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Nitrogen fertilization application
strategies improve yield of the rice
cultivars with different yield types
by regulating phytohormones

Yue Zou'?, Yuchen Zhang?, Jiehao Cui?, Jiacong Gao?, Liying Guo'*’ & Qiang Zhang?**

Rice (Oryza sativa L.) is the most important food crop worldwide, and its sustainable development is
essential to ensure global food security. Panicle morphological and physiological characteristics plays
an important role in rice yield formation. However, under different nitrogen (N) fertilization strategies,
it is not clear whether the morphological and physiological state of panicles at panicle development
stage affects the formation of yield. To understand how the panicle differentiation and development,
and grain yield are affected by the N fertilization strategies, and clarify the relationship between
related traits and yield in the process of panicle development in different cultivars. In this study
consisted of no N fertilizer and four N fertilization strategies, a panicle weight type (PWT) rice cultivar,
Dongfu 114 (DF114) and a panicle number type (PNT) rice cultivar, Longdao 11 (LD11) were grown in
the field. The results showed that N fertilization strategies could improve the nitrogen use efficiency
and yield of rice, but the response of different rice varieties to N fertilizer strategies was different.
Different from the DF114, the further increase of panicle N fertilizer ratio could not further improve
theyield of LD11, and the highest grain yield of DF114 and LD11 was obtained under N4 and N3
conditions, respectively. In addition, this study found that N fertilizer strategies can affect the content
of phytohormones in rice at the panicle differentiation stage, and then regulate the differentiation
and development of rice panicles to affect yield. It is of great significance to optimize the application
mode of N fertilizer according to the characteristics of varieties to improve rice yield and ensure food
security.

Rice (Oryza sativa L.) is one of the most important food crops in the world, about half of the world’s people use
rice as their staple food. Its sustainable and healthy development is an important support to ensure world’s food
security. Under the severe situation of increasing population and decreasing land, people have steadily improved
the yield of rice by improving rice cultivars, advancing cultivation techniques and increasing production inputs,
among them, increasing nitrogen (N) input is one of the effective measures'—. N is one of the most important
nutrient elements, which can greatly affect the yield of rice. Since the last century, due to the increase of N applica-
tion, rice yield has also increased significantly. However, rice plants can only use part of the applied N fertilizer,
accounting for about 20-30% of the total amount of fertilizer, excessive and unreasonable N fertilizer input has
also brought a series of problems such as unstable grain production, decreased nitrogen use efficiency (NUE),
increased production costs, exacerbating environmental pollution, which has seriously affected the sustainable
development of rice production*®.

In view of the above problems, many scholars have carried out a lot of research on how to improve the NUE
in paddy fields, and have made great progress in the comparison, screening, evaluation and utilization of NUE
of rice germplasm, the physiological and biochemical characteristics, root morphology, dry matter production
and accumulation characteristics of different nitrogen use efficiency genotypes, and the effects of field N manage-
ment on rice yield, quality and NUE®-"°. In addition, under the context of sustainable agricultural production,
appropriate N management measures are needed to protect the environment and increase rice productivity. Over
the past few decades, many optimized nitrogen fertilization strategies have been proposed and tested in field tri-
als, such as top dressing, precise quantitative fertilization, site-specific nutrient management, etc."'*-'°. In these
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strategies, the improvement of rice yield is mainly through increasing the number of fertilization, or regulating
the use of panicle fertilizer at the stage of panicle development. However, different types of rice cultivars have
different responses to N fertilizer application strategies™?.

Phytohormones are a class of trace organic matter produced by plants themselves and have obvious physi-
ological effects at very low concentrations®"*2. At present, phytohormones include auxins (IAA), gibberellins
(GAs), cytokinins (CTK), abscisic acid (ABA) and ethylene (ETH), and new phytohormones such as brassinos-
teroids (BRs), polyamines (PAs), jasmonates (JA), salicylic acid (SA) and strigolactone (SL)*. A large number
of studies have shown that phytohormones play an important regulatory role in rice panicle development, grain
filling, grain quality and quality, and different phytohormones play different roles and mechanisms. However,
the biological mechanism of how phytohormones respond to N fertilization strategies to regulate rice N uptake
and utilization efficiency, panicle morphogenesis and yield formation in different rice cultivars is still unclear.
In the present study, a panicle weight type (PWT) rice cultivar, Dongfu 114 (DF114) and a panicle number type
(PNT) rice cultivar, Longdao 11 (LD11) were used to compare the effects of N fertilization strategies on panicle
development characteristics and yield of rice cultivars with contrasting yield types. This study will provide a
theoretical basis for the rational and effective application of N fertilizer in rice production.

Materials and methods

Plant materials and growth conditions

The field experiments was conducted at the Acheng rice experiment base belonging to Northeast Agricultural
University (45° 39’ N, 127° 34’ E) during the rice growing season in 2021, and repeated in 2022. The region is a
cold temperate semi humid continental climate. The meteorological data such as temperature, rainfall, humid-
ity and sunshine hours during the rice growing season in the experimental year were from the National Mete-
orological Data Center (Table 1). The soil texture of the test field is brown soil, and the soil nutrient content is
shown in Table 2. Two rice cultivars with different yield types, DF114 and LD11 were used. The two rice cultivars
have similar growth periods. The experimental materials were provided by the rice research group of Northeast
Agricultural University.

Experimental design

The experiments were laid out in a complete randomized block design with three replicates. The N fertilizer
strategies was the main plot treatment, and the rice cultivars formed the sub-plot treatment. Each plot was 8-m
in length and 6-m in width with 30 cm row spacing and 13.3 cm terrace spacing, and two seedlings per hill. The
main plots were separated by a berm. The seeds were sown on 16 April 2021, and 16 April 2022. At the four-leaf
hpaniclet stage, seedlings with similar growth were selected and transplanted on May 18, 2021, and May 17,
2022. The experimental treatments included NO (no N fertilizer), N1 (farmers routinely N fertilizer strategies,
base fertilizer:tiller fertilizer of 6:4), N2 (base fertilizer : tiller fertilizer : panicle fertilizer of 6:2:2), N3 (base
fertilizer:tiller fertilizer:panicle fertilizer of 5:3:2), N4 (base fertilizer:tiller fertilizer:panicle fertilizer of 4:3:3), a
total of 5 treatments. The N was applied as urea(46%), at a rates were 150 kg ha!. Phosphate fertilizer (P,O;) was
applied once as a basal fertilizer at a rate of 90 kg ha™!. Potash fertilizer (K,0) was applied as a basal and panicle
fertilizer at a ratio of 5:5, at a rate of 90 kg ha™'. With the exception of the different nitrogen fertilizer strategies,
the other cultivation requirements were identical for all plots in both ypanicles. Chemicals were used to control
weeds, diseases, and insects to prevent yield loss.

Average temperature (°C) Average Total sunshine
relative

Minimum Maximum Rainfall (mm) | humidity (%) | hour (h)
Month 2021 | 2022 | 2021 |[2022 |2021 |2022 |2021 |2022 |2021 |2022
May 10.5 11 24.2 259 175.7 37.1 |51.7 49.5 257.5 |292.8
June 16.1 15.8 27.7 29.3 170.3 64.9 |66.2 56.7 204 268.4
July 20.4 21.2 30 31.7 363.7 |109.8 |77.2 71.8 188.4 | 206.5
August 19.7 18.8 29.6 29.3 68.6 |128.1 |758 80.7 224.7 |170.4
September 13.7 11.4 24.7 253 40.5 57.6 |77.7 72.9 233.7 |207.5

Table 1. Monthly temperature (°C), rainfall (mm), relative humidity (%) and sunshine hours (h) during the
growth seasonin 2021 and 2022.

Year | Organic matter (gkg™) | Total N (gkg™) | Available P (mgkg™) | Available K (mgkg™') | pH
2021 17.3 1.09 32.13 109.11 6.63
2022 16.7 1.11 33.32 108.26 6.74

Table 2. Average values for selected soil characteristics of composite topsoil samples (0-20 cm) from the
experimental fields in 2021 and 2022.
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Sampling and measurements

Nitrogen uptake and utilization

At the maturity stage, five representative hills were taken from each plot in 2021 and 2022. Aboveground plants
sampled were separated into stems, leaves and grains. Dry weight of each part was determined by oven-drying
at 80 °C to constant weight and weighed separately, and recorded the dry weight of each part. Tissue N content
was measured with an elemental analyzer to calculate N uptake of each part (EA1110, Thermo Electon SPA.,
Italy). The calculation formula of N absorption and utilization related indicators is as follows:

N accumulation (NA, kg hmfz) = Aboveground dry matter weight at the mature stages x N concentration;

N recovery efficiency (NRE, %) = (NA of plant under N treatment
— NA of plant under no N treatment) /N application rate x 100%;

N physiological efficiency (NPE, kg kg_l) = (grain yield of plant under N treatment
— grain yield of plant under no N treatment)
/(NA of plant under N treatment

— NA of plant under no N treatment);
N agronomic efficiency (NAE, kg kgfl) = (grain yield of plant under N treatment

— grain yield of plant under no N treatment) /N application rate

Partial factor productivity of applied N (PFPN, kg kgfl) = grain yield of plant under N treatment/N application rate.

Grain yield and its components

In 2021 and 2022, grain yield (GY) and its components were measured at maturity. GY was measured from a
harvest area of 1 m? area for the three replicates in each plot, adjusted to 14% moisture. The yield components
were measured for nine replicates in each plot. The panicle number from each samples were recorded to measure
the effective panicles number (EP). The filled grains andunfilled grains per panicle were recorded to calculate
the number of grains per panicle (GNP) and seed setting rate (SSR). The 1000-grain weight (TGW) was weighed
and recorded.

Tillering dynamic survey

In 2021 and 2022, after 14 days of transplanting, 10 randomly selected plants were investigated every 7 days, and
tillers were recorded until the number of tillers did not change. Calculate maximum tiller number (MTN) and
productive tiller percentage (PTP) ccording to tillering dynamic survey.

Floret and grain development

At spikelet differentiation stage, pikelets differentiated number (SDN) were measured in 2021 and 2022. The
differentiation of florets was observed using a planing microscope, and the SDN was recorded. The grain per
panicle was used as the spikelets surviving number to calculate the spikelets degenerated number (SRN) and
degraded percentage (RP).

SRN = SDN — spikelets surviving number;
RP (%) = SRN/SDN x 100%.

The panicle biomass and nitrogen concentration at panicle development stage

According to the heading stage data of the tested cultivars, this study sampled at five time points: 14 days before
heading stage, 7 days before heading stage, heading stage, 7 days after heading stage and 14 days after heading
stage, which were named S1, S2, S3, S4 and S5, respectively. The dry weight of each panicle was determined by
oven-drying at 80 °C to constant weight and weighed separately, and recorded the panicle biomass. The panicle
N concentration was measured with an elemental analyzer (EA1110, Thermo Electon SPA., Italy).

Panicle and root phytohormones content at panicle development stage

The panicles and roots per plot were sampled to determine phytohormones content were obtained at S1, S2, S3,
S4 and S5 stages. The contents of IAA, ABA, GA and ZR were determined with enzyme-linked immunosorb-
ent assay (ELIAS) method, according to the operation guide of ELIAS kit of China Agricultural University***.

Statistical analysis

In this study, for the experimental variables, one-way analysis of variance (ANOVA) of SPSS 22.0 (SPSS Inc.,
Chicago, IL, USA ) was used to evaluate the differences between different N fertilizer application strategies.
According to Fisher’s LSD, there were significant differences between different N fertilizer application strategies
at the p<0.05 level. Graphs were drawn using edgeR software (http://www.r-project.org/) and Origin 2023b
software (OriginLab, Northampton, MA, USA).
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Ethical statement

We ensure that all rice seeds used in this study originated from northeast agricultural university in Heilongjiang
Province, China. The legality of these seeds complies with the [UCN Policy Statement on Research Involving
Species at Risk of Extinction and the Convention on the Trade in Endangered Species of Wild Fauna and Flora.
The rice seeds collected in the study are all cultivated rice in China rather than endangered and wild species.
These varieties have passed the legal variety certification procedures in China and are licensed for production,
planting, and market operations. The authors declare that the cultivation of plants and carrying out study in the
Acheng rice experiment base of northeast agricultural university complies with all relevant institutional, national
and international guidelines and treaties.

Results

Nitrogen uptake and utilization

As shown in Table 3, the indexes of N uptake and utilization in both cultivars were significantly different among
different N treatments. Compared with farmers routinely N fertilizer strategies, the N fertilization strategies were
significantly increased NRE, PFPN, NAE and NPE of two rice cultivars. The NRE, PFPN, NAE and NPE of DF114
were the highest under N4 treatment, and the NRE, PFPN, NAE and NPE of LD11 were the highest under N3
treatment. This result indicates that the N fertilization strategies could improve the N uptake and utilization of
rice, and there were some differences among different yield types of rice cultivars.

Grain yield and yield components

As shown in Table 4, the GY and yield components in two yield types of rice were significantly different among
different N treatments. Compared with farmers routinely N fertilizer strategies, the N fertilization strategies were
significantly increased GY and GPN of two rice cultivars. The GY and GPN of DF114 was the highest under N4
treatment, and the GY and GPN of LD11 was the highest under N3 treatment. Compared with farmers routinely
N fertilizer strategies, the N fertilization strategies were significantly increased EP and SSR (except LD11 in 2022)
of two rice varieties. The EP of two rice cultivars were the highest under N3 treatment. Compared with farmers

Nitrogen recovery efficiency Partial factor productivity of Nitrogen agronomic use Nitrogen physiological
Year Cultivars | Treatment | (NRE, %) applied nitrogen (PFPN, kg kg™) | efficiency (NAE, kg kg™) efficiency (NPE, kg kg™')
NoO
N1 20.55d 42.33d 52.09d 39.37¢
DF114 N2 22.81c 44.59¢ 55.17¢ 41.35ab
N3 23.72b 45.50b 57.67b 41.14b
N4 24.90a 46.68a 58.77a 42.37a
2022
NO
N1 18.63¢ 41.65¢ 54.70c 34.06b
LD11 N2 21.71ab 44.73b 56.54b 38.40a
N3 22.58b 45.60a 58.47a 38.62a
N4 21.09a 44.10b 56.58b 37.26a
NoO
N1 19.96b 42.76b 53.72d 36.97b
DF114 N2 23.42a 46.22a 56.80c 41.02a
N3 23.40a 46.20a 58.56b 39.77a
N4 24.30a 47.09a 59.77a 40.47a
2021
NO
N1 20.29¢ 43.12¢ 52.93c 38.34c
LD11 N2 23.28b 46.11b 54.40b 42.79b
N3 24.59a 47.42a 56.01a 44.10a
N4 23.31b 46.14b 55.43a 42.06b
Y 32.181** 103.838** 7.053* 46.558**
C 43.129** 6.591* 69.647** 12.958**
Fovalue T 143.878** 204.269** 329.868** 57.94**
Y*C 52.287** 13.296** 199.076** 173.043**
Y*T 0.623 ns 0.873 ns 2.21ns 1.266 ns
C*T 12.726** 18.057** 59.435%* 7.747**

Table 3. Effects of different N fertilization strategies on the nitrogen recovery efficiency (NRE, %), partial
factor productivity of applied nitrogen (PFPN, kg kg — 1), nitrogen physiological efficiency (NPE, kg kg—1),
and nitrogen agronomic use efficiency (NAE, kg kg—1) in rice cultivars in 2021 and 2022, with the results of
the three-way ANOVA. The different lowercase letters represent significant among treatments at 0.05 level,
respectively. * and ** means different at 0.05 and 0.01 level, respectively. N, nitrogen rate; C, cultivar; Y, year,

the same as below.
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Effective panicles (EP, 1000-grain weight
Year Cultivars | Treatment | Grainyield (GY, tha) | perm™) Grain per panicle (GPN) | Seed setting rate (SSR, %) | (TGW, g)
NO 3.92e 150.95e 125.29¢ 90.32a 23.42ab
N1 7.62d 279.87d 126.63d 85.82bc 2391a
DF114 N2 8.03¢ 310.41c 133.68c 85.31c 22.9bc
N3 8.19b 340.87a 139.52b 86.92b 23.08b
N4 8.4a 320.9b 143.07a 89.17a 22.38¢
2022 NO 4.14d 179.77d 120.42a 90.28a 21.99b
N1 7.5¢ 360.23¢ 111.06d 86.56b 22.88a
LDI11 N2 8.05b 394.33b 114.61c 86.92b 22.66a
N3 8.21a 421.08a 117.7b 87.53b 22.74a
N4 7.94b 417.00a 114.25¢ 87.92b 22.54a
NO 4.1d 149.28e 132.48¢ 90.54a 23bc
N1 7.7¢ 308.87d 131.5¢ 83.48b 23.62a
DF114 N2 8.25b 345.6b 138.43b 84.86b 23.48a
N3 8.28b 366.08a 139.49b 89.45a 22.75¢
2021 N4 8.48a 334.02¢ 143.75a 90.72a 23.33ab
NO 4.11d 190.72d 113.28b 91.23a 21.91c
N1 7.76¢ 343.3¢ 109.7¢ 83.4c 22.52a
LD11 N2 8.3b 383.74b 112.61b 84.64c 22.3ab
N3 8.54a 397.74a 117.83a 84.66¢ 22.31ab
N4 8.31b 387.37b 117.63a 87.46b 22.01bc
Y 113.91** 21.74* 11.84** 7.97%* 4.99*
C 1.53 ns 4261.99** 4511.56** 7.2* 195.18**
T 8139.46** 7707.18** 145.05%* 91.62** 17.83**
F-value Y*C 5.48* 414.66** 64.25%* 17.48* 15.17**
Y*T 3.43* 8.62** 1.95ns 8.11** 4.41**
C*T 19.4%* 64.25%* 69.4** 8.38** 7.65%*
Y*C*T 6.67** 47.71%* 23.87%* 5.1*%* 8.2%*

Table 4. Effects of different N fertilization strategies on the yield components of rice cultivars in 2021 and
2022, with the results of the three-way ANOVA.

routinely N fertilizer strategies, the N fertilization strategies were decreased TGW of two rice cultivars (except
LDI11 in 2022). Interestingly, increase the application ratio of panicle N fertilizer can guarantee the GPN and
SSR of rice, but excessive N fertilizer postponing reduces the EP of PNT rice cultivar LD11.

Dynamic changes of tillers

As shown in Fig. 1, the N fertilization strategies significantly affected the tillering of rice, and the tillering dynamic
trends of DF114 and LD11 were basically the same under among N fertilization strategies. At 20-30 days after
transplanting, the number of tillers increased rapidly and reached the highest number of tillers at about 35 days
(LD11 reached the highest number of tillers at about 42 days in 2022). After 50 days of transplanting, the growth
center of the plant was transferred to the stem and panicle, and the nutrients transported to the tillers were greatly
reduced. The new tillers did not occur, and some of the small tillers that had been born began to die in succes-
sion until the number of tillers in the population tended to be stable after heading. In this study, compared with
the farmers routinely N fertilizer strategies, the N fertilization strategies were significantly reduced the MTN of
rice, but also significantly increased the PTP of rice to ensure a higher EP of rice.

Floret and grain development

The spikelets differentiation and degeneration, and grain development in two yield types of rice were significantly
different among different N treatments (Table 5). Compared with the farmers routinely N fertilizer strategies, the
N fertilization strategies were significantly increased SDN of two rice cultivars (except DF114 in 2022). Compared
with the farmers routinely N fertilizer strategies, the N fertilization strategies were significantly decreased SRN
and RP of two rice cultivars. The SRN and RP of DF114 were the lowest under N4 treatment, and the GPN of
LD11 was the lowest under N3 treatment.

The relationships among grain yield and the floret and grain development

The formation of rice GY mainly depends on the number of EP, GPN, SSR and TGW. As shown in Fig. 2, the
EP and GPN were significant positively, and TGW was significant negatively correlated with GY in both rice
cultivars. The SSR were significant positively with GY of DF114. The farmers routinely N fertilizer strategies can
produce more tillers, but there are more ineffective tillers. Correlation analysis showed that PTP was an important
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Figure 1. Tillering dynamics of rice under different treatments in 2021 and 2022. MTN maximum tiller
number, PTP productive tiller percentage.

basis for higher EP to ensure higher yield. The differentiation and degeneration of spikelets determine the GPN
of rice. Correlation analysis showed that the SRN was significant negatively correlated with GPN of DF114, and
the SDN was significant positively correlated with GPN of LD11. These results indicated that panicle and grain
development was the main factor responsible for the difference in yield among two rice cultivars under differ-
ence N treatments.

The panicle biomass and nitrogen concentration at panicle development stage

At the panicle development stage, the responses of different yield type rice cultivars to N fertilizer treatments
were coincident (Fig. 3). With the development of panicle, the N concentration of young panicle decreased and
the biomass increased. Compared with the farmers routinely N fertilizer strategies, the N fertilization strate-
gies were significantly increased panicle biomass (PB) of two rice varieties during the period from S3 to S5, the
panicle biomass of DF114 was the highest under N4 treatment, and the panicle biomass of LD11 was the highest
under N3 treatment. Compared with the farmers routinely N fertilizer strategies, the N fertilization strategies
were significantly impacted panicle N concentration (PN) of two rice varieties during the period from S1 to S5.

The phytohormone content in panicle and root at panicle development stage

The IAA content in the panicle of tow rice cultivars gradually decreased with the developmental stage of the
young panicle under different N treatments. The ABA content in the panicle of tow rice cultivars were decreased
first and then increased with the developmental stage of the young panicle under different N treatments. Com-
pared with the farmers routinely N fertilizer strategies, the N fertilization strategies were significantly increased
the ABA content of DF114 panicle at S3-S5 stages, and increased the ABA content of LD11 panicle at S1-S5 stages.
The GA content in the panicle of tow rice cultivars were decreased first and then increased with the developmen-
tal stage of the young panicle under different N treatments. Compared with the farmers routinely N fertilizer
strategies, the N fertilization strategies were significantly increased the GA content of two rice cultivars panicle
at S3-S5 stages. The ZR content in the panicle of tow rice cultivars were decreased first and then increased with
the developmental stage of the young panicle under different N treatments. Compared with the farmers routinely
N fertilizer strategies, the N fertilization strategies were significantly increased the ZR content of DF114 panicle
at S2-S5 stages, and increased the ZR content of LD11 panicle at S1, S2 and S5 (Fig. 4).

The IAA content in the root of tow rice cultivars gradually decreased with the developmental stage of the
young panicle under different N treatments. Compared with the farmers routinely N fertilizer strategies, the N
fertilization strategies were significantly increased the IAA content of DF114 root at S1 stages, and increased
the IAA content of LD11 root at S1-S5 stages. The ABA content in the root of tow rice cultivars were increased
with the developmental stage of the young panicle under different N treatments. Compared with the farmers
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Year Cultivars | Treatment | Spikelets differentiated number (SDN) | Spikelets degraded number (SRN) | Spikelets surviving number | Degraded percentage (RP)
NoO 187.27a 61.98a 125.29d 0.33a
N1 183.01a 56.38b 126.63d 0.31b
DF114 N2 186.49a 52.81c 133.68¢ 0.28¢
N3 186.46a 46.94d 139.52b 0.25d
N4 184.42a 41.35e 143.07a 0.22e
2022
NO 167.42a 47a 120.42a 0.28a
N1 154.63¢ 43.57b 111.06d 0.28a
LD11 N2 155.29¢ 40.68¢c 114.61c 0.26bc
N3 157.82b 40.12¢ 117.7b 0.25¢
N4 154.95¢ 40.71c 114.25¢ 0.26b
NO 183.21b 50.73b 132.48¢ 0.28b
N1 185.81ab 54.31a 131.5¢ 0.29a
DF114 N2 187.15a 48.72b 138.43b 0.26¢
N3 188.08a 48.59b 139.49b 0.26¢
N4 186.06a 42.3c 143.75a 0.23d
2021 NO 155.56bc 42.28b 113.28b 0.27¢
N1 154.28¢ 44.58a 109.7¢ 0.29a
LDI11 N2 157.71b 45.11a 112.61b 0.29ab
N3 157.73b 39.89¢ 117.83a 0.25d
N4 163.47a 45.84a 117.63a 0.28bc
Y 0.07 ns 8.29%* 11.84** 5.56*
C 3986.71** 542.63** 4511.56** 0.22 ns
T 8.96** 95.54** 145.05** 171.19%*
F-value Y*C 0.83 ns 40.88** 64.25%* 72%*
Y*T 23.94%* 34.19** 1.95ns 25.14**
C*T 8.52%* 55.11%* 69.4%* 77.58**
Y*C*T 7.73%* 7.63** 23.87** 14.64**

Table 5. Effects of different N fertilization strategies on the floret growth and development of rice in 2021 and
2022, with the results of the three-way ANOVA.

routinely N fertilizer strategies, the N fertilization strategies were significantly increased the ABA content of
DF114 root at S4 and S5 stages, and increased the IAA content of LD11 root at S3-S5 stages. The GA content in
the root of tow rice cultivars were increased first and then decreased with the developmental stage of the young
panicle under different N treatments. The ZR content in the root of tow rice cultivars were increased with the
developmental stage of the young panicle under different N treatments. Compared with the farmers routinely
N fertilizer strategies, the N fertilization strategies were significantly increased the ZR content of DF114 root at
S2 and S5 stages (Fig. 5).

Correlations between panicle and grain development, and panicle and root phytohormones
The results of correlations analysis (Figs. 2, 6) showed that the spikelet differentiation and grain filling were
the main reasons for the different responses of the two rice cultivars to N treatments. The results of principal
component analysis show that the SRN of DF114 were significantly negatively correlated with P-ZR, P-GA and
PN at panicle differentiation stage. The SSR of DF114 were significantly positively correlated with P-ZR, P-ABA
and R-ABA at after flowering stage. The SDN of LD11 were significantly positively correlated with P-IAA at
panicle differentiation stage. These results indicate that phytohormones play an important role in rice yield
formation, and reasonable optimization of N fertilizer application strategies can regulate rice phytohormone
levels to improve NUE and yield.

Discussion

The N is one of the most important nutrient elements in the process of rice growth, and the amount of N fer-
tilizer significantly affects the yield of rice'”. Farmers usually apply most of the N fertilizer at the early stage of
nutrition. At this time, the absorption capacity of rice roots to N is limited, and a large amount of N is retained
in soil and irrigation water. The results of °N tracing shown that the NUE of N fertilizer applied to rice before
regreening was lower, and a large amount of N fertilizer was lost and volatilized*>?’. In this study area, farmers
applied 150 kg hm™ of N fertilizer. Although the amount of fertilizer applied is less than some areas in southern
China, there is still a large amount of the N fertilizer applied at the initial stage of tillering. Some studies have
shown that an appropriate increase in the proportion of panicle fertilizer can improve the NUE and yield of
rice?®?. In this study, higher panicle fertilizer ratio can effectively improve the NUE and yield of both rice cul-
tivars. However, there were some differences among different cultivars, DF114 had the highest NUE and yield
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respectively.

under N4 treatment, and LD11 had the highest NUE and yield under N3 treatment. This result was in agreement
with previous observations that rice cultivars with different productivity and NUE can achieve maximum yield
under precise quantitative cultivation'****!. It can be seen that although the optimized N fertilizer application
strategies can improve the NUE of rice, the response of rice varieties with different yield types to the optimized
N fertilizer application strategies is different. The increase of panicle N fertilizer proportion is more conducive
to improving the NUE and yield of PWT rice cultivars.

The effects of N application strategies on rice NUE and yield were related to the response characteristics of
multiple yield components to N application strategies®. Tillers are composed of effective tillers and ineffective
tillers. Excessive ineffective tillers not only consume nutrients, but also deteriorate population permeability
and aggravate the occurrence of pests and diseases®. Previous studies have found that the PTP of rice is closely
related to a number of population quality indicators, and it is an intuitive and comprehensive indicator for
diagnosing population quality’’~*. Under normal circumstances, rice plants have a stable law of leaf and tiller
extension. However, excessive N application in the early stage of rice growth will shorten the time interval of leaf
emergence, accelerate the occurrence of tillers, and increase the number of ineffective tillers. On the contrary,
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insufficient N fertilizer will also lead to a longer time interval for leaf emergence, a slower rate of tillering, and
insufficient panicles*. In this study, postponing N fertilizer significantly reduced the MTN of rice and signifi-
cantly increased the spike rate. However, the further increase of panicle fertilizer ratio also significantly reduced
the number of effective panicles of LD11. Therefore, under the premise of ensuring the number of panicles, it
is an important way to improve rice NUE and yield an by reducing the seedling peak, reducing the ineffective
tillers and increasing the PTP.

The reproductive development process of crops is closely related to the formation of yield. Many studies have
suggested that the key to further increase the yield of major grain crops such as rice is to increase the GPN*°. The
development stage of young panicle is the key period to determine the number of spikelets per panicle of rice,
including rachis differentiation stage, primary and secondary branch differentiation stage and spikelet differen-
tiation stage®®. The number of spikelets is the basis of the number of filled grains, which together with the SSR
determines the GPN of rice””. According to previous studies, the application of N fertilizer at the panicle differen-
tiation stage of rice can promote floret differentiation®®*. In this study, the response of floret differentiation of the
two varieties to N fertilizer management patterns was quite different. The SDN of PWT varieties was significantly
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increased with the increase of panicle N fertilizer ratio. Compared with farmers routinely N fertilizer strategies,,
the increase of panicle fertilizer ratio significantly reduced the SRN and RP, and then increased the GPN and
expanded the sink capacity, which was conducive to improving N absorption and utilization efficiency and yield.

In order to illustrate the biological basis of the response of panicle traits to N fertilization strategies, this study
measured the panicle N and phytohormines content at the main stage of panicle development. Phytohormines
play a essential role in regulating the development of plant organs, nutrient absorption and transport, and
defensive adaptation to stress***!. TAA is the most bizarre phytohormines discovered so far. Its content is very
low in plants, but it plays an important role in crop organogenesis and morphogenesis, tissue differentiation
tendency and apical dominance**~**. High N concentration in differentiated organs is conducive to promoting
biosynthesis of IAA and differentiation of tissues and organs**. ABA is called senescence hormone, which can
induce the occurrence of plant senescence, but the role of ABA in the senescence process is contradictory. Some
studies have shown that ABA can coordinate the senescence process and ensure food production in the stage of
crop yield formation**-*. ZR is a plant endogenous hormone belonging to cytokinin. It can accelerate cell divi-
sion and plays an important role in regulating the size and activity of meristem, and directly affects the initiation
and development of reproductive organs®. The rice LONELY GUY (LOG) gene encodes a cytokinin-activating
enzyme that regulates the biosynthesis of cytokinin in rice. It is an important regulatory factor necessary for
maintaining the activity of meristem. The meristem development of the log mutant is terminated in advance,
the number of branches and spikelets is significantly reduced, and the floral organ cannot start normally®.
Correlation analysis showed that SDN and SSR were the main factors affecting yield of DF114. PCA results
showed that ZR content in panicle of DF114 was significantly correlated with N concentration in panicle, and
was significantly negatively correlated with SRN and RP in floret differentiation stage. ABA content in panicle
was significantly positively correlated with SSR in grain filling stage. The floret differentiation of LD11 was the
main factor affecting the yield. PCA results showed that IAA in the panicle of LD11 was significantly positively
correlated with SDN in the floret differentiation stage. These results suggest that N fertilizer strategies can affect
the content of phytohormones in rice at the panicle differentiation stage, and then regulate the differentiation
and development of rice panicles to affect yield. It is of great significance to optimize the application mode of N
fertilizer according to the characteristics of varieties to improve rice yield and ensure food security.

Conclusions

Compared with farmer fertilization, N fertilizer application strategy significantly improved the NUE and yield
of rice, but the response of rice varieties with different yield types to N fertilizer application strategy was dif-
ferent. Correlation analysis showed that panicle development related indexes SDN, SRN, RP and SSR were the
main factors affecting NUE and yield of PNT and PWT rice varieties. The results showed that in the early stage
of panicle development, the higher IAA content in the panicle of PNT rice varieties was beneficial to promote
the differentiation of spikelets to ensure the yield.. While the indexes of SRN, RP and SSR in the middle and late
stages of panicle development of PWT rice varieties were significantly correlated with yield. These results will
lay a theoretical foundation for guiding the construction of high-yield and high-efficiency cultivation models
for different yield types of rice varieties.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request (Q.Z., giangz@jlau.edu.cn).

Received: 11 July 2023; Accepted: 27 November 2023
Published online: 09 December 2023

References
1. Peng, S. B. et al. Strategies for overcoming low agronomic nitrogen use efficiency in irrigated rice systems in China. Field Crops
Res. 96(1), 37-47 (2006).
2. Peng, S. B. et al. Improving nitrogen fertilization in rice by site-specific N management: A review. Agron. Sustain. Dev. 30(3),
649-656 (2010).
. Liu, X. et al. Enhanced nitrogen deposition over China. Nature 494, 459-462 (2013).
4. Shen, . L. et al. Atmospheric dry and wet nitrogen deposition on three contrasting land use types of an agricultural catchment in
subtropical central China. Atmos. Environ. 67(1), 415-424 (2013).
5. Yi, ]. et al. Uptake and utilization of different nitrogen forms in erect panicle japonica rice cultivar. J. Plant Interact. 14(1), 397-406
(2019).
6. Li, H., Hu, B. & Chu, C. Nitrogen use efficiency in crops: Lessons from Arabidopsis and rice. J. Exp. Bot. 68, 2477-2488 (2017).
7. Zhou, W. et al. Effects of postponing nitrogen applications on leaf senescence of indica hybrid rice. Res. Crops 14(2), 357-366
(2013).
8. Zhang, A. P, Liu, R. L., Gao, ], Yang, S. Q. & Chen, Z. Regulating N application for rice yield and sustainable eco-agro development
in the upper reaches of Yellow River rasin. China. Sci. World J. 1, 1-11 (2014).
9. Mi, G. et al. Ideotype root architecture for efficient nitrogen acquisition by maize in intensive cropping systems. China-Life Sci.
53, 1369-1373 (2010).
10. Ju, C. et al. Root and shoot traits for rice varieties with higher grain yield and higher nitrogen use efficiency at lower nitrogen rates
application. Field Crops Res. 175, 47-55 (2015).
11. Xin, W. et al. An integrated analysis of the rice transcriptome and metabolome reveals root growth regulation mechanisms in
response to nitrogen availability. Int. J. Mol. Sci. 20, 5893 (2019).
12. Zhang, H., Xue, Y., Wang, Z., Yang, J. & Zhang, ]. Morphological and physiological traits of roots and their relationships with shoot
growth in ‘super’ rice. Field Crops Res. 113, 31-40 (2009).
13. Uga, Y. et al. Control of root system architecture by DEEPER ROOTING 1 increases rice yield under drought conditions. Nat.
Genet. 45,1097-1102 (2013).

w

Scientific Reports |

(2023) 13:21803 | https://doi.org/10.1038/s41598-023-48491-w nature portfolio



www.nature.com/scientificreports/

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.
37.

38.

39.

40.

41.

42,
43.

44.

45.
46.

47.

48.

49.

50.

Sun, L, Lu, Y., Yu, E, Kronzucker, H. J. & Shi, W. Biological nitrification inhibition by rice root exudates and its relationship with
nitrogen-use efficiency. New Phytol. 212, 646-656 (2016).

Gu, J. et al. Roles of nitrogen and cytokinin signals in root and shoot communications in maximizing of plant productivity and
their agronomic applications. Plant Sci. 274, 320-331 (2018).

Dobermann, A. et al. Site-specific nutrient management for intensive rice cropping systems in Asia. Field Crops Res. 74, 37-66
(2002).

Ju, X. T. et al. Reducing environmental risk by improving N management in intensive Chinese agricultural systems. Proc. Natl.
Acad. Sci. USA 106(9), 3041-3046 (2009).

Kamiji, Y., Yoshida, H., Palta, J. A., Sakuratani, T. & Shiraiwa, T. N applications that increase plant N during panicle development
are highly effective in increasing spikelet number in rice. Field Crops Res. 122(3), 242-247 (2011).

Li, M. et al. Accumulation and utilization of nitrogen, phosphorus and potassium of irrigated rice cultivars with high productivities
and high N use efficiencies. Field Crops Res. 161(1), 55-63 (2014).

Sun, H. Y. et al. Heterotrimeric G proteins regulate nitrogen-use efficiency in rice. Nat. Genet. 46(2), 652-656 (2014).

Cernaro, V., Donato, V., Romeo, A., Lacquaniti, A. & Buemi, M. Regeneration and the plant we have inside. J. Mol. Genet. Med.
Int. ]. Biomed. Res. 8(137), 1 (2014).

Fahad, S., Hussain, S., Matloob, A., Khan, E A. & Huang, J. Phytohormones and plant responses to salinity stress: A review. Plant
Growth Regul. 75(2), 391-404 (2014).

Macgowan, M. J. Leader strategies in managing maladaptive group behavior: An empirical report from school-based groups in a
rct. Physiol. Mol. Biol. Plants 14(1), 23-38 (2008).

Liu, Y., Ding, Y., Wang, Q., Meng, D. & Wang, S. Effects of nitrogen and 6-benzylaminopurine on rice tiller bud growth and changes
in endogenous hormones and nitrogen. Crop Sci. 51, 786-792 (2011).

Yu, N., Zhang, J., Liu, P, Zhao, B. & Ren, B. Integrated agronomic practices management improved grain formation and regulated
endogenous hormone balance in summer maize (Zea May L.). J. Integr. Agric. 19(7), 1768-1776 (2020).

Qian, D. et al. Effect of nitrogen application methods on crop yield and grain filling characteristics of maize in maize-soybean
relay strip intercropping system. Acta Agron. Sin. 40(11), 2028 (2014).

Wang, D. Y. et al. "N tracer-based analysis of genotypic differences in the uptake and partitioning of N applied at different growth
stages in transplanted rice. Field Crop Res. 211, 27-36 (2017).

Ju, X. T, Liu, X. ], Zhang, F. S., & Roelcke, M. Nitrogen fertilization, soil nitrate accumulation, and policy recommendations in
several agricultural regions of China. AMBIO J. Hum. Environ. 33(6), 300-305 (2004).

Bhattacharyya, P. et al. Effects of rice straw and nitrogen fertilization on greenhouse gas emissions and carbon storage in tropical
flooded soil planted with rice. Soil Tillage Res. 124(4), 119-130 (2012).

Sui, B. et al. Optimizing nitrogen supply increases rice yield and nitrogen use efficiency by regulating yield formation factors. Field
Crops Res. 150(1), 99-107 (2013).

Jiang, L. G. et al. Characterizing physiological N-use efficiency as influenced by nitrogen management in three rice cultivars. Field
Crops Res. 88(2-3), 239-250 (2004).

Zhao, L. M. et al. Effects of irrigation methods and rice planting densities on yield and photosynthetic characteristics of matter
production in cold area. Trans CSAE 31(06), 159-169 (2015).

Peng, S. B. et al. Research strategy in improving fertilizer-nitrogen use efficiency of irrigated rice in China. Sci. Agric. Sin 09,
1095-1103 (2002).

Lin, J. J. et al. Subdivision of nitrogen use efficiency of rice based on "N tracer. Acta Agron Sin. 40(08), 1424-1434 (2014).
Wang, J. et al. Optimizing N management to balance rice yield and environmental risk in the Yangtze River’s middle reaches.
Environ. Sci. Pollut. Res. Int. 26(5), 4901-4912 (2018).

Li, G., Zhang, H., Li, J., Zhang, Z. & Li, Z. Genetic control of panicle architecture in rice. Crop J. 9(3), 590-597 (2021).

Liu, K. et al. Spikelet differentiation and degeneration in rice varieties with different panicle sizes. Food Energy Secur. 11, €320
(2022).

Yoshida, H., Horle, T. & Shiraiwa, T. A model explaining genotypic and environmental variation of rice spikelet number per unit
area measured by cross-locational experiments in Asia. Field Crops Res. 97(2-3), 337-343 (2006).

Ding, Y. E. & Maruyama, S. Proteins and carbohydrates in developing rice panicles with different numbers of spikelets. Plant Prod.
Sci. 7(1), 16-21 (2004).

Zhang, H. et al. Hormones in the grains and roots in relation to post-anthesis development of inferior and superior spikelets in
japonica/indica hybrid rice. Plant Physiol. Biochem. 47(3), 195-204 (2009).

Zhang, H., Tan, G., Wang, Z., Yang, J. & Zhang, J. Ethylene and ACC levels in developing grains are related to the poor appearance
and milling quality of rice. Plant Growth Regul. 58(1), 85-96 (2009).

Barazesh, S. & McSteen, P. Hormonal control of grass infl orescence development. Trends Plant Sci. 13, 656-662 (2008).
Pagnussat, G. C., Alandete-Saez, M., Bowman, J. L. & Sundaresan, V. Auxin-dependent patterning and gamete specifi cation in
the Arabidopsis female gametophyte. Science 324, 1684-1689 (2009).

Sundberg, E. & Ostergaard, L. Distinct and dynamic auxin activities during reproducti ve development. Cold Spring Harb. Perspect.
Biol. 1,2001628 (2009).

Mcsteen, P. Auxin and monocot development. Cold Spring Harb. Perspect. Biol. 2, 2001479 (2010).

Kato, T. Effect of spikelet removal on the grain filling of Akenohoshi, a rice cultivar with numerous spikelets in a panicle. J. Agric.
Sci. 142, 177-181 (2004).

Peng, S. et al. Strategies for overcoming low agronomic nitrogen use efficiency in irrigated rice systems in China. Field Crops Res.
96, 37-47 (2006).

Dong, M. et al. Comparative proteomics analysis of superior and inferior spikelets in hybrid rice during grain filling and response
of inferior spikelets to drought stress using isobaric tags for relative and absolute quantification. J. Proteom. 1, 51-54 (2014).
Kiba, T., Kudo, T., Kojima, M. & Sakakibara, H. Hormonal control of nitrogen acquisition: Roles of auxin, abscisic acid, and
cytokinin. J. Exp. Bot. 62, 1399-1409 (2011).

Kurakawa, T. et al. Direct control of shoot meristem activity by a cytokinin-activating enzyme. Nature 445, 652-655 (2007).

Author contributions

Y.Z. and L.G. designed the study and provided experimental materials. Y.Z. and J.C. performed the measure-
ment of architecture and physiological characteristics. J.G. and Q.Z. prepared the figures and tables. Y.Z. and
L.G. wrote the paper.

Funding

This work was supported by grants from the Science and Technology Development Plan Project of Jilin Province,
China (20230202031NC) and the Open Project of the Key Laboratory of Germplasm Innovation and Physiologi-
cal Ecology of Cold and Grain Crops, Ministry of Education (CXSTOP202202).

Scientific Reports |

(2023) 13:21803 | https://doi.org/10.1038/s41598-023-48491-w nature portfolio



www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to L.G. or Q.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:21803 | https://doi.org/10.1038/s41598-023-48491-w nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Nitrogen fertilization application strategies improve yield of the rice cultivars with different yield types by regulating phytohormones
	Materials and methods
	Plant materials and growth conditions
	Experimental design
	Sampling and measurements
	Nitrogen uptake and utilization
	Grain yield and its components
	Tillering dynamic survey
	Floret and grain development
	The panicle biomass and nitrogen concentration at panicle development stage
	Panicle and root phytohormones content at panicle development stage

	Statistical analysis
	Ethical statement

	Results
	Nitrogen uptake and utilization
	Grain yield and yield components
	Dynamic changes of tillers
	Floret and grain development
	The relationships among grain yield and the floret and grain development
	The panicle biomass and nitrogen concentration at panicle development stage
	The phytohormone content in panicle and root at panicle development stage
	Correlations between panicle and grain development, and panicle and root phytohormones

	Discussion
	Conclusions
	References


