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Abstract Nitrogen is an essential nutrient for rice growth, but the excessive use of nitrogen fertilizers has led to environmental
degradation, increased costs, and diminishing returns. Root structure and the ability to maintain chlorophyll content are key
indicators of nitrogen use efficiency (NUE), while genes such as OsTCP19, OsNAC68, and TOND1 play important roles in nitrogen
uptake and assimilation. Field and hydroponic trials, combined with high-throughput phenotyping technologies, are effective in
evaluating genotypic variation and selecting superior varieties. Breeding strategies include conventional selection, marker-assisted
selection (MAS), genomic selection (GS), and the introgression of favorable traits from wild or traditional rice varieties. The case of
Swarna-Sub1 demonstrates the potential of integrated breeding for enhancing both stress resistance and NUE. Despite significant
progress, breeding efforts still face challenges such as balancing high yield with NUE, shortening breeding cycles, and adapting to
diverse ecological zones. Integrating genetic improvement with sustainable agronomic practices—such as precision fertilization and
organic fertilizer application — can reduce nitrogen input while maintaining yield, offering a promising path toward green,
economical, and efficient rice production.
Keywords Nitrogen use efficiency (NUE); Low nitrogen stress; Rice breeding; Genome editing; Sustainable agriculture

1 Introduction
Nitrogen is one of the essential nutrients for rice and has a great impact on yield and quality. Since the "Green
Revolution", the large-scale use of nitrogen fertilizers has indeed increased yields, but it has also caused problems
such as environmental pollution, resource waste and rising costs (Lee, 2021; Wang et al., 2021). Therefore,
improving the efficiency of nitrogen fertilizer use has become a key issue that needs to be urgently addressed in
global rice cultivation.

The process of rice absorbing and utilizing nitrogen is controlled by multiple genes, involving root structure,
related enzyme activity, and signal regulation mechanisms in the body (Li et al., 2022a; Lee, 2021; Kasemsap and
Bloom, 2022). In recent years, with the development of molecular breeding and genomic technologies, researchers
have found some genes and quantitative trait loci related to nitrogen efficiency (Li et al., 2022a; Xin et al., 2021;
Liu et al., 2021).

In many developing countries, farmers often use nitrogen fertilizers poorly or even suffer from nitrogen shortages
due to high prices, unstable supply or lack of technical guidance (Liu et al., 2021; Jyoti et al., 2024). Excessive
use of nitrogen fertilizers not only increases economic pressure, but also easily causes environmental problems
such as water pollution and greenhouse gas emissions (Lee, 2021; Wang et al., 2021). In areas with poor land and
limited inputs, rice often faces low nitrogen stress (Castro-Pacheco et al., 2024; Jyoti et al., 2024). Some rice
varieties can maintain good growth and yield even in the absence of sufficient nitrogen fertilizers. These varieties
have strong low nitrogen tolerance (Liu et al., 2021; Ajmera et al., 2022; Qi et al., 2023; Zhou et al., 2025). This is
mainly due to their more reasonable root structure, more efficient nitrogen absorption and assimilation ability. For
example, optimizing the root angle, root number and distribution can significantly improve the absorption
efficiency and yield performance in a low nitrogen environment (Ajmera et al., 2022; Zhou et al., 2025). At
present, scientists have discovered some key genes and QTLs related to low nitrogen, such as OsTCP19 and
OsNAC68, which provide strong support for the breeding of new rice varieties with high nitrogen efficiency (Liu
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et al., 2021; Xin et al., 2021; Li et al., 2022a). Promoting such low-nitrogen tolerant varieties can not only reduce
the ecological pressure caused by nitrogen fertilizers, but also help farmers save costs, increase income, and
promote the development of agriculture in a green and economical direction (Lee, 2021; Wang et al., 2021; Jyoti
et al., 2024).

This study will focus on the latest progress in low-nitrogen rice breeding, focusing on the physiological and
genetic response mechanisms of rice under low-nitrogen conditions, analyzing the genes and root phenotypic
characteristics related to low-nitrogen traits, and introducing methods for germplasm screening and evaluation. At
the same time, we will also pay attention to the performance of these results in actual production, and combine
field performance, molecular marker selection, and genome analysis technologies to provide practical ideas and
theoretical basis for low-nitrogen adaptive rice breeding.

2 Scientific BASIS for Rice's Low Nitrogen Tolerance
2.1 Physiological traits related to nitrogen use efficiency (NUE)
The length and thickness of rice roots directly affect its ability to absorb nitrogen from the soil. Studies have
shown that in low nitrogen environments, the roots of certain rice genotypes can grow better and show stronger
nitrogen absorption capacity (Li et al., 2022a). In particular, the larger the surface area of the root system and the
more root hairs, the more conducive it is to absorb nutrients when nitrogen fertilizer is insufficient (Li et al.,
2022a; Zhou et al., 2025).

Chlorophyll content reflects the photosynthesis level and nitrogen status of rice. When nitrogen is insufficient,
leaves tend to turn yellow, chlorophyll decreases, and photosynthetic efficiency decreases. However, some
low-nitrogen tolerant rice varieties can maintain a high green color and photosynthetic capacity even when
nitrogen supply is low (Zhang et al., 2024; Qi et al., 2025; Xu et al., 2025). For example, rice expressing the
maize PCK2 gene can accumulate more photosynthetic pigments and biomass when nitrogen is insufficient,
improving photosynthesis efficiency and nitrogen assimilation rate (Xu et al., 2025). In addition, these varieties
also have advantages in terms of photosystem II efficiency and electron transfer rate (Zhang et al., 2024; Qi et al.,
2025). In terms of yield, in a low-nitrogen environment, tolerant varieties can still maintain more tillers, longer
panicles, and higher grain numbers, which are positively correlated with yield (Huang et al., 2022; Tao et al., 2022;
Zhou et al., 2025). Some varieties can achieve good yield and harvest index even without nitrogen fertilizer
(Huang et al., 2022; Tao et al., 2022). Whether rice can reasonably distribute nutrients, such as the ratio of roots to
aboveground parts and the ratio of grains to straw, also determines its yield performance under nitrogen deficiency
(Tao et al., 2022; Zhou et al., 2025).

2.2 Genetic regulation and QTL of nitrogen use efficiency
In rice, there are some proteins that specifically transport nitrogen, which are encoded by genes such as NRT1.1B
and OsNRT2. These genes determine the ability of rice to absorb nitrate nitrogen and are important factors in
improving nitrogen use efficiency (Wang et al., 2023; Li et al., 2022a; Zhang et al., 2015). TOND1 is a key QTL.
Studies have found that its overexpression can significantly improve rice yield and adaptability under nitrogen
deficiency conditions (Zhang et al., 2015). Some genes related to purine metabolism, glycolysis and pentose
phosphate pathways have also been found to be related to rice's low nitrogen adaptability (Wang et al., 2023).

Through QTL positioning, researchers have found many important regions related to low nitrogen tolerance,
which control traits such as root length, biomass, and yield (Lian et al., 2005; Li et al., 2022a; 2022b). Some of
these QTLs only work at specific nitrogen levels, indicating that rice's adaptation to low nitrogen is the result of
the combined action of multiple genes (Lian et al., 2005). Molecular marker-assisted breeding technology has
been used to screen low nitrogen-tolerant varieties and accelerate the gathering of excellent genes (Li et al., 2022a;
2022b).

The gene networks that regulate these traits are also very complex. For example, transcription factors such as
NAC and TCP affect root development and nitrogen absorption (Nischal et al., 2012; Wang et al., 2023). The
expression differences of some miRNAs also affect the response of rice to low nitrogen. The differences in
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miRNA levels between different genotypes will change their adaptability to nitrogen stress (Nischal et al., 2012).

2.3 Screening and phenotypic identification strategies under low nitrogen environment
Field trials are currently the most commonly used method for low nitrogen tolerance screening. The general
practice is to set up two treatments, low nitrogen and normal nitrogen, under the same conditions, and then
compare the yield, tillering, panicle length and other indicators of different varieties to select materials with strong
adaptability (Hu et al., 2015; Lestari et al., 2019a; Zhou et al., 2025). Combining cluster analysis and membership
function method, the performance of each variety can be evaluated more systematically to find the most
advantageous variety (Hu et al., 2015; Zhou et al., 2025). It is generally believed that theoretical yield, effective
tiller number, ear length, and number of grains per ear are important indicators for measuring low nitrogen
tolerance.

In addition to field trials, hydroponic and greenhouse trials are also often used for early screening and genetic
research. In a controlled environment, root shape, biomass growth rate, and physiological changes can be clearly
seen, which is very helpful for identifying genetic factors related to tolerance (Lian et al., 2005; Li et al., 2022b).
The hydroponic system is particularly suitable for high-throughput screening and comparison between different
genotypes, so it is also often used for QTL analysis and gene function verification.

With technological advances, phenomics has begun to be widely used in the screening process. By using
automatic photography systems, drone remote sensing, multispectral imaging and other methods,
multi-dimensional information such as leaf color, root length, and plant height of germplasm materials can be
quickly collected, thereby improving screening efficiency and accuracy (Zhang et al., 2024; Zhou et al., 2025).

3 Breeding Methods for Low Nitrogen Tolerance
3.1 Conventional breeding strategies
Conventional breeding is the basic method for breeding low nitrogen tolerant rice. The practice is usually to plant
a large number of germplasm materials in low nitrogen fields for observation, and then select varieties with better
performance as parental pairs for hybridization. Then find plants that grow well under low nitrogen conditions
from the offspring, select them repeatedly for several generations, and keep low nitrogen tolerant individuals.
Studies have found that using traits such as biological yield, tiller number, panicle length and panicle number as
screening indicators can effectively find germplasm that performs well under low nitrogen (Lestari et al., 2019b;
Zhou et al., 2025). Continuing to select in a low nitrogen environment in each generation helps to accumulate
favorable genes and improve the performance of offspring (Lestari et al., 2019b). In addition, statistical tools such
as cluster analysis and membership function method can also be used to help comprehensively judge which
materials are more tolerant to low nitrogen and improve efficiency (Zhou et al., 2025).

Farmer-participated variety selection (FPVS) emphasizes combining actual production needs. At the breeding site,
farmers directly participate in the screening process and evaluate which varieties are more stable and adaptable
under low nitrogen based on their own experience. This method can ensure that the selected materials are closer to
production practice and convenient for subsequent promotion and use (Vinod and Heuer, 2012).

3.2 Marker-assisted selection (MAS) and genomic selection (GS)
Marker-assisted selection (MAS) is an important means of selecting rice at the genetic level. Researchers have
found many QTL loci and genes related to low nitrogen tolerance and nitrogen use efficiency (NUE) (Lian et al.,
2005; Wei et al., 2012; Shen et al., 2021; Li et al., 2022a; 2022b). With these markers, plants carrying good genes
can be quickly selected in early breeding, saving time. For example, loci and genes such as TOND1, OsLHT1, and
OsACR9 have been confirmed to be associated with low nitrogen and can be used as key targets in actual breeding
(Wang et al., 2023; Shen et al., 2021). In addition, fine positioning using near-isogenic lines or recombinant inbred
line populations can help to more accurately identify the genes that control these traits (Lian et al., 2005; Wei et al.,
2012; Shen et al., 2021).

Genomic selection (GS) is a further approach. Instead of looking at just a few genes, it analyzes the entire genome
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map and inputs the genotype and trait data into the model to predict the breeding value of each plant. This can
consider the contributions of major effect genes and small effect genes at the same time, which is more suitable
for complex traits, such as low nitrogen tolerance (Vinod and Heuer, 2012; Li et al., 2022b). As long as the model
is well established, it is not necessary to conduct multi-generation field trials every time. It is possible to directly
estimate which materials have greater potential in the early stage, significantly shortening the breeding cycle (Li et
al., 2022b).

3.3 Introduction of traditional or wild rice traits
Wild rice, such as Oryza rufipogon, is rich in genetic diversity and is a treasure trove of stress resistance traits.
Introducing its good genes into cultivated rice through hybridization can effectively improve the adaptability to
low nitrogen and the efficiency of nitrogen utilization (Wang et al., 2023). Through multi-omics analysis, it was
found that a group of genes in wild rice are related to nitrogen metabolism, energy pathways and signal
transduction, and these genes can be used as new breeding materials (Shen et al., 2021; Wang et al., 2023).

Commonly used methods are hybridization or backcrossing. First, hybridize wild rice or traditional low-nitrogen
tolerant varieties with cultivated rice to select plants with target traits. Then, through backcrossing, the
background can be slowly returned to cultivated rice while retaining the gene for low nitrogen tolerance (Feng et
al., 2018; Shen et al., 2021; Wang et al., 2023). It is also possible to use near-isogenic lines and specific
introgression lines to combine multiple stress tolerance traits, such as drought tolerance and low nitrogen
tolerance, into one variety (Feng et al., 2018).

4 Case Study: Development and Adoption of “Swarna-Sub1” and its Derivatives
4.1 Breeding background and process
Swarna is a high-yield variety widely planted in eastern India, but its yield is reduced or even lost when it
encounters floods. FR13A is a traditional rice variety that can survive flooding for more than ten days and is a
representative of flood resistance research. The goal of breeders is to introduce the flood tolerance gene (Sub1A)
of FR13A into Swarna, retaining the high-yield characteristics of Swarna while enhancing its flood resistance.
They used molecular marker-assisted backcrossing (MAB) technology to ensure that only useful genes are
introduced and other traits remain unchanged as much as possible (Neeraja et al., 2007; Mohapatra et al., 2021).

Researchers also added genes for resistance to bacterial leaf streak and blast to Swarna-Sub1, improving its
disease resistance and stability in different environments (Patroti et al., 2019; Mohapatra et al., 2021).

In addition to flood resistance, breeders also pay special attention to its performance under low nitrogen
conditions. They selected offspring under different nitrogen fertilizer levels and picked out plants that used less
nitrogen fertilizer and had higher yields. The results showed that Swarna-Sub1 still grew well in a
nitrogen-deficient environment, breaking the limitation of "low nitrogen means reduced yield" (Bhowmick et al.,
2014; Singh et al., 2023).

4.2 Performance in low nitrogen environment
Field trial data showed that Swarna-Sub1 had an average yield of 4.5~4.8 tons/hectare in flood years, which was
significantly higher than ordinary varieties (Mishra and Kar, 2020; Singh et al., 2023) (Figure ). With less fertilizer,
it can still maintain a high number of tillers and biomass, and the output per unit of nitrogen fertilizer is higher
(Bhowmick et al., 2014; Singh et al., 2023).

In contrast, although traditional flood-tolerant varieties can survive, their yields are low; ordinary high-yield
varieties directly reduce their yields when they encounter flooding. Swarna-Sub1 does better in both aspects. In
flood years, it can yield more than double that of old varieties, and in normal years, its yield is on par with
mainstream varieties (Dar et al., 2013; 2017; Singh et al., 2023). Under nitrogen-deficient conditions, its nitrogen
utilization efficiency is also higher, and more food is produced with less fertilizer (Dar et al., 2013; Mishra and
Kar, 2020; Singh et al., 2023).
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Figure 1 (A) Comparative lesion length of donor parent and pyramided lines; (B) bacterial blight disease inoculated pyramided plant;
and (C,D) panicles of donor parents and pyramided lines (Adopted from Mishra and Kar, 2020)

4.3 Application and effect by farmers
Swarna-Sub1 has been rapidly promoted in flood-prone areas such as India and Bangladesh. For example, in 2013,
Odisha distributed seeds to 355 farmers, and one year later, 75% of farmers took the initiative to continue planting,
indicating that everyone recognized this variety (Dar et al., 2017). Statistics show that in flood years, farmers who
planted Swarna-Sub1 saw an average increase in yield of 19% and an increase in income of 48.2%, which is
significantly higher than farmers who did not use this variety (Dar et al., 2013; 2017; Raghu et al., 2022).

For some farmers who have poor farming conditions and are often affected by floods (such as low-caste farmers),
the benefits brought by this variety are even more obvious. Their land is low-lying and easily flooded, and
Swarna-Sub1 has helped them stabilize their harvests, increase food security, and increase their income (Dar et al.,
2013; 2017).

Its high nitrogen efficiency means that less fertilizer can be applied without affecting yields, which can save
farmers money on fertilizers and reduce environmental pollution (Bhowmick et al., 2014; Singh et al., 2023).
Field trials and farmer feedback have shown that Swarna-Sub1 can still produce high yields when nitrogen is
deficient and can maintain stable yields with less fertilizer, which helps reduce eutrophication of water bodies and
greenhouse gas emissions. At the same time, this also promotes the development of green agriculture and makes
agriculture more sustainable (Bhowmick et al., 2014; Dar et al., 2017; Singh et al., 2023).

5 Comparative Analysis: IRRI-Led Low-Nitrogen Trials in Southeast Asia
5.1 Basic information on IRRI multi-site trials
The International Rice Research Institute (IRRI) has set up low-nitrogen trial sites in many countries in Southeast
Asia, covering the main rice-growing areas of Myanmar, Indonesia, Thailand and Vietnam. The climate, soil type
and planting management level of these locations vary. For example, Bago in Myanmar, Yogyakarta in Indonesia,
Nakhon Sawan in Thailand and Can Tho in Vietnam all have trial fields to observe the performance of different
varieties and fertilization methods under low-nitrogen conditions (Witt et al., 1999; Silva et al., 2022).

All trial sites use a unified method to focus on recording data on nitrogen fertilizer application, yield, nitrogen use
efficiency, crop traits and farmer feedback. The experimental design includes two schemes: conventional
fertilization and low-nitrogen treatment. The differences between varieties are compared through on-site yield
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measurement, soil and plant analysis. At the same time, local farmers also participated in observing and evaluating
the actual performance of the varieties (Witt et al., 1999; Silva et al., 2022). In some areas, the experiment also
cooperated with field schools and technical observation activities to improve farmers' understanding and
operational capabilities of low-nitrogen management (Silva et al., 2022; Suman et al., 2024).

5.2 Results of farmers' participation in variety screening
In these experiments, farmers directly participated in variety selection activities and achieved good results. For
example, in Indonesia and Vietnam, farmers selected new varieties with stable yields and strong adaptability under
low nitrogen by visiting the site and evaluating varieties (Silva et al., 2022). In Bago, Myanmar, the yield
difference between the low-nitrogen treatment group and the control group was large, indicating that the region
still has potential for improvement; while in Can Tho, Vietnam, the yield difference was small, indicating that
there are good management measures and limited room for improvement.

Farmers not only value yield, but also compare other characteristics such as disease resistance, rice quality, length
of harvest period and whether it is easy to manage (Silva et al., 2022). From the feedback, saving nitrogen
fertilizer, reducing costs and improving benefits are important reasons for them to choose new varieties (Silva et
al., 2022; Suman et al., 2024). Their enthusiasm for participation also makes these new technologies landed faster
and promoted more smoothly in the local area (Suman et al., 2024).

5.3 Promotion policies and supporting measures
To promote the application of low-nitrogen varieties, governments encourage farmers to use these technologies
through subsidies, training and promotion activities (Begho et al., 2022). Studies have shown that education and
agricultural technical services, coupled with necessary financial support, are important factors affecting whether
farmers adopt new technologies. IRRI also cooperates with research institutions in various countries to promote
farmer field schools, set up demonstration sites, and compile technical materials to help farmers master
low-nitrogen management methods (Begho et al., 2022; Suman et al., 2024).

There are still problems with seed promotion. The main difficulties are insufficient seeds of excellent varieties,
imperfect distribution channels, and some farmers are unfamiliar with new varieties (Begho et al., 2022). To solve
these problems, it is necessary to strengthen the connection between seed companies and farmers, improve the
seed certification system and circulation system, and ensure that farmers can easily buy suitable seeds.

6 Challenges and Limitations of Breeding in Low Nitrogen Environments
6.1 The contradiction between yield potential and nitrogen use efficiency (NUE)
In crops such as rice, improving nitrogen use efficiency (NUE) requires improving nitrogen absorption, transport
and utilization, which are regulated by complex genetic and physiological mechanisms (Van Bueren and Struik,
2017; Ranjan and Yadav, 2020; Chen et al., 2022). Although there is a certain amount of genetic variation in
modern crop varieties that can be used to improve NUE, most of the related traits are quantitative traits controlled
by multiple genes and are difficult to improve quickly through a single method (Cormier et al., 2016).

In low nitrogen environments, the heritability of crop yield is lower than that under high nitrogen conditions. This
phenomenon is partly due to the smaller differences between genotypes, which affects the efficiency of selection
(Bänziger et al., 1997; Ertiro et al., 2020). For example, in maize, yield heritability under low nitrogen conditions
is 29% lower than that under high nitrogen conditions (Bänziger et al., 1997). Traits closely related to NUE, such
as root activity and nitrogen redistribution, are more critical in low nitrogen environments, but these traits are
difficult to phenotype and genetic improvement is slower (Ranjan and Yadav, 2020; Chen et al., 2022).

In practical applications, farmers want varieties to maintain high yields under low nitrogen conditions and also
require them to maintain high yields in high nitrogen environments. However, some studies have shown that as
the degree of nitrogen stress increases, the correlation between low nitrogen and high nitrogen yields weakens,
indicating that some genotypes perform inconsistently under different nitrogen conditions (Begho et al., 2022;
Amegbor et al., 2022x). There are few varieties that can perform well under both conditions, and breeding must
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make a trade-off between high yield and high NUE (Van Bueren and Struik, 2017; Neuweiler et al., 2021).

Gene or QTL expression often varies between nitrogen environments, with some being condition-specific, which
complicates breeding across multiple environments (Garoma et al., 2021; Chen et al., 2022).

6.2 Long breeding cycles and high resource requirements
Breeding under low-nitrogen conditions demands multi-location, multi-year trials across varying nitrogen levels
to accurately compare genotypes for yield and NUE performance (Zhao et al., 2019; Ertiro et al., 2020). These
efforts require significant investment and organizational capacity, particularly in terms of funding and
infrastructure (Chen et al., 2022).

Molecular breeding methods such as genomic selection and marker-assisted selection also depend on
high-throughput genotyping and phenotyping platforms, which are often burdensome for institutions in
developing countries (Badu-Apraku and Fakorede, 2017). Establishing and maintaining low-nitrogen screening
fields adds to ongoing costs (Van Bueren and Struik, 2017).

Most NUE-related traits are quantitative and strongly influenced by the environment. Introducing these traits into
elite cultivars often requires multiple generations of selection and backcrossing (Kamara et al., 2024). Traits like
root structure or nitrogen remobilization are difficult to observe in early generations, and selection often occurs
only in later stages, further prolonging breeding cycles (Ertiro et al., 2020; Ranjan and Yadav, 2020).

6.3 Difficulty in adapting to diverse ecological zones
Genotype-by-environment interactions (G×E) are a persistent challenge in breeding and are especially significant
in low-nitrogen breeding (Van Bueren and Struik, 2017). A variety may perform well under specific soil, climate,
and management conditions but not in others (Ertiro et al., 2020; Kimutai et al., 2021).

Systematic evaluation across multiple locations and years is necessary to identify genotypes with either broad
stability or strong adaptation to specific environments (Bänziger et al., 1997). This requires extensive
environmental testing at every breeding stage, which increases both time and cost.

Certain NUE-related QTLs or genes may only be effective under specific nitrogen levels, and their functionality
may be lost in other settings (Garoma et al., 2021). This limits gene selection and utilization and adds uncertainty
to variety development (Neuweiler et al., 2021; Chen et al., 2022).

Some genotypes that perform well under low nitrogen may underperform under high nitrogen or in response to
other stresses such as drought or disease, making them unsuitable for broad deployment (Makinde et al., 2023).
Therefore, breeding efforts must consider not only NUE but also stress resistance and yield stability (Ertiro et al.,
2020; Kimutai et al., 2021).

7 Future Development Directions and New Opportunities
7.1 Application of CRISPR and genome editing in rice NUE gene improvement
CRISPR/Cas9 and other tools have been widely used in rice breeding in recent years, especially in improving
nitrogen use efficiency (NUE). Researchers have found many genes related to nitrogen absorption and utilization,
such as nitrogen transporters, nitrogen metabolism-related enzymes, and regulatory factors (Fiaz et al., 2021; Hu
et al., 2022; Wang et al., 2022). Knocking out, inserting or precisely editing these genes with CRISPR can change
gene expression and thus improve nitrogen absorption capacity. For example, editing genes such as OsNRT1.1B
and OsNLP4 has significantly enhanced the nitrogen uptake and utilization efficiency of rice (Yu et al., 2020; Fiaz
et al., 2021).

This technology can not only modify one gene, but also manipulate multiple genes at the same time, breaking
through the previous limitation of only being able to improve a single trait and speeding up the breeding process
(Fiaz et al., 2021; Hu et al., 2022). There are also newer tools, such as base editing and in situ editing, which can
regulate DNA more finely and have higher operating efficiency, and are suitable for dealing with complex traits
involving multiple genes such as NUE (Fiaz et al., 2021). However, this technology has not yet been promoted on
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a large scale. Some countries treat gene-edited crops the same as genetically modified crops, with strict approval,
resulting in a slow pace of new varieties being brought to market. In order to implement these results, the policy
level needs to make a distinction, clarify which ones belong to traditional genetic modification and which ones are
editing breeding, and reduce social concerns. In addition, detection methods, field testing methods and seed
management systems must be established to ensure the stability and safety of these varieties (Fiaz et al., 2021; Hu
et al., 2022).

7.2 Combination with sustainable agriculture
Improving NUE cannot rely solely on genetic modification, but also requires reasonable planting management
measures, such as precision fertilization, use of slow-release fertilizers, and adjustment of fertilization locations
(Hu et al., 2022; Wang et al., 2022). In practice, combining efficient nitrogen utilization varieties with these
technologies can further reduce the use of chemical fertilizers while maintaining yields (Wang et al., 2022; Jyoti et
al., 2024). Breeding varieties with strong root systems and combining them with organic fertilizers can increase
the release rate of nitrogen in the soil, allowing crops to grow normally in low-nitrogen environments (Ajmera et
al., 2022; Wang et al., 2022).

In the future, it is necessary to strengthen the coordination of breeding and agronomic technology, develop local
cultivation models for different climate and soil conditions, and achieve the goal of high yields with less fertilizer
(Wang et al., 2022; Jyoti et al., 2024).

This type of low-nitrogen and high-efficiency variety is very suitable for organic agriculture or ecological planting
methods. Combining traditional methods such as green manure, intercropping, and organic fertilizers with
varieties with strong nitrogen absorption capacity can not only improve the overall nitrogen utilization efficiency
of the system, but also reduce pollution and greenhouse gas emissions (Ajmera et al., 2022; Jyoti et al., 2024).
Next, we should focus on promoting this low-input, high-efficiency green planting system to promote sustainable
agricultural development (Wang et al., 2022; Jyoti et al., 2024).

7.3 Application of digital technology and AI in rice breeding
Current remote sensing, drones, and digital phenotyping platforms are developing rapidly, which can efficiently
record the growth of rice, such as plant growth, leaf color, root status, etc. (Ajmera et al., 2022; Salama et al.,
2024). These devices can quickly collect a large amount of information and can be used repeatedly in different
locations and at different times, without being restricted by weather and labor, which improves the accuracy and
efficiency of phenotypic analysis. In the future, these technologies will become important tools for low-nitrogen
rice breeding.

Big data and artificial intelligence also play an important role in analyzing these data. Combining genetic data,
phenotypic data, soil environment, field management and other information, AI algorithms can be used to screen
genotypes with good performance and predict the yield performance of new varieties under various nitrogen
levels. Machine learning models can also help breeders optimize breeding routes, such as how to combine genes,
in which areas to test, and how to arrange field trials.
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