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Chapter 4

Function of Nitric Oxide Under Environmental
Stress Conditions
Marina Leterrier, Raquel Valderrama, Mounira Chaki, Morak Airaki,
José M. Palma, Juan B. Barroso, and Francisco J. Corpas

Abstract Nitric oxide (NO) is a key signaling molecule in different physiological
processes of plants. However, under adverse stress conditions, plants can undergo a
deregulation in its production which can provoke a process of nitrosative stress. In
addition, the exogenous application of NO seems to alleviate or even prevent
cellular damage under some specific environmental stresses, suggesting the
involvement of this molecule in the mechanism of defense against abiotic stresses.
In this article, the current knowledge of the implication of NO under environmental
stresses is briefly reviewed with a special emphasis in its interaction with some
phytohormones.

4.1

Introduction

Nitric oxide is one of the molecules which have received much attention during the
last decade from plant researchers. The main reason is that this free radical is
involved as signal molecule in many physiological processes during plant growth
and development including seed germination, primary and lateral root growth,
flowering, pollen tube growth regulation, fruit ripening, and senescence, among
others (Wojtaszek 2000; Corpas et al. 2001, 2004; Lamattina et al. 2003; Magalhaes
et al. 2005; Shapiro 2005; Besson-Bard et al. 2008a, b), as well under different
environmental stress conditions including heavy metal, salinity, wounding, extreme
temperature, etc. (Corpas et al. 2011). However, the real significance of NO and
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related molecules designated as reactive nitrogen species (RNS) is only at the
beginning of this attractive research area of plant physiology since many aspects
of its biochemistry and physiology are still to be elucidated. Here, it will give a
general overview of the basic biochemistry of NO and its interaction with some
classical phytohormones. Then, it will summarize briefly the implication of NO
under environmental stress conditions taking in consideration that NO depending of
its cellular concentration could be a plant regulator (low concentration) or be part of
the mechanism of defense as toxic molecule (high concentration).

4.2

Basic Biochemistry of NO

Nitric oxide is a free radical because the nitrogen has an unpaired electron in its p
orbital (·NO) which determinates its biochemistry. Moreover, NO has a family of
related molecules designated as reactive nitrogen species (RNS). Table 4.1
summarizes the main RNS including radical and nonradical molecules. Among
the different RNS, peroxynitrite (ONOO ) which is produced by the reaction
between NO and superoxide radical (O2. ) has a relevant significance because it
is a powerful oxidant that can mediate nitration process and provokes cellular injury
(Szabó et al. 2007; Corpas et al. 2009a; Arasimowicz-Jelonek and FloryszakWieczorek 2011).
Nitric oxide can interact with different biomolecules including lipids, nucleic
acids, and proteins affecting its functions. However, the interaction with proteins
has been the most studied. In this sense, NO directly or indirectly can react with
proteins in different ways: (1) with transition metals present in the protein to give
complexes called metal nitrosyls, (2) with sulfhydryl groups to render a process of
S-nitrosylation, and (3) by adding a nitro ( NO2) group in a process of nitration. So
far, the analysis of NO binding to plant metal-containing protein has been done
mainly with plant hemoglobins (Besson-Bard et al. 2008a, b); however, there are
some experimental data showing that certain enzyme activities such as cytochrome
c oxidase, catalase, or ascorbate peroxidase can be modulated by this mechanism
(Millar and Day 1996; Clark et al. 2000). Protein S-nitrosylation is a posttranslational modification of cysteine residues produced by NO which can modify the
Table 4.1 Reactive nitrogen
species (RNS) including
radicals and nonradicals
molecules

Radicals
Nitric oxide (·NO)
Nitrogen dioxide (NO2)

Nonradicals
Nitroxyl anion (NO )
Nitrosonium cation (NO+)
Nitrous acid (HNO2)
Dinitrogen trioxide (N2O3)
Dinitrogen tetroxide (N2O4)
Peroxynitrite (ONOO )
Peroxynitrous acid (ONOOH)
Alkyl peroxynitrite (RNOONO)
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function of a broad spectrum of proteins (Stamler et al. 2001; Lindermayr et al.
2005; Wang et al. 2006; Lindermayr and Durner 2009). Special attention must be
given in the process of S-nitrosylation of the tripeptide glutathione (GSH) to form
the S-nitrosoglutathione (GSNO) since this molecule can function as mobile reservoir of NO (Durner and Klessig 1999; Barroso et al. 2006) and it can regulate the
equilibrium between GSNO and S-nitrosylated proteins by a process of transnitrosylation. In this sense, the enzyme GSNO reductase seems to be a key element
because it catalyzes the NADH-dependent reduction of (GSNO) to GSSG and NH3.
Consequently, this enzyme controls the intracellular level of GSNO and, as a result,
the effects of NO in cells (Leterrier et al. 2011). Protein nitration is another process
that introduces a nitro group, ( NO2) and there are several amino acids which are
preferentially nitrated, such as tyrosine(Y), tryptophan (W), cysteine (C), and
methionine (M). However, in plants, most studies are focused in tyrosine nitration
(Corpas et al. 2009a, b; Chaki et al. 2009). Figure 4.1 shows a straightforward
model of NO metabolism in plant cells under environmental stress conditions.

Fig. 4.1 Schematic model of nitric oxide (NO) metabolism in plant cells under environment stress
conditions. Under a specific environmental stress, L-arginine-dependent nitric oxide synthase
(NOS) and/or nitrate reductase (NR) can generate NO which can react with reduced glutathione
(GSH) in the presence of O2 to form S-nitrosoglutathione (GSNO). This metabolite can be
converted by the enzyme GSNO reductase (GSNOR) into oxidized glutathione (GSSG) and
NH3. Alternatively, GSNO by a process of transnitrosylation can mediate protein S-nitrosylation
or diffuse out to the cell where it can act a signal molecule with adjacent cells. On the other hand,
NO can react with superoxide radicals (O2 ) to generate peroxynitrite (ONOO ), a powerful
oxidant molecule that can mediate the rise of protein tyrosine nitration which can be considered as
a marker of nitrosative stress

102

4.3

M. Leterrier et al.

Nitric Oxide: A New Hormone?

Independent of the name, plant hormones, phytohormones, or plant growth
regulators are molecules produced inside of plant cells that at low concentrations,
in the range nM to pM, promote and influence the growth, development, and
differentiation of cells and tissues (Davies 1995; Beligni and Lamattina 2001).
Thus, the biosynthesis of plant hormones within plant tissues is often diffuse and
not always localized. Classically, there are five groups of plant hormones including
auxin (indole-3-acetic acid), cytokinin, gibberellins, ethylene, and abscisic acid
(ABA). However, there are also other compounds that have important growthregulating activities including jasmonic acid (JA), salicylic acid (SA), and
brassinosteroids which are considered to function as phytohormones. In this framework, NO could be considered a new member of this group of molecules. However,
even when arguments in both directions can be presented, the relevance of NO in
physiological processes such as germination, growth, senescence, photosynthesis,
stomatal movement, etc. is clear, even though more research must be done in this
direction.

4.4

Cross Talk Between NO and Other Hormones
Under Stress Conditions

Such as it has been mentioned, NO is implied in numerous plant functions which
are also regulated by others phytohormones. So, interactions between NO and other
hormones through synergy or antagonism permit a finest level of control depending
on the situation of environmental stress.

4.4.1

Abscisic Acid

One of the main roles of ABA is to regulate plant response to drought by inducing
stomatal closure, therefore reducing water loss via transpiration (Davies and Zhang
1991; Zhu 2002). It is well known that NO is involved in ABA-induced stomatal
closure (Garcia-Mata and Lamattina 2002; Desikan et al. 2004; Bright et al. 2006).
Moreover, cross talk between ABA and NO also enhances activities of antioxidant
enzymes such as catalase and superoxide dismutase. Thus, ABA induces H2O2
accumulation, leading to NO generation which in turn activates mitogen-activated
protein kinase (MAPK) and upregulates gene expression of antioxidant enzymes
(Zhang et al. 2007; Lu et al. 2009). Recently, it has also been shown that cGMP acts
downstream of H2O2 and NO in the signaling pathway by which ABA induces
stomatal closure (Dubovskaya et al. 2011).
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NO is also part of the signaling cascade mediating the brassinosteroid-induced
ABA biosynthesis in maize leaves under water stress (Zhang et al. 2011b). In maize
leaves under UV-B, stress induces ABA production which triggers NO synthesis
(Tossi et al. 2009). So, there are some clear interactions between ABA and NO, but
the exact nature of this interaction appears to depend on the system studied (plant
species and stress).

4.4.2

Ethylene

Ethylene is involved not only in plant growth and senescence but also in plant
response to abiotic stress such as salinity, iron deficiency, ozone, and UV-B
(Romera and Alcantara 1994; Mackerness et al. 1999; Romera et al. 1999; Vahala
et al. 2003; Cao et al. 2007; Ahlfors et al. 2009; Wang et al. 2009).
NO is known to have a protective effect on salt stress (Zhao et al. 2004; Zhang
et al. 2006). In fact, in Arabidopsis callus under 100 mM NaCl, NO accumulation
greatly stimulates ethylene emission, which in turn induces expression of the
plasma membrane H+-ATPase genes (Wang et al. 2009). The higher activity of
the plasma membrane H+-ATPase modulates ion homeostasis for a better salt
tolerance. Under salt stress, NO-induced ethylene also stimulates the alternative
respiratory pathway (Wang et al. 2010a, b).
Ethylene and NO also cooperate in iron homeostasis as it was determined that
Fe-related genes upregulated by ethylene were also responsive to nitric oxide
(Garcı́a et al. 2010). Moreover, under iron deficiency, NO induces expression of
genes involved in ethylene synthesis, and conversely, ethylene enhances NO
production. Hence, both NO and ethylene are necessary for the upregulation of
Fe-acquisition genes, and each one influences the production of the other (Garcı́a
et al. 2011). Ethylene and NO also cooperate in ozone stress: both NO- and
ethylene-dependent pathways are required for O3-induced upregulation of alternative oxidase (AOX) in ozone-treated tobacco plants (Ederli et al. 2006). In Vicia
faba, ethylene participates to UV-B-induced stomatal closure and acts upstream of
NO generation (He et al. 2011a, b).

4.4.3

Salicylic Acid

Salicylic acid (SA) induces tolerance to various abiotic stresses such as salinity,
heavy metals, and drought (through regulation of stomatal closure) (Manthe et al.
1992; Metwally et al. 2003; Horvath et al. 2007; Szepesi et al. 2009).
NO is involved in the mechanism of salt tolerance generated by SA pretreatment
in tomato. Thus, salt stress increases NO content in tomato roots, but pretreatment
of the plants with SA changes that response and prevents NO accumulation (Gémes
et al. 2011). In Arabidopsis roots, SA triggers the NO production thorough
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NOS-dependent pathways where calcium and protein phosphorylation are essential
components (Zottini et al. 2007).
SA and NO are both known to reduce heavy metal toxicity separately (Metwally
et al. 2003; Arasimowicz and Floryszak-Wieczorek 2007). However, a synergic
effect occurs when exogenous applications of both products are combined in canola
plants under nickel stress (Kazemi et al. 2010). SA can also induce stomatal closure
(Manthe et al. 1992). NO and ROS are both required in SA-induced stomatal
closure; in consequence, a model has been proposed where SA activates a peroxidase (sensitive to the inhibitor salicylhydroxamic acid) to produce extracellular
ROS, leading to ROS accumulation and NO production in guard cells, and
inactivates Kin+ channels, causing stomatal closure (Khokon et al. 2011).

4.5

Nitric Oxide and Abiotic Stresses

Such it has been mentioned, under stress conditions, there are many reports
demonstrating the participation of different phytohormones. For example, under
wounding, the participation of several hormones including abscisic acid, ethylene,
and jasmonic acid is well recognized (Stratmann 2003), but they are also involved
under other stresses such as cadmium or aluminum stress where the production of
jasmonic acid, ethylene, gibberellins (GA), or ABA is affected (Sanitá di Toppi and
Gabbrielli 1999; Rodrı́guez-Serrano et al. 2009; He et al. 2011a, b). In this context,
there are also accumulating data showing the participation of NO in different types
of environmental stresses.

4.5.1

Heavy Metal

In plant biology, the term heavy metal is used to design a series of metals and also
metalloids that can be toxic to plants even at very low concentrations being for that
reason these phytotoxic elements (Corpas et al. 2010; Xiong et al. 2010; Rascio and
Navari-Izzo 2011). Thus, heavy metals can also distinguish two categories: (1)
essential elements required for normal growth and metabolism such as Co, Cu, Fe,
Mn, Mo, Ni, and Zn (micronutrients); and (2) not essential element since they do
not perform any known physiological such as Cd, Hg, Se, Pb, or As. Although
during the last 10 years, certain numbers of studies have been done in how NO
could be involved in the mechanism of response against heavy metals. It must be
mentioned that the basic biochemical mechanism is very rudimentary.

4.5.1.1

Cadmium

This is one of the most commonly found heavy metal in soil (Arasimowicz-Jelonek
et al. 2011). There are some reports showing the participation of NO under
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cadmium stress. For example, in roots of Pisum sativum and Brassica juncea in the
presence of 100 mM Cd, there was a time-dependent endogenous NO production
(Bartha et al. 2005). These data contrast with the results observed in leaves and
roots of P. sativum grown with 50 mM CdCl2, which produced growth inhibition
and oxidative damages (Romero-Puertas et al. 2004), and a drastic reduction of
the NO content (Barroso et al. 2006; Rodrı́guez-Serrano et al. 2006). In addition, the
lower NO content in leaves was accompanied by a reduction of GSH, GSNO, and
GSNO reductase activity and transcript (Barroso et al. 2006). In contrast, pretreatment of sunflower seedlings with 100 mM sodium nitroprusside (SNP) protected
leaves against Cd-induced oxidative stress (Laspina et al. 2005). In Lupinus roots
grown with 50 mM Cd, a similar behavior has been observed, and it was proposed that
the protective effect of NO could involve the stimulation of superoxide dismutase
activity to counteract the overproduction of superoxide radicals (Kopyra and Gwózdz
2003). In the case of rice (Oryza sativa) plantlets subjected to 0.2 mM CdCl2 and
treated with 0.1 mM SNP, the toxicity of Cd is alleviated. Accordingly, the authors
proposed that the NO-induced increase of Cd tolerance is produced by a rise in pectin
and hemicellulose content in the cell wall of rice roots, and this provoked a diminished distribution of Cd in the soluble fraction of leaves and roots but with the
concomitant increases of Cd in the cell walls of roots (Xiong et al. 2009). Additionally, the treatment with SNP induces the antioxidant system including ascorbate,
catalase, glutathione reductase, and peroxidase which counteracts the oxidative stress
provoked by Cd (Hsu and Kao 2004; Panda et al. 2011).

4.5.1.2

Arsenic

It is a metalloid constituent of a wide range of minerals which has become in an
important environmental contaminant that can provoke health problems to humans
by its accumulation in food crops or in drinking water (Tripathi et al. 2007; Zhao
et al. 2010). Under arsenic stress conditions, plants suffer alteration at different
levels including elements’ uptake and transport, metabolism, and gene expression
(Abercrombie et al. 2008; Verbruggen et al. 2009; Zhao et al. 2009). Accumulating
data indicate that metabolism of reactive oxygen species (ROS) can be involved
and can cause an oxidative stress (Dwivedi et al. 2010). However, there are only
few reports analyzing the NO function under arsenic toxicity in higher plants, and
they have been done by the exogenous application of NO with sodium nitroprusside
(SNP). Thus, in roots of O. sativa, the application of SNP provides resistance
against As toxicity and has an ameliorating effect against As-induced stress
(Singh et al. 2009). Similar observation has been reported in tall fescue where the
application of 100 mM SNP reduced arsenic-induced oxidative damage in leaves
(Jin et al. 2010). In Arabidopsis seedlings exposed to 0.5 mM arsenate, a significant
reduction in growth parameters such as length of roots affecting its membrane
integrity and provoking an increase of lipid oxidation has been observed. These
changes were accompanied by an alteration of antioxidative enzymes (catalase and
glutathione reductase) and nitric oxide metabolism with a significant increase of
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NO content, S-nitrosoglutathione reductase (GSNOR) activity, and protein tyrosine
nitration, which the concomitant reduction of GH and GSNO content. Thus, in this
case, arsenate seems to provoke both oxidative and nitrosative stress being the
glutathione reductase and GSNOR activities key components in the mechanism of
response (Leterrier et al. 2010).

4.5.1.3

Aluminum

Aluminum (Al3+) is not a heavy metal, but it makes up about 8% of the surface of
the earth and is the third most abundant element being a major factor limiting crop
growth and yield in acid soils since it inhibits cell division, cell extension, and
transport (Ma et al. 2001). Thus, Hibiscus moscheutos exposed to100 mM AlCl3
induced inhibition of root growth. This is accompanied by inhibition of nitric oxide
synthase activity and reduced NO content (Tian et al. 2007). In Arabidopsis
thaliana roots, the cells of the distal portion of the transition zone emitted large
amounts of NO, but the treatment with 90 mM aluminum blocked this NO emission
(Illés et al. 2006).
In the same way with that of cadmium and arsenic, the treatment with NO donors
seems to alleviate the aluminum toxicity. In Cassia tora plants pretreated for 12 h
with 0.4 mM SNP and subsequently exposed to 10 mM aluminum treatment for 24 h
exhibited a significantly greater root elongation and a decrease in Al3+ accumulation in root apexes as compared with plants without SNP treatment (Wang and
Yang 2005). More recently, it has been also shown that SNP treatment in rice (O.
sativa) provoked an enhancement of Al tolerance in roots. Thus, the mechanism of
tolerance is because NO induced a decrease in the contents of pectin and hemicellulose, an increase in the degree of methylation of pectin, and a decrease in the Al
accumulation in root cell walls (Zhang et al. 2011a). In the cases of rye (Secale
cereale L) and wheat(Triticum aestivum), Al treatment provoked an inhibition in
root growth that was accompanied by a reduction in gibberellin (GA) content and
an increase in the values of IAA/GA and ABA/GA. However, treatment with SNP
reversed Al toxicity due to an alteration of endogenous hormones in the roots. Thus,
SNP reduced the inhibition of root elongation by increasing GA content and
decreasing the values of IAA/GA and IAA/zeatin riboside under Al stress (He
et al. 2011a, b).

4.5.2

Wounding

Different types of stresses, for example, herbivores, wind, or rain, can produce
mechanical injury in plants. To avoid the potential infection by opportunistic
microorganisms in the damage zone, plants respond with a cascade of signal that
provokes the induction of numerous genes (Schilmiller and Howe 2005). In this
sense, there are also data indicating that NO metabolism is also involved.
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For example, in A. thaliana, mechanical wounding induced a rapid accumulation of
NO that could be involved in jasmonic-acid-associated defense responses and
adjustments (Huang et al. 2004). In the case of pea (P. sativum L) seedlings,
mechanical wounding in leaves provoked an accumulation of NO content after
4 h, and this was accompanied by an increase in the content of S-nitrosothiols
(SNOs) and a general induction of nitric oxide synthase (NOS) and GSNO reductase activities, although the pattern of proteins that undergo tyrosine nitration did
not appear to be affected (Corpas et al. 2008). In sunflower (Helianthus annuus)
hypocotyls, mechanical wounding apparently did not affect the NO content, but it
triggered the accumulation of SNOs, specifically GSNO, due to a downregulation
of GSNOR activity, while protein tyrosine nitration increases. Consequently, a
process of nitrosative stress is induced, and S-nitrosothiols seem to be a new
wound signal in plants (Chaki et al. 2011). In other cases, the application of
exogenous NO has been reported to modulate the response against wounding.
Thus, in tomato (Lycopersicon esculentum) plants, the application of NO donors
such as SNP or SNAP inhibited the expression of wound-inducible proteinase
inhibitors (Orozco-Cardenas and Ryan 2002).

4.5.3

Salinity

Salinity stress takes place when soluble salts (usually NaCl) are elevated in soil, and
this affects plant productivity due to its negative effects on plant growth, ion
balance, and water relations (Munns and Tester 2008).
One more time, the application of NO donors has been used as tool to study the
involvement of NO in plants exposed to salinity stress. For example, in the calluses of
reed (Phragmites communis) exposed to 200 mM NaCl, the addition of SNP
stimulated the expression of the plasma membrane H+-ATPase, indicating that NO
serves as a signal-inducing salt resistance by increasing the K+-to-Na+ ratio (Zhao
et al. 2004). Similar results have been reported to be found in maize, where the
addition of exogenous NO also booted the salt-stress tolerance by elevating the
activities of the proton pump and the Na+/H+ antiport of the tonoplast (Zhang et al.
2006). An 8-day-old rice (O. sativa) plant treated with 1 mM SNP or 10 mM H2O2 and
then exposed to salinity stress has been shown to present an increased tolerance since
it is induced by both antioxidant enzymes and some stress-related genes (Uchida
et al. 2002). In the case of orange (Citrus aurantium L.) trees, similar behavior has
been observed suggesting that the induction of antioxidant enzymes as consequence
of SNP pretreatment provided a major resistance to salinity (Tanou et al. 2009).
However, there are also reports indicating that salinity affects the endogenous
metabolism of NO. Hence, in olive (Olea europaea L.) plants grown under in vivo
salt stress (200 mM NaCl), biochemical analyses demonstrated a general increase in
the production of NO, S-nitrosothiols, and protein nitration. These data seem to
indicate that salinity induced a nitrosative stress (Valderrama et al. 2007). Similar
data have been reported in A. thaliana with 100 mM NaCl, where using genetic
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strategies, it was reported that peroxisomes are responsible for the NO accumulation observed in the cytosol of root cells under this salinity stress conditions (Corpas
et al. 2009b).

4.5.4

Atmospheric Pollutants (Ozone and Ultraviolet Radiation)

Ozone (O3) layer located in the upper atmosphere is a natural component that
protects Earth against potential cellular damage by ultraviolet radiation. However,
air pollutants resulted in industrial and vehicle emissions such as hydrocarbons and
nitrogen oxides found in the troposphere (the lowest layer of the atmosphere) can
produce ozone by photochemical reactions, and this ozone negatively affects plants
and animals. In plants, the effects of ozone depend of the concentration and exposure
time. Low level of ozone reduces photosynthesis and growth and triggers premature
leaf senescence in sensitive plant species and cultivars. On the other hand, high
concentration of ozone induces cell death with visible injuries in the leaves.
Thus, the interaction of NO with some phytohormones in response to O3
treatments has been reported. In Arabidopsis, ozone induces the production of
NO which is preceded by an accumulation of salicylic acid and then cell death.
Interestingly, the application of exogenous NO increased the levels of ozoneinduced ethylene production and leaf injury (Rao and Davis 2001). In addition,
the accumulation of NO observed after ozone treatments provoked also the induction of genes involved in salicylic acid biosynthesis in Arabidopsis (Ahlfors et al.
2009) and ethylene in tobacco plants (Ederli et al. 2006).
As mentioned before, the increase of atmospheric pollution by compounds such
as chlorofluorocarbon used as refrigerants, propellants (in aerosol applications), and
solvents contributes also to the destruction of the O3 layer located in the upper
atmosphere which protects against UV radiation. Consequently, its destruction
provokes an increase of UV-B radiation (280–320 nm) which affects plant growth
and usually induces oxidative stress (reduced photosynthesis, increased damage to
DNA). The involvement of NO has also been studied under UV-B radiation. For
example, in maize leaves, the treatment with UV-B induced a rise in the content of
NO, H2O2, and ABA, being this ABA required for the NO-mediated attenuation of
deleterious effect of this stress (Tossi et al. 2009). On the other hand, the application
of NO donors in bean seedlings subjected to UV-B radiation reduced the UV-B
effect characterized by a decrease in chlorophyll contents and oxidative damage to
the thylakoid membrane (Shi et al. 2005).

4.6

Perspectives

Many environmental stresses as excess salts, extreme temperatures, toxic metals,
air pollutants, etc. constitute a major limitation to agricultural production. To
palliate this negative effect is important to progress and integrate different disciples
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such as plant physiology, plant breeding, biochemistry, genetics, molecular biology, agricultural engineering, among others. Considering that NO is involved in a
plethora of plant functions under physiological and stress conditions, basic research
in plant NO metabolism can be a new piece to contribute and make progress in this
direction. So far, there are some promising experimental data which support the
relevance of NO in plants under stress conditions. For example, the application of
exogenous NO to plants seems to active different biochemical pathways that
provide some resistance against several types of stresses (salinity, heavy metal,
ozone, etc.). Therefore, to elucidate NO metabolism in plants can contribute, in
coordination with other disciplines, to establish biotechnological strategies against
abiotic stresses, which are responsible for important losses in plant yield and crop
productivity.
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