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Abstract: Nitrogen (N) fertilizer is a critical element that affects rice yield. However, its effects on dry
matter accumulation (DMA), N accumulation, and their physiological mechanisms with grain yield and
N utilization efficiency still lack in-depth study. Three large-scale japonica rice varieties—Jinxiangyu 1,
Nanjing 46, and Huaidao 5—were used in two field experiments with varying N fertilizer application
rates to examine grain yield and N utilization efficiency. The results showed that: (1) In the range of
0~360 kg ha−1 total N application rate (TNAR), the rice yields of the three cultivars were maximum
under the TNAR at 270 kg ha−1. The optimal TNAR for the highest yield of Jinxiangyu 1, Nanjing
46, and Huaidao 5 were calculated based on quadratic regressions with values of 305.5 kg ha−1,
307.6 kg ha−1, and 298.0 kg ha−1, and the corresponding yields were 10.3 t ha−1, 10.6 t ha−1 and
10.2 t ha−1, respectively. The N utilization efficiency decreased gradually with the increase in
TNAR, and the recovery efficiency decreased from 35.7~38.19% to 29.61~31.59%. (2) The yield was
significantly positively correlated with DMA and N accumulation from the heading stage (HD) to
the maturity stage (MA). The DMA and N accumulation of HD-MA were significantly positively
correlated with leaf photosynthetic rate, non-structural carbohydrate (NSC) accumulation in stems,
root oxidation activity, zeatin (Z) + zeatin riboside (ZR) contents in roots, and nitrate reductase
(NR) and glutamate synthase (GOGAT) activity in HD. (3) In the range of 0~216 kg ha−1 panicle N
application rate (PNAR), the rice yield was maximum under the PNAR at 108 kg ha−1. The optimal
PNAR for the highest yield of Jinxiangyu 1 was calculated based on the quadratic regression with
values of 139.5 kg ha−1, and the highest yield was 9.72 t ha−1. The leaf photosynthetic rate, NSC
accumulation in stems, root oxidation activity, Z + ZR contents in roots, and NR activity in leaves in
rice were higher under 108 kg ha−1 PNAR. Excessive application of panicle fertilizer reduced the
above physiological indicators and rice yield. The above results showed that optimizing N fertilizer
could increase the leaf photosynthetic rate, NSC accumulation in stems, root oxidation activity, Z + ZR
contents in roots, and NR activity from HD to MA, which was beneficial to improving DMA and N
uptake during HD-MA, thus improving grain yield and N utilization efficiency in rice.

Keywords: rice (Oryza sativa L.); N application rates; grain yield; dry matter accumulation; N uptake

1. Introduction

Rice dominates the world’s food crops. Over 3 billion people worldwide live on
rice [1,2]. However, the current annual growth rate of rice yield is only 1.7%, significantly
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lower than the 2.4% annual growth rate required to double the total grain yield in 2050 [3,4].
Nitrogen (N) provides essential nutrients and minerals for rice growth and production,
and its optimal application can effectively increase rice yield. However, the unreasonable
application of N fertilizer has recently increased the cost of rice production, causing a
reduction in the effectiveness of N utilization and a decline in rice quality. At the same time,
it has caused many environmental problems, such as eutrophication of water bodies and
soil acidity, and increased atmospheric greenhouse gas emissions [5]. In addition, excessive
N fertilizer will reduce the resistance to lodging, pests, and diseases and ultimately lead to
a reduction in rice yield [6,7].

N is crucial for the production of amino acids, ribonucleic acids, chloroplasts, adeno-
sine triphosphate, and plant hormones. It also has a role in physiological development
processes like protein synthesis bodies, carbon and N metabolism, and chloroplasts [8].
Previous research has demonstrated that elevating the N fertilizer concentration within a
particular range could dramatically boost the activity of the enzymes nitrate reductase (NR),
glutamine synthetase (GS), and glutamate synthetase (GOGAT) in rice leaves. However,
by further increasing the amount of N fertilizer, the activity of the above three critical
enzymes in N metabolism would decrease [9]. The combination of conventional N ap-
plication and alternate drying-wetting irrigation can increase root hormone content and
leaf photosynthetic rate, improve defective grain filling by encouraging the movement of
non-structural carbohydrates (NSC) from stems to grains after heading (HD), and increase
grain production and N utilization efficiency [10].

Chinese farmers commonly apply N fertilizer at the panicle differentiation stage to
promote spikelet differentiation, called panicle fertilizer. Panicle fertilizer is a practical
management approach for high-yield and eco-friendly rice farming [11,12]. The investi-
gation shows that boosting the N application of panicle fertilizer in the proper amount
might improve the dry matter accumulation (DMA) after HD, ensure the N demand of
functional leaves, effectively prolong the photosynthetic time, enrich the photosynthetic
rate, and ultimately increase rice yield [13,14]. Increasing panicle fertilizer application can
enhance the biosynthesis and signal transduction of phytohormones such as brassinos-
teroids, encourage spikelet differentiation in rice, lessen their degeneration, and thus form
a higher number of spikelets per panicle [15,16]. Furthermore, the increase in panicle fertil-
izer also affected the root physiological indexes such as root oxidation activity and zeatin
(Z) + zeatin riboside (ZR) contents in roots, which in turn mediated the transmembrane
transport of cytokinin (CTK), enhanced the root activity, and increased the grain yield in
rice [17,18]. The primary sources of rice yield are the NSC stockpiled in the stem before
HD and the photosynthetic products after HD. After HD, the NSC accumulation in stems
is translocated to the grains, which is one of the main sources of assimilates for rice yield
formation, and the contribution rate to grain yield can reach 30%. Therefore, increasing
the output of assimilates in stems before HD and improving the photosynthetic products
after HD benefit rice yield [19]. However, the mechanism of N application regulating the
production of assimilates and photosynthetic products and their effects on grain yield is
quite uncertain.

In this current study, we implemented various gradient treatments of total nitrogen
application rates (TNAR) and panicle nitrogen application rates (PNAR) in field conditions,
using three N-sensitive japonica rice varieties widely cultivated in Jiangsu Province. The
study aimed to achieve the following objectives: (1) investigating the impacts of N appli-
cation rate on DMA and N uptake from HD to MA; and (2) assessing the physiological
regulatory mechanisms influenced by N application rate, including leaf photosynthetic
rate, NSC accumulation, root oxidation activity, and other physiological indices relevant to
the formation of grain yield.
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2. Materials and Methods
2.1. Plant Materials and Growing Conditions

We set up two experiments. Experiment 1 examined the impacts of TNAR on rice
yield. Experiment 2 investigated the regulation of PNAR on rice yield.

Experiment 1 was conducted in 2019 and repeated in 2020. The selected rice varieties
were Jinxiangyu 1, Nanjing 46, and Huaidao 5, which were N-sensitive japonica rice varieties
differing in parents and growth periods and widely planted locally. The seedlings were
sown on May 21 every year and raised on plastic floppy disks. Each disk was sown with
120 g of dry seeds. On June 13, mechanical transplantation was carried out using a Yanmar
riding high-speed rice transplanter (YP6D). The experiment was laid out in a split-plot
design with four total N fertilizer rates as the main plot and three rice varieties as the
subplot. Four total N fertilizer treatments were set during the whole growth period: (1) 0T:
0 kg ha−1; (2) 180T: 180 kg ha−1; (3) 270T: 270 kg ha−1 (local conventional high-yield N
application); (4) 360T: 360 kg ha−1. N was applied according to the proportions of 50%,
10%, and 40%. The basal fertilizer was applied 1 day before transplanting, the tillering
fertilizer was applied 7 days after transplanting, and the panicle fertilizer was applied
twice with the same amount of flower-promoting fertilizer (panicle initiation stage) and
flower-preserving fertilizer (spikelet differentiation stage).

Experiment 2 was conducted in 2021 and repeated in 2022. The selected rice variety
was Jinxiangyu 1. Seedling raising and transplanting methods were the same as in Ex-
periment 1. The experiment used a randomized completed block design. Based on basal
fertilizer 135 kg ha−1 and tillering fertilizer 27 kg ha−1, five panicle N fertilizer treatments
were set up at panicle initiation stage: (1) 0P: 0 kg ha−1; (2) 54P: 54 kg ha−1; (3) 108P:
108 kg ha−1 (local conventional high-yield panicle N application); (4) 162P: 162 kg ha−1;
(5) 216P: 216 kg ha−1. The date of fertilizer application was the same as Experiment 1.

Both experiments were carried out in Zhenjiang Xinminzhou Farm, Jiangsu Province,
China (32◦16′ N, 119◦33′ E). A sandy loam with 22.4~26.9 g kg−1 organic substance,
1.50~1.57 g kg−1 alkali-hydrolyzable N, 8.91~9.25 mg kg−1 Olsen-P, and 86.6~90.1 mg kg−1

exchangeable K made up the soil. The plot area was 100 m2, repeated 3 times. There were
5 seedlings on average per hill, and the row spacing was 12 cm × 30 cm. Three days after
transplanting, the seedlings were supplemented according to the growth situation to ensure
the whole seedlings. The N fertilizer applied in all treatments in both experiments was urea
(46% N). P and K fertilizers were calcium superphosphate (13.5% P2O5) and potassium
chloride (62.5% K2O), which were applied as base fertilizers at a single application of
300 kg ha−1 and 200 kg ha−1, respectively. Ridges were built between treatments to prevent
fertilizer and water irrigation. In the entire growth period of rice, the shallow water layer
was kept until 7 days before harvest. Weeds and pests should be strictly controlled to
prevent affecting grain yield. Table 1 reveals monthly precipitation, sunshine hours, and
average temperature from May to October (growing seasons for rice) for 2019–2022.

2.2. Sampling and Measurements

In Experiment 1, sampling and measurement were conducted during the crucial
growth phases, including the mid-tillering stage (MT), panicle initiation stage (PI), HD,
and MA. In Experiment 2, sampling and measurement were conducted at HD and MA.

2.2.1. Shoot Dry Weight

Each plot had five typical plants that were decomposed into stems, leaves, and panicles
(after HD) at rice’s four key growth stages mentioned above. After 30 min of blanching at
105 ◦C and drying to a constant weight at 75 ◦C, dry matter weight was measured.
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Table 1. Precipitation, sunshine hours, and average temperature during 2019, 2020, 2021, and 2022
from May to October (rice growing seasons for rice) in Zhenjiang, Southeast China.

May June July August September October

Precipitation (mm)
2019 31.4 113.9 69.7 123.0 23.6 3.3
2020 41.6 359.2 212.2 140.7 30.2 39.4
2021 144.4 57.5 429.2 90.7 36.1 98.0
2022 14.3 92.5 160.7 40.1 54.8 69.1

Sunshine (h)
2019 167.5 141.6 122.0 162.2 138.7 118.7
2020 189.6 112.0 63.8 202.9 183.7 159.0
2021 147.1 127.4 97.1 81.2 136.7 139.7
2022 176.7 171.1 165.1 155.0 119.4 115.3

Temperature (◦C)
2019 21.8 25.6 28.4 28.4 23.5 17.9
2020 22.0 25.4 25.3 29.4 23.9 17.1
2021 22.2 26.8 28.8 28.3 26.7 19.6
2022 20.8 27.4 29.6 30.0 23.1 16.9

2.2.2. Plant N Uptake

0.5 g of plant samples after drying and crushing at the above four stages were weighed,
respectively. To quantify aboveground N absorption, tissue N concentration was assessed
by micro-Kjeldahl digestion, distillation, and titration [20].

2.2.3. Leaf Photosynthetic Characteristics

In the above four key growth stages, the Li-6400 portable photosynthesis analyzer,
made by the American firm Li-Cor, was employed to measure the photosynthetic char-
acteristics of the first wholly opened leaf. The measurement was performed at 9:00 am
using a red-blue light source, 1400 mol m−2 s−1 of light flux density, and 380 mol mol−1 of
CO2 concentration. Each treatment was repeated for 6 leaves. The parameters measured
included stomatal conductance (Gs), net photosynthetic rate (Pn), transpiration rate (Tr),
and intercellular CO2 concentration (Ci), which were automatically recorded.

2.2.4. NSC Accumulation and Translocation

Referring to Li’s [21] techniques, the content of NSC in stems was determined by
drying samples at the above four stages. First, a 1 mm sieve was used to filter the finely
ground, dried plant sample powder. After weighing and placing the 100 mg sample in
a 15 mL centrifuge tube, the sample was repeatedly extracted with 80% ethanol 3 times.
A certain amount of extract was employed to determine the soluble sugar content with
anthrone reagent. The remaining residue in the centrifuge tube was dried in an oven at
80 ◦C, and the starch was extracted with HCLO4 solution and distilled water. The starch
was diluted in a 50 mL centrifuge tube and cooled at room temperature to calculate the
absorbance value at 620 nm wavelength.

The total soluble sugar and starch concentrations are added to determine the NSC
concentration. The NSC accumulation was NSC concentration multiplied by shoot dry
weight. The NSC translocation = NSC accumulation in HD − NSC accumulation in MA.

2.2.5. Root Oxidation Activity

During the four growing phases, the representative plants in each plot were taken to dig
three hills (each hill was centered on the base of the rice plant, and 25 cm × 25 cm × 25 cm
soil blocks were excavated) and put into a 70-mesh sieve bag. The roots were cleaned first
with flowing water, then with an agricultural compression sprayer. The fresh weight of
the roots was weighed, and some roots were removed to assess the root oxidation activity
following Meng et al. [22].
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2.2.6. Z + ZR Contents in Roots

At the four stages, roots from three hills in each plot were frozen in liquid N and kept
at −80 ◦C. Z + ZR contents were determined by Liu et al. [23].

2.2.7. NR, GS, and GOGAT Activities of Leaves

Leaves from three hills in each plot were frozen in liquid N and kept at −80 ◦C.
The veins were removed, and fixing the tissues with liquid N. The NR, GS, and GOGAT
related to N metabolism were determined by Christine et al. [24] and Hayakawa et al. [25],
respectively.

2.2.8. Harvest

In Experiments 1 and 2, the plants in the two rows on either side of the plot were
removed to prevent border effects. Each plot’s 6.0 m2 harvest area was used to calculate
the grain yield, which was then 14.5% moisture adjusted. The plants in a 1.0 m2 area
(excluding the border ones) were randomly selected from each plot to be used as a sample
for calculating the aboveground biomass and yield components, such as the number of
panicles per square meter, the number of spikelets per panicle, the percentage of filled
grains, and the grain weight. The filled grains (specific gravity 1.06 g cm−3) as a fraction of
all the spikelets were used to calculate the percentage of filled grains.

2.3. Statistical Analysis

Plant N uptake, N agronomic use efficiency (AEN), N recovery efficiency (REN), N
physiological efficiency (PEN), and N partial factor productivity (PEP) were calculated. The
calculation formulae followed Chen et al. [26].

A multifactorial analysis of variance (ANOVA) was employed to assess the main and
interactive effects of year, variety, and treatment on various parameters, including grain
yield, DMA, N accumulation, NSC translocation in stems, root oxidation activity, and
Z + ZR contents in roots. Data visualization was conducted using SigmaPlot 10.0 (SPSS
Inc., Point Richmond, CA, USA). Post hoc means comparison was performed using the
least significant difference (LSD) test at a significance level of p = 0.05 (LSD 0.05). Certain
statistical analyses were conducted using R 4.2.01 (R Core Team (2022)), employing the
tidyverse (version number: 0.0.7.1) and linkET (version number: 1.3.2) packages. The linkET
package was deployed to execute the mantel test. To examine the relationships between
shoot dry weight accumulation, N accumulation, and various physiological indices of root
and shoot, Pearson’s correlation analysis was utilized to derive correlation coefficients (R
values) and corresponding significance levels (p values).

3. Results
3.1. Analysis of Variance

Experiment 1 stated significant differences in grain yield, DMA, N accumulation,
NSC translocation in stems, root oxidation activity, and Z + ZR contents in roots between
treatment and variety. At the same time, there were no significant differences in the above
indexes among year, year× treatment (except N accumulation), treatment× variety (except
root oxidation activity), year × variety, and year × variety × treatment (Table 2). The same
measures in Experiment 2 gave similar findings (Table 3). Since the year has no bearing on
the experiments, Experiment 1 principally uses the data of 2020, and Experiment 2 uses the
data of 2022.

3.2. Grain Yield and Its Components

In the 0~270 kg ha−1 TNAR range, with an increase in TNAR, the grain yield of
Jinxiangyu 1, Nanjing 46, and Huaidao 5 steadily rose. The grain yield decreased slightly
but did not reach a significant level when the TNAR increased from 270 to 360 kg ha−1.
(Table 4). From the analysis of grain yield components, in the range of 0~360 kg ha−1

TNAR, with the increase of TNAR, the panicle number and the number of spikelets per
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panicle increased synchronously with the rise of TNAR. Still, the filled grains and grain
weight gradually decreased. Under the 360T treatment, the three rice varieties had the
highest total spikelet number, while the filled grains and grain weight were obviously
lower than under the 270T treatment.

Table 2. Analysis of variance of F-values between / among years, varieties, and treatments in
Experiment 1.

Source of
Variation df Grain

Yield
Dry Matter

Accumulation
N

Accumulation

NSC
Translocation

in Stems

Root
Oxidation
Activity

Z + ZR
Contents in

Roots

Year (Y) 1 NS a NS NS NS NS NS
Variety (V) 2 4.0 * 23.3 ** 43.2 ** 26.7 ** 13.5 ** NS

N treatment (N) 3 199.8 ** 347.5 ** 701.7 ** 45.0 ** 657.8 ** 9.3 **
Y × V 2 NS NS NS NS NS NS
Y × N 3 NS NS 3.1 * NS NS NS
N × V 6 NS NS NS NS 4.0 ** NS

Y × V × N 6 NS NS NS NS NS NS
a NS, Not significant at the p = 0.05 level. * Significant at the p = 0.05 level. ** Significant at the p = 0.01 level.

Table 3. Analysis of variance of F-values between/among years and treatments in Experiment 2.

Source of
Variation df Grain

Yield
Dry Matter

Accumulation
N

Accumulation

NSC
Translocation

in Stems

Root
Oxidation
Activity

Z + ZR
Contents in

Roots

Year (Yr) 1 NS a NS NS NS NS NS
N treatment (N) 4 5.2 * 39.4 ** 76.4 ** NS 138.2 ** 30.1 **

Yr × N 4 NS NS NS NS NS NS
a NS, Not significant at the p = 0.05 level. * Significant at the p = 0.05 level. ** Significant at the p = 0.01 level.

Table 4. Grain yield and its components for different rice varieties under different total nitrogen
application rates (TNAR).

Variety Treatment
Grain Yield Panicles Spikelets

per Panicle
Total Spikelets Filled Grains Grain Weight

(t ha−1) (×104 ha−1) (×106 ha−1) (%) (mg)

Jinxiangyu 1 0T 6.73 c 268.9 c 108.4 c 272.7 d 90.5 a 25.5 a
180T 9.64 b 322.5 b 132.9 b 406.0 c 88.9 ab 25.3 a
270T 10.31 a 334.4 a 138.1 a 438.4 b 87.9 ab 25.4 a
360T 10.16 a 348.2 a 140.8 a 465.9 a 86.7 b 23.9 b

Nanjing 46 0T 6.90 c 243.2 c 112.9 c 257.4 d 95.6 a 26.3 a
180T 9.87 b 309.5 b 127.1 b 371.8 c 95.0 a 26.4 a
270T 10.66 a 319.4 ab 136.8 a 414.7 b 93.8 a 26.0 a
360T 10.44 a 341.4 a 138.8 a 449.8 a 89.9 b 24.5 b

Huaidao 5 0T 6.54 c 278.6 d 95.0 d 245.1 d 93.9 a 26.3 a
180T 9.59 b 335.9 c 117.1 c 363.6 c 93.4 ab 26.1 a
270T 10.16 a 349.9 b 121.1 b 399.1 b 92.9 b 25.8 a
360T 10.01 a 354.2 a 122.8 a 413.4 a 93.9 a 24.5 b

Different letters represent significant differences at the p < 0.05 level within the same column and variety. 0T, 180T,
270T, and 360T represent the total nitrogen application rate (TNAR) during the whole growth period, which was
0 kg ha−1, 180 kg ha−1, 270 kg ha−1, and 360 kg ha−1, respectively.

According to the quadratic regressions of grain yield and TNAR, the optimal TNAR
for the highest yield of Jinxiangyu 1, Nanjing 46, and Huaidao 5 was calculated with the
values of 305.5 kg ha−1, 307.6 kg ha−1, and 298.0 kg ha−1, and the corresponding yields
were 10.3 t ha−1, 10.6 t ha−1, and 10.2 t ha−1, respectively (Figure 1).
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Figure 1. Quadratic regressions between total nitrogen application rates (TNAR) and grain yield.
JXY1, NJ46, and HD5 represent Jinxiangyu 1, Nanjing 46, and Huaidao 5, respectively.

3.3. Nitrogen Utilization Efficiency

The AEN, REN, PEN, and PEP of the three rice varieties decreased gradually with the
increase in TNAR, and the reduction in four-N utilization efficiency increased by degrees.
The REN decreased from 35.7~38.19% to 29.61~31.59% (Table 5).

Table 5. Nitrogen utilization efficiency of different rice varieties under different total nitrogen
application rates (TNAR).

Variety Treatment
Agronomic Use
Efficiency, AEN

Recovery
Efficiency, REN

Physiological
Efficiency, PEN

Partial Factor
Productivity, PEP

(kg kg−1) (%) (kg kg−1) (kg kg−1)

JXY1 0T — — — —
180T 16.18 a 35.70 a 45.34 a 53.56 a
270T 13.27 b 33.43 ab 39.71 b 38.19 b
360T 9.95 c 30.29 b 31.48 c 28.22 c

NJ46 0T — — — —
180T 16.46 a 38.19 a 43.10 a 54.81 a
270T 13.90 b 34.30 ab 40.52 b 39.47 b
360T 9.82 c 31.59 b 31.07 c 28.99 c

HD5 0T — — — —
180T 16.96 a 35.85 a 47.30 a 53.27 a
270T 13.41 b 33.96 a 39.48 b 37.61 b
360T 9.64 c 29.61 b 32.55 c 27.80 c

Different letters represent significant differences at the p < 0.05 level within the same column and variety. 0T, 180T,
270T, and 360T represent the total nitrogen application rate (TNAR) during the whole growth period, which was
0 kg ha−1, 180 kg ha−1, 270 kg ha−1, and 360 kg ha−1, respectively.

3.4. Dry Matter Accumulation and Nitrogen Accumulation

Among different treatments, the shoot dry weight increased progressively throughout
the growing phase. At the same growth stage, the shoot dry weight rose along with the
increase in TNAR, and the difference between different N fertilizer treatments in HD and
MA reached a significant level (Figure 2A–C). From the perspective of the growth process,
the three rice varieties had the highest DMA in HD-MA, accounting for 38.9~47.9% of the
whole growth period, which was the peak period of DMA in rice (Figure 3A–C).

With the propulsion of the growth period and the increase in TNAR, the N uptake of
rice showed a rising tendency. With the rise of TNAR, the addition of N uptake decreased
(Figure 2D–F). The N uptake of the three varieties did not change substantially between
treatments in MT and PI but did differ considerably between treatments in HD and MA. In
HD, the N uptake of the three varieties under 270T treatment was 10.2~15.4% higher than
that under 180T treatment and 10.4~15.3% lower than that under 360T treatment. In MA,
the N uptake of the three varieties under 270T treatment was 14.0~17.2% higher than that
under 180T treatment and 8.1~10.9% lower than that under 360T treatment. Considering
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the growing process, the three rice varieties had the highest N accumulation in PI-HD,
accounting for 24.8~42.8% of the whole growth period, which was the peak period of N
accumulation in rice (Figure 3D–F).
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Figure 2. Shoot dry weight (A–C) and nitrogen uptake (D–F) of different rice varieties under
different total nitrogen application rates (TNAR). 0T, 180T, 270T, and 360T represent the total nitrogen
application rate (TNAR) during the whole growth period, which was 0 kg ha−1, 180 kg ha−1,
270 kg ha−1, and 360 kg ha−1, respectively. JXY1, NJ46, and HD5 represent Jinxiangyu 1, Nanjing 46,
and Huaidao 5, respectively. Different letters above the columns represent significant differences at
the p < 0.05 level within the same stage.
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Figure 3. Dry matter accumulation (A–C) and nitrogen accumulation (D–F) of different rice varieties
under different total nitrogen application rates (TNAR). 0T, 180T, 270T, and 360T represent the total
nitrogen application rate (TNAR) during the whole growth period, which was 0 kg ha−1, 180 kg ha−1,
270 kg ha−1, and 360 kg ha−1, respectively. JXY1, NJ46, and HD5 represent Jinxiangyu 1, Nanjing 46,
and Huaidao 5, respectively. Different letters above the columns represent significant differences at
the p < 0.05 level within the same stage.
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3.5. Leaf Photosynthetic Characteristics

The leaf Pn of Jinxiangyu 1, Nanjing 46, and Huaidao 5 grew initially before declining
during the course of the growing cycle and peaking in HD. The 360T treatment resulted in
the most remarkable leaf Pn in MT. The leaf Pn in PI, HD, and MA reached the maximum
under the 270T treatment, and in HD and MA, they were considerably higher than in other
treatments. The trends of Gs and Tr for the three cultivars were consistent with Pn. Ci had
no obvious trends (Figure 4).
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with 270T treatment. Compared with other N application rates, 270T treatment substan-
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three rice varieties rose initially, declined when TNAR increased, and peaked under 270T 
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Figure 4. Leaf net photosynthetic rate (Pn) (A–C), stomatal conductance (Gs) (D–F), intercellular CO2

concentration (Ci) (G–I), and transpiration rate (Tr) (J–L) of different rice varieties under different total
nitrogen application rates (TNAR). 0T, 180T, 270T, and 360T represent the total nitrogen application
rate (TNAR) during the whole growth period, which was 0 kg ha−1, 180 kg ha−1, 270 kg ha−1, and
360 kg ha−1, respectively. JXY1, NJ46, and HD5 represent Jinxiangyu 1, Nanjing 46, and Huaidao 5,
respectively. Different letters above the columns represent significant differences at the p < 0.05 level
within the same stage.
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3.6. NSC Accumulation and Translocation in Stems

With the rise of TNAR, NSC accumulated more in MT and PI. In HD and MA, the
NSC accumulation in stems grew initially, then declined as TNAR increased and peaked
with 270T treatment. Compared with other N application rates, 270T treatment substan-
tially boosted the NSC accumulation in stems of three rice varieties in HD by 6.6~31.9%,
5.5~26.7%, and 5.9~20.5%, respectively (Figure 5). The NSC translocation in stems of the
three rice varieties rose initially, declined when TNAR increased, and peaked under 270T
treatment. (Figure 6).
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Figure 5. Non-structural carbohydrate (NSC) accumulation of different rice varieties under different
total nitrogen application rates (TNAR). 0T, 180T, 270T, and 360T represent the total nitrogen applica-
tion rate (TNAR) during the whole growth period, which was 0 kg ha−1, 180 kg ha−1, 270 kg ha−1,
and 360 kg ha−1, respectively. JXY1, NJ46, and HD5 represent Jinxiangyu 1, Nanjing 46, and Huaidao
5, respectively. Different letters above the columns represent significant differences at the p < 0.05
level within the same stage.
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Figure 6. Non-structural carbohydrate (NSC) translocation of different rice varieties under different
total nitrogen application rates (TNAR). 0T, 180T, 270T, and 360T represent the total nitrogen applica-
tion rate (TNAR) during the whole growth period, which was 0 kg ha−1, 180 kg ha−1, 270 kg ha−1,
and 360 kg ha−1, respectively. JXY1, NJ46, and HD5 represent Jinxiangyu 1, Nanjing 46, and Huaidao
5, respectively. Different letters above the columns represent significant differences at the p < 0.05
level within the same variety.

3.7. Root Oxidation Activity and Z + ZR Contents in Roots

The root oxidation activity of different rice varieties gradually decreased with the
growth period, and in MT and PI, there was no discernible difference between each treat-
ment’s root oxidation activity. In HD and MA, the root oxidation activity first rose and
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subsequently fell as TNAR levels rose. The root oxidation activity of the 270T treatment
was significantly higher than that of other treatments.

As the growing period progressed, the Z + ZR contents in the roots of various rice
varieties initially grew and then declined. The Z + ZR contents of the three rice varieties
under the 360T treatment in MT and PI were considerably higher than those of other
treatments, and HD and MA had the highest Z + ZR contents under the 270T treatment
(Figure 7).
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3.8. NR, GS, and GOGAT Activities in Leaves 
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it initially climbed and then declined with the rise of TNAR and the passage of time. The 
maximum value was reached in PI, the minimum value was in MA, and the NR activity 
of 270T treatment was higher than that of other N applications in each period. The activi-
ties of GS and GOGAT were similar to those of NR, and the only difference was that the 
activities of GS and GOGAT reached their maximum in HD (Figure 8). 

Figure 7. Root oxidation activity (A–C) and zeatin (Z) + zeatin riboside (ZR) contents in roots (D–F)
of different rice varieties under different total nitrogen application rates (TNAR). 0T, 180T, 270T, and
360T represent the total nitrogen application rate (TNAR) during the whole growth period, which was
0 kg ha−1, 180 kg ha−1, 270 kg ha−1, and 360 kg ha−1, respectively. JXY1, NJ46, and HD5 represent
Jinxiangyu 1, Nanjing 46, and Huaidao 5, respectively. Different letters above the columns represent
significant differences at the p < 0.05 level within the same stage.

3.8. NR, GS, and GOGAT Activities in Leaves

The changing trend of NR activity in the leaves of the three rice varieties was similar;
it initially climbed and then declined with the rise of TNAR and the passage of time. The
maximum value was reached in PI, the minimum value was in MA, and the NR activity of
270T treatment was higher than that of other N applications in each period. The activities of
GS and GOGAT were similar to those of NR, and the only difference was that the activities
of GS and GOGAT reached their maximum in HD (Figure 8).

3.9. Correlation Analysis

The shoot dry weight and N uptake of HD and MA, as well as the DMA and N
accumulation of HD-MA, all had a significant positive correlation with the grain yield
(Figure 9). Additional research revealed a substantial link between rice yield and leaf
photosynthetic rate, NSC accumulation in stems, root oxidation activity, Z + ZR contents in
roots, NR, and GOGAT activities of leaves in HD and MA. Still, there was no significant
correlation with the root and shoot physiological indexes of MT and PI (Figure 10). The
results showed that promoting N uptake, increasing DMA, and improving root and shoot-
related physiological indexes of rice during HD-MA were beneficial to increasing rice yield.
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lated with leaf photosynthetic rate, NSC accumulation in stems, root oxidation activity, Z 
+ ZR contents in roots, and NR and GOGAT activities after HD, but had no significant 
correlation with GS activity (Figure 11). It showed that the DMA and N uptake of HD-MA 
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Figure 8. Nitrate reductase (NR) (A–C), glutamine synthetase (GS) (D–F), and glutamate synthase
(GOGAT) (G–I) activities in leaves of different rice varieties under different total nitrogen application
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whole growth period, which was 0 kg ha−1, 180 kg ha−1, 270 kg ha−1, and 360 kg ha−1, respectively.
JXY1, NJ46, and HD5 represent Jinxiangyu 1, Nanjing 46, and Huaidao 5, respectively. Different
letters above the columns represent significant differences at the p < 0.05 level within the same stage.
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Figure 9. Correlation between grain yield and shoot dry weight, nitrogen uptake, dry matter
accumulation (DMA), and nitrogen accumulation. SDW, NAM, SDWA, and NAC represent shoot dry
weight, nitrogen uptake, dry matter accumulation, and nitrogen accumulation, respectively. MT, PI,
HD, and MA represent mid-tillering, panicle initiation, heading, and maturity stages, respectively.
* and ** represent the correlation is significant at the p = 0.05 level and the p = 0.01 level, respectively.
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Figure 10. Correlation between grain yield and root and shoot physiological indexes. LPR, NSC, ROA,
RZ.ZR, NR, GS, and GOGAT represent leaf photosynthetic rate, non-structural carbohydrate (NSC)
accumulation in stems, root oxidation activity, zeatin (Z) + zeatin riboside (ZR) contents in roots,
nitrate reductase (NR) activity, glutamine synthetase (GS) activity, and glutamate synthase (GOGAT)
activity, respectively. MT, PI, HD, and MA represent mid-tillering, panicle initiation, heading, and
maturity stages, respectively. * and ** represent the correlation is significant at the p = 0.05 level and
the p = 0.01 level, respectively.

The DMA and N accumulation in HD-MA in rice were significantly positively cor-
related with leaf photosynthetic rate, NSC accumulation in stems, root oxidation activity,
Z + ZR contents in roots, and NR and GOGAT activities after HD, but had no significant
correlation with GS activity (Figure 11). It showed that the DMA and N uptake of HD-MA
played a crucial role in promoting grain yield. The higher leaf photosynthetic rate, NSC
accumulation in stems, root oxidation activity, Z + ZR contents in roots, and NR and
GOGAT activities of HD-MA were the fundamental reasons for the increase in DMA and
N accumulation.

3.10. Regulation of Panicle Nitrogen Application Rate on Grain Yield in Rice

In the range of 0~216 kg ha−1 PNAR, the spikelet number per panicle rose gradually
with the increase in PNAR. Likewise, the filled grains and grain weight progressively
declined, and the higher the PNAR, the more pronounced the decrease in filled grains and
grain weight. The grain yield was the highest when the PNAR was 108 kg ha−1. Compared
with no panicle fertilizer, applying panicle fertilizer increased grain yield by 15.0~21.1%
(Table 6). According to the quadratic regression of grain yield and PNAR, the optimal
PNAR for the highest yield of Jinxiangyu 1 was calculated with a value of 139.5 kg ha−1,
and the highest yield was 9.72 t ha−1 (Figure 12).

In the range of 0~216 kg ha−1 PNAR, the panicle AEN, REN, and PEP of Jinxiangyu
1 decreased gradually with the increase of PNAR, while the REN increased first and then
decreased, and the maximum value appeared under 108P treatment (Table 7).
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Figure 11. Correlation between dry matter accumulation (DMA), nitrogen accumulation from heading
(HD) to maturity (MA) stage, and physiological indexes at heading stage (HD). LPR, NSC, ROA,
RZ.ZR, NR, GS, and GOGAT represent leaf photosynthetic rate, non-structural carbohydrate (NSC)
accumulation in stems, root oxidation activity, zeatin (Z) + zeatin riboside (ZR) contents in roots,
nitrate reductase (NR) activity, glutamine synthetase (GS) activity, and glutamate synthase (GOGAT)
activity, respectively. *, ** and *** represent the correlation is significant at the p = 0.05 level, the
p = 0.01 level and the p = 0.001 level respectively.

Table 6. Grain yield and its components in rice under different panicle nitrogen application rates
(PNAR).

Variety Treatment
Grain Yield Panicles Spikelets

per Panicle
Total Spikelets Filled Grains Grain Weight

(t ha−1) (×104 ha−1) (×106 ha−1) (%) (mg)

Jinxiangyu1 0P 8.04 d 263.5 b 129.5 d 341.2 e 89.3 a 26.4 a
54P 9.25 c 270.4 ab 150.4 c 406.7 d 86.8 b 26.2 ab

108P 9.74 a 272.6 ab 159.3 b 434.3 c 86.3 b 26.0 ab
162P 9.42 b 269.8 ab 164.1 b 442.7 b 82.8 c 25.7 b
216P 9.36 b 276.1 a 170.4 a 470.5 a 81.2 c 24.5 c

Different letters represent significant differences at the p < 0.05 level within the same column. 0P, 54P, 108P, 162P,
and 216P represent the panicle nitrogen application rate (PNAR) during the spikelet differentiation period, which
was 0 kg ha−1, 54 kg ha−1, 108 kg ha−1, 162 kg ha−1, and 216 kg ha−1, respectively.

Table 7. Panicle nitrogen utilization efficiency of rice under different panicle nitrogen application
rates (PNAR).

Variety Treatment
Agronomic Use
Efficiency, AEN

Recovery
Efficiency, REN

Physiological
Efficiency, PEN

Partial Factor
Productivity, PEP

(kg kg−1) (%) (kg kg−1) (kg kg−1)

Jinxiangyu 1 0P —— —— —— ——
54P 20.02 a 34.91 a 57.35 b 168.99 a

108P 14.18 b 40.80 b 34.75 a 88.66 b
162P 11.05 c 38.02 c 29.06 ab 60.71 c
216P 6.17 d 35.20 d 17.54 c 43.42 d

Different letters represent significant differences at the p < 0.05 level within the same column. 0P, 54P, 108P, 162P,
and 216P represent the panicle nitrogen application rate (PNAR) during the spikelet differentiation period, which
was 0 kg ha−1, 54 kg ha−1, 108 kg ha−1, 162 kg ha−1, and 216 kg ha−1, respectively.
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The shoot dry weight and N uptake of Jinxiangyu 1 steadily rose with the rise of PNAR.
The accumulation of NSC in stems rose first, then dropped as PNAR increased, reaching its
maximum at 108P. The DMA, N accumulation, and NSC translocation in HD-MA in the
108P treatment were the highest (Figure 13).
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Figure 13. Shoot dry weight accumulation, nitrogen accumulation, and non-structural carbohydrate
(NSC) accumulation of rice under different panicle nitrogen application rates (PNAR). 0P, 54P,
108P, 162P, and 216P represent the panicle nitrogen application rate (PNAR) during the spikelet
differentiation period, which was 0 kg ha−1, 54 kg ha−1, 108 kg ha−1, 162 kg ha−1, and 216 kg ha−1,
respectively. JXY1 represents Jinxiangyu 1. Different letters above the columns represent significant
differences at the p < 0.05 level within the same stage.

The leaf photosynthetic rate, root oxidation activity, and Z + ZR contents in roots of
Jinxiangyu 1 in HD were significantly higher than those in MA, and the leaf photosynthetic
rate, root oxidation activity, and Z + ZR contents in roots during the two stages increased
first and then decreased with the increase of PNAR. The 108~162 kg ha−1 PNAR was
20.2~50.4%, 44.0~69.5%, and 22.1~31.3% higher than that of no panicle fertilizer treatment
(Figure 14).
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Figure 14. Leaf photosynthetic rate, root oxidation activity, and zeatin (Z) + zeatin riboside (ZR)
contents in rice roots under different panicle nitrogen application rates (PNAR). 0P, 54P, 108P, 162P,
and 216P represent the panicle nitrogen application rate (PNAR) during the spikelet differentiation
period, which was 0 kg ha−1, 54 kg ha−1, 108 kg ha−1, 162 kg ha−1, and 216 kg ha−1, respectively.
JXY1 represents Jinxiangyu 1. Different letters above the columns represent significant differences at
the p < 0.05 level within the same stage.

The activities of NR, GS, and GOGAT increased first and then decreased slightly with
the increase of PNAR, and the activities of three key enzymes of N metabolism (NR, GS,
and GOGAT) were the highest under 108P treatment (Figure 15).
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Figure 15. Nitrate reductase (NR), glutamine synthetase (GS), and glutamate synthase (GOGAT)
activities of rice under different panicle nitrogen application rates (PNAR). 0P, 54P, 108P, 162P, and
216P represent the panicle nitrogen application rate (PNAR) during the spikelet differentiation period,
which was 0 kg ha−1, 54 kg ha−1, 108 kg ha−1, 162 kg ha−1, and 216 kg ha−1, respectively. JXY1
represents Jinxiangyu 1. Different letters above the columns represent significant differences at the
p < 0.05 level within the same stage.

4. Discussion
4.1. Effects of N Fertilizer on Rice Yield

The amount of N fertilizer is a significant factor in determining the grain yield. The
amount of N fertilizer input in the field affects the ‘storage capacity’ level and ‘grain
plumpness’ [27,28]. Some scholars believed that in the range of 0~300 kg ha−1 TNAR,
the grain yield of quality, good-tasting rice increased with the increase in TNAR. The
reason is mainly the significant rise in the number of effective panicles and spikelets per
panicle, which gives the rice a higher population of spikelets and ensures its sufficient
‘storage capacity’. At the same time, the ‘grain plumpness’, that is, the filled grains and
grain weight, are slightly reduced [29,30]. Some researchers also believed that applying N
fertilizer can promote spikelet differentiation in high-quality rice populations in the range
of 0–270 kg ha−1, which benefits the formation of panicle number and spikelet number
per panicle. When the N fertilizer rate exceeds 270 kg ha−1, it will cause a decrease in the
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number of spikelets per panicle, resulting in a decline in the number of spikelets. This
phenomenon can be attributed to inadequate transportation of assimilates between the
source and sink of rice plants. The term “source” in rice pertains to the organs and tissues
responsible for the production and exportation of assimilates, with leaves assuming a crucial
role as the primary source during the reproductive growth phase. Excessive N application
will lead to a decrease in leaf area index and specific leaf mass, affecting the supply of
sources [31]. “Sink” denotes an organ that utilizes or stores assimilates, with spikelets
per panicle being the principal sink index closely related to yield. The overapplication of
nitrogen leads to an increase in the degeneration of primary and secondary spikelets in rice,
leading to diminished “sink capacity”. Simultaneously, the filled grains and grain weight
slightly decreased, impairing grain filling and resulting in a substantial decline in grain
yield per unit area [32–34].

The generation procedure for rice yield is the generation of dry matter production,
distribution, and accumulation, in which the DMA from HD to MA has the most significant
impact on yield [35,36]. Gaining the amount of N fertilizer can affect the dry weight of
leaves and stems at HD, the DMA from HD to MA, and the export rate and transport
rate of stems [37,38]. However, too high a N concentration will inhibit rice growth and
affect DMA [26,39]. Appropriate N fertilizer rates can maintain the photosynthetic function
during the grain filling stage, produce more net photosynthetic products after HD, and
promote rice yield [40].

In this paper, the spikelet number of three rice populations increased with the increase
of TNAR in the range of 0~360 kg ha−1, and the increasing extent gradually decreased.
The 270T treatment significantly increased the DMA and N accumulation in HD-MA and
increased rice yield.

4.2. Physiological Mechanisms of N Fertilizer Affecting Rice Yield

The root is a critical part of rice, which provides water and nutrients for various
developmental organs and is an essential place for hormone synthesis [41]. CTK is a
phytohormone synthesized by roots and transported to the aboveground part through
conducting tissues to regulate plant growth and development. Increased CTK activity
can facilitate increased spikelet numbers per panicle and rice yield [42]. N fertilizer can
promote the biosynthesis and transmembrane transport of CTK, enhance rice root activity,
and promote grain yield [43,44]. In our experiment, the strong root oxidation ability and
Z + ZR contents in roots under 270T treatment can promote the transport of NSC from
stems to grains, increase the activity of critical enzymes in sucrose-starch metabolism,
promote rice grain filling, and thus increase rice yield. The root oxidation activity and
Z + ZR contents in roots of high-yield panicle fertilizer N rate level (162P) also reached
their maximum.

Root and shoot are interdependent. In addition to root physiology, assimilation, ac-
cumulation, storage, transport, and their ability to produce photosynthetic material in
vegetative organs all play a role in grain output [45,46]. N is the fundamental element of
amino acids, proteins, nucleic acids, coenzymes, and photosynthetic pigment molecules
in plants. Compared with roots and stems, leaves are the most important organ for N
accumulation in rice. Higher N levels in leaves are conducive to optimizing the photosyn-
thetic characteristics of leaves, thereby improving N photosynthetic efficiency. Appropriate
application of N fertilizer can significantly increase the net photosynthetic rate of the flag
leaf at the late growth stage, prevent the flag leaf from aging, and extend the photosynthetic
time [47]. Some studies have pointed out that compared with the high-yield population,
the photosynthetic rate and photosynthetic potential of the super-high-yield population
are smaller in the early stages of fertility, more prominent in the later stages of fertility,
and the photosynthetic potential from HD to MA accounts for more than 50% of the total
photosynthetic potential [48]. The NSC stored in the stems mainly includes soluble sugar
and starch, the major products of rice photosynthesis and vital substrates for respiration. In
the network of plant development and metabolism, NSC is essential. Gaining the accumu-
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lation of NSC in stems before HD and the translocation of NSC after HD is advantageous
to accelerate the grain filling process and augment grain yield formation [49,50]. This
experiment reveals that the higher leaf photosynthetic rate and NSC accumulation under
270T treatment promoted DMA and N uptake in HD-MA, thereby increasing rice yield.
The leaf photosynthetic rate and NSC accumulation in stems in HD-MA at 162P were
significantly higher than those at low grain yield levels, with an increase of 25.9~50.4% and
23.7~39.0%, respectively.

The N uptake and accumulation in rice are closely related to the activities of key
enzymes in N metabolism, such as NR, GS, and GOGAT in leaves. The enzymes that
control and limit the rate of N assimilation are known as NR, GS, and GOGAT. They
are involved in regulating N and carbon metabolism and are the key enzymes of the N
metabolism center. The GS/GOGAT cycle is the primary way of ammonia assimilation
in higher plants and is mainly involved in plant N metabolism to convert inorganic N
into organic N. These enzymes constitute a N metabolism network and link carbon and N
metabolism, affecting the entire metabolic network [51,52]. The expression and activity of
the NR gene in rice are affected by NO3-. Increasing N fertilizer can promote the activity of
NR, GS, and GOGAT and increase the absorption and utilization of N fertilizer in plants.
In this experiment, higher NR and GOGAT activity under 270T treatment promoted DMA
and N uptake in HD-MA, thereby increasing rice yield. The level of high-yield PNAR
(108P) signally enhanced the activities of critical enzymes of N metabolism in leaves, which
could promote the synthesis of more photosynthetic products in leaves, thus increasing
the grain yield. However, too high PNAR (216P) will cause the plant to be green and late,
which is not advantageous to the further promotion of grain yield.

5. Conclusions

DMA and N uptake from HD to MA play pivotal roles in determining rice yield
and N utilization efficiency. Under the appropriate TNAR (270 kg ha−1), the higher leaf
photosynthetic rate, NSC accumulation in stems, root oxidation activity, Z + ZR contents in
roots, and stronger NR and GOGAT activities from HD to MA were beneficial to promote
DMA and N accumulation, thereby increasing grain yield. Appropriate PNAR (108 kg ha−1)
was also advantageous for the improvement of the aforementioned physiological indices,
thereby facilitating enhanced DMA and N uptake in rice and, consequently, increasing
rice yield.
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