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Abstract: Nitric oxide (NO) is an endogenous signaling molecule that plays an important role in
plant ontogenesis and responses to different stresses. The most widespread abiotic stress factors
limiting significantly plant growth and crop yield are drought, salinity, hypo-, hyperthermia, and
an excess of heavy metal (HM) ions. Data on the accumulation of endogenous NO under stress
factors and on the alleviation of their negative effects under exogenous NO treatments indicate the
perspectives of its practical application to improve stress resistance and plant productivity. This
requires fundamental knowledge of the NO metabolism and the mechanisms of its biological action in
plants. NO generation occurs in plants by two main alternative mechanisms: oxidative or reductive,
in spontaneous or enzymatic reactions. NO participates in plant development by controlling the
processes of seed germination, vegetative growth, morphogenesis, flower transition, fruit ripening,
and senescence. Under stressful conditions, NO contributes to antioxidant protection, osmotic
adjustment, normalization of water balance, regulation of cellular ion homeostasis, maintenance of
photosynthetic reactions, and growth processes of plants. NO can exert regulative action by inducing
posttranslational modifications (PTMs) of proteins changing the activity of different enzymes or
transcriptional factors, modulating the expression of huge amounts of genes, including those related
to stress tolerance. This review summarizes the current data concerning molecular mechanisms
of NO production and its activity in plants during regulation of their life cycle and adaptation to
drought, salinity, temperature stress, and HM ions.

Keywords: nitric oxide; NO production; nitrate reductase; molybdoenzymes; non-dedicated
NO-forming nitrite reductases; regulation of plant development; stress tolerance; drought; salinity;
temperature stress; heavy metals

1. Introduction

Nitric oxide (NO) is an endogenous signaling molecule with free radical nature which
performs a wide range of biological functions [1]. Until the early 1990s, NO was considered
to be a toxic compound, as significant quantities of it were found in exhaust fumes and
industrial waste. A paradigm change concerning the cytotoxicity of NO occurred after the
discovery of its role in the regulation of the human cardiovascular system. In this regard, in
1992 NO was recognized as the molecule of the year [2], and in 1998 the American scientists
F. Murad, R. F. Farchgott, and L. J. Ignarro were awarded the Nobel Prize. Since that time,
a great number of studies have been carried out on the functional activity of NO in various
biological systems and it has been undoubtedly proven that it is essential for the normal
functioning not only of animals and humans but also all living things, including plants.
The ability of NO to perform multiple functions in biological systems is determined by its
physiochemical properties. NO is a lipophilic molecule with an unpaired electron on the
mi-orbital with radical properties and high reactivity, which determines its ability to penetrate
easily across cell membranes and rapidly interact with its molecular targets [3-5]. When NO
interacts with reactive oxygen species (ROS), the generation of reactive nitrogen species (RNS)
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occurs. Particular attention should be paid to peroxynitrite (ONOO™), which is formed by the
interaction of NO with superoxide anion radical (O,° ™), and acts as one of the nitrating agents
in the transmission of NO signal in plants. In addition, when NO interacts with glutathione,
S-nitrosoglutathione (GSNO) is formed, which acts as a storage and transport form of NO
capable of transferring it to other biomolecules, in particular to proteins causing their post-
translational modifications (PTMs). Several types of PTMs have been identified, among
which tyrosine nitration, S-nitrosylation, and metal nitrosylation are considered to be the
main ones underlying NO-dependent signaling [6-8]. NO-induced PTMs are associated with
conformational and therefore functional alterations of target proteins, such as transcriptional
factors modulating the activity of various genetic programs, which can explain the extremely
wide spectrum of NO regulatory action.

NO participates in the regulation of metabolic processes at all stages of plant ontogenesis
from germination and vegetative growth to flowering, fruit ripening, and senescence. NO is
involved in the regulation of the cell cycle, differentiation and growth of pollen tubes, mor-
phogenesis, and in the establishment of plant-symbiont interactions [4,7,9,10]. NO deserves
special attention due to its participation in plant defense mechanisms in response to biotic
and abiotic stress factors, in particular drought, salinity, unfavorable temperatures, and excess
of metal ions. This statement is confirmed by the fact that the exogenous application of NO
donors contributed to the maintenance of various physiological and biochemical parameters
such as seed germination, vegetative growth, photosynthesis, respiration, and water balance in
stress-subjected plants [3,11]. Under unfavorable conditions, NO is involved in the regulation
of nonspecific and specific protective reactions, inducing the antioxidant and osmoprotective
systems of plants, and expression of stress-related genes [7,12]. Despite the fact that, over
the past decades, significant progress has been made in understanding the biological activity
of NO, the question of the mechanisms of its generation in plants remains one of the most
debatable [1,13,14]. The ability of plants to produce NO was revealed in the 1970s, when its
emission was detected by gas chromatography from legumes treated with herbicides [7,15]. To
date, it has been found that NO production proceeds in plants in a course of multiple redox
reactions by arginine-dependent or nitrite-dependent pathways [5,16,17]. The occurrence in
plants of multiple ways of NO biosynthesis can be explained by its polyfunctionality and the
requirement to maintain NO production at a basic level, ensuring the normal course of different
aspects of plant metabolism at all stages of their life cycle in normal conditions or under stress.

2. Mechanisms of Nitric Oxide Production in Plants

The whole variety of biochemical reactions, in which the NO molecule is produced,
proceeds in plants by two major alternative mechanisms: (1) the oxidative or arginine-
dependent and (2) the reductive or nitrite-dependent pathways (Figure 1), and both of
them are characterized by a complex nature [5,16,17].
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Figure 1. Schematic presentation of the main pathways of NO formation in plants.
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2.1. Oxidative Mechanisms

Among the oxidative mechanisms of NO production, the most thoroughly studied
are the oxidation of L-arginine and polyamines. Moreover, oxidative generation of NO
can occur in plants from hydroxylamine [13,16,18]. The L-arginine-dependent pathway is
mediated by the enzymatic activity of nitric oxide synthases (NOSs). During this two-step
process, L-arginine interacts initially with molecular oxygen to form N-hydroxy-L-arginine
that in turn is converted to citrulline with the release of gaseous NO (Figure 2). The
guanidine group of arginine becomes the source of the nitrogen atom of the resulting NO
molecule, while the oxygen atom comes from the oxygen molecule participating in the
reaction [7,8,12].
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Figure 2. Schematic presentation of a two-step reaction of arginine-dependent NO formation.

The reaction has been well studied in animals, in which it is catalyzed by spe-
cific enzymes known as NO-synthases (NOSs, EC 1.14.13.39) [7,12]. Three isoforms
of NO-synthases have been identified in mammals: NOS1—neuronal (nNOS); NOS2—
inducible or macrophage (iNOS); NOS3—endothelial (eNOS), encoded by three different
genes [7,12]. It should be noted that NOS1 and NOS3 are characterized by constitutive
expression, while NOS2 is distinguished by inducible activity as indicated by the name
of this isoform. Its activation occurs during organism infection and its main functions
are connected with protective immune reactions. All isoforms of NO-synthases have a
similar structure and operation, being in a homodimeric form. Each monomeric subunit
contains two domains: (1) the reductase- or NAD(P)H-FAD-FMN-domain located in
the C-terminal region; (2) the oxygenase- or Fe-Heme-domain located in the N-terminal
region of the molecule, containing binding sites for heme tetrahydrobiopterin (THB4)
and L-arginine. There is a calmodulin (CaM)-binding site between the reductase and
oxygenase domains, playing an important role in the regulation of NOS enzymatic
activity [7,12,19].

Numerous experimental data in which NO production was analyzed by the accumu-
lation of citrulline, as well as the suppression of NO synthesis in plants by inhibitors of
mammals” NOS-activity, suggest the possibility of NO generation in plants in an arginine-
dependent manner [4,8,13,17]. However, NOS-like enzymes similar to mammalian ones
have not been identified yet in embryophytes, as evidenced by the large-scale screening
of more than a thousand plant transcriptomes [12,20]. Among photosynthetic organisms,
NOS-like sequences were found in 15 species of unicellular algae, including Ostreococcus
tauri, in which the presence of a functionally active NOS enzyme with 45% homology
with the NOS sequences of mammals was previously demonstrated [17,19-22]. Unicellular
green algae of the Ostreococcus family are the smallest eukaryotic organisms living today on
the planet that separated from the common ancestor with higher plants into an independent
phylogenetic group in the early stages of evolution. There is an assumption that, in the
course of evolutionary development during the transition to a terrestrial lifestyle, green
plants have lost genes similar to mammalian NOS genes [12,22]. At the same time, in
numerous experimental studies it was clearly demonstrated that the use of inhibitors of
mammals’ NOS-activity led to the suppression of NO production and associated biological
effects in various species of higher plants [4,13]. Based on these data the existence of certain
polypeptides with redox-active domains has been hypothesized, that can be aggregated
into a single enzymatic complex, catalyzing reactions of arginine-dependent NO formation



Int. . Mol. Sci. 2023, 24, 11637

4 0f 32

in higher plants [4,8,22,23]. Thus, today the task has arisen to identify specific enzymes
in higher plants that catalyze the reactions of arginine oxidation leading to production of
L-citrulline and the release of NO [14,20,24,25].

Oxidative formation of NO in plants can occur from polyamines (PAs) with the
involvement of PAs catabolism enzymes in particular copper amine oxidases (CuAO,
EC 1.4.3.22). PAs are low-molecular nitrogen-containing compounds playing a certain
role in plant growth and development as well as in stress adaptation [26]. The group of
polyamines includes compounds such as spermine and spermidine, which can originate
from arginine with the participation of arginase [8,16]. By using two mutant lines of
Arabidopsis thaliana with over- or down-expression of the arginase gene, it was shown that
NO production in these plants depends on the availability of arginine. Arginine-deficient
plants were characterized by a reduced level of NO production, which was recovered
after treatment with spermine [27]. Exogenous application of spermine or spermidine
caused an increased production of NO in the root tips and in the vascular tissues of the
leaves in A. thaliana seedlings treated with polyamines [16,28]. It is assumed that the
generation of NO from PAs can be carried out with the participation of CuAO since the
CuAO1 mutants of A. thaliana were characterized by impaired NO synthesis in response
to treatment with polyamines [17,22,29]. There are 10 different genes of putative CuAOs
that have been identified in A. thaliana. It was shown that, along with CuAO1, CuAO8 and
polyamine oxidase (PAO, EC 1.5.3.13) can also participate in the oxidation of polyamines to
NO [22,30,31].

Hydroxylamine (HA, NH,OH) can be another source of NO oxidative production in
terrestrial plants. Evidence in favor of this assumption can be found in the data regarding
enzymatic NO production from HA in bacterial and animal cells [16,32]. For example,
HA-dependent NO formation in nitrifying bacteria may happen with the participation
of hydroxylamine reductase [33]. It is also known that NO can be released from HA by
interaction with superoxide anion [34]. Moreover, hydroxylamine can be a precursor of
L-hydroxyarginine, which is known as an intermediate in the reaction of L-arginine con-
version to citrulline with NO release [16,35]. The participation of HA in the production of
NO by plants is evidenced by the data obtained on nia30 mutant lines of tobacco deficient
in nitrate reductase with impaired nitrite-dependent NO production. It was shown by
gas-phase chemiluminescence that HA addition to the nia30 suspension culture induced
NO production by mutant tobacco cells [36,37]. The physiological significance of NO
production from HA is not clear enough, since conclusive evidence of its functioning in
plants has not yet been obtained. It is known that NH,OH is the first product of ammo-
nium oxidation. In addition, HA formation may be mediated by S-nitrosoglutathione
reductase (GSNOR) playing a key role in the maintaining of GSNO homeostasis, which
functions as the main storage and transport form of NO in all living organisms including
plants [1,16].

2.2. Reductive Nitrite-Dependent Mechanisms

The reductive pathways of NO generation are associated with reactions of reduction of
nitrate/nitrite that occur or can proceed with the participation of enzymes able to catalyze
the one-electron reduction of nitrite to NO. Non-enzymatic nitrite-dependent NO formation
was detected in the apoplast of the barley aleurone layer taking place under low pH and
high nitrate concentrations [13,38,39]. This reaction was described with the equation:

2NO; + 2H" 2HNO; <+ NO + NO,™ + H,O + 2NO + %40, + H,O

Non-enzymatic NO production is enhanced in the presence of reducing agents such
as ascorbic acid or certain phenolic compounds. It has been suggested that NO produced
in the apoplast of barley seeds is involved in the regulation of their germination [39].

Enzymatic reductive NO formation can occur in mitochondria with the participa-
tion of components of the mitochondrial electron transport chain (mETC), as well as in
chloroplasts, peroxisomes, and in the cytoplasm of plant cells [14,40]. An important role
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in the reductive process of enzymatic NO production belongs to molybdenum-containing
enzymes, including nitrate reductase (NR; EC 1.7.1.1). It is well known that the main
functions of NR are associated with the process of nitrogen fixation, in which it catalyzes
the reaction of the two-electron reduction of nitrate to nitrite. Moreover, under certain
conditions, such as hypoxia and low pH values, it is able to catalyze the one-electron
reduction of nitrite to NO [13,16,17].

2.2.1. NO Formation with Participation of Molybdenum Containing Enzymes

The family of plant molybdoenzymes is composed of five members: in addition to
nitrate reductase, it includes amidoxime reductase or mitochondrial amidoxime reducing
component (mARC), xanthine oxidoreductase (XOR, EC 1.17.3.2), aldehyde oxidase (AO,
EC 1.2.3.1), and sulfide oxidase (SO, EC 1.8.3.1). These enzymes perform their own specific
functions and at the same time have the potential ability to catalyze nitrite-derived NO
formation. Therefore, they are designated in the literature as “non-dedicated” nitrite
reductases [41,42].

The nitrite-reducing NO-forming activity of eukaryotic molybdoenzymes is deter-
mined by the presence of a specific molybdenum cofactor (Moco), the chemical nature of
which was deciphered in 1992 by K. V. Rajagopalan and J. L. Johnson in their pioneering
work [43-45]. Moco has a unique square-pyramidal structure (Figure 3), formed when the
molybdenum atom interacts by thiol bonds with the tricyclic pterin called molybdopterin
(MPT) also known in literature as pyranopterin or tetrahydropyranopterin. In general, the
square-pyramidal geometry of Moco is stabilized by five coordination bounds between the
Mo atom and: (1) one apical oxo-group; (2-3) two sulfur atoms of pyranopterin; (4) one
labile -OH/OH,; group; (5) one terminal thiol group of cysteine residue or inorganic sulfur
atom [41,44-46]. Molybdoenzymes have been classified into two families depending on the
manner of Moco binding to the protein part of the enzyme molecule. The first is the SO
family comprising three members (NR, SO, and mARC); and the second is the XO family
including two other members (XOR and AO). In the case of the SO family Moco binds
covalently through the terminal thiol group of the Cys residue, or through the terminal
sulfur atom in the Moco structure of XO members [41,47].

One of the reaction types catalyzed by molybdoenzymes is the transfer of an oxygen
atom from the substrate to water (oxygen atom abstraction) taking place at the expense of
the exchange of two electrons at which the oxidation state of molybdenum atom rotates
between Mo®* and Mo** [41,48]. This mechanism underlies the NR-dependent reaction of
nitrate reduction to nitrite (Equation (1)).

ONO, ™ +2e~ +2H* — NO, + H,O (1)

NO,” +e~ + H" = NO + (1/2)H,0 (2)

A similar process takes place in the reaction of one-electron nitrite-reduction to NO
catalyzed by molybdoenzymes in particular by the above-mentioned nitrate reductase
(Equation (2)).
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Figure 3. Structural organization of molybdenum cofactor (Moco): (a)—structure of pyranopterin-
dithiolate heterocycle; (b)—Moco structure from molybdoenzymes of sulfite oxidase (SO) family
in oxidized form (b-1) and in reduced form (b-2); (c)—Moco structure from molybdoenzymes of
xanthine oxidase (XO) family in oxidized form (c-1) and in reduced form (c-2).

Role of Nitrate Reductase in the Process of NO Production

Assimilatory NR (Nitrate reductase; EC 1.7.1.1) is a ubiquitous enzyme in plants, fungi,
and algae, responsible for the first step of nitrogen fixation and catalyzing the reduction
of nitrate to nitrite [13,16,49]. It belongs to NAD(P)H-dependent molybdenum-containing
enzymes of the SO family containing the Moco with a characteristic square-pyramidal struc-
ture [41]. In plants, the enzyme is found in cytosolic as well as in cytoplasmic membrane-
bound forms [24]. As mentioned above the main function of NR is participation in the
reaction of two-electron nitrate reduction to nitrite (NO3~ — NO, 7). Then nitrite is re-
duced to ammonium with the participation of another key enzyme of nitrogen metabolism,
assimilatory nitrite reductase (NiR), which is necessary for subsequent synthesis of amino
acids. At the same time, NR involvement in the one-electron reduction of nitrite was found,
using NAD(P)H as the electron donor producing the NO molecule (Figure 4). The reaction
of NR-dependent nitrite reduction to NO can be presented in an equation:

NAD(P)H + 3H,0 + 2NO,~ — NAD(P)* + 5H,0+ 2NO

It is proposed to designate the nitrite-reducing capability of plant NR leading to NO
generation as nitrite: NO-reductase activity (Ni-NR activity) [13,16,50].

At the present time the NR-dependent pathway is considered as one of the main
mechanisms of NO production in plants. However, it should be stressed that the role
of nitrate reductase in NO generation is not only its direct participation in one-electron
nitrite reduction, but also in the production of nitrite itself, which is the main substrate for
reductive mechanisms of NO biosynthesis in plants. In addition, NR can mediate electron
transfer from NAD(P)H to another molybdoenzyme—mARC, which in turn directly cat-
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alyzes the reduction of nitrite to NO, as demonstrated in the model alga Chlamydomonas
reinhardtii [13,51,52]. Meanwhile, NR is also involved in the utilization of NO and maintain-
ing its homeostasis in plants, since this multifunctional enzyme is able to transfer electrons
from NAD(P)H to hemoglobin THB1, which carry out a two-electron conversion of NO to
nitrate [22,51].

+2e
e
(o
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=08

Figure 4. Schematic presentation of NO formation during reactions of nitrogen assimilation.
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A three-dimensional configuration of nitrate reductase, which is characterized by a
multidomain structure, was proposed in the late 1990s [53]. At the same time new details
of the molecular organization and functioning of NR have been revealed in the last two
decades [49,54]. The enzyme is able to perform the catalytic activity being in homodimeric
form (holo-NR), which is composed of monomers with Mm ~100 kDa and an approximate
size of 900 amino acid units. Each monomer subunit harbors three prosthetic groups:
(1) Moco-containing domain; (2) cytochrome-b5-containing Fe-heme- (Heme-) domain and
(3) FAD-domain composed of FAD-cofactor interacting with the universal cellular reducing
agent NAD(P)H (Figure 5). Two flexible regions Hingel and Hinge2 are located between
the domains. The Hingel region which is located between the Moco and Heme domains is
a variable amino acid fragment playing an important role in the regulation of NR catalytic
activity by phosphorylation of a serine residue. The Hinge 2 region is located between the
Heme and FAD domains. In the Moco domain there is a dimerization site that serves to
assemble monomers and hold them together to make a homodimer form of enzyme [49,53].

Moco-domen Heme-domen FAD -domen
A A A
~ ~ 7 N ~
N- -C
NAD(P)* NAD(P)H

NO* NO,~ NO,-

Figure 5. Multi-domain organization of nitrate reductase (NR). Structural FAD-, Heme- and Moco-
domains are designated by curly braces at the top of the scheme. Functional sites of the domains are
highlighted by different colors.

It is known that the potential difference of the redox centers determines the formation
of electron transport chains in biological systems. The redox potential values for the three
prosthetic groups of the homodimeric form NR (holo-NR) were evaluated using various
approaches, in particular by voltammetric methods. It has been established that the redox
potential values for the FAD-center is poised from 210 to 190, for the Fe-heme domain
from 160 to 130, and for the Moco-center this magnitude is near to 0 mV. Thus, it becomes
clear that this system determines the formation of a downward flow of electrons from
NAD(P)H to Moco [55]. Furthermore, NR functions as a mini electron transport chain
in which electrons are donated from NAD(P)H to FAD and migrated through the Heme
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domain to Moco where the molybdenum atom is reduced and its oxidation state cycles
from +6 to +4. Then the electrons are used in the reaction of nitrate reduction, and in the
course of NO generation they can be utilized for nitrite reduction [47,49,52,53].

The participation of NR in nitrite reduction with NO formation was first shown
in leguminous plants [56]. Its role in NO production was also revealed later in other
species, including wheat [57], A. thaliana [58-60], tomato [61], and maize [62]. The NO-
forming NR capacity is not high and does not exceed 1% of the enzyme’s total activity
and depends on various factors such as the ratio of the nitrate and nitrite ions, pH value,
oxygen concentration, and post-translational modifications of the enzyme’s macromolecule.
First of all, the NR-based NO production determined by nitrite contents can take place
at relatively low nitrate and high nitrite concentrations because the affinity of enzyme
to nitrite (Kmpjtrite = 100 mM) is much higher than the normal cell nitrite concentrations
(~10 nM- g_1 FW) and exceeds the nitrate inhibition constant (Kipjrate = 50 mM) [16,63].
Second, NO-producing NR activity increases when the value of cellular pH decreases.
It is noteworthy that with a decrease in pH the activity of plastidal nitrite reductase
falls with concomitant nitrite accumulation, which promotes NR-inducible NO biosynthe-
sis [16]. Moreover, the post-translational modifications of the enzyme’s molecule impact
NR-dependent NO production. Phosphorylation of a conserved serine residue in one of the
hinge regions of the enzyme monomer’s subunit causes NR interaction with 14-3-3 proteins
leading to subsequent inactivation of the enzyme and its proteolytic degradation [16,54,64].

Different plant species are characterized by the existence of two or more NR isoforms
differing by the specificity of functional activity, for example, primary interaction with
NADH or NADPH, constitutive or inducible expression pattern. In A. thaliana two enzyme
isoforms have been identified designated as NR1 and NR2 which are encoded by two
different Nial and Nia2 genes. The fact that NR1 exhibits a higher Ni-NR activity, while
NR2 is characterized by a preferential nitrate reductase activity, indicates that various iso-
forms of the enzyme differ in their specificity of functional activity in plant organisms [22].
Transgenic lines of A. thaliana with overexpression of the Nial and Nia2 genes and increased
accumulation of the relevant proteins were distinguished by elevated levels of NO produc-
tion in comparison with control plants. The significance of NR in the biosynthesis of NO
has been proven using nial and nia2 mutant lines, as well as nialnia2 double mutants [49].

It has been shown that NO produced with the NR participation is involved in the
regulation of different developmental programs such as root morphogenesis [65], initiation
of flowering [66], hormonal sensitivity, and stomatal movements [58,67]. In addition, NR-
dependent NO plays an important role in the defensive reactions against pathogens as well
as abiotic stress factors such as drought, salinity, HM ions, UV-radiation, and osmotic and
temperature stress [49,68-71].

NO Formation by Dual System NR-mARC (NR:NOFNiR)

Until recently, NR was considered as the main enzymatic source of nitrite-dependent
NO production in plant organisms [51]. However, the involvement of NR in the generation
of NO molecules may be related to the enzyme’s diaphorase activity, which defines by the
ability to shuttle electrons from the universal reducing agents NADH or NADPH to its
reductase (FAD)- and then cytochrome (Heme)-domains. Then electrons are transferred to
another molybdoenzyme, namely mARC, which directly catalyzes the nitrite reduction to
NO due to the functioning of the Moco active site in the mARC structure [51,72]. Proteins of
the mARC family have been described in prokaryotic and eukaryotic organisms and were
first identified due to their ability to catalyze in vitro conversion of certain amidoximes
to their active amino forms. Two human mARC isoforms have been identified which is
both located on the outer mitochondrial membrane which determines the name of these
proteins [46,73,74]. A. thaliana also contains two genes for amidoxime reductases ARCI and
ARC2, while the unicellular green algae Chlamydomonas reinhardtii has one ARC gene and
the corresponding protein has cytoplasmic localization [51,75]. ARC proteins of animals
and plants are characterized by an identical structure with a molecular weight of approxi-
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mately 35 kDa performing their activity in monomeric form, unlike other molybdoenzymes
functioning only when assembling to homodimers. The mARC structure has one prosthetic
group, represented by Moco. Using animal systems, it was shown that the activity of
mARC requires the participation of other protein partners, in particular, mitochondrial
proteins such as cytochrome b5 reductase (Cyt b5 R) and cytochrome b5 (Cyt b5), and
the active center of mARC facing into the cytoplasm. This three-component system is
called the Amidoxime Reducing Complex (ARCO) through which electrons are transferred
from NADH or NADPH over Cyt b5-R and Cyt b5 to the Moco site of mARC, where the
substrate is reduced [46,51,72,74,75].

The substrate specificity of mARC has not been established conclusively. It was found
that a wide range of hydroxylamines can be subjected to ARC-dependent reduction [46].
A broad range of hydroxylamines have been identified that can undergo ARC-dependent
reduction, among which are the N-hydroxylated forms of nucleotide bases, in particular
N-hydroxyaminopurine and N-hydroxycytosine. This fact may indicate the participation
of mARC in the neutralization of mutagenic and harmful effects of abnormal bases [51,74].
Another substrate for mARC can be N-w-hydroxy-L-arginine, which is considered to be an
intermediate in NOS-dependent NO generation, and therefore mARC may act as a negative
regulator of NOS activity [46].

It has been shown that human proteins hmARC1 and hmARC?2 are involved in the
production of NO occurring on the outer side of the mitochondrial membrane with the par-
ticipation of the above-mentioned protein partners of mARC—Cyt b5 R and Cyt b5 [72,76].
It should be noted that the spatial combination of prosthetic groups in the mitochondrial
ARCO system has an organization similar to the NR structure and resembles the align-
ment which can be observed in the intramolecular electron transport chain, in which the
reductase (FAD)- and the Cyt b5 (Heme)- domains are also present [46]. Using various NR
mutant lines of the alga Ch. Reinhardtii with deletions in the Moco or in the reductase and
cytochrome domains of nitrate reductase, its role was clearly demonstrated in the electron
donations to the Moco-center of ARC which are required for NO synthesis. It was shown
that in algal cells both enzymes are localized in the cytoplasm, where NO production was
detected. It is important to emphasize that ARC had a high specificity for nitrite in the
presence of nitrate concentrations up to 1 mM that is such conditions when NR is unable
to catalyze the reduction of nitrite to NO [51]. Taking into the account the critical role of
this signaling molecule in the metabolism and vitality of photosynthetic organisms, it was
concluded that the main function of plant ARCs is their participation in the process of NO
production. For this reason, it was proposed to name plant ARC proteins as NOFNiR (NO
Forming Nitrite Reductase), and the two-component NO-producing system formed by NR
with ARC was denoted by the abbreviation NR:NOFNIR [13,51,52].

Possible Role of XOR, AO, SO in the Process of NO Formation

The ability to reduce nitrite to NO has been identified for molybdoenzymes such
as xanthine oxidoreductase (XOR), aldehyde oxidase (AO), and sulfite oxidase (SO), so
these enzymes, along with NR and mARC, were included in the group of so-called non-
dedicated NO-forming nitrite reductases [41]. Protein molecules XOR and AO have a
similar domain organization, and due to the structural similarity of their Moco domains,
these enzymes were assigned to the XO family. They are homodimeric flavin-containing
proteins with a molecular weight of about 290 kDa. Each monomeric unit contains two
iron-sulfur centers [2Fe-25], one Moco, and one FAD cofactor [42]. The XOR enzyme is
ubiquitous in animals and plants and is characterized by a predominantly peroxisomal
localization, although in animal tissues it is also detected in the cytoplasm and on the
outer membrane of some cells [8,16,41]. It can function in the main enzyme form known as
xanthine dehydrogenase (XDH) or in the form of xanthine oxidase (XO) which is formed
from XDH, due to reversible oxidation of cysteine residues in its polypeptide chain, such
as Cys535 or Cys992 in bovine XOR, or irreversible oxidation of other amino acid residues,
such as Lys551 or Lys569 in the same protein [41]. In aerobic conditions both enzyme
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forms catalyze oxidation of hypoxanthine to xanthine followed by the formation of uric
acid. XDH activity induces reduction of NADP to NADPH, while the activity of XO is
associated with oxygen molecule reduction followed by superoxide generation, which
spontaneously dismutates to hydrogen peroxide [16]. In different independent experiments
using such methods as electron paramagnetic spectroscopy, chemiluminescence, or by
using NO-selective electrodes, it was shown that XOR isolated from animal tissues is able
in vitro to reduce the nitrite with NO formation under anaerobic conditions in the presence
of NADH [41,77]. The involvement of XOR in NO production in plant organisms has
been demonstrated using allopurinol which is an inhibitor of XOR activity. Its application
repressed NO biosynthesis in the roots of white lupine, indicating a high possibility of XOR
involvement in the formation of NO in plant organisms [13,78].

Aldehyde oxidases, as well as XORs, have been found in animal and plant cells and
characterized by cytoplasmic localization. The specific functions of these enzymes are
to catalyze the oxidation reactions of various aromatic and non-aromatic aldehydes with
the formation of their corresponding carboxylic acids [74,79]. Four genes of aldehyde
oxidases (AO1-AO4) have been identified in A. thaliana. The assembly of their expression
products in various combinations leads to the formation of homo- and heterodimers with
different substrate specificities. For example, the AO1 homodimer is able to oxidize indolyl-
3-acetaldehyde to indolyl-3-acetic acid, which belongs to the hormonal substances of
the auxin family. Another AO from Arabidopsis known as AO9, active in an AO2/AO3
heterodimer form, is characterized by high specificity for abscisic aldehyde, which is
a precursor of the ABA hormone. The involvement of plant AOs in the biosynthesis of
phytohormones may indicate their role in various aspects of plant growth and development,
including seed germination, vegetative growth, and adaptation to environmental stress
factors [79]. The participation of these enzymes in NO production is evidenced by the
data of the experiments in vitro with animal AOs, in which their ability to catalyze the
nitrite reduction to NO in the presence of nitrite and such reducing substrates as aldehyde
N-methylnicotinamide and NADH [41] has been shown, although AOs” involvement in
NO formation in plant organisms remains to be elucidated. Considering the close structural
similarity of AO and XOR, it has been assumed that these molybdoenzymes can play a
certain role in plant NO production being the additional enzymatic source of its biosynthesis
in photosynthetic organisms [13,16,17].

NO biosynthesis in plants can occur with the involvement of sulfite oxidase (SO) since
its nitrite reductase NO-synthesizing capacity has been detected in mammals [41,47,80].
The main functions of SO are associated with the process of sulfite detoxifying when its
oxidation to sulfate occurs.

SO52~ + HyO — SO42~ + 2H* + 2e~

This reaction is the final step in the oxidative degradation of sulfur-containing amino
acids (cysteine and methionine). The SO structure of mammals or birds is characterized by
a homodimeric structure and the presence of two prosthetic groups in each subunit: the N-
terminal Heme-domain and the C-terminal molybdenum cofactor (unlike NR in which the
Moco site is located in the N-terminus). It was revealed that SO in animal cells is localized
in the mitochondprial intermembrane space, where the electrons that are released during
the oxidation of sulfite are transferred through the Heme-domain to the universal electron
acceptor cytochrome c. The SO Heme-domain can be hydrolyzed by partial proteolysis,
resulting in a modified form of the enzyme with only one Moco redox-site. This incomplete
form of SO is unable to transfer electrons to cytochrome c, but retains the ability to oxidize
sulfite, which can be carried out in the presence of artificial electron acceptors [41]. The
structure of plant sulfite oxidases was described after identification of the corresponding
cDNA in Arabidopsis and comparative analysis of plant and animal SO sequences. Herewith
the closest similarity reaching about 46% homology at the level of amino acid sequences
was found between plant and chicken SO [81]. In addition, their Moco-containing domains
were characterized by close structural similarity to that of NR [81,82]. It was found that



Int. . Mol. Sci. 2023, 24, 11637

11 of 32

plant SO also has a homodimeric organization and, like the truncated form of the animal
enzyme, does not contain the Heme-domain. It transfers the electrons released during
the oxidation of sulfite to molecular oxygen with the formation of superoxide and its
subsequent dismutation to hydrogen peroxide. So, it is not surprising that in plant cells SO
is localized in the peroxisomal matrix in which the processes of peroxide utilization take
place [8,42,74].

It is notably that mammalian SO in the presence of sulfite is able to catalyze the
one-electron reduction of nitrite to NO. The SO-catalyzed production of NO occurs at the
molybdenum center, and sulfite acts as a reducing agent [41,80]. The reaction rate depends
on the medium pH and increases approximately two-fold as the pH decreases from 7.4 to
6.5, although, even at these pH values, the nitrite-reducing activity of SO is significantly
lower than that of XO and AO [41]. In addition, SO-catalyzed NO production increases as
the oxygen content in the medium drops. Hypoxia constrains the intramolecular electron
flow from the Moco of the SO and their movement to cytochrome ¢, which is accompanied
by an increase in electron movement in nitrite and activation of its reduction with NO
formation [41,80]. The data on the NO-producing activity of the mammal SO indicate
the possibility of this molybdoenzyme involvement in NO generation in plant organisms,
which needs to be confirmed experimentally [13,16,47].

2.2.2. Participation of Mitochondrial Electron Transport Chain (mETC) in NO Formation

There is evidence that the reactions of nitrite reduction with NO formation can be
associated with the activity of mETC [13,16,83,84]. Mitochondria exhibit nitrite reductase
activity and become an important source of NO in the cells of microorganisms, animal and
plant tissues under conditions of hypoxia. It has been shown that, in the cells of some fungji,
the formation of ATP in the absence of oxygen is based on the use of nitrite as a terminal
electron acceptor [16,85,86]. Moreover, ATP production mediated by the reduction of nitrite
to NO was revealed in some plant species under anoxia, in particular in the root tissues
of barley and rice plants [87]. It was found that mETC enzyme components of complexes
III and IV participate in the process of nitrite reduction with NO formation by the means
of inhibitory analysis. The use of myxothiazole and cyanide, which are inhibitors of the
activity of cytochrome c reductase (complex III) and cytochrome c oxidase (complex IV),
respectively, led to the suppression of nitrite-dependent ATP generation associated with
production of NO in the roots of barley and rice plants [16,87]. There is an opinion that the
process of nitrite reduction to NO in mitochondria during anoxia has a protective effect on
their structural organization contributing to maintaining of their activity and, in general, to
increasing the viability of plant organisms under unfavorable conditions [13,16,40].

3. Nitric Oxide Functional Activity in Plants
3.1. Current Approaches to the Study of NO Activity

The study of the functional activity of NO in plants is carried out using pharmaco-
logical and genetic approaches with employment of qualitative and quantitative methods
for assessing the endogenous NO content [17,88-90]. The oldest and best-known quan-
titative method for estimation of endogenous NO levels is the Griess method [17,91]. A
large body of data has been obtained by electron paramagnetic resonance (EPR), gas chro-
matography, direct and indirect chemiluminescence, and confocal microscopy with the
use of diaminofluoresceins (DAFs) and their various modifications, which allow clear
detection of the changes in endogenous NO levels and the sites of its formation in plant
tissues [17,88,90].

Pharmacological studies are associated with exogenous NO-treatment of plants using
NO donors, in particular sodium nitroprusside (SNP), S-nitroso-N-acetylpenicillamine
(SNAP), S-nitrosoglutathione (GSNO). Scavengers and/or inhibitors of endogenous NO
production are usually used in such experiments to prove a particular effect of NO
donors. The best-known scavengers are 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-
oxide (PTIO) and 2,4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO).
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Sodium tungstate (Na;WOy) and NG—nitro—L—arginine methyl ester (L-NAME) are in-
hibitors of NO production, suppressing the reductive and oxidative pathways, respec-
tively [17,90,92].

Application of NO donors allows one to imitate its effects in plants. At the same
time, important data was obtained using mutant and transgenic lines with modified NO
production [93,94]. For example, the nial and nia2 lines as well as the nialnia2 double
mutants of Arabidopsis thaliana are characterized by defects in the NIA1 and NIA2 genes
encoding two isoforms of nitrate reductase NR1 and NR2, respectively. They were used
in investigations of NR involvement in NO production, as well as participation of NR-
dependent NO in the processes of root formation, initiation of flowering, and regulation of
stomatal movements [49,52,95]. The key role of NR in nitrite-dependent NO production
was confirmed in experiments with NIA1- and NIA2-overexpressing lines of A. thaliana
characterized by increased NO production [95]. Reduced levels of endogenous NO were
detected in noal mutants of A. thaliana for the NOA1 gene (Nitric oxide-associated protein 1),
which was initially considered as a plant NO-synthase. Later it was found that it is not a real
plant NOS but belongs to the GTPases which has a pleiotropic effect on plant metabolism,
in particular on oxidative NO production. That is why noal mutants are widely used in the
studies of the regulatory role of NO in plants [94,96,97]. Nox1 mutant lines with increased
NO production with defects in the CUE1 (chlorophyll a/b binding protein underexpressed
1) gene encoding the chloroplast phosphoenolpyruvate/phosphate translocator have been
characterized for A. thaliana [98]. Increased arginine content was detected in these mutants,
which seems to be responsible for the overproduction of NO in them, but the CUE1-
dependent mechanism of NO formation is not yet clear [93]. Nevertheless, nox1 lines have
been successfully used in proteomic experiments for the study of the profile and subsequent
identification of NO-modulated proteins [93,98]. At the same time various transgenic lines
are used to study the biological activity of NO under normal and stress conditions, for
example A. thaliana plants with constitutive expression of the rat nNOS gene (neuronal
NO synthase) and the OtNOS gene of the algae Ostreococcus tauri, and also O. sativa plants
expressing the mammalian nNOS gene [93,94,99,100].

3.2. The Role of Nitric Oxide in Plant Development

NO has fundamental functions through the whole plant life cycle, being implicated
in the regulation of seed dormancy and germination, the cell cycle, vegetative growth,
tissue differentiation, root architecture formation, development of symbiotic relationships,
flowering, and fruit ripening [7,12,101]. It is characterized by a pronounced seed germi-
nation stimulating effect, which has been clearly demonstrated in different plant species,
including A. thaliana, barley Hordeum vulgare L. [39], lettuce Lactuca sativa [102], wheat
Triticum aestivum L. [103], etc. Exogenous NO-treatment of Cicer arietinum seeds induced
the expression of genes for hexokinase 1, phosphofructokinase 6, pyruvate kinase, -
amylase implicated in the sugar utilization, as well as genes for D4-1-like and B1-4-like
cyclins, which are involved in the regulation of the cell cycle [104]. NO donors increased
the activity of 3-amylase and the level of NADPH oxidation in wheat seeds, inducing
hydrolysis of polysaccharides and activation of the pentose phosphate pathway of glucose
catabolism, which resulted in stimulation of germination processes [7,105]. An enhance-
ment of 3-amylase activity and germination level were also observed in NO-treated seeds of
such plant species as soybean Glycine max L., barley Hordeum vulgare L., maize Zea mays L.,
rice O. sativa L., A. thaliana, mustard Brassica juncea L., rapeseed Brassica napus L. and
watermelon Citrullus vulgaris [105].

NO is involved in the regulation of vegetative growth. Incubation of root tips of 3-day-
old Z. mays seedlings in the presence of such NO donors as SNP, GSNO, sodium nitrite,
and nitrocysteine stimulated their elongation [7,106]. NO induced de-etiolation of lettuce L.
sativa hypocotyls, reducing their elongation [102]. The presence of SNP at concentrations
from 50 to 200 uM in the seed germination medium stimulated an increase in the linear
dimensions of 4-day-old wheat seedlings and activation of cell division processes, as
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evidenced by the mitotic index parameters of the root apical meristem [103]. The important
role of NO in the regulation of vegetative growth processes is supported by data on defects
in root development, stunted shoot growth, and abnormal flowering in Atnoal lines of A.
thaliana with reduced NO production [94,96]. NO is involved in the regulation of flower
development, which is confirmed, in particular, by data on delayed flowering in A. thaliana
plants under the influence of SNP treatment [107]. Moreover, NO-overproducing nox 1
mutants flowered later and NO-deficient nos 1 mutants flowered earlier than the wild type
plants [98,107]. NO plays the role of a key component in perception of the photoperiod, as
well as in the regulation of pollen tube growth and micropyle orientation [108].

NO is implicated in root growth, acting as a signal intermediate in the auxin-dependent
regulation of the development of root architecture [7,101,109,110]. NO treatment of tomato
and cucumber seedlings had an auxin-like effect associated with growth suppression in
the primary roots and its activation in the lateral and adventitious roots [109,110]. It was
shown that SNP-treatment modulated the activity of the cell cycle regulatory genes such
as cyclins (CYCA2;1, CYCA3;1, CYCDZ3;1) and cyclin-dependent protein kinase (CDKA1)
in the pericycle cells of tomato which in turn contributed to the induction of lateral root
formation [111]. NO induced trichoblast cell differentiation with the formation of root
hairs in lettuce plants. An increase in NO content in the root hairs of lettuce plants
under treatment with 1-naphthyl acetic acid (NAA) confirms NO participation in auxin-
dependent processes of root formation [101,112]. Given that NO plays an important
role in the formation of the root system, its involvement in the regulation of mineral
nutrition and the establishment of symbiotic interactions is not surprising. NO acts in
maintaining homeostasis of macro- and micronutrients, including nitrogen (N), phosphorus
(P), potassium (K), magnesium (Mg), zinc (Zn), iron (Fe), etc. [101]. The connection of
NO with plant nitrogen nutrition cannot be doubted, since one of the main sources of its
production in plants are nitrate/nitrite-dependent pathways in which the key enzyme of
nitrogen metabolism assimilatory NR plays the central role [47]. In addition, NO has an
effect on nitrate transporter activity, thereby modulating nitrate uptake by the roots [7,101].

NO plays important functions in plant-microbial interactions and in the establishment
of symbiotic relationships [7,10]. One of the first pieces of evidence of the involvement
of NO in symbiotic interactions is electron paramagnetic resonance (EPR) data on the
formation of nitrosyl-leghemoglobin (NO-Lbs) complexes in soybean and chickpea root
nodules [113]. NO-leghemoglobin interactions were induced under the treatment of these
plants by nitrite solutions [114]. Only young actively metabolizing nodules were able to
form NO-Lbs complexes, since they were not detected in senescent structures [113-115].
An important role of NO has been revealed in different types of symbiosis, for example,
in actinorizobial interaction in the roots of alder Alnus sp., symbiotic interactions in the
course of lichen rehydration, and mycorrhizobial symbiosis in olive plants [7,116-118].

Summarizing the above evidence, it can be concluded that NO plays an important
role in the regulation of the plants’ vital activity at different stages of their ontogeny,
confirming the fact that NO is a compulsory member of physiological programs realization
under normal growing conditions. At the same time, during the plants” development
optimal conditions interchange with periods of exposure to adverse factors, among which
the most widespread are drought, salinity, unfavorable temperatures, and excess of HM
ions. Therefore, it is important to consider the role of NO in protecting the plant from
these stresses.

3.3. The Role of Nitric Oxide in Formation of Plant Stress Tolerance

Numerous studies have shown an enhancement of NO production in plant tissues under
different stress factors, such as drought [119-122], salinity [123-125], high or low tempera-
tures [126-129], HM ions [130,131], UV-radiation, pathogen attack, wounding, etc. [4,7,12,132],
leading to a rapid readjustment of the metabolism, contributing to plants” adaptation to
changing environments. Under such conditions, NO functions as a signaling molecule
triggering nonspecific reactions as well as specific programs of plant stress tolerance. A
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common plant response to various stressors is a sharp increase in the production of reactive
oxygen species (ROS), which cause numerous types of damage and dysfunction of cellular
structures [10]. As the NO molecule possesses free radical properties it can be implicated
in the adjustment of cell redox homeostasis by direct interaction with ROS or indirectly
through the activation of components of the plant antioxidant system (AOS). The interaction
of NO with the superoxide-anion radical (O,°~) results in the formation of peroxynitrite
(ONOO™), which belongs to the reactive nitrogen species (RNS) and is characterized by
high reactivity. Meanwhile, the level of toxicity of peroxynitrite is significantly lower than
that of O,*~ or Hy,O;; therefore, its formation is considered as a direct antioxidant effect
of NO [133,134]. It is worth mentioning that peroxynitrite acts as a nitrating agent in
NO-induced post-translational modifications (PTMs) of proteins regulating their activity in
a changing environment. The indirect protective action of NO occurs by the modulation
in the quantitative levels and activities of enzymatic and non-enzymatic components of
the plant antioxidant system [12,94]. Along with involvement in antioxidant protection,
which can be considered as one of the non-specific defensive mechanisms of NO action,
it participates in the maintenance of plant osmotic and water regime balance as well as
photosynthetic activity. In addition, NO has an important role in the modulation of the
transcriptional activity of numerous genes which are involved in the plant’s tolerance to a
wide range of environmental stress factors.

3.3.1. Drought

Drought is one of the most widespread and unpredictable stress factors and has a
negative effect on all metabolic processes of plants, leading to inhibition of growth and
development and serious losses of crop productivity [90,135]. NO plays a fundamental
role in the development of drought tolerance, as evidenced by pharmacological studies
with exogenous application of NO donors, as well as information on changes in its en-
dogenous content in plant tissues subjected to drought stress. Increased NO synthesis
under water deficit was determined in different plant species such as wheat T. aestivum L.,
parsley Petroselinum crispum, pea Pisum sativum L. [119,120], sugarcane Saccharum spp. [121],
A. thaliana [122], etc. NO plays a particular role in the regulation of the water regime balance
in plants subjected to dehydration, serving as an intermediator in ABA-controlled stomatal
movements, which was evidenced by the data on the inability of Atnoal and nialnia2
mutants of A. thaliana with reduced NO production to show ABA-induced stomata closure
under water stress conditions [136]. Moreover, exogenous NO treatment induced stomata
closure in the light in epidermal strips of Vicia faba. Dark-induced stomata closure in those
experiments was significantly decreased by the NO scavenger cPTIO as also by the inhibitor
of NOS-like activity L-NAME [137]. NO generation in guard cells in response to drought
and ABA production leading to stomata closure was revealed in different species including
Medicago truncatula [120], Phaseolus vulgaris, and Vigna unguiculata [138]. By modulating
the activity of stomatal movements, NO has an effect on other parameters of the plant
water regime. SNP pretreatment improved water use efficiency in Brassica juncea plants
during PEG-induced dehydration, resulting in maintenance of their growth parameters
and higher levels of biomass [139]. Foliar spraying with 25-100 uM SNP contributed to
the maintenance of relative water content (RWC) and photosynthetic activity in physalis
plants subjected to drought leading to improved growth parameters [140]. Maintenance of
the RWC level under NO treatment was also demonstrated in water-stressed T. aestivum
plants [141].

NO plays an important role in maintaining the redox balance in plants under water
deficit conditions, participating in cell protection from oxidative damage [18,90,94,142].
Treatment of G. max plants with 100 uM SNP decreased production of peroxide and
MDA, activity of lipoxygenase (LOX), and levels of electrolyte leakage under PEG-induced
dehydration. Moreover, NO treatment of soybean plants additionally increased the activity
of antioxidant enzymes: superoxide dismutase (SOD), catalase (CAT), peroxidase (POD),
ascorbate peroxidase (APX), and non-enzymatic antioxidants: flavonoids and tocopherols
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under dehydration. In alfalfa plants (Medicago sativa L.) subjected to water stress, exogenous
NO-treatment decreased stress-induced lipid peroxidation, which was accompanied by
an enhancement of the gene expression levels of antioxidant enzymes such as glutathione
S-transferase (GST), POD, CAT, SOD, and glutathione peroxidase (GPX) [99,143]. Another
important aspect of NO protective action is its participation in controlling osmoprotective
system activity. Transgenic lines of O. sativa with constitutive expression of the rat nNOS
gene were characterized by increased levels of proline accumulation under exposure to
dehydration or salinity [100]. NO treatment increased the proline and glycine-betaine
production under drought stress in such plant species as G. max, Lycopersicon esculentum,
Ginkgo biloba, and T. aestivum [92,141,144,145].

There is evidence of NO participation in the protection of the functional activity of
the photosynthetic apparatus. It was shown that NO was involved in the regulation of
the expression activity of the psbA gene encoding the D1 protein, which is a component of
the reaction centers of photosystem II (PS II), which contributed to the normal course of
photosynthetic reactions at the grain filling stage in wheat plants under drought [92,141].
SNP treatment increased the expression activity of the Psa and Psb genes of the PSII and
PSII reaction centers, as well as the Lcha and Lchb genes of the light harvesting complexes,
and reduced the levels of chlorophyll degradation under dehydration, which helped
to maintain the photosynthetic activity in M. sativa L. plants and improve their growth
parameters [90,143].

3.3.2. Salinity

Salinity is the next most common stress factor after drought, which is characterized by
a double negative effect inducing cell dehydration and intoxication, leading to inhibition
of plant growth and productivity. In response to salinity in various plant species, an in-
crease in the levels of endogenous NO was revealed, which is involved in the triggering of
adaptive mechanisms to salt stress. Sodium chloride (NaCl) treatment of dune reed callus
induced NOS-like activity, as was analyzed by the hemoglobin assay method, and also
NO generation which was studied spectrophotometrically by measuring the conversion
of oxyhemoglobin to methemoglobin [146]. An increase in NO synthesis under salin-
ity was found in A. thaliana [123,147], Salvinia auriculata [148], Helianthus annuus L. [124],
Olea europaea L. [149], B. napus [125], etc. Using the methods of fluorescence microscopy
and fluorometry, an increase in the endogenous content of NO in S. auriculata plants was
revealed already by 2 h of treatment with 50 mmol L~! NaCl. A positive correlation be-
tween NO levels and the content of chlorophylls, carotenoids, and proline was observed
in these plants, indicating the involvement of endogenous NO in the activation of salin-
ity tolerance mechanisms in S. auriculata [148]. Triple mutants nial/2/noal of A. thaliana
were characterized by significantly lower ability to perform NO synthesis and extreme
salt-sensitivity, indicating the functioning of arginine- and nitrite-dependent pathways
of NO production under salinity and NO involvement in the regulation of plant salt tol-
erance [150]. At the same time, an increase in endogenous NO content can occur due
to a decrease in its degradation. Salinity induced in A. thaliana the expression of genes
encoding calmodulins AtCaM1 and AtCaM4, which are able to interact with the molecule
of S-nitrosoglutathione reductase (GSNOR) and thus reduce its activity, contributing to the
increase in NO levels [151,152]. In addition, the participation of NO in plant salt tolerance
is evidenced by the data of pharmacological studies. Alleviation of salinity’s negative ef-
fects on the various physio-biochemical parameters under exogenous NO application was
demonstrated in numerous plant species, in particular wheat [103], rice [153], maize [154],
cucumber [155], etc.

NO is involved in the maintaining of ion homeostasis and optimal ratio of K* /Na*
ions in cells, reducing Na* concentration in the cytosol, facilitating its transport across
the tonoplast to the vacuole or across the plasmalemma to the apoplast due to the ability
of NO to participate in the regulation of ion channel activity [152,156]. SNP treatment
promoted an increase in the K* /Na* ratio accompanied by activation of membrane ion
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pumps such as H"-ATPase and H*-PPase in root cells of wheat seedlings exposed to
NaCl-salinity [157]. NO treatment stimulated the gene expression activity of the Na*/H*
antiport and contributed to a decrease in the Na* /K* ratio in the cells of Nitraria tangutorum
and Avicennia marima plants [158,159]. Treatment of Brassica napus cultivars with 100 mM
NaCl or 50 mM Na,SOy led to an increase in the expression activity of the ion transporter
genes BnCNGC1, BnCNGC?2 involved in the uptake of Na* ions by cells, the BnAKT1 gene
encoding the inward rectifier K* channel, which under saline conditions exhibits a higher
selectivity to the Na* ions in comparison with K*, as well as for the sulfate transporter
genes BnSultr4:1 and BnSultr4:2. Preliminary foliar spraying with 100 pM SNP of rapeseed
plants reduced the salinity-induced levels of BuCNGC1, BaCNGC2, BnAKT1, BnSultr4:1,
and BnSultr4:2 genes’ expression and decreased the ratio of Na* and K* ions [125].

NO plays an important role in the regulation of mineral nutrition of plants subjected
to saline conditions. SNP-pretreated and salt-stressed Capsicum annum plants differed
from NO-untreated ones by higher levels of such elements as K, Ca, Mg, Zn, Fe, and
B [160]. A positive effect of NO treatment on the content of K*, Ca?*, and Mg?* was
observed in Gossypium hirsutum plants when exposed to NaCl-salinity [161]. SNP treatment
of rice enhanced in the root cells the salt-inducible transcriptional activity of ammonium
transporter genes acting in the NH*" uptake, leading to an increase in nitrogen levels in
leaves and seedling biomass accumulation [162].

NO is involved in maintaining the photosynthetic apparatus and the activity of photo-
synthetic reactions under saline conditions. SNP-treatment of mustard B. juncea L. reduced
the levels of gas exchange disruption and chlorophyll degradation, and had a protective
effect on the thylakoid system stabilizing the structural integrity of chloroplasts under
salinity [163-165]. SNP-treated B. napus plants differed from untreated samples by a sig-
nificantly lower level of destruction of photosynthetic pigments, including Chl a, Chl b,
carotenoids, and anthocyanins under sodium chloride or sodium sulfate salinity [125].
NO contributed to the safekeeping of photosynthetic activity and the quantitative level of
photosynthetic proteins: Rubisco large subunit (RBCL) and quinine oxidoreductase-like
protein isoform 1 (QOR1) in salt-exposed A. marina plants [166]. NO treatment of eggplant
Solanum melongena L. reduced the inhibitory effect of salinity on the activity of PS II reaction
centers [167].

Numerous studies have revealed that NO plays a role in modulating the osmoprotec-
tive and antioxidant systems in plants exposed to salt stress. NO treatment of rice, tomato,
and mustard plants during salinity led to an additional accumulation of low-molecular
compatible osmolytes proline, glycine-betaine, and mono- and oligo-saccharides, which
contribute to cell protection from osmotic stress by reducing water potential and normal-
ization of water balance [162,168,169]. Exogenous application of NO donors reduced the
levels of lipid peroxidation and ROS production in wheat [103], barley [170], spinach [171],
tomato [172], eggplant [167], pea [173], mustard [165], rapeseed [125], and many other plant
species. Furthermore, the stimulative effect of NO has been shown on antioxidant enzymes
including SOD, APX, glutathione reductase (GR), CAT, and PO, as well as on the activ-
ity and quantitative levels of non-enzymatic antioxidants, including proline, glutathione,
ascorbate, phenolic compounds, flavonoids, and carotenoids [125,152]. SNAP treatment
caused an additional increase in the expression of antioxidant enzyme genes in chickpea
plants exposed to salinity [174]. At the same time, NO plays a role in the regulation of the
expression activity of many other genes involved in plant defense reactions under salt stress.
NO treatment enhanced in O. sativa plants subjected to salinity stress the transcription
levels of AMT and SUT genes encoding ammonium and sucrose transporters, respectively,
improving young seedlings by supplying them with energy and structural components
necessary for their active growth [162]. O. sativa plants overexpressing the rat nNOS gene
with increased NO production were characterized by enhancement in the gene expression
of transcription factors OsDREB2A and OsDREB2B, as well as late embryogenesis proteins
OsLEA3 and OsRD29A, involved in the plant’s tolerance to salinity and other abiotic
stresses [100,152].
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3.3.3. Temperature Stress

NO has important signaling functions in the establishment of plant resistance to
unfavorable temperatures, both hypo- and hyperthermia [175,176]. An increase in endoge-
nous NO production in response to low-temperature stress was revealed in P. sativum [127],
A. thaliana [128,177], T. aestivum L. [178], Chorispora bungeana [179], B. juncea [129],
Citrus aurantium [180], and in other plant species. Under low-temperature stress, NO
can be synthesized in nitrite-dependent or arginine-dependent mechanisms, but not by
these two pathways simultaneously [175]. For example, nitrite-dependent NO formation in
A. thaliana has been proved using nialnia2 double mutants, which differed from wild-type
plants by lower levels of NO accumulation and increased sensitivity to low-temperature
(4 °C) exposure [128]. Nitrite accumulation and stimulation of enzymatic as well as gene
expression activity of NR have been found under low-temperature conditions in A. thaliana
and C. aurantium plants [128,180]. Moreover, mutant lines Atnoal/rifl (for nitric oxide asso-
ciated1/resistant to inhibition by fosmidomycinl) with inhibition of NOS-like activity did
not differ from wild-type in the levels of stress-induced NO production and cold tolerance,
additionally indicating nitrite-dependent NO production in A. thaliana plants exposed
to low temperature [128]. At the same time, treatment of pea leaves and cell cultures of
Ch. bungeana with an inhibitor of NOS-like activity suppressed NO production during
hypothermia, indicating the realization of the oxidative mechanism of NO formation in
these plants [127,179]. Overexpression of the CsNOA1 gene in Cucumis sativus plants pro-
moted the accumulation of starch and soluble sugars and a decreased the index of cold
damages, while inhibition of CsNOA1 activity caused the opposite effects. Expression of
the cucumber CsNOA1 gene in noal mutants of A. thaliana increased endogenous NO levels
in them and helped to the recovery of phenotypic abnormalities caused by NO deficit [181].

NO functioning in the promotion of plant defense responses to low-temperature
stress was confirmed in experiments with the exogenous application of NO donors. SNP
treatment of T. aestivum L. seedlings increased their cold resistance, stimulating activity of
the antioxidant system [182]. Activation of the antioxidant system due to the exogenous
application of NO was observed in bermudagrass Cynodon dactylon, contributing to the
reduction in the damaging effects of low temperature on the integrity of cell membrane
structures and the operating of the photosynthetic apparatus [183]. In pharmacological
experiments using NR inhibitors, NO scavengers, and NO donors it has been shown
that NR-dependent NO production was positively correlated with tolerance of Arabidopsis
seedlings to freezing. Moreover, nialnia2 mutants were more sensitive to freezing than wild-
type plants. In wild-type plants low-temperature stress up- and down-regulated expression
of P5CS1 and ProDH genes, encoding Al-pyrroline-5-carboxylate synthetase and proline
dehydrogenase, respectively, resulting in enhanced accumulation of proline (Pro). Cold-
induced Pro accumulation was reduced by the NR inhibitor and NO scavenger, while
the inhibitor of NOS-like activity had no effect on Pro accumulation. Furthermore, cold
stress elevated the expression levels of the ProDH gene in nialnia2 mutants, leading to less
accumulation of proline than in wild-type plants, demonstrating that NR-dependent NO
production plays an important role in osmotic adjustment during cold acclimation [128].

It has been determined that low-temperature stress increases the level of NO-induced
protein PTMs. More than 30 proteins have been identified in B. juncea and A. thaliana plants
that undergo S-nitrosylation, among them those associated with photosynthesis, such as the
D1 protein of photosystem II, as well as the large and small subunits of Rubisco [129,184]. It
is hypothesized that S-nitrosylation may contribute to stabilization of the D1 protein, acting
as a protective mechanism in the maintaining of the structural integrity of PSII. Furthermore,
S-nitrosylation can lead to a decrease in Rubisco activity, protecting its protein configuration
under conditions of the low-temperature stress [175].

At the same time S-nitrosylation can take place in antioxidant enzyme molecules, as
was shown for iron-containing superoxide dismutase (Fe-SOD) of B. juncea plants exposed
to cold stress. Moreover, exogenous NO treatment increased the activity of Fe-SOD in
B. juncea plants subjected to low temperatures, which may be due to NO-induced PTMs
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of the enzyme’s protein molecule [129]. S-nitrosylation also stimulated enzymatic activity
of dehydroascorbate reductase (DHAR) and glutathione-S-transferase (GST) under low-
temperature stress [185,186].

NO plays a fundamental role in the remodulation of the activity of the genetic programs
of plants under the impact of low-temperature stress. The well-known cold-sensitive genetic
markers are the genes of the transcription factors which belong to the CBF/DREB (C-repeated
Binding Factor/Dehydration Responsive Elements-Binding proteins) family, involved in the
regulation of the COR (cold-responsive) genes [187]. CBF genes of A. thaliana and S. lycoper-
sicum identified as NO-inducible [177,188]. In addition, inhibition of NO production under
the influence of a NO scavenger or due to mutations in the NR led to a decrease in the level of
cold-induced expression of the CBF1 and CBF3 genes in A. thaliana. This had a negative effect
on the expression of CBF-dependent genes encoding the COR15a, LTI30, and LTI17 proteins,
which are involved in the protection of biopolymers and supramolecular cellular structures
during low-temperature plant acclimation [175,177,187].

Fine tuning of NO homeostasis is an important factor in the development of plant
resistance to high temperature stress [176]. Two mutant lines hot5 (sensitive to hot temperature
5)/atgsnorl and noal of A. thaliana with an increased level of S-nitrosothiols and excessive
NO production, respectively, are characterized by inhibited ability to heat stress adaptation,
which can be partially recovered with exogenous treatment by NO scavenger—cPTIO [189].
Mutants of A. thaliana with reduced NO production such as noal and nial/nia2 are also
characterized by extra sensitivity to heat stress, and the thermotolerance of these lines
can be enhanced by exogenous treatment with NO donors [190]. There are data in the
literature on an increase in NO accumulation in different plant models in response to high-
temperature stress [126]. Stimulation of NO synthesis under the influence of hyperthermia
was revealed in tobacco leaves, in seedlings of alfalfa M. sativa L., and A. thaliana [190-192].
However, endogenous NO levels decreased during hyperthermia in the protoplasts of
tobacco guard cells [193]. High-temperature treatment induced NO generation in the reed
Phragmites communis Trin., plants of a thermotolerant but not thermosensitive ecotype [194].
The differences in endogenous NO production in response to high-temperature stress
revealed in various studies can be explained by the physicochemical features and highly
dynamic nature of the NO molecule, as well as by specifics of the experiment and the object
of research [126,195].

The positive effect of NO treatment under heat stress conditions has been shown in nu-
merous studies in various plants, such as O. sativa [153], N. tabacum [192], A. thaliana [190],
Z. mays [196], T. aestivum L. [197,198], and S. lycopersicum [199]. Preliminary treatment of
maize seedlings with a 0.15 uM solution of SNP increased their survival level under the
impact of heat stress (48 °C) for 18 h, decreasing stress-induced electrolyte leakage and
MDA production [196]. Additional increased production of ascorbate and glutathione
as well as activity of monodehydroascorbate reductase and glyoxylase was induced by
SNP pretreatment of wheat seedlings subjected to heat treatment (38 °C) for 48 h, which
can contribute to improving heat tolerance in NO-treated plants [197]. The SNP-induced
increase in SOD, CAT, and POD activity positively correlated with the resistance of wheat
coleoptiles to a 10-min-long high-temperature (43 °C) exposure [200]. NO treatment re-
duced lipid peroxidation and ROS generation in heat-stressed wheat seedlings, increased
the activity of enzymatic and non-enzymatic antioxidants, and helped maintain chloro-
phyll levels [198]. The positive effect of NO on photosynthetic parameters (chlorophyll
content and Rubisco activity) was also revealed in overexpressing the NOA1 gene lines of
O. sativa [201]. The application of SNP in combination with Ca?* increased the content of
such osmolytes as proline and glycine-betaine in heat-stressed S. lycopersicum plants [199].
The osmoprotective NO action on plants at unfavorable temperature can be explained
by its participation in the regulation of genes involved in the osmolyte metabolism, as
evidenced by the data on the additional SNP-induced activation of P5CR gene expression
in O. sativa plants under heat stress conditions [153]. Moreover, these plants were charac-
terized by an NO-induced increase in the transcriptional activity of the gene for the small
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heat shock protein HSP26 [153]. Therefore, NO can be involved in the development of
plant heat tolerance at the genomic level regulating gene expression and the accumulation
of heat shock proteins (HSP). The participation of NO in the regulation of the synthesis
and accumulation of the HSP70 protein in tomato plants under hypothermia has been
revealed [202]. It has been shown that NO, when it interacts with other signaling molecules
(H,0, and Ca?*), is involved in the stimulation of DNA-binding activity of heat shock
transcription factors (HSFs), followed by activation of AtHsp18.2 gene expression and
accumulation of the HSP18.2 protein, which positively correlates with thermo-tolerance
formation of A. thaliana plants [190,203]. Thus, under high-temperature stress conditions
NO is involved in the induction of nonspecific defense reactions connected with antioxidant
action, osmotic adjustment, protection of the photosynthetic apparatus, maintenance of
fluidity, structural integrity, and membrane functions. NO plays a particular role in the
regulation of specific genetic programs associated with the activation of HSFs transcription
factors with subsequent induction of gene expression and accumulation of HSPs [176].

3.3.4. Heavy Metals

Current literature data clearly point out that NO plays an essential role in mediating
plant responses to HM stress [18,204,205]. The levels of endogenous NO in plant tissues
change significantly in the presence of HM ions, as was demonstrated, in particular, in
cells of A. thaliana subjected to an excess of Fe ions [206] and soybean in the presence of
Cd?* [207]. Cd-induced elevation of NO production was detected in the roots of wheat
seedlings [131], in the roots, leaves, and suspension cell culture of A. thaliana [208,209], and
in the root tips of barley [130]. A sharp increase in the NO content in the roots of B. juncea
and P. sativum seedlings occurred during the first hours of treatment with Cu, Cd, and Zn
ions at concentrations of 100 uM, which further increased during the next 7 days, after
which the endogenous NO levels gradually decreased [210]. On the contrary, the levels of
endogenous NO decreased in the roots of Hibiscus muscheutos plants exposed to AR+ [211],
as well as in M. truncatula or O. sativa plants exposed to Cd?* ions [212,213]. Nevertheless,
the results of the vast majority of studies devoted to investigation of NO production in
plants subjected to HM-stress indicate an increase in its endogenous content under those
harmful conditions. These data serve as an important argument in favor of the signaling
role of NO in triggering plant protective mechanisms to HMs which is also confirmed
in the experiments with exogenous application of NO donors [204,205]. The presence of
500 pM SNP in the cultivation medium had a protective effect on the growth of barley
seedlings under exposure to 200 uM CuCl,, as was judged by their linear dimensions and
biomass accumulation [214]. Using atomic absorption spectrophotometry, it was founded
that SNP treatment inhibited the uptake of Cu?* by H. vulgare plants [214], as well as Cd?*
and Pb?* by bamboo (Arundinaria pygmaea) seedlings, significantly limiting their transport
from roots to shoots [215]. Similar results were obtained in the experiments with different
plant species and other HMs. In particular, exogenous NO treatment significantly reduced
the accumulation of Cr (VI) in Z. mays [216], Cd?* in H. vulgare [217], Ni2* and Cu?* in
O. sativa [218,219]. NO treatment decreased Cd-toxicity in O. sativa seedlings, reducing its
accumulation in the soluble fraction and in the cell walls of the leaves due to enhancement
of Cd?* deposition in the root cell walls. It was found that the redistribution of Cd** in
organs and tissues, as well as its immobilization in the roots, can occur through its binding
by pectins and hemicelluloses, since their production in the root cell walls increased under
NO-treatment, while the relative content of cellulose decreased [220].

There are multiple evidences that NO has an important role in protecting plant cells
from oxidative damage induced by HM stress, controlling the levels of ROS generation.
Addition of SNP (500 uM) to the growth medium mitigated the harmful effects of CuCl,
(200 uM) on growth and photosynthetic efficiency in the shoots of H. vulgare L. seedlings,
contributing to alleviation of oxidative stress and lipid peroxidation levels [214]. A decrease
in NO-treated barley plants of the Cu-induced production of peroxide (H>O,), superoxide
radical (O,°7), hydroxyl radical (OH®), and MDA was accompanied by inhibition of
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lipoxygenase activity, stimulation of antioxidant enzymes (SOD, CAT, APX, and GPOX),
and by stabilization of the glutathione-ascorbate cycle [214]. SNP treatment contributed to
a reduction in Cd?*- or Pb?*-induced ROS production and lipid peroxidation in the culture
of Arundinaria pygmaea, which was accompanied by the activation of SOD, CAT, APX,
and POD, maintaining of the photosynthetic pigments: Chl-a, Chl-b, carotenoids, and by
accumulation of osmoprotectants such as glycine-betaine and proline [215]. NO treatment
of the Ch. reinhardtii cells and Sorghum vulgare seedlings subjected to Cu?* stress stimulated
expression activity of the P5CS gene involved in proline biosynthesis, the antioxidant and
osmoprotective properties of which are well known [221,222]. An important contribution
to the NO-mediated protective reactions of the plants subjected to excess HMs can be
made by phytochelatins, metallothionenins, and membrane transport proteins of the CDF
(Cation Diffusion Facilitator) family, also referred to as MTP (Metal Tolerance Protein).
SNP treatment of O. sativa seedlings exposed to Pb, Hg, Cr, Cu, and Zn ions enhanced
the expression of the genes for metallothioneins OsMT-I-1a and OsMT-I-1b, phytochelatin
synthases OsPCS1 and OsPCS2, and metal tolerance proteins OsMTP1 and OsMTP5, which
play the principal functions in the maintaining of metal ion homeostasis in plants [223,224].
It is known that metallothioneins and phytochelatins act as metal-binding compounds that
form chelate complexes with HM ions, reducing their concentration and toxicity in the
plant cells [225]. MTPs are membrane proteins involved in the transport of Zn, Cd, Co, Ni,
and Mn ions from the cytosol into the vacuole via tonoplast, or from the cytoplasm to the
apoplast across the plasmalemma [223,224].

4. Conclusions

The study of nitric oxide in plant organisms has been going on for more than four
decades and dates back to the identification of nitrosyl-hemoglobin complexes in the
nodules of legumes and their ability to emit gaseous NO [15,113]. A huge amount of
experimental work has been carried out, and there is no doubt that NO is an essential
component of the plant signaling system and is involved in the regulation of cellular
metabolism under physiological and stressful conditions (Table 1). A wide range of de-
velopmental processes involve NO, ranging from seed germination to vegetative growth,
flowering, root morphogenesis, mineral nutrition, symbiosis, etc. Multiple sources of
NO production have been identified in plants, among which NR has been studied most
thoroughly. However, the canonical NOS enzymes have not yet been identified in ter-
restrial plants, although convincing evidence of arginine-dependent NO production has
been obtained. In this connection, one of the most important tasks is the identification of
enzymes involved in such reactions in higher plants. In addition, it is important to continue
research to develop strategies of precise detection of NO production sites in plant cells,
organs, and tissues at different periods of their ontogenesis and in response to various
external stimuli. Investigations using new technologies such as genome-wide expression
analysis in combination with proteomic studies with subsequent identification of target
post-translationally NO-modified proteins involved in the realization of NO regulatory
action are a subject of particular interest. Taking into account the fact that NO does not
function alone, it is necessary to consider its activity in the context of a complex network
of plant signaling systems in interaction with other bioactive molecules, phytohormones,
and growth regulators. Understanding how NO functions in the extremely complex plant
metabolism will contribute to the development of methods for its practical application
for amelioration of plant growth, stress tolerance, and improvement of crop productivity,
which has important socio-economic value.
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Table 1. Some examples of NO effects in plants.
. Modulation
Plant Species of NO Level Stress Treatment NO Effects Reference
Triticum aestivum, Hordeum Increase in $-amylase activity,
vulgare, Glycine max, Oryza SNP NADPH oxidation level, activation
sativa, Zea mays, Arabidopsis (0.5 x 1073 mol/L); — of polysaccharides hydrolysis and [105]
thaliana, Citrullus vulgaris, Seed treatment. glucose catabolism, stimulation of
Brassica napus, Brassica juncea seed germination.
SNAP (500 uM) Activation of genes for hexokinase 1,
SNIP (500 uM); phosphofructokinase 6, pyruvate
Cicer arietinum . ! — kinase, x-amylase, D4-1-like and [104]
Present in the . .
ermination medium Bl-4-like cyclins.
& ) Stimulation of seed germination.
Stimulation of seed germination,
SNP (200 uM) activation of the mitotic index and
Triticum aestivum Present in the — cell division, increase in cytokinin [103]
germination medium. content, enhancement of shoots and
roots growth.
-7
KNO, (1910 M), Regulation of membrane Ca®*
SNP (107" M) .. . .
Zea mays . - channel activity, stimulation of [106]
Present in the .
o . root elongation.
germination medium.
Atnoal mutants, Defects in root development,
A. thaliana reduced — stunted shoot growth, abnormal [96]
NO production flowering.
NO-overproducing nox .
1 mutants Delayed flowering. [107]
A. thaliana 1 mutants deficient -
nos 1 mutants deficien . .\
in NO production Early flowering transition. [98]
. Atnoal and nialnia2 Inability to show stomata closure in
A. thaliana mutants, reduced — response to ABA [136]
NO production P '
Regulation of root morphogenesis
(inhibition of primary root growth,
' SNIP (200 M) activation of latera% angl adventitious
Lycopersicon esculentum, . ., roots growth), activation of the cell
. . Present in the seedlings - . [109-111]
Cucumis sativus rowth medium cycle regulatory genes: cyclins
& ’ (CYCA2;1, CYCA3;1, CYCD3;1) and
cyclin-dependent protein
kinase (CDKAI).
Drought Maintenance of relative water
Physalis angulata SNP. (25-100 .p.M) (relative soil contenjc (RWC), photosynt.hetlc [140]
Foliar spraying water activity, improved their
content 20%) growth parameters.
Activation of antioxidant enzymes
(SOD, CAT, POX, APX),
accumulation of non-enzymatic
antioxidants (phenolic compounds,
Glycine max SNP (100 uM) Dehydration, 15%  flavonoids, tocopherols), mitigation [144]

Foliar spraying

PEG

of oxidative stress (decrease in
MDA, HyO,, electrolyte exosmosis,
LOX activity). Accumulation of
osmoprotectants (proline, glycine
betaine). Growth improvement.
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Table 1. Cont.

. Modulation
Plant Species of NO Level Stress Treatment NO Effects Reference
Maintaining of growth, water status
and chlorophyll levels. Increase in
proline accumulation, activation of
antioxidant enzymes (SOD, POD,
Seed germination in the . CAT, APX). Modulation of gene
. . Dehydration, . L
Medicago sativa L. presence of SNP 10% PEG 6000 expression of transcription factors, [143]
(100 uM) ¢ photosynthetic proteins, redox
homeostasis genes (GST, SOD, GPX,
RBOH) and genes involved in
phytohormone signaling (ABA,
ethylene, auxins).
Regulation of ion homeostasis,
Salinity increase in the K+/Na+ ratio
Triticum aestioum SNP (0.1 mmol/L) NaCl accompanied by activation of [157]
(150 mmol/L) membrane ion pumps H+-ATPase
and H+-PPase in root cells.
Reducing the salinity-induced levels
Salinity of gene expression of ion
Brassica napus 1Q0 uM SNP NaCl (100 mM) or transporters: BnCNGC1, BnCNGC2, [125]
foliar spraying Na,S0, (50 mM) BnAKT1, BnSultr4:1 and BnSultr4:2
oM and decreasing the ratio of Na* and
K* ions.
. . Improving the uptake of mineral
Capsgcum e SNP treatment NaCl-{nfiuced nutrition elements: K, Ca, Mg, Zn, [160,161]
Gossypium hirsutum salinity Fe B
Defense of the photosynthetic
Brassica juncea SNP treatment NaCl—l.nfluced apparatus, mamta}mmg chlorophyll [163-165]
salinity levels and protection of chloroplasts
thylakoid system.
Activation of the antioxidant system,
Triticum aestivum SNP treatment Low-temperature protection of cell membrane [182,183]
Cynodon dactylon stress structures and photosynthetic
apparatus.
Inhibition of NO Decrease in the level of cold-induced
Arabidopsis thaliana. production (nial/nia2 Low-temperature expresggn of the CBF1 and CBF3 [175,177]
mutants, treatment stress transcriptional factors and genes of
with cPTIO) COR15a, LTI30, and LTI17 proteins.
Increase in seedlings’ survival level.
Heat stress Decrease in stress-induced
Zea mays SNP (015 uM) (48°C) for 18 h electrolyte leakage and [196]
MDA production.
Increased ascorbate, glutathione
production, activation of SOD, CAT,
- . Heat stress POD, monodehydroascorbate
Triticum aestioum SNP pretreatment (38°C) for48 h reductase, glyoxylase, maintaining [1971
of chlorophyll levels, improvement
of growth.
Solanum lycopersicum SNP treatment Heat-stress Increase.of the Conte.nt of OSmOI}’teS: [199]
proline and glycine-betaine.
Activation of gene expression of
Oryza sativa SNP treatment Heat-stress pyrroline-5-carboxylate [153]

reductase (P5CR).
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Table 1. Cont.

Plant Species

Modulation

of NO Level Stress Treatment NO Effects Reference

Arabidopsis thaliana

Activation of heat shock
transcription factors (HSFs),
followed by activation of AtHsp18.2
Heat-stress gene expression and accumulation [190,203]
of the HSP18.2 protein, which
positively correlates with plants’
thermo-tolerance.

SNP or SNAP
treatment

Hordeum vulgare

Mitigation of the harmful effects of
CuCl, (200 uM) on seedlings’
growth and photosynthetic
efficiency, decrease in lipid
peroxidation levels, alleviation of
oxidative stress.

Decrease in the stress-induced
production of peroxide (HyO»),
superoxide radical (O,°7), hydroxyl
radical (OH®) and MDA, inhibition
of lipoxygenase activity, stimulation
of antioxidant enzymes (SOD, CAT,
APX, GPOX) and stabilization of the
glutathione-ascorbate cycle.

SNP (500 M) CuCl, (200 M) [214]

Arundinaria pygmaea

Activation of SOD, CAT, APX, POD,
maintaining of the photosynthetic
SNP treatment Cd?* or Pb%+ pigments: Chl-a, Chl-b, carotenoids, [215]
accumulation of osmoprotectants:
glycine-betaine and proline.

Oryza sativa

Enhancement in the expression of
the genes for metallothioneins
OsMT-I-1a and OsMT-I-1b,
phytochelatin synthases OsPCS1
and OsPCS2, and metal tolerance [223,224]
proteins OsMTP1 and OsMTP5,
which all play important functions
in maintaining metal
ions homeostasis.

Pb, Hg, Cr, Cu,

P treat t .
SNP treatmen and Zn ions

References

Author Contributions: Conceptualization, C.R.A.; writing—original draft preparation, C.R.A;
writing—review and editing, A.M.A. and A R.L.; visualization, A.M.A.; supervision, C.R.A.; project
administration, C.R.A.; funding acquisition, C.R.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was funded by Russian Science Foundation, grant number 22-24-00196, http:
/ /rscf.ru/project/22-24-00196/, accessed on 29 December 2021.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Hancock, J.T. Nitric oxide signaling in plants. Plants 2020, 9, 1550. [CrossRef] [PubMed]
2. Koshland, D.E,, Jr. The molecule of the year. Science 1992, 258, 1861. [CrossRef] [PubMed]
3.  Misra, A.N.; Misra, M.; Singh, R. Nitric oxide ameliorates stress responses in plants. Plant Soil Environ. 2011, 57, 95-100. [CrossRef]


http://rscf.ru/project/22-24-00196/
http://rscf.ru/project/22-24-00196/
https://doi.org/10.3390/plants9111550
https://www.ncbi.nlm.nih.gov/pubmed/33198158
https://doi.org/10.1126/science.1470903
https://www.ncbi.nlm.nih.gov/pubmed/1470903
https://doi.org/10.17221/202/2010-PSE

Int. . Mol. Sci. 2023, 24, 11637 24 of 32

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Karpets, Y.V.; Kolupaev, Y.E. Functional interaction of nitric oxide with reactive oxygen species and calcium ions at development
of plants adaptive responses. Bull. Kharkiv Natl. Agrar. Univ. Ser. Biol. 2017, 2, 6-31. [CrossRef]

Verma, N.; Tiwari, S.; Singh, V.P,; Prasad, S.M. Nitric oxide in plants: An ancient molecule with new tasks. Plant Growth Regul.
2020, 90, 1-13. [CrossRef]

Begara-Morales, ].C.; Chaki, M.; Valderrama, R.; Sanchez-Calvo, B.; Mata-Pérez, C.; Padilla, M.N.; Corpas, E]J.; Barroso, J.B. Nitric
oxide buffering and conditional nitric oxide release in stress response. J. Exp. Bot. 2018, 69, 3425-3438. [CrossRef]

Kolbert, Z.; Barroso, ].B.; Brouquisse, R.; Corpas, FJ.; Gupta, K.J.; Lindermayr, C.; Loake, G.J.; Palma, ].M.; Petfivalsky, M.;
Wendehenne, D.; et al. A forty year journey: The generation and roles of NO in plants. Nitric Oxide 2019, 93, 53-70. [CrossRef]
Corpas, EJ.; Gonzalez-Gordo, S.; Palma, ].M. Nitric oxide (NO) scaffolds the peroxisomal protein—protein interaction network in
higher plants. Int. J. Mol. Sci. 2021, 22, 2444. [CrossRef]

Corpas, F.; Gonzalez-Gordo, S.; Palma, J. Nitric oxide: A radical molecule with potential biotechnological applications in fruit
ripening. J. Biotechnol. 2020, 324, 211-219. [CrossRef]

Khan, M.; Alj, S.; Al Azzawi, TN.L; Saqib, S.; Ullah, E; Ayaz, A.; Zaman, W. The key roles of ROS and RNS as a signaling molecule
in plant-microbe interactions. Antioxidants 2023, 12, 268. [CrossRef]

Asgher, M; Per, T.S.; Masood, A.; Fatma, M.; Freschi, L.; Corpas, FJ.; Khan, N.A. Nitric oxide signaling and its crosstalk with
other plant growth regulators in plant responses to abiotic stress. Environ. Sci. Pollut. Res. 2017, 24, 2273-2285. [CrossRef]

Del Castello, F.; Nejamkin, A.; Cassia, R.; Correa-Aragunde, N.; Ferndndez, B.; Foresi, N.; Lombardo, C.; Ramirez, L.; Lamattina,
L. The era of nitric oxide in plant biology: Twenty years tying up loose ends. Nitric Oxide 2019, 85, 17-27. [CrossRef]

Astier, J.; Gross, I; Durner, ]. Nitric oxide production in plants: An update. J. Exp. Bot. 2018, 69, 3401-3411. [CrossRef] [PubMed]
Corpas, EJ.; Del Rio, L.A.; Palma, ].M. Impact of nitric oxide (NO) on the ROS metabolism of peroxisomes. Plants 2019, 8, 37.
[CrossRef] [PubMed]

Klepper, L. Nitric oxide (NO) and nitrogen dioxide (NO,) emissions from herbicide-treated soybean plants. Atmos. Environ. 1979,
13, 537-542. [CrossRef]

Gupta, KJ.; Fernie, A.R.; Kaiser, WM.; van Dongen, J.T. On the origins of nitric oxide. Trends Plant Sci. 2011, 16, 160-168.
[CrossRef]

Mamaeva, A.S.; Fomenkov, A.A.; Nosov, A.V.; Moshkov, LE.; Novikova, G.V.; Mur, L.A ].; Hall, M.A. Regulatory role of nitric
oxide in plants. Russ. J. Plant Physiol. 2015, 62, 427-440. [CrossRef]

Nabi, R.B.S.; Tayade, R.; Hussain, A.; Kulkarni, K.P.; Imran, Q.M.; Mun, B.G.; Yun, B.W. Nitric oxide regulates plant responses to
drought, salinity, and heavy metal stress. Environ. Exp. Bot. 2019, 161, 120-133. [CrossRef]

Correa-Aragunde, N.; Foresi, N.; Lamattina, L. Structure diversity of nitric oxide synthases (NOS): The emergence of new forms
in photosynthetic organisms. Front. Plant Sci. 2013, 4, 232. [CrossRef]

Jeandroz, S.; Wipf, D.; Stuehr, D.J.; Lamattina, L.; Melkonian, M.; Tian, Z.; Zhu, Y.; Carpenter, E.J.; Wong, G.K.; Wendehenne,
D. Occurrence, structure, and evolution of nitric oxide synthase-like proteins in the plant kingdom. Sci. Signal. 2016, 9, re2.
[CrossRef]

Ledn, J.; Costa-Broseta, A. Present knowledge and controversies, deficiencies, and misconceptions on nitric oxide synthesis,
sensing, and signaling in plants. Plant Cell Environ. 2020, 43, 1-15. [CrossRef]

Recalde, L.; Gémez Mansur, N.M.; Cabrera, A.V.; Matayoshi, C.L.; Gallego, S.M.; Groppa, M.D.; Benavides, M.P. Unraveling ties
in the nitrogen network: Polyamines and nitric oxide emerging as essential players in signalling roadway. Ann. Appl. Biol. 2021,
178, 192-208. [CrossRef]

Corpas, EJ.; Barroso, J.B. Nitric oxide synthase-like activity in higher plants. Nitric Oxide 2017, 68, 5-6. [CrossRef] [PubMed]
Prochazkova, D.; Haisel, D.; Pavlikova, D. Nitric oxide biosynthesis in plants—the short overview. Plant Soil Environ. 2014, 60,
129-134. [CrossRef]

Kolbert, Z.; Lindermayr, C.; Loake, G.J. The role of nitric oxide in plant biology: Current insights and future perspectives. J. Exp.
Bot. 2021, 72, 777-780. [CrossRef] [PubMed]

Agurla, S.; Gayatri, G.; Raghavendra, A.S. Polyamines increase nitric oxide and reactive oxygen species in guard cells of
Arabidopsis thaliana during stomatal closure. Protoplasma 2018, 255, 153-162. [CrossRef]

Flores, T.; Todd, C.D.; Tovar-Mendez, A.; Dhanoa, PK.; Correa-Aragunde, N.; Hoyos, M.E.; Brownfield, D.M.; Mullen, R.T,;
Lamattina, L.; Polacco, J.C. Arginase-negative mutants of Arabidopsis exhibit increased nitric oxide signaling in root development.
Plant Physiol. 2008, 147, 1936-1946. [CrossRef] [PubMed]

Tun, N.N.; Santa-Catarina, C.; Begum, T.; Silveira, V.; Handro, W.; Floh, E.L; Scherer, G.F. Polyamines induce rapid biosynthesis of
nitric oxide (NO) in Arabidopsis thaliana seedlings. Plant Cell Physiol. 2006, 47, 346-354. [CrossRef]

Wimalasekera, R.; Villar, C.; Begum, T.; Scherer, G.F. COPPER AMINE OXIDASE1 (CuAO1) of Arabidopsis thaliana contributes to
abscisic acid-and polyamine-induced nitric oxide biosynthesis and abscisic acid signal transduction. Mol. Plant 2011, 4, 663-678.
[CrossRef]

GroB, F,; Rudolf, E.E; Thiele, B.; Durner, J.; Astier, ]. Copper amine oxidase 8 regulates arginine-dependent nitric oxide production
in Arabidopsis thaliana. J. Exp. Bot. 2017, 68, 2149-2162. [CrossRef]


https://doi.org/10.35550/vbio2017.02.006
https://doi.org/10.1007/s10725-019-00543-w
https://doi.org/10.1093/jxb/ery072
https://doi.org/10.1016/j.niox.2019.09.006
https://doi.org/10.3390/ijms22052444
https://doi.org/10.1016/j.jbiotec.2020.10.020
https://doi.org/10.3390/antiox12020268
https://doi.org/10.1007/s11356-016-7947-8
https://doi.org/10.1016/j.niox.2019.01.013
https://doi.org/10.1093/jxb/erx420
https://www.ncbi.nlm.nih.gov/pubmed/29240949
https://doi.org/10.3390/plants8020037
https://www.ncbi.nlm.nih.gov/pubmed/30744153
https://doi.org/10.1016/0004-6981(79)90148-3
https://doi.org/10.1016/j.tplants.2010.11.007
https://doi.org/10.1134/S1021443715040135
https://doi.org/10.1016/j.envexpbot.2019.02.003
https://doi.org/10.3389/fpls.2013.00232
https://doi.org/10.1126/scisignal.aad4403
https://doi.org/10.1111/pce.13617
https://doi.org/10.1111/aab.12642
https://doi.org/10.1016/j.niox.2016.10.009
https://www.ncbi.nlm.nih.gov/pubmed/27816665
https://doi.org/10.17221/901/2013-PSE
https://doi.org/10.1093/jxb/erab013
https://www.ncbi.nlm.nih.gov/pubmed/33570126
https://doi.org/10.1007/s00709-017-1139-3
https://doi.org/10.1104/pp.108.121459
https://www.ncbi.nlm.nih.gov/pubmed/18567826
https://doi.org/10.1093/pcp/pci252
https://doi.org/10.1093/mp/ssr023
https://doi.org/10.1093/jxb/erx105

Int. . Mol. Sci. 2023, 24, 11637 25 of 32

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Jankt, M,; Tichd, T.; Luhova, L.; Petfivalsky, M. Compartmentalization of reactive oxygen species and nitric oxide production
in plant cells. In Reactive Oxygen, Nitrogen and Sulfur Species in Plants: Production, Metabolism, Signaling and Defense Mechanisms;
Hasanuzzaman, M., Fotopoulos, V., Nahar, K., Fujita, M., Eds.; Wiley: Hoboken, NJ, USA, 2019; Chapter 40, pp. 923-945.
[CrossRef]

Wang, P.G.; Xian, M.; Tang, X.; Wu, X.; Wen, Z.; Cai, T.; Janczuk, A.]. Nitric oxide donors: Chemical activities and biological
applications. Chem. Rev. 2002, 102, 1091-1134. [CrossRef] [PubMed]

Caranto, J.D.; Lancaster, K.M. Nitric oxide is an obligate bacterial nitrification intermediate produced by hydroxylamine
oxidoreductase. Proc. Natl. Acad. Sci. USA 2017, 114, 8217-8222. [CrossRef]

Hooper, A.B.; Terry, K.R. Hydroxylamine oxidoreductase of Nitrosomonas: Production of nitric oxide from hydroxylamine.
Biochim. Biophys. Acta-Enzym. 1979, 571, 12-20. [CrossRef]

DeMaster, E.G.; Raij, L.; Archer, S.L.; Weir, E.K. Hydroxylamine is a vasorelaxant and a possible intermediate in the oxidative
conversion of L-arginine to nitric oxide. Biochem. Biophys. Res. Commun. 1989, 163, 527-533. [CrossRef]

Riimer, S.; Gupta, K.J.; Kaiser, W.M. Oxidation of hydroxylamines to NO by plant cells. Plant Signal. Behav. 2009, 4, 853-855.
[CrossRef]

Riimer, S.; Gupta, K.J.; Kaiser, W.M. Plant cells oxidize hydroxylamines to NO. J. Exp. Bot. 2009, 60, 2065-2072. [CrossRef]
[PubMed]

Yamasaki, H. Nitrite-dependent nitric oxide production pathway: Implications for involvement of active nitrogen species in
photoinhibition in vivo. Philos. Trans. R. Soc. Ser. B Biol. Sci. 2000, 355, 1477-1488. [CrossRef]

Bethke, P.C.; Badger, M.R.; Jones, R.L. Apoplastic synthesis of nitric oxide by plant tissues. Plant Cell 2004, 16, 332-341. [CrossRef]
[PubMed]

Gupta, K.J.; Kumari, A.; Florez-Sarasa, I.; Fernie, A.R.; Igamberdiev, A.U. Interaction of nitric oxide with the components of the
plant mitochondrial electron transport chain. J. Exp. Bot. 2018, 69, 3413-3424. [CrossRef]

Maia, L.B.; Moura, ].J.G. Nitrite reduction by molybdoenzymes: A new class of nitric oxide-forming nitrite reductases. J. Biol.
Inorg. Chem. 2015, 20, 403—433. [CrossRef]

Wang, J.; Keceli, G.; Cao, R; Su, J.; Mi, Z. Molybdenum-containing nitrite reductases: Spectroscopic characterization and redox
mechanism. Redox Rep. 2017, 22, 17-25. [CrossRef] [PubMed]

Rajagopalan, K.V.; Johnson, J.L. The pterin molybdenum cofactors. J. Biol. Chem. 1992, 267, 10199-10202. [CrossRef] [PubMed]
Mendel, R.R. Metabolism of Molybdenum. In Metallomics and the Cell Metal Ions in Life Sciences; Springer: Dordrecht, The
Netherlands, 2013; pp. 503-528. [CrossRef]

Nieter Burgmayer, S.J.; Kirk, M.L. The role of the pyranopterin dithiolene component of moco in molybdoenzyme catalysis. In
Metallocofactors That Activate Small Molecules. Structure and Bonding; Ribbe, M., Ed.; Springer Nature: Basel, Switzerland, 2019;
Volume 179, pp. 101-151. [CrossRef]

Bender, D.; Schwarz, G. Nitrite-dependent nitric oxide synthesis by molybdenum enzymes. FEBS Lett. 2018, 592, 2126-2139.
[CrossRef]

Chamizo-Ampudia, A.; Sanz-Luque, E.; Llamas, A.; Galvan, A.; Fernandez, E. Nitrate reductase regulates plant nitric oxide
homeostasis. Trends Plant Sci. 2017, 22, 163-174. [CrossRef] [PubMed]

Cordas, C.M.; Moura, ].].G. Molybdenum and tungsten enzymes redox properties—A brief overview. Coord. Chem. Rev. 2019, 394,
53-64. [CrossRef]

Mohn, M.A; Thaqj, B.; Fischer-Schrader, K. Isoform-specific NO synthesis by Arabidopsis thaliana nitrate reductase. Plants 2019, 8,
67. [CrossRef] [PubMed]

Pardo-Hernandez, M.; Lépez-Delacalle, M.; Rivero, R.M. ROS and NO regulation by melatonin under abiotic stress in plants.
Antioxidants 2020, 9, 1078. [CrossRef]

Chamizo-Ampudia, A.; Sanz-Luque, E.; Llamas, A.; Ocafia-Calahorro, F.; Mariscal, V.; Carreras, A.; Barroso, J.B.; Galvan, A.;
Fernandez, E. A dual system formed by the ARC and NR molybdoenzymes mediates nitrite-dependent NO production in
Chlamydomonas. Plant Cell Environ. 2016, 39, 2097-2107. [CrossRef]

Tejada-Jimenez, M.; Llamas, A.; Galvan, A.; Fernandez, E. Role of nitrate reductase in NO production in photosynthetic eukaryotes.
Plants 2019, 8, 56. [CrossRef]

Campbell, W.H. Nitrate reductase structure, function and regulation: Bridging the gap between biochemistry and physiology.
Annu. Rev. Plant Physiol. Plant Mol. Biol. 1999, 50, 277-303. [CrossRef]

Kaiser, WM.; Planchet, E.; Rumer, S. Nitrate Reductase and Nitric Oxide. In Nitrogen Metabolism in Plants in the Post-Genomic Era;
Wiley: Hoboken, NJ, USA, 2018; Volume 42. [CrossRef]

Campbell, W. Structure and function of eukaryotic NAD(P)H: Nitrate reductase. Cell. Mol. Life Sci. 2001, 58, 194-204. [CrossRef]
[PubMed]

Dean, J.V.; Harper, J.E. The conversion of nitrite to nitrogen oxide(s) by the constitutive NAD(P)H-nitrate reductase enzyme from
soybean. Plant Physiol. 1988, 88, 389-395. [CrossRef]

Rosales, E.P; Iannone, M.F.; Groppa, M.D.; Benavides, M.P. Nitric oxide inhibits nitrate reductase activity in wheat leaves. Plant
Physiol. Biochem. 2011, 49, 124-130. [CrossRef] [PubMed]

Hao, F; Zhao, S.; Dong, H.; Zhang, H.; Sun, L.; Miao, C. Nial and Nia2 are involved in exogenous salicylic acid-induced nitric
oxide generation and stomatal closure in Arabidopsis. ]. Integr. Plant Biol. 2010, 52, 298-307. [CrossRef]


https://doi.org/10.1002/9781119468677.ch40
https://doi.org/10.1021/cr000040l
https://www.ncbi.nlm.nih.gov/pubmed/11942788
https://doi.org/10.1073/pnas.1704504114
https://doi.org/10.1016/0005-2744(79)90220-1
https://doi.org/10.1016/0006-291X(89)92169-4
https://doi.org/10.4161/psb.4.9.9378
https://doi.org/10.1093/jxb/erp077
https://www.ncbi.nlm.nih.gov/pubmed/19357430
https://doi.org/10.1098/rstb.2000.0708
https://doi.org/10.1105/tpc.017822
https://www.ncbi.nlm.nih.gov/pubmed/14742874
https://doi.org/10.1093/jxb/ery119
https://doi.org/10.1007/s00775-014-1234-2
https://doi.org/10.1080/13510002.2016.1206175
https://www.ncbi.nlm.nih.gov/pubmed/27686142
https://doi.org/10.1016/S0021-9258(19)50001-1
https://www.ncbi.nlm.nih.gov/pubmed/1587808
https://doi.org/10.1007/978-94-007-5561-1_15
https://doi.org/10.1007/430_2019_31
https://doi.org/10.1002/1873-3468.13089
https://doi.org/10.1016/j.tplants.2016.12.001
https://www.ncbi.nlm.nih.gov/pubmed/28065651
https://doi.org/10.1016/j.ccr.2019.05.005
https://doi.org/10.3390/plants8030067
https://www.ncbi.nlm.nih.gov/pubmed/30884848
https://doi.org/10.3390/antiox9111078
https://doi.org/10.1111/pce.12739
https://doi.org/10.3390/plants8030056
https://doi.org/10.1146/annurev.arplant.50.1.277
https://doi.org/10.1002/9781119312994.apr0453
https://doi.org/10.1007/PL00000847
https://www.ncbi.nlm.nih.gov/pubmed/11289301
https://doi.org/10.1104/pp.88.2.389
https://doi.org/10.1016/j.plaphy.2010.10.009
https://www.ncbi.nlm.nih.gov/pubmed/21093280
https://doi.org/10.1111/j.1744-7909.2010.00920.x

Int. . Mol. Sci. 2023, 24, 11637 26 of 32

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Chen, Z.H.; Wang, Y.; Wang, ].W.; Babla, M.; Zhao, C.; Garcia-Mata, C.; Sani, E.; Differ, C.; Mak, M.; Hills, A ; et al. Nitrate
reductase mutation alters potassium nutrition as well as nitric oxide-mediated control of guard cell ion channels in Arabidopsis.
New Phytol. 2016, 209, 1456-1469. [CrossRef] [PubMed]

Zhao, C.; Cai, S.; Wang, Y.; Chen, Z. Loss of nitrate reductases NIA1 and NIA2 impairs stomatal closure by altering genes of core
ABA signaling components in Arabidopsis. Plant Signal. Behav. 2016, 11, e1183088. [CrossRef]

Jin, CW,; Du, S.T; Zhang, Y.S.; Lin, X.Y.; Tang, C.X. Differential regulatory role of nitric oxide in mediating nitrate reductase
activity in roots of tomato (Solanum lycocarpum). Ann. Bot. 2009, 104, 9-17. [CrossRef]

Manoli, A.; Begheldo, M.; Genre, A.; Lanfranco, L.; Trevisan, S.; Quaggiotti, S. NO homeostasis is a key regulator of early nitrate
perception and root elongation in maize. J. Exp. Bot. 2014, 65, 185-200. [CrossRef] [PubMed]

Rockel, P.; Strube, E.; Rockel, A.; Wildt, J.; Kaiser, WM. Regulation of nitric oxide (NO) production by plant nitrate reductase
in vivo and in vitro. J. Exp. Bot. 2002, 53, 103-110. [CrossRef] [PubMed]

Lea, U.S.; Ten Hoopen, E; Provan, E; Kaiser, W.M.; Meyer, C.; Lillo, C. Mutation of the regulatory phosphorylation site of tobacco
nitrate reductase results in high nitrite excretion and NO emission from leaf and root tissue. Planta 2004, 219, 59-65. [CrossRef]
Lombardo, M.C.; Lamattina, L. Nitric oxide is essential for vesicle formation and trafficking in Arabidopsis root hair growth. J. Exp.
Bot. 2012, 63, 4875-4885. [CrossRef] [PubMed]

Seligman, K.; Saviani, E.E.; Oliveira, H.C.; Pinto-Maglio, C.A.E,; Salgado, I. Floral transition and nitric oxide emission during
flower development in Arabidopsis thaliana is affected in nitrate reductase-deficient plants. Plant Cell Physiol. 2008, 49, 1112-1121.
[CrossRef]

Garcia-Mata, C.; Lamattina, L. Nitric oxide and abscisic acid cross talk in guard cells. Plant Physiol. 2002, 128, 790-792. [CrossRef]
[PubMed]

Freschi, L. Nitric oxide and phytohormone interactions: Current status and perspectives. Front. Plant Sci. 2013, 4, 398. [CrossRef]
[PubMed]

Hu, Y,; You, J.; Liang, X. Nitrate reductase-mediated nitric oxide production is involved in copper tolerance in shoots of hulless
barley. Plant Cell Rep. 2015, 34, 367-379. [CrossRef]

Fu, Y.E; Zhang, ZW.; Yuan, S. Putative connections between nitrate reductase S-nitrosylation and NO synthesis under pathogen
attacks and abiotic stresses. Front. Plant Sci. 2018, 9, 474. [CrossRef] [PubMed]

Zhao, G.; Zhao, Y.; Lou, W,; Su, ].; Wei, S.; Yang, X.; Wang, R.; Guan, R.; Pu, H.; Shen, W. Nitrate reductase-dependent nitric oxide
is crucial for multi-walled carbon nanotube-induced plant tolerance against salinity. Nanoscale 2019, 11, 10511-10523. [CrossRef]
[PubMed]

Sparacino-Watkins, C.E.; Tejero, J.; Sun, B.; Gauthier, M.C.; Thomas, J.; Ragireddy, V.; Merchant, B.A.; Wang, J.; Azarov, L; Basu, P;
et al. Nitrite reductase and nitric-oxide synthase activity of the mitochondrial molybdopterin enzymes mARC1 and mARC2. J.
Biol. Chem. 2014, 289, 10345-10358. [CrossRef]

Havemeyer, A.; Bittner, F.; Wollers, S.; Mendel, R.; Kunze, T.; Clement, B. Identification of the missing component in the
mitochondrial benzamidoxime prodrug-converting system as a novel molybdenum enzyme. J. Biol. Chem. 2006, 281, 34796-34802.
[CrossRef]

Rana, M.S.; Bhantana, P; Sun, X.-C.; Imran, M.; Shaaban, M.; Moussa, M.G.; Saleem, M.H.; Elyamine, A.M.; Binyamin, R.; Alam,
M.; et al. Molybdenum as an essential element for crops: An overview. Biomed. ]. Sci. Tech. Res. 2020, 24, 18535-18547. [CrossRef]
Tejada-Jiménez, M.; Chamizo-Ampudia, A.; Galvan, A.; Fernandez, E.; Llamas, A. Molybdenum metabolism in plants. Metallomics
2013, 5, 1191-1203. [CrossRef]

Klein, J. Cellular Maturation of Mitochondrial Molybdoenzymes. Ph.D. Thesis, Universitit zu Koln, Kéln, Germany, 2012.
Available online: http:/ /kups.ub.uni-koeln.de/id/eprint/4944 (accessed on 6 November 2012).

Godber, B.L.; Doel, J.].; Sapkota, G.P; Blake, D.R.; Stevens, C.R.; Eisenthal, R.; Harrison, R. Reduction of nitrite to nitric oxide
catalyzed by xanthine oxidoreductase. J. Biol. Chem. 2000, 275, 7757-7763. [CrossRef] [PubMed]

Wang, B.L.; Tang, X.Y.; Cheng, L.Y.; Zhang, A.Z.; Zhang, W.H.; Zhang, ES.; Liu, ].Q.; Cao, Y.; Allan, D.L.; Vance, C.P; et al. Nitric
oxide is involved in phosphorus deficiency-induced cluster-root development and citrate exudation in white lupin. New Phytol.
2010, 187, 1112-1123. [CrossRef]

Kravchenko, A.P; Toxobayeva, G.A.; Kausbekova, A.; Bersimbaev, R.I. TOR complex 1 impact on activity and genes expression of
the aldehyde oxidase enzyme in Arabidopsis thaliana. News Natl. Acad. Sci. Repub. Kazakhstan-Ser. Biol. Med. 2017, 5, 57-65.
Wang, J.; Krizowski, S.; Fischer-Schrader, K.; Niks, D.; Tejero, J.; Sparacino-Watkins, C.; Wang, L.; Ragireddy, V.; Frizzell, S.; Kelley,
E.E.; et al. Sulfite oxidase catalyzes single-electron transfer at molybdenum domain to reduce nitrite to nitric oxide. Antioxid.
Redox Signal. 2015, 23, 283-294. [CrossRef] [PubMed]

Eilers, T.; Schwarz, G.; Brinkmann, H.; Witt, C.; Richter, T.; Nieder, J.; Koch, B.; Hille, R.; Hansch, R.; Mendel, R.R. Identification
and biochemical characterization of Arabidopsis thaliana sulfite oxidase. A new player in plant sulfur metabolism. J. Biol. Chem.
2001, 276, 46989-46994. [CrossRef]

Schrader, N.; Fischer, K.; Theis, K.; Mendel, R.R.; Schwarz, G.; Kisker, C. The crystal structure of plant sulfite oxidase provides
insights into sulfite oxidation in plants and animals. Structure 2003, 11, 1251-1263. [CrossRef] [PubMed]

Igamberdiev, A.U.; Ratcliffe, R.G.; Gupta, K.J. Plant mitochondria: Source and target for nitric oxide. Mitochondrion 2014, 19,
329-333. [CrossRef]


https://doi.org/10.1111/nph.13714
https://www.ncbi.nlm.nih.gov/pubmed/26508536
https://doi.org/10.1080/15592324.2016.1183088
https://doi.org/10.1093/aob/mcp087
https://doi.org/10.1093/jxb/ert358
https://www.ncbi.nlm.nih.gov/pubmed/24220653
https://doi.org/10.1093/jexbot/53.366.103
https://www.ncbi.nlm.nih.gov/pubmed/11741046
https://doi.org/10.1007/s00425-004-1209-6
https://doi.org/10.1093/jxb/ers166
https://www.ncbi.nlm.nih.gov/pubmed/22791827
https://doi.org/10.1093/pcp/pcn089
https://doi.org/10.1104/pp.011020
https://www.ncbi.nlm.nih.gov/pubmed/11891235
https://doi.org/10.3389/fpls.2013.00398
https://www.ncbi.nlm.nih.gov/pubmed/24130567
https://doi.org/10.1007/s00299-014-1715-3
https://doi.org/10.3389/fpls.2018.00474
https://www.ncbi.nlm.nih.gov/pubmed/29696031
https://doi.org/10.1039/C8NR10514F
https://www.ncbi.nlm.nih.gov/pubmed/31116204
https://doi.org/10.1074/jbc.M114.555177
https://doi.org/10.1074/jbc.M607697200
https://doi.org/10.26717/BJSTR.2020.24.004104
https://doi.org/10.1039/c3mt00078h
http://kups.ub.uni-koeln.de/id/eprint/4944
https://doi.org/10.1074/jbc.275.11.7757
https://www.ncbi.nlm.nih.gov/pubmed/10713088
https://doi.org/10.1111/j.1469-8137.2010.03323.x
https://doi.org/10.1089/ars.2013.5397
https://www.ncbi.nlm.nih.gov/pubmed/25314640
https://doi.org/10.1074/jbc.M108078200
https://doi.org/10.1016/j.str.2003.09.001
https://www.ncbi.nlm.nih.gov/pubmed/14527393
https://doi.org/10.1016/j.mito.2014.02.003

Int. . Mol. Sci. 2023, 24, 11637 27 of 32

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Ostroukhova, M.; Ermilova, E. New insights into NO generation and AOX1 upregulation in Chlamydomonas. Protistology 2019, 13,
19-25. [CrossRef]

Tielens, A.G.; Rotte, C.; van Hellemond, J.J.; Martin, W. Mitochondria as we don’t know them. Trends Biochem. Sci. 2002, 27,
564-572. [CrossRef]

Gupta, KJ.; Igamberdiev, A.U. The anoxic plant mitochondrion as a nitrite: NO reductase. Mitochondrion 2011, 11, 537-543.
[CrossRef] [PubMed]

Stoimenova, M.; Igamberdiev, A.U.; Gupta, K.J.; Hill, R.D. Nitrite-driven anaerobic ATP synthesis in barley and rice root
mitochondria. Planta 2007, 226, 465-474. [CrossRef]

Gupta, K.J.; Hancock, J.T.; Petrivalsky, M.; Kolbert, Z.; Lindermayr, C.; Durner, J.; Barroso, J.B.; Palma, ].M.; Brouquisse, R.;
Wendehenne, D.; et al. Recommendations on terminology and experimental best practice associated with plant nitric oxide
research. New Phytol. 2020, 225, 1828-1834. [CrossRef] [PubMed]

Pan, Y.H.; Chen, X.X.; Dong, L.; Shao, N.; Niu, L.Y.; Yang, Q.Z. Visualizing nitric oxide-dependent HIF-1 activity under hypoxia
with a lipid droplet-targeting fluorescent probe. Chin. Chem. Lett. 2021, 32, 3895-3898. [CrossRef]

Lau, S.E.; Hamdan, M.E,; Pua, T.L.; Saidi, N.B.; Tan, B.C. Plant nitric oxide signaling under drought stress. Plants 2021, 10, 360.
[CrossRef] [PubMed]

Mur, L.A.; Mandon, J.; Persijn, S.; Cristescu, S.M.; Moshkov, L.E.; Novikova, G.V.; Hall, M.A.; Harren, EJ.; Hebelstrup, K.H.; Gupta,
K.J. Nitric oxide in plants: An assessment of the current state of knowledge. AoB Plants 2013, 5, pls052. [CrossRef]

Santisree, P.; Bhatnagar-Mathur, P.; Sharma, K.K. NO to drought-multifunctional role of nitric oxide in plant drought: Do we have
all the answers? Plant Sci. 2015, 239, 44-55. [CrossRef]

Foresi, N.; Correa-Aragunde, N.; Lamattina, L. Synthesis, actions, and perspectives of nitric oxide in photosynthetic organisms.
In Nitric Oxide; Ignarro, L.J., Freeman, B.A., Eds.; Elsevier: Amsterdam, The Netherlands, 2017; pp. 125-136. [CrossRef]
Santisree, P.; Sanivarapu, H.; Gundavarapu, S.; Sharma, K K.; Bhatnagar-Mathur, P. Nitric oxide as a signal in inducing secondary
metabolites during plant stress. In Co-Evolution of Secondary Metabolites. Reference Series in Phytochemistry; Merillon, ]. M., Ramawat,
K., Eds.; Springer Nature: Basel, Switzerland, 2019; pp. 1-29. [CrossRef]

Costa-Broseta, A.; Castillo, M.; Leén, J. Post-Translational Modifications of Nitrate Reductases Autoregulates Nitric Oxide
Biosynthesis in Arabidopsis. Int. |. Mol. Sci. 2021, 22, 549. [CrossRef]

Guo, F.Q.; Okamoto, M.; Crawford, N.M. Identification of a plant nitric oxide synthase gene involved in hormonal signaling.
Science 2003, 302, 100-103. [CrossRef]

Lozano-Juste, J.; Ledn, J. Enhanced abscisic acid-mediated responses in nialnia2noal-2 triple mutant impaired in NIA /NR-and
AtNOAI1-dependent nitric oxide biosynthesis in Arabidopsis. Plant Physiol. 2010, 152, 891-903. [CrossRef]

Hu, W.-].; Chen, |.; Liu, T.-W.; Liu, X,; Chen, J.; Wu, E-H.; Wang, W.-H.; He, ].-X,; Xiao, Q.; Zheng, H.-L. Comparative proteomic
analysis on wild type and nitric oxide-overproducing mutant (nox1) of Arabidopsis thaliana. Nitric Oxide 2014, 36, 19-30. [CrossRef]
Shi, H.; Ye, T.; Zhu, ].K.; Chan, Z. Constitutive production of nitric oxide leads to enhanced drought stress resistance and extensive
transcriptional reprogramming in Arabidopsis. |. Exp. Bot. 2014, 65, 4119-4131. [CrossRef] [PubMed]

Cai, W,; Liu, W.; Wang, W.S.; Fu, ZW.; Han, T.T.; Lu, Y.T. Overexpression of rat neurons nitric oxide synthase in rice enhances
drought and salt tolerance. PLoS ONE 2015, 10, e0131599. [CrossRef]

Sun, C.; Zhang, Y,; Liu, L.; Liu, X.; Li, B.; Jin, C.; Lin, X. Molecular functions of nitric oxide and its potential applications in
horticultural crops. Hortic. Res. 2021, 8, 71. [CrossRef]

Beligni, M.V.; Lamattina, L. Nitric oxide stimulates seed germination and de-etiolation, and inhibits hypocotyl elongation, three
light-inducible responses in plants. Planta 2000, 210, 215-221. [CrossRef] [PubMed]

Maslennikova, D.R.; Allagulova, C.R.; Fedorova, K.A.; Plotnikov, A.A.; Avalbaev, A.M.; Shakirova, FM. Cytokinins contribute to
realization of nitric oxide growth-stimulating and protective effects on wheat plants. Russ. ]. Plant Physiol. 2017, 64, 665-671.
[CrossRef]

Pandey, S.; Kumari, A.; Shree, M.; Kumar, V.; Singh, P.; Bharadwaj, C.; Loake, G.J.; Parida, S.K.; Masakapalli, S.K.; Gupta, K.J.
Nitric oxide accelerates germination via the regulation of respiration in chickpea. J. Exp. Bot. 2019, 70, 4539-4555. [CrossRef]
Zhang, H.; Shen, W.B.; Zhang, W.; Xu, L.L. A rapid response of beta-amylase to nitric oxide but not gibberellin in wheat seeds
during the early stage of germination. Planta 2005, 220, 708-716. [CrossRef] [PubMed]

Gouvea, CM.C.P; Souza, ].F; Magalhaes, A.C.N.; Martins, 1.S. NO-releasing substances that induce growth elongation in maize
root segments. Plant Growth Regul. 1997, 21, 183-187. [CrossRef]

He, Y,; Tang, R.H.; Hao, Y.; Stevens, R.D.; Cook, C.W.; Ahn, S.M; Jing, L.; Yang, Z.; Chen, L.; Guo, FEQ.; et al. Nitric oxide represses
the Arabidopsis floral transition. Science 2004, 305, 1968-1971. [CrossRef]

Prado, A.M.; Porterfield, D.M.; Feij6, J.A. Nitric oxide is involved in growth regulation and re-orientation of pollen tubes.
Development 2004, 131, 2707-2714. [CrossRef] [PubMed]

Pagnussat, G.C.; Lanteri, M.L.; Lombardo, M.C.; Lamattina, L. Nitric oxide mediates the indole acetic acid induction activation
of a mitogen-activated protein kinase cascade involved in adventitious root development. Plant Physiol. 2004, 135, 279-286.
[CrossRef] [PubMed]

Correa-Aragunde, N.; Graziano, M.; Lamattina, L. Nitric oxide plays a central role in determining lateral root development in
tomato. Planta 2004, 218, 900-905. [CrossRef] [PubMed]


https://doi.org/10.21685/1680-0826-2019-13-1-3
https://doi.org/10.1016/S0968-0004(02)02193-X
https://doi.org/10.1016/j.mito.2011.03.005
https://www.ncbi.nlm.nih.gov/pubmed/21406251
https://doi.org/10.1007/s00425-007-0496-0
https://doi.org/10.1111/nph.16157
https://www.ncbi.nlm.nih.gov/pubmed/31479520
https://doi.org/10.1016/j.cclet.2021.06.024
https://doi.org/10.3390/plants10020360
https://www.ncbi.nlm.nih.gov/pubmed/33668545
https://doi.org/10.1093/aobpla/pls052
https://doi.org/10.1016/j.plantsci.2015.07.012
https://doi.org/10.1016/B978-0-12-804273-1.00010-7
https://doi.org/10.1007/978-3-319-76887-8_61-1
https://doi.org/10.3390/ijms22020549
https://doi.org/10.1126/science.1086770
https://doi.org/10.1104/pp.109.148023
https://doi.org/10.1016/j.niox.2013.10.008
https://doi.org/10.1093/jxb/eru184
https://www.ncbi.nlm.nih.gov/pubmed/24868034
https://doi.org/10.1371/journal.pone.0131599
https://doi.org/10.1038/s41438-021-00500-7
https://doi.org/10.1007/PL00008128
https://www.ncbi.nlm.nih.gov/pubmed/10664127
https://doi.org/10.1134/S1021443717040094
https://doi.org/10.1093/jxb/erz185
https://doi.org/10.1007/s00425-004-1390-7
https://www.ncbi.nlm.nih.gov/pubmed/15517355
https://doi.org/10.1023/A:1005837012203
https://doi.org/10.1126/science.1098837
https://doi.org/10.1242/dev.01153
https://www.ncbi.nlm.nih.gov/pubmed/15128654
https://doi.org/10.1104/pp.103.038554
https://www.ncbi.nlm.nih.gov/pubmed/15122018
https://doi.org/10.1007/s00425-003-1172-7
https://www.ncbi.nlm.nih.gov/pubmed/14716561

Int. . Mol. Sci. 2023, 24, 11637 28 of 32

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.
134.

Correa-Aragunde, N.; Graziano, M.; Chevalier, C.; Lamattina, L. Nitric oxide modulates the expression of cell cycle regulatory
genes during lateral root formation in tomato. J. Exp. Bot. 2006, 57, 581-588. [CrossRef]

Lombardo, M.C.; Graziano, M.; Polacco, J.C.; Lamattina, L. Nitric oxide functions as a positive regulator of root hair development.
Plant Signal. Behav. 2006, 1, 28-33. [CrossRef]

Maskall, C.S.; Gibson, ].E.; Dart, PJ. Electron-paramagnetic-resonance studies of leghaemoglobins from soya-bean and cowpea
root nodules. Identification of nitrosyl-leghaemoglobin in crude leghaemoglobin preparations. Biochem. J. 1977, 167, 435-445.
[CrossRef]

Kanayama, Y.; Yamamoto, Y. Formation of nitrosylleghemoglobin in nodules of nitrate-treated cowpea and pea plants. Plant Cell
Physiol. 1991, 32, 19-24. [CrossRef]

Mathieu, C.; Moreau, S.; Frendo, P.; Puppo, A.; Davies, M.]. Direct detection of radicals in intact soybean nodules: Presence of
nitric oxide leghaemoglobin complexes. Free Radic. Biol. Med. 1998, 24, 1242-1249. [CrossRef]

Sasakura, F.; Uchiumi, T.; Shimoda, Y.; Suzuki, A.; Takenouchi, K.; Higashi, S.; Abe, M. A class 1 hemoglobin gene from Alnus
firma functions in symbiotic and nonsymbiotic tissues to detoxify nitric oxide. Mol. Plant Microbe Interact. 2006, 19, 441-450.
[CrossRef]

Catald, M.; Gasulla, F.; Pradas del Real, A.E.; Garcia-Breijo, F.; Reig-Armifiana, ].; Barreno, E. Fungal-associated NO is involved in
the regulation of oxidative stress during rehydration in lichen symbiosis. BMC Microbiol. 2010, 10, 297. [CrossRef]

Espinosa, F.; Garrido, I.; Ortega, A.; Casimiro, I.; Alvarez-Tinaut, M.C. Redox activities and ROS, NO and phenylpropanoids
production by axenically cultured intact olive seedling roots after interaction with a mycorrhizal or a pathogenic fungus. PLoS
ONE 2014, 9, €100132. [CrossRef]

Kolbert, Z.; Bartha, B.; Erdei, L. Generation of nitric oxide in roots of Pisum sativum, Triticum aestivum and Petroselinum crispum
plants under osmotic and drought stress. Acta Biol. Szeged. 2005, 49, 13-16. Available online: https://abs.bibl.u-szeged.hu/index.
php/abs/article/view /2402 (accessed on 25 August 2005).

Planchet, E.; Verdu, I.; Delahaie, J.; Cukier, C.; Girard, C.; Morére-Le Paven, M.C.; Limami, A.M. Abscisic acid-induced nitric
oxide and proline accumulation in independent pathways under water-deficit stress during seedling establishment in Medicago
truncatula. J. Exp. Bot. 2014, 65, 2161-2170. [CrossRef]

Silveira, N.M.; Frungillo, L.; Marcos, F.C.C.; Pelegrino, M.T.; Miranda, M.T.; Seabra, A.B.; Salgado, I.; Machado, E.C.; Ribeiro, R.V.
Exogenous nitric oxide improves sugarcane growth and photosynthesis under water deficit. Planta 2016, 244, 181-190. [CrossRef]
[PubMed]

Xia, J.; Kong, D.; Xue, S.; Tian, W.; Li, N.; Bao, E; Hu, Y.; Du, J.; Wang, Y.; Pan, X,; et al. Nitric oxide negatively regulates
AKT1-mediated potassium uptake through modulating vitamin B6 homeostasis in Arabidopsis. Proc. Natl. Acad. Sci. USA 2014,
111, 16196-16201. [CrossRef] [PubMed]

Zhao, M.G; Tian, Q.Y.; Zhang, W.H. Nitric oxide synthase-dependent nitric oxide production is associated with salt tolerance in
Arabidopsis. Plant Physiol. 2007, 144, 206-217. [CrossRef]

David, A.; Yadav, S.; Bhatla, S.C. Sodium chloride stress induces nitric oxide accumulation in root tips and oil body surface
accompanying slower oleosin degradation in sunflower seedlings. Physiol. Plant. 2010, 140, 342-354. [CrossRef]

Huang, Q.; Farooq, M.A ; Hannan, F; Chen, W.; Ayyaz, A.; Zhang, K.; Zhou, W.; Islam, F. Endogenous nitric oxide contributes to
chloride and sulphate salinity tolerance by modulation of ion transporter expression and reestablishment of redox balance in
Brassica napus cultivars. Environ. Exp. Bot. 2022, 194, 104734. [CrossRef]

Parankusam, S.; Adimulam, S.S.; Bhatnagar-Mathur, P.; Sharma, K.K. Nitric oxide (NO) in plant heat stress tolerance: Current
knowledge and perspectives. Front. Plant Sci. 2017, 8, 1582. [CrossRef]

Corpas, EJ.; Chaki, M.; Fernandez-Ocana, A.; Valderrama, R.; Palma, ].M.; Carreras, A.; Begara-Morales, J.C.; Airaki, M.; del Rio,
L.A.; Barroso, ].B. Metabolism of reactive nitrogen species in pea plants under abiotic stress conditions. Plant Cell Physiol. 2008, 49,
1711-1722. [CrossRef]

Zhao, M.G,; Chen, L.; Zhang, L.L.; Zhang, W.H. Nitric reductase-dependent nitric oxide production is involved in cold acclimation
and freezing tolerance in Arabidopsis. Plant Physiol. 2009, 151, 755-767. [CrossRef] [PubMed]

Sehrawat, A.; Gupta, R.; Deswal, R. Nitric oxide-cold stress signalling cross-talk, evolution of a novel regulatory mechanism.
Proteomics 2013, 13, 1816-1835. [CrossRef] [PubMed]

Valentovi¢ova, K.; Haluskova, L.U.; Huttova, J.; Mistrik, I.; Tamas, L. Effect of cadmium on diaphorase activity and nitric oxide
production in barley root tips. J. Plant Physiol. 2010, 167, 10-14. [CrossRef]

Mahmood, T.; Gupta, K.J.; Kaiser, W.M. Cadmium stress stimulates nitric oxide production by wheat roots. Pak. J. Bot. 2009, 41,
1285-1290. Available online: http://mail.pakbs.org/pjbot/PDFs/41(3)/P]B41(3)1285.pdf (accessed on 10 June 2008).

Cassia, R.; Amenta, M.; Fernandez, M.B.; Nocioni, M.; Davila, V. The Role of Nitric Oxide in the Antioxidant Defense of Plants
Exposed to UV-B Radiation. In Reactive Oxygen, Nitrogen and Sulfur Species in Plants: Production, Metabolism, Signaling and Defense
Mechanisms; Hasanuzzaman, M., Fotopoulos, V., Nahar, K., Fujita, M., Eds.; Wiley: Hoboken, NJ, USA, 2019; pp. 555-572.
[CrossRef]

Beligni, M.V.; Lamattina, L. Is nitric oxide toxic or protective? Trends Plant Sci. 1999, 4, 299-300. [CrossRef] [PubMed]

Farouk, S.; Arafa, S.A. Mitigation of salinity stress in canola plants by sodium nitroprusside application. Span. J. Agric. Res. 2018,
16, €0802. [CrossRef]


https://doi.org/10.1093/jxb/erj045
https://doi.org/10.4161/psb.1.1.2398
https://doi.org/10.1042/bj1670435
https://doi.org/10.1093/oxfordjournals.pcp.a078048
https://doi.org/10.1016/S0891-5849(97)00440-1
https://doi.org/10.1094/MPMI-19-0441
https://doi.org/10.1186/1471-2180-10-297
https://doi.org/10.1371/journal.pone.0100132
https://abs.bibl.u-szeged.hu/index.php/abs/article/view/2402
https://abs.bibl.u-szeged.hu/index.php/abs/article/view/2402
https://doi.org/10.1093/jxb/eru088
https://doi.org/10.1007/s00425-016-2501-y
https://www.ncbi.nlm.nih.gov/pubmed/27002974
https://doi.org/10.1073/pnas.1417473111
https://www.ncbi.nlm.nih.gov/pubmed/25355908
https://doi.org/10.1104/pp.107.096842
https://doi.org/10.1111/j.1399-3054.2010.01408.x
https://doi.org/10.1016/j.envexpbot.2021.104734
https://doi.org/10.3389/fpls.2017.01582
https://doi.org/10.1093/pcp/pcn144
https://doi.org/10.1104/pp.109.140996
https://www.ncbi.nlm.nih.gov/pubmed/19710235
https://doi.org/10.1002/pmic.201200445
https://www.ncbi.nlm.nih.gov/pubmed/23580434
https://doi.org/10.1016/j.jplph.2009.06.018
http://mail.pakbs.org/pjbot/PDFs/41(3)/PJB41(3)1285.pdf
https://doi.org/10.1002/9781119468677.ch22
https://doi.org/10.1016/s1360-1385(99)01451-x
https://www.ncbi.nlm.nih.gov/pubmed/10431217
https://doi.org/10.5424/sjar/2018163-13252

Int. . Mol. Sci. 2023, 24, 11637 29 of 32

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Ayaz, A.; Huang, H.; Zheng, M.; Zaman, W,; Li, D.; Saqib, S.; Zhao, H.; L, S. Molecular Cloning and Functional Analysis of
GmLACS2-3 Reveals Its Involvement in Cutin and Suberin Biosynthesis along with Abiotic Stress Tolerance. Int. J. Mol. Sci. 2021,
22,9175. [CrossRef] [PubMed]

Desikan, R.; Griffiths, R.; Hancock, J.; Neill, S. A new role for an old enzyme: Nitrate reductase-mediated nitric oxide generation
is required for abscisic acid-induced stomatal closure in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 2002, 99, 16314-16318.
[CrossRef]

She, X.P; Song, X.G.; He, ].M. Role and relationship of nitric oxide and hydrogen peroxide in light/dark-regulated stomatal
movement in Vicia faba. Acta Bot. Sin. 2004, 46, 1292-1300. Available online: https://www.jipb.net/EN/Y2004/V46/111/1292
(accessed on 5 April 2004).

Zimmer-Prados, L.M.; Moreira, A.S.EP.; Magalhaes, ].R.; Franca, M.G.C. Nitric oxide increases tolerance responses to moderate
water deficit in leaves of Phaseolus vulgaris and Vigna unguiculata bean species. Physiol. Mol. Biol. Plants 2014, 20, 295-301.
[CrossRef]

Sahay, S.; Torres, E.D.L.C.; Robledo-Arratia, L.; Gupta, M. Photosynthetic activity and RAPD profile of polyethylene glycol treated
B. juncea L. under nitric oxide and abscisic acid application. J. Biotechnol. 2020, 313, 29-38. [CrossRef] [PubMed]

Da Silva Leite, R.; do Nascimento, M.N.; Tanan, T.T.; Gongalves Neto, L.P,; da Silva Ramos, C.A.; da Silva, A.L. Alleviation of
water deficit in Physalis angulata plants by nitric oxide exogenous donor. Agric. Water Manag. 2019, 216, 98-104. [CrossRef]
Wang, Y.; Suo, B.; Zhao, T.; Qu, X,; Yuan, L.; Zhao, X.; Zhao, H. Effect of nitric oxide treatment on antioxidant responses and psbA
gene expression in two wheat cultivars during grain filling stage under drought stress and rewatering. Acta Physiol. Plant. 2011,
33, 1923-1932. [CrossRef]

Neill, S.; Barros, R.; Bright, ].; Desikan, R.; Hancock, J.; Harrison, J.; Morris, P.; Ribeiro, D.; Wilson, I. Nitric oxide, stomatal closure,
and abiotic stress. J. Exp. Bot. 2008, 59, 165-176. [CrossRef]

Zhao, Y.; Wei, X,; Long, Y.; Ji, X. Transcriptional analysis reveals sodium nitroprusside affects alfalfa in response to PEG-induced
osmotic stress at germination stage. Protoplasma 2020, 257, 1345-1358. [CrossRef] [PubMed]

Rezayian, M.; Ebrahimzadeh, H.; Niknam, V. Nitric oxide stimulates antioxidant system and osmotic adjustment in soybean
under drought stress. J. Soil Sci. Plant Nutr. 2020, 20, 1122-1132. [CrossRef]

Farooq, M.; Basra, M.A.; Wahid, A.; Rehman, H. Exogenously applied nitric oxide enhances the drought tolerance in fine grain
aromatic rice (Oryza sativa L.). J. Agron. Crop Sci. 2009, 195, 254-261. [CrossRef]

Zhao, L.; Zhang, F.; Guo, J.; Yang, Y.; Li, B.; Zhang, L. Nitric oxide functions as a signal in salt resistance in the calluses from two
ecotypes of reed. Plant Physiol. 2004, 134, 849-857. [CrossRef]

Qiao, WH; Xiao, S.H.; Yu, L.; Fan, L.M. Expression of a rice gene OsNOAL1 re-establishes nitric oxide synthesis and stress-related
gene expression for salt tolerance in Arabidopsis nitric oxide associated 1 mutant Atnoal. Environ. Exp. Bot. 2009, 65, 90-98.
[CrossRef]

Gomes, M.A.D.C,; Pestana, I.A.; Santa-Catarina, C.; Hauser-Davis, R.A.; Suzuki, M.S. Salinity effects on photosynthetic pigments,
proline, biomass and nitric oxide in Salvinia auriculata Aubl. Acta Limnol. Bras. 2017, 29, €9. [CrossRef]

Valderrama, R.; Corpas, FJ.; Carrera, A.; Gomez-Rodriguez, M.V,; Chaki, M.; Pedrajas, J.R.; Fernandez-Ocana, A.; Del Rio, L.A;
Barroso, J.B. The dehydrogenase-mediated recycling of NADPH is a key antioxidant system against salt-induced oxidative stress
in olive plants. Plant Cell Environ. 2006, 29, 1449-1459. [CrossRef] [PubMed]

Xie, Y.; Mao, Y.; Lai, D.; Zhang, W.; Zheng, T.; Shen, W. Roles of NIA/NR/NOA1-dependent nitric oxide production and HY1
expression in the modulation of Arabidopsis salt tolerance. J. Exp. Bot. 2013, 64, 3045-3060. [CrossRef]

Zhou, S.; Jia, L.; Chu, H.; Wu, D.; Peng, X; Liu, X,; Zhang, J.; Zhao, J.; Chen, K.; Zhao, L. Arabidopsis CaM1 and CaM4 promote
nitric oxide production and salt resistance by inhibiting S-nitrosoglutathione reductase via direct binding. PLoS Genet. 2016, 12,
€1006255. [CrossRef]

Shang, ].X.; Li, X.; Li, C.; Zhao, L. The role of nitric oxide in plant responses to salt stress. Int. |. Mol. Sci. 2022, 23, 6167. [CrossRef]
[PubMed]

Uchida, A.; Jagendorf, A.T.; Hibino, T.; Takabe, T.; Takabe, T. Effects of hydrogen peroxide and nitric oxide on both salt and heat
stress tolerance in rice. Plant Sci. 2002, 163, 515-523. [CrossRef]

Zhang, Y.; Wang, L.; Liu, Y.; Zhang, Q.; Wei, Q.; Zhang, W. Nitric oxide enhances salt tolerance in maize seedlings through
increasing activities of proton-pump and Na*/H* antiport in the tonoplast. Planta 2006, 224, 545-555. [CrossRef]

Fan, H.; Guo, S; Jiao, Y.; Zhang, R.; Li, ]. Effects of exogenous nitric oxide on growth, active oxygen species metabolism, and
photosynthetic characteristics in cucumber seedlings under NaCl stress. Front. Agric. China 2007, 1, 308-314. [CrossRef]

Fatima, A.; Husain, T.; Suhel, M.; Prasad, S.M.; Singh, V.P. Implication of nitric oxide under salinity stress: The possible interaction
with other signaling molecules. J. Plant Growth Regul. 2022, 41, 163-177. [CrossRef]

Ruan, H.H.; Shen, W.B.; Xu, L.L. Nitric oxide modulates the activities of plasma membrane H*-ATPase and PPase in wheat
seedling roots and promotes the salt tolerance against salt stress. Acta Bot. Sin. 2004, 46, 415-422. Available online: https:
/ /www.jipb.net/EN/Y2004/V46/14/415 (accessed on 7 October 2003).

Gao, Z.; Zhang, ].; Zhang, ].; Zhang, W.; Zheng, L.; Borjigin, T.; Wang, Y. Nitric oxide alleviates salt-induced stress damage by
regulating the ascorbate-glutathione cycle and Na* /K* homeostasis in Nitraria tangutorum Bobr. Plant Physiol. Biochem. 2022, 173,
46-58. [CrossRef]


https://doi.org/10.3390/ijms22179175
https://www.ncbi.nlm.nih.gov/pubmed/34502106
https://doi.org/10.1073/pnas.252461999
https://www.jipb.net/EN/Y2004/V46/I11/1292
https://doi.org/10.1007/s12298-014-0239-1
https://doi.org/10.1016/j.jbiotec.2020.03.004
https://www.ncbi.nlm.nih.gov/pubmed/32151644
https://doi.org/10.1016/j.agwat.2019.02.001
https://doi.org/10.1007/s11738-011-0740-x
https://doi.org/10.1093/jxb/erm293
https://doi.org/10.1007/s00709-020-01508-x
https://www.ncbi.nlm.nih.gov/pubmed/32556557
https://doi.org/10.1007/s42729-020-00198-x
https://doi.org/10.1111/j.1439-037X.2009.00367.x
https://doi.org/10.1104/pp.103.030023
https://doi.org/10.1016/j.envexpbot.2008.06.002
https://doi.org/10.1590/s2179-975x4716
https://doi.org/10.1111/j.1365-3040.2006.01530.x
https://www.ncbi.nlm.nih.gov/pubmed/17080966
https://doi.org/10.1093/jxb/ert149
https://doi.org/10.1371/journal.pgen.1006255
https://doi.org/10.3390/ijms23116167
https://www.ncbi.nlm.nih.gov/pubmed/35682856
https://doi.org/10.1016/S0168-9452(02)00159-0
https://doi.org/10.1007/s00425-006-0242-z
https://doi.org/10.1007/s11703-007-0052-5
https://doi.org/10.1007/s00344-020-10255-5
https://www.jipb.net/EN/Y2004/V46/I4/415
https://www.jipb.net/EN/Y2004/V46/I4/415
https://doi.org/10.1016/j.plaphy.2022.01.017

Int. . Mol. Sci. 2023, 24, 11637 30 of 32

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Chen, J.; Xiao, Q.; Wu, E; Dong, X.; He, J.; Pei, Z.; Zheng, H. Nitric oxide enhances salt secretion and Na* sequestration in a
mangrove plant, Avicennia marina, through increasing the expression of H"-ATPase and Na*/H* antiporter under high salinity.
Tree Physiol. 2010, 30, 1570-1585. [CrossRef] [PubMed]

Shams, M.; Ekinci, M.; Ors, S.; Turan, M.; Agar, G.; Kul, R; Yildirim, E. Nitric oxide mitigates salt stress effects of pepper seedlings
by altering nutrient uptake, enzyme activity and osmolyte accumulation. Physiol. Mol. Biol. Plants 2019, 25, 1149-1161. [CrossRef]
[PubMed]

Dong, YJ.; Jinc, S.S,; Liu, S.; Xu, L.L.; Kong, J. Effects of exogenous nitric oxide on growth of cotton seedlings under stress. J. Soil
Sci. Plant Nutr. 2014, 14, 1-13. [CrossRef]

Huang, J.; Zhu, C.; Hussain, S.; Huang, J.; Liang, Q.; Zhu, L.; Cao, X.; Kong, Y.; Li, Y.; Wang, L.; et al. Effects of nitric oxide on
nitrogen metabolism and the salt resistance of rice (Oryza sativa L.) seedlings with different salt tolerances. Plant Physiol. Biochem.
2020, 155, 374-383. [CrossRef]

Fatma, M.; Masood, A.; Per, T.S.; Khan, N.A. Nitric oxide alleviates salt stress inhibited photosynthetic performance by interacting
with sulfur assimilation in mustard. Front. Plant Sci. 2016, 7, 521. [CrossRef]

Jahan, B.; AlAjmi, M.F,; Rehman, M.T.; Khan, N.A. Treatment of nitric oxide supplemented with nitrogen and sulfur regulates
photosynthetic performance and stomatal behavior in mustard under salt stress. Physiol. Plant. 2020, 168, 490-510. [CrossRef]
Sami, F,; Siddiqui, H.; Alam, P; Hayat, S. Nitric oxide mitigates the salt-induced oxidative damage in mustard by upregulating
the activity of various enzymes. J. Plant Growth Regul. 2021, 40, 2409-2432. [CrossRef]

Shen, Z.].; Chen, J.; Ghoto, K.; Hu, W].; Gao, G.F; Luo, M.R;; Li, Z.; Simon, M.; Zhu, X.Y.; Zheng, H.L. Proteomic analysis on
mangrove plant Avicennia marina leaves reveals nitric oxide enhances the salt tolerance by up-regulating photosynthetic and
energy metabolic protein expression. Tree Physiol. 2018, 38, 1605-1622. [CrossRef]

Wu, X.; Zhu, X.; Chen, J.; Yang, S.; Ding, H.; Zha, D. Nitric oxide alleviates adverse salt-induced effects by improving the
photosynthetic performance and increasing the anti-oxidant capacity of eggplant (Solanum melongena L.). |. Hortic. Sci. Biotechnol.
2013, 88, 352-360. [CrossRef]

Ahmad, P.; Ahanger, M.A.; Alyemeni, M.N.; Wijaya, L.; Alam, P.; Ashraf, M. Mitigation of sodium chloride toxicity in Solanum
Iycopersicum L. by supplementation of jasmonic acid and nitric oxide. J. Plant Interact. 2018, 13, 64-72. [CrossRef]

Khan, M.N.; Siddiqui, M.H.; Mohammad, F.; Naeem, M. Interactive role of nitric oxide and calcium chloride in enhancing
tolerance to salt stress. Nitric Oxide 2012, 27, 210-218. [CrossRef] [PubMed]

Li, Q.Y.; Niu, H.B.; Yin, J.; Wang, M.B.; Shao, H.B.; Deng, D.Z.; Chen, X.X; Ren, ].P; Li, Y.C. Protective role of exogenous nitric
oxide against oxidative-stress induced by salt stress in barley (Hordeum vulgare). Colloids Surf. B Biointerfaces 2008, 65, 220-225.
[CrossRef] [PubMed]

Du, S.T; Liu, Y.; Zhang, P; Liu, H].; Zhang, X.Q.; Zhang, R.R. Atmospheric application of trace amounts of nitric oxide enhances
tolerance to salt stress and improves nutritional quality in spinach (Spinacia oleracea L.). Food Chem. 2015, 173, 905-911. [CrossRef]
[PubMed]

Wu, X.; Zhu, W.; Zhang, H.; Ding, H.; Zhang, H. Exogenous nitric oxide protects against salt-induced oxidative stress in the
leaves from two genotypes of tomato (Lycopersicom esculentum Mill.). Acta Physiol. Plant. 2011, 33, 1199-1209. [CrossRef]
Dadasoglu, E.; Ekinci, M.; Kul, R.; Shams, M.; Turan, M.; Yildirim, E. Nitric oxide enhances salt tolerance through regulating
antioxidant enzyme activity and nutrient uptake in pea. Legume Res. 2021, 44, 41-45. [CrossRef]

Ahmad, P; Abdel Latef, A.A.; Hashem, A.; Abd_Allah, E.F; Gucel, S.; Tran, L.S.P. Nitric oxide mitigates salt stress by regulating
levels of osmolytes and antioxidant enzymes in chickpea. Front. Plant Sci. 2016, 7, 347. [CrossRef]

Puyaubert, J.; Baudouin, E. New clues for a cold case: Nitric oxide response to low temperature. Plant Cell Environ. 2014, 37,
2623-2630. [CrossRef]

Sanchez-Vicente, I.; Lorenzo, O. Nitric oxide regulation of temperature acclimation: A molecular genetic perspective. J. Exp. Bot.
2021, 72,5789-5794. [CrossRef]

Cantrel, C.; Vazquez, T.; Puyaubert, J.; Rezé, N.; Lesch, M.; Kaiser, WM.; Dutilleul, C.; Guillas, I.; Zachowski, A.; Baudouin, E.
Nitric oxide participates in cold-responsive phosphosphingolipid formation and gene expression in Arabidopsis thaliana. New
Phytol. 2011, 189, 415-427. [CrossRef]

Maijlath, I.; Szalai, G.; So6s, V.; Sebestyén, E.; Balazs, E.; Vankova, R.; Dobrev, P1; Tari, I.; Tandori, J.; Janda, T. Effect of light on the
gene expression and hormonal status of winter and spring wheat plants during cold hardening. Physiol. Plant. 2012, 145, 296-314.
[CrossRef]

Liu, Y,; Jiang, H.; Zhao, Z.; An, L. Nitric oxide synthase like activity-dependent nitric oxide production protects against
chilling-induced oxida-tive damage in Chorispora bungeana suspension cultured cells. Plant Physiol. Biochem. 2010, 48, 936-944.
[CrossRef]

Ziogas, V.; Tanou, G.; Filippou, P; Diamantidis, G.; Vasilakakis, M.; Fotopoulos, V.; Molassiotis, A. Nitrosative responses in citrus
plants exposed to sixabiotic stress conditions. Plant Physiol. Biochem. 2013, 68, 118-126. [CrossRef]

Liu, X.; Liu, B,; Xue, S.; Cai, Y.; Qi, W,; Jian, C.; Xu, S.; Wang, T.; Ren, H. Cucumber (Cucumis sativus L.) nitric oxide synthase
associated genel (CsNOAT) plays a role in chilling stress. Front. Plant Sci. 2016, 7, 1652. [CrossRef] [PubMed]

Esim, N.; Atici, O.; Mutlu, S. Effects of exogenous nitric oxide in wheat seedlings under chilling stress. Toxicol. Ind. Health 2014,
30, 268-274. [CrossRef]


https://doi.org/10.1093/treephys/tpq086
https://www.ncbi.nlm.nih.gov/pubmed/21030403
https://doi.org/10.1007/s12298-019-00692-2
https://www.ncbi.nlm.nih.gov/pubmed/31564778
https://doi.org/10.4067/S0718-95162014005000001
https://doi.org/10.1016/j.plaphy.2020.06.013
https://doi.org/10.3389/fpls.2016.00521
https://doi.org/10.1111/ppl.13056
https://doi.org/10.1007/s00344-021-10331-4
https://doi.org/10.1093/treephys/tpy058
https://doi.org/10.1080/14620316.2013.11512976
https://doi.org/10.1080/17429145.2017.1420830
https://doi.org/10.1016/j.niox.2012.07.005
https://www.ncbi.nlm.nih.gov/pubmed/22884961
https://doi.org/10.1016/j.colsurfb.2008.04.007
https://www.ncbi.nlm.nih.gov/pubmed/18502620
https://doi.org/10.1016/j.foodchem.2014.10.115
https://www.ncbi.nlm.nih.gov/pubmed/25466105
https://doi.org/10.1007/s11738-010-0648-x
https://doi.org/10.18805/LR-540
https://doi.org/10.3389/fpls.2016.00347
https://doi.org/10.1111/pce.12329
https://doi.org/10.1093/jxb/erab049
https://doi.org/10.1111/j.1469-8137.2010.03500.x
https://doi.org/10.1111/j.1399-3054.2012.01579.x
https://doi.org/10.1016/j.plaphy.2010.09.001
https://doi.org/10.1016/j.plaphy.2013.04.004
https://doi.org/10.3389/fpls.2016.01652
https://www.ncbi.nlm.nih.gov/pubmed/27891134
https://doi.org/10.1177/0748233712457444

Int. . Mol. Sci. 2023, 24, 11637 31 of 32

183.

184.

185.

186.
187.

188.

189.

190.

191.
192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

Fan, J.; Chen, K.; Amombo, E.; Hu, Z; Chen, L; Fu, J. Physiological and molecular mechanism of nitric oxide (NO) involved in
bermudagrass response to cold stress. PLoS ONE 2015, 10, e0132991. [CrossRef] [PubMed]

Puyaubert, J.; Fares, A.; Rézé, N; Peltier, J.B.; Baudouin, E. Identification of endogenously S-nitrosylated proteins in Arabidopsis
plantlets: Effect of cold stress on cysteine nitrosylation level. Plant Sci. 2014, 215, 150-156. [CrossRef] [PubMed]

Sehrawat, A.; Deswal, R. S-Nitrosylation analysis in Brassica juncea apoplast highlights the importance of nitric oxide in cold-stress
signaling. J. Proteome Res. 2014, 13, 2599-2619. [CrossRef]

Zhang, J.; Liao, W. Protein S-nitrosylation in plant abiotic stresses. Funct. Plant Biol. 2019, 47, 1-10. [CrossRef]

Zaikina, E.A.; Rumyantsev, S.D.; Sarvarova, E.R.; Kuluev, B.R. Transcription factor genes involved in plant response to abiotic
stress factors. Ecol. Genet. 2019, 17, 47-58. [CrossRef]

Zhao, R.; Sheng, ]J.; Lv, S.; Zheng, Y.; Zhang, ].; Yu, M.; Shen, L. Nitric oxide participates in the regulation of LeCBF1 gene
expression and improves cold tolerance in harvested tomato fruit. Postharvest Biol. Technol. 2011, 62, 121-126. [CrossRef]

Lee, U.; Wie, C.; Fernandez, B.O.; Feelisch, M.; Vierling, E. Modulation of nitrosative stress by S-nitrosoglutathione reductase is
critical for thermotolerance and plant growth in Arabidopsis. Plant Cell 2008, 20, 786-802. [CrossRef]

Xuan, Y,; Zhou, S.; Wang, L.; Cheng, Y.; Zhao, L. Nitric oxide functions as a signal and acts upstream of AtCaM3 in thermotolerance
in Arabidopsis seedlings. Plant Physiol. 2010, 153, 1895-1906. [CrossRef] [PubMed]

Leshem, Y.Y. Nitric Oxide in Plants. Occurance, Function and Use; Springer: Dordrecht, The Netherlands, 2001; pp. 1-154. [CrossRef]
Gould, K.S.; Lamotte, O.; Klinguer, A.; Pugin, A.; Wendehenne, D. Nitric oxide production in tobacco leaf cells: A generalized
stress response? Plant Cell Environ. 2003, 26, 1851-1862. [CrossRef]

Beard, R.A.; Anderson, D.].; Bufford, J.L.; Tallman, G. Heat reduces nitric oxide production required for auxin-mediated gene
expression and fate determination in tree tobacco guard cell protoplasts. Plant Physiol. 2012, 159, 1608-1623. [CrossRef] [PubMed]
Song, L.; Ding, W.; Zhao, M.; Sun, B.; Zhang, L. Nitric oxide protects against oxidative stress under heat stress in the calluses from
two ecotypes of reed. Plant Sci. 2006, 171, 449-458. [CrossRef]

Khan, M.N.; Mobin, M.; Abbas, Z.K. Nitric Oxide and High Temperature Stress: A Physiological Perspective. In Nitric Oxide
Action in Abiotic Stress Responses in Plants; Khan, M., Mobin, M., Mohammad, F,, Corpas, E, Eds.; Springer International Publishing:
Cham, Switzerland, 2015; pp. 77-93. [CrossRef]

Li, Z.G,; Yang, S.Z.; Long, W.B.; Yang, G.X.; Shen, Z.Z. Hydrogen sulphide may be a novel downstream signal molecule in nitric
oxide-induced heat tolerance of maize (Zea mays L.) seedlings. Plant Cell Environ. 2013, 36, 1564-1572. [CrossRef] [PubMed]
Hasanuzzaman, M.; Nahar, K.; Alam, M.M.; Fujita, M. Exogenous nitric oxide alleviates high temperature induced oxidative
stress in wheat (Triticum aestivum L.) seedlings by modulating the antioxidant defense and glyoxalase system. Aust. J. Crop Sci.
2012, 6, 1314-1323.

Karpets, Y.V.; Kolupaev, Y.E.; Vayner, A.A. Functional interaction between nitric oxide and hydrogen peroxide during formation
of wheat seedling induced heat resistance. Russ. J. Plant Physiol. 2015, 62, 65-70. [CrossRef]

Siddiqui, M.; Alamri, S.A.; Mutahhar, Y.Y.; Al-Khaishany, M.A.; Al-Qutami, H.M.; Nasir Khan, M.A. Nitric oxide and calcium
induced physiobiochemical changes in tomato (Solanum lycopersicum) plant under heat stress. Fresenius Environ. Bull. 2017, 26,
1663-1672.

Karpets, Y.V.; Kolupaev, Y.E.; Yastreb, T.O. Effect of sodium nitroprusside on heat resistance of wheat coleoptiles: Dependence on
the formation and scavenging of reactive oxygen species. Russ. ]. Plant Physiol. 2011, 58, 1027-1033. [CrossRef]

Yang, Q.; He, H.; Li, H.; Tian, H.; Zhang, ].; Zhai, L.; Chen, J.; Wu, H.; Yi, G.; He, Z.H.; et al. NOA1 functions in a temperature-
dependent manner to regulate chlorophyll biosynthesis and Rubisco formation in rice. PLoS ONE 2011, 6, e20015. [CrossRef]
Piterkov4, J.; Luhovéd, L.; Mieslerova, B.; Lebeda, A.; Petfivalsky, M. Nitric oxide and reactive oxygen species regulate the
accumulation of heat shock proteins in tomato leaves in response to heat shock and pathogen infection. Plant Sci. 2013, 207, 57-65.
[CrossRef] [PubMed]

Wang, L.; Guo, Y,; Jia, L.; Chu, H.; Zhou, S.; Chen, K.; Wu, D.; Zhao, L. Hydrogen peroxide acts upstream of nitric oxide in the
heat shock pathway in Arabidopsis seedlings. Plant Physiol. 2014, 164, 2184-2196. [CrossRef]

Xiong, J.; Fu, G.; Tao, L.; Zhu, C. Roles of nitric oxide in alleviating heavy metal toxicity in plants. Arch. Biochem. Biophys. 2010,
497,13-20. [CrossRef]

Terrén-Camero, L.C.; Peldez-Vico, M.A.; Del-Val, C.; Sandalio, L.M.; Romero-Puertas, M.C. Role of nitric oxide in plant responses
to heavy metal stress: Exogenous application versus endogenous production. J. Exp. Bot. 2019, 70, 4477—4488. [CrossRef]
[PubMed]

Arnaud, N.; Murgia, I.; Boucherez, |.; Briat, ].F,; Cellier, F.; Gaymard, F. An iron-induced nitric oxide burst precedes ubiquitin-
dependent protein degradation for Arabidopsis AtFer1 ferritin gene expression. J. Biol. Chem. 2006, 281, 23579-23588. [CrossRef]
[PubMed]

Kopyra, M.; Stachon-Wilk, M.; Gw6zdz, E.A. Effects of exogenous nitric oxide on the antioxidant capacity of cadmium-treated
soybean cell suspension. Acta Physiol. Plant. 2006, 28, 525-536. [CrossRef]

Besson-Bard, A.; Gravot, A.; Richaud, P.; Auroy, P; Duc, C.; Gaymard, F,; Taconnat, L.; Renou, ].P,; Pugin, A.; Wendehenne, D.
Nitric oxide contributes to cadmium toxicity in Arabidopsis by promoting cadmium accumulation in roots and by up-regulating
genes related to iron uptake. Plant Physiol. 2009, 149, 1302-1315. [CrossRef] [PubMed]


https://doi.org/10.1371/journal.pone.0132991
https://www.ncbi.nlm.nih.gov/pubmed/26177459
https://doi.org/10.1016/j.plantsci.2013.10.014
https://www.ncbi.nlm.nih.gov/pubmed/24388526
https://doi.org/10.1021/pr500082u
https://doi.org/10.1071/FP19071
https://doi.org/10.17816/ecogen17347-58
https://doi.org/10.1016/j.postharvbio.2011.05.013
https://doi.org/10.1105/tpc.107.052647
https://doi.org/10.1104/pp.110.160424
https://www.ncbi.nlm.nih.gov/pubmed/20576787
https://doi.org/10.1007/978-94-011-4239-7
https://doi.org/10.1046/j.1365-3040.2003.01101.x
https://doi.org/10.1104/pp.112.200089
https://www.ncbi.nlm.nih.gov/pubmed/22730424
https://doi.org/10.1016/j.plantsci.2006.05.002
https://doi.org/10.1007/978-3-319-17804-2_5
https://doi.org/10.1111/pce.12092
https://www.ncbi.nlm.nih.gov/pubmed/23489239
https://doi.org/10.1134/S1021443714060090
https://doi.org/10.1134/S1021443711060094
https://doi.org/10.1371/journal.pone.0020015
https://doi.org/10.1016/j.plantsci.2013.02.010
https://www.ncbi.nlm.nih.gov/pubmed/23602099
https://doi.org/10.1104/pp.113.229369
https://doi.org/10.1016/j.abb.2010.02.014
https://doi.org/10.1093/jxb/erz184
https://www.ncbi.nlm.nih.gov/pubmed/31125416
https://doi.org/10.1074/jbc.M602135200
https://www.ncbi.nlm.nih.gov/pubmed/16782706
https://doi.org/10.1007/s11738-006-0048-4
https://doi.org/10.1104/pp.108.133348
https://www.ncbi.nlm.nih.gov/pubmed/19168643

Int. . Mol. Sci. 2023, 24, 11637 32 of 32

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

De Michele, R.; Vurro, E.; Rigo, C.; Costa, A.; Elviri, L.; Di Valentin, M.; Careri, M.; Zottini, M.; Sanita di Toppi, L.; Lo Schiavo, F.
Nitric oxide is involved in cadmium-induced programmed cell death in Arabidopsis suspension cultures. Plant Physiol. 2009, 150,
217-228. [CrossRef]

Bartha, B.; Kolbert, Z.; Erdei, L. Nitric oxide production induced by heavy metals in Brassica juncea L. Czern. and Pisum sativum L.
Acta Biol. Szeged. 2005, 49, 9-12. Available online: https://abs.bibl.u-szeged.hu/index.php/abs/article/view /2401 (accessed on
25 August 2005).

Tian, Q.Y.; Sun, D.H.; Zhao, M.G.; Zhang, W.H. Inhibition of nitric oxide synthase (NOS) underlies aluminum-induced inhibition
of root elongation in Hibiscus moscheutos. New Phytol. 2007, 174, 322-331. [CrossRef] [PubMed]

Xu, J.; Wang, W.; Yin, H.; Liu, X,; Sun, H.; Mi, Q. Exogenous nitric oxide improves antioxidative capacity and reduces auxin
degradation in roots of Medicago truncatula seedlings under cadmium stress. Plant Soil 2010, 326, 321-330. [CrossRef]

Xiong, J.; Lu, H.; Lu, K,; Duan, Y.; An, L.; Zhu, C. Cadmium decreases crown root number by decreasing endogenous nitric oxide,
which is indispensable for crown root primordia initiation in rice seedlings. Planta 2009, 230, 599-610. [CrossRef]

Ben Massoud, M.; Kharbech, O.; Mahjoubi, Y.; Chaoui, A.; Wingler, A. Effect of exogenous treatment with nitric oxide (NO)
on redox homeostasis in barley seedlings (Hordeum vulgare L.) under copper stress. . Soil Sci. Plant Nutr. 2022, 22, 1604-1617.
[CrossRef]

Emamverdian, A.; Ding, Y.; Barker, J.; Mokhberdoran, F.; Ramakrishnan, M.; Liu, G.; Li, Y. Nitric oxide ameliorates plant metal
toxicity by increasing antioxidant capacity and reducing Pb and Cd translocation. Antioxidants 2021, 10, 1981. [CrossRef]
Kharbech, O.; Houmani, H.; Chaoui, A.; Corpas, FJ. Alleviation of Cr(VI)-induced oxidative stress in maize (Zea mays L.) seedlings
by NO and HjS donors through differential organ-dependent regulation of ROS and NADPH-recycling metabolisms. . Plant
Physiol. 2017, 219, 71-80. [CrossRef]

Demecsova, L.; Bo¢ovd, B.; Zelinova, V.; Tamds, L. Enhanced nitric oxide generation mitigates cadmium toxicity via superoxide
scavenging leading to the formation of peroxynitrite in barley root tip. J. Plant Physiol. 2019, 238, 20-28. [CrossRef]

Rizwan, M.; Mostofa, M.G.; Ahmad, M.Z.; Imtiaz, M.; Mehmood, S.; Adeel, M.; Dai, Z,; Li, Z.; Aziz, O.; Zhang, Y.; et al.
Nitric oxide induces rice tolerance to excessive nickel by regulating nickel uptake, reactive oxygen species detoxification and
defense-related gene expression. Chemosphere 2018, 191, 23-35. [CrossRef]

Mostofa, M.G.; Seraj, Z.1.; Fujita, M. Exogenous sodium nitroprusside and glutathione alleviate copper toxicity by reducing
copper uptake and oxidative damage in rice (Oryza sativa L.) seedlings. Protoplasma 2014, 251, 1373-1386. [CrossRef]

Xiong, J.; An, L.; Lu, H.; Zhu, C. Exogenous nitric oxide enhances cadmium tolerance of rice by increasing pectin and hemicellulose
contents in root cell wall. Planta 2009, 230, 755-765. [CrossRef]

Zhang, L.P.; Mehta, S.K,; Liu, Z.P.; Yang, Z.M. Copper-induced proline synthesis is associated with nitric oxide generation in
Chlamydomonas reinhardtii. Plant Cell Physiol. 2008, 49, 411-419. [CrossRef]

Singh, PK,; Tiwari, M.; Kidwai, M.; Srivastava, D.; Tripathi, R.D.; Chakrabarty, D. Role of nitric oxide in overcoming heavy metal
stress. In Protective Chemical Agents in the Amelioration of Plant Abiotic Stress: Biochemical and Molecular Perspectives; Roychoudhury,
A., Tripathi, D.K,, Eds.; Wiley: Hoboken, NJ, USA, 2020; Chapter 9; pp. 214-237. [CrossRef]

Rahim, W.; Khan, M.; Al Azzawi, T.N.L,; Pande, A.; Methela, N.J.; Ali, S.; Imran, M.; Lee, D.-S.; Lee, G.-M.; Mun, B.-G.; et al.
Exogenously applied sodium nitroprusside mitigates lead toxicity in rice by regulating antioxidants and metal stress-related
transcripts. Int. . Mol. Sci. 2022, 23, 9729. [CrossRef] [PubMed]

Niyoifasha, C.J.; Borena, B.M.; Ukob, L.T.; Minh, PN.; Al Azzawi, TN.L; Imran, M.; Ali, S.; Inthavong, A.; Mun, B.-G; Lee, L.-].;
et al. Alleviation of Hg-, Cr-, Cu-, and Zn-induced heavy metals stress by exogenous sodium nitroprusside in rice plants. Plants
2023, 12, 1299. [CrossRef] [PubMed]

Kumar, S.; Yadav, A.; Kumar, A; Verma, R.; Lal, S.; Srivastava, S.; Sanyal, I. Plant metallothioneins as regulators of environmental
stress responses. Int. J. Plant Environ. 2021, 7, 27-38. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1104/pp.108.133397
https://abs.bibl.u-szeged.hu/index.php/abs/article/view/2401
https://doi.org/10.1111/j.1469-8137.2007.02005.x
https://www.ncbi.nlm.nih.gov/pubmed/17388895
https://doi.org/10.1007/s11104-009-0011-4
https://doi.org/10.1007/s00425-009-0970-y
https://doi.org/10.1007/s42729-021-00757-w
https://doi.org/10.3390/antiox10121981
https://doi.org/10.1016/j.jplph.2017.09.010
https://doi.org/10.1016/j.jplph.2019.05.003
https://doi.org/10.1016/j.chemosphere.2017.09.068
https://doi.org/10.1007/s00709-014-0639-7
https://doi.org/10.1007/s00425-009-0984-5
https://doi.org/10.1093/pcp/pcn017
https://doi.org/10.1002/9781119552154.ch9
https://doi.org/10.3390/ijms23179729
https://www.ncbi.nlm.nih.gov/pubmed/36077126
https://doi.org/10.3390/plants12061299
https://www.ncbi.nlm.nih.gov/pubmed/36986987
https://doi.org/10.18811/ijpen.v7i01.3

	Introduction 
	Mechanisms of Nitric Oxide Production in Plants 
	Oxidative Mechanisms 
	Reductive Nitrite-Dependent Mechanisms 
	NO Formation with Participation of Molybdenum Containing Enzymes 
	Participation of Mitochondrial Electron Transport Chain (mETC) in NO Formation 


	Nitric Oxide Functional Activity in Plants 
	Current Approaches to the Study of NO Activity 
	The Role of Nitric Oxide in Plant Development 
	The Role of Nitric Oxide in Formation of Plant Stress Tolerance 
	Drought 
	Salinity 
	Temperature Stress 
	Heavy Metals 


	Conclusions 
	References

