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Abstract

Nitrogen (N) is a primary macronutrient essential for plant growth and de-
velopment. Global nitrogen fertilizer consumption is approximately 120
million tons, with nitrogen use efficiency (NUE) ranging between 25 % and
50 %. Excessive use of nitrogen fertilizer poses significant risks to the envi-
ronment and living organisms, highlighting the need to reduce fertilizer ap-
plication, improve NUE, and sustain crop productivity. Sustainable agricul-
tural practices emphasize minimizing fertilizer usage. Therefore, developing
high-NUE crop varieties capable of maintaining yields under reduced nitro-
gen input is critical for ensuring food security and protecting ecosystem.
A promising strategy involves investigating plant responses to varying nitro-
gen levels, particularly under low-nitrogen conditions. This review explores
the morphological, physiological, biochemical, hormonal, and genetic
changes in cereals subjected to low-nitrogen conditions. Morphological ad-
aptations include alterations in root and shoot architecture, while physio-
logical responses involve enhanced chlorophyll content, leaf nitrogen lev-
els, and photosynthetic efficiency. Biochemical changes are characterized
by increased activity of nitrogen uptake and assimilation enzymes, accom-
panied by hormonal shifts such as elevated auxin levels in roots. These traits
provide a foundation for developing nitrogen-efficient crop varieties. Future
research should prioritize breeding crops with enhanced tolerance to low-
nitrogen conditions to improve NUE, grain quality, and yield potential.

Keywords

adaptations; food security; low nitrogen; nitrogen use efficiency; productivity; sus-
tainable agriculture

Introduction

Cereal crops are vital for feeding the global population, providing more than
half of the calories consumed by humans. Since the green revolution in the
1960s, the application of chemical nitrogen fertilizers to fertilizer-responsive
and lodging-resistant "modern crop cultivars" of rice and wheat has signifi-
cantly boosted food production. The use of nitrogenous fertilizers to en-
hance agricultural output has been a topic of discussion for over 50 years
(1). Nitrogen fertilizer usage has increased from 10.8 million metric tons in
1960 to 109 million metric tons in 2019, with projections indicating a further
rise to 249 million metric tons by 2050 (2). The higher utilization of N fertiliz-
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ers compared to P and K fertilizers is attributed to their
relatively low cost per nutrient unit, widespread availabil-
ity, and the rapid yield response of modern crop cultivars
to applied nitrogen. Approximately 60 % of global N ferti-
lizer is used for the cultivation of the three major cereals:
rice, wheat, and maize (3).

Cereal crops such as rice, wheat, and maize con-
sume over 90 % of nitrogenous fertilizers globally. The to-
tal global rice production during 2022-2023 on a milled
basis, was estimated at approximately 515 million . Wheat
production exceeded that of rice, reaching approximately
793 million , while maize led as the top cereal, with an esti-
mated production of 1159 million (4). In India, rice re-
mained the predominant cereal crop, with an estimated
production of 135.76 million cultivated over an extensive
area of 47.83 million ha during 2022-2023 (5). Wheat
ranked second, with a production of 112.74 million grown
across 30.79 million ha (6). Maize, the third most significant
cereal crop in India after rice and wheat, accounted for a
production of 34.6 million over an area of 10.64 million ha

(6).

Nitrogen, constituting approximately 1-5 % of a
plant's dry mass, is the second most abundant nutrient in
plant tissue. It is a fundamental component of amino ac-
ids, the building blocks of plant proteins, and plays a vital
role in the growth and development of essential plant tis-
sues. Additionally, nitrogen is an essential component of
chlorophyll, the pigment responsible for enabling plants to
use sunlight energy to convert water and carbon dioxide
into sugars through photosynthesis. N also enhances root
systems, significantly contributing to the absorption of
water and nutrients (7). Its availability is the primary limit-
ing factor for overall food production and protein content.
The availability, uptake, and translocation of nitrogen in-
fluence critical physiological processes related to biomass
production and grain yield.

In soil, nitrogen is predominantly present in a mo-
bile form, with crops typically absorbing only 30-40% of
the applied nitrogen (8). Consequently, more than 60 % of
the soil nitrogen is lost through leaching, surface runoff,
denitrification, volatilization, and microbial consumption.
This inefficiency leads to low NUE without any significant
yield improvements. Excess nitrogen escapes into the envi-
ronment in reactive forms, such as nitrate (NO3), ammonia
(NHs), and nitrogen oxides (NOx and N:O), which accumu-
late in natural ecosystems, causing nitrate pollution in
surface and groundwater, altering biodiversity, and con-
tributing to greenhouse gas emissions. In aquatic environ-
ments, excess nitrogen promotes algal blooms in coastal
areas and freshwater lakes, depleting oxygen levels and
harming aquatic organisms (9). Furthermore, nitrate accu-
mulation in leafy and root vegetables poses health risks.
High dietary nitrate intake can lead to endogenous ni-
trosation, which has been linked to thyroid disorders, cer-
tain cancers, neural tube defects in fetal development, and
diabetes (10).

With the global population projected to exceed 9
billion by 2050, an estimated 60 % increase in food produc-

tion will be required to meet demand (11). As the need for
increased agricultural output grows alongside the urgency
for environmental sustainability, transitioning to more
judicious use of nitrogen fertilizers is imperative (12).

NUE refers to a plant's ability to produce grain yield
per unit of nitrogen available in the soil. NUE is primarily
governed by two processes: nitrogen uptake efficiency
(NupE) and nitrogen utilization efficiency (NutE) (13). NupE
represents the plant's ability to absorb nitrogen from the
soil, while NutE reflects its ability to utilise absorbed nitro-
gen for grain yield production (14). NUE is influenced by
nitrogen availability in the soil or through external inputs
and depends on efficient nitrogen uptake, utilization, and
remobilization to the grain by the end of the season. To
mitigate nitrogen loss, minimize environmental pollution,
and lower input costs, breeding crop varieties with higher
NUE is critical. Research on genotypic variations under low
and recommended N conditions, conducted during both
seedling and maturity stage under controlled and field
conditions, has identified high-NUE genotypes capable of
maintaining high yield sustainability under low N condi-
tions (15).

Enhancing crop plants for complex traits like NUE
requires a thorough understanding of regulatory mecha-
nisms, including nitrogen uptake, assimilation, and remo-
bilization, as well as the performance of different geno-
types, particularly under nitrogen-limited conditions.

This review article focuses comprehensively on ce-
real-specific traits and mechanisms, emphasizing their
unique morphological, physiological, biochemical, hormo-
nal, and genetic adaptations under low nitrogen condi-
tions. By integrating these findings, it addresses
knowledge gaps and provides targeted insights for breed-
ing strategies that ensure high yield potential under re-
duced nitrogen input, a crucial component of sustainable
agriculture.

Response of plants to low nitrogen stress

In natural agricultural fields, plants often encounter vary-
ing nitrogen levels, which can limit their growth due to
factors such as surface runoff, soil erosion, rainwater
leaching, gaseous losses, and microbial consumption. Un-
der nitrogen deficiency, crops exhibit a reduced ability to
capture and utilize resources, which is initially evident as a
decline in the canopy's interception of photosynthetically
active radiation (PAR). The reduction in PAR interception is
primarily caused by decreased leaf expansion rates or till-
ering, leading to a reduction in the leaf area index (LAl).

The second major response to nitrogen deficiency is
a reduction in radiation use efficiency (RUE), which occurs
due to decreased leaf nitrogen content per unit leaf area.
This decline in leaf nitrogen detrimentally impacts the rate
of leaf photosynthesis. These responses represent a strate-
gic trade-off for the plant, balancing between maintaining
optimal resource capture and efficient resource use
(16,17).

The significant effects of low nitrogen availability on
plants, including changes in morphological, physiological,
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biochemical traits, hormonal regulation, and yield, are
illustrated in Fig.1.The following sections outlines the mor-
phological, physiological, biochemical, hormonal, and
yield-related responses of cereal crops under low nitrogen
conditions.

[ Effects of plants under low nitrogen conditions |

Morphological effects Physiological effects

« Stunted growth
» Reduced leaf area

» Reductionin Pn,
» Reduced levels of

« Chlorosis in older leaves bioenergetics and light-
« Reduced shoot branchi harvesting proteins
» Diminished root and « Higher uction of reactive
suppression of lateral root oxygen species
initiation + Premature leaf senescence
« Early flowering
Biochemical effects Yield effects
« Reduction in the quantity or Reduced biomass
activity of photosynthetic + Reduced number of spikelets
enzymes per panicle, thousand grain
« Changes in amino acid t
content . er spike
« Altered carbon and nitrogen + Reduced reproductive
metabolism structures

Hormonal changes

« Changes in the hormone level such
as auxin, CK, ABA, ETH, BR and SL.

Fig. 1. Effects of plants under low nitrogen conditions. Pn- Photosynthetic
rate; gs-Stomatal conductance; CK-Cytokinin; ABA- Abscisic acid; ETH- Eth-
ylene; BR- Brassinosteroids; SL- Strigolactones.

Effect on morphological traits

Nitrogen plays a pivotal role in plant growth and develop-
ment. Its availability is directly associated with vegetative
development, and appropriate nitrogen application pro-
motes growth and ultimately enhances yield (18). Con-
versely, insufficient nitrogen supply adversely impacts
plant morphology, impairs growth, and results in reduced
biomass (19). Nitrogen is vital for yield as it is integral to
cell division, a process crucial for plant development. Dis-
ruption of cell division diminishes leaf area (20), which
consequently leads to a decline in biomass accumulation
(21). In cereals, typical morphological changes observed
under low nitrogen conditions include decreased plant
height, reduced tillering, a lower number of roots, and re-
ductions in both shoot and root dry weight (22-26). Addi-
tionally, nitrogen deficiency leads to reduced leaf area,
shorter leaf length, narrower leaf width (27), and yellowing
of leaves (28).

Effect on physiological traits

Photosynthesis is a fundamental physiological process for
plant growth and development, and its efficiency is signifi-
cantly influenced by the availability of nitrogen. About
75 % of the nitrogen in plants is allocated to chloroplasts
for the formation of the photosynthetic system, including
thylakoid membranes and related enzymes. Insufficient
nitrogen disrupts chloroplast structure (29), reduces chlo-
rophyll levels, induces leaf yellowing (30), and ultimately
impairs photosynthesis (31). Photosynthesis plays a crucial
role in crop yield formation, supplying nearly 70% of the
materials needed for yield production (26). In cereals, ni-
trogen deficiency reduces the photosynthetic rate due to
significant reduction in chlorophyll content (chlorophyll a
and b), stomatal conductance (31-34), Intercepted Photo-
synthetically Active Radiation (IPAR) (23), and leaf nitrogen
content.

Nitrogen deficiency also leads to decreased chloro-
phyll concentration in leaves, which results in increased
leaf reflectance in the green (approximately 550 nm) and
red edge (700-720 nm) spectral ranges (35). Similarly, ele-
vated leaf reflectance under nitrogen-deficient conditions
was reported in sorghum (22). Chlorophyll fluorescence is
a valuable tool for evaluating the photochemical efficiency
of leaves, and nitrogen deficiency adversely affects the
chlorophyll fluorescence efficiency of plants (36, 37). In
cereals, nitrogen stress reduces the maximum efficiency of
PSIl photochemistry (Fv/Fm), inhibits electron transport,
and decreases the quantum yield (38, 39, 33). Additionally,
the tricarboxylic acid (TCA) cycle is suppressed under low
nitrogen conditions (27).

Nitrogen deficiency also impairs photosynthesis-
related enzymes and triggers biochemical stress respons-
es, such as the overproduction of reactive oxygen species
(ROS). These biochemical disruptions further exacerbate
physiological impairments by limiting energy production
and resource allocation for growth and yield formation.
This dynamic interaction highlights how physiological im-
pairments caused by nitrogen deficiency lead to biochemi-
cal imbalances, creating a feedback loop that poses chal-
lenges to plant development under low nitrogen condi-
tions.

Effect on biochemical traits

Reactive oxygen species (ROS) are naturally produced dur-
ing cellular processes such as photosynthesis and respira-
tion. However, their concentrations can increase under
stress conditions, including drought, salinity, extreme tem-
peratures, and nutrient deficiencies. Under nitrogen-
deficient conditions, the formation of ROS is observed (40).
In cereals, low nitrogen availability leads to elevated levels
of hydrogen peroxide (H,0,), which acts as both a marker
of oxidative stress and a signal for physiological responses,
along with an increase in malondialdehyde content (26).
Nitrogen deficiency decreases the activity ratio of phos-
phoenolpyruvate carboxylase (PEPC) to ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco) (41), ad-
versely affecting photosynthesis in sorghum. It also im-
pairs the enzymes of the ascorbate-glutathione cycle in
both shoots and roots of barley (28).

The balance between carbon (C) and nitrogen (N) is
essential for plant metabolic functions. Without sufficient
carbon availability, the plant's ability to efficiently absorb
and utilize nitrogen is compromised. Nitrogen significantly
influences carbon fixation (42). A decline in nitrogen assim-
ilation and storage reduces the plant’s overall carbon fixa-
tion capacity (43). Under low nitrogen conditions, an in-
creased leaf carbon-to-nitrogen ratio disrupts the gluta-
mate cycle (44). Nitrogen plays a pivotal role in light-
dependent processes that convert CO,, water, and inor-
ganic nitrogen into sugars, organic acids, and amino acids-
key components for biomass accumulation. Low nitrogen
availability also results in reduced levels of amino acids,
such as leucine and phenylalanine, and a decline in pro-
tein content (28, 45, 46).
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Effect on endogenous hormones

Under nitrogen-deficient conditions, hormonal responses
in cereals are crucial for adapting to nutrient stress, as
these hormones regulate key processes like growth, devel-
opment, and NUE. Nitrogen signaling pathways are closely
linked to several phytohormones, including auxin (AUX),
abscisic acid (ABA), cytokinins (CKs), ethylene (ETH),
brassinosteroids (BR), strigolactones (SLs), jasmonic acid
(JA), and salicylic acid (SA) (47). These hormones interact
to maintain a balance between the plant's nitrogen de-
mand and acquisition. While CKs, ETH, and ABA typically
play antagonistic roles, BR and AUX act synergistically to
promote root elongation under nitrogen stress (48). During
the grain-filling stage, the levels of hormones such as in-
dole-3-acetic acid, CKs, ABA, and gibberellins decline un-
der nitrogen-deficient conditions (49).

Effect on yield traits

Nitrogen drives critical physiological and metabolic pro-
cesses, including nucleic acid metabolism, chlorophyll
synthesis, and protein production, which enhance cell sur-
face area, photosynthetic efficiency, and overall plant
growth and yield (50). Despite its importance, nitrogen
remains a major limiting factor for crop productivity, pri-
marily due to the low efficiency of nitrogen fertilizer utili-
zation, which constrains both the yield and quality of cere-
als. Yield reductions under low nitrogen conditions are
attributed to a decrease in thousand-grain weight, the
number of spikelets per spike (51), fewer grains per spike
(27), and diminished spike and seed size (52). Limited ni-
trogen supply reduces the crop growth rate, leading to
fewer reproductive structures and lower physiological at-
tributes, ultimately resulting in reduced grain yield and its
components (53).

Adaptations under low nitrogen stress in cereals

An essential adaptive strategy employed by cereals in re-
sponse to nitrogen deficiency involves root elongation,
which facilitates greater access to soil nutrients and nitro-
gen resources. Roots serve as the primary organ for nitro-
gen uptake in plants, playing critical roles in nutrient and
water absorption, the synthesis of plant hormones, organ-
ic acids, and amino acids, as well as providing structural
support to the plants. Adaptive changes in root morpholo-
gy and physiological characteristics form the fundamental
basis for efficient nitrogen utilization in plants. Root mor-
phology and physiology are intricately linked to the acqui-
sition of soil resources and the development of above-
ground plant structures (54). The following sections dis-
cuss the morphological, physiological, and biochemical,
hormonal adaptations, and genetic regulation observed in
cereals under low nitrogen conditions, as illustrated in
Fig.2.

Morphological adaptations

Morphological adaptations include changes in shoot and
leaf development (52, 24) and alterations in root architec-
ture (55, 56). Under conditions of low nitrogen availability,
alterations in root architecture are observed, such as
deeper root distribution (57), increased root length, root

surface area, and root-to-shoot ratio (45, 25, 58), as well as
an increase in lateral root count and root diameter (44).
Lynch introduced the Steep, Cheap, and Deep (SCD) ideo-
type to enhance nitrogen and water acquisition in maize
(59). This concept integrates root architectural, anatomi-
cal, and physiological traits to promote deeper rooting and
improve nitrogen capture in leaching-prone environments.
The term "steep" refers to the root growth angle and other
architectural features that facilitate deeper rooting, while
"cheap" pertains to traits that minimize the metabolic
costs associated with soil exploration.

PHYSIOLOGICAL

ADAPTATIONS

« Increased energy production

« Increased chlorophyll content

« Increased Co: assimilation
and photosynthetic rate

« Increased Photosynthetic
nitrogen use efficiency

MORPHOLOGICAL
ADAPTATIONS

« Increase in root length
« Steeper root angle
« Formation of root cortical

aerenchyma
« Increase in shoot biomass

GENETIC
REGULATION
« Expression of nitrogen
transporters, translocation and
assimilation process, miRNA
synthesis etc.,

ADAPTATIONS

« Altered enzyme activities to
increase the nitrogen transport

« Expression of anti-oxidants,
defense proteins.

« Increased sugar accumulation

« Higher C/N ratio

HORMONAL
REGULATION

+ Increase in IAA, CK, JA, ETH and
SL levels

Fig. 2. Adaptations of cereals under low nitrogen conditions. Co,- Carbondi-
oxide; C- Carbon; N- nitrogen; miRNA- micoRNA; IAA- Indole acetic acid; CK-
Cytokinin; JA- Jasmonic acid; ETH- Ethylene; SL- Strigolactones.

In cereal crops, the primary root is succeeded by
seminal roots, followed by a series of nodal roots that de-
velop near or above the soil surface. The primary root,
which is essential for supplying water to the growing seed-
ling, must grow vertically. It has been suggested that lat-
eral roots branching from the primary root, along with
seminal root axes and their lateral roots, may adapt plas-
tically to local soil conditions. This plasticity could en-
hance the ability of plants to exploit variations in phospho-
rus and nitrogen availability, such as those arising from the
mineralization of organic matter (60). Maize plants exhibit
several adaptive changes by modifying root architecture,
such as promoting the elongation of individual axial roots
and enhancing lateral root growth, while simultaneously
reducing the number of axial roots (61). Some maize plants
also adjust by producing fewer crown roots, but with
greater rooting depth (62). Furthermore, under nitrogen-
deficient conditions, the angles of brace and crown roots
become up to 18 degrees steeper (63). The formation of
root cortical aerenchyma under low nitrogen conditions
increases rooting depth and facilitates oxygen transport
(64).

The key factors driving changes in root morphology
are the differential alterations in the abundance of pro-
teins involved in cell differentiation, cell wall modification,
phenylpropanoid biosynthesis, and protein synthesis (65).
Developing a robust root system architecture that inte-
grates diverse root traits, such as nodal root growth, root
hair length and density, root length density, root dry
weight, lateral root percentage, root branching, root thick-
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ness, and root volume, offers a potential solution for
enhancing nutrient uptake efficiency, particularly nitrogen
uptake (66). Root nitrogen uptake can also be enhanced by
nitrogen fixation, which in turn increases crop yield. The
artificial introduction of nitrogen-fixing microorganisms
has shown potential in boosting nitrogen uptake. The di-
verse microbial species, natural nif gene clusters, and engi-
neering approaches to develop bacteria capable of deliver-
ing fixed nitrogen to cereal crops (67). Additionally, several
rhizospheric microbial mechanisms were identified that
influence root architecture by promoting the production of
growth hormones such as auxins, cytokinins, and gibberel-
lins (66).Morphological changes in the shoot include in-
creased shoot biomass (57, 68). The enhanced root and
shoot growth, reflected in larger biomass and a higher
crop growth rate (CGR) under reduced nitrogen levels, con-
tributes to greater grain yield, ultimately enhancing nitro-
gen use efficiency (NUE) in nitrogen-efficient varieties (68).
In C4 plants, the thinner cell walls of mesophyll cells im-
prove mesophyll conductance, while the thicker cell walls
of bundle sheath cells minimize CO, leakage, thereby en-
hancing its concentration. Sorghum leaves, when faced
with nitrogen limitation, maintain the essential anatomical
structure necessary for C4 photosynthesis through intra-
cellular adjustments. Under decreasing leaf nitrogen con-
tent, the activity of phosphoenolpyruvate carboxylase
(PEPC) declines more significantly than that of Rubisco,
suggesting that sorghum plants adapt to nitrogen limita-
tion by reducing nitrogen allocation to PEPC more than to
Rubisco (41).

Physiological adaptations

Under low nitrogen conditions, plants enhance nutrient
uptake and utilization by increasing nitrogen transport,
assimilation, and the remobilization of compounds such
as glycine, allantoin, and proteins, which are crucial for
maintaining optimal growth and development (65). Addi-
tionally, plants inhibit transcription factors that negatively
regulate nitrogen transport (44). The nitrogen transport
and assimilation process are enhanced by increased pro-
duction of energy and a-ketoglutarate through the promo-
tion of the tricarboxylic acid cycle (32). Root morphological
changes, such as the formation of root cortical aerenchy-
ma, lead to increased leaf nitrogen content, leaf chloro-
phyll content, CO,assimilation, vegetative biomass, and
photosynthetic rate (64). Traits such as photosynthetic
nitrogen use efficiency, root oxidation activity, and the
accumulation of non-structural carbohydrate (NSC) in the
stem at heading, along with their remobilization during
grain filling, were found to increase under low nitrogen
conditions (57,68). Furthermore, specific rearrangements
in nutrient element levels within tissues were observed,
including more stable manganese (Mn) and copper (Cu)
contents in the roots, and less reduction in root phospho-
rus (P), potassium (K), and calcium (Ca) contents (69). De-
laying the onset of post-anthesis senescence may be a cru-
cial trait for enhancing grain yield under low N conditions
(70).

Biochemical adaptations

Nitrate uptake in plants is facilitated by high-affinity ni-
trate transporters (NRT2) and low-affinity nitrate trans-
porter 1/peptide transporter family (NRT1/NPF), while am-
monium absorption is regulated by ammonium/methyl
ammonium transporters (AMTs). In rice, nitrogen uptake is
enhanced under low nitrogen conditions through the ex-
pression of nitrate and ammonium transporters (32). Ni-
trogen transport can be further enhanced by altering the
activities of enzyme such as nitrate reductase, glutamine
synthetase, and glutamate synthase (56,71,69). To resist
oxidative stress, crops like rice (72) and wheat (24) have
developed antioxidant defense systems to detoxify ROS.
Several molecules, including ROS and nitric oxide (NO),
have been proposed to play a role in the signaling path-
ways that link stress perception to gene expression. A
short-term rise in H,0, levels in the roots could be in-
volved in signaling mechanisms related to nitrogen defi-
ciency (73). In response to low nitrogen stress, plants en-
hance the expression of antioxidant-related proteins, in-
cluding glutathione and ascorbic acid (27, 45, 65, 74), de-
fense proteins (75), and phenolic metabolites (45), while
also reducing malondialdehyde content (76). As fiber and
starch are primarily composed of polysaccharides, an in-
crease in thousand-grain weight (TGW) is linked with en-
hanced sugar accumulation. Under field conditions, nitro-
gen deprivation reduced the number of grains per spike
and resulted in fewer grains per unit area, allowing more
nitrogen to be available for each grain. These factors con-
tributed to the higher carbon-to-nitrogen ratio in low ni-
trogen plants, promoting sugar synthesis and transport to
the grain (27).

Hormonal adaptations

Plants activate complex hormone signaling networks to
adapt and optimize resource allocation under low nitrogen
conditions. The Ethylene Response Factor (ERF) transcrip-
tion factor gene family and genes related to indole-3-
acetic acid were specifically expressed, where they regu-
late root growth and morphology to help plants tolerate
low-N stress (58). In response to signals indicating low ni-
trogen levels in the shoot, there is an increase in auxin
transport from the shoot to the root. Low nitrogen condi-
tions regulate genes related to plant hormones, promoting
the polar transport of auxin to the root and inhibiting
genes that negatively regulate the ethylene and jasmonic
acid pathways, thereby promoting root growth and devel-
opment (44). Elevated auxin levels in the root tip stimulate
nitric oxide production, which supports the synthesis of
strigolactones (SLs), thereby accelerating cell division.
Strigolactones modulate root metabolic and developmen-
tal adaptations to low nitrogen availability, ensuring effi-
cient uptake and translocation of available nitrogen. The
accumulation of strigolactones promotes the degradation
of D53 and releases GRF4, thus enhancing the expression
of genes associated with nitrogen metabolism. Nitrogen
limitation also induces the degradation of the DELLA pro-
tein SLENDER RICE 1 (SLR1) in a D14- and D53-dependent
manner, releasing GRF4 from competitive inhibition by
SLR1 (77). The phytohormone signaling in roots, such as
IAA, CK, GAs, JA, and ETH concentrations, is stimulated by
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low-nitrogen stress (56,78).
Genetic regulation

Nitrogen plays a vital role in plant growth and develop-
ment, with roots playing a crucial role in enhancing nitro-
gen use efficiency and facilitating root development by
regulating genes involved in nitrogen uptake and utiliza-
tion, carbon metabolism, root growth, and the regulation
of phytohormones. These adaptations help plants cope
with low nitrogen conditions. When nitrogen levels are
insufficient, roots elongate as a result of metabolic shifts
induced by a sequence of gene expression changes. Sever-
al genes exhibit altered expression, playing a critical role in
the plant's ability to adapt to low-nitrogen stress. Table 1
provides a list of important genes and transcription factors

nicotinamide metabolic process (82) were also highly ex-
pressed. Furthermore, genes involved in sugar accumula-
tion in the cell wall and enhanced cell wall synthesis, lead-
ing to increased thousand-grain weight, were expressed
under low-nitrogen conditions (27).

The integration of genetic engineering and biotech-
nological tools into breeding programs is crucial for target-
ing specific candidate genes linked to enhance NUE. Mo-
lecular breeding approaches, such as QTL mapping, candi-
date gene identification, and marker-assisted selection
(MAS), combined with advanced breeding strategies, can
aid in development of genotypes with improved nitrogen
recovery. Gene-editing technologies, such as CRISPR-Cas9,
have revolutionized the creation of genetically engineered

Table 1. Expression of genes in cereals and transcription factors under low nitrogen conditions

Crop Genes & transcription factors Role References
Rice OsNRT1.1a Enhanced plant height, biomass, yield, and nitrogen use efficiency (90)
Rice OsNRT2.5 Nitrate transport from roots to shoots (91)
Rice 0sAMT1;2 and OsGOGAT1 Ammonium uptake and nitrogen remobilization at the whole plant level (92)
Rice 0sGS1 Accumulation of total nitrogen (93)
Rice OsPIN9 An auxin efflux carrier modulated auxin response and increased yield (94)
Barley AlaAT Improved nitrogen use efficiency (95)
Wheat TaGS1c, TaAlaAT, and TaPPDK Enhanced nitrogen remobilization efficiency (96)
Barley HVNRT2.4, HYNRT2.1, and HYNRT2.2 Nitrate absorption and distribution (74)
Wheat Triticum aestivum Dof1 (TaDof1) Nitrogen assimilation (97)
Maize GLK5, GLKS, NLP15 and bZIP108 GLKS5, GLKS, and N_I.Pl}-? - regulated genes suppressed under low-nitrogen conditions; (98)

bZIP108 - gene activation
Maize MYB36 and AP2-EREBP Nitrogen stress tolerance (80)
Maize ZmNLP5 Transcriptional regulation in the plant's response to low nitrogen stress (82)

expressed under low nitrogen conditions.

A genome-wide association study (GWAS) of two
root morphological traits, namely root length and root
diameter, identified six genes that were differentially
expressed in a low-nitrogen tolerant variety. These six
genes (0s079g0471300, 0s11g0230400, 0s1190229300,
051190229400, 0s11g0618300, and 0s11g0229333) were
identified as promising candidate genes for low-
nitrogen tolerance (79).

The uptake and utilization of nitrate is a complex
process that involves absorption, translocation, and as-
similation. Several essential genes related to nitrogen up-
take, assimilation, and metabolism, such as glutamine
synthetase and asparagine synthetase, as well as genes
involved in redox homeostasis like superoxide dismutase
and peroxidase, were highly expressed under low nitrogen
conditions (80). In addition to previously identified nitro-
gen response genes, such as nitrate transporter, nitrite
reductase, nitrate reductase, and ferredoxin, new nitrogen
response genes have been identified, including early light-
inducible protein, uroporphyrinogen methyltransferase,
phosphoenolpyruvate carboxylase, tonoplast intrinsic pro-
tein, and sesquiterpene cyclase (81). The up-regulation of
Exp and Nrt gene family members has been shown to in-
crease nitrogen absorption in cereal crops under low nitro-
gen (25). The genes related to the tricarboxylic acid and

plants, enabling the development of high-yielding cultivars
with superior NUE. Several nitrogen transporter genes,
including NRT1.1b, NAR2.1, NRT2.3a, and AMT1.1, have
been genetically modified in rice to enhance NUE (83). The
Growth-regulating-factor 4 (OsGRF4), a key transcriptional
regulator of nitrogen metabolism genes, antagonizes the
DELLA growth repressor. CRISPR/Cas9 editing has demon-
strated that modifying the OsGRF4-DELLA interaction by
increasing OsGRF4 levels significantly enhances both NUE
and grain yield (84).

Another promising target, the ARE1 gene, was iden-
tified in GWAS as a regulator of NUE, functioning as a sup-
pressor of plastidic Fd-GOGAT in rice. Loss-of-function mu-
tations in ARE1 in rice, wheat, and barley have resulted in
improved yields and higher NUE, making it a valuable can-
didate for genome editing. CRISPR/Cas9-mediated editing
of ARE1 in wheat and barley has shown significant en-
hancements in NUE (85). Thus, the shift from traditional,
time-consuming breeding methods to modern, efficient
tools such as omics-based approaches and CRISPR/Cas9
gene-editing technology is well-justified.

MicroRNAs (miRNAs) are known to play a crucial
role in regulating NUE and are often associated with vari-
ous transcription factors. Various miRNAs contribute to the
tolerance to low nitrogen stress (82). The miRNA169 fami-
ly,for example, is known to regulate genes involved in ni-
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trogen transport. New members of the miR169 family have
been identified, and these miRNAs respond to nitrogen-
deficient conditions (86). In cereals, the regulation of NAC
genes by miR164 is thought to play a role in maintaining
nitrogen remobilization from leaves to seeds under low-
nitrogen conditions. New potential miR169 species, such
as miRC10 and miRC68 (87), and low nitrogen-responsive
TaMIRs are involved in plant tolerance to low-N stress (88).
Altered expression of miRNAs associated with plant growth
and development has been observed in various plant spe-
cies exposed to abiotic stress conditions, including
drought, salinity, extreme temperatures, nutrient deficien-
cies, and heavy metal toxicity. These findings suggest that
miRNAs could serve as potential targets for genetic modifi-
cations aimed at enhancing nutrient stress tolerance in
crop plants. Transgenic plants with miRNA overexpression
have demonstrated improved tolerance or increased sen-
sitivity to various abiotic stresses compared to their wild-
type counterparts (89).

Conclusion

Nitrogen use efficiency in plants is a complex process influ-
enced by various internal and external factors, including
soil nitrogen availability, its uptake, and incorporation into
biochemical compounds. This review highlights the mor-
phological, physiological, biochemical, hormonal and ge-
netic responses observed in cereals under low-nitrogen
conditions. Such responses include root architecture mod-
ifications to enhance nitrogen acquisition, changes in pho-
tosynthetic efficiency, activation of nitrogen assimilation
pathways, and genetic variations that promote NUE. Col-
lectively, these traits provide a robust framework for iden-
tifying and selecting nitrogen-efficient genotypes. When
incorporated into breeding programs, such traits can facil-
itate the development of nitrogen-efficient cereal varieties
capable of sustaining high yields while reducing nitrogen
fertilizer inputs.

Despite substantial progress in NUE research, sever-
al challenges remain, including complex trait interactions,
environmental variability, limited marker utility, a lack of
standardized phenotyping protocols, and underutilization
of genome editing technologies. These challenges hinder
the effectiveness of crop improvement programs targeting
NUE in crops. Future research should prioritize the devel-
opment of nitrogen-efficient cereal varieties with en-
hanced tolerance to low-nitrogen environments to ad-
dress these issues. Advancing this goal necessitates the
identification of key genes involved in nitrogen uptake,
assimilation, and remobilization through approaches like
genome-wide association studies (GWAS) and cutting-edge
tools like CRISPR-Cas9 and genomic selection.

Achieving significant advancements in NUE requires
a holistic approach that integrates plant breeding, ad-
vanced biotechnological innovations, high-throughput
phenotyping techniques, agroecological practices, and
supportive policy frameworks. Such efforts are essential to
ensure sustainable agricultural practices and meet the
growing demand for global food production.

Acknowledgements

The authors wish to thank Tamil Nadu Agricultural Univer-
sity for the support and encouragement.

Authors’ contributions

SD prepared the first draft of manuscript. SA, AK, DM, RV,
PR and MS participated in editing and correcting the man-
uscript. All authors read and approved the final manu-
script.

Compliance with Ethical Standards

Conflict of interest: The author(s) declared that they have
no competing interests.

Ethical issues: None

References

1. Zahoor Z, Waqgar AWA, Hira K, Ullah B, Khan A, Shah Z, et al. Role
of nitrogen fertilizer in crop productivity and environmental
pollution. Int J Agri Forestry. 2014;4(3):201-06. https://
doi.org/10.5923/j.ijaf.20140403.09

2. Tilman D, Cassman KG, Matson PA, Naylor R, Polasky S. Agricul-
tural sustainability and intensive production practices. Nature.
2002;418(6898):671-77. https://doi.org/10.1038/nature01014

3. Ladha JK, Pathak H, Krupnik TJ, Six J, van Kessel C. Efficiency of
fertilizer nitrogen in cereal production: Retrospects and pro-
spects. Advances in Agronomy. 2005;87:85-156. https://
doi.org/10.1016/S0065-2113(05)87003-8

4.  Statista. Paddy rice production worldwide in 2022, by country;
2023. Available at: https://www.statista.com/statistics/paddy-
rice-production (Accessed: 14 December 2024).

5. 5. Indiastat. Area, production and productivity of rice during
2022-2023; 2023. https://www.indiastat.com/table/agriculture/
selected-state-season-wise-area production -product/63808

6.  Anonymous. World agricultural production. United States De-
partment of Agriculture (USDA). 2023;22:3. https://
www.usda.gov

7. Fageria NK, Barbosa FMP. Nitrogen use efficiency in lowland rice
genotypes. Communications in Soil Science and Plant Analysis.
2001;32(13-14):2079-89.
https://doi.org/10.1081/CSS-120000270

8. Raun WR, Johnson GV. Improving nitrogen use efficiency for
cereal production. Agronomy Journal. 1999;91(3):357-63.

9.  Ward MH. Too much of a good thing? Nitrate from nitrogen ferti-
lizers and cancer. Reviews on Environmental Health. 2009;24
(4):357-63. https://doi.org/10.1515/REVEH.2009.24.4.357

10. Ahmed M, Rauf M, Mukhtar Z, Saeed NA. Excessive use of
nitrogenous fertilizers: An unawareness causing serious threats
to environment and human health. Environmental Science and
Pollution Research. 2017;24:26983-87. https://doi.org/10.1007/
$11356-017-0589-7

11. FAO. FAOSTAT. Food and Agriculture Organization of the United
Nations, Rome, Italy;2009.

12. Chivenge P, Sharma S, Bunquin MA, Hellin J. Improving nitrogen
use efficiency—A key for sustainable rice production systems.
Frontiers in Sustainable Food Systems. 2021;5:737412. https://
doi.org/10.3389/fsufs.2021.737412

13. Vijayalakshmi P, Kiran TV, Rao YV, Srikanth B, Rao IS, Sailaja B,
et al. Physiological approaches for increasing nitrogen use effi-

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.5923/j.ijaf.20140403.09
https://doi.org/10.5923/j.ijaf.20140403.09
https://doi.org/10.1038/nature01014
https://doi.org/10.1016/S0065-2113(05)87003-8
https://doi.org/10.1016/S0065-2113(05)87003-8
https://www.statista.com/statistics/paddy-rice-production
https://www.statista.com/statistics/paddy-rice-production
https://www.indiastat.com/table/agriculture/selected-state-season-wise-area%20production%20-product/63808%0d
https://www.indiastat.com/table/agriculture/selected-state-season-wise-area%20production%20-product/63808%0d
https://www.usda.gov
https://www.usda.gov
https://doi.org/10.1081/CSS-120000270
https://doi.org/10.1515/REVEH.2009.24.4.357
https://doi.org/10.1007/s11356-017-0589-7
https://doi.org/10.1007/s11356-017-0589-7
https://doi.org/10.3389/fsufs.2021.737412
https://doi.org/10.3389/fsufs.2021.737412

SHANMUGAPRIYA ETAL

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

ciency in rice. Indian Journal of Plant Physiology. 2013;18:208-
22. https://doi.org/10.1007/s40502-013-0042-y

Ladha JK, Kirk GJ, Bennett J, Peng S, Reddy CK, Reddy PM,
Singh U. Opportunities for increased nitrogen-use efficiency
from improved lowland rice germplasm. Field Crops Research.
1998;56(1-2):41-71. https://doi.org/10.1016/S0378-4290(97)
00123-8

Vijayalakshmi P, Vishnukiran T, Kumari BR, Srikanth B, Rao IS,
Swamy KN, et al. Biochemical and physiological characteriza-
tion for nitrogen use efficiency in aromatic rice genotypes. Field
Crops Research. 2015;179:132-43. https://doi.org/10.1016/
j.fcr.2015.04.012

Grindlay DJ. Review towards an explanation of crop nitrogen
demand based on the optimization of leaf nitrogen per unit leaf
area. The J Agri Sci. 1997;128(4):377-96.

Lemaire G, van Oosterom E, Jeuffroy MH, Gastal F, Massignam A.
Crop species present different qualitative types of response to N
deficiency during their vegetative growth. Field Crops Research.
2008;105(3):253-65. https://doi.org/10.1016/j.fcr.2007.10.009

Kumar N, Mathpal B, Sharma A, Shukla A, Shankhdhar D,
Shankhdhar SC. Physiological evaluation of nitrogen use effi-
ciency and yield attributes in rice (Oryza sativa L.) genotypes
under different nitrogen levels. Cereal Research Communica-
tions. 2015;43(1):166-77. https://doi.org/10.1556/crc.2014.0032

Forde B, Lorenzo H. The nutritional control of root develop-
ment. Plant and Soil. 2001;232:51-68. https://doi.org/10.1023/
A:1010329902165

Gholizadeh A, Amin MS, Anuar AR, Aimrun W. Evaluation of SPAD
chlorophyll meter in two different rice growth stages and its
temporal variability. European Journal of Scientific Research.
2009;37(4):591-98.

Sinclair TR. Nitrogen influence on the physiology of crop yield.
In: Rabbinge R, Goudriaan J, van Keulen H, Penning de Vries
FWT, van Laar HH, editors. Theoretical Production Ecology:
Reflections and Prospects. Pudoc, Wageningen; 1990. p. 41-45

Zhao D, Reddy KR, Kakani VG, Reddy VR. Nitrogen deficiency effects
on plant growth, leaf photosynthesis and hyperspectral reflectance
properties of sorghum. European Journal of Agronomy. 2005;22
(4):391-403. https://doi.org/10.1016/j.eja.2004.06.005

Abubakar AW, Manga AA, Kamara AY, Tofa Al. Physiological eval-
uations of maize hybrids under low nitrogen. Advances in Agri-
culture. 2019. https://doi.org/10.1155/2019/2624707

Wang J, Song K, Sun L, Qin Q, Sun Y, Pan J, Xue Y. Morphological
and transcriptome analysis of wheat seedlings response to low
nitrogen stress. Plants. 2019;8:98. https://doi.org/10.3390/
plants8040098

Liu X, Yin C, Xiang L, Jiang W, Xu S, Mao Z. Transcription strate-
gies related to photosynthesis and nitrogen metabolism of
wheat in response to nitrogen deficiency. BMC Plant Biology.
2020;20:1-3. https://doi.org/10.1186/s12870-020-02662-3

Qi Z, Ling F, Jia D, Cui J, Zhang Z, Xu C, et al. Effects of low
nitrogen on seedling growth, photosynthetic characteristics and
antioxidant system of rice varieties with different nitrogen
efficiencies. Scientific Reports. 2023;13(1):19780. https://
doi.org/10.1038/s41598-023-47260-z

Wang Y, Wang D, Tao Z, Yang Y, Gao Z, Zhao G, Chang X. Impacts
of nitrogen deficiency on wheat (Triticum aestivum L.) grain
during the medium filling stage: Transcriptomic and metabo-
lomic comparisons. Frontiers in Plant Science. 2021;12:674433.
https://doi.org/10.3389/fpls.2021.674433

Moller AL, Pedas PA, Andersen B, Svensson B, Schjoerring JK,
Finnie C. Responses of barley root and shoot proteomes to long-

term nitrogen deficiency, short-term nitrogen starvation and
ammonium. Plant Cell Environment. 2011;34(12):2024-37.
https://doi.org/10.1111/j.1365-3040.2011.02396.x

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Bondada BR, Syvertsen JP. Concurrent changes in net Co; as-
similation and chloroplast ultrastructure in nitrogen deficient
citrus leaves. Environmental and Experimental Botany.
2005;54:41-48.
https://doi.org/10.1016/j.envexpbot.2004.05.005

Diaz C, Saliba-Colombani V, Loudet O, Belluomo P, Moreau L,
Daniel-Vedele F, et al. Leaf yellowing and anthocyanin
accumulation are two genetically independent strategies in
response to nitrogen limitation in Arabidopsis thaliana. Plant
and Cell Physiology. 2006;47(1):74-83. https://doi.org/10.1093/
pcp/ pci225

Wei S, Wang X, Shi D, Li Y, Zhang J, Liu P, et al. The mechanisms
of low nitrogen induced weakened photosynthesis in summer
maize (Zea mays L.) under field conditions. Plant
Physiol Biochem. 2016;105:118-28. https://doi.org/10.1016/
j-plaphy.2016.04.007

Xin W, Zhang L, Zhang W, Gao J, Yi J, Zhen X, et al. An integrated
analysis of the rice transcriptome and metabolome reveals
differential regulation of carbon and nitrogen metabolism in
response to nitrogen availability. Int J Mol Sci. 2019;20(9):2349.
https://doi.org/10.3390/ijms20092349

Wu YW, Qiang LI, Rong JI, Wei CH, Liu XL, Kong FL, et al. Effect of
low-nitrogen stress on photosynthesis and chlorophyll
fluorescence characteristics of maize cultivars with different low
-nitrogen tolerances. Journal of Integrative Agriculture. 2019;18
(6):1246-56. https://doi.org/10.1016/S2095-3119(18)62030-1

Sagwal V, Kumar U, Sihag P, Singh Y, Balyan P, Singh KP. Physio-
logical traits and expression profile of genes associated with
nitrogen and phosphorous use efficiency in wheat. Molecular
Biology Reports. 2023;50(6):5091-103. https://doi.org/10.1007/
$11033-023-08413-5

Zhao D, Reddy RK, Kakani VG, Read JJ, Carter GA. Corn (Zea
mays L.) growth, leaf pigment concentration, photosynthesis
and leaf hyperspectral reflectance properties as affected by
nitrogen supply. Plant and Soil. 2003;257:205-18. https://
doi.org/10.1023/A:1026233732507

Li P, Weng J, Zhang Q, Yu L, Yao Q, Chang L, Niu Q. Physiological
and biochemical responses of Cucumis melo L. chloroplasts to
low-phosphate stress. Frontiers in Plant Science. 2018;9:1525.
https://doi.org/10.3389/fpls.2018.01525

Zhou X, Sun C, Zhu P, Liu F. Effects of antimony stress on photo-
synthesis and growth of Acorus calamus. Frontiers in Plant Sci-
ence. 2018;9:579. https://doi.org/10.3389/fpls.2018.00579

Ding L, Wang KJ, Jiang GM, Biswas DK, Xu H, Li LF, Li YH. Effects
of nitrogen deficiency on photosynthetic traits of maize hybrids
released in different years. Annals of Botany. 2005;96(5):925-30.
https://doi.org/10.1093/aob/mci244

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

Kovacik J, Klejdus B, Backor M. Nitric oxide signals ROS scaven-
ger-mediated enhancement of PAL activity in nitrogen-deficient
Matricaria chamomilla roots: Slde effects of scavengers. Free
Radical Biology and Medicine. 2009;46(12):1686-93. https://
doi.org/10.1016/j.freeradbiomed.2009.03.020

Makino Y, Ueno O. Structural and physiological responses of
the C4 grass Sorghum bicolor to nitrogen limitation. Plant
Production Science. 2018;21(1):39-50. https://
doi.org/10.1080/1343943X.2018.1432290

Reich PB, Hobbie SE, Lee T, Ellsworth DS, West JB, Tilman D, et
al. Nitrogen limitation constrains sustainability of ecosystem
response to CO.. Nature. 2006;440(7086):922-25. https://
doi.org/10.1038/nature04486

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1007/s40502-013-0042-y
https://doi.org/10.1016/S0378-4290(97)00123-8
https://doi.org/10.1016/S0378-4290(97)00123-8
https://doi.org/10.1016/j.fcr.2015.04.012
https://doi.org/10.1016/j.fcr.2015.04.012
https://doi.org/10.1016/j.fcr.2007.10.009
https://doi.org/10.1556/crc.2014.0032
https://doi.org/10.1023/A:1010329902165
https://doi.org/10.1023/A:1010329902165
https://doi.org/10.1016/j.eja.2004.06.005
https://doi.org/10.1155/2019/2624707
https://doi.org/10.3390/plants8040098
https://doi.org/10.3390/plants8040098
https://doi.org/10.1186/s12870-020-02662-3
https://doi.org/10.1038/s41598-023-47260-z
https://doi.org/10.1038/s41598-023-47260-z
https://doi.org/10.3389/fpls.2021.674433
https://doi.org/10.1111/j.1365-3040.2011.02396.x
https://doi.org/10.1016/j.envexpbot.2004.05.005
https://doi.org/10.1093/pcp/%20pci225
https://doi.org/10.1093/pcp/%20pci225
https://doi.org/10.1016/j.plaphy.2016.04.007
https://doi.org/10.1016/j.plaphy.2016.04.007
https://doi.org/10.3390/ijms20092349
https://doi.org/10.1016/S2095-3119(18)62030-1
https://doi.org/10.1007/s11033-023-08413-5
https://doi.org/10.1007/s11033-023-08413-5
https://doi.org/10.1023/A:1026233732507
https://doi.org/10.1023/A:1026233732507
https://doi.org/10.3389/fpls.2018.01525
https://doi.org/10.3389/fpls.2018.00579
https://doi.org/10.1093/aob/mci244
https://doi.org/10.1007/s12298-019-00721-0
https://doi.org/10.1007/s12298-019-00721-0
https://doi.org/10.1016/j.freeradbiomed.2009.03.020
https://doi.org/10.1016/j.freeradbiomed.2009.03.020
https://doi.org/10.1080/1343943X.2018.1432290
https://doi.org/10.1080/1343943X.2018.1432290
https://doi.org/10.1038/nature04486
https://doi.org/10.1038/nature04486

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

Nunes-Nesi A, Fernie AR, Stitt M. Metabolic and signaling as-
pects underpinning the regulation of plant carbon nitrogen
interactions. Molecular Plant. 2010;3(6):973-96.

Wang W, Xin W, Chen N, Yang F, Li J, Qu G, et al. Transcriptome
and co-expression network analysis reveals the molecular
mechanism of rice root systems in response to low-nitrogen
conditions. Int J Mol Sci. 2023;24(6):5290. https://
doi.org/10.3390/ijms24065290

Kovacik J, Klejdus B, Babula P, Jarosova M. Variation of antioxi-
dants and secondary metabolites in nitrogen-deficient barley
plants. Journal of Plant Physiology. 2014;171(3-4):260-68.
https://doi.org/10.1016/].jplph.2013.08.004

Zhang M, Ma D, Wang C, Zhao H, Zhu Y, Guo T. Responses of
amino acid composition to nitrogen application in high-and low

-protein wheat cultivars at two planting environments. Crop
Science. 2016;56(3):1277-87. https://doi.org/10.2135/
cropsci2015.08.0504

Ahmad N, Jiang Z, Zhang L, Hussain |, Yang X. Insights on phyto-
hormonal crosstalk in plant response to nitrogen stress: A focus
on plant root growth and development. Int J Mol Sci. 2023;24(4):
3631. https://doi.org/10.3390/ijms24043631

Sun X, Chen F, Yuan L, Mi G. The physiological mechanism un-
derlying root elongation in response to nitrogen deficiency in
crop plants. Planta. 2020;251:1-4. https://doi.org/10.1007/
s00425-020-03376-4

Yue K, Li L, Xie J, Liu Y, Xie J, Anwar S, Fudjoe SK. Nitrogen sup-
ply affects yield and grain filling of maize by regulating starch
metabolizing enzyme activities and endogenous hormone con-
tents. Frontiers in Plant Science. 2022;12:798119. https://
doi.org/10.3389/fpls.2021.798119

Hirel B, Tetu T, Lea PJ, Dubois F. Improving nitrogen use effi-
ciency in crops for sustainable agriculture. Sustainability. 2011;3
(9):1452-85. https://doi.org/10.3390/su3091452

Ullah 1, Ali N, Durrani S, Shabaz MA, Hafeez A, Ameer H, et al.
Effect of different nitrogen levels on growth, yield and yield
contributing attributes of wheat. Int J Sci Eng. 2018;9(9):595-
602.

Curci PL, Aiese CR, Zuluaga DL, Janni M, Sanseverino W, Son-
nante G. Transcriptomic response of durum wheat to nitrogen
starvation.  Scientific Reports. 2017;7(1):1176.  https://
doi.org/10.1038/s41598-017-01377-0

Hammad HM, Ahmad A, Wajid A, Akhter JA. Maize response to
time and rate of nitrogen application. Pakistan Journal of Bota-
ny. 2011;43(4):1935-42.

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

Xue YF, Zhang W, Liu DY, Yue SC, Cui ZL, Chen XP, et al. Effects of
nitrogen management on root morphology and zinc transloca-
tion from root to shoot of winter wheat in the field. Field Crops
Research. 2014;161:38-45. https://doi.org/10.1016/
j.fcr.2014.01.009

Lv X, ZhangY, Hu L, Zhang Y, Zhang B, Xia H, et al. Low-nitrogen
stress stimulates lateral root initiation and nitrogen
assimilation in wheat: Roles of phytohormone signaling.
Journal of Plant Growth Regulation. 2021;40:436-50. https://
doi.org/10.1007/s00344-020-10112-5

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

Gao R, Zhou L, Guo G, Li Y, Chen Z, Lu R, et al. Comparative
analysis of root transcriptome of high-NUE mutant and wild-

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

T1.

72.

73.

T4.

type barley under low-nitrogen conditions. Agronomy. 2023;13
(3):806. https://doi.org/10.3390/agronomy13030806

Lynch JP. Steep, cheap and deep: an ideotype to optimize water
and N acquisition by maize root systems. Annals of Botany.
2013;112(2):347-57. https://doi.org/10.1093/aob/mcs293.

Lynch JP. Harnessing root architecture to address global chal-
lenges. The Plant Journal. 2022;109(2):415-31. https://
doi.org/10.1111/tpj.15560

Chun L, Mi G, Li J, Chen F, Zhang F. Genetic analysis of maize
root characteristics in response to low nitrogen stress. Plant
and Soil. 2005;276:369-82. https://doi.org/10.1007/s11104-005-
5876-2

Saengwilai P, Tian X, Lynch JP. Low crown root number enhanc-
es nitrogen acquisition from low-nitrogen soils in maize. Plant
Physiology. 2014;166(2):581-89. https://doi.org/10.1104/
pp.113.232603

Trachsel S, Kaeppler SM, Brown KM, Lynch JP. Maize root
growth angles become steeper under low N conditions. Field
Crops Research. 2013;140:18-31. https://doi.org/10.1016/
j.fcr.2012.09.010

Saengwilai P, Nord EA, Chimungu JG, Brown KM, Lynch JP. Root
cortical aerenchyma enhances nitrogen acquisition from low-
nitrogen soils in maize. Plant Physiology. 2014;166(2):726-35.
https://doi.org/10.1104/pp.114.241711

Xin W, Zhang L, Gao J, Zhang W, Yi J, Zhen X, et al. Adaptation
mechanism of roots to low and high nitrogen revealed by
proteomic analysis. Rice. 2021;14:1-4. https://doi.org/10.1186/
$12284-020-00443-y

Sandhu N, Sethi M, Kumar A, Dang D, Singh J, Chhuneja P. Bio-
chemical and genetic approaches improving nitrogen use effi-
ciency in cereal crops: A review. Frontiers in Plant Science.
2021;12:657629.

Ryu MH, Zhang J, Toth T, Khokhani D, Geddes BA, Mus F, et al.
Control of nitrogen fixation in bacteria that associate with
cereals. Nature Microbiology. 2020;(2):314-30.

Ju C, Buresh RJ, Wang Z, Zhang H, Liu L, Yang J, Zhang J. Root
and shoot traits for rice varieties with higher grain yield and
higher nitrogen use efficiency at lower nitrogen rates applica-
tion. Field Crops Research. 2015;175:47-55. https://
doi.org/10.1016/j.fcr.2015.02.007

Quan X, Zeng J, Han Z, Zhang G. lonomic and physiological re-
sponses to low nitrogen stress in Tibetan wild and cultivated
barley. Plant Physiology and Biochemistry. 2017;111:257-65.
https://doi.org/10.1016/j.plaphy.2016.12.008

Gaju O, Allard V, Martre P, Snape JW, Heumez E, LeGouis J, et al.
Identification of traits to improve the nitrogen-use efficiency of
wheat genotypes. Field Crops Research. 2011;123(2):139-52.
https://doi.org/10.1016/j.fcr.2011.05.010

Li D, Tian M, Cai J, Jiang D, Cao W, Dai T. Effects of low nitrogen
supply on relationships between photosynthesis and nitrogen
status at different leaf position in wheat seedlings. Plant Growth
Regulation. 2013;70:257-63. https://doi.org/10.1007/s10725-013
-9797-4

Lian X, Wang S, Zhang J, Feng Q, Zhang L, Fan D, et al. Expres-
sion profiles of 10,422 genes at early stage of low nitrogen stress
in rice assayed using a cDNA microarray. Plant Molecular Biolo-
gy. 2006;60:617-31. https://doi.org/10.1007/s11103-005-5441-7

Kovacik J, Backor M. Changes of phenolic metabolism and oxi-
dative status in nitrogen-deficient Matricaria chamomilla plants.
Plant Soil. 2007;297:255-65.

Hajibarat Z, Saidi A, Ghazvini H, Hajibarat Z. Comparative analy-
sis of physiological traits and gene expression patterns in nitro-
gen deficiency among barley cultivars. J Genet Eng Biotechnol.
2023;21(1):110. https://doi.org/10.1186/543141-023-00567-w

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.3390/ijms24065290
https://doi.org/10.3390/ijms24065290
https://doi.org/10.1016/j.jplph.2013.08.004
https://doi.org/10.2135/cropsci2015.08.0504
https://doi.org/10.2135/cropsci2015.08.0504
https://doi.org/10.3390/ijms24043631
https://doi.org/10.1007/s00425-020-03376–4
https://doi.org/10.1007/s00425-020-03376–4
https://doi.org/10.3389/fpls.2021.798119
https://doi.org/10.3389/fpls.2021.798119
https://doi.org/10.3390/su3091452
https://doi.org/10.1038/s41598-017-01377-0
https://doi.org/10.1038/s41598-017-01377-0
https://doi.org/10.1111/j.1365-3040.2009.02011.x
https://doi.org/10.1111/j.1365-3040.2009.02011.x
https://doi.org/10.1016/j.fcr.2014.01.009
https://doi.org/10.1016/j.fcr.2014.01.009
https://doi.org/10.1007/s00344-020-10112-5
https://doi.org/10.1007/s00344-020-10112-5
https://doi.org/10.1016/j.fcr.2019.107625
https://doi.org/10.3390/agronomy13030806
https://doi.org/10.1093/aob/mcs293
https://doi.org/10.1111/tpj.15560
https://doi.org/10.1111/tpj.15560
https://doi.org/10.1007/s11104-005-5876-2
https://doi.org/10.1007/s11104-005-5876-2
https://doi.org/10.1104/pp.113.232603
https://doi.org/10.1104/pp.113.232603
https://doi.org/10.1016/j.fcr.2012.09.010
https://doi.org/10.1016/j.fcr.2012.09.010
https://doi.org/10.1104/pp.114.241711
https://doi.org/10.1186/s12284-020-00443-y
https://doi.org/10.1186/s12284-020-00443-y
https://doi.org/10.1016/j.fcr.2015.02.007
https://doi.org/10.1016/j.fcr.2015.02.007
https://doi.org/10.1016/j.plaphy.2016.12.008
https://doi.org/10.1016/j.fcr.2011.05.010
https://doi.org/10.1007/s10725-013-9797-4
https://doi.org/10.1007/s10725-013-9797-4
https://doi.org/10.1007/s11103-005-5441-7
https://doi.org/10.1186/s43141-023-00567-w

SHANMUGAPRIYA ETAL

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Nazir M, Pandey R, Siddiqi TO, Ibrahim MM, Qureshi MI, Abra-
ham G, et al. Nitrogen-deficiency stress induces protein expres-
sion differentially in low-N tolerant and low-N sensitive maize
genotypes. Frontiers in Plant Science. 2016;7:298. https://
doi.org/10.3389/fpls.2016.00298

Guo T, Xuan H, Yang Y, Wang L, Wei L, Wang Y, Kang G. Transcrip-
tion analysis of genes encoding the wheat root transporter
NRT1 and NRT2 families during nitrogen starvation. Journal of
Plant  Growth Regulation. 2014;33:837-48. https://
doi.org/10.1007/s00344-014-9435-z

Sun H, Guo X, Zhu X, Gu P, Zhang W, Tao W, et al. Strigolactone
and gibberellin signaling coordinately regulate metabolic
adaptations to changes in nitrogen availability in rice. Molecular
Plant. 2023;16(3):588-98. https://doi.org/10.1016/
j.molp.2023.01.009

Quan X, Zeng J, Ye L, Chen G, Han Z, Shah JM, Zhang G. Tran-
scriptome profiling analysis for two Tibetan wild barley geno-
types in responses to low nitrogen. BMC Plant Biology.
2016;16:1-6. https://doi.org/10.1186/s12870-016-0721-8

Li J, Xin W, Wang W, Zhao S, Xu L, Jiang X, et al. Mapping of
candidate genes in response to low nitrogen in rice seedlings.
Rice. 2022;15(1):51. https://doi.org/10.1186/s12284-022-00597-x

Singh P, Kumar K, Jha AK, Yadava P, Pal M, Rakshit S, Singh I.
Global gene expression profiling under nitrogen stress identifies
key genes involved in nitrogen stress adaptation in maize (Zea
mays L.). Scientific Reports. 2022;12(1):4211. https://
doi.org/10.1038/s41598-022-07709-z

Chen R, Tian M, Wu X, Huang Y. Differential global gene expres-
sion changes in response to low nitrogen stress in two maize
inbred lines with contrasting low nitrogen tolerance. Genes and
Genomics. 2011;33:491-97. https://doi.org/10.1007/s13258-010-
0163-x

Du QG, Juan YA, Sadiq SS, Yang RX, Yu JJ, Li WX. Comparative
transcriptome analysis of different nitrogen responses in low-
nitrogen sensitive and tolerant maize genotypes. Journal of
Integrative Agriculture. 2021;20(8):2043-55. https://
doi.org/10.1016/52095-3119(20)63220-8

Yadav MR, Kumar S, Lal MK, Kumar D, Kumar R, Yadav RK, et al.
Mechanistic understanding of leakage and consequences and
recent technological advances in improving nitrogen use effi-
ciency in cereals. Agronomy. 2023 Feb 11;13(2):527.

Gao Y, Xu Z, Zhang L, Li S, Wang S, Yang H, et al. MYB61 is
regulated by GRF4 and promotes nitrogen utilization and
biomass production in rice. Nature Communications. 2020 Oct
15;11(1):5219.

Zhang J, Zhang H, Li S, Li J, Yan L, Xia L. Increasing yield poten-
tial through manipulating of an ARE1 ortholog related to nitro-
gen use efficiency in wheat by CRISPR/Cas9. Journal of Integra-
tive Plant Biology. 2021 Sep;63(9):1649-63.

Zuluaga DL, Liuzzi V, Curci PL, Sonnante G. MicroRNAs in durum
wheat seedlings under chronic and short-term nitrogen stress.
Functional and Integrative Genomics. 2018;18:645-57. https://
doi.org/10.1007/s10142-018-0619-7

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

10

Zhao Y, Xu Z, Mo Q, Zou C, Li W, Xu Y, Xie C. Combined small RNA
and degradome sequencing reveals novel miRNAs and their
targets in response to low nitrate availability in maize. Annals of
Botany.  2013;112(3):633-42.  https://doi.org/10.1093/aob/
mctl33

Zhao YZY, Guo LGL, Lu WLW, Li XLX, Chen H CH, Guo CGC, Xiao
KXK. Expression pattern analysis of microRNAs in root tissue of
wheat (Triticum aestivum L.) under normal nitrogen and low
nitrogen conditions. 2015;143-53.

Shriram V, Kumar V, Devarumath RM, Khare TS, Wani SH. Mi-
croRNAs as potential targets for abiotic stress tolerance in
plants. Frontiers in Plant Science. 2016 Jun 14;7:817.

Wang W, Hu B, Yuan D, Liu Y, Che R, Hu Y, et al. Expression of the
nitrate transporter gene OsNRT1. 1A/OsNPF6. 3 confers high
yield and early maturation in rice. The Plant Cell. 2018;30(3):638
-51. https://doi.org/10.1105/tpc.17.00809

Tang Z, Fan X, Li Q, Feng H, Miller AJ, Shen Q, Xu G. Knockdown
of arice stelar nitrate transporter alters long-distance transloca-
tion but not root influx. Plant Physiology. 2012;160(4):2052-63.
https://doi.org/10.1104/pp.112.204461

Lee S, Marmagne A, Park J, Fabien C, Yim Y, Kim SJ, et al. Con-
current activation of OsAMT1; 2 and OsGOGAT1 in rice leads to
enhanced nitrogen use efficiency under nitrogen limitation. The
Plant Journal. 2020 ;103(1):7-20. https://doi.org/10.1111/
tpj.14794

CaiH, Zhou Y, Xiao J, Li X, Zhang Q, Lian X. Overexpressed gluta-
mine synthetase gene modifies nitrogen metabolism and abiot-
ic stress responses in rice. Plant cell reports. 2009;28:527-37.
https://doi.org/10.1007/s00299-008-0665-z

Hou M, Luo F, Wu D, Zhang X, Lou M, Shen D, et al. OsPIN9, an
auxin efflux carrier, is required for the regulation of rice tiller
bud outgrowth by ammonium. New Phytologist. 2021;229
(2):935-49. https://doi.org/10.1111/nph.16901

Garnett T, Plett D, Heuer S, Okamoto M. Genetic approaches to
enhancing nitrogen-use efficiency (NUE) in cereals: Challenges
and future directions. Functional Plant Biology. 2015;42(10):921
-41. https://doi.org/10.1071/FP15025

Tian H, Fu J, Drijber RA, Gao Y. Expression patterns of five genes
involved in nitrogen metabolism in two winter wheat (Triticum
aestivum L.) genotypes with high and low nitrogen utilization
efficiencies. Journal of Cereal Science. 2015;61:48-54. https://
doi.org/10.1016/j.jcs.2014.09.007

Hasnain A, Irfan M, Bashir A, Magbool A, Malik KA. Transcription
factor TaDof1 improves nitrogen and carbon assimilation under
low-nitrogen conditions in wheat. Plant Molecular Biology Re-
porter. 2020;38:441-51. https://doi.org/10.1007/s11105-020-
01208-z

Jiang L, Ball G, Hodgman C, Coules A, Zhao H, Lu C. Analysis of
gene regulatory networks of maize in response to nitrogen.
Genes. 2018;9(3):151. https://doi.org/10.3390/genes9030151

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.3389/fpls.2016.00298
https://doi.org/10.3389/fpls.2016.00298
https://doi.org/10.1007/s00344-014-9435-z
https://doi.org/10.1007/s00344-014-9435-z
https://doi.org/10.1016/j.molp.2023.01.009
https://doi.org/10.1016/j.molp.2023.01.009
https://doi.org/10.1186/s12870-016-0721-8
https://doi.org/10.1186/s12284-022-00597-x
https://doi.org/10.1038/s41598-022-07709-z
https://doi.org/10.1038/s41598-022-07709-z
https://doi.org/10.1007/s13258-010-0163-x
https://doi.org/10.1007/s13258-010-0163-x
https://doi.org/10.1016/S2095-3119(20)63220-8
https://doi.org/10.1016/S2095-3119(20)63220-8
https://doi.org/10.1007/s10142-018-0619-7
https://doi.org/10.1007/s10142-018-0619-7
https://doi.org/10.1093/aob/mct133
https://doi.org/10.1093/aob/mct133
https://doi.org/10.1105/tpc.17.00809
https://doi.org/10.1104/pp.112.204461
https://doi.org/10.1111/tpj.14794
https://doi.org/10.1111/tpj.14794
https://doi.org/10.1007/s00299-008-0665-z
https://doi.org/10.1111/nph.16901
https://doi.org/10.1071/FP15025
https://doi.org/10.1016/j.jcs.2014.09.007
https://doi.org/10.1016/j.jcs.2014.09.007
https://doi.org/10.1007/s11105-020-01208-z
https://doi.org/10.1007/s11105-020-01208-z
https://doi.org/10.3390/genes9030151

