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Abstract

To provide a theoretical basis for further research on improving nitrogen absorption and utilization efficiency, in this study
we investigated the effects of nitrogen fertilization on the yield, nitrogen metabolism, and antioxidant response of different
rice genotypes. A pot experiment was conducted with three different rice genotypes (NIL-7, NIL-8, and 02428) grown under
two different nitrogen application levels (HN, 1.88 g N/10 kg soil, and LN, 0.94 g N/10 kg soil). The grain yield, growth,
antioxidant attributes, and N metabolism of different rice genotypes were assessed. We found that HN treatment significantly
improved effective panicles per pot, total dry weight, and yield, but reduced harvest index of NIL-7, NIL-8, and 02428 com-
pared with LN treatment. Compared with LN, HN treatment increased grain yield in NIL-7, NIL-8, and 02428 by 9.05%,
16.75%, and 48.35%, respectively. The activities of the enzymes involved in the nitrogen metabolism were changed and
the regulation of antioxidant attributes was observed in HN treatment as compared to LN. The content of malondialdehyde
(MDA) was decreased for HN relative to LN. Moreover, the efficiency of the N application was different among genotypes.
In conclusion, nitrogen application regulated the grain yield, nitrogen metabolism, and antioxidant response of different
rice genotypes.
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Introduction

Rice is a staple food globally and the main food for more
than 65% of China’s population (Jiang et al. 2019a; Muth-
ayya et al. 2014). Increasing rice yield is an important con-
tribution to meeting the food needs of an ever-increasing
global population (Deng et al. 2019). Nitrogen (N) is an
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fertilization is important and an effective strategy for the
improvement of N fertilizer management. Moreover, under-
standing the effects of N fertilization on the productivity
of specific rice genotypes would have particular practical
significance.

N is the most essential limiting factor for crop growth and
yield (Liang et al. 2015). The N fertilizer rate was found to
be positively correlated with rice yield but negatively cor-
related with NUE (Zhao and Sha 2014). Excessive N ferti-
lization of rice plants caused lodging, pest damage, yield
reduction, and NUE decline (Liang et al. 2015; Sun et al.
2019). Other results showed that N application increased
the photosynthetic capacity, dry matter accumulation, and
grain yield in rice (Zhou et al. 2017, 2018; Nakhjiri et al.
2021). Moreover, N application influenced the number of
panicles and seed setting rate, eventually increasing grain
yield (Zhou et al. 2021). Thus, appropriate N management
improves crop growth and raises grain yield (Zhang et al.
2021). Previous studies have found that the effectiveness of
N has a relationship with genotypes (Pan et al. 2016; Ladha
et al. 1998). The N fertilizer effect on increasing rice yield
varied considerably among different rice genotypes (Wang
et al. 2019). Hence, further research needs to be conducted
to elucidate the physiological response mechanism of spe-
cific genotypes to different N fertilizer applications.

An earlier study revealed that the use of N fertilizer stim-
ulated plant N metabolism (Ding et al. 2014). Nitrate reduc-
tase (NR) plays a key role in the absorption and utilization
of N in plants (Sun et al. 2015). NR activity is positively
correlated with the N fertilizer rate and thus an increase
in N fertilizer application promoted NR activity (Andrews
et al. 2013). Glutamate synthetase (GOGAT) is critically
involved in carbon and N metabolism and is indispensable
for efficient N assimilation in rice (Lu et al. 2011). Higher
N application increased carbon and N content and NR and
glutamine synthase (GS) activities in rice leaves, whereas it
decreased GOGAT activity (Ding et al. 2014). Some recent
studies have also shown that a high level of N enhanced
the antioxidant defense system and some nitrogen assimi-
lation enzymes, such as GS and GOGAT (Umnajkitikorn
et al. 2021).

The reactive oxygen species (ROS) level represents
the metabolic status, and excessive increase in the ROS
level implies the occurrence or existence of damage in the
plant cell (Mittler et al. 2004; Ahmad et al. 2010; Miller
et al. 2010; Vighi et al. 2017). The concentration of ROS
is regulated by antioxidant systems of enzymes, such as
superoxide dismutase (SOD), peroxidase (POD), and cata-
lase (CAT), as well as by antioxidant molecules, includ-
ing ascorbate, carotenoids, flavonoids, and glutathione
(Tewari et al. 2007). Split N fertilizer application was
reported to significantly enhance the antioxidant enzyme
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activity and reduce the accumulation of malondialdehyde
(MDA) in wheat (Zhang et al. 2021). In recent years the
effect of nitrogen deficiency on antioxidant status in rice
has attracted wide attention (Lin et al. 2011). N supply
could delay leaf senescence in rice due to an increase in
the activities of antioxidant enzymes and a decrease in
the MDA content (Zhou et al. 2017). Recently, Xu et al.
(2021) found that N supplementation improved the activi-
ties of N-related metabolic enzymes and reduced the MDA
content in the leaves of two rice genotypes.

Previous reports have been published on the effects of
N application on the yield, N metabolism, and antioxidant
response of different rice genotypes with close genetic
backgrounds. Therefore, we conducted the present study to
explore the influence of different N dosages on the yield, N
metabolism, and antioxidant response of three rice geno-
types (NIL-7, NIL-8, and 02428). Our findings would pro-
vide a theoretical basis for N fertilizer management in rice
production.

Materials and Methods
Experimental Description

Seeds from three rice genotypes (NIL-7, NIL-8, and 02428),
provided by the College of Agriculture, South China Agri-
cultural University (Guangzhou, China), were used as exper-
imental materials in the present study. This experiment was
conducted in the net house of Experimental Farm of College
of Agriculture, South China Agricultural University, from
March to July 2018.

Experimental Design

A pot experiment was conducted with two N fertilizer lev-
els: low-N treatment with 0.94 g N per 10 kg of soil (LN)
and high-N treatment with 1.88 g N per 10 kg of soil (HN),
whereas the N treatments were monitored according to Mo
et al. (2019). N fertilizer was applied as a base fertilizer,
together with calcium phosphate (3.2 g per 10 kg of soil) and
potassium chloride (1.11 g per 10 kg of soil). The fertilizer
treatment was performed 2 days before rice transplantation.
Each rice seedling was raised under wet seedling raising
conditions. The three-leaf seedlings were transplanted into
the pots (31 cm in diameter and 29 cm in height), with three
seedlings per hill and five hills in each pot and 6 pots per
treatment. After the transplanting, about 2—4 cm water layer
was maintained in the pot and the water was drained off a
week before harvest. Insects, weeds, and disease manage-
ment were performed in accordance with the local rice grow-
ing practices.
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Sampling and Measurements
Grain Yield and Biomass

At rice maturity stage, the grain yield and biomass were
measured. The grain yield was measured following the
method of Mo et al. (2015). Three representative plants
were randomly selected and transported to the laboratory.
The plant samples were separated into leaves, stems, and
panicles and oven-dried at 80 °C to a constant weight for
dry weight determination. The grain number per panicle,
seed setting rate, grain weight, and the effective panicles
per pot were measured. The harvest index is calculated
according to the following formula:

Harvest Index = (Grain Yield/Total Dry Weight) X 100%

Determination of the Physiological Attributes

At both the heading stage (66 days after transplanting)
and maturity stage (91 days after transplanting), 15 fresh
leaves were harvested from each treatment, washed with
distilled water, immediately frozen in liquid nitrogen, and
stored at — 80 °C refrigerators for biochemical analysis.

Nitrogen Metabolism Enzymes

The activity of NR was measured according to the
method of Chen and Wang (2015). Fresh samples (0.50 g)
were homogenized with 4 mL phosphate-buffered solu-
tion (PBS) in an ice bath, followed by centrifugation at
4000 rpm and 4 °C for 15 min; the supernatant was the
crude enzyme extract. The reaction mixture contained
0.4 mL of crude enzyme solution, 1.2 mL of 0.1 M
KNOj;, and 0.4 mL of 0.25 mM NADH. The absorbance
was measured at a wavelength of 540 nm. One NR active
unit (U) was defined as the absorbance reduction and was
expressed in U/g fresh weight (FW).

The GOGAT and GS activities were determined using
the methods reported by Wang et al. (2005). Fresh samples
(1.0 g) were homogenized in extraction buffer and was then
centrifuged at 8000 rpm and 4 °C for 20 min. The superna-
tants were used for the determination of GOGAT activity
and GS activity. For measurement of the GOGAT activity,
mix the reaction solution, buffer, and crude enzyme solution
and then measure the absorbance at 340 nm for 5 min at
intervals of 30 s. One GOGAT active unit (U) was defined
as the absorbance reduction of 0.01 per minute and was
expressed in U/g FW. For GS activity measurement, the
reaction mixture was admixed to the crude enzyme solution
and then the absorbance at a wavelength of 540 nm was

measured. One GS active unit (U) was defined as the absorb-
ance reduction of 1 per hour and was expressed in U/mg FW.

Antioxidant Response Parameters

Fresh samples (0.30 g) were homogenized with 3 mL PBS
in an ice bath and were centrifuged at 8000 rpm and 4 °C
for 15 min; the supernatant was used for the determination
of SOD, POD, and CAT activities and MDA content (Li
et al. 2019).

The SOD activity was measured by the nitro-blue tetra-
zolium (NBT) method. The absorbance was determined at
560 nm. One unit of SOD activity was defined as 50% inhi-
bition of the color reaction and was expressed in U/g FW.

For POD activity, the enzyme extract (50 pL) was added
to the reaction solution containing 1 mL of 0.3% H,0,,
0.95 mL of 0.2% guaiacol, and 1 mL of 50 mM sodium
phosphate buffer (pH 7.0). The absorbance at 470 nm was
measured. One unit of POD activity was defined as the
absorbance increase of 1 per minute and was expressed in
U/g FW.

For the CAT activity, an aliquot of enzyme extract (50
pL) was added to the reaction solution containing 1 mL of
0.3% H,0, and 1.95 mL of sodium phosphate buffer, and
the absorbance was measured at 240 nm. One unit of CAT
activity was defined as the absorbance increase of 0.01 per
minute and was expressed in U/g FW.

The MDA content was measured using the thiobarbitu-
ric acid (TBA) method. MDA was reacted with TBA, and
the absorbance of the reaction solution was recorded at
532, 600, and 450 nm. The MDA content was expressed in
pmol/g FW.

Statistical Analyses

Experimental data were analyzed by Statistix version 8
(Analytical Software, Tallahassee, FL., USA), including vari-
ance analysis, correlation analysis, and principal component
analysis. The difference among means was assessed by the
least significant difference (LSD) test at P <0.05. Figures
were created by Microsoft Office 2016.

Results

Grain Yield and Yield Components of Different Rice
Genotypes

The effective panicles per pot for NIL-7, NIL-8, and 02428
in HN treatment were higher than those in LN treatment
by 32.04%, 49.26%, and 41.82%, respectively. The grain
number per panicle in NIL-7 was significantly increased
(by 21.72%), whereas no significant difference was detected
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between NIL-8 and 02428. In addition, HN treatment signifi-
cantly decreased the seed setting rate in NIL-7 (by 28.8%).
HN treatment caused also a reduction in grain weight. HN
treatment significantly increased the grain yield in NIL-8
and 02428, which was 16.75% and 48.35% higher, corre-
spondingly, than that in LN treatment. The genotypes signifi-
cantly affected the grain yield and yield components apart
from the grain weight. The interaction of rice genotypes and
N treatment (G X N) significantly influenced the seed setting
rate and grain yield. The N treatment effect on rice yield and
yield components varied among the rice genotypes was stud-
ied (Table 1).

Total Dry Weight and Harvest Index of Different Rice
Genotypes

HN treatment increased significantly the total dry weight
in NIL-7, NIL-8, and 02428, which was 29.84%, 27.91%,
and 49.15% higher, respectively, than that measured in LN.
HN treatment significantly decreased the harvest index in
NIL-7, NIL-8, and 02428 (by16.21%, 7.55%, and 0.84%,
correspondingly). The differences in total dry weight and
harvest index among the rice genotypes were statistically
significant (Table 2).

NR, GS, and GOGAT Activities of Different Rice
Genotypes

The examined rice genotypes had different NR activities at
the heading and maturity stages. At the two stages, HN treat-
ment led to NR activities higher than those in the LN treat-
ment. The NR activity of NIL-8 at the heading stage was
significantly higher (26.23%); at the maturity stage the NR
activity in NIL-7 and NIL-8 was also significantly increased,
by 60.95% and 64.73%, respectively. The interaction of rice

genotypes and N treatment (G X N) significantly affected the
NR activity at the maturity stage. Additionally, significant
differences among the rice genotypes were established in the
NR activity (Table 3).

Appreciable differences were found in the GS activity
among different rice genotypes. At the maturity stage, the
GS activity of NIL-8 was the highest, followed by those
in 02428 and NIL-7. The difference in the enzyme activi-
ties among the rice genotypes reached a significant level. At
the heading stage, the difference between NIL-8 and 02428
was statistically significant. HN treatment increased the GS
activity in NIL-8 by 35.49% as compared to that of LN at
the heading stage and by 201.50% that of LN at the maturity
stage. The interaction of rice genotypes and N treatment
(G xN) significantly influenced the GS activity at the head-
ing stage and maturity stage. Different GS activities were
observed between the heading and maturity stages (Table 4).

HN treatment in the studied rice genotypes promoted
more GOGAT activity at the heading and maturity stages
than LN treatment. As compared with LN, HN treatment
more substantially enhanced the GOGAT activity in NIL-7
(by 128.83%) at the heading stage and in NIL-7 and 02428
by 66.05% and 38.27%, respectively, at the maturity stage.
The interaction of rice genotypes and N treatment (G X N)
significantly affected the GOGAT activity at the handing
stage. However, the GOGAT activity varied significantly at
the maturity stage among different rice genotypes (Table 5).

The SOD, POD, and CAT Activity and the MDA
Content in Different Rice Genotypes

The SOD activity varied greatly among different rice gen-
otypes. Under LN treatment, the SOD activity of NIL-7
was the highest, followed in a descending order by those
of 02428 and NIL-8 at the heading stage. At the maturity

Table 1 Effect of different nitrogen fertilizer application rates on the yield and yield components of different rice genotypes

Genotype Treatment Effective panicles per pot Grain number per panicle Seed setting rate (%) Grain weight (mg) Grain yield (g/pot)
NIL-7 LN 26.00+1.00b 72.84+2.79¢ 85.77 +1.64ab 22.83+0.35a 33.36+1.00c

HN 34.33+2.03a 88.66+5.19b 66.58 +0.87d 21.65+0.51ab 36.38+0.32c
NIL-8 LN 22.33+0.88b 87.66 +7.00bc 84.07 +0.64bc 22.20+0.36ab 38.03 +£5.06c

HN 33.33+1.67a 88.24 +4.56bc 80.67+2.01b 20.84+0.34b 44.40+2.03b
02428 LN 17.00+2.31c 142.49+10.02a 84.07+0.35bc 21.67 +0.30ab 39.28 +1.18bc

HN 24.11+0.67b 140.53 +8.35a 89.19+0.21a 20.49+0.83b 58.27+1.39a
ANOVA G o o ok ns *

N ok ns Hk k ok

GxN ns ns *oE ns *ok

HN high nitrogen treatment (1.88 g N/10 kg soil), LN low nitrogen treatment (0.94 g N/10 kg soil), G genotype, N nitrogen treatment, G X N

interaction between genotype and nitrogen treatments, ns non-significance

*Significance at P <0.05; **significance at P <0.01

The means in the same column followed by different lowercase letters for the same cultivar differ significantly in the LSD test at P <0.05
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stage, the SOD activity of NIL-7 was the highest, followed
by those of NIL-8 and 02428. Under HN treatment, the SOD
activities of NIL-7 and NIL-8 were significantly higher than
that of 02428 at the heading stage. At the maturity stage, the
SOD activity of NIL-8 was the highest, followed by those
of NIL-7 and 02428. Furthermore, compared with LN, HN
treatment remarkably increased the SOD activity in NIL-8
by 58.85% at the heading stage. The interaction of rice geno-
types and N treatment (G X N) significantly influenced the
SOD activity at the heading stage and maturity stage. Rice
genotypes showed a remarkable influence on the SOD activ-
ity at the heading stage and maturity stage (Table 6).

Large differences were established in the effect of N treat-
ment on the POD activity of the experimental rice geno-
types. The POD activities in NIL-7 and NIL-8 were higher
than that in LN, but that in the HN treatment in 02428 was
lower at the heading stage. At the maturity stage, the POD
activities in NIL-8 and 02428 were higher, whereas that in
NIL-7 was lower in HN treatment than in LN. Compared
with LN, HN treatment significantly increased the POD
activity in NIL-7 (by 48.48%) at the heading stage; increases
of 37.29% and 26.12%, respectively, were observed in NIL-8
and 02428 at the maturity stage. The interaction of rice
genotypes and N treatment (G X N) significantly influenced
the POD activity at the heading stage and maturity stage
(Table 7).

There were significant differences in the effect of the N
fertilizer application on the CAT activity among different
rice genotypes. The CAT activity in NIL-8 in HN treatment
was significantly increased (by 196.22%) at the maturity
stage than that recorded in LN treatment. HN treatment led
to higher CAT activities in NIL-7 and NIL-8 at the head-
ing stage than those in LN, but that parameter had a lower
value in 02428; the CAT activities in NIL-8 and 02428 at the
maturity stage were higher, but that in NIL-7 was lower than
the respective value of that parameter in LN. The interac-
tion of rice genotypes and N treatment (G X N) significantly
affected the CAT activity at the maturity stage (Table 8).

Under LN treatment, the MDA content of NIL-8 at the
heading stage was significantly higher than those in NIL-7
and 02428. At the maturity stage, the MDA content of NIL-7
was the highest, followed by those of NIL-8 and 02428. The
differences in the MDA content among the rice genotypes
reached significant levels. Besides, the MDA content in
NIL-8 in HN treatment was significantly lower (by 30.82%)
than that in LN at the heading stage; at the maturity stage
in NIL-8 and 02428, it was lower by 12.31% and 18.62%,
respectively. Briefly, significant differences among the rice
genotypes were observed in the effect of N fertilizer appli-
cation on MDA content; the higher N fertilizer application
reduced the MDA content. N treatments showed a remark-
able impact on the MDA content at the heading stage and
maturity stage. The interaction of rice genotypes and N

treatment (G X N) significantly influenced the MDA content
at the heading stage (Table 9).

Correlation Analysis

Grain yield had a significant positive correlation with total
dry weight (r=0.8867, P <0.05). Besides, grain yield
showed a remarkable negative correlation with grain weight
(r=-0.8698, P<0.05) (Fig. 1).

PCA Analysis

PCA revealed five principal components (PCs) with a cumu-
lative percentage of the variance of 100%, and variance per-
centages for PC1, PC2, PC3, PC4, and PC5 were 83.3%,
7.9%, 5.6%, 2.4%, and 0.3%, respectively (Fig. 2). For PC1,
the top three parameters (CAT activity at the maturity stage,
CAT activity at the heading stage, and grain number per
panicle) were detected with high loading values. For PC2,
the top three parameters (CAT activity at the heading stage,
CAT activity at the maturity stage, and NR activity at the
maturity stage), for PC3, top 3 parameters (grain number
per panicle, CAT activity at the heading stage, and total dry
weight), for PC4, top three parameters (total dry weight, NR
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Table 2 Effect of different nitrogen fertilizer application rates on the
total dry weight and harvest index of different rice genotypes

Genotype  Treatment  Total dry weight (g/pot)  Harvest index
NIL-7 LN 77.13+1.81c 43.35+2.24a
HN 100.14 +0.39b 36.33+0.18b
NIL-8 LN 79.50+6.34c 47.41+2.68a
HN 101.69 +4.76b 43.83+2.61a
02428 LN 83.79+0.75¢ 46.89+1.57a
HN 124.97+2.93a 46.66 +1.31a
ANOVA G * ok
N sk &
GxN ns ns

HN high nitrogen treatment (1.88 g N/10 kg soil), LN low nitrogen
treatment (0.94 g N/10 kg soil), G genotype, N nitrogen treatment,
G XN interaction between genotype and nitrogen treatments, 7s non-
significance

*Significance at P <0.05; **significance at P <0.01

The means in the same column followed by different lowercase letters
for the same cultivar differ significantly in the LSD test at P <0.05

activity at maturity stage, and effective panicles per hole)
and PCS5, top 3 parameters (SOD activity at the heading
stage, POD activity at the heading stage, and grain num-
ber per panicle) were investigated with high loading value
(Table 10).

Discussion

N is a key limiting factor for agricultural productivity. It is
well known that N fertilization increases grain yield (Mak-
ino, 2011). A similar result was observed in the present
study (Table 1). Besides, the application of N fertilization
affected the grain yield as a consequence of the changes in
N metabolism and antioxidant response; the effects of N
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Table 3 Effect of different nitrogen fertilizer application rates on the
NR activity (U/g FW) in the leaves of different rice genotypes

Genotype Treatment Heading stage Maturity stage
NIL-7 LN 40.97+2.18a 32.32+1.56¢
HN 42.41+1.97a 52.02+2.94a
NIL-8 LN 25.39+1.50c 23.11+0.37d
HN 32.05+0.38b 38.07+1.34b
02428 LN 33.58 +1.54b 24.17+0.61d
HN 34.41+2.67b 24.27+0.63d
ANOVA G ok Hok
N ns Hk
GxN ns wE

HN high nitrogen treatment (1.88 g N/10 kg soil), LN low nitrogen
treatment (0.94 g N/10 kg soil), G genotype, N nitrogen treatment,
G XN interaction between genotype and nitrogen treatments, ns non-
significance

*Significance at P <0.05; **significance at P <0.01

The means in the same column followed by different lowercase letters
for the same cultivar differ significantly in the LSD test at P <0.05

Table 4 Effect of different nitrogen fertilizer rates on the GS activity
(U/mg FW) in the leaves of different rice genotypes

Genotype Treatment Heading stage Maturity stage
NIL-7 LN 4.31+0.19bc 3.70+0.15¢
HN 2.88+0.13d 11.16+0.28a
NIL-8 LN 4.78+0.18b 12.11+1.56a
HN 6.47+0.81a 2.62+0.16¢c
02428 LN 3.56+0.07cd 7.44 +0.36b
HN 2.92+0.08d 6.55+0.71b
ANOVA G wE ns
N ns ns

HN high nitrogen treatment (1.88 g N/10 kg soil), LN low nitrogen
treatment (0.94 g N/10 kg soil), G genotype, N nitrogen treatment,
G X N interaction between genotype and nitrogen treatments, ns non-
significance

*Significance at P <0.05; **significance at P <0.01

The means in the same column followed by different lowercase letters
for the same cultivar differ significantly in the LSD test at P <0.05

application varied greatly among the studied rice genotypes
(Tables 1, 2, 3,4,5,6,7,8 and 9).

Many studies have shown that rice yield and N fertilizer
application are positively correlated (Tang et al. 2020; Jiang
et al. 2019b). Here, we reached the same conclusion. Pre-
vious studies of yield components have revealed that the
effective panicles per pot and the grain number per panicle
increased with the rise in the applied N fertilizer quantity
(Zhang et al. 2013; Li et al. 2020; Liu et al. 2019). In this
study, significantly more effective panicles per pot were
obtained in HN treatment than in LN treatment, but no
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Table 5 Effect of different nitrogen fertilizer rates on the GOGAT
activity (U/g FW) in the leaves of different rice genotypes

Table 7 Effect of different nitrogen fertilizer rates on the POD activ-
ity (U/g FW) in the leaves of different rice genotypes

Genotype Treatment Heading stage Maturity stage Genotype Treatment Heading stage Maturity stage
NIL-7 LN 8.15+0.79b 5.39+0.24¢ NIL-7 LN 54.75+1.37c 79.46 +7.18a
HN 18.65+2.11a 8.95+0.45a HN 81.29+1.59a 48.40+2.76d
NIL-8 LN 8.99+1.86b 6.56+0.73bc NIL-8 LN 68.85+7.44ab 52.45+6.38cd
HN 9.15+1.02b 7.58+0.33ab HN 73.44+1.32a 72.01 £2.36ab
02428 LN 6.65+0.52b 6.48 +£0.66bc 02428 LN 67.72+6.48abc 48.71£2.10cd
HN 11.04 +1.30b 8.96+0.50a HN 58.42+2.54bc 61.44+0.97bc
ANOVA G * ns ANOVA G ns *
N ns Hk N * ns
GxN wk ns GXxN Hk *k

HN high nitrogen treatment (1.88 g N/10 kg soil), LN low nitrogen
treatment (0.94 g N/10 kg soil), G genotype, N nitrogen treatment,
G XN interaction between genotype and nitrogen treatments, 7s non-
significance

*Significance at P <0.05; **significance at P <0.01

The means in the same column followed by different lowercase letters
for the same cultivar differ significantly in the LSD test at P <0.05

Table 6 Effect of different nitrogen fertilizer rates on the SOD activ-
ity (U/g FW) in the leaves of different rice genotypes

HN high nitrogen treatment (1.88 g N/10 kg soil), LN low nitrogen
treatment (0.94 g N/10 kg soil), G genotype, N nitrogen treatment,
G XN interaction between genotype and nitrogen treatments, 7s non-
significance

*Significance at P <0.05; **significance at P <0.01

The means in the same column followed by different lowercase letters
for the same cultivar differ significantly in the LSD test at P <0.05

Table 8 Effect of different nitrogen fertilizer rates on the CAT activ-
ity (U/g FW) in the leaves of different rice genotypes

Genotype Treatment Heading stage Maturity stage Genotype Treatment Heading stage Maturity stage
NIL-7 LN 51.42+1.75ab 46.88 +2.96a NIL-7 LN 285.65+3.48a 338.37+17.44a
HN 51.62+2.43ab 32.42+2.73bc HN 259.65 +40.00ab 51.90+7.91d
NIL-8 LN 33.34+1.18c 32.52+2.31bc NIL-8 LN 182.02 +14.06¢ 58.42+6.75d
HN 52.96+4.99a 34.99+1.94b HN 217.55+10.19bc 173.04+10.16b
02428 LN 43.78 +3.50b 27.62+1.08c 02428 LN 251.98 +5.46ab 77.23+7.12cd
HN 33.52+0.51c¢ 32.18+0.70bc HN 203.07 +6.16bc 98.27+5.81c
ANOVA G *k wok ANOVA G * *E
N ns ns N ns *E
GxN ok ok GxN ns *E

HN high nitrogen treatment (1.88 g N/10 kg soil), LN low nitrogen
treatment (0.94 g N/10 kg soil), G genotype, N nitrogen treatment,
G X N interaction between genotype and nitrogen treatments, ns non-
significance

*Significance at P <0.05; **significance at P <0.01

The means in the same column followed by different lowercase letters
for the same cultivar differ significantly in the LSD test at P <0.05

significant difference was detected in the grain number per
panicle between the two N fertilization treatments (Table 1).
However, the seed setting rate and the grain weight were
lower in HN treatment (Table 1), and grain yield showed a
significant negative correlation with grain weight (Fig. 1a).
Similar results have also been reported previously (Zhang
et al. 2013). In another investigation, N treatments influ-
enced more considerably the number of panicles and the
seed setting rate, eventually affecting grain yield (Zhou
et al. 2021). In addition, N fertilization had an impact on
dry weight and the increase in grain yield (Yamuangmorn

HN high nitrogen treatment (1.88 g N/10 kg soil), LN low nitrogen
treatment (0.94 g N/10 kg soil), G genotype, N nitrogen treatment,
G X N interaction between genotype and nitrogen treatments, ns non-
significance

*Significance at P <0.05; **significance at P <0.01

The means in the same column followed by different lowercase letters
for the same cultivar differ significantly in the LSD test at P <0.05

et al. 2018). In this study, correlation analysis indicated that
grain yield had a significant positive correlation with total
dry weight (Fig. 1b). The harvest index in HN treatment
was significantly lower than that in LN treatment (Table 2).
Moreover, Haefele et al. (2008) indicated that, within a
range of genotypes tested, considerable differences exist in
the efficiency of nitrogen acquisition and intimal N use effi-
ciency. Distinct genotypic differences exhibit in rice plant-
associated N, fixation and the efficiency of N absorption and
transport (Cheng et al. 2011; Broadbent et al. 1987). Thus,
it is necessary to improve grain yield and grain N by the
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Table 9 Effect of different nitrogen fertilizer application rates on the
content of malondialdehyde (MDA) (pmol/ g FW) in different rice
genotypes

Genotype Treatment Heading stage Maturity stage
NIL-7 LN 10.43+0.61b 10.33+0.4a
HN 9.27+0.22bc 9.77+0.25ab
NIL-8 LN 12.49+0.14a 10.18 +£0.51a
HN 8.64+0.51c 8.93+0.17b
02428 LN 10.38 +£0.21b 9.68 +0.28ab
HN 10.19+0.61b 7.88+0.14c
ANOVA G ns wE
N koK ok
GXN woE ns

HN high nitrogen treatment (1.88 g N/10 kg soil), LN low nitrogen
treatment (0.94 g N/10 kg soil), G genotype, N nitrogen treatment,
G X N interaction between genotype and nitrogen treatments, ns non-
significance

*Significance at P <0.05; **significance at P <0.01

The means in the same column followed by different lowercase letters
for the same cultivar differ significantly in the LSD test at P <0.05

management of N fertilizer in specific rice genotypes (Fong-
fon et al. 2021). In this study, the genotypes significantly
affected the grain yield and yield components apart from the

grain weight. Therefore, the grain yield rise in HN treatment
resulted from the increase in the number of effective panicles
and total dry weight, as well as the change in the seed setting
rate and the grain weight of different rice genotypes.
Furthermore, rice plants absorb and utilize inorganic N
such as NH**and NO>~ by the GS/GOGAT cycle (Krapp
2015; Xu et al. 2012). GOGAT and GS are key enzymes
involved in N assimilation and translocation (Lu et al. 2011;
Xu et al. 2013). The application of high levels of nitrogen
enhances the assimilation of NO*~ and NH*" and increases
the activity of enzymes related to nitrogen metabolism
(Zhong et al. 2017). The effect of N application on GS activ-
ity in functional rice leaves was different among different
varieties and growth stages (Gang et al. 2010; Ning et al.
2009). The GS activity in the leaves was found to increase
with the rise in N level (Chen et al. 2008). In this study,
considerable differences were established in the GS activ-
ity between different rice genotypes and different stages
(Table 4). The GOGAT activity at the maturity stage in HN
treatment was significantly higher than that in LN treatment;
the GOGAT activity at the heading stage was higher than
that at the maturity stage (Table 5). Studies have shown that
NR is a rate-limiting factor in the nitrate reduction path-
way and a direct response to the level of N metabolism
(Cong et al. 2019; Corpas et al. 2011). Chen et al. (2008)

Table 10 PCA loading of the

. . Parameters PC1 PC2 PC3 PC4 PC5
investigated parameters
Grain yield —0.0253 0.1637 0.1396 —0.2393 —0.0559
Effective panicles per pot 0.0086 —0.0511 —0.1199 —0.2685 0.1062
Grain number per panicle —0.1341 0.1614 0.8525 0.0663 0.2592
Seed setting rate 0.0193 0.1773 0.1150 0.1424 —0.0592
Grain weight 0.0036 —0.0090 — 0.0096 0.0294 —0.0360
Total dry weight —0.0536 0.1556 0.2080 —0.7739 -0.2115
Harvest index —0.0023 0.0918 0.0439 0.1152 0.0662
NR activity at heading stage 0.0234 —0.1259 0.0508 —0.1396 —0.2237
NR activity at maturity stage 0.0056 —0.2246 —0.1458 —0.3506 0.1155
GS activity at heading stage 0.0039 0.0152 —0.0242 0.0038 0.1264
GS activity at maturity stage —0.0244 —0.0274 — 0.0406 0.0570 —0.2480
GOGAT activity at heading stage —0.0128 —0.0645 — 0.0406 —0.1381 —0.2126
GOGAT activity at maturity stage —0.0076 —0.0015 0.0041 —0.0588 —0.0249
SOD activity at heading stage 0.0422 —0.1650 —0.0517 —0.1422 0.5562
SOD activity at maturity stage 0.0536 0.0027 —0.0520 —0.0198 —0.2305
POD activity at heading stage —0.0494 —0.1406 —0.1523 —-0.1177 0.4891
POD activity at maturity stage 0.1022 0.1267 —0.0260 —0.1609 0.1892
CAT activity at heading stage 0.2039 —0.8400 0.3469 0.0231 —0.1360
CAT activity at maturity stage 0.9579 0.2006 0.0581 —0.0224 0.0409
MDA content at heading stage —0.0002 —0.0016 0.0043 —0.0415 0.1408
MDA content at maturity stage 0.0023 —0.0018 —0.0135 —0.0398 —0.0182

PCI principal component 1, PC2 principal component 2, PC3 principal component 3, PC4 principal com-
ponent 4, PC5 principal component 5, SOD superoxide dismutase, POD peroxidase, CAT catalase, MDA
malondialdehyde, NR nitrate reductase, GS glutamine synthetase, GOGAT glutamine synthetase
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revealed the existence of a complex relationship between the
NR activity and the N level. The NR activity in the leaves
gradually increased with the rise in the amount of the N
applied (Ye et al. 2005). The findings of this investigation
showed that the NR activities at the heading and maturity
stages in HN treatment were higher than those in LN treat-
ment and varied significantly among different rice genotypes
(Table 3). In conclusion, the improvement of the grain yield
in HN treatment was also related to the increase in the NR
and GOGAT activities. N treatment affected differently N
metabolism among the studied rice genotypes.

In addition, plant resistance was closely related to the
antioxidant enzyme activity. POD, CAT, and SOD activi-
ties in plants reflect their ability to eliminate ROS (Shi et al.
2021). A study has investigated the effect on the antioxidant
system in rice of different nitrogen sources and they found
that glycine markedly reduced the increase in the level of
MDA and significantly increased the activities of POD and
SOD, which might be attributed to the decreased levels of
ROS as a consequence of N stimulating effect on the anti-
oxidant system (Gao et al. 2017). Exogenous nitrogen might
be affecting the expression of genes involved in metabolism,
growth, and defense responses in rice (Asgher et al. 2022).
An earlier study showed that the application of a suitable N
fertilizer rate promoted the POD, CAT, and SOD activities
in the roots and leaves and reduced the MDA content (Yu
et al. 2020). In another investigation, the application of an
appropriate N fertilizer amount significantly improved the
activities of antioxidant enzymes (SOD, CAT, and POD)
at the seedling period of rice (Jiang et al. 2005). The MDA
content in HN treatment was significantly lower than that in
LN treatment, which was consistent with previous research
results (Table 9). However, we found no significant differ-
ences in the SOD, POD, and CAT activities between HN
and LN treatments (Tables 6, 7 and 8). ROS concentration
is regulated by antioxidant systems, such as antioxidative
enzymes (SOD, POD, CAT, glutathione peroxidase, and
enzymes involved in the ascorbate glutathione cycle) and
antioxidant compounds (ascorbate, tocopherol, carotenoids,
flavonoids, and glutathione) (Tewari et al. 2007). Therefore,
further in-depth research is needed to evaluate the associa-
tion between ROS regulation and N metabolism under N
application. In a word, increasing N fertilizer regulated the
activity of SOD, POD, and CAT and decreased the MDA
content, finally influencing the grain yield of different rice
genotypes.

Moreover, some researchers had found that there were
significant interaction effects among nitrogen applications,
rice cultivars, and shading treatments for yield and yield
related in rice (Pan et al. 2016; Feng et al. 2020). In the
present study, genotypes significantly affected the investi-
gated parameters apart from grain weight, the GS activity
and GOGAT activity at the maturity stage, and the POD

activity and MDA content at the heading stage. N treatment
showed a remarkable influence on the grain yield and yield
components (except for grain numbers per panicle). The
interaction of genotype and N treatment (G X N) significantly
influenced the grain yield, seed setting rate, NR activity,
and CAT activity at the maturity stage, the GOGAT activity
and MDA content at the heading stage, and the GS activity,
SOD activity, and POD activity at the heading stage and
maturity stage (Tables 1, 2, 3,4, 5, 6, 7, 8 and 9). Besides
the PCA analysis indicated that some core parameters could
be used to explain the effect of N application on grain yield,
nitrogen metabolism, and antioxidant response in different
rice genotypes. The total cumulative percentage of variance
of 100% includes PC1 (83.3%), PC2 (7.9%), PC3 (5.6%),
PC4 (2.4%), and PC5 (0.3%) (Fig. 2). Within the 5 principal
components, the grain numbers per panicle, the total dry
weight, NR activity at the maturity stage, and CAT activity
at the heading stage and maturity stage (Table 10). Those
results showed that the N fertilizer application regulated rice
yield and influenced the nitrogen metabolism and antioxi-
dant response.

Conclusion

Altogether, increasing the N fertilizer rate significantly
increased the number of effective panicles per pot and the
total dry weight of the studied rice genotypes. The applica-
tion of a higher N amount also improved the activities of
nitrate reductase and glutamate synthetase, which subse-
quently increased rice yield. On the other hand, the rise in
the applied N fertilizer amount changed the activity of the
superoxide dismutase, peroxidase, and catalase and reduced
the MDA content in the rice plants. In conclusion, N ferti-
lizer application regulates rice yield by affecting the yield
formation and biomass accumulation and modulating the
activities of enzymes involved in N metabolism, the antioxi-
dant enzyme activity, and MDA content. Distinct genotype
internal efficiency of N and recovery efficiency of applied
N were significantly different, so the specific values of these
parameters vary among different rice genotypes. Thus, it is
essential to elucidate the physiological response mechanism
of specific genotypes to different N fertilizer applications.
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