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Abstract

In major cereals, excessive use of nitrogen fertilizers and low nitrogen use
efficiency adversely affect land, water and food systems. Developing
nitrogen-efficient cereal varieties reduces fertilizer dependence, lowers
costs and minimizes environmental pollution while maintaining yield
stability. These varieties enhance nitrogen uptake and assimilation,
ensuring sustainable food production in low-nitrogen soils. The study
aimed to assess the genetic variability for nitrogen use efficiency among 160
rice genotypes by evaluating their performance under three different
nitrogen levels -NO (ON), N50 (50% recommended dose of nitrogen (RDN)
and N100 (100% RDN), during rabi season. The physiological and yield traits
were recorded at the active tillering and flowering stages. The results
indicated that the application of different nitrogen levels significantly
affected the physiological traits such as chlorophyll index (SPAD value), leaf
greenness index (NDVI), light-adapted PSIl quantum yield (Fv'/Fm'),
photosynthetic rate at both the stages. Also, there was a significant
variation observed in yield traits such as the number of productive tillers,
spikelets per panicle, 100-grain weight, spikelet fertility and grain yield
among the rice genotypes under different N levels. Correlation analysis
showed a significant positive relationship between Fv'/Fm' and
photosynthetic rate with grain yield under N50 and N100 levels. Hierarchical
clustering analysis identified the five high-yielding genotypes such as IRG91,
IRG140, IRG302, IRG374 and IRG375, that performed significantly well under
N50 in terms of physiological and yield traits compared to the NO level and
the reduction in yield was significantly less over N100. Future research
should focus on identifying the key genes and pathways associated with
NUE in rice.
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Introduction

Rice (Oryza sativa L.) belongs to the Poaceae family and has a panicle-type
inflorescence. Its fruit is a caryopsis, where the seed coat is fused with the
pericarp (1). Rice is an important staple crop of the Asian continent and it
ranks first among the world's most extensively cultivated cereals. A significant
portion of the global population (60%) depends on rice for their daily nutrition
(2). The Asia-Pacific region, which includes over 100 countries, produces more
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than 90% of the world's rice. However, several factors affect
rice production, including climate, soil conditions, water
availability and management practices such as cultivar
selection, sowing dates, weed and nutrient management.
Among the essential nutrients, nitrogen (N) is one of the
major and vital nutrients that plays a major role in
influencing rice production in both upland and lowland
ecosystems. According to the USDA Foreign Agricultural
Service (2023/2024) (3), global rice production is projected at
515.87 million metric tons, with China (144.62 MMT) and
India (137.83 MMT) as the top producers.

In the past fifty years, field crop yields have doubled,
largely due to a sevenfold increase in global nitrogenous
fertilizer use (4). The global fertilizer application surged from
10.8 to 109 million metric tons from 1960 to 2019, with
projections suggesting it could reach 249 million metric tons
by 2050 (5). Approximately 16% of the world's nitrogenous
fertilizer is used for rice production (6). The excess
application of nitrogenous fertilizer is practiced in China and
India, which together account for nearly 50% of global rice
production and consumption (7). However, nitrogen use
efficiency in rice farming remains low, at only 20-50% (8).
Approximately 60% of soil nitrogen is lost through leaching,
runoff,  denitrification, volatilization and  microbial
consumption. This surplus nitrogen contributes to
greenhouse gas emissions (such as N,O, NO and NO,),
biodiversity  loss, soil acidification,  groundwater
contamination and surface water eutrophication (9,10), which
can exacerbate climate change. Addressing these challenges
requires efficient resource use and proactive measures in
agricultural production to manage the future climate risks
without causing damage to the ecosystem (11).

In addition to crop production practices aimed at
enhancing nitrogen use efficiency (NUE), the development of
nitrogen-efficient rice varieties is essential for mitigating
global climate change impacts (12). Since much of the
genetic potential for improving NUE remains untapped
within crop germplasm, research should prioritize its
exploration and utilization, rather than solely focusing on
yield improvement under high nitrogen conditions (13).
Therefore, breeding rice varieties that maintain yield
stability under reduced nitrogen inputs is crucial for
promoting environmentally sustainable and cost-effective
agriculture (14,15). This strategy not only minimizes fertilizer
application and cultivation costs for farmers but also
reduces environmental risks.

Several studies have investigated genotype-specific
responses to nitrogen availability using diverse
experimental approaches. Srikanth et al. (16) investigated
genetic variability among 14 rice genotypes in response to
graded nitrogen levels (NO, N50, N100 and N150) across four
seasons in a split plot design to assess the agro-
morphological traits, grain yield, flag leaf characteristics,
photosynthetic pigment content, flag leaf gas exchange
parameters and chlorophyll fluorescence traits. Similarly,
Padhan et al. (17) evaluated 30 diverse rice genotypes under
two nitrogen treatments i.e.,, N-deficient (NO, no external
nitrogen) and N-sufficient (N120, 120 kg N ha?), during the
2019 and 2020 Kharif seasons to explore mechanisms
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governing reproductive stage nitrogen remobilization and
partitioning to grain. Wang et al. (18) screened various rice
genotypes, including super hybrid rice, ordinary hybrid rice
and commercial indica, under different nitrogen application
rates (60 and 120 kg N ha*in 2012; 0, 120 and 210 kg N ha?in
2013) in split plot arrangement. These studies collectively
highlight the importance of identifying and utilizing rice
genotypes with improved NUE to develop climate-resilient
and resource-efficient varieties.

Nitrogen use efficiency is a complex phenomenon
influenced by a range of edaphic, climatic and management
factors. It requires management through an integrated
approach that encompasses agronomic, physiological and
molecular perspectives (19). NUE can be enhanced
agronomically up to a certain level, beyond which biological
crop improvement alone can break the barrier for further
improvement (20). Based on this insight, research on the
biological basis of N-response and NUE in diverse crops
gained momentum (21). Screening diverse germplasm for
high NUE under low nitrogen conditions offers a pathway to
minimize fertilizer dependence while maintaining yields.
Recent studies have shown that nitrogen-efficient varieties
(NEVs) outperform nitrogen-inefficient varieties (NIVs) in
terms of both grain yield and NUE, primarily due to
enhanced root and shoot activity (22,23). Nevertheless, the
specific plant traits linked to N-efficient rice varieties remain
largely unexplored (24). Identifying high-yielding varieties
that perform well under different nitrogen levels from
existing germplasm and understanding their physiological
and molecular mechanisms, is crucial for developing
nitrogen efficient varieties. Hence, the present study was
formulated with the collection of 160 rice genotypes to
identify the genotypic variability for NUE and to assess the
relationship between physiological traits and grain yield
under different nitrogen levels. A set of 500 diverse rice lines,
specifically Indian rice lines from the 3K Panel, for which
whole genome sequence (WGS) information available, were
assembled for this study. The single nucleotide
polymorphisms (SNPs) present among these 500 lines were
retrieved to analyze genetic diversity and population
structure. Based on these analyses, a subset of 160 unique
lines, forming an association mapping panel that effectively
represents the original genetic diversity, were filtered and
selected for the study.

Materials and Methods
Plant material and seasons

A total of 160 rice genotypes from the rice 3K- panel (Table
S1) were selected to study the genetic variability for NUE
under different nitrogen levels. All the rice genotypes belong
to the rice association mapping panel. The experiment was
conducted during the Rabi-2023 at the wetland farm of the
Tamil Nadu Agricultural University, Coimbatore.

The weather parameters such as temperature, relative
humidity and precipitation prevailed during the cropping
period were recorded. The mean minimum and maximum
temperatures were 19.5, 29.2°C respectively, the mean
relative humidity was 79.6% and the mean precipitation was
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3.37 mm.
Soil analysis and experimental details

The experimental soil was clay in texture, slightly alkaline
(pH 8.025), non-saline (EC- 0.36 dS/m). The organic carbon
content was medium (0.72%), soil available N was low
(193.5 kg/ha), available P was medium (18 kg/ha) and
available K was high (721kg/ha). The experiment was
conducted in split plot design with three replications where
nitrogen levels were assigned to the main plots and
genotypes to the sub plots. The treatments were randomly
allocated to ensure homogeneity. The split plot design was
chosen for its practical advantages and statistical efficiency.
Applying nitrogen treatments uniformly across small plots
can be challenging, therefore, nitrogen levels were assigned
to larger main plots to minimize variability in application.
This design effectively manages field variability, particularly
soil heterogeneity, by reducing the impact of large-scale
variations in fertility. The recommended dose of fertilizer
given for rice was 150:50:50 N: P: K kg/ha. The required
amount of urea was calculated according to the plot size,
which is given in Table 1. The nitrogen treatments were as
follows: T1-0 N, T2- 50% recommended dose of nitrogen
(RDN) and T3- 100% RDN. The plot size was 175.87 square
metres/treatment. The urea was applied in four equal split
doses as basal (before transplanting), active tillering,
panicle initiation and heading stage in T2 and T3 as per the
treatment schedule of fertilizer application. Single
superphosphate was applied as a basal as phosphorus
source and muriate of potash was applied in four splits as
that urea, in all the treatments. All other cultural practices
and crop protection measures were taken as per the Crop
Production Guide (2020) published by Directorate of
Agriculture and TNAU, Tamil Nadu, India.

The seeds of 160 rice genotypes were sown during 4t
week of October 2023 and transplanted 21 days after
sowing in November 2023. In the main field, the seedlings
were transplanted with a spacing of 20 x 15 cm. A selective
pre-emergence herbicide, Butanil S (1.25 kg), was mixed
with the soil and broadcast across the field. Gap filling was
carried out on the 10% day after transplanting. The
treatment plots were irrigated uniformly with 2 cm water
depth up to the panicle initiation stage, after which a 5 cm
water depth was maintained. Crop protection practices
were implemented following the recommended package of
practices for rice cultivation. The field view of T1, T2 and T3
are given in Fig. 1A, Fig. 1B and Fig. 1C.

Analysis of physiological traits

The physiological traits were measured in the youngest fully
expanded fifth leaf of primary tillers at the active tillering
stage and in the flag leaf during the flowering stage. The

observations were recorded between 10:00 AM and 12:30
PM. The chlorophyll index was measured using SPAD meter

Table 1. Details of urea application across four split doses

(Minolta SPAD 502, Japan) and expressed in SPAD units.
NDVI was measured using a GreenSeeker handheld crop
sensor (N-Tech Industries, Inc., Ukiah, CA, USA). The
Greenseeker sensor was placed about 60 cm above the
plant canopy to record measurements. The chlorophyll
fluorescence traits such as light-adapted PSIl quantum yield
(Fv'/Fm') were measured using a chlorophyll fluorometer
(OS5p+, Opti Sciences, Hudson, NH) (25). Photosynthetic

Fig. 1C. Field view of T3 (100% RDN) for 160 genotypes.

S.No N levels Basal Tillering Panicle initiation Heading stage Total
1 T1 - - - - -
2 T2 0.71kg 0.71Kg 0.71kg 0.71kg 2.85kg
3 T3 1.42 kg 1.42Kg 1.42 kg 142 kg 5.71kg
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rate (Pn, pmol. CO, m?2sec?) was measured using CI-340
handheld photosynthesis system (CID BioSciences Inc).

Yield traits

The yield parameters such as number of productive tillers,
grains per panicle, hundred seed weight(g), spikelet fertility
(%) and single plant yield (g) were measured.

1.Number of productive tillers

The number of panicles producing tillers from tagged plants
of each genotype was counted.

2.100 grain weight

100 grain weight was measured by weighing the well-
developed 100 grains of three plants of each genotype. It
was expressed in g.

3.Total number of grains per panicle

The total number of filled and unfilled grains per panicle
was determined by counting the filled and unfilled grains
from three panicles of tagged plants for each genotype. The
average of these filled grain values was then calculated to
represent the number of filled grains per panicle.

4.Spikelet fertility (%)
The spikelet fertility was calculated by
Spikelet fertility (%) =

Total number of grains - Number of unfilled grains

Total number of grains per panicle
5.Grain yield per plant

Panicles from the selected individual plants of each
genotype were used to determine grain yield per plant. The
panicles were threshed, cleaned, dried and the final grain
weight was recorded. Grain yield per plant was expressed in
grams per plant (g/plant).

Statistical analysis

Two -way analysis of variance (ANOVA) was performed using
the R software (version 4.3) using the agricolae package to
assess the significance of nitrogen dosage and genotype
effects on physiological traits and yield traits. The Least
Significant Difference (LSD) method was applied for pair
wise comparisons at a 5% significance level (26). The
correlation analysis was performed in R software (version
4.3) using corrplot package. Hierarchical clustering analysis
was also performed using ward’s method using Euclidean
distance to classify genotypes based on trait similarities.

Results

Effects of nitrogen dosage on physiological traits of rice
genotypes

The physiological traits increased from active tillering stage
to flowering stage. The traits such as SPAD, NDVI, Fv'/Fm'
and photosynthetic rate showed an increase in both range
and mean values with respect to increase in nitrogen
dosage (NO to N100). The application of 100% RDN (T3)
recorded the highest value of all the physiological traits at
both the stages of observation. However, the plants
received 50% reduced nitrogen level recorded significantly
higher for the physiological traits values compared to the

NO level.
Physiological traits at active tillering stage

The analysis of variance revealed that treatments and
genotypes exhibited highly significant differences (P<0.01)
across all measured traits. Additionally, the interaction
between genotype and treatment was also found to be highly
significant (P<0.01), consistently influencing all traits at both
growth stage (Table S2). Under NO level, the rice genotypes
showed a significant reduction in SPAD values, ranging from
22.8 to 42.25 with an average of 33.83. In contrast, under the
N50 level, SPAD values ranged from 25.25 to 45.9, with an
average of 37.36, while the highest values were recorded
under N100, ranging from 29.95 to 49.55, with an average of
41.12. The same trend was also observed for NDVI, light-
adapted PSII quantum yield and photosynthetic rate in the
rice genotypes grown under different nitrogen regimes.
Under NO level, the NDVI values ranged from 0.15 to 0.615
with an average of 0.38 and for the N50 level, the values
ranged from 0.215 to 0.67 with an average of 0.51, whereas in
N100 the values were significantly higher ranging from 0.35 to
0.74 with an average of 0.61 (Table 2). The Fv'/Fm' and
photosynthetic rates were drastically reduced under the NO
level compared to N50 and N100. Compared to N100, the Fv'/
Fm' values were reduced by 7.46 to 16.4% in N50 and NO
respectively. The photosynthetic rate was decreased by 14.1
to0 28.7% compared to N50 & NO respectively.

Physiological traits at flowering stage

A significant reduction was observed in SPAD values, NDVI,
light-adapted PSII quantum yield and photosynthetic rate in
rice genotypes due to the reduced doses of nitrogen ie. NO and
N50 level of nitrogen compared to the N100 level at the
flowering stage. The analysis of variance highlighted significant
differences (P<0.01) among treatments and genotypes for all
traits. Moreover, a highly significant Genotype x Treatment
interaction (P<0.01) was observed across all traits at both
growth stages (Table S2). The SPAD values ranged from 26.75
to 45.6, with an average of 37.09 under NO level. However, the
SPAD values were significantly higher in N50 over NO level,
which ranged from 34.8 to 48 and an average of 42.3, while
N100 exhibited the highest range of 39.25 to 49.85 with an
average of 46.08 (Table 2). The same trend was observed for
NDVI, photosynthetic rate and Fv'/Fm' in rice genotypes
under varying levels of nitrogen. Relative to N100, Fv'/Fm’
values decreased by 6.6% under N50 and by 15% under NO.
Similarly, the photosynthetic rate was reduced by 18.8%
under N50 and by 32.8% under NO.

Effects of nitrogen dosage on yield traits of rice genotypes

The number of productive tillers, grains per panicle,
hundred seed weight, spikelet fertility and grain yield
exhibited significant variation in all the treatments and
among the genotypes (P<0.01). Significant interactions
(P<0.01) for the Genotypes *Treatment are also observed for
the yield traits (Table S3).

Productive tillers - The number of productive tillers varies
from 2 to 6.5 under NO, 2.5 to 11 under N50 and 5 to 14 under
N100.The average number of productive tillers increases from
412 at NO to 6.41 at N50 and 870 at N100. Nitrogen
application boosts the number of productive tillers, with
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Table 2. Range and mean values of physiological traits for 160 genotypes under different nitrogen levels

Active tillering stage Flowering stage

Traits Treatments Range Mean Range Mean
NO 22.8-42.25 33.83 26.75-45.6 37.09

SPAD N50 25.25-45.9 37.36 34.8-48 423
N100 29.95-49.55 41.1 39.25-49.85 46.08

NO 0.155-0.615 0.38 0.215-0.675 0.47

NDVI N50 0.215-0.67 0.51 0.36-0.76 0.60
N100 0.35-0.74 0.61 0.545-0.8 0.69

NO 0.434-0.636 0.56 0.525-0.664 0.599

Fv'/Fm' N50 0.5-0.68 0.62 0.608-0.706 0.658
N100 0.62-0.697 0.67 0.644-0.724 0.705

NO 11.3-238 15.6 13.25-24.65 17.8

Pn (pmol. CO; m?sec?) N50 13.05 -25.95 18.8 15.5-31.4 21.5
N100 14.45-32.1 21.9 18.2-35.7 26.5

N100 producing the highest tiller count (Table3).

Number of grains per panicle - The grains per panicle range
from 29 to 139 in NO, 43 to 156.5 in N50 and 49 to 205 in
N100.The average number of grains increases from 49.12
(NO) to 75.36 (N50) and further to 95.56 (N100). Higher
nitrogen levels result in an increased grain count per panicle
(Table3).

Hundred seed weight (g) - The weight of 100 seeds varies
from 1.15-2.6 g (N0), 1.24-2.78 g (N50) and 1.34 -2.85 g (N100).
The average weight increases from 1.70 g (NO) to 1.91 g (N50)
and 2.08 g (N100). Nitrogen improves grain size or density,
with seeds becoming heavier under higher nitrogen levels
(Table3).

Spikelet fertility (%) - Spikelet fertility ranges from 38.9%-
84.6% (NO), 52.35%-85.92% (N50) and 67% - 90.46% (N100).
The average spikelet fertility rises from 64.43% (NO) to
73.9% (N50) and 81.3% (N100). Increased nitrogen enhances
the ability of spikelets to develop into grains, contributing
to higher yields (Table3).

Yield (g/plant) - The yield per plant varies from 1.09-6.94 g
(N0), 2.67-15.05 g (N50) and 5.89-29.18 g (N100).The average
yield increases from 2.19 g/plant (NO) to 6.85 g/plant (N50)
and 14.15 g/plant (N100). Higher nitrogen levels significantly
enhance plant yield, with N100 leading to the highest

Table 3. Range and mean values of yield traits for the 160 genotypes under
different nitrogen levels

Yield traits
Traits Treatments Range Mean
NO 2-6.5 412
Productive tillers N50 2.5-11 6.41
N100 5-14 8.70
NO 29-139 49.12
No. of grains/panicle N50 43-156.5 75.36
N100 49-205 95.56
NO 1.15-2.6 1.70
100 seed weight (g) N50 1.24-2.78 1.91
N100 1.34-2.85 2.08
NO 38.9-84.6 64.43
Spikelet fertility (%) N50 52.35-85.92 73.9
N100 67-90.46 81.3
NO 1.09 - 6.94 2.19
Yield (g/plant) N50 2.67-15.05 6.85
N100 5.89-29.18 14.15

productivity (Table3).
Correlation analysis of physiological and yield traits

Correlation coefficient analysis was performed to identify
the interrelation among the traits for NO (Fig.2), N50 (Fig.3) &
N100 (Fig.4) levels. The correlation analysis revealed that
the intensity of association between physiological and yield
traits increased when the quantity of nitrogen increases. At
N50 & N100 level, the photosynthetic rate and light-adapted
PSIl quantum yield are positively associated with grain yield at
both active tillering and flowering stage. The physiological

Correlation analysis for NO
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Fig. 2. Correlation analysis of NO for 160 genotypes. SPAD_AT - Chlorophyll
index at active tillering stage; NDVI_AT - leaf greenness index at active tiller-
ing stage; Fv'/Fm' AT - light-adapted PSIl quantum vyield at active tillering
stage; Pn _AT-Photosynthetic rate at active tillering stage; SPAD_F -
Chlorophyll index at flowering stage; NDVI_F - leaf greenness index at flower-
ing stage; FV'/Fm' F - light-adapted PSIlI quantum yield at flowering stage;
Pn_F—Photosynthetic rate at flowering stage; GY- grain yield.

traits such as SPAD, NDVI, Fv'/Fm' and Photosynthetic rate are
positively correlated with grain yield at N100.

Hierarchical Clustering of 160 genotypes under different
nitrogen levels

The hierarchical clustering analysis of 160 genotypes
categorized into three distinct groups based on physiological
traits at the active tillering and flowering stages, along with
grain yield, highlighting differences in nitrogen use efficiency.

Under N50 level (Fig 5), the rice genotypes were
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Correlation analysis for N50
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Fig. 3. Correlation analysis of N50 for 160 genotypes. SPAD_AT - Chlorophyll
index at active tillering stage; NDVI_AT - leaf greenness index at active
tillering stage; Fv'/Fm'_AT - light-adapted PSIl quantum yield at active
tillering stage; Pn _AT- Photosynthetic rate at active tillering stage; SPAD_F-
Chlorophyll index at flowering stage; NDVI_F - leaf greenness index at
flowering stage; Fv'/Fm'_F - light-adapted PSII quantum yield at flowering
stage; Pn_F -Photosynthetic rate at flowering stage; GY- grain yield.

Fig. 4. Correlation analysis of N100 for 160 genotypes. SPAD_AT -
Chlorophyll index at active tillering stage; NDVI_AT - leaf greenness index at
active tillering stage; Fv'/Fm'_AT - light-adapted PSII quantum yield at active
tillering stage; Pn _AT- Photosynthetic rate at active tillering stage; SPAD_F-
Chlorophyll index at flowering stage; NDVI_F - leaf greenness index at
flowering stage; Fv'/Fm'_F - light-adapted PSII quantum yield at flowering
stage; Pn_F -Photosynthetic rate at flowering stage; GY- grain yield.

Height

Fig. 5. Hierarchical clustering of 160 genotypes under N50.

classified into 3 major clusters such as Cluster | - 59, Cluster
- 36, Cluster Ill- 65. Cluster | genotype exhibited moderate
SPAD, NDVI and photosynthetic rates, maintaining relatively
stable physiological traits across growth stages. However,
their grain yield (6.42 g/plant) remained intermediate,
suggesting limitations in biomass partitioning. Cluster I
genotypes had the highest SPAD, NDVI and Fv'/Fm' values,
indicating superior nitrogen assimilation and chlorophyll
retention. Despite their high photosynthetic rates, their
grain yield (5.60 g/plant) was lower than Cluster Ill,
suggesting that these genotypes prioritized vegetative
growth over grain production. In contrast, Cluster Il
genotypes demonstrated the highest photosynthetic
efficiency, achieving the highest grain yield (7.95 g/plant).
Though their SPAD and NDVI values were moderate, their
superior carbon fixation efficiency enabled better biomass
conversion into yield.

Under N100 levels (Fig.6), the genotypes were
classified into three major clusters such as Cluster I-65,
Cluster 1I-65 and Cluster 111-30. Cluster | genotype exhibited
the highest SPAD values, indicating better nitrogen uptake,
chlorophyll retention and moderate NDVI and photosynthetic

rates. However, their grain yield (13.11 g/plant) was lower
than Cluster Il, suggesting limitations in biomass partitioning.
Cluster Il genotypes demonstrated the highest NDVI, Fv'/Fm'
and photosynthetic rates, reflecting superior light
interception and carbon assimilation efficiency. This
translated into the highest grain yield (16.35 g/plant),
indicating their superior nitrogen use efficiency and potential
for high yield breeding programs. In contrast, Cluster Il
genotypes exhibited the lowest SPAD, NDVI and
photosynthetic  rates, suggesting weaker nitrogen
assimilation and lower photosynthetic efficiency, resulting in
the lowest grain yield (11.64 g/plant). The significant
differences observed across clusters highlight the strong
correlation between nitrogen uptake, photosynthetic
efficiency and grain yield.

From the hierarchical clustering analysis, the
genotypes such as IRG91, IRG140, IRG302, IRG374, IRG375
were selected which are higher yielders under N50 level and
the reduction in yield was significantly less over the
recommended dose of nitrogen (N100). These genotypes
have optimum physiological traits at the active tillering and
flowering stage which are tabulated in Table 4. This
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Height

Fig. 6. Hierarchical clustering of 160 genotypes under N100.

Table 4. Physiological and yield values of selected five genotypes

S.No Genotypes Yield @ N50 SPAD_AT NDVI_AT Fv'/Fm'_AT Pn_AT SPAD_F NDVI_F Fv'/[Fm'_F Pn_F
1 IRG302 15.05 39.75 0.575 0.598 23.5 41.45 0.61 0.659 25.05
2 IRG374 12.76 37.15 0.425 0.623 25.95 39 0.58 0.630 26.2
3 IRG140 12.56 37.95 0.61 0.617 19.8 38.65 0.65 0.657 24.4
4 IRG375 12.22 37.9 0.435 0.672 18.25 43.3 0.59 0.684 21.75
5 IRG91 11.96 36.55 0.545 0.612 24.5 37.4 0.68 0.6575 314

indicates that these genotypes exhibit efficient nitrogen
use, maintaining productivity even with reduced nitrogen
input.

Discussion

Nitrogen is one of the major nutrients that significantly limit
the crop production when it is deficient. However, excessive
use of nitrogenous fertilizers negatively impacts the
ecosystem. Therefore, efficient resource utilization and
sustainable crop production should be key focus of current
research. Apart from the conventional and agronomic
management options, reducing excessive fertilizer usage
requires a thorough understanding of the performance of
genotypes under low nitrogen conditions, which could pave
way for the development of genotypes with high nitrogen
use efficiency (NUE) that would sustain the grain yield.
While screening rice genotypes for high NUE, the underlying
mechanism for high yield under low nitrogen levels must be
identified and this would be a critical priority for improving
NUE (27). This study aimed at identifying genetic variability
under different nitrogen levels (NO, N50 and N100) and to
identify high yielding genotypes among 160 genotypes
under low nitrogen levels. The physiological traits at active
tillering and flowering stages and yield traits were recorded.
The results indicated a significant reduction in the
physiological and yield traits between the genotypes due to
the absence or 50% reduction in the nitrogen compared to
the recommended dose of nitrogen application. However, it
was observed that in some of the genotypes, the quantum
of reduction in the values of physiological traits and yield
was significantly less between 100% and 50% nitrogen
levels.

Nitrogen is essential in regulating various
physiological and biochemical processes in plants. In our

study, we observed an increase in physiological traits such as
SPAD, NDVI, Fv'/Fm' and photosynthetic rate with higher
nitrogen levels (ON, 50N, 100N) during both the active tillering
and flowering stages. These findings align with those of Liang
et al. (28), who reported that rice leaf SPAD values, stem
nitrate concentrations, soluble proteins, photosynthetic
rates, stomatal conductance and total nitrogen
concentrations all increased with rising nitrogen levels.Yang
et al. (29) demonstrated that adequate nitrogen significantly
enhances nitrate reductase activity, protein content and
chlorophyll content, which are closely associated with SPAD
values across different nitrogen levels.

SPAD value increased with higher nitrogen levels at
both tillering and flowering stages, with the highest
chlorophyll content observed under 100% RDN and the
lowest under 0% RDN (T1). The mean total chlorophyll
content increased from 36.93 (NO) to 41.00 (N100) during
tillering and from 41.09 (NO) to 41.85 (N100) during
flowering (30). Consistent with these findings, our study
observed an increasing trend in SPAD values at both the
active tillering and flowering stages with the application of
nitrogen, ranging from NO to N100, which might be due to
the increased chlorophyll content. Swain and Sandeep (31),
Rajesh et al. (32) and Devika et al. (33) similarly highlighted
that increased nitrogen application improves SPAD
readings, reflecting higher chlorophyll content. These
results underscore the importance of nitrogen in enhancing
chlorophyll synthesis and photosynthetic efficiency,
contributing to improved plant growth and productivity.

Nitrogen plays a crucial role in the allocation of the
photosynthetic apparatus, influencing both photosynthesis
(Pn) and the quantum yield (Fv/Fm) in plants. In conditions
of low nitrogen, quantum yield becomes a key limiting
factor for photosynthesis (34). The optimal nitrogen
application rates can enhance PSII activity, photochemical
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efficiency and the proportion of open PSII reaction centers
in rice leaves (35-37). Srikanth et al. (16) reported that the
maximum quantum vyield of PSIl increased with increasing
nitrogen levels, reaching 0.792 at NO, 0.802 at N50, 0.815 at
N100 and 0.82 at N150 in rice genotypes. In our study, the
light-adapted quantum yield of PS Il (Fv'/Fm') increased for
an increase in nitrogen level at both the active tillering and
flowering stages which enabled plants to utilize captured
light energy more effectively during photosynthesis, thereby
increasing the quantum efficiency and photosynthetic rate
of PSII.

Photosynthesis forms the basis of dry matter
production in plants. In rice, around 90% of the grain yield is
derived from the photosynthetic activity of leaves after
flowering, particularly from the flag leaf (38). Optimal
nitrogen application has been demonstrated to enhance
enzyme activity and chlorophyll content in plant leaves,
thereby improving the plant's photosynthetic performance
(39). Devika et al. (33) reported significantly higher mean
photosynthetic rates with increased nitrogen application,
which supports the strong role of nitrogen in improving
photosynthetic efficiency. Srikanth et al. (16) reported that
the photosynthetic rate increased with increasing nitrogen
levels, reaching 15.7 at NO, 19.3 at N50, 23.7 at N100 and
25.4 at N150 in rice genotypes. Consistent with these
findings, our study observed an increase in photosynthetic
rates with higher nitrogen levels, due to increased
chlorophyll content and quantum yield of PSII contributing
to enhanced grain yield. Additionally, the increase in NDVI
values at higher nitrogen levels in our study, particularly at
the N100 level, reflects a significant increase in canopy
greenness.

Nitrogen application plays a critical role in enhancing
yield-related traits in rice. Artacho et al. (40) demonstrated a
linear relationship between nitrogen fertilization and an
increase in the number of panicles per square meter.
Yoshinaga et al. (41) reported a significant increase in
spikelets per panicle with higher nitrogen application.
Chaturvedi (42) reported that nitrogen application led to an
increased protein content, which subsequently enhanced
grain weight. Additionally, nitrogen application boosts
spikelet fertility by improving the plant's vigor and
reproductive development, resulting in a higher proportion
of fertile spikelets and ultimately increasing grain yield (43).
Previous studies have reported that increased nitrogen
application enhances grain yield, primarily due to improved
tillering, a greater number of panicles and grains (33,44) and
increased total dry matter accumulation (44).

Rai (30) recorded the highest grain yield at 100%
recommended dose of nitrogen followed by 50% RDN and 0
RDN, which is similar with our findings. In our study, yield
traits such as the number of productive tillers, grains per
panicle, hundred seed weight, spikelet fertility and single
plant yield were positively influenced by higher nitrogen
levels. The improved vyield under higher nitrogen
application may be attributed to more efficient nitrogen
and nutrient absorption, which enhances dry matter
production and its translocation from source to sink (33).

The correlation analysis showed that the maximum
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quantum yield of PS Il and photosynthetic rate are positively
associated with grain yield under N50 and N100.Srikanth et al
(16) reported that traits such as the maximum quantum
efficiency of PSII (Fv/Fm) have been positively associated with
grain yield, especially under reduced N application.

The genetic behavior of rice genotypes under
different nitrogen levels, as assessed by Metwally et al. (45)
Hukum and Amit (46) and Rajesh et al. (32) highlights the
critical role of morpho-physiological and yield traits,
including photosynthetic rate, nitrate reductase activity,
SPAD values, panicle production and grain yield. Kim and
Kim (47) identified specific genetic resources with superior
nitrogen use efficiency (NUE), characterized by a higher
number of panicles per plant and spikelets per panicle
under both normal and low nitrogen conditions. These
findings emphasize the importance of genetic resources in
improving adaptation to nitrogen-deficient environments
and underscores the interconnected nature of morpho-
physiological and yield traits in optimizing rice productivity
under low-nitrogen conditions.

In the present study, a population of 160 genotypes
was selected to study the genotypic variability under
different nitrogen levels. The physiological traits at the
active tillering and flowering stage and the yield traits were
recorded. From the hierarchical clustering, the genotypes
such as IRG91, IRG140, IRG302, IRG374, IRG375, which are
higher yielders under both N50 & N100, having optimum
physiological traits at both the stages were identified. The
selected 5 genotypes serve as valuable genetic resources for
breeding rice varieties with tolerance to low nitrogen levels.
Further physiological and molecular characterization under
low nitrogen levels is essential to unravel the molecular
mechanisms behind the high nitrogen use efficiency and
yield under low nitrogen levels.

Identifying genetic variability in genotypes under
different nitrogen levels offers significant advantages, such as
improving crop breeding for higher nitrogen use efficiency
(48), enhancing sustainability by reducing fertilizer
dependence and increasing crop performance under varying
environmental conditions (49). This knowledge helps develop
resilient crops that optimize nitrogen use, ultimately
contributing to more sustainable agricultural practices.
However, the process is resource-intensive, requiring large-
scale field trials, genetic screenings and lab analyses, which
can be costly and time-consuming (50). Additionally, the
complexity of genetic interactions and environmental
variability complicates the identification of genetic
mechanisms and trade-offs between nitrogen efficiency and
other traits may arise. These challenges, combined with
limited understanding of the underlying genetic pathways,
make the task of generalizing findings across all crops or
conditions difficult (49).

conclusion

The exploration of genetic variation in rice under different
nitrogen levels underscores the importance of identifying and
utilizing genotypes having yield stability under reduced
nitrogen application. Physiological traits such as SPAD, NDVI,
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Fv'/Fm' and photosynthetic rate can be used as indicators in
breeding programs, helping to select genotypes that perform
well under reduced nitrogen levels. The five genotypes
identified under reduced nitrogen application provide a solid
foundation for breeding programs aimed at developing rice
varieties that maintain high productivity while minimizing
nitrogen fertilizer dependence. The available genetic stocks
offer valuable resources for dissecting genes and pathways
associated with NUE. Future research on the selected five
genotypes can focus on identifying key genes and pathways
for nitrogen use efficiency through genomic, transcriptomic
and metabolomic analyses. These genotypes can be utilized
to develop resilient hybrids and optimize agronomic practices
for sustainable productivity. Long-term field trials will further
validate their adaptability and performance across diverse
environments. High-throughput phenotyping technologies
like remote sensing could accelerate genotype selection
based on nitrogen-related traits. Additionally, studying
genotype-soil-environment interactions could optimize
nitrogen management for specific regions. Lastly, the impact
of climate change on nitrogen availability and rice
productivity should be considered, as rising temperatures,
droughts and floods may further challenge nitrogen use.
Exploring the resilience of these genotypes under such
conditions would be critical for long-term agricultural
sustainability. Integrating these research areas could promote
sustainable and efficient rice cultivation practices,
strengthening  food security and minimizing the
environmental footprint of rice farming.

Acknowledgements

The authors extend their sincere gratitude to Tamil Nadu
Agricultural University for the support and encouragement.

Authors' contributions

SD collected the articles and wrote the first draft. SA, AK and
DM edited the manuscript. RV, RM, PR and MS assisted in
correcting the manuscript. All authors read and approved
the final manuscript.

Compliance with ethical standards

Competing Interests: The authors do not have any
conflict of interest to declare.

Ethical issues: None

References

1.  Yoshida S. Fundamentals of rice crop science. Int Rice Res Inst;
1981.

2. Khush GS. What will it take to feed 5.0 billion rice consumers in
20307. Plant Mol Bio. 2005;59:1-6. https://doi.org/10.1007/s11103-
005-2159-5

3. USDA Foreign Agricultural Service. Production: Commodity -
0422110 [Internet].  Washington, DC: USDA. https://
www.fas.usda.gov/data/production/commodity/0422110

4. Han M, Wong J, Su T, Beatty PH, Good AG. Identification of

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

nitrogen use efficiency genes in barley: searching for QTLs
controlling complex physiological traits. Front Plant Sci.
2016;7:1587-1604. https://doi.org/10.3389/fpls.2016.01587

Ahmed M, Rauf M, Mukhtar Z, Saeed NA. Excessive use of
nitrogenous fertilizers: an unawareness causing serious threats to
environment and human health. Environ Sci Pollu Res.
2017;24:26983-87. https://doi.org/10.1007/s11356-017-0589-7

Heffer P, Gruere A, Roberts T. Assessment of fertilizer use by crop
at the global level. International Fertilizer Industry Association,
Paris; 2013.

Muthayya S, Sugimoto JD, Montgomery S, Maberly GF. An overview
of global rice production, supply, trade and consumption. Annals
New York Acad Sci. 2014;1324(1):7-14. https://doi.org/10.1111/
nyas.12540

Chivenge P, Sharma S, Bunquin MA, Hellin J. Improving nitrogen
use efficiency-a key for sustainable rice production systems. Front
Sus Food Syst. 2021;5:737412. https://doi.org/10.3389/
fsufs.2021.737412

Clark CM, Tilman D. Loss of plant species after chronic low-level
nitrogen deposition to prairie grasslands. Nature. 2008;451
(7179):712-15. https://doi.org/10.1038/nature06503

Rahman MM, Kamal MZ, Ranamukhaarachchi S, Alam MS, Alam
MK, Khan MA.et al. Effects of organic amendments on soil
aggregate stability, carbon sequestration and energy use
efficiency in wetland paddy cultivation. Sustainability. 2022;14
(8):4475. https://doi.org/10.3390/su14084475

Farooq A, Farooq N, Akbar H, Hassan ZU, Gheewala SH. A critical
review of climate change impact at a global scale on cereal crop
production. Agronomy. 2023;13(1):162. https://doi.org/10.3390/
agronomy13010162

Neeraja CN, Subramanyam D, Surekha K, Rao PR, Rao LS, Babu
MP, Voleti SR. Advances in genetic basis of nitrogen use efficiency
of rice. Indian J Plant Phy. 2016;21:504-13. https://
doi.org/10.1007/s40502-016-0254-z

Metson GS, Chaudhary A, Zhang X, Houlton B, Oita A, Raghuram
N, et al. Nitrogen and the food system. One Earth. 2021;4(1):3-7.
https://doi.org/10.1016/j.oneear.2020.12.018

Neeraja CN, Voleti SR, Subrahmanyam D, Surekha K, Rao PR.
Breeding rice for nitrogen use efficiency. Indian J Genet Plant
Breed. 2019;79(Sup-01):208-15.

Chu G, Chen S, Xu C, Wang D, Zhang X. Agronomic and
physiological performance of indica/japonica hybrid rice cultivar
under low nitrogen conditions. Field Crops Res. 2019;243:107625.
https://doi.org/10.1016/j.fcr.2019.107625

Srikanth B, Subrahmanyam D, Rao SD, Reddy NS, Supriya K, Rao
RP, et al. Promising physiological traits associated with nitrogen
use efficiency in rice under reduced N application. Front Plant Sci.
2023;14:1268739. https://doi.org/10.3389/fpls.2023.1268739

Padhan BK, Sathee L, Kumar S, Chinnusamy V, Kumar A. Variation
in nitrogen partitioning and reproductive stage nitrogen
remobilization determines nitrogen grain production efficiency
(NUEg) in diverse rice genotypes under varying nitrogen supply.
Front Plant Sci. 2023;14:1093581. https://doi.org/10.3389/
fpls.2023.1093581

Wang W, Huang L, Zhu G, Zhang H, Wang Z, Adnan M, et al.
Screening of rice cultivars for nitrogen use efficiency and yield
stability under varying nitrogen levels. J Plant Growth Reg.
2022;41(4):1808-19. https://doi.org/10.1007/500344-021-10423-1

Javed T, Indu I, Singhal RK, Shabbir R, Shah AN, Kumar P, et al.
Recent advances in agronomic and physio-molecular approaches
for improving nitrogen use efficiency in crop plants. Front Plant
Sci. 2022;13:877544. https://doi.org/10.3389/fpls.2022.877544

Chakraborty N, Raghuram N. Nitrate sensing and signaling in
genomewide plant N response. In: Jain V, Anandakumar P,

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.1007/s11103-005-2159-5
https://doi.org/10.1007/s11103-005-2159-5
https://www.fas.usda.gov/data/production/commodity/0422110
https://www.fas.usda.gov/data/production/commodity/0422110
https://doi.org/10.3389/fpls.2016.01587
https://doi.org/10.1007/s11356-017-0589-7
https://doi.org/10.1111/nyas.12540
https://doi.org/10.1111/nyas.12540
https://doi.org/10.3389/fsufs.2021.737412
https://doi.org/10.3389/fsufs.2021.737412
https://doi.org/10.1038/nature06503
https://doi.org/10.3390/su14084475
https://doi.org/10.3390/agronomy13010162
https://doi.org/10.3390/agronomy13010162
https://doi.org/10.1007/s40502-016-0254-z
https://doi.org/10.1007/s40502-016-0254-z
https://doi.org/10.1016/j.oneear.2020.12.018
https://doi.org/10.1016/j.fcr.2019.107625
https://doi.org/10.3389/fpls.2023.1268739
https://doi.org/10.3389/fpls.2023.1093581
https://doi.org/10.3389/fpls.2023.1093581
https://doi.org/10.1007/s00344-021-10423-1
https://doi.org/10.3389/fpls.2022.877544

SHANMUGAPRIYA ET AL

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

editors. Nitrogen Use Efficiency in Plants. New India Publishing
Agency, New Delhi; 2011. p. 45-62

Raghuram N, Sharma N. Improving crop nitrogen use efficiency.
2019:211-20.

Peng, Li X, White P, Li C. A large and deep root system underlies
high nitrogen-use efficiency in maize production. PLoS One.
2011;10:e0126293.

Wu L, Yuan S, Huang L, Sun F, Zhu G, Li G, et al. Physiological
mechanisms underlying the high-grain yield and high-nitrogen
use efficiency of elite rice varieties under a low rate of nitrogen
application in China. Front Plant Sci. 2016;7:1024. https://
doi.org/10.3389/fpls.2016.01024

Zhu KY, Yan JQ, Yong SH, Zhang WY, Xu YJ, Wang ZQ, Yang JC.
Deciphering the morpho-physiological traits for high yield
potential in nitrogen efficient varieties (NEVs): A japonica rice case
study. J Int Agri. 2022;21(4):947-63. https://doi.org/10.1016/S2095
-3119(20)63600-0

Lu C, Zhang J. Photosynthetic CO. assimilation, chlorophyll
fluorescence and photoinhibition as affected by nitrogen
deficiency in maize plants. Plant Sci. 2000;151(2):135-43. https://
doi.org/10.1016/S0168-9452(99)00207-1

R Core Team: R: A language and environment for statistica
computing. R Foundation for Statistical Computing, Vienna,
Austria; 2023. https://www.R-project.org/.

Pujarula V, Pusuluri M, Bollam S, Das RR, Ratnala R, Adapala G, et
al. Genetic variation for nitrogen use efficiency traits in global
diversity panel and parents of mapping populations in pearl
millet. Front Plant Sci. 2021;12:625915. https://doi.org/10.3389/
fpls.2021.625915

Liang Z, Bao A, Li H, Cai H. The effect of nitrogen level on rice
growth, carbon-nitrogen metabolism and gene expression.
Biologia. 2015;70(10):1340-50. https://doi.org/10.1515/biolog-
2015-0148

Yang WH, Peng S, Huang J, Sanico AL, Buresh RJ, Witt C. Using leaf
color charts to estimate leaf nitrogen status of rice. Agro J.
2003;95(1):212-17. https://doi.org/10.2134/agronj2003.2120

Rai SL. Genotypes for nitrogen use efficiency under different
nitrogen levels; 2019.

Swain DK, Sandip SJ. Development of SPAD values of medium-
and long-duration rice variety for site-specific nitrogen
management. J Agro. 2010;9(2):38-44.

Rajesh K, Thatikunta R, Naik DS, Arunakumari J. Effect of different
nitrogen levels on morpho physiological and yield parameters in
rice (Oryza sativa L.). Int J Curr Microbio Appl Sci. 2017;6(8):2227-
40. https://doi.org/10.20546/ijcmas.2017.608.262

Devika S, Ravichandran V, Boominathan P. Physiological analyses
of nitrogen use efficiency and yield traits of rice genotypes. Indian
J Plant Phy. 2018;23:100-10. https://doi.org/10.1007/s40502-018-
0358-8

Tantray AY, Bashir SS, Ahmad A. Low nitrogen stress regulates
chlorophyll fluorescence in coordination with photosynthesis and
Rubisco efficiency of rice. Phy Mol Bio Plants. 2020 Jan;26:83-94.
https://doi.org/10.1007/s12298-019-00721-0

Liu QF, Xu SQ. Response of fluorescence parameters and
photosynthetic traits of rice to different nitrogen application
under sufficient irrigation. J Irri Drain. 2018;37:6-12.

Zhang ZX, Zheng EN, Wang CM, Fu NH. Effect of different water
and nitrogen levels on chlorophyll fluorescence parameters and
photosynthetic characteristics of rice. Trans Chinese Soc Agri

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

10

Mach. 2017;48:176-83.

Fu H, Cui D, Shen H. Effects of nitrogen forms and application
rates on nitrogen uptake, photosynthetic characteristics and
yield of double-cropping rice in south China. Agronomy. 2021;11
(1):158.10.3390/agronomy. https://doi.org/10.3390/
agronomy11010158

Wei HWH, Zhang HZH, Ma QMQ, Dai QDQ, Huo ZHZ, Xu KXK, et al.
Photosynthetic characteristics of flag leaf in rice genotypes with
different nitrogen use efficiencies. Acta Agro Sinica. 2009;35
(12):2243-51. https://doi.org/10.3724/SP.J.1006.2009.02243

Nduwimana D, Mochoge B, Danga B, Masso C, Maitra S, Gitari H.
Optimizing nitrogen use efficiency and maize yield under varying
fertilizer rates in Kenya. Int J Biores Sci. 2020;7(2):63-73. https://
doi.org/10.30954/2347- 9655.02.2020.4

Artacho P, Bonomelli C, Meza F. Nitrogen application in irrigated
rice grown in Mediterranean conditions: Effects on grain yield,
dry matter production, nitrogen uptake and nitrogen use
efficiency. J Plant Nutr. 2009;32(9):1574-93. https://
doi.org/10.1080/01904160903094339

Yoshinaga S, Takai T, Arai-Sanoh Y, Ishimaru T, Kondo M. Varietal
differences in sink production and grain-filling ability in recently
developed high-yielding rice (Oryza sativa L.) varieties in Japan.
Field Crops Research. 2013;150:74-82. https://doi.org/10.1016/
j.fcr.2013.06.004

Chaturvedi I. Effect of nitrogen fertilizers on growth, yield and
quality of hybrid rice (Oryza sativa L.). J Central Europe Agri.
2005;6(4):611-18.

Yoseftabar S. Effect nitrogen management on fertility percentage
inrice (Oryza sativa L.). Int J Farm Allied Sci. 2013;2(14):412-16.

Zhang J, Tong T, Potcho PM, Huang S, Ma L, Tang X. Nitrogen
effects on yield, quality and physiological characteristics of giant
rice. Agronomy. 2020;10:1-16. https://doi.org/10.3390/
agronomyl10111816

Metwally TF, Sedeek SE, Abdelkhalik AF, El-Rewinyl IM, Metwali
EM. Genetic behaviour of some rice (Oryza sativa L.) genotypes
under different treatments of nitrogen levels. Electr J Plant Breed.
2010;1(5):1266-78.

Singh H, Verma A, Ansari MW, Shukla A. Physiological response of
rice (Oryza sativa L.) genotypes to elevated nitrogen applied
under field conditions. Plant Signal Behav. 2014;9(7):e29015.
https://doi.org/10.4161/psb.29015

Kim TH, Kim SM. Effects of nitrogen application levels on grain
yield and yield-related traits of rice genetic resources. Korean J
Crop Sci. 2023;68(4):276-84. https://doi.org/10.7740/
kjcs.2023.68.4.276

Hirel B, Le Gouis J, Ney B, Gallais A. The challenge of improving
nitrogen use efficiency in crop plants: Towards a more central
role for genetic variability and quantitative genetics within
integrated approaches. J Exp Botany. 2007;58(9):2369-87. https://
doi.org/10.1093/jxb/erm097

Garnett T, Conn V, Kaiser BN. Root based approaches to improving
nitrogen use efficiency in plants. Plant Cell Environ. 2009;32(9):1272
-83. https://doi.org/10.1111/j.1365-3040.2009.02011.x

Han M, Okamoto M, Beatty PH, Rothstein SJ, Good AG. The
genetics of nitrogen use efficiency in crop plants. Annual Review
of Genetics. 2015;49(1):269-89. https://doi.org/10.1146/annurev-
genet-112414-055037

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.3389/fpls.2016.01024
https://doi.org/10.3389/fpls.2016.01024
https://doi.org/10.1016/S2095-3119(20)63600-0
https://doi.org/10.1016/S2095-3119(20)63600-0
https://doi.org/10.1016/S0168-9452(99)00207-1
https://doi.org/10.1016/S0168-9452(99)00207-1
https://www.R-project.org/
https://doi.org/10.3389/fpls.2021.625915
https://doi.org/10.3389/fpls.2021.625915
https://doi.org/10.1515/biolog-2015-0148
https://doi.org/10.1515/biolog-2015-0148
https://doi.org/10.2134/agronj2003.2120
https://doi.org/10.20546/ijcmas.2017.608.262
https://doi.org/10.1007/s40502-018-0358-8
https://doi.org/10.1007/s40502-018-0358-8
https://doi.org/10.1007/s12298-019-00721-0
https://doi.org/10.3390/agronomy11010158
https://doi.org/10.3390/agronomy11010158
https://doi.org/10.3724/SP.J.1006.2009.02243
https://doi.org/10.30954/2347-%209655.02.2020.4
https://doi.org/10.30954/2347-%209655.02.2020.4
https://doi.org/10.1080/01904160903094339
https://doi.org/10.1080/01904160903094339
https://doi.org/10.1016/j.fcr.2013.06.004
https://doi.org/10.1016/j.fcr.2013.06.004
https://doi.org/10.3390/agronomy10111816
https://doi.org/10.3390/agronomy10111816
https://doi.org/10.4161/psb.29015
https://doi.org/10.7740/kjcs.2023.68.4.276
https://doi.org/10.7740/kjcs.2023.68.4.276
https://doi.org/10.1093/jxb/erm097
https://doi.org/10.1093/jxb/erm097
https://doi.org/10.1111/j.1365-3040.2009.02011.x
https://doi.org/10.1146/annurev-genet-112414-055037
https://doi.org/10.1146/annurev-genet-112414-055037

