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Low temperature is one of the most important limiting factors for plant growth 

throughout the world. Exposure to low temperature may cause various phenotypic and 
physiological symptoms, and may result in oxidative stress, leading to loss of membrane 
integrity and to the impairment of photosynthesis and general metabolic processes. 
Salicylic acid (SA), a phenolic compound produced by a wide range of plant species, may 
participate in many physiological and metabolic reactions in plants. It has been shown that 
exogenous SA may provide protection against low temperature injury in various plant 
species, while various stress factors may also modify the synthesis and metabolism of SA. 
In the present review, recent results on the effects of SA and related compounds in 
processes leading to acclimation to low temperatures will be discussed. 
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Introduction 

More than half of all known plant species live in the tropical and 
subtropical regions of the world (Lukatkin et al., 2012). Thus, most of these 
species die or suffer severe damage at temperatures between 0 and 15°C 
(chilling stress) or, at the least, chilling temperatures lead to a reduction in 
productivity if the plants are grown in temperate climates. The ability of plants 
to survive chilling temperatures without injury to their future growth and 
development is known as cold resistance. Although plants from temperate 
regions are chilling tolerant, most of them have little tolerance to freezing. Their 
freezing tolerance is improved, however, by cold hardening processes, when 
they are exposed to low, but non-freezing temperatures for a certain period. By 
contrast, plants of tropical and subtropical origin, such as maize, are sensitive to 
chilling stress and are not capable of cold acclimation. Chilling stress causes 
various phenotypic symptoms, including reduced leaf expansion, wilting, 
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chlorosis, necrosis and the inhibition of reproductive development, and also 
results in oxidative stress, leading to loss of membrane integrity, and to the 
reduction or impairment of photosynthesis and general metabolic processes. In 
contrast, the major effect of freezing is severe membrane damage, which is 
largely due to ice formation rather than to the acute dehydration and cell damage 
induced by low temperature. 

The exposure of plants to low temperature stress leads to the modification 
of the metabolism in two ways. First, the plants try to adjust to the altered 
cellular metabolism caused by unfavourable temperatures. Secondly, 
modifications in the metabolism in response to temperature stress are mainly 
linked to enhanced tolerance mechanisms (Yadav, 2010). Many metabolic 
changes are thought to have an important role in cold stress tolerance. During 
cold acclimation the proportion of unsaturated fatty acids increases (Szalai et al., 
2001). Besides alterations in the quantity of unsaturated fatty acids, the 
composition of glycerolipids, proteins and carbohydrates also changes. 
Particular interest has been focused on metabolites that can function as 
osmolytes, the accumulation of which decreases the freezing point within the 
cell and prevents the dehydration of the cytoplasm. Low-molecular-weight 
osmolytes, including glycinebetaine, organic acids, sugars, polyalcohols, amino 
acids such as proline, polyamines, quaternary ammonium compounds, etc., have 
a crucial role in sustaining cellular function during low temperature stress (Páldi 
et al., 1998; Folkert et al., 2001). Osmolytes are involved in the regulation of 
cellular water homeostasis, the reduction of cellular dehydration, and the 
stabilization of enzymes, membranes and other cellular components.  

Plants may also tolerate frost through extracellular ice formation in the 
apoplasts, where it does not have the lethal consequences it would have within 
the cell. Antifreeze proteins are found in a wide range of overwintering plants, 
where they inhibit the growth and recrystallization of ice that forms in the 
intercellular spaces (Griffith and Yaish, 2004). 

It is thus clear that investigations on compounds capable of reducing the 
stress sensitivity of plants are of great importance. Salicylic acid (SA), a 
phenolic compound produced by a wide range of plant species, may participate 
in many physiological and metabolic reactions in plants. It was first 
demonstrated to play a role in responses to biotic stress (Raskin, 1992). Later it 
became increasingly clear that SA may also play a role in the plant response to 
abiotic stressors. It was first found that the application of SA in satisfactory 
concentrations induced stress tolerance in various plant species, as demonstrated 
for example for heat (Dat et al., 1998), cold (Janda et al., 1999) or heavy metal 
stress (Krantev et al., 2008). Then a rise in the endogenous SA levels was 
detected in several plant species exposed to unfavourable environmental 
conditions (Pál et al., 2005; Horváth et al., 2007). There is evidence that this 
hormone regulates processes such as seed germination, vegetative growth, 
photosynthesis, respiration, thermogenesis, flower formation, seed production, 
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senescence, and a type of cell death that is not associated with the hypersensitive 
response. In addition, SA may play a role in maintaining cellular redox 
homeostasis through the regulation of antioxidant enzyme activity and the 
induction of the alternative respiratory pathway. Furthermore, it may also 
regulate gene expression by inducing an RNA-dependent RNA polymerase that 
is important for posttranscriptional gene silencing (Rivas-San Vicente and 
Plasencia, 2011). The present paper provides a review of recent results on the 
effects of SA and related compounds in processes leading to acclimation to low 
temperatures. 

Exogenous SA and related compounds may alleviate the cold-induced 
injury in plants 

The fact that SA may provide protection against low temperature injury in 
plants was first demonstrated when the addition of 0.5 mM SA to the hydroponic 
growth solution of maize seedlings under normal growth conditions substantially 
reduced the damage symptoms of a subsequent chilling stress. Besides the 
obvious visual symptoms, this observation was confirmed by chlorophyll-a 
fluorescence parameters and measurements of electrolyte leakage from the 
leaves (Janda et al., 1997; 1999). Among the antioxidant enzymes, the activity of 
catalase decreased, while that of glutathione reductase and guaiacol peroxidase 
increased as a result of preliminary treatment with SA. These changes might at 
least partially explain the increased cold tolerance. Earlier results showed that 
H2O2 may also improve the cold tolerance of maize plants without cold 
acclimation via the activation of certain antioxidant defence systems (Prasad et 
al., 1994a;b). Similar results have been published recently on rice, where 
treatment with a low level of H2O2 caused a significant reversal in the oxidative 
damage to the newly assembled membrane system resulting from heat or chilling 
stress, together with an up-regulation of antioxidative defence systems 
(Bhattacharjee, 2012). In Arabidopsis plants treated with SA, H2O2 levels 
increased up to 3-fold as a result of the inactivation of the H2O2-degrading 
enzymes catalase and ascorbate peroxidase (Rao et al., 1997). Further studies 
proved that not only SA, but also its putative precursors, benzoic acid (BA) and 
ortho-hydroxy-cinnamic acid (oHCA), and other related compounds such as 
aspirin or 2,6-dihydroxy BA may have a protective role against chilling stress in 
young maize plants (Janda et al., 1998; 2000; Horváth et al., 2002). Similarly, 
not only SA, but other related compounds, such as 2,6-dihydroxy BA or aspirin 
(acetyl-SA), hastened the germination of carrot seeds at 5°C (Rajasekaran et al., 
2002). It should also be mentioned, however, that these compounds, like SA, 
may cause severe damage to the plants when applied above a certain 
concentration at normal growth temperature: a significant decrease was detected 
in the photosynthetic capacity and the growth rate. When SA concentrations 
higher than 1 mM were added to the hydroponic solution of maize, the 
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appearance of anthocyanin could be observed in the leaves, especially in the 
light, and root viability decreased after a few days, eventually leading to the 
death of the plants (Janda et al., 1998; 2000; Pál et al., 2002).  

In addition to the above stimulatory but dose-dependent effects of SA 
were reported in embryogenic cell suspension cultures of Coffea arabica L. 
treated with picomolar concentrations of SA; however, the higher concentrations 
did not have a significant effect on cellular growth (Quiroz-Figueroa et al., 
2001). The foliar application of SA or aspirin enhanced stomatal conductance, 
transpiration and photosynthetic rates in both soybean and maize (Khan et al., 
2003). SA was able to regulate the leaf photosynthetic functions of cucumber 
seedlings and enhance seedling resistance to low temperature and light intensity. 
The optimum concentration of SA for foliar spraying was 1 mM (Liu et al., 
2009).  

Pre-treatment of the leaves of chilling-sensitive banana seedlings with 0.5 
mM SA solution by spraying the foliage or irrigating the roots also induced an 
increase in chilling tolerance during subsequent chilling stress. This, as found 
previously in maize (Janda et al., 1999), was accompanied by a change in the 
activity of antioxidant enzymes (Kang et al., 2003a). Furthermore, although SA 
pre-treatment at 30/22°C resulted in H2O2 accumulation, it reduced H2O2 
overproduction during the subsequent 5°C chilling stress in banana (Kang et al., 
2003b). However, SA treatment itself resulted in many changes in the 
ultrastructure of banana cells, such as the separation of the cells from palisade 
parenchymas, the appearance of crevices in the cell walls, the swelling of grana 
and stromal thylakoids, and a reduction in the number of starch granules (Kang 
et al., 2007). These results demonstrated that under normal conditions SA 
treatment could also act as a stress factor (Fig. 1). 

 
Fig. 1. Generalised model of the dual action of SA in plants. For details, see text. 
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Treating seeds before sowing in 0.1–0.5 mM SA or aspirin could also be 
an effective way of improving cold tolerance in tomato and bean plants 
(Senaratna et al., 2000). Priming pepper (Capsicum annuum L.) seeds in a 
solution containing aspirin at a concentration range of 0.05-0.5 mM is a useful 
method to increase the germination percentage and the germination at low 
temperature (Korkmaz, 2005). Soaking bean (Phaseolus vulgaris L.) seeds in 0.1 
mM SA solution also significantly improved the germination percentage, 
germination rate and seedling criteria under optimal and low temperature stress 
conditions (Gharib and Hegazi, 2010). Furthermore, seed priming with SA 
improved seedling emergence, root and shoot length, seedling fresh and dry 
weights, and leaf and root scores compared to the control both at optimal and 
chilling temperatures in maize (Farooq et al., 2008). The chilling tolerance of 
leaves or hypocotyls was also significantly increased by the application of 0.5 
mM SA in cucumber and rice (Kang and Saltveit, 2002), but this improved 
chilling tolerance was only observed in the leaves of rice and in the hypocotyl of 
cucumber, as exposure to SA caused a significant reduction in the growth of the 
radicle. The inhibitory effect of SA on radicle growth did not appear if SA 
application started at germination, suggesting that seedlings may become 
acclimated to SA (Kang and Saltveit, 2002). Treatment of wheat seeds with SA 
before sowing also stimulated the growth of plant shoots and roots, as evident 
from the increase in both their weights and lengths (Rakhmankulova et al., 
2010). This effect was accompanied by a considerable decrease in the content of 
endogenous SA, especially its free active form and particularly in the shoots, and 
a gradual increase in the proportion of the alternative cyanide-resistant 
respiration pathway and a reduction in cytochrome respiration in the shoots. In 
the root tissues, positive morphophysiological and biochemical changes were 
observed: stronger growth stimulation, an increase in the proportion of the 
cytochrome respiration pathway and the suppression of alternative respiration, 
and an improvement in the antioxidant balance, which was manifested as a 
reduced level of lipid peroxidation. Experiments using radioactively labelled SA 
and gene expression studies showed that soaking pea seeds in SA solution before 
sowing may increase productivity and induce de novo SA synthesis (Szalai et al., 
2011). 

SA was able to reduce lipid peroxidation through the inhibition of 
lipoxygenase activity and a decline in the H2O2 content, leading to the 
maintenance of cellular membrane integrity under stress conditions (Lapenna et 
al., 2009). Treatment of the plants with SA also affected the activity of enzymes 
related to the carbon metabolism, such as RuBisCO and carbonic anhydrase 
(Pancheva and Popova, 1998; Slaymaker et al., 2002).  

The effect of SA in alleviating chilling injury in peach during cold storage 
may be attributed to its ability to induce antioxidant systems, including 
enzymatic and non-enzymatic compounds (Wang and Li, 2006). A 2 mM 
concentration of SA was highly effective in reducing chilling injury in 
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pomegranate fruit (Sayyari et al., 2009). SA was more effective in increasing the 
chilling tolerance of cucumber seedlings when applied in the form of seed 
soaking than as a foliar spray and the best protection appeared to be obtained for 
seedlings from seed soaked in SA at 0.5 or 1 mM (Sayyari, 2012). In contrast, in 
rice, which usually contains a very high level of endogenous SA, pre-treatment 
with 0.5, 1.0 or 2.0 mM SA before exposure to low temperature decreased the 
chilling tolerance of the plants. It is probable that the down-regulation of the 
antioxidant defence system might be involved in the reduction of chilling 
tolerance (Wang et al., 2009a).  

All these results show that it is always necessary to investigate the best 
method of SA application and the dose giving maximum protection, as a 
function of the plant species, the growth stage and the plant organ treated. 

The positive effect of SA was shown not only during chilling but also 
under freezing conditions. Cryopreservation is a more valuable technique for the 
long-term in vitro conservation of plant germplasm, since the metabolism ceases 
to function when frozen in liquid nitrogen, so tissues are maintained without 
growth and no genetic alterations take place even during a very long period of 
storage. SA significantly enhanced the viability percentage of encapsulated 
embryonic axes of Persian lilac (Melia azedarach L.) when they were subjected 
either to the cryopreservation technique, involving dehydration and freezing in 
liquid nitrogen, or to cold preservation by storing alginate beads at low, but non-
freezing temperature  (Bernard et al., 2002). Spraying wheat leaves with SA had 
an effect similar to that of cold acclimation, causing an increase in ice nucleation 
activity under cold and control conditions. These results show that SA can 
increase freezing tolerance by affecting apoplastic proteins (Taşgín et al., 2003). 
In rye, however, the apoplastic proteins induced by SA did not have antifreeze 
activity (Yu et al., 2001), and only treatment with ethylene induced antifreeze 
activity in winter rye leaves. The SA analogue 4-hydroxybenzoic acid 
ameliorated the freezing tolerance of the spring wheat Chinese Spring (Horváth 
et al., 2007). It is hypothesized that 4-hydroxybenzoic acid increases the 
impermeability of the cell wall, leading to increased resistance to pathogen 
infection. The reinforcement of the cell wall by 4-hydroxybenzoic acid may also 
contribute to increased tolerance against freezing stress. The SA-induced 
increase in the activity of certain antioxidant enzymes during the cold hardening 
period has also been described in wheat plants (Sasheva et al., 2010).  

Another related compound, methyl SA (MeSA), increased resistance to 
chilling injury in freshly harvested green bell pepper (Capsicum annuum L.) 
when used at a final vapour concentration of 0.1 mM for 1 day at room 
temperature (Fung et al., 2004). The alternative respiratory pathway may 
moderate chilling injury by keeping the production of ROS in balance with the 
levels of antioxidants and active oxygen-scavenging enzyme systems. The 
expression patterns of alternative oxidase and of several other genes involved in 
the defence against oxidative stress before and during the early chilling period 
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suggested that the pre-treatment of pepper fruit with methyl SA vapours 
preferentially increased the transcript levels of alternative oxidase and that this 
increase was correlated with chilling tolerance. The increased capacity to 
produce respiratory heat after exposure to chilling temperatures may also 
contribute to the cold-acclimation process (Moynihan et al., 1995).  

Although MeSA was proposed as a putative mobile signal in plant 
defence (Park et al., 2007), its possible practical use is much less documented 
than that of the non-volatile compound SA. The emission of MeSA, and 
occasionally of methylbenzoate, from Arabidopsis thaliana leaves was detected 
following the application of some forms of both biotic and abiotic stresses to the 
plant. Systemic acquired resistance requires the translocation of one or more 
mobile signals from the site of infection through the vascular system to distal 
(systemic) tissues. The signal identified was MeSA in tobacco (Nicotiana 
tabacum), Arabidopsis and potato (Solanum tuberosum) (Liu et al., 2011). Many 
carnivorous arthropods use herbivore-induced plant volatiles to locate their prey. 
It is often unknown which compounds in such a complex volatile blend 
represent the signal to the foraging carnivore. MeSA is part of the volatile blend 
in the foraging behaviour of the predatory mite (Phytoseiulus persimilis). This 
compound is one of those released by lima bean infested with Tetranychus 
urticae, a prey species of the predatory mite. MeSA attracted satiated predatory 
mites in a dose-dependent way with optimum attraction at a dose of 0.2 μg (De 
Boer and Dicke, 2004). Interplant communication has been widely demonstrated 
in plants, especially in herbaceous plants. In neighbouring intact cuttings, three 
volatiles, methyl jasmonate, MeSA and benzothiazole, were detected in the 
volatiles emitted from mechanically damaged poplar cuttings. The results also 
suggest that the entire defence response of plants involves a variety of airborne 
signals in wound-induced volatiles (Hu et al., 2009).  

Changes in endogenous SA content during cold stress 

Chilling-induced SA accumulation, particularly that of conjugated SA, 
was reported in both the leaves and roots of rice cultivars (Wang et al., 2009b). 
When the endogenous SA content was monitored after SA treatment in the 
leaves and crowns of two wheat cultivars differing in cold tolerance, SA was 
found to accumulate in a concentration-dependent manner in the roots of both 
cultivars, conjugated SA accounting for most of the increase (Wang et al., 2006). 
In another experiment when wheat plants were exposed to low non-freezing 
temperature (4°C), the SA level significantly decreased in the leaves of a winter 
wheat variety, but this was followed by a pronounced increase in SA, with a 
maximum after 7 days (Kosová et al., 2012). These data are in accordance with 
those of Janda et al. (2007), who found increases in both free and bound SA and 
in its precursor oHCA in winter wheat. However, after prolonged cold treatment, 
a gradual decrease in SA may also occur. In the leaves of a spring wheat variety, 
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the SA profile basically followed the same trend, but the changes in SA levels 
were less pronounced (Kosová et al., 2012). A decrease in the SA level was also 
observed in the crowns of winter wheat after 1 day, followed by a peak between 
3 and 7 days. Prolonged cold treatment was associated with a decrease in SA. In 
the crowns of the spring variety, the down-regulation of SA was much more 
pronounced than in the winter one, a minimum being detected after 3 days, when 
a gradual elevation of SA began. This latter increase might be related to the 
function of SA in regulating ROS evolution, which is an important part of plant 
stress defences (Kosová et al., 2012).  

Cold acclimation also increased the frost tolerance in androgenic 
genotypes of Festulolium (Festuca × Lolium hybrids), where resistant genotypes 
were characterized by higher concentrations of abscisic acid and lower 
concentrations of SA than susceptible genotypes during the first few days of 
cold acclimation (Pociecha et al., 2009). However, after prolonged cold 
acclimation, the content of phenolics was significantly lower in genotypes 
tolerant to freezing than in susceptible genotypes, while the activity of the 
phenylalanine ammonia-lyase enzyme was significantly higher. Plant growth 
substances such as abscisic acid, cytokinins or gibberellic acid also modify the 
response of plants to low temperature stress (Pál et al., 2011; Majláth et al., 
2012). Furthermore, the treatment of wheat seeds with SA caused the 
accumulation of abscisic acid and indoleacetic acid (Shakirova et al., 2002), and 
this effect may also have a direct or indirect role in the altered tolerance to low 
temperature stress. These results support the view that signalling networks 
controlling acclimation to low temperature conditions involve the regulation of 
foliar concentrations of abscisic acid and SA levels during successful cold 
acclimation.  

The use of mutants and transgenic plants in which the synthesis, 
accumulation or translocation of SA is modified could help to clarify its role 
under stress conditions. It is important to emphasise, however, that in many 
cases the results achieved using Arabidopsis as a model plant can only be 
generalised to a limited extent, making them unsuitable for the interpretation of 
stress adaptation processes, especially in genetically distant plant species such as 
monocotyledonous cereals. The growth of Arabidopsis plants under chilling 
conditions could be related to their SA levels. Wild-type and transgenic NahG 
Arabidopsis plants that carry the salicylate hydroxylase gene (which converts 
SA to catechol) and usually have a low level of SA, had similar assimilation 
rates under optimum temperatures. At low temperature, however, NahG plants 
displayed relative growth rates about one-third greater than the wild type, due 
primarily to greater cell expansion in the NahG rosette leaves and a higher net 
assimilation rate (Scott et al., 2004). At 5°C wild-type shoots accumulated SA, 
particularly in bound, glucosylated form. The growth and SA levels were also 
examined in SA-signalling and metabolism mutants at 5°C. The partially SA-
insensitive npr1 mutant (non-expresser of SA-inducible PR genes) displayed 
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growth intermediate between that of NahG and the wild type, while the eds5 
mutant (inhibited SA transport from the chloroplast) behaved like NahG. These 
results suggest that salicylate accumulation inhibits growth at chilling 
temperature in Arabidopsis plants. A negative correlation was found between the 
growth rate under cold conditions and the levels or perception of SA. 

Concluding remarks 

In conclusion, SA has a contradictory role in cold stress tolerance. 
Although exogenous SA treatment can protect plants against stress-induced 
injury, the treatment itself may also cause stress to the control plants. 
Furthermore, SA treatment may also alter the endogenous SA metabolism, either 
by inducing de novo synthesis or, depending on the plant species, plant organ or 
environmental conditions, by decreasing it. Since changes in SA have been 
reported in the case of various types of stresses, it is possible that changes in the 
SA level in plants exposed to low temperature conditions is part of a general 
stress response rather than a stress-specific acclimation process. As discussed 
above, the effect of SA is highly dependent on several factors, including the 
plant species, the mode of application, the dose, and the environmental 
conditions. Therefore, it is hardly possible to create a general scheme to describe 
how SA may act in plants. However, in general it can be said that several 
processes, described in various experiments, may explain the possible protective 
effect of SA. The altered antioxidant capacity is one of the most frequent 
explanations; however, several other stress-related processes, including changes 
in the expression rates of certain genes, play a role in acclimation. In spite of the 
fact that there are still several open questions about the exact role of SA in stress 
acclimation signalling processes, SA and/or its related compounds seem to have 
the potential to improve the stress tolerance of the crop plants grown by farmers. 
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