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Abstract 
Malaria is endemic throughout most of the tropical 
Nitric oxide is an important biomolecule and has wide 
reaching effects on various physiological phenomena. Its 
biosignalling role under stress conditions viz., high or 
low temperature, drought, salinity heavy metals and 

oxidative stress has also been explored. Cold stress 
induced membrane rigidification induces a series of 
signaling reactions leading to the accumulation of  Nitric 
oxide which then lead to the activation of Cold 
Responsive Genes and thereby conferring cold tolerance 
to the plant. Since high levels of NO are toxic so its low 
levels are maintained by well regulated NO elimination 
pathways. Endogenous levels of NO have been found to 
be elevated in response to low temperatures and thus its 
exogenous supplementation could well alleviate cold 
stress induced harmful effects in numerous plants. 
Further, elaborate studies are required to validate its role 
under field conditions so as to ensure protection of plants 
from multiple stresses to which they are exposed under 

natural conditions. 
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1. Introduction 
 
Nitric oxide has been proved to be a well-
established gaseous signaling biomolecule (Klessig 
et al., 2000). It has wide reaching effects on various 
physiological phenomena (Fig. 1) ranging from 
stomatal movement, plant growth and development 
to root organogenesis, hypocotyl growth and even 
various hypersensitive responses and apoptosis 
(Bright et al., 2006; García-Mata and Lamattina, 
2007). Numerous studies have confirmed the bio-
signalling role of nitric oxide under stress 
conditions viz., high or low temperature, drought, 
salinity heavy metals and oxidative stress (Shi et 
al., 2007; Singh et al., 2008).  
 
2. Occurrence and Biosynthesis 
 
2.1 Occurrence 
It is a diatomic free radical which may occur in any 
of the three forms viz., radical form (NO•), 
nitrosoniumcation (NO+) or nitroxyl anion (NO).  
 

 
 
 
 
2.2 Biosynthesis 
Plants may synthesize NO generally by any of the 4 
following ways shown in Fig.2 (Besson-Bard et al., 
2008): 
(i) By L-arginine-dependent nitric oxide synthase 
pathway  
(ii) By plasma membrane-bound nitrate reductase 
(iii) By mitochondrial electron transport chain 
(iv) By non-enzymatic reactions 
 
3. Objective of Research 
 
Cold stress has been reported to have serious 
effects on various crops grown worldwide (Beck et 
al., 2007) and most of the economically important 
crops are sensitive to temperatures below 10°C 
(Ouellet, 2007). To combat cold stress, plants adopt 
various mechanisms such as the accumulation of a 
number of cryoprotectants, the latest one to be 
included in this list is Nitric Oxide. So this review 
focuses on the use of Nitric oxide as a  
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Graphical Abstract 

 
 
Figure 1: Functions of Nitric oxide at various physiologal, biochemical and molecular levels in plants 
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Figure 2: Nitric oxide biosynthesis locations in a plant cell. 

 
 
Figure 3: Signaling pathway for Nitric Oxide under cold stress. Red dotted lines show the different mechanisms for NO 
removal.  

 
 
cryoprotectant which has proved to be very 
effective in small quantities.  
 
4. Justification of Research 
 
Though Nitric oxide is an excellent cryoprotectant, 
its role of Nitric oxide in cold stress alleviation is 
comparatively new and needs to be explored 
further. Here, we present an updated knowledge 
about its emerging roles especially with respect to 
cold stress focusing on its signal transduction 
pathway under cold so as to provide a deeper 

insight into its molecular targets and mode of 
action. 
 
5. Signal transduction of Nitric oxide under cold 
stress 
 
Cold stress induced rigidification of membranes 
(Vaultier et al., 2006) results in the activation of 
some mechanosensitive receptors on cell 
membrane thereby leading to the production of 
Phosphatidic acid through DAGK (Diacylglycerol 
kinase) and or PLD (Phospholipase D) which in 
turn brings about the production of ROS (Reactive 
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Oxygen Species). The activity of ROS, in turn, is 
suppressed by NO. Alternatively, NO can be 
produced Nitrate reductse and NOS (Nitric Oxide 
Synthase)-like enzymes whereas, another signal 
transduction pathway involving the 
phosphorylation of sphingolipids to 
phosphosphingolipids through sphingokinases. NO 
induced Ca2+ ion release (Garcia Mata et al., 2003) 
and activation of MAPK (Mitogen Activated 
Protein Kinase) cascade has also been proposed.  
 
All these events ultimately activate the COR (Cold 
Responsive) genes (Fig. 3) resulting in osmolyte  
accumulation and thereby conferring cold tolerance 
to the plant. 
 
5.1 Niric oxide removal 
 Since high levels of NO are toxic so its low levels 
are maintained by well regulated NO elimination 
pathways shown in red colour. NO may be 
eliminated by reaction with ROS to form 
peroxynitrite or reaction with O2 to form NO3

- and 
NO2

-. NO may also be eliminated by plant 
haemoglobins (Sasakura et al., 2006) in the 
presence of NAD(P)H can convert NO to NO3

- as 
shown in case of barley, alphalpha, Arabidopsis 
(Perazzolli et al., 2006). Additionally, NO on 
interacting with S-nitrosylated Glutathione 
(GSNO) which on reduction gives rise to GSSG 
(reduced Glutathione) and NH3 in the presence of 
enzyme GSNO reductase (Diaz et al., 2003). 
 
6. Protective role in cold-stressed plants 
 
6.1 Endogenous levels in cold-stressed plants 
Endogenous levels of NO have been found to be 
elevated in response to low temperatures in plants 
various, as reported in Lotus japonicus and Pisum 
sativum (Shimoda et al., 2005; Corpas et al., 2008). 
Extensive studies on Arabidopsis (Arabidopsis 
thaliana) revealed the role of NO in cold 
acclimation. Wild type Arabidopsis and various 
mutants such as nia1 nia2 (NR defective double 
mutants), At noa 1 mutant   ( nitric oxide associated 
1:defective for NR production and At rif 1  mutant, 
(resistant to inhibition by fosmidomycin 1:  
showing reduced NO production) were selected 
and upon exposure to cold conditions, endogenous 
levels of NO increased in wild and At rif 1  mutants 
whereas the levels deceased in nia1nia2 mutants 
(Modolo et al., 2006; Tun et al., 2008).They 
attributed their findings to cold acclimation 
induced increased levels of Proline due up-
regulation of proline biosynthesis genes and down-
regulation of Proline degrading genes under cold-
stress, similar to the findings of Xin and Browse 
(1998) and Nanjo et al.,(1999) .NO has been 
proposed to bring about the S-nitrosylation of 
protein thiols to form S-nitrosothiols (Abat and 
Deswal, 2009).This reversible process of protein S-

nitrosation–denitrosation regulates signal 
transduction (Hayat et al., 2010) resulting in 
activation or deactivation of various proteins. 
When exposed to cold conditions for 1-6 h, 
Brassica juncea seedlings were found to have 
detectable amounts of various S-nitrosothiols and 
also various antioxidative enzymes along with 
nitrosylated c20 proteins and  Rubisco subunits 
(Abat and Deswal, 2009).  
 
6.2 Exogenous application in cold-stressed plants 
The activity of various processes and biomolecules 
related to various stresses is considerably affected 
by exogenous NO application (Crawford and Guo, 
2005; Arasimowicz and Wieczorek, 2007) and it 
has been found to mitigate various plant stresses 
(Uchida et al., 2002).When applied exogenously, 
NO has been found to confer told tolerance to crops 
like wheat, maize, tomato (Neill et al., 2003) and 
cucumber (Liu et al., 2011). This protective effect 
of NO has been co-related with its antioxidative 
property (Neill et al., 2002; Liu et al., 2011). SNP 
(Sodium nitroprusside; NO donor) when applied to 
chilling stressed cucumber plants resulting in 
decreased MDA (Malondialdehyde) content, 
increased GR (Glutathione reductase),CAT 
(Catalase),POD (Peroxidase) and SOD (Superoxide 
Dismutase) activity thereby reducing the oxidative 
stress and improving their performance under 
chilling conditions (Liu et al., 2011). Likewise, In 
pea and potato, chlorophyll content was 
significantly increased (Beligni and Lamattina, 
2002). 
 
Research Highlights 
 
Elaborate description of different roles of Nitric 
oxide in plant growth and development. 
Precise account of Structure and biosynthesis of 
Nitric oxide. 
Role of nitric oxide in cold stress alleviation has 
been proposed followed by citation of numerous 
studies in support of the proposal. 
Detailed signaling pathway for Nitric Oxide under 
cold stress. 
 
Limitations 
 
Very little information in the literature is available 
about the exogenous use of Nitric oxide in 
mitigating cold stress and relatively, no information 
exists, to the best of my knowledge regarding the 
exogenous application in field conditions. 
 
Recommendations 
 
Further, the use of nitric oxide may be extended to 
the heat stressed plants as well thereby proving a 
viable solution for globally rising temperatures. 
Also the efficacy of nitric oxide under temperatures 
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stresses needs to be further confirmed by testing 
under field conditions. Additionally, transgenic 
plants over-expressing the genes related to nitrogen 
synthesis may also be developed which will help 
plants in well surviving the temperature extremes. 
 
Policy Aspects 
 
Release of transgenic crops is still a matter of 
contention at different levels in various parts of the 
world which needs to be are solved at the earliest in 
order to realize the dream of feeding starving 
millions across the globe. 
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Conclusion 
 
Thus, numerous studies have confirmed the role of 
Nitric oxide in a plethora of biological phenomena. 
More recently, its role in cold stress signaling and 
mitigation has also been proposed and proved in 
various studies worldwide. Considering the vital 
role of Nitric oxide in stress tolerance further 
elaborate studies are required to validate its role 
under field conditions so as to protect crops from 
the harmful effects of other abiotic stresses as well. 
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