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Abstract

Agricultural production continues to be forced by a salt stress that can reduce crop
yield quantity and quality. Nitric oxide (NO), a signaling molecule, plays multiple
roles in plant growth and development and in response to salt stress. Nutrient
management strategy is critical for salt stress alleviation in plants. NO is
recognized as a main participant in response to changes in nutrient availability.
In particular, potassium (K) and nitrogen (N) are important nutrient for plants, as
both nutrient carry out most of the biochemical and physiological processes or
vital functions in metabolism, growth, and stress adaptation in plants. The
following chapter focuses on the synthesis of NO with emerging role of K and
N nutrients under salt stress. The synthesis of NO and its effects on plant growth,
morphology, and plant metabolism are discussed. The physiological and molec-
ular mechanisms of K and N function with NO in plant salt stress resistance are
reviewed. This study summarizes a vital role of NO synthesis in modulating the
homeostasis of K and N and its nutrition in plants and highlights the future needs
for research about the role of K and N with NO synthesis under salt stress in
agriculture.
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13.1 Introduction

The world population is increasing rapidly and will become from its existing number
of approximately 7 billion to 9.4 billion by the year 2050 (FAO 2009; United States
Census Bureau 2012). For an expanding world population, a substantial increase in
crop production is required to meet the food demands of future generations while
conserving ecological resources of our world. However, agricultural production
continues to be repressed by abiotic factors such as drought, salinity, cold, frost,
etc., that cause severe negative impact on the gross agronomy and reduce the
quantity and quality of crop production (Wang et al. 2013). However, in abiotic
stress, plant exposed to salt stress becomes a major concern in the world. Salt stress
has impaired chlorophyll biosynthesis due to downregulation of gene expression and
influenced growth, development, and yield of crops. The reduced photosynthesis
affected by salt stress is attributed to decline in chlorophyll fluorescence, perturba-
tion of thylakoid membrane fluidity, and consequent decline in CO2 assimilation and
protein trafficking to chloroplasts (Fatma et al. 2021). Photosynthetic inhibition in
plants under salt stress results from the inhibition of the activation of Rubisco and the
Calvin cycle reactions together with the decrease in stomatal conductance and
intercellular CO2 concentration (Fatma et al. 2016). It is, therefore, important to
understand the mechanism of salt-induced physiological dysfunctions in crops of
agricultural importance.

Plants have developed a wide range of mechanisms to resist a variety of stressed
conditions. In particular, nitric oxide (NO), a crucial gaseous signaling molecule
which has attracted much attention because of its diverse role in physiological
responses in plants, ranges from germination and senescence to photosynthesis
and cellular redox balance (Nabi et al. 2019; Jahan et al. 2020). Nitric oxide plays
an important role in resistance to salt stress by its antioxidant properties and also by
inducing the activity of ROS-scavenging enzymes to alleviate oxidative stress
(Fatma et al. 2016). The study of Lopez-Carrion et al. (2008) showed the relationship
between NO and the induction of proline in response to salt stress and suggested that
NO could mitigate the damage associated with salt stress. Moreover, several studies
also suggested that the coordination between NO and nutritional signaling plays an
important role in salt tolerance (Jahan et al. 2020; Fatma et al. 2021).

Among the mineral nutrients, potassium (K) and nitrogen (N) are well-
characterized nutrients in plant defense mechanisms and plays a critical role in
plant growth and metabolism, and it contributes greatly to the survival of plants
that are under various biotic and abiotic stresses. An essential nutrient, K is the most
abundant cation in plants and plays essential roles in enzyme activation, protein
synthesis, photosynthesis, osmoregulation, stomatal movement, energy transfer,
phloem transport, cation-anion balance, and stress resistance (Marschner 2012).
Similarly, N is also an essential macronutrient and is a constituent of many vital
compounds of plants (Krapp 2015; Jahan et al. 2020). Recent reports have
highlighted a role of NO in N assimilation and N uptake in plants and have suggested
that NO is a vital signaling molecule of the nitrate-sensing pathway (Balotf et al.
2018), and it shows connection between N assimilation and NO synthesis.

264 M. Fatma et al.



There are several publications individually on the K and N under abiotic stress
(Abbasi et al. 2015; Iqbal et al. 2015; Jahan et al. 2020) and NO, as important plant
growth regulator under salt stress (Fatma et al. 2016; Sehar et al. 2019). However,
the information on the role and underlying mechanism of K and N nutrients with NO
in plants under salt exposure is scanty. Here, we summarize some of the old and
current information regarding the role of NO synthesis in some of the responses to K
and N nutrients under salt stress. The available chapter clearly established that NO
biosynthesis and perception largely affect the homeostasis of K and N, as a mineral
nutrient with a strong influence on plant growth and development. An abundant
understanding of the interaction between NO and nutrients, K and N under salt stress
will provide new strategies for improving crop potency and development under
changing environment. In this chapter, the effect of NO pathway on K and N
homeostasis under salt stress and plant responses is reviewed and discussed. The
information supporting a role for NO synthesis in the homeostasis of K and N
nutrient responses under salt stress is critically analyzed.

13.2 Basic Biochemistry of Nitric Oxide

Nitric oxide is a small-sized highly diffusible gas and a ubiquitous bioactive
molecule. Nitric oxide acts a versatile signal molecule in plants since it possesses
unique chemistry. Nitric oxide is a diatomic inorganic gaseous molecule and is
comprised of an atom each of N and O compose NO, where seven electrons from N
and eight electrons from O are involved to form an uncharged molecule (N�O).
Therefore, NO functions through interactions with cellular targets via either redox or
additive chemistry. Moreover, depending on its concentration and the site of pro-
duction, NO varyingly influences major physiological and molecular processes in
plants, wherein its both positive and negative effects may be perceptible (Rather
et al. 2020). Nitric oxide transmits its bioactivity, and eventual physiological/bio-
chemical and molecular changes occur in plants mainly as a result of its interaction
with proteins, abscisic acid, auxins, osmolytes (such as proline and glycine betaine),
and nonenzymatic antioxidants (such as reduced GSH). Nitric oxide modulates the
activity of proteins through nitrosylation and probably tyrosine nitration. In fact, the
protein tyrosine nitration and the production of nitrite (ONOO�) occur as a result of
the reaction of NO with ROS such as superoxide anions. Additionally, NO-accrued
cysteine S-nitrosylation yields S-nitrosothiols (SNOs). NO-GSH reaction produces
S-nitrosoglutathione (GSNO) that, in turn, can be transported to other cells/tissues
(and help NO travel long distance) and be converted into oxidized glutathione
(GSSG) and NH3 by GSNO reductase (GSNOR) (reviewed by Rather et al. 2020).
Interaction of NO with plant lipids such as nitro-fatty acids (NO2-FA) (Sánchez-
Calvo et al. 2013; Fazzari et al. 2014) and mitogen-activated protein kinase (MAPK)
(Ye et al. 2013) results in cell signaling processes and the modulation of plant stress
responses. On the other, NO interaction with abscisic acid and auxins results in
inhibition of the programmed cell death along with the reduction of detrimental
stress factor (Nabi et al. 2019; Sharma et al. 2020). Nitric oxide can also act as a
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Ca2+-mobilizing messenger (Besson-Bard et al. 2008). Nitric oxide-mediated
increased cellular levels of the major osmolytes (such as proline and glycine betaine)
have also been reported in plants (Ahmad et al. 2016; Khan et al. 2020).

13.3 Biosynthesis of Nitric Oxide

The major sites of NO biosynthesis in plants are protoplasts, chloroplasts,
mitochondria, and peroxisome. Nitric oxide can be synthesized in plants both by
enzymatic as well as nonenzymatic systems. Enzymatic systems contributing NO
synthesis in plants include nitrate reductase (NR), nitrite: NO reductase (NiNOR),
and NOS-like enzymes. The major nonenzymatic mechanisms for NO generation
include chemical reduction of NO2

� at acidic pH, carotenoids in the presence of
light, and at acidic pH in the presence of a reductant such as ascorbic acid (reviewed
by Ferreira and Cataneo 2010). Further, enzymatic and nonenzymatic pathways for
NO synthesis in plants have been classified as either oxidative or reductive pathways
depending on the substrate involved (Fig. 13.1). To date, several pathways for NO
biosynthesis have been discovered in plants. There are two pathways included in
plant tissues: enzymatic and nonenzymatic pathways (Sánchez-Calvo et al. 2013;
Rather et al. 2020).

A brief discussion on the major enzymatic and nonenzymatic pathways involved
in NO synthesis is presented hereunder.

13.3.1 Enzymatic Pathways

The reductive pathways for NO synthesis depend on NO2
� as a primary substrate

and include NR, plasma membrane-associated nitrite:NO reductase (NiNOR), and
other molybdoenzymes (such as xanthine oxidoreductase, XOR), and also mito-
chondrial and chloroplastic electron transport chains (Galatro et al. 2020).

13.3.1.1 Nitrate Reductase (NR)
Nitrate reductase (NR) is molybdoenzyme and is involved in catalysis of the first and
rate-limiting step in nitrate assimilation, where nitrate (NO3

�) is reduced to nitrite
(NO2

�) in the presence of NADPH. Notably, NR pathway is among the best-
identified pathway for NO biosynthesis in plants. NO2

� thus formed is reduced to
NO via NR itself or electron transport chain in mitochondria. Nitrate reductase can
undergo a regulatory switch from its preferential high-affinity substrate NO3

� (Km

nitrate ¼ <40 μM) to NO2
� (low affinity; Km nitrite ¼ 100 μM) and producing NO

(Mur et al. 2013). The generation of NO via NR has been reported to require both
low oxygen concentration and cellular pH. Additionally, NR-mediated NO genera-
tion may also occur during closure of stomata, flowering, and formation of lateral
roots and, most importantly, during abiotic stress responses (Moreau et al. 2010;
Prochazkova et al. 2014).
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13.3.1.2 Xanthine Oxidoreductase (XOR)
Xanthine oxidoreductase (XOR), a peroxisomally located and Mo-containing ubiq-
uitous enzyme exists in two interconvertible forms, namely, xanthine oxidase
(XO) and xanthine dehydrogenase (XDH). Xanthine oxidoreductase reduces
NO2

� to NO at the expense of NADH under anaerobic conditions (Corpas et al.
2008). In particular, XO can reduce organic and inorganic NO3

� and NO2
� and

eventually release NO (Godber et al. 2000). On the other, Wang et al. (2010) noticed
the involvement of XDH in NO synthesis in roots of Lupinus albus grown under
phosphate (PO4

�) deficiency.

13.3.1.3 Nitrite:NO Reductase (NiNOR)
NO-forming nitrite reductase (NOFNiR) is a dual system that also includes NR as a
necessary partner. Ni:NOR does not require the Mo-center of NR; however, it

Fig. 13.1 Summary of major sources of nitric oxide biosynthesis in plants
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depends on the NR electron transport chain from NADPH to heme for the production
of NO. An in vitro study has indicated cytochrome c as an electron donor (Wilson
et al. 2008). NR:NiNOR system can sense nitrate availability in the soil (Meyer and
Stöhr 2002), whereas Ni-NOR-mediated NO production regulates root infection by
mycorrhizal fungi (Moche et al. 2010).

13.3.1.4 Nitric Oxide Synthase (NOS)-Like Enzymes
Plants possess strategies for using the sources of N other than NO3

� and NO2
� in the

production of NO. To this end, NOS-like enzymes act as an important arsenal in
NO3

�-independent synthesis of NO. NOS-like enzymes deaminate L-arginine into
L-citrulline and eventually NO in the presence of NADPH and O2 (Rümer et al.
2009). NOS activity was measured in a number of plants including Pisum sativum
(Corpas et al. 2006), Glycine max chloroplasts (Simontacchi et al. 2004), Sorghum
bicolor seed embryonic axes (Jasid et al. 2006), and Pisum sativum and Zea mays
tissues (Barroso et al. 1999; Ribeiro et al. 1999). Search for the presence of
transcripts encoding NOS proteins in land plants (>1000 species) resulted in no
typical NOS sequences (Jeandroz et al. 2016). Only a few algae species including the
green alga Ostreococcus tauri was among photosynthetic organisms that contained
NOS orthologs (Foresi et al. 2010; Jeandroz et al. 2016; Santolini et al. 2017). In
Glycine max primary roots, NOS-like enzyme (and NR also) has been proposed to
regulate the gravitropic root response (Hu et al. 2005).

13.3.1.5 Other Notable Enzymes
The enzymatic production of NO can also be mediated by a number of other
enzymes including copper amine oxidase 1, polyamine oxidases, horseradish perox-
idase, cytochrome P450, catalase and hemoglobin (reviewed by Prochazkova et al.
2014). To this end, del Río et al. (2004) reported the release of NO via cytochrome
P450-catalyzed oxidation of N-hydroxy-arginine (NOHA) in the presence of
NADPH and O2.

13.3.2 Nonenzymatic Pathways

Various nonenzymatic pathways are associated with NO generation in plants
(Prochazkova et al. 2014). The oxidative pathways do not require NO2

� as a
substrate and comprise NO production from arginine, polyamines (PAs), or hydrox-
ylamine. In Arabidopsis thaliana seedlings, PAs induced rapid biosynthesis of NO
(Tun et al. 2006). Employing fluorimetry and fluorescence microscopy (using the
NO-binding fluorophores DAF-2 and dye diaminorhodamine 4 M (DAR-4 M), a
fluorescent probe for NO), an exogenous application of PAs putrescine, spermidine,
and spermine to Arabidopsis seedlings was reported to induce therein the production
of NO. Ascorbate (AsA) can mediate the reduction of NO2

� and produce NO (and
also dehydroascorbic acid at acidic pH) (Bethke et al. 2004; del Río et al. 2004).
Earlier, carotenoids-mediated reduction of NO2 into NO was reported in Spinacia
oleracea (Cooney et al. 1994).
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13.4 Nitric Oxide Synthesis on Potassium and Nitrogen

13.4.1 Nitric Oxide Synthesis Affects Potassium Homeostasis
in Plants

Potassium is a major nutrient and main inorganic cation in plant cells which interacts
with negative charges on nucleic acids and proteins and maintains cytosolic pH
homeostasis. Inside the cell, K acts as a cofactor activating specific enzymes and also
work in maintaining the membrane potential (Maathuis 2009; Dreyer and Uozumi
2011). The maintenance of potassium ion (K+) homeostasis enables plants to activate
the metabolic pathway for setting the osmotic potential for plant growth and
movement (Buet et al. 2019). The movement of K+ nutrition within the cells and
between plant organs includes several transporters (Véry et al. 2014; Santa-María
et al. 2018; Buet et al. 2019). Accordingly, there are several ways in which K+

nutrition interacts with NO like in root architecture, where NO generally exerts a
specific effect on K+ transport and works in the stomata. The indirect effects of NO
on root elongation associated with defective K+ nutrition are likely to occur, as
observed in plants lacking K+ channels (AKT1 activity), in which root length proved
to be hypersensitive to the SNP as a NO donor (Xia et al. 2014). Besides, SNP
stimulates K+ efflux, while the cPTIO as NO scavenger reduces it, indicating that
these K+ currents are associated with NO signaling. High levels of NO increase the
content of pyridoxal 50-phosphate, an active form of vitamin B6, which in turn
inhibits the activity of AKT1 and ultimately decreased the K+ content in the plant
cell (Xia et al. 2014). Similarly, Song et al. (2018) observed that Nicotiana tabacum
cultivar with low K+ susceptibility have decreased total root length, root volume, and
number of first-order lateral roots under K+ deficiency with increased levels of NO
while tolerant cultivar did not show any effect. This study suggested that NO plays
an important role in modulating the growth of first-order lateral roots as susceptible
cultivar roots showed increased levels of NO after K+ limitation. In support of this
piece of evidence, the addition of cPTIO, L-NAME, or tungstate resulted in an
increase in the first-order root length. Therefore, NO mediates K+ homeostasis by the
negative regulation of K+ uptake via K+ channels. The hormone NO regulate K+

channel indirectly, in which case NO integrates with protein phosphorylation and
intracellular Ca2+ release signals to inactivate the inward-rectifying K+ channels and
close stomata (Garcia-Mata et al. 2003; Sokolovski et al. 2005). The NO seems to
play a role in water-stress signaling, and its situation within ABA-related signaling
pathways and its relationship to ion transport that drives stomatal movement have
remained unclear. However, Garcia-Mata et al. (2003) demonstrated that NO acts on
inward-rectifying K+ channels and anion channels by activating ryanodine-sensitive
Ca2+ channels of intercellular Ca2+ stores to elevate [Ca2+] in Vicia faba guard cells.
At these very low levels, NO had no influence on IK,out, consistent with the Ca2+

insensitivity of these K+ channels. However, NO could be expected to possess
additional effects on stomatal behavior at higher concentrations. Oxidative stress
in plants is known to suppress stomatal closure (Willmer and Fricker 1996) and, in
some circumstances, can suppress IK,out (Kohler et al. 2003) and promote stomatal
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opening (Black and Black 1979). Indeed, NO can bond covalently with the SH
residues of Cys to make S-nitrosothiols, and this easy reaction is the basis of the
many regulatory cascades (Stamler et al. 2001; Ahern et al. 2002), including vascular
homeostasis and endotoxic shock in animals (Liu et al. 2004). In subsequent
experiments, a reversible decrease in IK,out with moderate elevation to
sub-micromolar NO has been observed and has explored the effects of NO on the
IK,out in vivo. The key observations were that a NO-mediated block of IK,out is
suppressed by reducing reagents, especially British anti-Lewisite (BAL;
2,3-dimercapto-1-propanol), and is mimicked by the oxidizing reagent phenylarsine
oxide that targets vicinal SH residues. These findings indicate that the IK,out can
become locked down under nitrosative stress and led to propose that NO action on IK
out is mediated by direct S-nitrosylation of Cys residues closely associated with the
ion channel. In other words, NO inactivate the activity of outward-rectifying K+

channel in Vicia faba guard cell through direct S-nitrosylation of cysteinyl residues,
the not-yet identified channel, or its closely attached protein (Sokolovski and Blatt
2004). Additionally, Zhang et al. (2018) showed that NO-mediated alteration in K+

homeostasis was known as a result of work with Arabidopsis roots subjected with
excess iron. An exposure of toxic concentrations of iron to the root tips increased the
levels of NO and leads to growth arrest, which was in part related to NO-induced
alteration in K+ homeostasis (Arnaud et al. 2006). These findings revealed a pivotal
role of NO synthesis in modulating the homeostasis of K and its nutrition in plants.

13.4.2 Nitric Oxide Synthesis Affects Nitrogen Uptake
and Homeostasis in Plants

Nitrogen is an essential macronutrient and component of many biological molecules
like proteins and nucleotides. Chlorophyll molecules also have N which makes it
critical for growth and development of plants (Wang et al. 2012; O’Brien et al.
2016). Several enzymes and intermediates are involved in N uptake and metabolism,
including NR, NiR, glutamate synthase (GS), glutamate dehydrogenase (GDH), and
glutamine synthetase (GOGAT) (Andrews et al. 2013; Zhang et al. 2020). The main
sources of N for the plants are NO3

� and NH4
+ which are easily taken up by the

plants. There are many reports that suggest a connection between the N assimilation
and NO production in plants. It has been observed that not only the amount of N but
its form of supply (NO3

� or NH4
+) also affects the NO production in plants (Caro

and Puntarulo 1998; Jin et al. 2009; Sun et al. 2015; Zhu et al. 2016). For the
production of NO, nitrite (NO2

�) and arginine are the main substrates and are
derived through the N assimilation pathway. Mainly, NO is produced by the
reduction of nitrate to nitrite using NADH as major electron donor in the cytosol.
However, plants may have optimized the use of NO2

� as a main source for NO
synthesis (Jeandroz et al. 2016; Santolini et al. 2017). Nitrate reductase is a key
enzyme in N metabolism and synthesizes NO as a by-product of NO2

� decomposi-
tion in a reaction catalyzed by NR (Klepper 1987). Besides NR, plants can generate
NO under acidic conditions from HNO2 in the presence of ascorbate or GSH
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(Wendehenne et al. 2004). On the basis of root response and expression of NR and
nsHbs which are involved in NO synthesis and scavenging, respectively, it was
suggested that NO3

� play role in NO production (Trevisan et al. 2011). The role of N
(NO3

� or NO3
� / NH4

+) has been confirmed in the root response through the
involvement of NR and NO either using the in situ chemical detection of NO and
application of tungstate (inhibit NO synthesis) or NO inhibitor [cPTIO;
2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1- oxyl-3-oxide] in maize and
rice (Manoli et al. 2014; Sun et al. 2015). Moreover, Sun et al. (2015) observed
increase in NO content in lateral root and root tip region of Nanguang rice cultivar
(with high-nitrate response) which grows under limited NO3

� conditions, and this
NO accumulation was mainly from an NIA2-dependent NR source. Similarly, Zea
mays plants showed increase in 4-amino-5-methylamino-20,70-difluorofluorescein
diacetate (DAF-FM DA) fluorescence (corresponding to NO detection) in the first
minutes after NO3

� treatment in the meristematic apex and transition zone. After
study of the transcriptome and proteome, Trevisan et al. (2015) found that the
transition zone was critical in detecting NO3

� and also stated that NO3
�-mediated

response was induced by NO. Recently, Nejamkin et al. (2020) observed that
deficiency of N retards the growth (leaf area, protein content, and seed yield) of
Nicotiana tabacum plants that showed lesser expression of NOS enzyme. In plants,
NO is produced from NO2 through photoconversion by carotenoids and reaction
with NRs (Rockel et al. 2002) and with glycine decarboxylase (Chandok et al. 2003).
In NR-deficient Arabidopsis, stomata fail to close in ABA (Desikan et al. 2002).
Furthermore, NO scavengers suppress ABA action in closing stomata, and NO
donors promote closure in the absence of ABA (Neill et al. 2002; Garcia-Mata and
Lamattina 2002). In N metabolism, NR is a key enzyme and a source of NO, and its
activity may be exaggerated by NO levels (Chamizo-Ampudia et al., 2017). In
Triticum aestivum leaf, NR activity is negatively modulated by NO released from
NO donor (SNP or GSNO); concurrently, nitrate content significantly increased,
indicating that the substrate for NR activity was present in amounts enough to be not
a limiting factor for NR activity (Rosales et al. 2011). Nevertheless, some in vitro
and in vivo experiments have confirmed the generation of NO via NR with low
oxygen concentration and cellular pH as two of the most important requirements for
the activity of NR (Prochazkova et al. 2014; Sharma et al. 2020). The NO generation
through NR has been reported in many plant species, such as Helianthus annuus,
Spinacia oleracea, Zea mays, Triticum aestivum, Malaxis monophyllos, and Aloe
vera (Xu and Zhao 2003).

13.5 Influence of Nitric Oxide Synthesis on Potassium
and Nitrogen Homeostasis Under Salt Stress

Salt stress closely associated with nutrient deficiency especially for K and N
nutrients due to competitive inhibition of ion transporters and decline of nutrient
uptake in the plant roots. As a result, diverse signaling molecules must be integrated
in order to accomplish K and N balance under salt stress at a whole plant or cellular
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level. Hence, the study can assume that NO as a versatile hormone has an important
function in this process. The study focuses the role of NO synthesis and its signaling
on K and N homeostasis under salt stress.

One of the major limiting elements of plant growth is K, and crops often suffer
from low K+. The availability of K+ varies with environmental conditions, such as
drought and soil density (Kuchenbuch et al. 1986; Liebersbach et al. 2004). There-
fore, plants may frequently experience K+ deficiency. Nitric oxide production is
altered when plants are subjected to abiotic or biotic stresses (Lamattina et al. 2003;
Leitner et al. 2009). High salt limits agriculture yield, induces a fast endogenous NO
accumulation in plants (Bai et al. 2011; Wang et al. 2009), and triggers enhanced
Na+ influx and reduced K+ absorption in the root (Zhu 2003). Both endogenously
produced NO and exogenously applied NO have been proposed to enhance plant salt
tolerance (Zhang et al. 2006; Zhao et al. 2007; Molassiotis et al. 2010; Chen et al.
2010) by attenuating high salt-induced increases in the Na+ to K+ ratio. Genetic
analysis showed that K+ nutrition, but not Na+, plays critical role in plant salt
tolerance (Zhu et al. 1998). In a study, Xia et al. (2014) found that NO reduces the
activity of the K+ channel (AKT1) in Xenopus oocytes and protoplasts under
conditions of adequate K supply under salt stress. They suggested the possible
roles of NO on K+ uptake in response to low-K+ condition rather than its roles on
root growth by speculating that low-K+ -induced NO accumulation would have a
feedback modulation of K+ uptake through downregulating several K+ transporters.
Zhang et al. (2007) reported that NO enhanced salt tolerance in Populus euphratica
callus under salinity by increasing the K+/Na+ ratio, where H2O2 was involved in the
increase of (PM) H+-ATPase activity. Ruan et al. (2002) reported that NO stimulated
proline accumulation under salt stress, owing to NO-induced increase in K+ in
Triticum aestivum seedling roots under salt stress conditions. Sung and Hong
(2010) concluded that NO mediates K+/Na+ homeostasis and antioxidant defense
in NaCl-stressed callus cells of two contrasting Populus euphratica. Accordingly,
these studies suggest that K+ homeostasis is important as a signal in growth and
development of plants under salt stress conditions and function mainly as redirecting
the energy from metabolic reactions to defense responses.

Nitrogen can be absorbed from the soil either in inorganic forms such as NO3
�

and NH4
+ or in organic forms, mostly as free amino acids (Kiba et al. 2011), but

NO3
� is one of the commonest N forms available in plants in high pH soils and

aerobic condition, which is often affected by salt stress (Masclaux-Daubresse et al.
2010; Li et al. 2019; Feng et al. 2020). Plants may have optimized the use of NO2

�

as a main source for NO (Jeandroz et al. 2016; Santolini et al. 2017). In addition, in
NO regulation of NR activity, NO seems to modulate N uptake and distribution
systems (Simon et al. 2013; Dong et al. 2015). Schinko et al. (2010) reported that
nitrate assimilation involved in generating NO as a by-product. Nitrate reductase
activity, as the first enzyme in the nitrate assimilation process (Iqbal et al. 2015;
Khanna et al. 2021), has been shown to decrease in salt-stressed leaves of different
plant species, including Morus rubra (Surabhi et al. 2008), Helianthus annuus and
Carthamus tinctorius (Jabeen and Ahmad 2011), Cucumis sativus seedlings (Li et al.
2019), Triticum aestivum (Sehar et al. 2019; Khanna et al. 2021), as well as Vigna
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radiata (Hussain et al. 2020). However, the supplementation of N with NO nullified
the toxicity of salt stress and increased the NR activity. In Zea mays roots, NO has
been reported as a key signal in nitrate sensing (Trevisan et al. 2011; Manoli et al.
2014), and NO improve capacity of N uptake by regulating lateral root initiation and
the rate of uptake of N (Sun et al. 2015), signifying that NO concerned in regulating
N uptake in plant; nonetheless, the physiological and molecular mechanisms of NO
on N assimilation under salt stress remain unclearly. Recently, Jahan et al. (2020)
suggested that the application of NO plus split application of N and S more signifi-
cantly promoted assimilation of N and S, through increased N- and S-use efficiency,
photosynthesis, and growth in mustard plants under salt stress. Sehar et al. (2019)
reported that decrease N content and NR activity under salt stress are restoration with
the use of SNP. They also reported the positive role of NO on N assimilation.
Moreover, the application of NO improved the assimilation of N- and S and
antioxidant metabolism which confer tolerance against Cd stress in Vigna radiata
(Hasan et al. 2020). In Oryza sativa, N uptake and accumulation is inhibited by salt
stress, but those negative effects can be alleviated by NO. Furthermore, NO regulates
the expression of genes related to N uptake and salt resistance in Oryza sativa plants
(Huang et al. 2020).

The increase in NO levels after ABA perception in guard cells depends on the NR
activity as it was confirmed by Chen et al. (2016) using the nia1nia2 Arabidopsis
mutant, which lacks the two genes coding for NR. The double mutant showed
reduced NO synthesis and lower leaf K content, and its stomata exhibited ABA
insensitivity; however, they responded to exogenous NO addition. According to this,
ABA-induced stomatal closure involves NO derived from NR activity which
contributes to the inhibition of inward currents mediated by the KAT1 and
AKT1 K channels through a Ca2+-dependent mechanism in Arabidopsis guard
cells (Chen et al. 2016). The study suggests that NO synthesis would be involved
in the control of long-distance transport of K+ and also understood in terms of the
mutual interaction between K+ and N nutrition. To conclude, the available reports
suggest a main role for NO synthesis in modulating K+ accumulation and N
homeostasis in plants, which may be particularly relevant when plants are under
salt stress conditions (Fig. 13.2). In view of the complexity of mineral nutrients
homeostasis with signaling hormone in plants, a truly multidisciplinary program is
the only mode to make progress in understanding the incorporation of ion transport
in response to nutrient deficiency and salinity.

13.6 Conclusion

Plants are constantly exposed to salt stress that adversely affects their yield and
growth. In order to acclimatize under salt stress, plants initiate their defense mecha-
nism. The synthesis of NO and its signaling is one such defense response that may be
activated in response to stress associated with the changes in K and N nutrients.
Nitric oxide plays an important role under salt stress in plants, whether there is
increase or decrease in the level of this hormone. It develops an adaptive mechanism

13 Nitric Oxide Synthesis Affects Potassium and Nitrogen Homeostasis in. . . 273



Fi
g
.1

3.
2

S
ch
em

at
ic
re
pr
es
en
ta
tio

n
of

th
e
m
aj
or

ef
fe
ct
of

ni
tr
ic
ox

id
e
an
d
th
ei
r
in
vo

lv
em

en
ti
n
po

ta
ss
iu
m

an
d
ni
tr
og

en
ho

m
eo
st
as
is
in

pl
an
ts
fo
r
sa
lt
to
le
ra
nc
e.

T
he

fi
gu

re
sh
ow

s
th
at
N
O
re
ac
ts
w
ith

G
S
H
an
d
le
ad
s
to

th
e
fo
rm

at
io
n
of

G
S
N
O
in

th
e
pr
es
en
ce

of
G
S
N
O
R
en
zy
m
e.
T
hi
s
m
et
ab
ol
ite

ca
n
be

co
nv

er
te
d
to

G
S
S
G

274 M. Fatma et al.



an
d
N
H
3
in
as
co
rb
at
e-
gl
ut
at
hi
on

e
cy
cl
e
an
d
de
cr
ea
se
s
th
e
co
nt
en
to
fo

xi
da
tiv

e
st
re
ss
(H

2
O
2
;T

B
A
R
S
)f
or

sa
lt
to
le
ra
nc
e.
S
up

pl
y
of

K
an
d
N
in
cr
ea
se
s
th
e
co
nt
en
t

of
N
O

an
d
m
ai
nt
ai
ns

th
e
ho

m
eo
st
as
is
of

K
an
d
N
.A

dd
iti
on

al
ly
,s
up

pl
y
of

K
he
lp
s
in

m
ai
nt
ai
ni
ng

th
e
K
+
/N
a+

ra
tio

th
ro
ug

h
th
e
in
cr
ea
se

in
th
e
ac
cu
m
ul
at
io
n/

sy
nt
he
si
s
of

N
O
.A

rr
ow

(-
--
)
in
di
ca
te
s
si
gn

al
in
g
be
tw
ee
n
N
O

an
d
G
S
H
.G

SH
re
du

ce
d
gl
ut
at
hi
on

e,
G
SN

O
S
-n
itr
os
og

lu
ta
th
io
ne
,G

SN
O
R
S
-n
itr
os
og

lu
ta
th
io
ne

re
du

ct
as
e,
G
SS

G
ox

id
iz
ed

gl
ut
at
hi
on

e,
H
2
O
2
hy

dr
og

en
pe
ro
xi
de
,K

po
ta
ss
iu
m
,K

+
/N
a+

ra
tio

of
po

ta
ss
iu
m

io
n
to

so
di
um

io
n,

N
ni
tr
og

en
,N

A
D
H
ni
co
tin

am
id
e

ad
en
in
e
di
nu

cl
eo
tid

e
hy

dr
id
e,

N
A
D
P
H

ni
co
tin

am
id
e
ad
en
in
e
di
nu

cl
eo
tid

e
ph

os
ph

at
e
hy

dr
og

en
,
N
H
3
am

m
on

ia
,
N
O

ni
tr
ic

ox
id
e,

N
O
3
�
ni
tr
at
e,

N
O
2
�
ni
tr
ite
,

N
O
S
ni
tr
ic
ox

id
e
sy
nt
ha
se
,N

R
ni
tr
at
e
re
du

ct
as
e,
T
B
A
R
S
th
io
ba
rb
itu

ri
c
ac
id

re
ac
tiv

e
su
bs
ta
nc
es

13 Nitric Oxide Synthesis Affects Potassium and Nitrogen Homeostasis in. . . 275



to tolerate salt stress in plants by modulating the homeostasis of K and N nutrition in
plants, but whether they act dependently or independently on each other is debatable.
The interaction between N availability and NO is well known, and relationship of N
with K is also studied. However, the influence of K on NO and salt stress is still to be
explored. The underlying mechanism between K and N with NO can be manipulated
for adjusting plants to the changing environment for sustainable agricultural devel-
opment. However, future studies are needed to deepen our knowledge about the role
of NO in the modulation of the physiological and molecular mechanisms associated
with other plant hormones and nutrients in order to improve crop growth under
various stresses. Current understanding is carried out to build the databases of gene
expression, proteomic changes, and metabolic pathways and is pointed in the right
direction. Such a data pool is constantly reanalyzed and reinterpreted as we progress
in our study.
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