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ABSTRACT: Nitrogen (N) assimilation is crucial for the growth and development of C3 plants, as it converts inorganic
N into organic forms, important for protein synthesis, nucleic acids and other vital biomolecules. However, abiotic
stressors such as drought, salinity, extreme temperatures and others significantly impact N uptake and utilization,
thereby hindering plant growth and development. Recent advances in molecular biology have illuminated the complex
networks that govern N assimilation under these stressful conditions, emphasizing the role of transcription factors,
regulatory genes, and stress-responsive pathways. This review provides an integrated perspective on the latest research
in nitrogen metabolism under abiotic stress, focusing on the intricate regulatory mechanisms involving gene expression,
signaling pathways, and enzymes that modulate N uptake and assimilation. Specifically, it highlights the recent
findings on how hormones, reactive oxygen species production, N metabolism and calcium signaling are regulated
under stress conditions. In addition, recent advancements in genomics and transcriptomics have further clarified the
dynamic regulation of genes linked to N absorption and other metabolic processes. Understanding these mechanisms
is important for developing strategies to enhance the N use efficiency and stress tolerance in C3 crops, thereby
promoting sustainable agriculture and food security. Future research should focus on exploring the genetic and
molecular bases of N metabolism in relation to abiotic stress, with the ultimate goal of enhancing crop performance in
challenging environments.
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1 Introduction
Nitrogen assimilation is one of the most vital processes required for plant growth and development. It,

therefore, involves the process of assimilation of inorganic nitrogen, mainly nitrate (NO3
−) and ammonium

(NH4
+) ions, into organic nitrogen forms required for the synthesis of proteins, nucleic acids and other

biomolecules [1,2]. This process is important for plant growth and yield, notably for C3 plants such as wheat,
rice and barley. Furthermore, C3 plant possess a specific photosynthetic pathway, in which Calvin cycle is
used to assimilate CO2 into three C molecules of 3-phosphoglyceric acid [3]. This process defines the C3
photosynthetic pathway, which is directly linked to nitrogen metabolism. The Calvin cycle not only drives
carbon fixation but also influences the overall nitrogen economy of the plant by integrating carbon and
nitrogen metabolic pathways. The integration is essential for coordinating the synthesis of amino acids,
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proteins, and other nitrogen-containing compounds ultimately impacting plant growth, development and
yield [4].

A number of abiotic stress conditions, such as drought, excessive salt, and severe temperatures, have
a major impact on C3 plants ability to assimilate nitrogen. Water availability is reduced under drought
stress, which lowers stomatal conductance and CO2 absorption. This upsets the carbon-to-nitrogen ratio
and hinders nitrogen metabolism [5]. Nitrate reductase (NR) and glutamine synthetase (GS), two essential
enzymes involved in nitrogen absorption that are crucial in the conversion of nitrate and ammonium to
amino acids, are impacted by high salinity due to ionic disruption and osmotic stress [6]. By reducing
the effectiveness of metabolic pathways, extreme temperatures might modify protein stability and enzyme
activity, which further complicates the absorption of nitrogen [7].

Recent advancements in molecular biology and genomics have brought new insights into the regulation
of nitrogen utilization under stress conditions. Research has demonstrated the existence of stress-responsive
pathways and transcription factors that influence nitrogen metabolism in response to environmental
changes [8,9]. Consequently, these findings are vital for the establishment of measures to boost the resilience
of plants under different stress conditions. Moreover, knowledge of the interaction between nitrogen
assimilation and stress response mechanisms will help in the breeding of crops that can efficiently use
nitrogen, which is crucial in sustainable crop production and food security [10].

This review aims to summarize the latest research on the molecular mechanisms underlying nitrogen
assimilation in C3 plants under abiotic stress. By examining recent research findings, we will delve into
the complex connections between nitrogen metabolism, stress responses, and plant adaptation strategies.
Furthermore, we will highlight areas where our current knowledge is lacking and suggest potential research
avenues to advance our understanding of these processes.

2 Molecular Regulation of Nitrogen Assimilation in C3 Plants
Nitrogen assimilation is a fundamental physiological process in C3 plants that plays a pivotal role in

the uptake of inorganic nitrogen, principally as nitrate NO3
− and ammonium NH4

+ ions, into the shoot and
subsequently into other organs for the synthesis of nitrogen-containing compounds such as amino acids,
proteins, nucleic acids, and chlorophyll [11]. Recent studies have provided new insights into the regulatory
networks involved in nitrogen assimilation under both optimal and stress conditions. Advancements in
genomics and transcriptomics have identified key nitrogen transporter genes (e.g., NRT1.1, NRT2.1, AMT1.1)
and their regulation under abiotic stresses such as drought and salinity. In particular, the role of nitrogen
transporter genes in the redistribution of nitrate from roots to shoots has been linked to improved nitrogen
use efficiency (NUE) in challenging environments. Additionally, transcription factors like NLP7 and TCP20
have been found to modulate nitrate signaling and integration with other metabolic pathways.

Recent research has also shed light on the cross-talk between nitrogen metabolism and other signaling
pathways, such as reactive oxygen species (ROS) and phytohormones like abscisic acid (ABA) and cytokinin,
which influence nitrogen uptake and assimilation during stress. For instance, studies show that calcium
signaling, through CNGC channels, plays a critical role in regulating nitrate transport and stress responses,
thus contributing to the optimization of nitrogen metabolism under stress conditions. Understanding these
molecular mechanisms enhances our comprehension of how C3 plants cope with environmental stressors
and efficiently manage nitrogen, which is critical for plant health and productivity. These findings pave the
way for developing strategies to improve nitrogen use efficiency and stress resilience in C3 crops, ultimately
promoting sustainable agriculture.
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2.1 Nitrate Uptake and Transport
Nitrate uptake in C3 plants initiates through specialized transport proteins known as nitrate trans-

porters (NRTs), particularly the NRT1 and NRT2 families. These transporters are embedded on the plasma
membranes of root cells, facilitate the transport of nitrate ions from the soil into the plant. NRT1.1 is of
particular importance as it comprises a transport and a signaling function; it transports nitrates and also
regulates its transport depending on the nitrogen status of the plant [3,10,11]. When soil nitrate levels are
elevated, the expression of NRT1.1 increases, enhancing the plant’s nitrate absorption capability. NRTs are
not merely passive transporters; they also modulate signaling pathways leading to transcriptional regulation
of genes relevant to nitrogen assimilation. Upon nitrate uptake, NRTs trigger downstream signaling cascades
involving Nitrate Responsive Transcription Factors (NRTFs), whose expression is regulated by multiple genes
involved in nitrogen metabolism, including Nitrate Reductase (NR) and Glutamine Synthetase (GS) [12].
Nitrate active transport is energy-dependent, relying on the proton motive force generated by the plasma
membrane H+-ATPase to maintain a favorable gradient for nitrate influx. The interplay of C3 plants’ intricate
transport mechanisms allows them to effectively utilize available nitrate resources, essential for growth and
productivity (Fig. 1).

Figure 1: Nitrate is taken up by nitrate transporters (NRT1, NRT2) and reduced to nitrite by nitrate reductase (NR).
Nitrite is further reduced to ammonium by nitrite reductase (NiR) in chloroplasts or plastids. Ammonium is assimilated
into organic compounds through the GS-GOGAT pathway, producing glutamine and glutamate, which are then
transported from roots to shoots for protein synthesis. Nitrogen assimilation is regulated by nitrate availability, light,
hormones, and genetic factors like NLP7. Nitrogen metabolism is also linked to photorespiration, recycling ammonium
through the production of glycine and serine
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2.2 Nitrate Reduction
The reduction of nitrate to nitrite is a critical step after nitrate uptake, catalyzed by Nitrate Reductase

(NR) in the cytoplasm, with NADH as the electron donor. The enzyme Nitrate Reductase controls nitrogen
metabolism as a primary regulatory step while responding to external factors comprising environmental
nitrate amounts together with light exposure levels and plant physiological state. Research demonstrates
how protein modifications like phosphorylation and ubiquitination control NR activity so plants can quickly
regulate their nitrogen assimilation through environmental changes [13,14]. After formation nitrite carries
into plastids or chloroplasts for NiR to turn it into ammonium (NH4

+). Nickel oxide players control this
conversion process since nitrite acts as an intermediate that has toxic potential but needs efficient reduction
for cellular protection. Nitrogen assimilation, including the conversion of nitrite to ammonium, utilizes
electrons from ferredoxin, linking it to photosynthetic electron transport. Recent research highlights the
chloroplast redox state as a key regulator of nitrogen assimilation, as redox conditions influence the efficiency
of electron utilization in this process. Under high light conditions, nitrogen assimilation serves as an essential
electron sink, contributing to redox balance and protecting photosynthetic efficiency [15]. Research findings
show that abscisic acid (ABA), together with cytokinins controls NR and NiR activities alongside direct
nitrate regulation of these processes. The hormones ABA along with cytokinins act as controllers of NR
expression levels throughout drought stress because ABA reduces NR activity to save energy but cytokinins
increase NR functionality for maintaining nitrogen processes [16]. The precise regulation of nitrate reduction
by photosynthetic processes with hormonal control demonstrates how complicated nitrogen assimilation
operates in C3 plants yet offers new aspects for maximizing crop nitrogen efficiency.

2.3 Nitrite Reduction
Excess nitrite can disrupt cellular homeostasis by inhibiting enzymatic processes and generating

reactive nitrogen species, making its rapid reduction a critical step in nitrogen assimilation. Once inside
the chloroplasts, Nitrite Reductase (NiR) catalyzes the conversion of nitrite to ammonium (NH4

+), a
process that requires electrons from ferredoxin, a key component of the photosynthetic electron transport
chain. The ammonium produced is subsequently assimilated into organic molecules, primarily through
the glutamine synthetase (GS) and glutamate synthase (GOGAT) cycle, forming essential amino acids and
other nitrogenous compounds necessary for plant growth and development [17,18]. The proper regulation
of nitrite levels by C3 plants serves to preserve nitrogen homeostasis because high levels damage metabolic
functions and disrupt redox balance while producing oxidative stress, which deteriorates plant health
and reduces productivity. The chloroplast’s redox status represents a vital regulatory mechanism that
controls NiR activity by matching nitrite reduction to energy requirements and the metabolic progress
of the plant system. ABSICIC ACID (ABA) and cytokinin hormonal signaling pathways control nitrite
reduction activities that occur under various stress scenarios, such as nitrogen deficiency and drought
conditions. Under unfavorable circumstances NiR activity decreases through ABA-mediated mechanisms,
which preserves energy consumption, but cytokinins increase NiR activity when plants need to assimilate
nitrogen throughout their active growth phase. Nitrate reduction shows essential interdependence with
light reactions of photosynthesis, therefore demanding coordinated carbon and nitrogen metabolic control.
NiR depends on ferredoxin made from light-dependent photosynthesis reactions thus any changes in light
resources directly affect nitrogen assimilation rates [19,20]. The intricate regulatory network adjusts nitrogen
metabolism through the plants metabolic needs and energy status to optimize nitrogen use efficiency for
sustainable growth across diverse environmental contexts.
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2.4 Ammonium Assimilation
Ammonium assimilation primarily involves the Glutamine Synthetase–Glutamate Synthase (GS–

GOGAT) pathway, where ammonium is incorporated into organic molecules. After the reduction of nitrite to
ammonium, it is rapidly assimilated into amino acids such as glutamine and glutamate, which are essential for
protein synthesis and other metabolic functions [21]. The GS enzyme catalyzes the ATP-dependent reaction
of ammonium and glutamate to form glutamine, a key nitrogen donor in various metabolic pathways.
Glutamate Synthase (GOGAT) converts glutamine and 2-oxoglutarate into two glutamate molecules, which
are critical for further glutamine assimilation and amino acid production [22]. The enzymatic pathway
functions significantly during nitrogen recycling procedures within senescing leaves and root nodules
together with responses to nitrogen availability changes. Studies have identified multiple GS/GOGAT
isoforms that show specific regulatory patterns with respect to abiotic stress situations including drought as
well as salinity. The two enzyme forms GS1 (cytosolic) and GS2 (chloroplastic) operate independently because
GS2 functions most efficiently in photosynthetic areas, yet GS1 conducts nitrogen remobilization processes
throughout stress periods. Increased GS1 levels lead to better nitrogen use efficiency and stress adaptation
in C3 crop plants. GS activity is regulated through the TOR (Target of Rapamycin) signaling pathway, which
integrates nitrogen availability data with growth and metabolic modulation mechanisms. Under diverse
environmental conditions the C/N ratio functionally controls GS and GOGAT expression to enable efficient
ammonium assimilation. Furthermore, ammonium transporters (AMTs) play a pivotal role in the uptake
and intracellular distribution of ammonium, influencing GS–GOGAT activity. Studies on AMT1;1 and
AMT1;2 have shown their significance in ammonium homeostasis, particularly under high-nitrogen or stress
conditions. The enhanced activity of both GS and GOGAT in response to environmental variations highlights
the significance of ammonium assimilation in maintaining plant health and productivity. Understanding
these regulatory mechanisms provides new avenues for improving nitrogen use efficiency and developing
stress-resilient C3 crops, thereby promoting sustainable agriculture.

2.5 Translocation of Amino Acids
After nitrogen assimilation, the transport of amino acids from root to shoot is essential in C3 plants.

Glutamine and asparagine, synthesized in the roots, support protein synthesis and serve as nitrogen sources
for various metabolic processes [7]. Specialized amino acid transporters (AATs) located in the membranes
of root and shoot cells facilitate amino acid movement within C3 plants. Several amino acid transporter
families, including Lysine–Histidine Transporters (LHTs) and Amino Acid Permeases (AAPs), as well as
Proline Transporters (ProTs) have been identified to perform essential functions in nitrogen remobilization
during conditions of limited nitrogen availability. The proton gradient produced by H+-ATPase powers
PATs for membrane transport and the root growth and vascular differentiation and nitrogen allocation
processes are influenced by auxins and cytokinins and abscisic acid (ABA). The expression levels of AAP2
and AAP6 genes increase under drought stress and salinity in addition to nitrogen limitation, enabling
better nitrogen transfer to plant leaves and shoots. Under stress conditions GABA (γ-aminobutyric acid)
transporters contribute to signaling pathways that maintain metabolic balance between nitrogen transport
systems. [22,23]. The sophisticated regulatory system optimizes nitrogen distribution primarily during
times of high nutrient requirement while providing possibilities to boost nitrogen efficiency and farming
productivity for sustainable agricultural practices.

2.6 Genetic and Molecular Regulation
The regulatory processes of C3 plant nitrogen assimilation function through diverse genetic mechanisms

and molecular networks with many components yet to be fully understood. During nitrogen uptake
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and assimilation the NAC transcription factors together with NIN-like protein 7 (NLP7) act as primary
controllers of gene expression [24]. NLP7 functions as a nitrate detection system to control nitrate transporter
and assimilatory enzyme gene transcription, which facilitates synchronization between nitrogen assimilation
and environmental nitrogen availability fluctuations. NLP6 and NLP9 as well as NLP7 form part of the NIN-
like protein family which functions to precisely control the expression of nitrogen-responsive genes. Research
indicates that that post-translational modifications, including phosphorylation and ubiquitination, further
influence NLP7 activity, affecting nitrogen signaling pathways [25,26].

NAC transcription factors regulate gene expression against environmental stressors to help plants adapt
nitrogen assimilation procedures while experiencing diverse environmental conditions. Additionally, MYB
and bZIP transcription factors have been identified as key regulators of ammonium assimilation, influencing
the expression of glutamine synthetase (GS) and glutamate synthase (GOGAT) [27]. DNA methylation
alongside histone acetylation represents two epigenetic processes that regulate genes reacting to nitrogen
levels in C3 plant systems. These regulatory networks ensure efficient nitrogen uptake and assimilation,
optimizing plant growth and stress resilience under diverse environmental conditions. Knowledge expansion
about these regulatory systems presents the possibility of developing improved nitrogen-use approaches to
maximize crop productivity in sustainable farming systems.

2.7 Regulation of Nitrogen Assimilation
The assimilation of nitrogen in C3 plants depends on regulatory actions from internal plant elements

together with external factors while nitrate functions both as sustenance supply and important signaling
molecule to influence gene expression for nitrogen uptake and metabolic activities. The studies recently
demonstrated that NRT1.1 and NRT2.1 perform a regulatory function to monitor nitrate availability, which
results in optimal nitrogen usage across diverse environmental settings. Plant ammonium assimilation
requires two proteins called Nitrite Reductase (NiR) and Glutamine Synthetase (GS) that work based on
precise nitrogen levels together with metabolic requirements of the plant. Light functions as a key variable
that intensively affects the processes of nitrogen metabolism. Research indicates the circadian clock controls
nitrogen-related gene expression, which results in optimized nitrogen assimilation rates during daylight
hours when photosynthetic energy reaches its peak [28]. The synchronized relationship between carbon
and nitrogen cycles leads to efficient plant growth performance that becomes more noticeable in changing
light and nutrient situations. The three phytohormones cytokinins auxins and abscisic acid (ABA) control
the process of nitrogen assimilation through their ability to merge developmental signaling with nutrient
levels. Under drought stress ABA restricts nitrogen processing but stimulates root development and nutrient
relationship through gene activation of nitrate transmitters while cytokinins regulate root growth to optimize
energy intake. Recent findings present strigolactones and ethylene as chemical compounds which refine
nitrogen signaling process when plants encounter stressful environments. This hormonal regulation helps
plants adapt to environmental changes and ensures optimal growth and development [29,30].

2.8 Photorespiration and Nitrogen Metabolism in C3 Plants
Nitrogen assimilation in C3 plants is closely linked to photorespiration, a process in which ribulose

bisphosphate carboxylase/oxygenase (Rubisco) reacts with oxygen instead of carbon dioxide, particularly
under conditions of high light and temperature. This leads to the production of glycine and serine, amino
acids essential for nitrogen metabolism. Ammonia produced during photorespiration can be recycled
through various transamination reactions, contributing to the plants nitrogen pool [31]. Maintaining nitro-
gen balance, especially during periods of high photorespiratory activity, requires a close interaction between
nitrogen metabolism and photorespiration. Nitrogenous compounds formed during these processes serve as
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sources for the synthesis of critical biomolecules like proteins and nucleotides [32]. Efficient nitrogen man-
agement in C3 plants ensures sufficient nitrogen availability for growth and development. Photorespiration
also influences nitrogen assimilation efficiency because its byproducts can regulate nitrogen-assimilating
enzymes. For example, increased levels of glycine may stimulate glutamine synthetase activity, promoting
the incorporation of ammonium into organic compounds. The complexity of this metabolism mark its
interdependence, as photosynthetic and nitrogen assimilation pathways must be coordinately regulated for
optimal growth and maximum productivity.

3 Signaling Pathways Influencing Nitrogen Assimilation
The signaling pathways regulate nitrogen intake and assimilation efficiency through complex and

intertwined mechanisms involving hormonal regulation, gene transcription, calcium signaling, reactive
oxygen species (ROS) generation, protein kinase signaling, nutrient sensing, and autophagy mechanisms
(Fig. 2). Among the aforementioned hormones, abscisic acid (ABA) emerges as a critical hormones affecting
nitrogen metabolism processes. During drought stress, ABA levels rise and suppresses the genes involved in
nitrogen assimilation enzymes such as NADPH-dependent nitrate reductase (NR) and glutamine synthetase
(GS), which are essential for converting nitrate and ammonium into amino acids. The inhibition of
these enzymes under stress conditions adversely affects the plant’s nitrogen status, compromising growth
and productivity [20,33]. This ABA-mediated regulation highlights the complex balance that plants must
maintain between stress responses and nutrient assimilation [34]. Besides ABA, cytokinins play a crucial
role in regulating nitrogen metabolism in plants, particularly in the modulation of nitrate reductase (NR)
activity, which is essential for nitrogen assimilation under favorable non-stress conditions [35]. Research
indicates that cytokinins are involved in the regulation of gene expression related to NR, influencing the
overall nitrogen utilization efficiency in plants. Moreover, the interaction between nitrous oxide (NO) and
cytokinin signaling is significant, as NO acts as a potential second messenger in these pathways, facilitating
the rapid response of plants to nitrogen availability [35]. These findings highlight the ability of C3 plants
to adapt their nitrogen metabolism dynamically according to environmental conditions, allowing them to
optimize growth and development when resources are plentiful [36]. The integration of cytokinin-mediated
regulation and nitrogen uptake reflects the intricate balance plants maintain between nutrient demands and
available resources.

In C3 plants, nitrogen assimilation is regulated primarily through transcriptional mechanisms, with key
regulators such as NLP7 and MYB transcription factors playing essential roles [37]. NLP7 plays an important
role in regulating the plant’s reaction to nitrogen status and stress conditions and is involved in the regulation
of expression of several genes involved in nitrogen metabolism. Furthermore, MYB transcription factors
play a role in improving nitrogen assimilation through genes that respond to stress allowing C3 plants to
optimize nitrogen uptake and usage under stress conditions [38]. Calcium signaling acts as a vital secondary
messenger in C3 plants, mediating the plants ability to respond to various abiotic stressors, including
drought and salinity. It also regulates the activities of nitrogen-related enzymes such as nitrate reductase
(NR) and glutamine synthetase (GS) [33,37]. By interpreting environmental cues, calcium signaling allows
for rapid adjustments in metabolic pathways, ensuring that nitrogen assimilation processes are optimized
under fluctuating conditions. Moreover, reactive oxygen species (ROS) play a dual role, acting as both
signaling molecules and mediators of stress responses [39]. Under abiotic stress, ROS influence nitrogen
metabolism by modulating the activity of critical enzymes and altering gene expression associated with
nitrogen assimilation [40]. This regulatory aspect enables plants to control their metabolic activities in a way
that would enable them to cope with stress and maintain efficient nitrogen utilization.
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Figure 2: The nitrogen assimilation process in plants, showing key signaling pathways and regulatory mechanisms.
The chart includes hormonal regulation (Abscisic Acid, Cytokinins), gene transcription (NLP7, MYB), calcium
signaling, reactive oxygen species (ROS) involvement, MAPK pathways, nutrient sensing (TOR signaling pathway),
and autophagy mechanisms. The interplay between environmental cues (drought, nitrogen availability) and nitrogen
assimilation enzymes (nitrate reductase, glutamine synthetase) is shown, demonstrating how these factors collectively
contribute to nitrogen metabolism and plant adaptation

The Mitogen-activated protein kinases (MAPKs), which control essential nitrogen assimilation enzymes
and transcription factors are vital in transmitting signaling pathways related to abiotic stress in C3 plants [41].
By integrating various environmental signals, MAPK signaling pathways enable C3 plants to fine-tune
their nitrogen metabolism, ensuring that uptake and assimilation processes are aligned with the plants
current physiological state. Furthermore, nutrient sensing mechanisms, especially the Target of Rapamycin
(TOR) signaling pathway, is important in modulating nitrogen metabolism in C3 plants under abiotic
stress conditions [42]. These pathways enable plants to monitor their nutrient status and adjust metabolic
processes as necessary. In the case of nutrient deficiency or abundance, the TOR pathway regulates nitrogen
assimilation and other processes, allowing C3 plants to ration resources and sustain themselves during
periods of stress. Similarly, autophagy pathways play a significant role in managing nitrogen metabolism
in C3 plants, particularly under abiotic stress. By facilitating the degradation and recycling of cellular
components, autophagy helps in the turnover of proteins, thus ensuring that nitrogen resources are utilized
effectively during nutrient scarcity [43]. This regulatory mechanism is essential for maintaining nitrogen
homeostasis in C3 plants, allowing them to adapt to and thrive in various stress conditions.
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4 Impact of Abiotic Stress on Nitrogen Assimilation and Adaptive Responses
Abiotic stresses such as drought, salinity, and extreme temperature significantly impact nitrogen

assimilation processes in C3 plants, affecting their growth and productivity. These stresses interfere with
various stages of nitrogen metabolism, from uptake to assimilation, leading to reduced nitrogen use efficiency
and overall plant health (Table 1).

4.1 Drought Stress
Drought is one of the major abiotic stresses that affect nitrogen assimilation by adversely affecting

the root function and reducing soil water, hinders the uptake of nitrate and ammonium [44,45]. Thus,
drought stress reduces the expression and activity of NR and GS enzymes [46]. The decrease in NR activity
impairs the conversion of nitrate to nitrite and eventually ammonium. Likewise, drought stress decreases
the GS activity, which in turn decreases the synthesis of glutamine. This reduction in glutamine synthesis
disrupts key metabolic pathways, including protein synthesis and nitrogen storage, ultimately hindering
plant growth. These reductions also impact overall protein synthesis as well as plant growth. At the molecular
level, there is regulation of genes closely related to nitrogen metabolism in plants under drought stress.
For example, the transcription factor MYB42, which is involved in nitrogen and carbon metabolism, is
upregulated under drought conditions, while the expression of NR and GS genes is downregulated, further
exacerbating nitrogen assimilation issues [47]. Furthermore, drought stress can also trigger osmotic stress
conditions, which involve signaling pathways such as the abscisic acid (ABA) pathway [48], which modulate
nitrogen assimilation processes [44]. ABA has been shown to influence the expression of genes involved in
both nitrogen uptake and assimilation, thus linking water stress directly to nutrient stress in plants.

4.2 Salinity Stress
Salinity stress, caused by high concentrations of soluble salts, leads to osmotic stress and ion toxicity,

affecting water uptake and nitrate assimilation. High concentrations of salts in the soil decrease the soils
water potential, impairing nitrate uptake and limiting the activity of NR [41]. Salinity stress can have direct
impacts on nitrogen assimilation enzymes such as GS via changes in the stability and functionality of
these enzymes. Furthermore, it can affect the mechanisms regulating the expression of salt tolerance and
nitrogen-metabolizing genes. For example, genes such as SOS1 (Salt Overly Sensitive 1) and NHX1 (Na+/H+
Exchanger 1) are involved in ion homeostasis and may indirectly influence nitrogen assimilation under
saline conditions [49,50]. Recent studies have highlighted that the interaction between SOS1 and NHX1
plays a crucial role in modulating the expression of nitrogen-related genes, such as those involved in nitrate
transport and assimilation, in response to salinity [49,50]. Additionally, the salt-induced activation of the
MAPK (Mitogen-Activated Protein Kinase) signaling pathway is also thought to regulate key genes involved
in nitrogen metabolism, underscoring the complex signaling network in plants under salinity stress.

4.3 Extreme Temperature
Nitrogen uptake in plants is also affected by the extreme temperatures that induce changes in the plants

physiological and biochemical status. High temperatures can cause coagulation of proteins and enzymes
involved in nitrogen metabolism, such as NR and GS [50]. This denaturation affects enzyme activity and
disrupted nitrogen assimilation pathways. Elevated temperatures can also alter the expression of heat shock
proteins (HSPs) and stress-induced genes, involved in nitrogen metabolisms [51]. Conversely, low temper-
atures can slow down metabolic activities, affecting assimilation of nitrogen and its efficiency [52]. Cold
stress affects root growth and function, which in turn affects the plants ability to uptake nitrogen. Secondly,
low temperature affects regulating genes to cold acclimation and nitrogen metabolism, which changes the
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overall nitrogen contents in plant tissues [52,53]. In summary, the abiotic stresses affect nitrogen assimilation
through a complex interplay of impaired nutrient uptake, a decrease in nitrogen metabolizing enzymes and
changes in gene regulation. Understanding these effects is crucial in finding ways to enhance plant resilience
to withstand different abiotic stresses and nutrient conditions in the context of modern agriculture.

4.4 Adaptive Responses
C3 plants have developed various mechanisms to improve nitrogen use efficiency, under abiotic stress

conditions which demonstrates the plants ability in managing scarcity of resources and other adverse
factors [44]. Some of them include changes in root systems, metabolism rate, nutrient cycling process,
and utilization of genetic variation to enhance stress tolerance [54]. In conditions like drought or nutrient
limitation, C3 plants are able to adapt their root architecture to enhance nitrogen uptake [55]. This includes
improvement in number and extent of root branching that enhances the plants ability to acquire nitrogen
from deeper soil layers and explore the rhizosphere. For instance, plants with deeper roots can access the
moisture and nutrients not accessible by those with shallow root structures [55,56]. Also, changes in root
morphology, for instance, more lateral roots and root hairs make nutrients uptake easier under stressful
situations [57]. Under stress conditions, plants may increase the production of amino acids like proline
and glutamine. Proline helps protect the plant by maintaining osmotic balance, stabilizing proteins and cell
structures, while glutamine serves as a central nitrogen carrier within the plant, essential for maintaining
nitrogen balance [55]. These metabolic changes enable plants to maintain cellular functions and adapt to
environmental changes.

Furthermore, when examining the genetic basis of C3 plants there is evidence of varietal differences
in abiotic stress tolerance [58]. Some of the crop varieties show an enhanced ability to fix nitrogen and
better stress tolerance compared to others [58,59]. This shows the potential of utilizing genetic variation to
increase NUE and stress resilience [58]. Breeding programs focused on new varieties with enhanced root
architecture, nitrogen use efficiency, and stress tolerance can contribute significantly to improving crop yield
under adverse climatic conditions [58,59]. Technological advances in molecular biology, including marker
assisted selection and genetic engineering, present new opportunities for improving NUE and coping with
biotic and abiotic stress.

Table 1: Effects of abiotic stresses on nitrogen uptake, enzyme activity, gene regulation, and the overall impact on C3
crops

Abiotic stress Effect on nitrogen
uptake

Impact on enzyme
activity

Gene regulation Overall plant impact References

Drought
stress

Reduced nitrate and
ammonium uptake.
Reduces nitrogen

concentration in plant
tissues by inhibiting soil

nutrient uptake. Mild
drought may increase

root growth, while severe
drought decreases it,

lowering nitrogen levels.

Decreased activity of
nitrate reductase (NR)

and glutamine synthetase
(GS). Reduces

rhizosphere enzyme
activities, slows

β-D-glucopyranoside
turnover, and causes

oxidative stress.
Long-term drought
decreases microbial

biomass and enzyme
activity.

Altered expression of
NR and GS genes,
affecting nitrogen

assimilation.
Upregulates many

nitrogen metabolism
genes, but

downregulates key
genes responsible for
nitrogen uptake and

assimilation.

Reduced protein
synthesis, stunted

growth. Limits plant
growth, reproduction,
and biomass, slowing

nutrient acquisition more
than water uptake.

Disrupts physiological
processes.

Zhou et al. [57],
Lobell et al. [58],
Saud et al. [59].

Bista et al. [60], He
et al. [61], Staszel

et al. [62].

(Continued)
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Table 1 (continued)

Abiotic stress Effect on nitrogen
uptake

Impact on enzyme
activity

Gene regulation Overall plant impact References

Salinity stress Impaired nitrate uptake
due to osmotic stress,
Inhibits nitrate uptake

and reduces nitrogen and
magnesium ion

absorption, leading to
nitrogen deficiency. High
salt concentrations lower

NO3
− contents.

Decreased stability and
functionality of GS,

Reduces enzyme activity
in C, P, and N cycling. GS

activity in leaves
decreases. Elevated

salinity disrupts
potassium homeostasis,

reducing nutrient cycling
and soil fertility.

Influence of
stress-responsive
genes on nitrogen

metabolism,
Downregulates

nitrogen uptake and
assimilation genes,

exacerbating
nitrogen deficiency

under saline
conditions.

Ion toxicity, disrupted
nitrogen assimilation.

Causes ionic imbalance,
osmotic stress, and
oxidative damage,
reducing growth,

germination, chlorophyll
content, and

photosynthetic activity.

Redden [63], Gaju
et al. [64], Wang
et al. [65], Wang
et al. [66], Zhang

et al. [67].

Temperature
stress

High temperature:
denatured proteins and

enzymes, Inhibits nitrate
uptake and reduces

nitrogen and magnesium
ion absorption, leading to
nitrogen deficiency. High
salt concentrations lower

NO3
− contents.

Decreased activity of NR
and GS during heat

stress, Reduces enzyme
activity in C, P, and N
cycling. GS activity in

leaves decreases. Elevated
salinity disrupts

potassium homeostasis,
reducing nutrient cycling

and soil fertility.

Expression changes
of heat shock

proteins,
Downregulates

nitrogen uptake and
assimilation genes,

exacerbating
nitrogen deficiency

under saline
conditions.

Slowed metabolic
activities, affected root
function, Causes ionic

imbalance, osmotic
stress, and oxidative

damage, reducing
growth, germination,

chlorophyll content, and
photosynthetic activity.

Farooq et al. [68],
Tian et al. [69],
Goel et al. [70],

Seleiman et al. [71].

5 Recent Advances in Understanding Nitrogen Assimilation
Recent advances in nitrogen assimilation in C3 plants under abiotic stress have benefited greatly from

genomic and transcriptomic approaches [72]. These advancements have given a better perspective on how
nitrogen metabolism occurs and how plants respond to stress factors in their environment [73]. One major
development is the application of RNA sequencing (RNA-seq), which has greatly enhanced the capacity to
study gene expression at a much higher resolution [74]. In nitrogen metabolism, RNA-seq has revealed large-
scale regulatory connections and dynamic gene expression changes under different stress conditions [75].
For instance, in the current studies, it has been revealed that drought stress affects the transcription of genes
that are related to nitrogen acquisition and assimilation, like nitrate reductase (NR) and glutamine synthetase
(GS) [63]. These studies have shown that drought stress not only inhibits these important enzymes but also
affects related transcriptional factors and signaling pathways, such as those involving abscisic acid (ABA),
which mediates stress signaling and regulation of nitrogen metabolism [64,76]. The current transcriptome
studies have also revealed that abiotic stresses such as salinity and temperature extremes affect the genes
regulation involved in nitrogen metabolism. High salinity conditions increase the expression of stress-
responsive genes and increase the accumulation of osmoprotectants such as proline [77,78]. This response
helps mitigate the impact of salinity stress on nitrogen assimilation by regulating the activity of the enzyme
and nitrogen homeostasis.

Likewise, experiments on temperature stress have demonstrated that high temperature affects the
differential gene expression associated with nitrogen assimilation, which affects the stability as well as the
functionality of the enzymes [79]. Apart from gene expression studies, the identification of new regulatory
sequences and metabolic networks has also added to the knowledge of nitrogen assimilation. Some of
the emerging studies have been directed towards the identification of microRNAs (miRNAs) and long
non-coding RNAs (lncRNAs) in stress management of nitrogen metabolism. For instance, miR169 has
been identified to target genes that are involved in nitrogen uptake and its assimilation into the plant,
and, therefore, acts as a layer of post-transcriptional regulation of plant responses to changes in the
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environment [78]. The exploration of metabolic pathways has also revealed new aspects of how plants
coordinate nitrogen assimilation with other biochemical processes. For instance, recent studies have revealed
important metabolic centers, including the carbon and nitrogen balance and the interplay between nitrogen
assimilation and photosynthesis. These observations indicate that nitrogen metabolism is a rather complex
process, where plants regulate nitrogen assimilation and other metabolic processes to optimize growth under
stress conditions [49,69]. Thus, these recent findings in the genomic and transcriptomic studies are important
for formulating a holistic view of the C3 plants in nitrogen metabolism under abiotic stress.

6 Implications for Future Research
Subsequent research should be directed towards the elucidation of the genetic and molecular mech-

anisms of nitrogen assimilation in C3 plants under the context of enhancing abiotic stress tolerance.
Genetic engineering has shown significant promise in enhancing nitrogen use efficiency (NUE) in crops,
as demonstrated by several case studies. The overexpression of specific genes and the use of CRISPR/Cas9
technology have been pivotal in improving nitrogen uptake and assimilation, leading to increased crop yields
under nitrogen-limited conditions. In rice (Oryza sativa), overexpression of OsNRT2.3b, a high-affinity
nitrate transporter gene, enhanced nitrogen uptake efficiency and improved grain yield under limited nitro-
gen conditions [80]. Similarly, CRISPR/Cas9-mediated knockout of OsHHO3, a transcriptional repressor,
resulted in increased ammonium uptake and improved NUE, growth, and yield in rice by upregulating
ammonium transporter genes [81]. In wheat (Triticum aestivum), transgenic lines overexpressing TaNRT2.1
exhibited increased nitrate uptake, leading to higher biomass production and improved nitrogen utilization
efficiency [82]. While genetic engineering offers promising solutions for improving NUE, integrating genetic
interventions with agronomic practices and breeding innovations is essential to fully realize the potential
of these technologies. Additionally, environmental and regulatory aspects must be carefully managed to
ensure the sustainable deployment of genetically modified crops in agricultural systems [83]. Further, the
possibility of using synthetic biology methods to create novel regulatory networks for optimizing nitrogen
metabolism could be a promising idea. This could entail designing plants to produce stress-inducible
promoters that enhance the expression of nitrogen-assimilation genes only in conditions of stress to increase
nitrogen uptake, thereby conserving energy under normal conditions. Marker assisted selection (MAS)
and genomic selection represent two important molecular breeding techniques that require focus. Through
marker technology, researchers can develop high-yielding crop varieties which show tolerance to conditions
that are less than perfect since markers reflect genes that affect NUE and stress tolerance. Quantitative
trait locus (QTL) mapping serves to find genomic locations holding NUE relationships under stressed
environments, which will direct future breeding strategies.

Researchers must focus their future investigations on studying how epigenetic mechanisms regulate
nitrogen metabolism in stress-related environments. Among all epigenetic mechanisms involved in stress-
related gene expression, the major ones are DNA methylation and histone modifications. Knowledge of
these modifications would enable breeding scientists to produce new approaches that enhance plant nitrogen
use efficiency under stress through epigenetic editing and epigenetic marks selection in breeding programs.
The discussion about nitrogen metabolism needs to be integrated within concepts of plant physiology
and ecology. The knowledge of the specific environmental changes and microbial communities affecting
plant nitrogen processes is vital for developing holistic approaches to managing nitrogen in agricultural
systems. The role of soil microbiomes in nitrogen cycling, particularly plant-microbe symbioses such as
rhizobia in legumes and endophytic bacteria in non-legumes, warrants further exploration. Harnessing
beneficial microbial consortia could provide natural solutions for enhancing nitrogen uptake and stress
resilience. This might involve the study of plant-microbe interactions, where beneficial soil microbes that
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increase nitrogen availability could be harnessed to increase crop resistance and NUE. Given the challenges
posed by climate change, it is also essential to develop predictive models that integrate genetic, molecular,
and environmental data to forecast how crops will perform under future climate scenarios. Such models
could guide the development of crops that are not only resilient to current stressors but also adaptable to
future environmental changes. Advanced computational techniques, such as machine learning and systems
biology approaches, could play a critical role in deciphering the complex regulatory networks of nitrogen
metabolism under stress conditions. These models could also help identify novel gene targets for improving
NUE. Ultimately, this knowledge will be pivotal in creating sustainable farming practices and implementing
precision agriculture techniques that optimize nitrogen management, reduce environmental impacts, and
enhance crop productivity. Exploring nitrogen assimilation within the context of regenerative agriculture
and climate-smart cropping systems could further improve sustainability and resilience. By focusing on
these advanced genetic and molecular approaches, future research can contribute significantly to global food
security and the sustainability of agricultural systems in the face of mounting environmental challenges.

7 Conclusion
A deep understanding of the molecular mechanisms governing nitrogen assimilation in C3 plants

under abiotic stress is essential for improving agricultural resilience and sustainability. Recent advances
in genomic and transcriptomic technologies have uncovered the complex regulatory networks that govern
nitrogen metabolism in these plants when subjected to environmental stressors such as drought, salinity, and
temperature extremes. Recent molecular advancements reveal the adaptive capacities of C3 plants to optimize
nitrogen assimilation and uptake processes under challenging growth environments. Additionally, these
findings provide prospects for genetically modifying crops with enhanced nitrogen utilization efficiency
while improving their stress tolerance capabilities. By targeting key nitrogen assimilation pathways and
utilizing cutting-edge genetic tools like CRISPR/Cas9, it is possible to engineer crops that are both high-
yielding and resilient to abiotic stresses. The obtained knowledge helps establish more effective nitrogen
management methods to lower fertilizer impact while making agriculture sustainable. Understanding these
molecular mechanisms stands as a fundamental requirement for developing crop varieties that can thrive in
harsh environments to maintain food security while advancing sustainable farming practices worldwide.
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