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Abstract: The use of polymer-coated urea (PCU) can improve nitrogen use efficiency (NUE), compared
to the application of rapid-release urea (RU). However, the effect of PCU-based nitrogen management
on grain yield and the NUE of rice and its underlying mechanism remain unclear. A japonica rice
cultivar Jinxiangyu 1 was grown in the field with four treatments including N omission (0N), split
application of RU (Control), one-time application of 100% PCU (T1), and one-time application of 70%
PCU + 30% RU (T2). Results showed that, compared to the control, the grain yield was significantly
increased in the T2 treatment, while it was comparable in the T1 treatment. This was mainly due
to increased total spikelets in the T2 treatment. Root oxidation activity (ROA) and root zeatin (Z)
+ zeatin riboside (ZR) content during booting were the distinct advantages of the T2 treatment,
compared to either the control or T1 treatment, exhibiting significant or highly significant correlations
with leaf photosynthesis. This process contributed significantly to total spikelets and total N uptake.
Additionally, the T2 treatment absorbed more N than the control without reducing the internal
N use efficiency (IEN), primarily due to its unchanged harvest index (HI) driven by comparable
non-structural carbohydrate remobilization. In conclusion, combining PCU with RU can enhance the
coordination of root and shoot traits during booting while maintaining a competitive HI at maturity,
thereby significantly improving grain yield and achieving a balance in N uptake and utilization.

Keywords: rice (Oryza sativa L.); polymer-coated urea; grain yield; nitrogen use efficiency; root and
shoot traits

1. Introduction

Rice (Oryza sativa L.) is one of the world’s major staple crops, providing nearly 70%
of dietary calories for over 3 billion people [1,2]. With urbanization and environmental
pollution accelerating, China’s arable land is dwindling [3]. Therefore, enhancing the
rice yield per unit area is pivotal for ensuring food security [4]. Nitrogen (N) is a key
factor in rice production and a significant component of production costs [4,5]. Generally,
rapid-release urea (RU), i.e., conventional urea, is the most widely used fertilizer in rice
production [5,6]. However, in high-yielding regions such as Jiangsu Province, the current
high rates of nitrogen fertilizer input, with average RU applications exceeding 300 kg ha−1,
have merely resulted in annual rice yields surpassing 19 Mt since 2015 [4]. Previous studies
have shown that the overuse of RU not only results in N loss and low nitrogen use efficiency
(NUE) in paddy fields but also leads to soil acidification, water pollution, and elevated
emissions of greenhouse gas [4,6,7]. Given the trade-off between an increase in NUE and
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adverse effects on the environment, agronomists propose that a split application of RU,
that is, applying RU with an appropriate ratio based on the plant nutrient requirements
at different growth stages, can address both of these concerns [8,9]. Nevertheless, this ap-
proach increases labor input amidst urbanization-induced labor shortages [7,10]. Therefore,
improving both grain yield and NUE while minimizing environmental pollution, as well
as achieving labor/time-saving, are urgent issues in rice production.

Controlled-release N fertilizer (CRNF) is a novel approach in fertilization charac-
terized by its slow nutrient release, fewer application times, and reduced environmental
impact [7,11,12]. It is commonly reported that polymer-coated urea (PCU), as a widely used
CRNF, can mitigate nitrogen losses in paddy fields and improve NUE in rice [11]. However,
some recent studies argue that a one-time application of PCU fails to increase grain yield in
both rice and wheat due to its slow nitrogen release rate during the early stages, whereas a
subsequent study observes an increase of 14.8–18.2% in cotton yield [12–14]. For example,
previous studies present conflicting results, with some showing a decrease in rice grain
yield when using PCU compared to RU, while others report an increase of up to 10% [13,14].
Additionally, some studies indicate that combining RU with PCU does not significantly
affect grain yield or NUE, while other observations extensively demonstrate its potential
to increase both [15,16]. These results suggest that PCU application management exhibits
instability in increasing both grain yield and NUE depending on crop species. Therefore,
it is important to investigate the effects of PCU-based N management on grain yield and
NUE in rice.

In addition, many studies demonstrate that there is a coordinated relationship between
root and shoot traits in rice, which affects grain yield and NUE [17–20]. Specifically, it is
reported that rice root’s morpho-physiological traits, including root dry weight, root length,
and root activity, are conducive to improving shoot photosynthetic production [18,21].
Correspondingly, improved shoot activity can maintain considerable root activity by deliv-
ering photo-assimilates [22,23]. There is a proposal that enhancing root and shoot activities
during the key growth stages of rice, particularly during spikelet formation and grain
filling, can significantly increase grain yield and NUE [18,24]. Results reported by different
studies have confirmed that root and shoot traits during these key growth stages vary with
N application management strategies [18]. For instance, site-specific nitrogen management
(SSNM) is believed to increase the number of spikelets per panicle and the percentage of
filled grains, primarily driven by an enhanced root activity [25,26]. Additionally, numerous
studies suggest that postponing nitrogen application benefits photosynthetic production,
thereby improving grain filling in cereal crops [27–29]. However, the differences in root and
shoot traits under PCU-based N management still remain obscure, and the mechanisms
underlying the biological process for grain yield and NUE are not well understood.

This study tested the hypothesis that a combination of PCU with RU could synergisti-
cally increase grain yield and NUE in rice. Furthermore, we also explored the differences
in root and shoot traits across different N management treatments, aiming to uncover
the mechanisms governing grain yield and NUE. We anticipate that the findings of this
research will provide practical and theoretical insights for the advancement of high-yield
and high-efficiency cultivation practices in rice.

2. Materials and Methods

The site for this study was Yangzhou University, situated in Jiangsu Province, China
(latitude 32.35◦ N, longitude 119.55◦ E). The experiment took place over the rice-growing
seasons, from May to October, in both 2021 and 2022, at fixed points. The physicochemical
properties of the soil are listed in Table S1. The average temperatures during the 2021 and
2022 growing seasons were 27.2 ◦C and 26.9 ◦C, respectively. Monthly rainfall averaged
142 mm in 2021 and 83.4 mm in 2022, while average monthly sunshine hours were 116 h in
2021 and 168 h in 2022 (Figure S1).
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2.1. Experimental Design

A japonica variety, Jinxiangyu 1, was grown in a paddy field under four N man-
agement treatments: N omission (0N), split application of rapid-release urea (Control),
one-time application of polymer-coated urea (T1), and a combination of 70% polymer-
coated urea + 30% rapid-release urea (T2). In the control treatment, 40% of the nitrogen was
applied as basal fertilizer, followed by 20% during early tillering, another 20% at panicle
initiation, and the remaining 20% at pistil and stamen differentiation. The N amount was
240 kg ha−1 for each treatment, with T1 and T2 treatments applied once as basal fertilizer.
The PCU, coated with starch and montmorillonite-modified polyurethane, had a release
period of 120 d (Moith, Co., Ltd., Hefei, China). Additionally, 30 kg ha−1 of phosphorus
(as P2O5) and 40 kg ha−1 of potassium (as KCl) were incorporated into the soil with the
basal fertilizer. The experiment was conducted using a randomized block design, with each
treatment plot measuring 30 m2 and replicated three times. Chemical and manual methods
were employed to manage weeds, insects, and diseases, preventing yield loss. The field
experienced alternating wetting and drying cycles from 7 days after transplanting until
one week before harvest.

2.2. Sampling and Measurement

Plant samples were collected at distinct growth stages: mid-tillering (MT) at 20 days
after transplanting (DAT), panicle initiation (PI) at 40–42 DAT, booting stage (BT) at
47–49 DAT, heading time (HT) at 62–64 DAT, mid grain filling (MGF) at 87–90 DAT, and
maturity (MA) at 125–128 DAT. The root and shoot traits were mainly determined at MT,
BT, HT, and MGF.

2.2.1. Shoot Dry Weight and Nitrogen Use Efficiency

Five hills of rice plants were collected and separated into leaves, stems (including
culms and sheaths), panicles (only at the HT and MA stages), and roots. Leaf area was
measured using a leaf area analyzer (Li-3000C, LI-COR, Tucson, AZ, USA). The plant
tissues were subsequently placed in an oven at 75 ◦C until they reached a constant weight,
after which they were weighed to determine the dry matter weight. Finally, all the plant
tissues were ground into powder to determine the N content using the Kjeldahl method
(Foss 8400, Hilleroed, Denmark). The nitrogen use efficiency was calculated according to
the method described by Xue et al. [26]. The leaf area duration (LAD) and crop growth rate
(CGR) were calculated using the following expressions, respectively:

LAD
(

m2 m−2 d−1
)
=

1
2
(LAI1 + LAI2)× (t2 − t1) (1)

CGR
(

g m−2 d−1
)
=

W2 − W1

t2 − t1
(2)

where LAI1 and LAI2 are the first and second measurements of leaf area index, respectively;
W1 and W2 are the first and second measurements of shoot dry weight, respectively; and t1
and t2 represent the first and second day of measurement, respectively.

2.2.2. Root Traits and Non-Structural Carbohydrates (NSC)

Rice plants from five hills were sampled, with a soil volume of 20 cm × 20 cm × 20 cm.
The roots within these soil samples were meticulously cleaned using a high-pressure water
device. Each plant was divided into shoots and roots. Three root samples were collected to
measure root length, using a method outlined by Ju et al. [17]. These root samples were
then dried in an oven at 70 ◦C until reaching a constant weight to determine root dry
weight. The remaining roots were weighed at 1 g and placed in a mixture of 25 mL of
a 40 mg L−1 alpha-naphthylamine (α-NA) solution and 25 mL of a phosphate-buffered
solution (pH 7). After standing for 10 min, 2 mL of the solution was taken to determine the
remaining amount of α-NA. The degree of reduction in α-NA indicates the level of root
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oxidation activity (ROA). The preparation of the α-NA solution and the calculation of ROA
were carried out using a method described by Ramasamy et al. [30].

The shoot samples, consisting mainly of stems (including culms and sheaths), were
gathered for NSC content. The NSC is the sum of starch and soluble sugars. The samples
were weighed at 0.1 g and extracted three times with 80% ethanol at 80 ◦C in a water bath for
30 min each. After extraction, the final volume was adjusted to 50 mL. Subsequently, 2 mL
of the resulting extract was combined with 0.5 mL of anthrone and 5 mL of concentrated
sulfuric acid. The mixture was immediately placed in a boiling water bath for 1 min and
then analyzed using spectrophotometry at 620 nm for soluble sugar measurement. For the
extraction of starch content, 2 mL of 9.2 mol L−1 perchloric acid was added, followed by
a 15-min incubation in a boiling water bath. The remaining procedures were conducted
identically to those used for the determination of the soluble sugar content. The calculation
method for NSC remobilization was based on the approach described by Zhu et al. [31]
and Sun et al. [32].

2.2.3. Root Zeatin (Z) and Zeatin Riboside (ZR) Content

Root and shoot parts were separated from three hills of rice plants for sampling. The
roots were meticulously cleaned, dried, rapidly frozen in liquid nitrogen, and subsequently
ground into powder to extract Z + ZR. The sample was extracted with an isopropanol
solution (composed of isopropanol, ultrapure water, and concentrated hydrochloric acid
in a ratio of 2:1:0.002) at 4 ◦C for 4 h. Following extraction, 10 mL of dichloromethane
solution was added, and the mixture was subjected to centrifugation for 5 min (4 ◦C, relative
centrifugal force of 13,000× g). The lower layer of the centrifuged solution, which contained
the cytokinins, was collected and concentrated by freeze-drying. The extraction method
followed the procedure outlined by Zhu et al. [31]. The quantification of Z + ZR in roots
was determined using triple quadrupole high-performance liquid chromatography–mass
spectrometry (HPLC–MS), as described by Pan et al. [33].

2.2.4. Leaf Photosynthetic Rate

Ten rice leaves from central rows were used for photosynthetic rate measurement.
The photosynthetic rate of the leaves was measured with a gas exchange analyzer

(Li-Cor 6800, Tucson, AZ, USA). The measurement was made from 9:00 to 11:00 a.m., when
photosynthetically active radiation above the canopy was 1300~1500 µmol m−2 s−1.

2.2.5. Ammonia Volatilization

Ammonia volatilization was measured using a vented-chamber method [11]. Each
plot contained two chambers made of polyvinyl chloride tubes (30 cm in height and 16 cm
in diameter), each fitted with two phosphoglycerol-soaked sponges. The samples were
collected daily after fertilization, then at 2–3 day intervals for the following week, and
subsequently on a weekly basis until rice harvest. Ammonia absorbed in the lower sponges
was extracted with 300 mL of 1.0 mol L−1 potassium chloride solution after oscillation
for 1 h. The quantity of ammonium in the extracted solutions was determined using the
method outlined by Li et al. [11].

2.2.6. Final Harvest

Between October 18 and 20, ten randomly chosen plants (excluding border plants)
from the central row of each plot were sampled for measuring the number of panicles,
spikelets per panicle, the percentage of filled grains, and the grain weight. The grain yield
was determined by harvesting and weighing all plants from a 5 m2 area in each plot, with
subsequent adjustment to a 14% moisture content.

2.3. Statistical Analysis

An analysis of variance (ANOVA) was performed using SAS/STAT software (version
9.2; SAS Institute, Cary, NC, USA). Data visualization was carried out using Origin software
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(version 2021; Origin Lab, Northampton, MA, USA). To determine statistical significance,
the means were compared using the least significant difference (LSD) method at a signif-
icance level of p < 0.05. The statistical model considered factors such as year, treatment,
and their interactions (year × treatment) to identify sources of variation. Additionally,
a correlation analysis was conducted and visualized using the R package (version 4.1.1;
https://cran.r-project.org, accessed on 9 May 2024). Given that the 0N treatment, which
serves as the nitrogen blank treatment, was used solely for calculating NUE, this study
primarily focuses on the control, T1, and T2 treatments.

3. Results
3.1. Grain Yield, NUE, and Ammonia Volatilization

As shown in Table 1, compared to that in the control, the grain yield was significantly
higher in the T2 treatment, while it was comparable in the T1 treatment. The number of
total spikelets was significantly increased in the T2 treatment, but no significant difference
was observed between the T1 treatment and the control. The percentage of filled grains
and grain weight did not exhibit significant differences among the control, T1, and T2
treatments. It is noteworthy that the percentage of filled grains in 2022 was exceptionally
low under the 0N treatment, primarily due to the extremely high temperatures with respect
to the stages of heading and early grain filling (Table 1; Figure S1).

Table 1. Grain yield and its components of rice under various N management treatments.

Year/Treatment
Grain
Yield
(t ha−1)

Panicles
(m2)

Spikelets
per Panicle

Total
Spikelets
(103/m2)

Filled
Grains
(%)

Grain
Weight
(mg)

2021
0N 5.84 c 179 c 136 c 24.3 c 90.4 a 26.5 a
Control 9.02 b 284 a 146 b 41.4 b 85.8 b 26.6 a
T1 9.17 b 271 b 157 a 42.5 b 85.5 b 26.4 a
T2 9.76 a 282 a 160 a 45.1 a 85.4 b 26.4 a
2022
0N 3.56 c 192 c 123 c 23.7 c 69.0 b 24.9 a
Control 7.21 b 297 a 135 b 40.9 b 78.9 a 24.1 b
T1 7.43 b 281 b 147 a 41.8 b 77.3 a 24.2 b
T2 7.96 a 294 a 149 a 45.7 a 77.8 a 24.2 b
Analysis of
Variance
Year (Y) 883 ** 65.8 ** 124 ** 13.6 ** 765 ** 2646 **
Treatment (T) 21.3 ** 1145 ** 125 ** 775 ** 7.87 ** 25.0 **
Y × T 4.11 * NS NS NS 75.6 ** 21.1 **

0N, N omission; Control, split application of RU; T1, one-time application of a single PCU; T2, one-time application
of 70% PCU + 30% RU. Different letters indicate statistical significance at p = 0.05 level within the same column.
*, significant at p = 0.05 level. **, significant at p = 0.01 level. NS means not significant at the p = 0.05 level.

At the HT and MA stages, the above-ground N accumulation was significantly higher
in the T1 and T2 treatments compared to that in the control. At the MT stage, N accu-
mulation showed no significant difference between the control and the T2 treatment, but
was higher in the control or in the T2 than in the T1 treatment. Meanwhile, no signifi-
cant differences were observed among the control, T1, or T2 treatments at the PI stage
(Figure 1A,C). Furthermore, from PI to HT, the N accumulation in the T2 treatment was
the highest, followed by T1 and then control. From HT to MA, the T1 treatment exhibited
the highest N accumulation, followed by T2 or the control. The N accumulation from MT
to PI was comparable among these three treatments (Figure 1B,D).

Total N uptake (TNU) was significantly higher in both the T1 and T2 treatments,
compared to that in the control, and exhibited no significant difference between T1 and T2
treatments (Table 2). Similar results were observed for N recovery efficiency (REN). The T2
treatment exhibited the highest agronomic N use efficiency (AEN), while the AEN values
for the T1 treatment and the control were comparable. Additionally, the T1 treatment had

https://cran.r-project.org
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significantly lower internal N use efficiency (IEN), whereas no significant difference in IEN
was observed between the control and the T2 treatment.
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panicle initiation; HT, heading time; MA, maturity. Different letters above the column indicate sta-
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Figure 1. Nitrogen accumulation in 2021 (A,B) and 2022 (C,D) during each growth stage under
various N management treatments. 0N, N omission; Control, split application of RU; T1, one-time
application of a single PCU; T2, one-time application of 70% PCU + 30% RU. MT, mid-tillering;
PI, panicle initiation; HT, heading time; MA, maturity. Different letters above the column indicate
statistical significance at p = 0.05 level.

Table 2. Nitrogen use efficiency of rice under various N management treatments.

Year/Treatments TNU
(kg hm−2)

AEN
(kg kg−1)

IEN
(kg kg−1)

REN
(%)

2021
0N 79.4 c - 73.6 a -
Control 172 b 13.3 b 52.5 b 38.6 b
T1 193 a 13.8 b 47.5 c 47.3 a
T2 194 a 16.2 a 50.1 b 47.8 a
2022
0N 67.5 c - 52.7 a -
Control 144 b 15.4 b 50.1 a 31.9 b
T1 157 a 16.1 b 46.1 b 37.3 a
T2 161 a 18.3 a 50.7 a 39.0 a
Analysis of Variance
Year (Y) 586 ** 47.1 ** 66.3 ** 137 **
Treatment (T) 1894 ** 33.8 ** 92.4 ** 49.9 **
Y × T 22.9 ** NS 45.8 ** NS

0N, N omission; Control, split application of RU; T1, one-time application of a single PCU; T2, one-time application
of 70% PCU + 30% RU. Different letters indicate statistical significance at p = 0.05 level within the same column.
**, significant at p = 0.01 level. NS means not significant at the p = 0.05 level.

Throughout the entire growth stages averaged across two years, the total amount of
ammonia volatilization from PCU-based N management treatments was significantly lower
than that from the control, particularly during the period from PI to HT, which corresponds
to 37 to 66 days after transplanting (Figure S2A,B).

3.2. Shoot Dry Matter Weight and Crop Growth Rate

At the MT and PI stages, the shoot dry matter weight was significantly lower in the T1
treatment compared to in the control or the T2 treatment, while no significant difference was
observed between the control and the T2 treatment. At the HT stage, the dry matter weight
was comparable between T1 and T2 treatments, and it was significantly higher in the T1 or in
the T2 than in the control. At maturity, the dry matter weight was highest in the T2 treatment,
followed by the T1 treatment, and showed the lowest in the control (Figure 2A,B).
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Figure 2. Shoot dry matter weight and crop growth rate during in 2021 (A,C) and 2022 (B,D) each
growth stage under various N management treatments. 0N, N omission; Control, split application
of RU; T1, one-time application of a single PCU; T2, one-time application of 70% PCU + 30% RU.
MT, mid-tillering; PI, panicle initiation; HT, heading time; MA, maturity. Different letters above the
column indicate statistical significance at p = 0.05 level. The red arrows indicate the magnification of
the bar chart for the MT stage.

From MT to PI, the control and T2 treatments showed comparable crop growth rates
(CGR), both exhibiting significantly higher CGRs than the T1 treatment. From PI to HT,
there was no significant difference in the CGR between T1 and T2 treatments, and both had
significantly higher CGRs than the control. From HT to MA, the CGR was significantly
higher in either the T1 or the T2 treatments than in the control, with the T2 treatment
showing the highest CGR (Figure 2C,D).

3.3. Leaf Area Duration and Photosynthetic Rate

The leaf area duration (LAD) was significantly lower in the T1 treatment than in the
control or the T2 during the stage from MT to PI, while it showed similar values between
the control and the T2. During the growth periods spanning from PI to HT and from HT
to MA, the T1 and T2 treatments showed no significant difference in LAD, but both had
remarkably higher LADs than the control (Figure 3A,B).
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of a single PCU; T2, one-time application of 70% PCU + 30% RU. MT, mid-tillering; BT, booting;
HT, heading time; MGF, mid-grain filling. Different letters above the column indicate statistical
significance at p = 0.05 level.

Compared to that in the control, the photosynthetic rate was significantly lower in
the T1 treatment, while it was comparable in the T2 treatment at the MT stage. At the
booting stage, both T1 and T2 treatments showed greater photosynthetic rate than the
control, with the T2 showing the highest value. At the HT stage, the photosynthetic rate
was comparable between the T1 and T2 and was significantly higher in the T1 or in the T2
than in the control. At maturity, there was no significant difference in the photosynthetic
rate among the control, T1, or T2 treatments (Figure 3C,D).

MT, mid-tillering; BT, booting stage; HT, heading time; MGF, mid grain filling. The
same is as bellow.

3.4. Root Morpho-Physiological Traits

At the MT stage, compared to that in the control, the root dry weight was significantly
lower in the T1 treatment, while it was comparable in the T2 treatment. The root dry weight
exhibited no significant difference between the T1 and T2 treatments, but both showed
significantly higher root dry weight than the control from the BT to MGF. A similar trend
was observed in the root length (Figure 4A–D).
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Figure 4. Root dry weight (A,B), root length (C,D), and root oxidation activity (E,F) in 2021 and
2022 under various N management treatments. 0N, N omission; Control, split application of RU;
T1, one-time application of a single PCU; T2, one-time application of 70% PCU + 30% RU. MT,
mid-tillering; BT, booting; HT, heading time; MGF, mid-grain filling. Different letters above the
column indicate statistical significance at p = 0.05 level.

The root oxidation activity (ROA) showed no significant difference between the control
and the T2 treatment, but was significantly higher in the control or in the T2 than the T1
treatment at the MT stage. At the BT, the T2 treatment showed a significantly higher ROA
compared to the control, while the T1 treatment showed intermediate values. At the HT
stage, there was no significant difference in the ROA between the T1 and T2 treatments, but
both treatments had higher ROA than the control. At the MGF stage, the ROA was highest
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in the T1 treatment, followed by the T2 treatment or the control (Figure 4E,F). The root Z +
ZR content showed a similar trend to ROA (Figure 5).
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3.5. NSC Remobilization and Harvest Index

The T2 treatment showed higher NSC accumulation at heading compared to the
control, with the T1 treatment falling in between. At maturity, the NSC accumulation in the
T1 treatment significantly surpassed that of the control or the T2 treatment, with the control
exhibiting the lowest value. Compared to the control, the T1 treatment had significantly
lower NSC remobilization, with the T2 treatment showing no significant difference. The
harvest index followed a trend similar to that of NSC remobilization (Table 3).

Table 3. NSC remobilization and harvest index in rice under various N management treatments.

Year/Treatment
NSC Accumulation in the Stem
(g/m2)

NSC Remobi-
lization
(%)

Harvest Index
Heading Maturity

2021
0N 154 d 71.5 d 53.6 a 0.490 a
Control 210 c 104 c 50.5 b 0.465 b
T1 228 b 129 a 43.4 c 0.441 c
T2 240 a 115 b 52.1 b 0.460 b
2022
0N 146 d 93.5 d 36.0 c 0.302 c
Control 198 c 105 c 47.0 a 0.416 a
T1 218 b 132 a 39.3 b 0.399 b
T2 232 a 124 b 46.6 a 0.413 a
Analysis of Variance
Year (Y) 291 ** 123 ** 62 ** 601 **
Treatment (T) 662 ** 251 ** 44.7 ** 37 **
Y × T NS 18 ** 35.8 ** 114 **

0N, N omission; Control, split application of RU; T1, one-time application of a single PCU; T2, one-time application
of 70% PCU + 30% RU. Different letters indicate statistical significance at p = 0.05 level within the same column.
**, significant at p = 0.01 level. NS means not significant at the p = 0.05 level.

3.6. Correlation Analysis

The root traits, particularly the ROA and root Z + ZR content during each growth
stage exhibited significant or highly significant positive correlations with N accumulation,
leaf area duration, crop growth rate, and leaf photosynthetic rate at the corresponding
stages. Grain yield, N recovery efficiency, total N uptake, and total spikelets were highly
correlated with ROA and root Z + ZR content during booting (Figure 6).
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Figure 6. The correlations of main root and shoot traits with grain yield, N recovery efficiency, total N
uptake, and total spikelets. GY, grain yield; REN, N recovery efficiency; TN, total N uptake; TS, total
spikelets; MTRDW, root dry weight at mid-tillering; BTRDW, root dry weight at booting; HTRDW,
root dry weight at heading; MGFRDW, root dry weight at mid grain filling; MTRL, root length at mid-
tillering; BTRL, root length at booting; HTRL, root length at heading; MGFRL, root length at mid grain
filling; MTROA, root oxidation activity at mid-tillering; BTROA, root oxidation activity at booting;
MGFROA, root oxidation activity at mid grain filling; MTZ, root Z + ZR content at mid-tillering;
BTZ, root Z + ZR content at booting; HTZ, root Z + ZR content at heading; MGFZ, root Z + ZR
content at mid grain filling; NAMP, N accumulation from mid-tillering to panicle initiation; NAPH, N
accumulation from panicle initiation to heading; NAHM, N accumulation from heading to maturity;
LADMP, leaf area duration from mid-tillering to panicle initiation; LADPH, leaf area duration from
panicle initiation to heading; LADHM, leaf area duration from heading to maturity; CGRMP, crop
growth rate from mid-tillering to panicle initiation; CGRPH, crop growth rate from panicle initiation
to heading; CGRHM, crop growth rate from heading to maturity; PnMT, leaf photosynthetic rate at
mid-tillering; PnBT, leaf photosynthetic rate at heading; PnHT, leaf photosynthetic rate at booting;
PnMGF, leaf photosynthetic rate at mid grain filling. *, **, ***, significant at p = 0.05, 0.01, and
0.001, respectively.

4. Discussion

In China’s rice production, excessive N fertilizer application is a common issue, leading
to a high yield but a low use efficiency [4,34,35]. To address this problem, agronomists have
developed various N management strategies, particularly the introduction of PCU, which
not only decreases N losses but also provides environmental and economic benefits [10–15].
However, there is still controversy regarding whether PCU could effectively increase rice
grain yield and NUE, with this uncertainty primarily stemming from variations in applica-
tion methods, rice varieties, and environmental factors [14]. In this study, we observed that
the T2 treatment (one-time application of 70% PCU + 30% RU) significantly increased grain
yield, while the T1 treatment (one-time application of a single PCU) achieved a comparable
level, compared to the control (split application of RU) (Table 1). Some studies suggest that
the yield increase from PCU-based N management is due to improved grain filling rate
and grain weight [13,14,16]. However, in this study, the primary factor influencing yield
variation was the total number of spikelets. Briefly, the T2 treatment demonstrated a greater
total spikelet number, while the T1 treatment maintained an unchanged value, in relation
to the control (Table 1). It is generally believed that the panicle number and the spikelets
per panicle are the two key factors that determine the total spikelet number [36,37]. We
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observed that both the T1 and T2 treatments exhibited a higher number of spikelets per
panicle compared to the control. However, the panicle number in the T2 treatment was
comparable to the control, while it was lower in the T1 treatment (Table 1). These results
suggest that a combination of PCU and RU can effectively overcome the inhibition of the
tiller number observed in the sole application of PCU. This approach finally converts the
advantage of a higher number of spikelets per panicle into the superiority in total spikelets.
In addition, high temperatures during the heading and early grain-filling stages in 2022
resulted in significantly lower yields across all treatments, compared to 2021, especially
under the 0N treatment (Table 1). This result also indicates that nitrogen application can
mitigate the adverse effects of high temperatures. Nevertheless, the consistent trends
observed over both years demonstrate the stability of the yield-enhancing effect of PCU
combined with RU across different growing seasons.

Notably, both T1 and T2 treatments substantially improved the N recovery use ef-
ficiency (REN), compared to the control. Numerous studies consistently conclude that
the N uptake during booting is crucial for determining the total N uptake and REN in
rice [38,39]. In the present study, we also observed that the PCU management, especially the
T2 treatment, possessed a distinct advantage in N accumulation from the PI to HT stages
(Figure 2C,D). Moreover, compared to the PCU-based N treatments, the split application
of RU resulted in higher ammonia volatilization, especially during the stages from PI to
HT (Figure S2). Therefore, we propose that the enhanced nitrogen use efficiency (NUE)
in PCU management treatments is primarily due to reduced nitrogen loss, which also
mitigates environmental risks. Moreover, it is widely recognized that increased N uptake
can have a negative impact on N utilization, leading to a trade-off between N uptake and N
utilization [40,41]. The present study showed that the T1 treatment significantly decreased
the internal N use efficiency (IEN) in comparison with the control, while the T2 treatment
showed similar values to the control (Table 2). Furthermore, both T1 and T2 absorbed more
N than the control after heading (Figure 1C,D). There are reports showing that excessive N
uptake, particular post-anthesis N uptake, may lead to unfavorable senescence, retarding
the assimilate remobilization, thereby decreasing the IEN [42–44]. It is further hypothesized
that rice varieties with a larger sink size can mitigate the negative effect of high N uptake
by enhancing the remobilization of photo-assimilates from vegetative organs, which are
closely associated with IEN [45,46]. In summary, we conclude that a reduced application
rate of PCU, combined with RU substitution, is an effective strategy to obtain higher N
uptake without sacrificing its utilization.

Prior to this study, little was known about the mechanism underlying the improve-
ments in grain yield and NUE under a combination of PCU with RU. We observed that root
traits, particularly the ROA and root Z + ZR content during the BT, contributed significantly
to the grain yield and N uptake. Furthermore, the T2 treatment had a unique advantage in
these traits, which were also highly correlated with the number of total spikelets (Figure 6).
It is reported that the booting stage (BT) is critical for the maximum tiller number and
essential for spikelet formation in rice [47,48]. Hence, reducing tiller mortality and pro-
moting more spikelet production are fundamental to achieving a higher number of total
spikelets [48–51]. However, this process requires more photo-assimilates to provide a
sufficient energy basis [51]. The present results show that the T2 treatment exhibited a
greater leaf photosynthetic rate, leaf area duration, and crop growth rate compared to the
control at the BT (Figures 2 and 3). They were very positively correlated with the ROA and
root Z + ZR content (Figure 6). There are reports suggesting that maintaining a higher root
activity, e.g., ROA and root Z + ZR content, is conductive to shaping the N gradient in rice
leaves, thereby obtaining greater photosynthetic production [42,52]. Our earlier work has
also demonstrated that rice varieties with a greater ROA and higher root Z + ZR content can
induce the expression of genes related to nitrogen transport [52,53]. Overall, we conclude
that the combination of PCU and RU can significantly increase the content of Z + ZR in
roots, particularly during booting. This enhancement can promote shoot photosynthetic
production, providing the material basis for the formation of more spikelets. Additionally,
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a greater amount of photo-assimilates can feed back to the roots, enhancing root activity
and promoting N uptake from the soil. This process is crucial for the formation of a higher
total number of spikelets and greater N uptake.

It should be noted that, compared to the control, the T1 treatment exhibited a better
performance in ROA and root Z + ZR content at the MGF stage, followed by the T2 and
control. There is evidence suggesting that higher ROA and cytokinin content in rice roots
during the mid or late grain-filling stages are conducive to promoting grain filling and
consequently increasing the filled-grain percentage [23]. In the present study, the filled grain
percentage show no significant difference among these three treatments. The results imply
that, during the MGF stage, the root and shoot development in the PCU treatments may
not be well-coordinated. In other words, the PCU treatments fail to translate the advantage
of root activity into the superiority of the filled-grain percentage. Some observations report
that the leaf photosynthetic rate is also constrained by the environmental temperature
and light intensity [54–56]. Typically, as rice progresses into the MGF stage, there is a
considerable decrease in these two parameters, limiting photosynthetic productivity [55,56].
We herein observed that the photosynthetic rate in PCU treatments was only higher than the
control at HT, while no significant differences were observed among treatments at the MGF
stage (Figure 3C,D). Our observation showed that NSC remobilization was pronounced
lower in the T1 treatment, in comparison with the control. In contrast, the T2 treatment
achieved an NSC remobilization comparable to the control (Table 3). Therefore, we argue
that during the MGF stage, the NSC remobilization from vegetative organs to grains would
be very important for improving grain filling. It is proposed that NSC remobilization
is very positively correlated with the harvest index (HI), thus affecting the IEN [57–59].
Moreover, the HI showed a similar trend to NSC remobilization (Table 3). Subsequent
results showed that the T2 treatment, in conjunction with competitive NSC remobilization
and higher photosynthesis at heading, led to a greater crop growth rate during grain filling,
and, therefore, a higher dry matter weight at maturity (Figures 2 and 3; Table 3). This
process combined with a competitive HI substantially increased grain yield.

However, previous studies have demonstrated that the HI of rice plants varies widely,
ranging from 0.17 to 0.63, indicating a significant potential for enhancing the IEN by
improving the HI [59,60]. Our observations showed that the HI averaged 0.432 over two
years among the control, T1, and T2 treatments (Table 3). Typically, rice plants can sustain
an HI of around 0.5 or higher to achieve high yields without lodging. Consequently, there is
substantial potential to enhance the HI in our study, especially regarding the T2 treatment.
Further research is needed to explore cultivation practices that integrate the combination of
PCU with RU, aiming to enhance the HI and achieve the triple goals of improving grain
yield, N uptake, and N utilization efficiency.

5. Conclusions

The combination of PCU and RU applied one time as basal fertilizer could synergistically
increase rice yield and nitrogen uptake. This was mainly due to the increased number of
total spikelets, higher N accumulation during booting, and dry matter weight at maturity,
while maintaining an unchanged HI. Higher root and shoot activities during booting and
comparable NSC remobilization under this combination were responsible for these improve-
ments. This combination not only allowed for more N uptake without decreasing the IEN by
maintaining a competitive HI but also mitigated environmental risks by reducing ammonia
volatilization. Further research is needed to enhance the HI under this combination, thus
achieving triple goals of improving the grain yield, N uptake, and NUE.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy14071585/s1, Table S1: The physicochemical properties
of the soil in the paddy field before transplanting; Figure S1: Temperature (A), Precipitation (B), and
sunshine hours (C) during the rice growing season in 2021 and 2022 at the experiment site; Figure S2:
NH3 volatilization rate (A) and accumulative NH3 emission (B) during the whole growth stages
averaged across two study years under various N management treatments.

https://www.mdpi.com/article/10.3390/agronomy14071585/s1
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