ATP and NADPH are required for these two reactions. When
there is too much NH4

+ in the plant, the activities of GS and GOGAT increase rapidly. When
the ratio of R:FR is reduced, the photosynthetic capacity of the plant increases [34], which can
provide energy for reactions and enhance the enzyme activity. Studies have shown that there is
no notable difference in GS activity between a processing group and controls when it is stressed
by 120 mmol·L−1 nitrate [9]. In this experiment, under treatment with H80, the activity of NR
was increased, and activities of GS and GOGAT were reduced, suggesting that the nitrogen
concentration was too high and caused serious injury to the plants. However, the activities of
these two enzymes increased under treatment with a low ratio of R:FR. As a leucine zipper
transcription factor, HY5 is sensitive to light signals and can induce the expression levels of
genes related to nitrogen metabolism to promote nitrogen metabolism in plants [38]. Whether a
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low ratio of R:FR promotes the increase in the activity of enzymes related to nitrogen metabolism
by stimulating HY5 needs to be further verified.

When the glutamine glutamic acid cycle was blocked and the concentration of NH4+
was too high, GDH was induced to catalyze NH4

+. In this study, under H80 treatment, NR
enzyme activity was increased and GS and GOGAT activities were decreased, resulting in
the accumulation of a large amount of ammonium chloride and increased GDH activity.
While under the H160 treatment, the GDH activity was also inhibited (Figure 2D) due to
the harmful stress. However, the activity of GDH was inhibited further when the R:FR
ratio was decreased. This might be due to the enhancement of plant photosynthesis, which
provided ATP and reducing hydrogen for the enzymes GS and GOGAT, with strong affinity
for NH4+, and enhanced the circulation of glutamine and glutamic acid [39]. In addition,
studies have also shown that when plants are under stress and lack an organic carbon
source, GDH will begin to catalyze the decomposition of glutamic acid to provide energy
for the plants [40], thus enhancing the activity of GDH. Reducing the R:FR ratio would
enhance photosynthesis, improve the plant’s ability to obtain carbon sources and reduce
the need for GDH to decompose glutamic acid, thereby reducing its activity. Thus, reducing
the ratio of R:FR reduces the requirement of plants for the decomposition of glutamic acid
and reduces the ability of GDH to decompose glutamic acid.

The transcription level of NRT1 can reflect the absorption and utilization of N [41].
Results indicate that after a period of cultivation, expression of the NRT gene was sig-
nificantly increased in the plants treated with a low ratio of R:FR, and expression of the
NRT1 gene, promoted by a low ratio of R:FR, was higher than that of the NRT2 gene
under higher-concentration calcium nitrate stress. Studies have shown that sucrose can be
used as a signaling molecule to induce HY5 transcription factor binding to the nitric acid
transporter gene NRT2.1 in roots and promote the expression of NRT2.1 [40]. A low ratio
of R:FR could promote plant photosynthesis and increase sugar accumulation [23]. It was
speculated that the low ratio of R:FR promoted the expression of genes related to nitrogen
metabolism by inducing HY5.

Above all, under the same nitrogen level, compared to those with white light, the NR,
GS and GOGAT enzyme activities of pakchoi were enhanced with a low R:FR ratio. The
model of the effect of excessive nitrate stress and/or the R:FR ratio on nitrogen metabolism
in pakchoi is shown in Figure 5. Moreover, the expression of the NRT gene was also
increased under treatment with a low R:FR ratio, which led to the decrease in the nitrate
content and increase in the glutamic acid content in pakchoi.
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5. Conclusions

In summary, excessive nitrate stress inhibited the growth of pakchoi. However, a low
ratio of red light to far-red light can alleviate this inhibition. Activities of NR and GDH
were increased, while activities of GS and GOGAT were decreased, with the H80 treatment.
Under H160 treatment, the activities of the four enzymes were decreased. A low ratio of
R:FR could improve the activities of NR, GS and GOGAT, but restrain GDH, involved in
nitrogen metabolism, and enhance the expression level of the NRT genes. Thus, it could
improve the nitrogen metabolism of pakchoi and promote nitrogen assimilation under
excessive nitrate stress.
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