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ABSTRACT

We investigated the differences in metabolites related to rice yield under different nitrogen fertilizer levels and the
regulatory roles of key metabolites in metabolic pathways, in the hope of providing data support from the meta-
bolite level for further regulation of rice yield. This study focused on the rice variety Yangchan 15002 and used
non-targeted metabolomics methods to detect the metabolic products of rice leaves under three nitrogen fertilizer
levels. The yield of oryza sativa plants under high nitrogen (A3: 315 kg/ha) conditions was significantly higher
than that of plants under medium (A2: 270 kg/ha) and low nitrogen (A1: 180 kg/ha) conditions. The number
of grains per spike in A3 was 6.53% and 18.03% greater than in A2 and A1, respectively. Furthermore, the seed
setting rate and thousand-grain weight of plants subjected to A3 treatment were significantly elevated compared
to those treated with A1. Thirty metabolites related to yield components were identified, among which Pipecolic
Acid, Trigoncline, and (S)-2-Aceto-2-hydroxybutanoate were negatively correlated with yield. 4-methylcellulose
L-glutamic acid, C5-branched dicarboxylic acid metabolism was negatively correlated with grain number per
spike. Triglycerides, L-piperidine, and (S)-2-acetone-2-hydroxybutyric acid were negatively correlated with the
number of grains per spike.
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1 Introduction

Rice is a critical grain crop in China, accounting for 50% of total grain production. Nitrogen nutrition is
one of the key factors affecting rice yield and its components [1], and its impact on rice panicle structure is
significant [2]. Japanese scholars [3] proposed achieving high rice yield by improving panicle traits as early
as 1981. Yuan et al. [4] proposed a new medium to large panicle super-high yield plant type model in China.
Research has shown that tillering, inflorescence branching, and small rice flowers are all formed by lateral
meristem tissue [5–7]. The development of inflorescence depends on the activity of various meristem tissues,
and the structure of inflorescences directly affects the number of grains per panicle and the final yield of rice
[8]. Li et al. [9] believe that the main controlling gene of rice panicle type encodes a G protein gamma. When
a specific gene mutation occurs, the signal transmission of the G protein will be enhanced, and the activity of
meristematic tissue will be increased, promoting cell proliferation and thus increasing the number of grains
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per spike [10]. NOG1, which stands for “number of grain 1,” encodes the enoyl coenzyme A hydratase/
isomerase protein. By upregulating the expression of this gene, one can augment the activity of enoyl
CoA hydratase, leading to a reduction in the levels of fatty acids and linolenic acid within plants.
Consequently, this enhancement promotes an increase in grains per spike [9,11].

So far, increasing the application of nitrogen fertilizers remains the main agronomic measure to improve
rice yield. Studies have shown that with the increase in nitrogen application, rice yield shows a trend of first
increasing and then decreasing [12,13]. Applying nitrogen fertilizer in the early stages of rice growth is
beneficial for the early growth and rapid development of low tillers [14–16]. The SPAD value of leaves
(a relative content reading of chlorophyll, reflecting the “greenness level” of plants) reflects the relative
chlorophyll content in the leaves and the greenness of plants [17]. Applying additional panicle fertilizer
or nitrogen fertilizer helps to delay the degradation of chlorophyll and soluble proteins in leaves, thereby
extending the duration of photosynthesis [18]. The high leaf area index and SPAD values of leaves in the
later stage of rice growth are related to the production of photosynthetic products [19], the improvement
of grain filling rate, filling duration and filling fullness. The SOD (superoxide dismutase), POD
(peroxidase), and CAT (catalase) activities in plant leaves reflect the antiaging ability of plants [20,21].
Adequate application of nitrogen fertilizer during the later growth stage boosts the nitrogen content in
leaves during the grain-filling period. This, in turn, enhances the activities of SOD, POD, and CAT
enzymes in the flag leaves, which helps to mitigate membrane lipid peroxidation [22] and augments the
supply of polysaccharides to seeds, ultimately increasing grain weight [23].

Metabolomics is a prominent field of omics science [24] focused on analyzing the compounds
synthesized or degraded within the organism, attempting to reveal the biological functions of the
organism from a metabolic perspective to observe various life phenomena. Metabolomics has
significantly contributed to analyzing and detecting crop physiological processes with the continuous
advancement of omics technology. Metabolomics helps to comprehensively study the metabolites in
crops, helping to understand their physiological conditions [25]. Metabolomics can detect changes in
small molecule metabolites in crop growth organs at the biological level and provide strong evidence for
crop metabolic processes through quantitative detection. Previous studies have extensively investigated
the effects and mechanisms of nitrogen on rice yield. However, there is currently relatively little research
on the effect of nitrogen fertilizer on rice yield through metabolomics. In this study, three distinct
nitrogen fertilizer treatments were established to investigate the variations in metabolites of the rice
variety Oryza sativa under varying nitrogen application rates and their correlation with high, medium,
and low rice yields. Specifically, non-targeted metabolomics techniques were employed to identify
metabolites present in rice leaves during the grain-filling stage. Correlation analysis between these
metabolites and yield components was conducted to pinpoint those with significant correlations and
screen for crucial differential metabolic pathways. The anticipation was that these results would further
elucidate the regulatory mechanism of nitrogen fertilizer on rice yield formation, thereby providing a
theoretical foundation for enriching the methods of regulating rice physiological processes.

2 Materials and Methods

2.1 Growth Conditions and Plant Materials
During the 2022 rice-growing season, field planting of Oryza sativa plants was carried out at Yangzhou

University Farm, located in Yangzhou City, Jiangsu Province (coordinates: 32°39′N, 119°42′E). The soil at
this farm consisted of sandy loam, possessing a nitrogen content of 1.5 g kg−1, phosphorus levels of 36.6 mg
kg−1, and potassium levels of 90.8 mg kg−1. Rice sowing commenced on 25th May 2022, with manual
simulation used for transplantation. The seedlings, aged 25 days, were planted at a density of four
seedlings per hole.
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2.2 Experimental Treatments and Design
According to the soil nutrient content in this area and the general requirements for rice yield, we set the

following three nitrogen fertilizer gradients: respectively are low nitrogen treatment (A1: 180 kg/ha),
medium nitrogen treatment (270 kg/ha), and high nitrogen treatment (315 kg/ha). The spacing between
plants and rows was 28 cm × 12 cm, repeated three times. The area allocated for each rice community
was 15 square meters. Ridges were installed between these communities and covered with black film,
serving to manage weeds effectively and facilitating independent irrigation and drainage systems.
Traditional high-yield rice cultivation techniques were employed for disease, pest, and weed management.
As the nitrogen source, urea with a concentration of 46.4% was utilized. The basal fertilizer to tillering
fertilizer to panicle fertilizer ratio was 3.5:3.5:3. Phosphate fertilizer (12%) was applied at a one-time
base rate of 135 kg/ha. In comparison, potassium fertilizer (60%) was applied at a 1:1 ratio of 135 kg/ha
during the base and panicle stages. The experimental field was managed according to local high-yield
standards after transplantation.

2.3 Determination of the Leaf Area Index (LAI) and Leaf Color Values (SPAD)
Six representative plants were collected randomly from each treatment, and the leaf area of green leaves

was measured using an LI-3100 (LI-COR, Lincoln, NE, USA) leaf area meter, which was used to calculate
the leaf area index (LAI). Measure the chlorophyll content of leaves using the SPAD-502 chlorophyll meter
and measure it every five days between the heading and maturity stages. Take the average SPAD value of the
upper, middle, and lower one-third of each blade and measure 20 blades per sample.

2.4 Determination of Grain Yield and Yield Components
Before harvesting, 15 hills were surveyed, and effective panicle numbers were noted and averaged. Ten

hills from each plot were selected to count spikelets per panicle. The 1000-grain weight and the grain filling
percentage were noted. The plot yield was determined at 50 hills harvest with two replications, followed by
threshing using a threshing machine to measure yield, which was converted to actual yield at 14% moisture
content.

2.5 Sample Metabolite Extraction
For the metabolite extraction, we followed the method described by Zhou et al. [26]. Accurately

weighed head-milled leaf samples (50 mg) were transferred to centrifuge tubes of 2 mL volume, and a
bead of 6 mm diameter was added to each tube. Then, to each centrifuge tube, a 400 µL of extract
(methanol: water = 4:1 (v:v)) containing a 0.02 mg mL−1 internal standard (L-2-chlorophenyl alanine)
was added. The samples were ground in a frozen tissue grinder for six minutes at −10°C and 50 Hz.
Subsequently, a low-temperature ultrasonic extraction process was carried out for thirty minutes at 5°C
and 40 kHz. Following a holding period of thirty minutes at −20°C, the samples were then centrifuged
for fifteen minutes at a speed of 13,000× g and a temperature of 4°C. The supernatant was transferred to
sample vials with inner cannulas for subsequent analysis. Additionally, 20 µL of the supernatant was
pooled from each sample to create a quality control (QC) sample.

2.6 Differential Metabolites and Statistical Analysis
The recognition of DM was achieved by applying the criterion of projected variable importance (VIP),

which necessitates values exceeding 1 and a statistical significance level with p-values less than 0.05. To
conduct a comprehensive multivariate statistical analysis, the ropls software (version 1.6.2) within the R
package was utilized. Subsequently, leveraging a curated database, metabolic enrichment and pathway
analysis were performed through KEGG to map and summarize the distinctions in DM between the two
groups onto biochemical pathways. These metabolites were categorized according to their specific
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pathway involvement or functional roles. Enrichment analysis was conducted to ascertain whether the
metabolite groups were concentrated within specific functional nodes. This process initially zeroed in on
individual metabolites before broadening its scope to encompass groups of metabolites. For statistically
significant enrichment pathway determination, the Scipy.stats module (Python package, version 1.0.0;
accessed on 15 December 2022, at https://docs.scipy.org/doc/scipy/, specifically Fisher’s exact test, was
employed.

2.7 Data Analysis
Data analysis involved sorting and calculating the average values using Excel 2021 software. SPSS

18.0 statistical software was utilized for the variance analysis of rice quality data, and Adobe illustrator
CS6 software was employed to generate consolidated figures. To verify the credibility of the data, we
conducted a multivariable statistics using PCA (principal component analysis) and PIS-DA (partial least
squares discriminant analysis).

3 Results

3.1 Yield and Yield Components
Significant variations were observed in the rice yield ofOryza sativa plants subjected to diverse nitrogen

fertilizer treatments. The yield of plants in the A3 treatment was the highest at 8.61 t hm−1, which was 6.88%
and 27.60% higher than the A2 and A1 treatments, respectively (Table 1). The yield composition factors
showed that the number of grains per spike of Yangchan 1500 plants significantly increased with the
increase in nitrogen application. The plants in the A3 treatment were 6.53% and 18.03% higher than
those in the A2 and A1 treatments. respectively. Respectively, no significant differences were discernible
in the seed setting rate and thousand-grain weight between plants in the A2 and A3 treatments; however,
both treatments demonstrated significantly higher values than those of the A1 treatment. there were
insignificant variations in the number of panicles per unit area across the different nitrogen fertilizer
treatments. Elevated nitrogen fertilizer levels were found to markedly enhance the number of grains per
panicle, seed setting rate, and thousand-grain weight, albeit with a minor impact on the number of
panicles per unit area.

3.2 SPAD Was Increased by Applying Nitrogen Fertilizer
The nitrogen fertilizer treatment had a pronounced effect on the SPAD value. with the highest readings

recorded in plants subjected to the A3 treatment across all leaf positions of the final three leaves. Elevated
nitrogen fertilizer application rates resulted in delayed leaf senescence and an extended green leaf duration.
The transient decline in SPAD values observed between 13th September and 23rd September in the second
and third leaves could potentially be attributed to nitrogen translocation, facilitating efficient photosynthesis
in the primary leaf (Fig. 1).

Table 1: The impact of three nitrogen fertilizer levels on yield composition

treatment Number of
spikes
(104hm−1)

Number of grains
per spike

Seed setting
rate (%)

Thousand-grain
weight (g)

Actual
production
(thm−1)

A1 207.83a 138.35c 89.92b 27.82b 6.75c

A2 207.85a 153.28b 91.87a 29.0a 8.06b

A3 207.90a 163.29a 92.1a 29.1a 8.61a
Note: In a column, different lowercase letters indicate significant differences at the p = 0.05 level.
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3.3 The Leaf Area Index Was Increased by Applying Nitrogen Fertilizer
The application of nitrogen fertilizerhad a significant impact on the leaf area index (LAI) ofOryza sativa

plants at various growth stages. During the jointing stage, the leaf area index of plants in the A3 and
A2 treatments was notably higher than those in the A1 treatment, showing increases of 15.03% and
20.77%. The heading period of plants in the A3 treatment was significantly higher than in the A1 and
A2 treatments, with increases of 8.29% and 4.84%. At maturity, the LAI of plants in the A3 treatment
was 25.55% and 11.76% higher than that of plants in the A1 and A2 treatments, respectively (as shown
in Table 2). When comparing the leaf area attenuation rate from the heading stage to the mature stage, it

Figure 1: Changes in leaf SPAD values over time under different nitrogen fertilizer conditions. Note: (A)
SPAD value of inverted leaf of rice under different nitrogen fertilizer gradients at filling stage; (B) SPAD
value of inverted two-leaf rice under different nitrogen fertilizer gradients at filling stage; (C) SPAD value
of inverted three-leaf rice under different nitrogen fertilizer gradients at filling stage
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was observed that the attenuation rates decreased with increasing nitrogen fertilizer application, the
attenuation rate in the A3 treatment was significantly lower than that in the A1 and A2 treatments.

3.4 Correlation Analysis with Yield
This article conducted a correlation analysis of the yield, SPAD value, and leaf area index (LAI) during

key growth periods of Oryza sativa (rice). The yield of rice was positively correlated with the LAI during a
critical growth stage (such as tillering or heading) and the SPAD value measured on 23rd September, as
shown in Table 3. These findings indicate that both the LAI during a pivotal growth stage and
chlorophyll content at a specific point in time are influential factors in determining rice yield.

3.5 Metabolic Profiling
The heatmap generated through cluster analysis offered a comprehensive insight into the accumulation

patterns of diverse metabolites across various nitrogen fertilizer treatments (as illustrated in Fig. 2A). Notable
disparities were evident in the metabolite profiles of the different nitrogen fertilizer treatments, while the
biological replicates within each group demonstrated a high degree of similarity (as depicted in Fig. 2B).

3.6 Multivariate Statistics and Volcano Charts
In the A1-VS-A2 control group (as depicted in Fig. 3), a total of 98 differential metabolites (DMs) were

identified, with 14 showing increased levels and 84 decreased levels. We have presented the names of the
selected HMDB levels (superclass) and have organized the percentage of metabolites in descending order
based on their quantity. Each pie chart within Fig. 4 represents different HMDB subtypes, where the
colors signify distinct categories, and the area of each segment indicates the proportion of that category to
the total metabolites. Specifically, lipids and lipid-like molecules comprised 43.26% of the metabolites,
followed by organic acids at 13.48%, phenylpropanoids and polyketides at 11.8%, organic oxygen
compounds at 10.67%, organic heterocyclic compounds at 7.87%, benzene ring compounds at 4.49%,
and alkaloids and their derivatives at 1.12%.

Table 2: Key growth period leaf area index under three nitrogen fertilizer levels

Treatment Jointing stage Heading stage Maturation stage Leaf area attenuation rate during
heading maturity stage (LAI/d)

A1 4.92b 7.96b 4.05c 0.0954c

A2 5.79a 8.26b 4.80b 0.0844a

A3 6.21a 8.68a 5.44a 0.0790b
Note: LAI: leaf area index. In a column, different lowercase letters indicate significant differences at the p ¼ 0.05 level.

Table 3: Correlation between the yield, SPAD value, and leaf area index of oryza sativa plants during their
critical growth period

Y S1 S2 S3 LAI1 LAI2

S1 0.959**

S2 0.999** 0.961**

S3 0.944** 0.998** 0.948**

LAI1 0.995** 0.964** 0.999** 0.954**

LAI2 0.944** 0.996** 0.950** 1.000** 0.957**

LAI3 0.979** 0.991** 0.984** 0.988** 0.988** 0.990**
Note: * represent significant difference at the 5% level, ** represent significant difference at the 1% level. Y: Yield; S1: SPAD value on 8th September;
S2: SPAD value on 23rd September; S3: SPAD value on 14th October; LAI1: Leaf area index during jointing stage; LAI2: Leaf area index during
heading period; LAI3: Mature leaf area index.
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Figure 2: Hierarchical clustering heatmap and metabolite analysis. Note: (A) Hierarchical clustering
heatmaps of three nitrogen fertilizer treatments. (B) Metabolite Wayne distribution map
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In the A3-VS-A2 control group, a total of 138 differential metabolites (DMs) were identified, with
29 showing increased levels and 105 decreased levels. The composition of these metabolites included lipids
and lipid-like molecules accounting for 39.89%, organic oxides at 11.8%, organic heterocyclic compounds
at 11.24%, organic acids and their derivatives at 10.67%, benzene ring compounds at 8.43%,
phenylpropanoids and polyketones at 7.87%, and lignin, new signal elements, and related compounds at 1.12%.

In the A1-VS-A3 control group, a total of 90 differential metabolites (DMs) were identified, with
21 showing increased levels and 69 decreased levels. The composition of these metabolites was as
follows: lipids and lipid-like molecules accounted for 23.46%, phenylpropanoids and polyketones for
18.52%, organic acids and their derivatives for 14.20%, organic heterocyclic compounds for 14.20%,
organic oxygen compounds for 11.73%, benzene ring compounds for 9.88%, lignin, new signaling
elements, and related compounds for 3.7%, and organic nitrogen compounds for 1.23%. A comparison
among the three treatments revealed 738 common metabolites, suggesting similar metabolic

Figure 3: DMS volcano map. Note: Each point represents a specific metabolite, and the size of the points
corresponds to the VIP value. VIP > 1, fold change = 1, and p < 0.05 are metabolites with significant
differences. The downregulated metabolite is on the left, while the upregulated metabolite is on the right.
The closer the point is to the edge, the higher the significance of the differential expression. (A) A1 and
A2 processing comparison. (B) A1 and A3 processing comparison. (C) A3 and A2 processing comparison
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characteristics across the treatments. Each treatment exhibited a unique metabolic profile, underscoring the
distinct metabolic features of each. Furthermore, each comparative metabolome was visualized through a
volcano plot, offering a comprehensive perspective on the metabolites and their statistical significance (as
depicted in Fig. 3).

Figure 4: Compound statistical diagram (class) based on HMDB hierarchical structure. Note: (A) The
comparison between treatments A1 and A2 shows that the categories of metabolites are arranged in a
decreasing abundance manner. (B) Comparison between the A3 and A1 treatments, displaying metabolite
categories in descending abundance order. (C) Comparison between the A3 and A2 treatments, displaying
metabolite categories in descending abundance order
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3.7 Correlation Analysis between Rice Yield Indicators and Metabolic Product Levels
A correlation analysis was performed to investigate the correlation and potential associations between

specific yield components and varying metabolite levels, aiming to elucidate the relationship between
yield and metabolite concentrations (as depicted in Fig. 5). Notably, 11β,17β-dihydroxy-4-androsten-3-
one and succindifuran exhibited positive correlations with yield, the number of grains per spike, and the
SPAD value measured on 23rd September. Azoxystrobin and methylcellulose demonstrated significant
positive correlations with both the number of grains per spike, the SPAD value on September 23rd, and
the SPAD value recorded on September 8th. Additionally, tebuconazole showed a significant correlation
with the SPAD value on September 8th and the leaf area index. Furthermore, 11β and 17β-dihydroxy-4-
androsten-3-one were positively associated with 1000-grain weight and the seed setting rate.

Figure 5: Correlation analysis between rice yield composition and DMS. Note: Each cell represents the
correlation between two attributes (metabolites and related features), and different colors indicate the size
of the correlation coefficient between the attributes. * represents statistical significance at the
p = 0.05 level, ** represents statistical significance at the p = 0.01 level, and *** represents statistical
significance at the p = 0.001 level. RP: number of ears; RG: number of particles; RSS: seed setting rate;
TGW: thousand-grain weight; LAI: leaf area index; SPAD1: SPAD value on 4th September; SPAD value
on 18th September; SPAD3: SPAD value on 14th October; AY: Production
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Dinotefuran displayed a significant positive correlation with 1000-grain weight. Conversely, 6-O-
glyceryl sucrose, indole acrylic acid, L-2-amino-4-methylenedicarboxylic acid, and octadecane-2,4-
methylenedicarboxylic acid exhibited significant negative correlations with yield, the number of grains
per spike, and the SPAD value measured on 23rd September. Additionally, both 6-O-sucrose gallate and
indole acrylic acid showed negative correlations with the SPAD value on 8th September and the leaf area
index. Notably, L-2-amino-4-methylenedioic acid was significantly negatively correlated with the SPAD
value on 8th September. Furthermore, indomethacin, L-2-amino-4-methylenedioic acid, 6-β-D-glucopyranose-
4,5-dihydroxy-3,7-dimethylflavone, 5,7-dihydroxy-6-methoxyflavone-5-rhamnoside demonstrated negative
correlations with 1000-grain weight. N-succinyl chitosan was negatively correlated with the SPAD value
recorded on 14th October.

Utilizing metabolites associated with yield components as our starting point, we conducted a search for
pertinent metabolite cycles and, based on a thorough metabolite correlation analysis, constructed a pathway
diagram, which is illustrated in Fig. 6.

4 Discussion

Nitrogen serves as a constituent of chlorophyll and numerous enzymes, enabling it to directly regulate
crop photosynthesis [27,28] as well as the transformation of various substances within plants [29]. In general,
the effective number of panicles in rice exhibits the most pronounced response to nitrogen application, with
the number of grains per panicle, seed setting rate [16], and thousand-grain weight following suit. As the rate

Figure 6: Overview of key metabolites in the metabolic pathways of three nitrogen fertilizer treatments.
Note: Key metabolites are displayed in an orange rectangle. The red square indicates a significant
increase in metabolite content. The green box indicates a significant decrease in metabolite content. Gray
squares indicate no significant difference in metabolite content
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of nitrogen application increases, the overall grain setting rate and thousand-grain weight of rice display a
tendency to initially rise and subsequently decline [30]. Unlike previous observations, in this experiment,
the number of spikes in Oryza sativa plants did not undergo notable variations with the elevation of
nitrogen fertilizer levels. This outcome may be attributed to the fact that large panicle rice varieties
allocate a greater proportion of nutrients towards panicle development during the process of energy
distribution [31].

As the nitrogen application rate escalated, the number of grains per spike, seed setting rate, and
thousand-grain weight exhibited an upward trend. Notably, the number of grains per spike in plants
subjected to the A3 treatment was markedly higher compared to those in the A1 and A2 treatments.
Under the experimental conditions, augmenting nitrogen fertilizer enhanced the yield of the variety by
optimizing the ear structure. Furthermore, elevating the total nitrogen application rate could potentially
exert a significant influence on the reproductive growth stage [32]. Physiologically, before the
differentiation of young panicles, reducing nitrogen levels can accelerate the differentiation of bract
primordia and promote the transfer of nutrient growth to reproductive growth. In contrast, increasing
nitrogen levels have the opposite effect [33]. Therefore, appropriately reducing the application of base
fertilizers can enhance the nitrogen utilization efficiency of this variety.

Given the relatively consistent yet excessive differentiation of small flowers per panicle in rice,
minimizing the degeneration of these small flowers is also crucial for boosting the grain count per panicle
[34]. The correlation analysis revealed a strong positive relationship between yield and both the leaf area
index during the jointing stage and the SPAD value recorded on October 14th. This outcome can be
attributed to the fact that a more abundant leaf area during the jointing stage provides a robust material
foundation for partial panicle initiation, thereby enhancing the number of grains per panicle and
augmenting storage capacity. Higher SPAD values in the later growth stages facilitate superior
photosynthesis in plants, which in turn promotes grain filling and increases thousand-grain weight.

Due to their inability to move freely, plant tissues accumulate more organic acids compared to other
organisms as a mechanism to adapt to complex and constantly changing environments [35]. If the organic
acid content within the tissue fluctuates over time, it could be indicative of extensive metabolic activities
occurring within the plant body [36]. In this study, we observed distinct metabolites in various control
groups, as illustrated in Fig. 3. Furthermore, Fig. 4 delineates the variations in the quantity and
proportion of metabolites under differing nitrogen fertilizer treatments, furnishing evidence of the
discrepancies in metabolite composition and diversity under these conditions. We have pinpointed several
metabolites that exhibit significant differences and are correlated with yield. We have also identified the
physiological cycling processes encompassing these distinct metabolites: amino acid biosynthesis,
alkaloid biosynthesis (such as trypane, piperidine, and pyridine biosynthesis, as well as the biosynthesis
of valine, leucine, and isoleucine), lysine degradation, niacin and niacinamide metabolism, and 2-
oxocarbonoic acid and C5-branched dicarboxylic acid metabolism. Notably, the biosynthesis of valine,
leucine, and isoleucine yields branched chain amino acids in plants, which are crucial for protein and
DNA synthesis, cell division, and growth [37]. A significant correlation was evident between the four
metabolites, with a particular emphasis on methylcellulose, and the number of grains per spike. This
correlation was mirrored by a substantial increase in grain count per spike when nitrogen was applied in
the experiment. Methylcellulose, specifically, is a linear polymer constructed by linking glucose
molecules, where methyl and hydrogen atoms substitute the hydroxyl functional groups on glucose,
thereby classifying it as an organic oxygen compound [38]. Furthermore, it plays an integral role in the
metabolism of C5-branched dicarboxylic acids. Methylcellulose may play a pivotal role in specific
chemical reactions within rice, aiding in the delay of senescence, mitigating the degeneration of floral
organs, and ultimately enhancing the number of grains per panicle. This process is influenced by gene
regulation, where the epigenetic landscape is modulated through the regulation of organic acid content
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[39]. Hence, chemical regulation techniques can be implemented to adjust the yield components of rice,
particularly focusing on increasing the number of grains per panicle, thereby enhancing its storage
capacity and maximizing its yield potential.

5 Conclusions

The application rate of nitrogen fertilizer exerts a considerable influence on the yield of Oryza sativa.
With the increase in nitrogen application rate, the number of grains per spike, seed setting rate, and
thousand-grain weight of oryza sativa all increased. Maximum yields are attained when high levels of
nitrogen fertilizer are applied. Metabolomics research has revealed that specific metabolites present in
leaves are correlated with amino acid biosynthesis, alkaloid biosynthesis, lysine degradation, niacin and
nicotinamide metabolism, as well as the metabolic pathways of 2-oxocarboxylic acids and C5-branched
dicarboxylic acids under varying nitrogen fertilizer conditions. These key metabolites may be regulated
by nitrogen fertilizer and play an important role in regulating the yield of oryza sativa.
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