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TO WATER STRESS
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ABSTRACT. Water deficit is currently the abiotic stress 
with highest incidence on growth and crop productivity. 
Numerous reports affirm that nitric oxide (NO) is a signaling 
molecule involved in mechanisms of response to this stress 
condition. Through the application of  NO donor compounds 
have been obtained experimental evidence in support these 
functions for NO, but it´s little known about the natural 
production of NO in response to drought stress and its 
implication for the plant. Likewise, the mechanism by which 
this molecule exerts its effects and the molecular targets of 
NO in plants under water stress have not yet been described. 
Additionally various data indicate that stomatal closure is 
effected through intracellular signaling in which NO is a 
component too. Thus, these data suggest an emerging model 
of drought stress response in which NO has been included.

RESUMEN. El déficit hídrico constituye en la actualidad 
el estrés abiótico de mayor incidencia en el crecimiento y 
productividad de los cultivos. Numerosos reportes afirman 
que el óxido nítrico (NO) es una molécula señal involucrada 
en los mecanismos de respuestas ante esta condición de 
estrés. Mediante la aplicación de compuestos donadores de 
NO se han obtenido evidencias experimentales que apoyan 
estas funciones para el NO, pero poco se sabe acerca de la 
producción natural de NO en respuesta al estrés por sequía 
y su implicación para la planta. Asímismo, el mecanismo 
por el cual dicha molécula ejerce sus efectos y las dianas 
moleculares del NO en plantas sometidas a déficit hídrico 
aún no han sido descritas. Adicionalmente varios datos 
indican que el cierre de los estomas se efectúa a través de la 
señalización intracelular, en cual el NO es un componente. 
Por lo tanto, estos datos sugieren un nuevo modelo en la 
respuesta de la planta al estrés hídrico en la cual el NO 
debe ser incluido.

INTRODUCTION
Water shortage is the most 

prevalent abiotic stress on plant 
growth (1, 2). In recent years, global 
changes in weather conditions 
have made drought more intense 
and longer (1, 3).

This type of stress occurs 
in plants when water loss by 
t ransp i ra t ion  exceeds root 
absorption capacity, resulting in 
cell dehydration and its consequent 
damage, leading to cell death.

At cell level, water deficit 
induces a reactive oxygen species 
(ROS) overproduction, which 
is responsible for the oxidative 
d a m a g e  t o  b i o m o l e c u l e s 
associated with this type of 
stress. Plants usually respond to 

this condition by modifying gene 
expression, related to key enzyme 
production in osmolyte synthesis, 
protective proteins, antioxidant 
enzymes, transcription factors 
and other proteins involved in 
responses to water stress (4). Most 
of these responses are regulated 
by abscisic acid (ABA), although 
some independent hormone 
regulation forms have also been 
described (5).
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Under these conditions, one 
of the most important defense 
mechanisms is stomatal closure 
induced by ABA synthesis and 
redistribution. Among molecules 
i nvo l ved  i n  ABA-med ia ted 
signaling, nitric oxide (NO) is an 
essential mediator.

NO endogenous requirement 
induced by this hormone during 
s tomata l  c losure has been 
shown by the use of genetic and 
biochemical tools (6).

Recent reports also involve 
that NO and other reactive nitrogen 
species take place as systemic 
plant response mechanisms to 
water deficit. However, available 
information about NO metabolism 
in plants subjected to water 
stress is limited and even though 
investigations on this molecular 
role in numerous physiological 
responses has increased in recent 
years, production sources and 
molecular mechanisms by which 
NO responds are still poorly known, 
so that it is being studied in many 
laboratories worldwide.

This paper was aimed at 
showing an updated report on NO 
action mechanisms as well as its 
production pathways involved and 
this molecular role in response to 
water deficit. This is a relevant topic 
to explain molecular, biochemical 
and physiological bases, where 
NO is a mediator that could act 
harmoniously with ROS in plant 
response mechanism to this 
condition and also to practical 
agriculture use.

REACTIVE NITROGEN 
SPECIES (RNS)

This term was introduced 
in literature to refer to NO and 
other molecules related to it, 
such as S-nitrosothiols (SNOs), 
S-nitrosoglutathione (GSNO), 
peroxynitrite and other compounds 
having a relevant role in many 
physiological processes of plant 
cells (7).

Exper imen ta l  ev idence 
i n  a n i m a l s  d e m o n s t r a t e s 
NO interact ion with various 
biomolecules, such as lipids (8), 
nucleic acids (9) and proteins, 
modifying their functions. However, 
the latter is the most deeply studied.

Numerous plant reports 
confirm that RNS have their 
signaling through specific protein 
posttranslational modifications. 
In this sense, NO may react with 
proteins in different pathways: 
transition metals present in the 
protein giving complexes called 
nitrosylated metals (10), sulfhydryl 
groups of cysteine residues by 
S-nitrosylation process (11) and 
by adding a nitro group to tyrosine 
residues mediated by a nitration 
process (12, 13).

S p e c i a l  a t t e n t i o n  h a s 
been given to S-nitrosylation 
o f  g l u t a t h i o n e  t r i p e p t i d e 
( G S H )  p r o c e s s  t o  f o r m 
S-nitrosoglutathione (GSNO), 
s i n c e  t h i s  m o l e c u l e  m a y 
function as a mobile reserve 
of NO (14, 15) and can regulate 
the balance between GSNO 
and nitrosylated proteins by a 
trasnitrosylation process. In this 
sense, GSNO reductase enzyme 

appears to be a key element, 
since it catalyzes GSNO reduction 
depending on reduced nicotinamide 
adenine dinucleotide (NADH) 
to oxidized glutathione (GSSG) 
and NH3. Therefore, this enzyme 
controls intracellular GSNO level 
and as a result NO effects in cells 
(16, 17). Available information 
regarding plant metabolism of 
SNOs and RNS is still limited 
compared with animal models.

NO SYNTHESIS 
IN PLANTS

In the past decade, NO has 
emerged as an important signaling 
molecule in plants. The synthesis of 
this compound is a well-established 
animal mechanism, enzymatically 
catalyzed by three nitric oxide 
synthase (NOS), which have 
different locations and functions. 
This enzyme converts L-arginine to 
L-citrulline and NO and it requires 
various enzyme cofactors for its 
catalysis (18).

However, NO generation 
in plants is more controversial. 
To date, several NO generating 
systems, both enzymatic and 
non-enzymatic ones, have been 
described.

In 1996, the presence of NOS 
activity in Lupinus albus roots and 
nodules was reported for the first 
time by using radioactively labeled 
arginine and a NOS activity inhibitor 
in animals, NG-monomethyl-L-
arginine (NMMA) (19).

Additionally, this activity has 
been described in other species 
like Nicotiana tabacum (20) and 
Zea mays (21), also in different 
cellular compartments, such as 
Glycine max chloroplasts (22) and 
Pisum sativum peroxisomes (23).

In 2003, AtNOS1 gene was 
identified in Arabidopsis, which 
encoded a protein having NOS 
activity and such activity required 
the same cofactors described in 
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animals, but the gene showed 
no sequence homology with any 
isoforms described in mammals. 
According to these data, authors 
reported the discovery of different 
NOS from those described so far 
in literature, capable of regulating 
growth and signaling plant hormone 
(24). Nevertheless, later studies 
showed that recombinant protein 
AtNOS1 did not show NOS activity 
(25) and such protein was actually 
a GTPase that may be required for 
in vivo NO production (26).

Although several authors 
suggest the presence of such 
plant activity, the gene encoding 
this enzyme has not yet been 
characterized, which is one of 
the most controversial issues 
regarding this enzyme in plants 
(25, 27).

On the other hand, nitrate 
reductase (NR) is one of the 
reported enzymes, capable of 
producing NO in plants. This 
enzyme reduces nitrite to NO in 
a NAD(P)H dependent reaction 
(28, 29). In 2002, it was shown 
that NO generation mediated by 
this enzyme is stimulated under 
hypoxia conditions, and can be 
modulated by its phosphorylation 
status (30). These data suggest that 
a potential regulatory mechanism 
can exist in vivo.

A specific root protein bound 
to a plasma membrane: nitrite 
NO-reductase (NI-NOR) has 
been described as NO source. 
Such enzyme uses cytochrome 
c as in vivo electron donor and 
catalyzes NO production from 
nitr i te.  However, neither i ts 
physiological role nor the gene 
encoding this enzyme has been 
reported so far (31).

NO formation derived non-
enzymatic reactions have been 
referred in Nicotiana tabacum 
plants after nitrite mitochondrial 
reduction to NO (32) and this 

reaction is favored at acid pH, 
where nitrite can dismutate to 
NO (33). Meanwhile, in vivo NO 
generation by H2O2 and L-Arginine 
reaction was reported in 1997 
(34). Additionally, a light-mediated 
reaction, where nitrite is reduced 
by carotenoids has also been 
demonstrated as a source of NO 
production (35).

Recent studies demonstrated 
that nitrate-free reductase plant 
cells are capable of forming NO 
from hydroxylamine exogenous 
supplement (36), an already 
characterized pathway in bacteria 
and animals (37). Likewise, 
polyamines can induce NO 
production, but the mechanism 
under which this occurs has not 
yet been described (38). Further 
analysis in this sense might 
define new signaling pathways 
considering that polyamines are 
involved in response mechanisms 
to stress conditions (39).

NO ROLE IN WATER 
STRESS

Many authors point out that 
plants produce certain NO levels 
under their natural environment 
(40) as a generalized response 
to environmental stress (41). 
Likewise, NO protective role in 
plants subjected to water stress 
has been reported by several 
researchers. Two interrelated 
mechanisms by which NO can 
mitigate stress effects have been 
described. First, NO can function 
as antioxidant by directly removing 
ROS generated under these 
conditions, with the subsequent 
peroxynitrite formation or by 
antioxidant enzyme expression 
(42). Furthermore, NO can act as 
signaling molecule allowing the 
expression of genes involved in 
plant response to water deficit 
and modifying protein activity by 
posttranslational modifications 

(43). NO chemical properties 
(small molecule, half-short life 
time, no load and high diffusivity) 
suggest that NO could function as 
a signal molecule in response to 
cellular stress (44). Most previous 
research studies on NO effect 
and its role in drought stress 
use NO chemical donors and 
compounds removing this molecule 
or inhibitors of enzymes involved 
in NO production. However, just 
few publications have naturally 
monitored NO production rate in 
response to water stress.

Previous studies have shown 
that NO reduces water loss in 
wheat leaves and those results 
are in correspondence with 20% 
transpirat ion rate decrease. 
Besides, plant exposure to SNP 
(sodium nitroprusside, NO donor) 
decreases ion loss and cellular 
damage by 25 % and these results 
are attributed to this molecule 
because SNP pre-incubation 
with NO-removing compounds 
reverse these effects (45). These 
results suggest that NO exogenous 
application may confer increased 
plant tolerance to drought stress 
conditions.

Recent publications have 
shown that  exogenous NO 
increases drought tolerance 
in wheat p lants (46).  Such 
treatment enhances seedling 
growth maintaining a high water 
content and reducing oxidative 
damage by antioxidant enzyme 
production (47). However, high 
NO doses (2 mM SNP) enhance 
stress effect as a result of ROS 
overproduction and an inefficient 
ability to control ROS by antioxidant 
system expression. These data 
indicate NO potential ability to 
eliminate hydrogen peroxide is 
at least partly due to antioxidant 
defense mechanism induction (46).
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Taken from Francisco J Corpas and Juan B. Barroso, 2013 with some modifications 
RNS: reactive nitrogen species        	 ROS: reactive oxygen species 
NO: nitric oxide                                        GSNO: S-nitrosoglutathione; 
ONOO-: peroxynitrite

NO metabolism model in plant cells subjected to water stress

Other studies in corn plants 
subjected to water stress by 
applying 10 % polyethylene-glycol 
showed a rapid NO increase in 
mesophyll cells. NOS activity was 
induced under these conditions 
in cytosolic and microsomal 
fractions, it being higher in the 
last. Pre-treatments with NOS and 
NR activity inhibitors decreased 
NO production, suggesting that 
this molecule is produced by the 
synergistic action of these two 
enzymes in corn plants exposed 
to water deficit. Enzyme activity of 
superoxide dismutase, ascorbate 
peroxidase and glutathione 
reductase is additionally induced 
together with NO expression (48).

Meanwhile, a slight increase 
in NO synthesis at root tips and in 
the close region to elongation zone 
has been described in Cucumis 
sativus seedlings. This production 
was reduced by pre-treatment with 
NOS and NR inhibitors. Exogenous 
NO application (SNP and GSNO) 
indicate an adaptive root response 
to water stress, with a positive 
correlation between NO levels 
and plant water status (49). These 
results make evident that NO 
increase is closely linked to plant 
mechanisms by which it manages 
to decrease water deficit effects.

Desp i te  th is  p ro tec t ive 
effect represents NO exogenous 
a p p l i c a t i o n  t o  s p e c i f i c 
concentrations of this compound, 
recent studies show that such 
molecular overproduction as a 
plant physiological response to 
water stress along with increased 
ROS can mediate biomolecular 
damage, protein modifications 
being the most studied ones.

Recent studies prove that 
Lotus japonicus plants exposed to 
water stress presented significant 
changes at ROS and RNS levels. 
These changes were accompanied 
by increases in lipid peroxidation 
and protein nitration respectively, 
indicat ing that under these 
conditions, water stress caused 
oxidative and nitrosative stress 
(50). These results suggest that 
increased NO levels can have 
multiple roles in water stress-
adapting mechanism and protein 
modifications may be involved in 
specific signaling mechanisms 
mediated by these molecules.

These  two  f am i l i es  o f 
molecules (ROS and RNS) can 
be considered as endogenous 
signal molecules involved in plant 
response mechanism to drought 
conditions, but an overproduction 

of both can cause a nitro-oxidative 
stress with toxic consequences for 
the plant.

F i g u r e  1  s h o w s  N O 
metabol ism model  in  p lant 
cells under water stress and its 
interaction with ROS. Under these 
conditions and depending on its 
concentration, NO can function as 
antioxidant by directly removing 
ROS or by antioxidant enzyme 
expression, or may be involved 
in stomatal closure by ABA-
dependent signaling pathways. 
ROS and RNS overproduction 
can modify proteins and lipid 
peroxidation respectively, causing 
a nitro-oxidative stress in plants 
subjected to drought stress (51).

Water stress

stomatal closure

Peroxidation of lipids

stomatal closure

S-nitrosilation of proteins
Nitration

Expression of 
antioxidant enzymes

Nitro-oxidative stress
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STOMATAL CLOSURE 
DURING WATER STRESS. 
NO ROLE

Stomatal closure in response 
to ABA is mediated by a signaling 
network that envelops dependent 
and independent calcium pathways 
(52, 53), activated by a series of 
intermediaries including hydrogen 
peroxide (54, 55) and NO (56).

The f ind ing that  NO is 
a key molecule that mediates 
the response to ABA in pea 
plant guard cells (57) has been 
confirmed in Vicia Faba (58) and 
Arabidopsis (28). It is known 
that this response depends on 
time and NO concentration and 
it is mediated by a completely 
reversible process (57). The use 
of fluorescent probes such as 4,5 
diaminofluorescein diacetate (DAF-
2DA) has been widely reported in 
literature to detect NO production 
in real time. Increases in DAF-
2DA fluorescence was observed 
in the cytoplasm and around 
the chloroplasts of ABA-treated 
guard cells. This fluorescence is 
specific for NO, and when using 
the inactive probe 4-diacetate 
diaminofluorescein (4AF-DA), no 
increases were observed in this 
signal. Exogenous application of 
2-phenyl-5,5-tetrametilimidazoline-
1 - o x y l  3 - o x i d e ( P T I O )  o r 
2-(4-carboxyphenyl)-4,4,5,5-
tretameti l imidazolina-1-oxyl-
3 -ox ide(cPTIO) ,  wh ich  are 
compounds removing NO, they 
inhibit stomatal closure induced 
by this hormone, showing the 
endogenous role of this molecule 
in this response (45, 57, 58). These 
studies showed that NO synthesis 
is essential for stomatal closure 
induced by ABA in several species 
(28, 45, 57).

To confirm NO role in stomatal 
closure, several studies have used 
NO exogenous donors, such as 
SNP. By using this compound, 
it was observed that it induces 
stomatal closure and reduces 
transpiration in three different 
plant species: Tradescantia sp 
(monocots) and two dicots (Vicia 
faba and Salpichroa organifolia) 
(45). These results have been 
confirmed by others in pea and 
Arabidopsis plants (28, 57).

In 2002, it was shown that 
stomatal closure is dependent on 
NO synthesis mediated by NR 
in guard cells and that treatment 
of these Arabidopsis cells with 
nitrite induces NO synthesis and 
consequently stomatal closure 
(28). The use of tungstate, NR 
activity inhibitor, inhibits NO 
synthesis induced by nitrite and 
ABA (59). Additionally, the use of 
N6-nitro-L-arginine methyl ester 
(L-NAME, NOS activity inhibitor) 
does not inhibit NO synthesis 
induced by ABA or stomatal closure 
in Arabidopsis epidermis (28). All 
these data suggest that NR serves 
as NO source induced by ABA in 
Arabidopsis guard cells.

In epidermal cells from nia1 
nia2 double mutant (shows less 
than 0,5 % NR activity), neither 
ABA nor nitrite induce stomatal 
closure and NO synthesis (28). 
Interestingly, it was found that 
guard cells from nia1/nia2 mutant 
do not respond to other stimuli 
related to stomatal closure, such as 
darkness, hydrogen peroxide and 
use of NO donors, demonstrating 
an important role of such cell 
function (28). These results provide 
genetic evidence about NR role as 
NO source during stomatal closure 
in Arabidopsis mediated by ABA.

Specifically, considering both 
NR isoforms encoded by nia1 
and nia2 genes, stomatal closure 
is highly dependent on isoform 
encoded by nia1 gene (28).

This NO-mediated regulation 
may be by Ca2+ modulation in 
guard cells. It is reported that NO 
selectively activates intracellular 
Ca2+ channels in Vicia faba through 
dependent signaling pathways 
cGMP/cADPR, suggesting NO 
role as a signal molecule in ABA-
induced stomatal closure (57, 60).

CONCLUSIONS
Despite significant advances 

in NO cellular metabolism of 
plants, it should be recognized that 
knowledge about this molecular 
function and other RNS is very 
limited, which may be involved in 
water stress. A limiting factor is 
the need to identify NO production 
sources in each plant organ, 
which are crucial to this stress 
condition. Further researches 
should be directed to study signal 
transduction mechanisms involved 
in NO response mechanism as 
well as the identification and 
characterization of their molecular 
targets. A complete understanding 
of water stress phenomena require 
studying not only ROS role but also 
RNS and elucidate how these two 
kinds of molecules can interact 
during water stress.
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